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Abstract. In recent years, high-strength, light-weight materials have been widely used in the constr
of high-rise buildings. Such structures generally have flexible, low-damping characteristics. Conseq
wind-induced oscillation greatly affects the structural safety and the comfort of the building’s occu
In this research, wind tunnel experiments were carried out to study the wind-induced vibration of a b
with a tuned liquid column damper (TLCD). Then, a model for predicting the aerodynamic response 
across-wind direction was generated. Finally, a computing procedure was developed for the an
modeling of the structural oscillation in a building with a TLCD under the wind load. The model a
substantially with the experimental results. Therefore, it may be used to accurately calculate the st
response. Results from this investigation show that the TLCD is more advantageous for reduci
across-wind vibration than the along-wind oscillation. When the across-wind aerodynamic effec
considered, the TLCD more effectively controls the aerodynamic response. Moreover, it is also more
in suppressing the acceleration than the displacement in biaxial directions. As s result, TLCDs are e
devices for reducing the wind-induced vibration in buildings. Parametric studies have also been con
to evaluate the effectiveness of the TLCD in suppressing the structural oscillation. This study ma
engineers to more correctly predict the aerodynamic response of high-rise buildings as well as se
most appropriate TLCDs for reducing the structural vibration under the wind load. It may also im
the understanding of wind-structure interactions and wind resistant designs for high-rise buildings.

Key words: tuned liquid column damper; aerodynamic damping ratio; wind tunnel experiment; high
building.

1. Introduction

In recent years, high-strength, light-weight materials have been widely used in the construc
high-rise buildings. Such structures generally have flexible, low-damping characteristics. Beca
these wind sensitive properties, building vibration under the wind load has become a resear
of great interest. Wind-induced structural displacement affects the structural safety and acce
greatly influences the comfort of the building’s occupants. However, these phenomena in
complex aerodynamic effects, especially in the across-wind direction. Consequently, it 
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particular importance to search for effective and practical devices which will be capab
suppressing the structural vibration induced by the wind load. 

High-rise buildings oscillate in both the along-wind and the across-wind directions. Along-
motion is primarily a result of pressure differences on the windward and the leeward faces, w
generally influenced by turbulent fluctuations in the approaching flow. The aerodynamic effect
therefore be neglected. In addition, the along-wind response can be quantified analytica
utilizing quasi-steady and strip theories (Kareem 1992). Across-wind motion is induced b
periodic vortex shedding from both sides of a building. Accordingly, the aerodynamic effect
very complicated. Many wind tunnel experiments have been carried out to examine this 
structure interaction (Kwok 1982, Kareem 1984, Matsumoto 1986 and Kawai 1992). Howeve
suitable theory for calculating this complex across-wind aerodynamic response has been form

The tuned liquid column damper (TLCD) was first proposed by Sakai, et al. (1989), consisting of
a U-tube container with an orifice in the middle. It dissipated the energy of structural oscillatio
the combined action of inertia force caused by the movement of the liquid, the restoring
induced by gravity acting on the liquid and the damping effect caused by an orifice. Xu, et al.
(1992a and 1992b) studied the effectiveness of a TLCD in controlling the wind-induced vibrati
a tall building. They analyzed a typical structure modeled as a multi-degree-of-freedom oscillation
system. The along-wind turbulence and the across-wind wake excitation were simulated b
stationary and stochastic processes. Samali, et al. (1992) performed parametric studies of a TLC
that included the mass ratio, the tuning ratio and the orifice opening ratio, revealing that a 
could provide enough vibration suppression capacity for a forty-story building subjected t
stationary seismic load. Sun, et al. (1993) have proposed a mathematical model of the wind-indu
stochastic response of a building with a TLCD in the along-wind direction. This investiga
showed that a TLCD would have significant advantages if the parameters were selected pr
Balendra, et al. (1995) have suggested that the effectiveness of a TLCD was dependent o
structural damper and the excitation characteristics. Optimally, the tuning ratio should be 1.0 and t
orifice opening ratio should be between 0.5 and 1.0. Won, et al. (1997) used random vibration
theory to evaluate the performance of a flexible building with a TLCD under the random se
load. The earthquake motion was simulated as a non-stationary stochastic process wit
frequency and amplitude modulations. Gao and Kwok (1997) proved that the TLCD was e
effective for harmonic excitation as well as stationary random excitation. They also indicate
the optimal tuning ratio would be independent of the excitation. As indicated earlier, m
theoretical models for predicting the effectiveness of the TLCD have been developed. Howev
there have been few experiments in support of these models.

As mentioned above, no proper theory has been formulated for evaluating the aerody
response in the across-wind direction. Furthermore, few experiments have verified the vib
suppression performance of the TLCD. In this research, therefore, wind tunnel experiments
carried out to study the wind-induced oscillation of a building with a TLCD. Then, a mode
predicting the aerodynamic response in the across-wind direction was generated. A com
procedure was also developed for the analytical modeling of the structural response in a b
with a TLCD under the wind load. The accuracy of this model can be proven experimen
Parametric studies were also used to calculate the effectiveness of the TLCD in controllin
wind-induced vibration in a structure. This study may help engineers to more correctly predi
aerodynamic response of high-rise buildings. In addition, they could select the most appro
TLCDs for reducing the structural oscillation due to the wind load, which lead to an impr
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2. Mathematical model

In this chapter, a predictive model of across-wind aerodynamic response is describ
computing procedure for analytically modeling the wind-induced vibration in a building wit
TLCD in both the along-wind and the across-wind directions has also been created in this stu

2.1. Equation of motion

A high-rise building with a TLCD can be simulated as a two-degree-of-freedom oscilla
system, as shown in Fig. 1. M1, C1 and K1 are the mass, the damping coefficient and the stiffness
the building, respectively. H2 and B2 represent the vertical height and the horizontal breadth of 
TLCD. Its total length is L2 (=B2+2H2) and its dimensional ratio is λ (�B2/L2). ρ1 is the liquid
density and β is the head loss coefficient. Balendra, et al. (1995) have indicated that β is correlated
with the orifice opening ratio κ (� Ao/Ah, see Fig. 1). F(t) is the time history of the along-wind and
across-wind loads, respectively. X1 and X2 are the displacement of the building and the TLCD. T
TLCD’s vertical and horizontal cross-sectional areas are defined as Av and Ah, respectively. The area
ratio is χ (�Av /Ah). The equation of motion can be generated by Lagrange’s equation, that is;

(1)

M1 ρ1Av 2H2 B2 χ⁄+( )+ ρ1AvB2

ρ1AvB2 ρ1Av 2H2 χB2+( )
X
··

1

X··2
 
 
 
 
  C1 0

0
1
2
---ρ1Avχβ X

·
2

X
·

1

X
·

2
 
 
 
 
 

+

K1 0

0 2ρ1Avg

X1

X2 
 
  F t( )

0 
 
 

=+

Fig. 1 Two-degree-of-freedom oscillation system
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Xu, et al. (1992a and 1992b) have demonstrated that  is a zero-mean stationary Ga
process. Then, the equivalent linearized damping coefficient of the TLCD C2 can be evaluated by
using the equivalent linearization method (Iwan and Yang 1972), so that;

(2)

where  is the root-mean-square (RMS) velocity of the TLCD. Since C2 depends on , an
iteration solution procedure is generally required to calculate this equation. Eq. (1) can be re
by substituting Eq. (2) into Eq. (1), that is;

(3a)

where ;

(3b)

(3c)

(3d)

(3e)

The mass ratio and the tuning ratio for this oscillation system are µ (� M2/M1) and δ (� ω2/ω1),
respectively, where ω1 and ω2 are the natural circular frequency of the structure and the TLC
separately.

Supposing that the wind load has the exponential form F(t)=eiωt, then the transfer functions with
complex forms can be computed by utilizing Fourier transform in Eq. (3a), so that ;

(4a)

(4b)

(4c)

(4d)

(4e)

X·2

C2
2
π
-----ρ1AvχβσX·2

=

σX·2
σX·2

M1 M2+ M4

M4 M3

X
··

1

X··2 
 
 
 
 

C1 0

0 C2

X
·

1

X·2 
 
 
 
 

K1 0

0 K2

X1

X2 
 
 

+ + F t( )
0 

 
 

=

M2 ρ1Av 2H2 B2+ χ⁄( )=

M3 ρ1Av 2H2 χB2+( )=

M4 ρ1AvB2=

K2 2ρ1Avg=

HX1
ω( )

ω2M3– i ωC2 K2+ +
∆

-------------------------------------------------=

HX··1
ω( )

ω4M3 i ω3C2– ω2K2–
∆

-----------------------------------------------------=

HX2
ω( )

ω2M4

∆
-------------=

HX··2
ω( )

ω4M4–
∆

----------------=

∆ ω4 M3 M1 M2+( ) M4
2–[ ] iω3 M3C1 C2 M1 M2+( )+[ ]–=

−ω2 M3K1 C1C2 K2 M1 M2+( )+ +[ ] i ω C2K1 C1K2+( ) K1K2++
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where (ω), ,  and  are the transfer functions of the displacement and
acceleration of the building and the TLCD, respectively.

2.2. Aerodynamic damping ratio

Aerodynamic effects are slight in the along-wind direction, whereas they are complicated 
across-wind direction. Consequently, only the across-wind direction effects were considered 
study. The aerodynamic damping ratio ξa is generally used to determine these complex phenom
ξa is correlated with many influential parameters, but there is no proper theory to evaluate it. 
wind tunnel experiments have been carried out to estimate ξa. However, only partial parameters
have been considered in these experimental studies. These investigations may not be c
lacking generality. In order to improve this situation, we originated a predictive model of ξa which
combines six significant parameters.

Vickery (1981) has demonstrated that ξa is inversely proportional to Scruton number Sc, that is ;

(5a)

where C1 is a constant. Vickery and Basu (1983) have indicated an empirical formula whereξa

can be expressed as the polynomial function of the turbulent intensity Ti , such that ;

(5b)

where C2 is a constant.  is the dimensionless RMS displacement of the structure in the a
wind direction. The research of Basu and Vickery (1983) has revealed that ξa is dependent on the
square of , so that ;

(5c)

where C3 is a constant. Vickery and Basu (1984) have suggested that ξa can be presented as th
logarithmic function of the aspect ratio Ar , that is;

(5d)

where C4 is a constant. The reduced wind velocity  and the reduced resonant wind velocit
(defined as  when the lock-in phenomenon occurs) are both dimensionless parameters. Chenet al.
(1999) have performed experimental studies to obtain an exponential formula for ξa correlated with

 and , that is ;

(5e)

where C5 and C6 are constants. From the above description, ξa is a function of Sc, Ti , , Ar , 
and , respectively. A predictive model of ξa in the across-wind direction can be generated 

HX1
HX··1 ω( ) HX2

ω( ) HX··2 ω( )

ξa C1
1
Sc

----=

ξa C2 19.6Ti
4 37.3Ti

3 24.8Ti
2 7.1Ti 1.0+–+–( )=

σX1y

o

σX1y

o

ξa C3σX1y

o 2=

ξa C4 0.4 Aln r 0.1–( )=

Ur Ur
L

Ur

Ur Ur
L

ξa C5 C6 Ur Ur
L–( )2[ ]exp=

σX1y

o Ur

Ur
L



76 Ming-Yi Liu, Wei-Ling Chiang, Chia-Ren Chu, and Shih-Sheng Lin

iments
ns, Eq.
, the

with a
g the

nto an
combining Eq. (5a) to Eq. (5e) as follows;

(5f)

where  and  are undetermined coefficients. Based on the series of wind tunnel exper
discussed in chapter three, these two coefficients can be determined. In engineering applicatio
(5f) may be sufficiently employed if the aims it is intended to serve are modest. Then
aerodynamic damping coefficient Ca can be presented, such that ;

(6)

Eq. (3a) can be modified by Eq. (6), that is;

(7)

Eq. (7) is the equation of motion showing the aerodynamic response of a high-rise building 
TLCD in the across-wind direction. The along-wind response can also be calculated utilizin
same equation but without Ca.

2.3. Wind load

Fig. 2 illustrates the wind load on a high-rise building. The wind load can be decomposed i

ξa C1
*
σX1y

o 2

Sc

---------- C2
* Ur Ur

L–( )2[ ]exp 0.4 Aln r 0.1–( ) 19.6Ti
4 37.3Ti

3 24.8Ti
2 7.1Ti 1.0+–+–( )=

C1
* C2

*

Ca 2ξa M1K1=

M1 M2+ M4

M4 M3

X
··

1
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 
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1
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2
 
 
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0 K2
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X2 
 
 
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=

Fig. 2 Wind load on a high-rise building
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average and a fluctuating component. Only the fluctuating load is considered in this wind
model.

Davenport’s along-wind load spectrum  (Davenport 1976) is utilized in this researc
one-sided cross spectrum of the wind load on the i -th and the j -th floors can be expressed a
follows ;

(8a)

where zi is the height of the i -th floor,  is the mean wind velocity on the i -th floor,  is the
mean wind load of the i-th floor in the along-wind direction,  is the reference mean wind
velocity 10 m above the ground (m/sec), K0 is the roughness coefficient which depends on surf
roughness of the ground and Cx is the decay coefficient in the along-wind direction. The exponen
term in Eq. (8a) is the coherence function for the i -th and the j -th floors. Furthermore,  is
assumed to follow the power law distribution, that is;

(8b)

where α is the power law exponent. Since the aerodynamic effects are slight in the along
direction,  can be individually calculated by , such that ;

(8c)

where ρa is the air density, Ai is the area of the windward side and  is the mean drag coefficie
Ohkuma and Kanaya’s across-wind load spectrum  (Ohkuma and Kanaya 1978) is u

in this study. Because the aerodynamic effects are complicated in the across-wind directio
wind load cannot be directly evaluated by the wind velocity. Ohkuma and Kanaya have
aerodynamic coefficients to experimentally generate . A one-sided cross spectrum 
wind load on the i -th and the j -th floors can be presented as follows;

(9a)

where ;

(9b)

(9c)

(9d)

and where ηi is a dimensionless parameter of the i -th floor, Bi is the structural dimension of the

SFijx
ω( )

SFijx
ω( )

8Fix
Fj

x
K0U10

2

UiUjω
------------------------------- 600ω πU10⁄( )2

1 600ω πU10⁄( )2
+[ ]

4 3⁄
---------------------------------------------------------

Cxω
π

----------
zi zj–

Ui Uj+( )
----------------------–exp=

Ui Fix

U10

Ui

Ui

U10

--------
zi

10
------ 

 
α

=

Fix
Ui

Fi x
0.5ρaUi

2AiCd=

Cd

SFijy
ω( )

SFijy
ω( )

SFijy
ω( )

8BwσFiy
σFjy

ω
---------------------------

ηiηj St
2⁄( )

1 ηiηj St
2⁄( )–[ ]2 4Bw

2 η iηj St
2⁄( )+

---------------------------------------------------------------------------------
Cyω

π
----------

zi zj–

Ui Uj+( )
----------------------–exp=

ηi

ωBi

2πUi

------------=

St 0.135 0.069 0.056Ar–( )exp–=

Bw 0.6 0.3Ar–( )exp=
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windward side on the i -th floor,  is the RMS wind load of the i -th floor in the across-wind direction,
St is the Strouhal number, Bw is the bandwidth coefficient and Cy is the decay coefficient in the
across-wind direction. The exponential term in Eq. (9a) is the coherence function for the i -th and
the j -th floors. Moreover, in engineering applications, St can be calculated by Eq. (9c). 

Assuming that the mode shape of the vibration system is linear. Then, the generalized Dave
along-wind load spectrum  and Ohkuma and Kanaya’s across-wind load spectrum 
can be evaluated, respectively, that is ;

(10a)

(10b)

where  is the mode shape value of zi and H1 is the height of the building, separately.

2.4. Structural response

In this research, a high-rise building with a TLCD is considered as a two-degree-of-fre
oscillation system. The RMS response of the structure can be calculated by combinin
integrating the transfer function (Eq. (4a) and Eq. (4b)) and the generalized wind load spectru
(10a) and Eq. (10b)) individually into the frequency domain, such that ;

(11a)

(11b)

(11c)

(11d)

where , ,  and  are the RMS displacement and the RMS acceleration of th
building in the along-wind and the across-wind directions, respectively.

With the above description, a computing procedure of an analytical model was generated 
shown in Fig. 3. This model can evaluate the wind-induced vibration of a high-rise building w
TLCD in both the along-wind (without ) and the across-wind (with ) directions. In addition,
the accuracy of this predictive model was verified by the wind tunnel experiments describ
chapter three. 

σFiy
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0
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∞
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∞
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3. Experimental investigations

A series of wind tunnel experiments were carried out to study the wind-induced vibration
building with a TLCD. Two undetermined coefficients were then obtained for the model to pr

Fig. 3 Computing procedure of analytical model for structural vibration with TLCD under wind load
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the aerodynamic damping ratio. Furthermore, a procedure for computing the analytical mode
the structural response in a building with a TLCD under the wind load was verified experimen

3.1 Wind tunnel model

The experiments were carried out in a wind tunnel (located at National Central University) w
working section of 3.0 m� 2.1 m and 30.0 m long. A 1:200 scale model of a building (0.2 m� 0.1 m
� 0.75 m) with a rigid wooden construction was used. The aspect ratio Ar was 5.3. Five wind load
components (the drag force, the side force, the rolling moment, the pitching moment an
yawing moment) were measured by a high-frequency force balance, shown in Fig. 4(a). Fig
illustrates the instrument for measuring structural vibration. The model could pivot at the base
gimbal arrangement. It was restrained by two pairs of springs. A circular plate immersed 
simulated the viscous damping of the structure. The TLCDs were made of acrylic plates. Gl
was added to these U-tube containers. The mass ratio µ was the variable in this experimenta
investigation. The building’s and the TLCDs’ parameters are shown in Table 1, Table 2(a) and
2(b), respectively. The breadth (B1) and the depth (D1) are the dimensions of the building,
perpendicular and parallel to the incident flow, separately. In this research, D1/B1= 2.0 and 0.5 were
studied, as shown in Fig. 5. It reveals that the yawing angle is  and , respectively. Fig
also indicates two laser displacement sensors and one accelerometer that were installed to 

0o 90o

Fig. 4 Measurement instruments in experiments
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the structural vibration in the along-wind and the across-wind directions. The sampling freq
was 500.0 Hz and the time duration was 65.5 sec in this study. 

3.2. Wind load

Spires and roughness elements were provided to generate a boundary layer flow in th
tunnel. Fig. 6(a) shows the profiles of the mean wind velocity and the turbulent intensity mea

Table 1 The building’s parameters in experiments

Mass
M1(kg)

Damping coefficient
C1(N-sec / m)

Stiffness
K1(N /m)

Natural circular frequency
ω1(rad / sec)

Damping ratio
ξ1

1.28 1.60 1258.38 31.42 0.02

Table 2 (a) TLCDs’ invariable parameters in experiments

Vertical
height
H2(m)

Horizontal
breadth
B2(m)

Liquid
density

ρ1(kg/m3)

Head loss
coefficient

β

Tuning ratio

δ

Dimensional
ratio

λ

Orifice
opening ratio

κ

Area ratio

χ
0.03 0.11 1200.0 5.19 1.0 0.65 0.75 1.0

(b) TLCDs’ variable parameters in experiments

Mass ratio
µ

Vertical area
Av (m2)

Horizontal area
Ah(m2)

0.1
0.2
0.3

6.76� 10−4

1.37� 10−3

2.03� 10−3

6.76� 10−4

1.37� 10−3

2.03� 10−3

Fig. 5 Directions of model installation
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by a hot-wire anemometer, where z and  are defined as the height and the mean wind velo
respectively. Furthermore, subscript g denotes the gradient value of the corresponding paramete
suburban area (α = 0.25) is simulated with type B terrain. Consequently, the roughness coefficienK0

is 0.01 (Mehta and Marshall 1998). Moreover, the turbulent intensity Ti is 27.8% near the ground
but 4.8% at the top of wind tunnel. Mehta and Marshall (1998) have proposed that the equ
height of a flexible structure is 0.6 , where  is defined as the height of the building. In
research, the nominal value of  can be determined in this position. Fig. 6(a) indicates that
the corresponding height  is 19.0%. The longitudinal wind velocity spectrum SU(ω)
for the reduced wind velocity  is illustrated in Fig. 6(b), where ω r is the reduced circular
frequency and  is the RMS wind velocity, separately. It shows that the slope is -5/3. This 
coincides with Kolmogorov’s research (1941). 

The wind load coefficients are presented in Table 3.  and  are defined as the mea
force and the mean yawing moment coefficients, while  and  represent the mean rlling
moment and the mean pitching moment coefficients. Furthermore, the superscript  denotes th
RMS value of the corresponding coefficient. Table 3 indicates that all wind load coefficients for
D1/ B1= 0.5 are higher than D1/ B1= 2.0, except for . Since the shape of the model is symme

U

H1 H1

Ti Ti

z zg⁄ 0.26=( )
Ur 22.6=

σU

Csf Cym

Crm Cpm

′

C′ym

Fig. 6 Wind field in experiments

Table 3 Wind load coefficients in experiments

Wind load
coefficients

Mean values RMS values

Drag Pitching 
moment

Drag Side
force

Rolling 
moment

Pitching 
moment

Yawing 
moment

D1/B1= 2.0
D1/B1= 0.5

1.08
1.20

0.23
0.31

0.15
0.20

0.12
0.33

0.07
0.17

0.09
0.13

0.04
0.01

Cd Cpm C′d C′sf
C′rm C′pm

C′ym
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and its windward face is orthogonal to the incident flow, then ,  and  approximate
this study. These experimental results are consistent with previous studies (Matsumoto 1986,
and Choi 1992 and Hayashida, et al. 1992). 

The dimensionless generalized along-wind load spectrum 
) and the dimensionless generalized across-wind load spectrum 

 for  are illustrated in Fig. 7(a) and Fig. 7(b
respectively. Fig. 7(a) shows that the experimental values conform to Eq. (
The amplitude of  falls almost within the low-frequency region. Fig. 7(b) implies that th
experimental data  coincide with Eq. (10b). The lock-in phenomenon will appe
the corresponding frequency of the sharp peak in  is close to the natural circular freq
of the structure . The across-wind response of a building will become severer in this conition.
As indicated earlier, these experimental results agree substantially with Davenport’s along-win
Ohkuma and Kanaya’s across-wind load spectra. Therefore, these two spectra can prop
utilized to calculate the structural response. Table 4 presents the coefficients of the wind
spectra used in this experimental investigation.
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Fig. 7 Dimensionless generalized wind load spectra

Table 4 Coefficients of wind load spectra in experiments

Along-wind direction
(D1/B1 = 2.0)

Power law exponent α 0.25

Roughness coefficient K0 0.01

Air density ρa(kg / m3) 1.2

Mean drag coefficient 1.08

Decay coefficient Cx 8.0

Across-wind direction
(D1/B1 = 0.5)

Strouhal number St 0.08

Bandwidth coefficient Bw 0.12

Decay coefficient Cy 6.67

Cd



84 Ming-Yi Liu, Wei-Ling Chiang, Chia-Ren Chu, and Shih-Sheng Lin

g. 8(a)

ind
lytical
g-wind

dicate
 is
 

 shown
alance

s. The
 the

l
quare-
10(a)
 and

values
nt with
t may
ximum

 is
ce a

mic
ictive

d Fig.

D is
lytical
3.3. Structural response

The along-wind oscillation without the aerodynamic effects was considered in this research. Fi
and Fig. 8(b) show the variations in the dimensionless RMS displacement 
and the dimensionless RMS acceleration  over in the along-w
direction. These two diagrams illustrate that the experimental values conform to the ana
model shown in Fig. 3. Consequently, this model may be used to correctly calculate the alon
vibration. Both  and  increase with an increase in . Furthermore, the TLCD is more
effective in suppressing both  and  for higher values of . These diagrams also in
that both  and  decrease when µ increases. Therefore, the TLCD with a greater mass
more advantageous in controlling the along-wind response, being more useful for reducing
than . These results are consistent with the analytical studies of Xu, et al. (1992b) and Sun,
et al. (1993).

The aerodynamic response in the across-wind direction was measured by the instrument, as
in Fig. 4(b). Based on the across-wind load spectrum measured by the high-frequency force b
shown in Fig. 4(a), the structural oscillation can be evaluated without the aerodynamic effect
aerodynamic damping ratio ξa can then be obtained (Cermak and Isyumov 1999). According to
wind tunnel experiments, and are determined and used to calculate ξa in
Eq. (5f). Fig. 9 illustrates the relationship between ξa and . The predictive and experimenta
values agree well. This diagram reveals that negative values of  are pronounced for s
sectional buildings. This result coincides with Vickery’s experimental research (1995). Fig. 
and Fig. 10(b) present variations in the dimensionless RMS displacement 
the dimensionless RMS acceleration  over , whether ξa is separately
considered in the across-wind direction. These two diagrams indicate that the experimental 
support the analytical model in Fig. 3. Furthermore, this model is also in substantial agreeme
the experimental studies (Kwok 1982, Kareem 1984, Matsumoto 1986 and Kawai 1992). I
therefore evaluate the aerodynamic response accurately. Both  and  reach a ma
when the lock-in phenomenon occurs. In this condition, the reduced resonant wind velocity 
17.4. The TLCD is obviously more effective in suppressing both  and  in . Sin
negative value ξa for reducing the damping ratio of the structure ξ1, then both  and  are
underestimated without ξa , especially in the region neighboring . Consequently, the aerodyna
effects are significant when the across-wind oscillation is considered. Moreover, the pred
model properly reflects aerodynamic effect characteristics in this investigation. Fig. 10(a) an
10(b) also demonstrate that both  and  decrease as µ increases. As a result, the TLCD with
a greater mass is more useful in controlling the across-wind vibration. In addition, the TLC
more advantageous for reducing  than . These results are consistent with the ana
studies of Xu, et al. (1992a).
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Fig. 9 Relationship between aerodynamic damping ratio and reduced wind velocity

Fig. 10 Variations in dimensionless RMS structural oscillation over reduced wind velocity in across-wind direction

Fig. 8 Variations in dimensionless RMS structural oscillation over reduced wind velocity in along-wind direction
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4. Parametric studies

A forty-story building with a TLCD in an urban area belongs to type A terrain (Mehta and
Marshall 1998). Table 5 presents the coefficients of the wind load spectra used in the para
studies. The breadth (B1), depth (D1) and height (H1) of the building were 40 m, 40 m and 160 m
respectively (see Fig. 2). The aspect ratio Ar was 4.0. As indicated earlier, the mode shape of 
vibration system was assumed to be linear. Furthermore, a building with a TLCD can be sim
as a two-degree-of-freedom oscillation system. Generalized parameters for the first mode 
building in Table 6 were utilized to evaluate the structural response. The tuning ratio δ , the mass
ratio µ , the dimensional ratio λ , the orifice opening ratio κ and the area ratio χ are the five
significant TLCD parameters, which act to suppress the wind-induced oscillation. In ord

               (b) Variable parameters in parametric studies

Tuning ratio

δ

Mass ratio

µ

Dimensional
ratio

λ

Orifice opening
ratio

κ

Area ratio

χ
0.33
0.5
1.0
2.0
3.0

0.03
0.06
0.09
0.12
0.15

0.6
0.7
0.8
0.9
1.0

0
0.25
0.50
0.75
1.0

0.7
0.85
1.0
1.15
1.3

Table 7 (a) Invariable parameters in parametric studies

Tuning ratio

δ

Mass ratio

µ

Dimensional
ratio

λ

Orifice opening
ratio

κ

Area ratio

χ
1.0 0.15 0.8 0.75 1.0

Table 6 Generalized parameters for the first mode of the building in parametric studies

Mass

M1(kg)

Damping
coefficient

C1(N-sec/m)

Stiffness

K1(N/m)

Natural circular
frequency

ω1(rad/sec)

Damping ratio

ξ1

1.76� 107 1.15� 106 4.73� 107 1.64 0.02

Table 5 Coefficients of wind load spectra in parametric studies

Along-wind direction

Power law exponent α 0.36

Roughness coefficient K0 0.025

Air density ρa(kg /m3) 1.2

Mean drag coefficient 1.3

Decay coefficient Cx 8.0

Across-wind direction

Strouhal number St 0.08

Bandwidth coefficient Bw 0.18

Decay coefficient Cy 6.67

Cd
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independently investigate the effectiveness of these parameters, a series of parametric studies 
on the analytical model in Fig. 3 were carried out, varying a single parameter at a time
invariable and the variable parameters are summarized in Table 7(a) and Table 7(b), respectiv

Parametric studies were practiced when the lock-in phenomenon occurred. The reduced r
wind velocity  was 13.8 in this condition. The variations in the oscillatory response ratiRr

(defined as the proportion of the controlled to the uncontrolled RMS vibration of a building) over δ ,
µ , λ , κ and χ are individually presented in Fig. 11(a) through Fig. 11(e). Fig. 11(a) implies tha
TLCD with δ = 1.0 gives the maximum Rr reduction, which conforms to the research of Balend
et al. (1995). Since the movement of the horizontal liquid can increase the inertia forc
suppressing oscillation, Rr decreases when µ increases, as shown in Fig. 11(b). As a result, 
TLCD with a greater mass is more useful in controlling the structural response. This is con
with the experimental studies mentioned in chapter three. In addition, the TLCD with a greaλ
value more effectively reduce Rr , as illustrated in Fig. 11(c), which is also due to the added ine
force. Fig. 11(d) indicates that Rr decreases as κ increases. This reduction is correlated with th
damping effect caused by an orifice. Because the restoring load induced by gravity on the liqu
dissipate the vibration energy, the TLCD with a greater χ value more effectively suppresses Rr, as
shown in Fig. 11(e). These five diagrams also indicate that the TLCD is more advantageo
reducing the across-wind oscillation than the along-wind vibration. When across-wind aerody

Ur
L

Fig. 11 Variations in oscillatory response ratio over TLCD’s parameters
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effects are considered, the TLCD more effectively controls the aerodynamic response, reduc
acceleration more than the displacement in biaxial directions. These results from parametric studies
are in substantial agreement with previous studies (Samali, et al. 1992, Balendra, et al. 1995, Won,
et al. 1997 and Gao and Kwok 1997). Consequently, TLCDs are effective devices for suppr
the wind-induced vibration in buildings. 

5. Conclusions

In this research, wind tunnel experiments were carried out to study the wind-induced vibrat
a building with a TLCD. A predictive model of the aerodynamic response in the across-
direction was created, leading to the development of a computing procedure for the ana
modeling of the structural oscillation in a building with a TLCD under the wind load. Param
studies were also used to calculate the effectiveness of the TLCD in controlling wind-ind
vibration in a structure. Eventually, several conclusions were generated based on this investigation.

1. The aerodynamic damping ratio predictive model is a function of Scruton number
turbulent intensity, the dimensionless RMS displacement of the structure in the across
direction, the aspect ratio, the reduced wind velocity and the reduced resonant wind ve
Two undetermined coefficients of this model were computed experimentally. As a result
model does reflect the aerodynamic effect characteristics. It can thus be used to calculate t
aerodynamic damping ratio, so that the aerodynamic response of a building may be acc
evaluated in the across-wind direction. 

2. A computing procedure has been generated for the analytical modeling of the wind-in
vibration in a building with a TLCD. It agrees substantially with the experimental d
Therefore, this model may be used to correctly calculate both the along-wind and the a
wind response. 

3. Results from this investigation show that the TLCD is more useful in suppressing the a
wind response for higher wind velocity values. It is also more effective in controlling
across-wind oscillation when the lock-in phenomenon occurs. Moreover, the TLCD is 
advantageous for reducing the across-wind vibration than the along-wind oscillation. Whe
across-wind aerodynamic effects are considered, the TLCD is more effective in controllin
aerodynamic response. They are also more useful in reducing the acceleration th
displacement in biaxial directions. As s result, TLCDs are effective devices for suppressin
structural vibration under the wind load. 

4. Based on results from parametric studies, the TLCD has more benefit for reducing the
induced oscillation in a building, when the tuning ratio is equal to 1.0. It is also more effe
when greater mass ratio, dimensional ratio, orifice opening ratio and area ratio values are

5. This study may help engineers to more correctly predict the aerodynamic response of hi
buildings as well as select the most appropriate TLCDs for reducing the structural osci
under the wind load. This could improve the understanding of wind-structure interaction
wind resistant designs for high-rise buildings. 
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