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

1. Introduction

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

High-rise buildings oscillate in both the along-wind and the across-wind directions. Along-wind
motion is primarily a result of pressure differences on the windward and the leeward faces, which is
generally influenced by turbulent fluctuations in the approaching flow. The aerodynamic effects can
therefore be neglected. In addition, the along-wind response can be quantified analytically by
utilizing quasi-steady and strip theories (Kareem 1992). Across-wind motion is induced by the
periodic vortex shedding from both sides of a building. Accordingly, the aerodynamic effects are
very complicated. Many wind tunnel experiments have been carried out to examine this wind-
structure interaction (Kwok 1982, Kareem 1984, Matsumoto 1986 and Kawai 1992). However, no
suitable theory for calculating this complex across-wind aerodynamic response has been formulated.

The tuned liquid column damper (TLCD) was first proposed by Sekal (1989), consisting of
a U-tube container with an orifice in the middle. It dissipated the energy of structural oscillation by
the combined action of inertia force caused by the movement of the liquid, the restoring load
induced by gravity acting on the liquid and the damping effect caused by an orificet 4L,
(1992a and 1992b) studied the effectiveness of a TLCD in controlling the wind-induced vibration of
a tall building. They analyzed a typical structure modeled as a muteeedfreedom oscillation
system. The along-wind turbulence and the across-wind wake excitation were simulated both as
stationary and stochastic processes. Sarealal (1992) performed parametric studies of a TLCD
that included the mass ratio, the tuning ratio and the orifice opening ratio, revealing that a TLCD
could provide enough vibration suppression capacity for a forty-story building subjected to the
stationary seismic load. Suet al. (1993) have proposed a mathematical model of the wind-induced
stochastic response of a building with a TLCD in the along-wind direction. This investigation
showed that a TLCD would have significant advantages if the parameters were selected properly.
Balendra,et al (1995) have suggested that the effectiveness of a TLCD was dependent on the
structural damper and the excitation charasties. Optimally, the tuning ratio should be 1.0 and the
orifice opening ratio should be between 0.5 and 1.0. Vébral (1997) used random vibration
theory to evaluate the performance of a flexible building with a TLCD under the random seismic
load. The earthquake motion was simulated as a non-stationary stochastic process with both
frequency and amplitude modulations. Gao and Kwok (1997) proved that the TLCD was equally
effective for harmonic excitation as well as stationary random excitation. They also indicated that
the optimal tuning ratio would be independent of the excitation. As indicated earlier, many
theoretical models for predicting thefesftiveness of the TLCD have been developed. However,
there have been few experiments in support of these models.

As mentioned above, no proper theory has been formulated for evaluating the aerodynamic
response in the across-wind direction. Furthermore, few experiments have verified the vibration
suppression performance of the TLCD. In this research, therefore, wind tunnel experiments were
carried out to study the wind-induced oscillation of a building with a TLCD. Then, a model for
predicting the aerodynamic response in the across-wind direction was generated. A computing
procedure was also developed for the analytical modeling of the structural response in a building
with a TLCD under the wind load. The accuracy of this model can be proven experimentally.
Parametric studies were also used to calculate the effectiveness of the TLCD in controlling the
wind-induced vibration in a structure. This study may help engineers to more correctly predict the
aerodynamic response of high-rise buildings. In addition, they could select the most appropriate
TLCDs for reducing the structural oscillation due to the wind load, which lead to an improved
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understanding of wind-structure interactions and wind resistant designs for high-rise buildings.

2. Mathematical model

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

2.1. Equation of motion

A high-rise building with a TLCD can be simulated as a two-degree-of-freedom oscillation
system, as shown in Fig. U,, C; andK; are the mass, the damping coefficient and the stiffness of
the building, respectively-, andB, represent the vertical height and the horizontal breadth of the
TLCD. lts total length id, (=B,+2H,) and its dimensional ratio i8 (= B,/L,). p; is the liquid
density andg is the head loss coefficient. Balendea,al (1995) have indicated th#is correlated
with the orifice opening ratia (= A,/An, see Fig. 1)F(t) is the time history of the along-wind and
across-wind loads, respectively, and X, are the displacement of the building and the TLCD. The
TLCD’s vertical and horizontal cross-sectional areas are definéd ad A, respectively. The area
ratio isx (= A/A,). The equation of motion can be geated by Lagrange’s equation, that is;
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0 20,AQ|0X, 0 O 0 [
— . XZ
] Y
A, I H,
_ |3A° IA" _| 4
~ 5 —
—

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

C, = J,:iplAvxﬁax-z @)

where g, is the root-mean-square (RMS) vitloof the TLCD. SinceC, depends ongy , an
iteration solutlon procedure is generally required to calculate this equation. Eq. (1) can be rewritten
by substituting Eqg. (2) into Eqg. (1), that is;

O O O O
M, +M, M,|OX, 0 |C, 0|Ux, O L 0/0x, 0 OFr) O
1t Mz Ma 2% 5 160 91 X gy 1M 01X o RO (3a)
M4 MgDXZD 0C2|:]X2|:] OKDX2|:] O 0 0O
O O O O
where;
M, = p,A(2H, + B,/ X) (3b)
M; = p,A(2H, + XB,) (3¢)
My = P1AB; (3d)
K, = 2pA0 (3e)

The mass ratio and the tuning ratio for this oscillation systenudre M,/M;) andd (= wy/wy),
respectively, wherev, and w, are the natural circular frequency of the structure and the TLCD,
separately.

Supposing that the wind load has the exponential f(th)=€*, then the transfer functions with
complex forms can be computed by utilizing Fourier transform in Eq. (3a), so that;

— W'M; +iwC, + K,

Hog (@) = y (4a)
Hy () = w4M3—iwA3C2—w2K2 (4b)
() = M (40)
Hy (e) = O (4d)

A = W' Ma(My+My) —M2Z] =i W’ [MsCy + Co(My + M,)]
—wZ[M3K1 +C,C, +Ky(Mp+ My)] +iaw(CyK; + CiK;) + Ky K, (4e)
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whereHy (), Hx (w), Hx,(w) andHx,(w) are the transfer functions of the displacement and the
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 in the
across-wind direction. Consequently, only the across-wind direction effects were considered in this
study. The aerodynamic damping rafipis generally used to determine these complex phenomena.

&, is correlated with many influential parameters, but there is no proper theory to evaluate it. Many
wind tunnel experiments have been carried out to estifiatélowever, only partial parameters

have been considered in these experimental studies. These investigations may not be complet
lacking generality. In order to improve this situation, we originated a predictive modglvdiich
combines six significant parameters.

Vickery (1981) has demonstrated tl§atis inversely proportional to Scruton numl&r that is;

Ea = Clé

where C, is a constant. Vickery and Basu (1983) have indicated an empirical formula widgreby
can be expressed as the polynomial function of the turbulent int@nsgych that;

(5a)

&, = C,(19.6T4—37.3T3+ 24.8T2—7.1T, + 1.0) (5b)

whereC; is a constantog  is the dimensionless RMS displacement of the structure in the across-
wind direction. The research of Basu and Vickery (1983) has revealed,tteatlependent on the
square ofa><1y so that;

£a = Cy03,? (50)

where C; is a constant. Vickery and Basu (1984) have suggestedian be presented as the
logarithmic function of the aspect rathg, that is;

2 = C4(0.4InA,-0.12) (5d)

whereC, is a constant. The reduced wind velodity and the reduced resonant wind velbcity
(defined asJ, when the lock-in phenomenon occurs) are both dimensionless parametergt @heng,
(1999) have performed experimental studies to obtain an exponential formdlaciarelated with

Ur andUy , that is;

&2 = Csexp[Co(Ur —UH’) (5e)

WhereC5 and Cg are constants. From the above descriptégns a function ofS, T, ax1 A, U;
and Uy , respectively. A predictive model &f in the across-wind direction can be generated by
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combining Eqg. (5a) to Eq. (5¢e) as follows;

o 2

O _ _
g, = c;—;:Lexp[c;(Ur—U#)Z](o.4nAr—o.1)(19.6T;1—37.3T§+24.8T,2—7.1Ti+1.0) (5f)

where C] andC; are undetermined coefficients. Based on the series of wind tunnel experiments
discussed in chapter three, these two coefficients can be determined. In engineering applications, Ec
(5f) may be sufficiently employed if the aims it is intended to serve are modest. Then, the
aerodynamic damping coefficie@, can be presented, such that;

C, = ZEaA/MlKl (6)

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

0 0 0 0
My, MyOX, O 0 ClO% 0O |0 KyOX, O
0 0 0 0

Eq. (7) is the equation of motion showing the aerodynamic response of a high-rise building with a
TLCD in the across-wind direction. The along-wind response can also be calculated utilizing the
same equation but witho@,.

2.3. Wind load

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

TLCD

High-rise building

Across-wind load
Incident flow /

|:> H, > Along-wind load

Fig. 2 Wind load on a high-rise building



Analytical and experimental research on wind-induced vibration in high-rise buildings ...77

average and a fluctuating component. Only the fluctuating load is considered in this wind load
model.

Davenport's along-wind load spectru, (w) (Davenport 1976) is utilized in this research. A
one-sided cross spectrum of the wind Ioad onitle and thej-th floors can be expressed as
follows;

8F; F; KoUlzo (600w/ 7'[Ulo)2 [_Cxw |z, — 7] } (8a)

S, (@) = —= expl -4
: UiUjw  [1+(600w/ 010)°]"" T (Ui +Uy)

wherez is the height of thé-th floor, U; is the mean wind velocity on theth floor, F is the
mean wind load of thé-th floor in the along-wind directionJ;, is the eeénce mean wind
velocity 10 m above the ground (m/sek), is the roughness coefficient which depends on surface
roughness of the ground afy is the decay coefficient in the along-wind direction. The exponential
term in Eqg. (8a) is the coherence function for théh and thej-th floors. FurthermoreU; s
assumed to follow the power law distribution, that is;

U _ad
-— = 8b
Up H0J D
where a is the power law exponent. Since the aerodynamic effects are slight in the along-wind
direction, F;  can be individually calculated ly , such that;
F. = 0.50,U7AC, (8c)
wherep, is the air densityA is the area of the windward side a@d is the mean drag coefficient.
Ohkuma and Kanaya'’s across-wind load spectﬁ,m(w) (Ohkuma and Kanaya 1978) is utilized
in this study. Because the aerodynamic effects are complicated in the across-wind direction, the
wind load cannot be directly evaluated by the wind velocity. Ohkuma and Kanaya have used

aerodynamic coefficients to experimentally generﬁie(w) . A one-sided cross spectrum of the
wind load on the-th and thg-th floors can be presented as foIIows

B.O: O 2 -7
S0 = = ij[l—(nin,-/(sg)i]nzjﬁ;%(mn,-/seex R e
where;
n= g (9b)
S = 0.135- 0.06@xp(— 0.054,) (9¢)
w = 0.6exp(-0.3A)) (9d)

and wheren; is a dimensionless parameter of fhéh floor, B; is the structural dimension of the
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windward side on thie th floor, Ok, is the RMS wind load of theth floor in the across-wind direction,
S is the Strouhal numbeB,, is the bandwidth coefficient an@, is the decay coefficient in the
across-wind direction. The exponential term in Eq. (9a) is the coherence function fethtlzad
the j-th floors. Moreover, in engineering applicatioBscan be calculated by Eq. (9c).

Assuming that the mode shape of the vibration system is linear. Then, the generalized Davenport’s
along-wind load spectrunﬁ‘zp11 (w) and Ohkuma and Kanaya’'s across-wind load sp&;[ylam)
can be evaluated, respectivély, that is;

S (@) = [ ] S () oz @z)dzdz (10a)

S,(@) = [ " S, (@) 92)A(z)dzdz (100)

where ¢(z) z 0 is the mode shape valuezodndH; is the height of the building, separately.
O

C 4
H
2.4. Structural response

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

oy, = A/J’:|Hxl(w)|zépux(w)dw (11a)

o, = me|Hx1(w)|zéFuy(w)dw (11b)
I P 28

Oy = Jf_m‘Hxl(w)‘ S, (w)dw (11c)
I P 28

Ox, = Jf_m‘Hxl(w)‘ S, (w)dw (11d)

where Ox, » Ox,, +Ox,, andoy ~ are the RMS dspement and the RMS acceleration of the
building in the along -wind and the across-wind directions, respectively.

With the above description, a computing procedure of an analytical model was generated and is
shown in Fig. 3. This model can evaluate the wind-induced vibration of a high-rise building with a
TLCD in both the along-wind (withou€, ) and the across-wind (wjth ) directions. Iniaud
the accuracy of this predictive model was verified by the wind tunnel experiments described in
chapter three.
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Fig. 3 Computing procedure of analytical model for structural vibration with TLCD under wind load

3. Experimental investigations

A series of wind tunnel experiments were carried out to study the wind-induced vibration of a
building with a TLCD. Two undetermined coefficients were then obtained for the model to predict
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the aerodynamic damping ratio. Furthermore, a procedure for computing the analytical modeling of
the structural response in a building with a TLCD under the wind load was verified experimentally.

3.1 Wind tunnel model

The experiments were carried out in a wind tunnel (located at National Central University) with a
working section of 3.0 2.1 m and 30.0 m long. A 1:200 scale model of a building (0201l m
>x0.75 m) with a rigid wooden construction was used. The aspectatas 5.3. Five wind load
components (the drag force, the side force, the rolling moment, the pitching moment and the
yawing moment) were measured by a high-frequency force balance, shown in Fig. 4(a). Fig. 4(b)
illustrates the instrument for measuring structural vibration. The model could pivot at the base by a
gimbal arrangement. It was restrained by two pairs of springs. A circular plate immersed in oll
simulated the viscous damping of the structure. The TLCDs were made of acrylic plates. Glycerin
was added to these U-tube containers. The mass pati@s the variable in this experimental
investigation. The building’s and the TLCDs’ parameters are shown in Table 1, Table 2(a) and Table
2(b), respectively. The breadt®,] and the deptt;) are the dimensions of the hiing,
perpendicular and parallel to the incident flow, separately. In this res&/@&=2.0 and 0.5 were
studied, as shown in Fig. 5. It reveals that the yawing anglé is  9@hd , respectively. Fig. 4(b)
also indicates two laser displacement sensors and one accelerometer that were installed to measu

Accelerometer

TLCD

High-rise building

¢—— High-rise building

Floor Floor
I
] ;

Reflector ——»{

Laser displacement sensar]

High-frequency

force balance :y\/\/\/\ll
le—

Spring

Clircular plate
Oil

(a) Wind load (b) Structural vibration

Fig. 4 Measurement instruments in experiments
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Table 1 The building’s parameters in experiments

Mass Damping coefficient Stiffness Natural circular frequency Damping ratio
M;(kg) Ci(N-sec/m) K1 (N/m) w, (rad/sec) &
1.28 1.60 1258.38 31.42 0.02

Table 2 (a) TLCDs’ invariable parameters in experiments

Vertical Horizontal  Liquid Head loss Tuning ratio Dimensional Orifice Area ratio
height breadth density  coefficient ratio opening ratio

Hz(m) Bo(m)  pu(kg/nT) B o A K X
0.03 0.11 1200.0 5.19 1.0 0.65 0.75 1.0

(b) TLCDs' variable parameters in experiments

Mass ratio Vertical area Horizontal area
u A (m?) An(m?)
0.1 6.76x< 107 6.76x 107
0.2 1.37x 1073 1.37x 1073
0.3 2.03< 107 2.03x 107

D,/B;=2.0 D,/B,=0.5
R == __ ZAY
Y i A Hl|%=7
7 %
Incident Incident
flow flow
Hl l-II

¥ v
BI
BI
D D,

Fig. 5 Directions of model installation

the structural vibration in the along-wind and the across-wind directions. The sampling frequency
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 the wind
tunnel. Fig. 6(a) shows the profiles of the mean wind velocity and the turbulent intensity measured
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Fig. 6 Wind field in experiments

by a hot-wire anemometer, whezeand U are defined as the height and the mean wind velocity,
respectively. Furthermore, subiptrg denotes the gradient value of the corresponding parameter. A
suburban arean(=0.25) is simulated with type B terrain. Consequently, the roughness coefigient

is 0.01 (Mehta and Marshall 1998). Moreover, the turbulent intefiisity 27.8% near the ground,

but 4.8% at the top of wind tunnel. Mehta and Marshall (1998) have proposed that the equivalent
height of a flexible structure is OH: , wheka is defined as the height of the building. In this
research, the nominal value @f can be determined in this position. Fig. 6(a) indicatés that of
the corresponding heighz/ z = 0.26)  is 19.0%. The longitudinal wind velocity specHi{wo)

for the reduced wind velocity), = 22.6 s illustrated in Fig. 6(b), whexds the reduced circular
frequency andogy is the RMS wind velocity, separately. It shows that the slope is -5/3. This result
coincides with Kolmogorov’s research (1941).

The wind load coefficients are presented in TableC3. apd are defined as the mean side
force and the mean yawing moment coefficients, wigle éamd represent the riliean ro
moment and the meapitching moment coefficients. Fudimore, the superscrigt denotes the
RMS value of the corresponding efticient. Table 3 indicates that allind load cefficients for
D./B,=0.5 are higher thab,/B;=2.0, except foiIC} . Since the shape of the model is symmetric

Table 3 Wind load coefficients in experiments

Mean values RMS values
Wind load Drag Pitching Drag Side Rolling Pitching  Yawing
coefficients moment force moment moment  moment
Cq Co, Cq Cs Cr,, Cp, Cy,
D;/B;=2.0 1.08 0.23 0.15 0.12 0.07 0.09 0.04

D,/B;=0.5 1.20 0.31 0.20 0.33 0.17 0.13 0.01
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Fig. 7 Dimensionless generalized wind load spectra

and its windward face is orthogonal to the incident flow, tien C;,,  @nd approximate 0 in
this study. These experimental results are consistent with previous studies (Matsumoto 1986, Kande
and Choi 1992 and Hayashidst,al 1992).

The d|men3|onless generalized along-wind load spectruﬁ% () (= wSF Lw)/
(0. 5an /B:D Hl) ) and the dlmensmnless g=alized across-wind Ioad spectruﬁ? (w)
(= wSF (w)/(O 50,U%,/B,D Hl)) for U, = 22.6 are illustrated in Fig. 7(a) and Flg 7(b),
respectlvely Fig. 7(a) shows that the experimental va(lzs B, = 2.0) conform to Eq. (10a).
The amplitude o@llx(w) falls almost within the lewequency region. Fig. 7(b) implies that the
experimental dat§D,/B; = 0.5) coincide with Eqg. (10b). The lock-in phenomenon will appear if
the corresponding frequency of the sharp peaEFm(w) is close to the natural circular frequency
of the structurecww; . The across-wind response of a building will become severer in thigrond
As indicated earlier, these experimental results agree substantially with Davenport’s along-wind and
Ohkuma and Kanaya's across-wind load spectra. Therefore, these two spectra can properly be
utilized to calculate the structural response. Table 4 presents the coefficients of the wind load
spectra used in this experimental investigation.

Table 4 Coefficients of wind load spectra in experiments

Power law exponentr 0.25
) S Roughness coefficier, 0.01
Along—wmd_duectlon Air density pa(kg / %) 12
(D1/B;=2.0) 7
Mean drag coefficienCqy 1.08
Decay coefficienCy, 8.0
) o Strouhal numbeg 0.08
Across-wind direction Bandwidth coefficienB, 0.12

(D,/B,=0.5)

Decay coefficientC, 6.67
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3.3. Structural response

The along-wind oscillation without the aerodynamic effects was considered in this research. Fig. 8(a)
and Fig. 8(b) show the variations in the dimensionless RMS dlsplacem’er( Ox, /./B1 1)
and the dimensionless RMS acceleratu@ (= 47'fax / w?,/B.D;) oUer in the along-wind
direction. These two diagrams illustrate ‘that the experlmental values conform to the analytical
model shown in Fig. 3. Consequently, this model may be used to correctly calculate the along-wind
vibration. Both ox,, anda;g increase with an increaseUin . Euntbre, the TLCD is more
effective in suppressmg bofhx arax;; for higher valuetJof . These diagrams also indicate
that both o andoy, decrease whgarincreases. Therefore, the TLCD with a greater mass is
more advantageous in controlling the along-wind response, being more useful for redglcmg
than oy . These results are consistent with the analytical studies at)al, (1992b) and Sun,
et al (1993)

The aerodynamic response in the across-wind direction was measured by the instrument, as show
in Fig. 4(b). Based on the across-wind load spectrum measured by the high-frequency force balance
shown in Fig. 4(a), the structural oscillation can be evaluated without the aerodynamic effects. The
aerodynamic damping rati§, can then be obtained (Cermak and Isyumov 1999). According to the
wind tunnel experimentsC; =-2.5 an@€;=-0.1 are determined and used to caléylaie
Eq. (5f). Fig. 9 illustrates the relationship betwegrand U, . The predictive and experimental
values agree well. This diagram reveals that negative values of are pronounced for square-
sectional buildings. This result coincides with Vickery’s experimental research (1995). Fig. 10(a)
and Fig. 10(b) present variations in the dimensionless RMS dlsplaceme( axl/./B D)) and
the dimensionless RMS acceleratloﬁ (= 47'?0 /wl./B D,) olkr Whefgtes separately
considered in the across-wind direction. These two diagrams indicate that the experimental values
support the analytical model in Fig. 3. Furthermore, this model is also in substantial agreement with
the experimental studies (Kwok 1982, Kareem 1984, Matsumoto 1986 and Kawai 1992). It may
therefore evaluate the aerodynamic response accurately. ﬂ)th a;‘and reach a maximum
when the lock-in phenomenon occurs. In this condition, the reduced reSonant wind viglocity is
17.4. The TLCD is obviously more effective in suppressing bunjh ca‘pd Urin . Since a
negative valuef, for reducing the damping ratio of the structufﬁe then bothax andoy ~ are
underestimated withouf,, especially in the region neighboring Consequently, the aerodynamlc
effects are significant when the across-wind oscillation is considered. Moreover, the predictive
model properly reflects aerodynamic effect characteristics in this investigation. Fig. 10(a) and Fig.
10(b) also demonstrate that bocbt;ily angl decreageirmgeases. As a result, the TLCD with
a greater mass is more useful in controlfing the across-wind vibration. In addition, the TLCD is
more advantageous for reducimg}1y the . These results are consistent with the analytical
studies of Xuget al (1992a).
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4. Parametric studies

A forty-story building with a TLCD in an urban area belongs to type A terfliehta and
Marshall 1998). Table 5 presents the coefficients of the wind load spectra used in the parametric
studies. The breadttB{), depth D) and height ;) of the building were 40 m, 40 m and 160 m,
respectively (see Fig. 2). The aspect ra{jowas 4.0. As indicated earlier, the mode shape of the
vibration system was assumed to be linear. Furthermore, a building with a TLCD can be simulated
as a two-degree-of-freedom oscillation system. Generalized parameters for the first mode of the
building in Table 6 were utilized to evaluate the structural response. The tuning rdhie mass
ratio u, the dimensional ratid\, the orifice opening ratioc and the area ratiy are the five
significant TLCD parameters, which act to suppress the wind-induced oscillation. In order to

Table 5 Coefficients of wind load spectra in parametric studies

Power law exponent 0.36
Roughness coefficiert, 0.025
Along-wind direction Air density pa(kg/m°) 1.2
Mean drag coefficienCd 1.3
Decay coefficientC, 8.0
Strouhal numbef 0.08
Across-wind direction Bandwidth coefficienB,, 0.18
Decay coefficienC, 6.67

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

Mass Damping Stiffness Natural circular Damping ratio
coefficient frequency
M;(kg) C;(N-sec/m) K1 (N/m) w (rad/sec) '3
1.76x< 10 1.15< 10° 4.73< 100 1.64 0.02

Table 7 (a) Invariable parameters in parametric studies

Tuning ratio Mass ratio Dimensional Orifice opening Area ratio
ratio ratio
o u A K X
1.0 0.15 0.8 0.75 1.0

(b) Variable parameters in parametric studies

Tuning ratio Mass ratio Dimensional Orifice opening Area ratio
ratio ratio
o u A K X
0.33 0.03 0.6 0 0.7
0.5 0.06 0.7 0.25 0.85
1.0 0.09 0.8 0.50 1.0
2.0 0.12 0.9 0.75 1.15

3.0 0.15 1.0 1.0 13
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independently investigate thefeftiveness of these parameters, a series of parametric studies based
on the analytical model in Fig. 3 were carried out, varying a single parameter at a time. The
invariable and the variable parameters are summarized in Table 7(a) and Table 7(b), respectively.
Parametric studies were practiced when the lock-in phenomenon occurred. The reduced resonan
wind velocity Ur was 13.8 in this condition. The variations in the oscillatory responseRratio
(defined as the proportion of the controlled to the uncontrolled RMS vibration aldangyuover d,
U, A, k and x are individually presented in Fig. 11(a) through Fig. 11(e). Fig. 11(a) implies that the
TLCD with 6=1.0 gives the maximurR, reduction, which conforms to the research of Balendra,
et al (1995). Since the movement of the horizontal liquid can increase the inertia force in
suppressing oscillationR decreases whep increases, as shown in Fig. 11(b). As a result, the
TLCD with a greater mass is more useful in controlling the structural response. This is consistent
with the experimental studies mentioned in chapter three. In addition, the TLCD with a greater
value more effectively redud&, as illustrated in Fig. 11(c), which is also due to the added inertia
force. Fig. 11(d) indicates thd&, decreases as increases. This reduction is correlated with the
damping effect caused by an orifice. Because the restoring load induced by gravity on the liquid can
dissipate the vibration energy, the TLCD with a gregteralue more effectively suppressis as
shown in Fig. 11(e). These five diagrams also indicate that the TLCD is more advantageous for
reducing the across-wind oscillation than the along-wind vibration. When across-wind aerodynamic
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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, reducing the
acceleration more than the displacement in biaxial directions. Thedes feson prametric studies

are in substantial agreement with previous studies (Saetall, 1992, Balendragt al 1995, Won,

et al 1997 and Gao and Kwok 1997). Consequently, TLCDs are effective devices for suppressing
the wind-induced vibration in buildings.

5. Conclusions

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

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

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

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

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

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