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Abstract. Based on the empirical formulas for power spectra of generalized modal forces and local
fluctuating wind forces in across-wind and torsional directions, the wind-induced lateral-torsional coupled
response analysis of a representative rectangular tall building was conducted by setting various parameters
such as eccentricities in centers of mass and/or rigidity and considering different torsional to lateral stiffness
ratios. The eccentricity effects on the lateral-torsional coupled responses of the tall building were studied
comprehensively by structural dynamic analysis. Extensive computational results indicated that the torsional
responses at the geometric center of the building may be significantly affected by the eccentricities in the
centers of mass and/or rigidity. Covariance responses were found to be in the same order of magnitude as
the along-wind or across-wind responses in many eccentricity cases, suggesting that the lateral-torsional
coupled effects on the overall wind-induced responses can not be neglected for such situations. The
calculated results also demonstrated that the torsional motion contributed significantly to the total responses
of rectangular tall buildings with mass and/or rigidity eccentricities. It was shown through this study that
the framework presented in this paper provides a useful tool to evaluate the wind-induced lateral-torsional
coupled responses of rectangular buildings, which will enable structural engineers in the preliminary design
stages to assess the serviceability of tall buildings, potential structural vibration problems and the need for a
detailed wind tunnel test. 
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1. Introduction

Tall buildings under wind action usually oscillate simultaneously in along-wind and across-wind

directions as well as in torsional modes. While several procedures have been developed for

predicting wind-induced loads and responses in along-wind direction (Davenport 1967), accurate

analytical methods for estimating across-wind and torsional response have not been possible yet.

However, for tall buildings with aspect ratios over 5, their across-wind responses usually exceed the
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along-wind responses (Islam, et al. 1992, Li 2000). On the other hand, wind-induced torsional

vibration of tall buildings can enlarge the displacement and acceleration near the peripheries of their

cross section; especially when the side faces of a rectangular tall building are wider, and/or it is

asymmetric, and/or its lowest torsional natural frequency is approaching to the lowest translational

nature frequency, wind-induced torsional responses may become the main part of the total responses

for the peripheral points of the building. Meanwhile, habitants in a tall building are more sensible of

torsional motion than translational motion (Tallin 1984). Hence, it is important to accurately

evaluate the across-wind and torsional responses for the design and analysis of tall buildings.

It is well known that the mechanisms of across-wind and torsional wind loads on tall buildings are

much more complex than those of along-wind dynamic loads. The mechanical transfer function,

relating the loads to the response, is simple and straightforward. However, the aerodynamic transfer

function, relating the gust structure to the wind-induced forces in across-wind and torsional direction,

is difficult to establish without aids from wind tunnel tests. Over the past three decades, wind tunnel

test has been proved and recognized as an important tool in civil engineering practices (Cermak 2003).

Traditionally, multi-degrees-of freedom aeroelastic models are usually used to study the behaviors of

wind-sensitive structures (Isyumov 1982). Although such a technique provides the most direct and

reliable estimations, required model making is usually expensive and time consuming. Alternatively,

High-Frequency Force Balance (HFFB) technique was developed to measure the overturning moments

directly (Tschanz, et al. 1983), in case that the aerodynamic damping effects are negligible. Another

method, Synchronous Multi-Pressure Scanning System (SMPSS), allows simultaneous measurements

of pressure at many points on model surfaces, as well as determination of instantaneous overall wind

forces from the local pressure measurements. Based on HFFB and SMPSS model tests, obtained wind

loads can be used to calculate structural responses by vibration analysis method.

Although no general analytical methods with sufficient accuracy are available for obtaining

across-wind and torsional wind loads (Li 2000, Lin, et al. 2005), through extensive wind tunnel

tests, some empirical formulas have been proposed for the power spectral densities of fluctuating lift

and torque for rectangular tall buildings with different side and aspect ratios. Among these empirical

formulas, some were obtained from extensive HFFB model test results (Choi and Kanda 1993, AIJ

1996, Zhou, et al. 2003). Others were derived based on pressure measurements on surfaces of

building models through SMPSS tests (Liang, et al. 2002, Li, et al. 2004, Liang 2004). While wind

tunnel test is not available, or time is limited in the preliminary design stage, such empirical

formulas for the aerodynamics wind forces can serve as useful tools to evaluate the wind-induced

responses and serviceability of rectangular tall buildings (Li, et al. 2004, Liang, et al. 2005). If

vibration modes of a structure are uncoupled, the along-wind, across-wind and torsional responses

could be evaluated by considering the two orthogonal fundamental sway modes and the first

torsional mode independently. This treatment is valid only if the centers of mass and rigidity are

coincident with the geometry center of the building and the generalized wind loads in the three

directions are uncorrelated (Islam, et al. 1992). However, modern tall buildings are often structurally

asymmetric because of their irregular building shapes and non-symmetrical lateral resisting forces.

Their centers of aerodynamic forces, centers of mass and centers of rigidity are often non-

coincident. Therefore, their wind-induced lateral and torsional responses are coupled in such cases. A

study of coupled responses of asymmetric tall buildings was conducted by Kan and Chopra (1976) in

seismic analysis of structures. The wind-induced responses of asymmetric tall buildings were

investigated by a number of researchers (Tallin 1984, Tallin, et al. 1985, Safak, et al. 1987, Islam, et

al. 1992, Katagiri, et al. 1992, Kareem 1992a, 1992b, Chen and Kareem 2005). However, literature
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review reveals that there is a lack of comprehensive and comparative study conducted to investigate

the wind-induced lateral-torsional responses of tall buildings based on both HFFB and SMPSS model

test results with consideration of effects of various parameters such as eccentricities in centers of mass

and/or rigidity and torsional to lateral stiffness ratios. Therefore, there is a need to carry out such a

study to comprehensively investigate the wind-induced lateral-torsional responses of tall buildings. 

Based on the empirical formulas for the power spectra of the aerodynamics wind forces in across-

wind and torsional directions obtained from extensive HFFB and SMPSS model tests, this paper is

concerned with a comprehensive investigation on the wind-induced lateral-torsional motions of

rectangular tall buildings. The eccentricity effects on the lateral-torsional responses of a rectangular

tall building are evaluated by setting various eccentricities in center of mass or/and rigidity and

considering different ratio of torsional and lateral stiffness. The computational results show that the

framework presented in this paper is effective to estimate the wind-induced lateral-torsional coupled

responses of rectangular tall buildings. 

2. Lateral-torsional coupled wind-induced response analysis

A 3-dimensional (3D) analytical model of an N-story rectangular tall building is shown in Fig. 1.

Z-axis is chosen as a vertical line that passes the geometric center of the building. For simplification,

the following assumptions are made in this study:

(1) For all stories, the principal axis of resistance is identical and oriented along X- and Y- axis

shown in Fig. 1.

Fig. 1 The full 3D analytical
model of the tall building

Fig. 2 Vertical distributions of lumped mass, inertia moment and lateral
stiffness in translational and rotation directions
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(2) The same eccentricities in center of mass and center of rigidity are assumed for all stories.

(3) All stories have the same radius of gyration. 

As shown in Fig. 1, coordinates of the center of mass and center of rigidity are (xM, uM) and (xR, yR),

respectively. The lumped mass at each floor has three degrees of freedom: translational

displacements in X and Y direction; and rotational displacement in Z direction. The equation of

motion of the 3N degrees-of-freedom system can be expressed in the following matrix form (Kan

and Chopra 1976, Saiful 1988):

(1)

All sub-matrices in Equation (1) are of order N × N and sub-vectors are N × 1, the mass sub-

matrices are 

    (2)
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   (3)

where kjx, kjy are the lateral stiffness in X and Y direction for the j-th floor, respectively and kjθ is the

torsional stiffness for the j-th floor, in the geometric center of the original uncoupled structure

without eccentricity. Fx, Fy and Fθ are wind loads in X-, Y- and Z- axis, respectively.

2.1. Wind-induced response analysis based on the 3D analytical model

Since the vibration modes of the full 3D analytical model described in Eq. (1) are multi-coupled

in general, the wind-induced responses in along-wind, across-wind and torsional directions can not

be solved independently. Hence, the Complete Quadratic Combination (CQC) method should be

used for evaluating the wind-induced lateral-torsional coupled responses for this type of structures.

As mentioned previously, wind-induced dynamic responses of most tall buildings primarily occur

in the fundamental along-wind and across-wind modes as well as the first torsional vibration mode

(Li, et al. 2004). Therefore, the displacement vector involved in Eq. (1) can be expressed,

approximately, in terms of the first three coupled vibration modes. i.e.,

(4)

where φ is the coupled modal matrix and qk is the k-th generalized coordinate, which indicates the

contribution of the k-th mode {φ }(k) to the displacement vector d. Assuming the Rayleigh damping

model to be used in this study, the equation of motion of this damped system with 3 × N DOFs can

be transformed to the following equation by pre-multiplying both sides of Eq. (1) by {φ }(k).

(5)

where  is the k-th generalized modal force and  is the k-th generalized modal mass.

For the wind-induced aerodynamic loads, the spectral density of the generalized coordinate can be

expressed in terms of the spectral density of the generalized force as:
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(8)

Through the same procedure, the covariance values of the generalized coordinate can be determined by

(9)

where S C and SQ are the real and imaginary parts of the cross-spectra, respectively. Rkl and Ikl are

the real and imaginary parts of , which are defined by:

(10)
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(13)

where B and D represent the building width and depth, respectively. The RMS responses at the

upper-right corner of the top floor can then be determined by

(14)
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(16)

Subsequently the displacement in Eq. (1) can be expressed by the following formula using the

mode decomposition method:

(17)

where 

Substituting Eq. (17) into Eq. (1), pre-multiplying both sides by φ T and making use of the

orthogonal conditions yields the following Eq.:
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where  are the RMS values of the wind forces at height z and the

coherence functions of local fluctuating wind forces, respectively. is the mode shape

of the building used in HFFB model tests, which take the form of z /H in X and Y direction and remain

the value of 1 in Z direction, respectively.

Eq. (18) represents the reduced 3DOFs model of the concerned building. Its features are almost

the same as those of the full 3D analytical model described by Eq. (1), with a major difference in

degrees of freedom. For the full 3D analytical model, there are 3N DOFs, while only 3 DOFs are

considered in the reduced 3DOFs model. Once the power spectral densities of the generalized

modal forces  are determined, the wind-induced lateral-torsional coupled responses can be

determined by the procedure similar to that described by Eqs. (2) ~ (14).

3. Empirical formulas for fluctuating wind loads

3.1. The power spectra of local fluctuating wind force 

Before the wind-induced lateral-torsional coupled responses of a tall building are calculated£¨the

power spectra of the aerodynamic wind forces on the building should be obtained from wind tunnel

tests or other methods. 

Assuming a tall building has N lumped masses shown in Fig. 1, and each lumped mass has two

translational DOFs in X and Y direction and one rotational DOF in Z direction. Then the spectral

density of the fluctuating along-wind force on each lumped mass can be expressed by

(20)

where  are tributary area and mean wind speed for the lumped mass located at height Zi,

 is coherence function of fluctuating wind speeds at different height.  is the

auto-power spectral density of the along-wind (longitudinal) fluctuating wind speed, which can be

represented by the widely-used von Karman spectrum (Simiu and Scanlan 1996):

(21)

As no accurate analytical methods to predict across-wind forces and torsional moments are

currently available, it is desirable to estimate such wind effects with aids from wind tunnel tests.

Some empirical formulas for power spectral densities of local fluctuating lift and torque on

rectangular tall buildings with different side and aspect ratios have been proposed based on

extensive SMPSS wind tunnel tests (Liang, et al. 2002, 2005, Liang 2004). After comparison of the

performance of the existing empirical formulas based on the available wind tunnel test results and

field measurements (Li, et al. 2004), it was decided that the empirical formula for the spectrum of

fluctuating across-wind force proposed by Liang, et al. (2002) and that of fluctuating torsional

moment established by Liang (2004) were adopted in this study.

According to Liang, et al. (2002), the co-spectral density for the fluctuating across-wind forces

along building height is expressed as follows:
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(22)

where 

The normalized power spectral density of the fluctuating across-wind force at height zi, ( ),

can be represented by the following equations (Liang, et al. 2002): 

 for (23)

 for (24)

Other parameters involved in Eqs. (22)~(24) can be found in Liang, et al. (2002).

The normalized power spectral density of the fluctuating torsional moment along building height zi,

( ), is expressed as follows (Liang 2004):

(25)

All the other parameters appeared in Eq. (25) are given in Liang (2004).

3.2. The power spectra of overturning moments or generalized modal forces from HFFB

wind tunnel tests

Empirical formulas for power spectra of overturning moments in across-wind and torsional

direction were proposed by Choi and Kanda (1993) among others based on HFFB wind tunnel tests.

It was testified through comparison with available wind tunnel test results and field measurements
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that these formulas could provide more accurate results than other existing formulas for predicting

across-wind and torsional responses of isolated rectangular tall buildings with various geometrical

situations. Therefore, the formulas proposed by Choi and Kanda (1993) were adopted in this study

to generate the input forces for the dynamic analysis of the reduced 3DOFs model. The normalized 

power spectral density of the overturning moment in across-wind direction, , is expressed as

(Choi and Kanda 1993):

(26)

The normalized power spectral density of the overturning moment in torsional direction, ,

is (Choi and Kanda 1993):

(27)

The expressions of  in Eq. (30) are the same as those in Eq. (29).

All other parameters in Eqs. (29) and (30) can be found in Choi and Kanda (1993).

4. The lateral-torsional responses of torsionally coupled rectangular tall buildings

To illustrate the effect of eccentricities in centers of mass and/or rigidity on the wind-induced

lateral-torsional response of tall buildings, a typical rectangular building was considered in this

study. The rectangular tall building is a 30-storey steel structure with a cross-section area of 40 m ×

40 m and 120 m in height, and the average mass density is approximate 187.5 kg/m3. It was

assumed that the isolated tall building was located in a typical suburban terrain, which corresponds

 f SMy
f ( )

σMy

2
----------------------

f SMy
f ( )

σMy

2
-------------------- B1

f SST f ( )

σST

2
---------------------- 1 B1–( )

f SVS f ( )

σVS

2
--------------------+=

f SST f ( )

σST

2
-------------------- 1.26

 f k ⁄

1  f k ⁄( )
1.26

+( )
5 1.26⁄

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

f SVS f ( )

σVS

2
-------------------- 1

δ 2π
--------------e

0.5
 fln 0.5δ

2
+

δ
-----------------------------  ⎝ ⎠
⎛ ⎞

2

                       –

=

 f f/fs  fs = 0.12
VH B⁄

1 0.38 D/B( )2+( )
0.89

-------------------------------------------------      =
⎩ ⎭
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎧ ⎫

 f SM
θ

f ( )

σM
θ

2
----------------------

f SM
θ

f ( )

σM
θ

2
-------------------- B2F1 ψ1( )

f SST f ( )

σST

2
-------------------- B3F2 ψ2( )

f SVS f ( )

σVS

2
-------------------- B4

f SFP f ( )

σFP

2
--------------------+ +

⎩ ⎭
⎨ ⎬
⎧ ⎫

=

f SFP f ( )

σFP

2
-------------------- 1

δm 2π
-----------------e

0.5
f mln 0.5δm

2
+

δm

-----------------------------------  
⎝ ⎠
⎜ ⎟
⎛ ⎞

2

   –

,        f m f/fm,  fm 0.15
VH

BD
------------= = =

F1 ψ1( ) 1 1.5 ψ1( )sin+{ } 1–
     ψ1, π 1 f s /1.5( )+

3

{ }⁄= =

F2 ψ2( ) e
f s /γ–

ψ2( )cos      ψ2, π 1 1 f s /γ( )
1.5

+{ }
1–

–{ }⁄= =⎩ ⎭
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎧ ⎫

f SST f ( )

σST

2
--------------------

f SST f ( )

σVT

2
--------------------,



164 J. R. Wu, Q. S. Li and Alex Y. Tuan

to that the exponent α in the mean wind speed profile is 1/7 for such a terrain (Li 2000). Wind

tunnel test was carried out for this building to determine wind forces on the building using pressure

measurement technique, and the along-wind, across-wind and torsional responses of the building

were calculated based on the model test results (Yoshida, et al. 1992). The analytical model of the

building for the dynamic analysis was simplified as a cantilever shear column with five lumped

masses; each lumped mass has two translational DOFs in horizontal directions (X and Y direction)

and one rotational DOF in vertical (Z) direction, as shown in Fig. 2. In other words, the building

was modeled as a structural system with 15 DOFs. The lateral stiffness in the two orthogonal

translational directions was assumed to be identical. The vertical distributions of the lumped mass,

inertia moment, equivalent lateral stiffness of this building in the translational and rotation directions

are shown in Fig. 2 (Yoshida, et al. 1992). The fundamental natural frequency of this building is

0.336Hz in the two translational directions and 0.313Hz in the torsional direction. Damping ratio

was assumed to be 1% for all the vibration modes (Li, et al. 1998, 2005). 

To examine the reliability and effectiveness of the computational procedure presented in Eqs. (20)

to (27), the along-wind, across-wind and torsional responses of the tall building without eccentricity

were calculated and compared with the available wind tunnel test results (Yoshida, et al. 1992), as

shown in Tables 1a and 1b, for the case that the mean wind speeds atop the building were 20 m/s

and 30 m/s and the approaching wind was normal to one side of the square building. The

satisfactory agreement between the calculated results and the experimental data demonstrates the

Table 1a Wind-induced responses of the tall building (VH =20 m/s)

RMS Responses Methods
Lumped mass no. 

5 4 3 2 1 

Along-wind 
responses

(gal)

Wind tunnel results 0.191 0.332 0.467 0.573 0.620 

Numerical results 0.197 0.374 0.53 0.602 0.673 

Difference 3% 11% 12% 5% 8% 

(cm)

Wind tunnel results 0.062 0.119 0.169 0.206 0.219 

Numerical results 0.06 0.118 0.173 0.217 0.278 

Difference -3% -1% 2% 5% 21% 

Across-wind 
responses 

(gal)

Wind tunnel results 0.554 0.860 1.109 1.329 1.447 

Numerical results 0.526 0.800 1.023 1.134 1.243 

Difference -5% -8% -8% -17% -16% 

(cm)

Wind tunnel results 0.081 0.15 0.205 0.241 0.252 

Numerical results 0.075 0.123 0.178 0.221 0.265 

Difference -8% -22% -15% -9% 5% 

Torsional 
responses 

(gal)

Wind tunnel results 0.067 0.105 0.151 0.195 0.234 

Numerical results 0.057 0.09 0.155 0.209 0.266 

Difference -18% -17% 3% 7% 12% 

(cm)

Wind tunnel results 0.012 0.026 0.042 0.053 0.062 

Numerical results 0.013 0.035 0.059 0.079 0.096 

Difference 8% 26% 29% 33% 35% 
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good applicability of the framework presented above. 

Based on the empirical formulas for the power spectra of the aerodynamic wind loads, the wind-

induced lateral-torsional responses of the tall building were evaluated when different eccentricities

in centers of mass and/or rigidity were assumed. The mean wind speed atop the building was

assumed to be VH = 20 m/s in the dynamic analysis. The wind-induced along-wind, across-wind and

torsional responses at the geometry center and the building corners were calculated. By comparing

the results with those from the cases without the eccentricity, the effects of the eccentricities on the

wind-induced responses of the tall building can be assessed. 

4.1. Lateral-torsional coupled response (considering eccentricity in center of mass)

First of all, the along-wind, across-wind and torsional RMS displacement and acceleration

responses at the geometry center and upper-right corner atop the building are presented, with

consideration of eccentricities in the mass center in along-wind direction (referred to as the along-

wind eccentricities in this paper) while the eccentricities in rigidity center and eccentricity in mass

center in the across-wind direction were set to equal to zero. Assuming VH is 20 m/s. Table 2 lists

the calculated wind-induced responses for nine eccentricity cases (cases 1 ~ 9), in which case 0

represents the case without any eccentricity in the building. The rotational response is expressed as

linear response at a distance of half width (B/2) from the geometry center, both in Table 2 and

Table 1b Wind-induced responses of the tall building (VH =30 m/s)

RMS Responses Methods 
Lumped mass no. 

5 4 3 2 1 

Along-wind 
responses 

(gal)

Wind tunnel results 0.583 1.024 1.434 1.771 1.913 

Numerical results 0.580 1.090 1.530 1.910 2.060 

Difference -1% 6% 6% 7% 7% 

(cm)

Wind tunnel results 0.158 0.307 0.442 0.542 0.577 

Numerical results 0.180 0.370 0.540 0.670 0.710 

Difference 12% 17% 18% 19% 19% 

Across-wind 
responses 

(gal)

Wind tunnel results 0.608 1.035 1.44 1.767 1.907 

Numerical results 0.710 1.400 2.070 2.580 2.770 

Difference 14% 26% 30% 32% 31% 

(cm)

Wind tunnel results 0.207 0.391 0.544 0.649 0.685 

Numerical results 0.268 0.500 0.740 0.920 0.990 

Difference 23% 22% 26% 29% 31% 

Torsional 
responses 

(gal)

Wind tunnel results 0.223 0.57 0.637 0.823 0.983 

Numerical results 0.183 0.452 0.505 0.679 0.822 

Difference -22% -26% -26% -21% -20% 

(cm)

Wind tunnel results 0.04 0.095 0.15 0.198 0.232 

Numerical results 0.036 0.098 0.165 0.221 0.263 

Difference -11% 3% 9% 10% 12% 
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subsequent tables. Comparing with the wind-induced torsional displacements, the torsional

accelerations were found to be more sensitive to variation of the eccentricity in the mass center, as

shown in this table. With increase of the eccentricity in the mass center, the across-wind response in

the geometry center always decreased while the rotational response in the geometry center tended to

increase regardless of the situations of the along-wind eccentricity in the mass center. The positive

along-wind eccentricity in the mass center resulted in reduction of the across-wind response at the

upper-right corner atop the building as comparing with the case of the negative along-wind

eccentricity which magnified the across-wind response at this point significantly. Although the

across-wind response decreased due to the positive along-wind eccentricity, an increase in the

torsional response may be critical as far as the serviceability of the tall building is concerned.

Comparing the results of Case 1 with those of other cases shown in the table, the across-wind

response was no longer a dominant component as it did for a mechanically uncoupled building.

Actually, in some cases, the covariance response between the across-wind and torsional directions

Table 2 Wind-induced lateral-torsional coupled responses atop the building with the along-wind eccentricities
in the mass center only 

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response between 
UN, VN and θN

(xM , yM , xR , yR) 

d
is

p
la

ce
m

en
t 

(c
m

) 

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000

case 1 (1,0,0,0) 0.2778 0.3780 0.1410 0.3115 0.3010 0.0000 0.0000 -0.2687

case 2 (2,0,0,0) 0.2778 0.3624 0.1812 0.3316 0.2661 0.0000 0.0000 -0.3055

case 3 (3,0,0,0) 0.2778 0.3536 0.1993 0.3419 0.2644 0.0000 0.0000 -0.3080

case 4 (4,0,0,0) 0.2778 0.3490 0.2078 0.3469 0.2693 0.0000 0.0000 -0.3041

case 5 (5,0,0,0) 0.2778 0.3463 0.2122 0.3496 0.2745 0.0000 0.0000 -0.2993

case 6 (6,0,0,0) 0.2778 0.3445 0.2148 0.3511 0.2790 0.0000 0.0000 -0.2949

case 7 (-1,0,0,0) 0.2778 0.3780 0.1410 0.3115 0.4847 0.0000 0.0000 0.2687

case 8 (-2,0,0,0) 0.2778 0.3624 0.1812 0.3316 0.5074 0.0000 0.0000 0.3055

case 9 (-3,0,0,0) 0.2778 0.3536 0.1993 0.3419 0.5096 0.0000 0.0000 0.3080

(xM , yM , xR , yR)

ac
ce

le
ra

ti
o
n
 (

g
al

) 

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000

case 1 (1,0,0,0) 0.6725 1.1773 0.5050 0.8410 0.9578 0.0000 0.0000 -0.8507

case 2 (2,0,0,0) 0.6725 1.0955 0.6949 0.9671 0.8750 0.0000 0.0000 -0.9578

case 3 (3,0,0,0) 0.6725 1.0563 0.7805 1.0303 0.8733 0.0000 0.0000 -0.9810

case 4 (4,0,0,0) 0.6725 1.0453 0.8242 1.0637 0.8724 0.0000 0.0000 -1.0053

case 5 (5,0,0,0) 0.6725 1.0500 0.8513 1.0849 0.8632 0.0000 0.0000 -1.0402

case 6 (6,0,0,0) 0.6725 1.0645 0.8716 1.1009 0.8480 0.0000 0.0000 -1.0834

case 7 (-1,0,0,0) 0.6725 1.1773 0.5050 0.8410 1.5378 0.0000 0.0000 0.8507

case 8 (-2,0,0,0) 0.6725 1.0955 0.6949 0.9671 1.6126 0.0000 0.0000 0.9578

case 9 (-3,0,0,0) 0.6725 1.0563 0.7805 1.0303 1.6393 0.0000 0.0000 0.9810
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was about in the same order of magnitude as that of the across-wind response at the geometric

center, which indicated that the torsional motion contributed significantly to the overall wind-

induced responses.

With various across-wind eccentricities in the center of mass (the eccentricity in the rigidity center

and the along-wind eccentricity in the mass center were assumed to be zero), the corresponding

wind-induced responses (Cases 10 ~ 18) are presented in Table 3. Comparing the results with those

in Table 2, it was found that the torsional displacement and acceleration responses seemed less

sensitive to the variation of the across-wind eccentricity in the mass center. Meanwhile, the across-

wind responses at the upper–right corner atop the building increased regardless of the situation of

the across-wind eccentricity in the mass center. It was also shown that the positive across-wind

eccentricity in the mass center reduced the along-wind response at the upper-right corner atop the

building, as comparing with the case of the negative across-wind eccentricity which clearly

magnified the along-wind response. Generally speaking, this is very similar to that observed in

Cases 1 ~ 9 for the along-wind response. If the incident wind direction is unknown, one would not

Table 3 Wind-induced lateral-torsional coupled responses atop the building with the across-wind eccentricities
in the mass center only

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response between 
UN, VN and θN

(xM , yM , xR , yR) 

d
is

p
la

ce
m

en
t 

(c
m

) 

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000 

case 10 (0,1,0,0) 0.2740 0.3903 0.1078 0.2253 0.4049 0.0038 0.1896 -0.0031 

case 11 (0,2,0,0) 0.2692 0.3903 0.1204 0.1927 0.4085 0.0092 0.2233 0.0010 

case 12 (0,3,0,0) 0.2666 0.3903 0.1268 0.1830 0.4104 0.0127 0.2316 0.0003 

case 13 (0,4,0,0) 0.2651 0.3903 0.1300 0.1811 0.4114 0.0147 0.2332 0.0002 

case 14 (0,5,0,0) 0.2642 0.3903 0.1318 0.1817 0.4120 0.0159 0.2328 0.0002 

case 15 (0,6,0,0) 0.2636 0.3903 0.1330 0.1831 0.4124 0.0165 0.2316 0.0007 

case 16 (0,-1,0,0) 0.2740 0.3903 0.1078 0.3502 0.4049 0.0038 -0.1896 0.0031 

case 17 (0,-2,0,0) 0.2692 0.3903 0.1204 0.3699 0.4085 0.0092 -0.2233 -0.0010 

case 18 (0,-3,0,0) 0.2666 0.3903 0.1268 0.3752 0.4104 0.0127 -0.2316 -0.0003 

(xM , yM , xR , yR) 

ac
ce

le
ra

ti
o
n
 (

g
al

) 

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000 

case 10 (0,1,0,0) 0.6411 1.2427 0.3447 0.5823 1.2895 0.0016 0.4367 -0.0120 

case 11 (0,2,0,0) 0.6020 1.2427 0.4218 0.5448 1.3123 0.0021 0.4936 0.0030 

case 12 (0,3,0,0) 0.5833 1.2427 0.4587 0.5412 1.3246 0.0019 0.5078 -0.0014 

case 13 (0,4,0,0) 0.5779 1.2427 0.4776 0.5378 1.3313 0.0014 0.5223 -0.0004 

case 14 (0,5,0,0) 0.5798 1.2427 0.4891 0.5308 1.3355 0.0010 0.5418 0.0008 

case 15 (0,6,0,0) 0.5861 1.2427 0.4974 0.5212 1.3385 0.0007 0.5650 0.0031 

case 16 (0,-1,0,0) 0.6411 1.2427 0.3447 0.8488 1.2896 0.0016 -0.4367 0.0120 

case 17 (0,-2,0,0) 0.6020 1.2427 0.4218 0.8854 1.3123 0.0021 -0.4936 -0.0030 

case 18 (0,-3,0,0) 0.5833 1.2427 0.4587 0.8992 1.3246 0.0019 -0.5078 0.0014 

σUN
σVN

B

2
---σθN

σUN
c

σVN
c

σUNVN BσUNθN
BσVNθN

σ
U
··

N
σ
V
··

N

B

2
---σ

θ
··

N

σ
U
··

N
c

σ
V
··

N
c

σ
U
··

NV
··

N Bσ
U
··

Nθ
··

N
Bσ

V
··

Nθ
··

N



168 J. R. Wu, Q. S. Li and Alex Y. Tuan

know whether the eccentricity in the mass center is in the along-wind or across-wind direction.

However, there is usually a dominate wind direction at a specific building site; therefore, the results

presented here will still be useful for wind-resistant design of tall buildings.

The lateral-torsional responses of this building are listed in Table 4, with consideration of the

existence of both the along-wind and across-wind eccentricities in the mass center (the eccentricity

in the rigidity center was set to equal to zero). The results listed in this table show that the

eccentricities made the along-wind response at the geometric center increased and the across-wind

response at the geometric center decreased. While the eccentricity in the mass center was located at

the opposite direction to the upper-right corner of the building, the along-wind and across-wind

responses at the upper-right corner atop the building generally increased with increase of the

eccentricity in the mass center. The across-wind response at this point decreased in a more sensitive

way and its along-wind response remained almost constant when the eccentricity in the mass center

was assumed in the same direction as the upper-right corner of the building. Also as shown in this

table, in most cases the covariance responses (such as σuw, σvw) are almost in the same order of

Table 4 Wind-induced lateral-torsional coupled responses atop the building with the eccentricities in the mass
center only 

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response 
between UN, VN and θN

(xM , yM , xR , yR) 

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000 

case 19 (1,1,0,0) 0.2966 0.3639 0.1396 0.2986 0.2808 0.0330 0.1353 -0.2703 

case 20 (2,2,0,0) 0.2950 0.3554 0.1654 0.2834 0.2878 0.0111 0.1846 -0.2662 

case 21 (3,3,0,0) 0.2954 0.3510 0.1743 0.2839 0.2955 0.0072 0.1925 -0.2575 

case 22 (4,4,0,0) 0.2946 0.3497 0.1781 0.2861 0.3008 0.0060 0.1915 -0.2520 

case 23 (5,5,0,0) 0.3259 0.3193 0.1800 0.3207 0.2700 0.0254 0.1890 -0.2480 

case 24 (6,6,0,0) 0.3257 0.3183 0.1812 0.3228 0.2726 0.0256 0.1863 -0.2446 

case 25 (-1,-1,0,0) 0.2966 0.3639 0.1396 0.3546 0.4743 0.0330 -0.1353 0.2703 

case 26 (-2,-2,0,0) 0.2950 0.3554 0.1654 0.3853 0.4739 0.0111 -0.1846 0.2662 

case 27 (-3,-3,0,0) 0.2954 0.3510 0.1743 0.3933 0.4690 0.0072 -0.1925 0.2575 

(xM , yM , xR , yR) 

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000

case 19 (1,1,0,0) 0.7490 1.1310 0.5045 0.9092 0.8759 0.4391 -0.1062 -0.8755

case 20 (2,2,0,0) 0.8737 0.9842 0.6321 0.9458 0.8831 0.2267 0.5180 -0.7670

case 21 (3,3,0,0) 0.9041 0.9456 0.6794 0.9404 0.9103 0.1749 0.6281 -0.7259

case 22 (4,4,0,0) 0.9193 0.9401 0.7047 0.9291 0.9128 0.1490 0.6917 -0.7396

case 23 (5,5,0,0) 0.9348 0.9452 0.7236 0.9154 0.9036 0.1249 0.7479 -0.7749

case 24 (6,6,0,0) 0.9508 0.9575 0.7409 0.8990 0.8912 0.0945 0.8029 -0.8194

case 25 (-1,-1,0,0) 0.7490 1.1310 0.5045 0.8967 1.5166 0.4391 0.1062 0.8755

case 26 (-2,-2,0,0) 0.8737 0.9842 0.6321 1.1963 1.3988 0.2267 -0.5180 0.7670

case 27 (-3,-3,0,0) 0.9041 0.9456 0.6794 1.2936 1.3721 0.1749 -0.6281 0.7259
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magnitude as the across-wind response or the along-wind response at the geometric center. In fact,

in some cases at the geometric center, the covariance responses (for example, ) are even as

large as the along-wind or across-wind acceleration responses. This implies that the lateral-torsional

coupled effect on the overall wind-induced response can not be neglected for such cases.

4.2. Lateral-torsional coupled response (considering eccentricity in center of rigidity)

Parametric studies were also conducted for the cases that only the eccentricities in the rigidity

center were presented. If only the along-wind eccentricities in the rigidity center were considered,

the lateral-torsional coupled responses are listed in Table 5 for Cases 28 ~ 33. The overall trend of

variation in the wind-induced response due to the along-wind eccentricities in the rigidity center

was almost the same as that shown in Table 2 for the case that only the along-wind eccentricities in

the mass center existed. Comparing the results with those in Table 2 for Cases 1 ~ 9, it is clear that

the positive along-wind eccentricity in the rigidity center magnified the across-wind response at the

upper-right corner atop the building while the negative along-wind eccentricity reduced the across-

wind response significantly.

While only the across-wind eccentricities in the rigidity center were presented, the corresponding

lateral-torsional coupled responses are shown in Table 6 for Cases 34 ~ 39. The variation in the

wind-induced response due to the across-wind eccentricities in the rigidity center is almost the same

as that observed from Table 3 (only the across-wind eccentricities in the mass center existed).

σu··w··  σv··w··,

Table 5 Wind-induced lateral-torsional coupled responses atop building with the along-wind eccentricities in
the rigidity center only

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response between 
UN, VN and θN

(xM , yM , xR , yR) 

d
is

p
la

ce
m

en
t 

(c
m

) 

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000

case 28 (0,0,1,0) 0.2778 0.3747 0.1491 0.3152 0.4787 0.0000 0.0000 0.2580

case 29 (0,0,2,0) 0.2778 0.3571 0.1974 0.3408 0.4862 0.0000 0.0000 0.2644

case 30 (0,0,3,0) 0.2778 0.3525 0.2229 0.3561 0.4717 0.0000 0.0000 0.2205

case 31 (0,0,-1,0) 0.2778 0.3747 0.1491 0.3152 0.3099 0.0000 0.0000 -0.2580

case 32 (0,0,-2,0) 0.2778 0.3571 0.1974 0.3408 0.3108 0.0000 0.0000 -0.2644

case 33 (0,0,-3,0) 0.2778 0.3525 0.2229 0.3561 0.3540 0.0000 0.0000 -0.2205

(xM , yM , xR , yR) 

ac
ce

le
ra

ti
o
n
 (

g
al

)

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000

case 28 (0,0,1,0) 0.6725 1.1496 0.5338 0.8586 1.5045 0.0000 0.0000 0.8104

case 29 (0,0,2,0) 0.6725 1.0259 0.7394 0.9994 1.4959 0.0000 0.0000 0.7992

case 30 (0,0,3,0) 0.6725 0.9567 0.8278 1.0665 1.4247 0.0000 0.0000 0.6553

case 31 (0,0,-1,0) 0.6725 1.1496 0.5338 0.8586 0.9746 0.0000 0.0000 -0.8104

case 32 (0,0,-2,0) 0.6725 1.0259 0.7394 0.9994 0.9800 0.0000 0.0000 -0.7992

case 33 (0,0,-3,0) 0.6725 0.9567 0.8278 1.0665 1.0821 0.0000 0.0000 -0.6553

σUN
σVN

B

2
---σθN

σUN
c

σVN
c

σUNVN BσUNθN
BσVNθN

σ
U
··

N
σ
V
··

N

B

2
---σ

θ
··

N

σ
U
··

N
c

σ
V
··

N
c

σ
U
··

NV
··

N Bσ
U
··

Nθ
··

N
Bσ

V
··

Nθ
··

N



170 J. R. Wu, Q. S. Li and Alex Y. Tuan

Comparing the results in Table 6 with those in Table 3 for cases 10 ~ 18, it was found that the

positive across-wind eccentricities in the rigidity center magnified the along-wind response at the

upper-right corner, but the negative across-wind eccentricities generally reduced the along-wind

response.

The lateral-torsional coupled responses due to both the along-wind and across-wind eccentricities

in the rigidity center are shown in Table 7 for Cases 40 ~ 45. The results also demonstrated that the

along-wind response at the geometric center generally increased and across-wind response at the

geometry center normally decreased regardless of the situations of the eccentricities in the rigidity

center. Comparing the results with those shown in Table 4, it was found from Table 7 that the

across-wind response at the upper-right corner atop the building varied more significant than the

along-wind response at this point, in the cases that the eccentricities in the rigidity center were

located at the opposite direction to the upper-right corner of the building.

4.3. Lateral-torsional coupled responses (considering eccentricities in centers of mass

and rigidity)

As discussed by Islam (1988) and Islam, et al. (1992), the eccentricity either in mass center or

rigidity center could result in mechanically lateral-torsional coupling motion. Hence, the overall

wind-induced response would normally increase due to the eccentricity effect. The wind-induced

responses of the building are presented in Table 8 for cases 46 ~ 49 that the eccentricities both in the

mass center and in the rigidity center coincide at the same location. Comparing these results with

Table 6 Wind-induced lateral-torsional coupled responses atop the building with the across-wind eccentricities
in the rigidity center only

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response 
between UN, VN and θN

(xM , yM , xR , yR) 

d
is

p
la

ce
m

en
t 

(c
m

) 

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000 

case 34 (0,0,0,1) 0.2734 0.3903 0.1110 0.3469 0.4058 0.0054 -0.1824 -0.0013 

case 35 (0,0,0,2) 0.2695 0.3903 0.1284 0.3590 0.4109 0.0139 -0.1994 0.0003 

case 36 (0,0,0,3) 0.2705 0.3903 0.1399 0.3557 0.4146 0.0208 -0.1839 -0.0011 

case 37 (0,0,0,-1) 0.2734 0.3903 0.1110 0.2319 0.4058 0.0054 0.1824 0.0013 

case 38 (0,0,0,-2) 0.2695 0.3903 0.1284 0.2222 0.4109 0.0139 0.1994 -0.0003 

case 39 (0,0,0,-3) 0.2705 0.3903 0.1399 0.2428 0.4146 0.0208 0.1839 0.0011

(xM , yM , xR , yR) 

ac
ce

le
ra

ti
o
n
 (

g
al

)

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000 

case 34 (0,0,0,1) 0.6272 1.2427 0.3574 0.8294 1.2930 0.0018 -0.4084 -0.0045 

case 35 (0,0,0,2) 0.5679 1.2427 0.4441 0.8214 1.3196 0.0032 -0.3937 0.0010 

case 36 (0,0,0,3) 0.5358 1.2427 0.4838 0.7835 1.3335 0.0031 -0.3044 -0.0062 

case 37 (0,0,0,-1) 0.6272 1.2427 0.3574 0.5953 1.2930 0.0018 0.4084 0.0045 

case 38 (0,0,0,-2) 0.5679 1.2427 0.4441 0.6040 1.3196 0.0032 0.3937 -0.0010 

case 39 (0,0,0,-3) 0.5358 1.2427 0.4838 0.6546 1.3336 0.0031 0.3044 0.0062 
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those in Tables 2 ~ 7, it is evident that when both the mass center and the rigidity center are located

at the same position, the variations of the RMS responses are much less than those of the general

Table 7 Wind-induced lateral-torsional coupled responses atop the building with eccentricities in the rigidity
center only 

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response 
between UN, VN and θN

(xM , yM , xR , yR) 

d
is

p
la

ce
m

en
t 

(c
m

) 

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000 

case 40 (0,0,1,1) 0.2995 0.3588 0.1485 0.3531 0.4659 0.0341 -0.1136 0.2574 

case 41 (0,0,2,2) 0.2892 0.3601 0.1833 0.3626 0.4598 0.0042 -0.1193 0.2193 

case 42 (0,0,3,3) 0.2905 0.3648 0.2024 0.3543 0.4465 -0.0068 -0.0106 0.1590 

case 43 (0,0,-1,-1) 0.2995 0.3588 0.1485 0.3144 0.2908 0.0341 0.1136 -0.2574 

case 44 (0,0,-2,-2) 0.2892 0.3601 0.1833 0.3210 0.3394 0.0042 0.1193 -0.2193 

case 45 (0,0,-3,-3) 0.2905 0.3648 0.2024 0.3539 0.3858 -0.0068 0.0106 -0.1590

(xM , yM , xR , yR) 

ac
ce

le
ra

ti
o
n
 (

g
al

)

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000 

case 40 (0,0,1,1) 0.7398 1.1079 0.5336 0.8736 1.4837 0.4537 0.2625 0.8302 

case 41 (0,0,2,2) 0.8453 0.9462 0.6698 1.1033 1.3014 0.2703 -0.2324 0.5913 

case 42 (0,0,3,3) 0.8639 0.9000 0.7143 1.1257 1.2025 0.2410 -0.1036 0.3546 

case 43 (0,0,-1,-1) 0.7398 1.1079 0.5336 0.9492 0.9072 0.4537 -0.2625 -0.8302 

case 44 (0,0,-2,-2) 0.8453 0.9462 0.6698 1.0532 0.9971 0.2703 0.2324 -0.5913 

case 45 (0,0,-3,-3) 0.8639 0.9000 0.7143 1.1162 1.0929 0.2410 0.1036 -0.3546 

Table 8 Wind-induced lateral-torsional coupled responses atop the building with eccentricities both in the
mass and rigidity center

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response 
between UN, VN and θN

(xM , yM , xR , yR) 

d
is

p
la

ce
m

en
t 

(c
m

)

case 0 (0,0,0,0) 0.2778 0.3903 0.0963 0.2940 0.4020 0.0000 0.0000 0.0000 

case 46 (1,1,,1,1) 0.2784 0.3904 0.0996 0.2939 0.4017 -0.0001 0.0315 -0.0315 

case 47 (2,2,2,2) 0.2775 0.3926 0.1087 0.2941 0.4045 -0.0018 0.0486 -0.0486 

case 48 (-1,-1,-1,-1) 0.2784 0.3904 0.0996 0.2973 0.4042 -0.0001 -0.0315 0.0315 

case 49 (-2,-2,-2,-2) 0.2775 0.3926 0.1087 0.3020 0.4103 -0.0018 -0.0486 0.0486

(xM , yM , xR , yR) 

ac
ce

le
ra

ti
o
n
 (

g
al

)

case 0 (0,0,0,0) 0.6725 1.2427 0.2663 0.7233 1.2709 0.0000 0.0000 0.0000 

case 46 (1,1,1,1) 0.6727 1.2428 0.2745 0.7214 1.2698 -0.0004 0.0868 -0.0867 

case 47 (2,2,2,2) 0.6726 1.2438 0.2975 0.7234 1.2720 -0.0028 0.1331 -0.1331 

case 48 (-1,-1,-1,-1) 0.6727 1.2428 0.2745 0.7317 1.2757 -0.0004 -0.0868 0.0867 

case 49 (-2,-2,-2,-2) 0.6726 1.2438 0.2975 0.7474 1.2858 -0.0028 -0.1331 0.1331 
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cases that the two centers do not coincide. This is due to the fact that the building behaves almost

mechanically uncoupled as the mass center and the rigidity center coincide. Under this situation,

only small statistically couplings between the along-wind, across-wind and torsional forces are

presented. Therefore, it is easily understood that there is little difference between the results for the

cases 46~49 and those for the case without the eccentricities, as shown in Table 8.

4.4. Effect of torsional to lateral stiffness ratio on the lateral-torsional coupled response

As introduced previously, the fundamental torsional natural frequency (0.313 Hz) of the building

without eccentricity is close to the first lateral natural frequency (0.336 Hz) in both translational

directions. For most symmetric tall buildings where the lateral-force resistant members are located

mainly at the periphery of the structure, the fundamental torsional frequency is usually relatively

higher than that of the first translational mode. According to Kareem (1992) and Liang, et al.

(1997), the closeness in magnitudes of the along-wind, across-wind and torsional frequencies may

result in amplification of response or redistribution of energy due to the “beat” phenomenon.

Therefore, it is necessary to examine the effect of torsional stiffness to lateral stiffness ratio on the

wind–induced lateral-torsional coupled responses. For the tall building considered in this study, the

calculated results of the lateral-torsional coupled response are shown in Tables 9a and 9b where the

torsional stiffness values were respectively assumed to be 1.5, 2 and 2.5 times of the original ones

shown in Fig. 2. With increase of the torsional stiffness, the ratios of the first torsional natural

frequency to that of the fundamental translational mode are within the range of 1.5 to 2.5. It is

shown in Tables 9a and 9b that the RMS torsional response and covariance responses at the

geometry center generally decreased with increase of the torsional stiffness. Comparing the results

with those in Tables 1 to 7, the RMS torsional response and covariance responses at the geometry

center dramatically reduced as the ratio of the torsional to lateral stiffness increased. These results

are useful for wind-resistant design of tall buildings. If most of the lateral force resisting members

are arranged at the periphery of the building, the overall torsional stiffness of the structure would be

enhanced and thus reduce the overall wind-induced responses.

4.5. Response analysis in frequency domain with the reduced 3DOFs model

The response analysis presented in the previous sections was conducted based on the 3D

torsionally coupled analytical model and the adopted empirical formulas for the power spectra

determined from locally measured wind pressures on surfaces of tall building models. This method

allows direct computation of the wind-induced responses and the modal forces of any vibration

modes. Although this technique has the advantage of properly determining the generalized forces

for nonlinear and/or three dimensional mode shapes, it is required to conduct wind tunnel tests to

measure local wind-induced pressures, which is time-consuming and relatively more expensive than

the High Frequency Force Balance (HFFB) approach. One the other hand, the HFFB technique can

make corrections for nonlinear modes and handle the three-dimensional mode shapes reasonably

well. In fact, more databases of overturning moment in across-wind and torsional directions, which

were established on the basis of extensive HFFB wind tunnel tests, are available (AIJ 1996, Choi

and Kanda 1992, 1993, Zhou, et al. 2003). This provides a good opportunity to investigate the

lateral-torsional coupled motions of tall buildings from another channel.

In this section, based on the reduced 3DOFs model of the tall building and the empirical formulas
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for the power spectra of overturning moments in across-wind and torsional directions (Choi and

Kanda 1993), the lateral-torsional responses of the tall building were numerically evaluated.

Previous HFFB model test results have shown that there is usually a relatively strong correlation

between the generalized modal forces in across-wind and torsional directions (Zhou, et al. 2003),

Table 9a Wind-induced lateral-torsional coupled displacement atop the building with different ratios of
torsional to lateral stiffness

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response 
between UN, VN and θN

(xM , yM , xR , yR) 

ra
ti

o
=

1
.5

case 0 (0,0,0,0) 0.2778 0.3903 0.0364 0.2801 0.3920 0.0000 0.0000 0.0000 

case 20 (2,2,0,0) 0.2804 0.3851 0.0506 0.2738 0.3881 0.0367 -0.0787 0.0159 

case 41 (0,0,2,2) 0.2903 0.3837 0.0497 0.2805 0.3729 0.0306 -0.0898 0.1030 

case 47 (2,2,2,2) 0.2787 0.3912 0.0417 0.2625 0.3752 -0.0534 0.1025 -0.1185 

ra
ti

o
=

2
.0

case 0 (0,0,0,0) 0.2778 0.3903 0.0188 0.2784 0.3908 0.0000 0.0000 0.0000 

case 21 (2,2,0,0) 0.2791 0.3885 0.0230 0.2760 0.3891 0.0371 -0.0471 0.0052 

case 41 (0,0,2,2) 0.2493 0.4107 0.0238 0.2385 0.4046 -0.0539 -0.0746 0.0763 

case 47 (2,2,2,2) 0.2783 0.3908 0.0217 0.2685 0.3814 -2.8772 0.0762 -0.0881 

ra
ti

o
=

2
.5

case 0 (0,0,0,0) 0.2778 0.3903 0.0115 0.2780 0.3905 0.0000 0.0000 0.0000 

case 21 (2,2,0,0) 0.2831 0.3859 0.0135 0.2816 0.3860 0.0348 -0.0320 0.0092 

case 41 (0,0,2,2) 0.2868 0.3848 0.0145 0.2808 0.3800 -0.0333 0.0601 -0.0625 

case 47 (2,2,2,2) 0.2784 0.3904 0.0133 0.2720 0.3843 -0.0527 0.0607 -0.0702 

Table 9b Wind-induced lateral-torsional coupled accelerations atop the building with different ratios of
torsional to lateral stiffness 

Case
No. 

Coordinate of mass and 
rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response 
between UN, VN and θN

(xM , yM , xR , yR) 

ra
ti

o
=

1
.5

case 0 (0,0,0,0) 0.6725 1.2427 0.1822 0.6967 1.2560 0.0000 0.0000 0.0000 

case 20 (2,2,0,0) 0.8891 1.0614 0.2975 1.0098 1.1645 0.2080 0.3751 -0.3756 

case 41 (0,0,2,2) 1.0568 0.9284 0.2395 0.8663 1.0026 0.1364 -0.4108 0.4111 

case 47 (2,2,2,2) 0.6728 1.2429 0.2115 0.6993 1.2573 -0.3077 0.0918 -0.0932 

ra
ti

o
=

2
.0

case 0 (0,0,0,0) 0.6725 1.2427 0.1344 0.6858 1.2499 0.0000 0.0000 0.0000 

case 21 (2,2,0,0) 0.8918 1.0841 0.1863 0.9451 1.1279 0.2032 0.2514 -0.2492 

case 41 (0,0,2,2) 0.6779 1.2398 0.1465 0.6413 1.2201 -0.5389 0.2642 -0.2646 

case 47 (2,2,2,2) 0.6726 1.2428 0.1622 0.6886 1.2518 -0.0002 0.0677 -0.0610 

ra
ti

o
=

2
.5

case 0 (0,0,0,0) 0.6725 1.2427 0.1042 0.6805 1.2470 0.0000 0.0000 0.0000 

case 21 (2,2,0,0) 0.9101 1.0745 0.1397 0.9409 1.1002 0.1711 0.1938 -0.1907 

case 41 (0,0,2,2) 0.8058 1.1612 0.1112 0.7886 1.1493 -0.3504 0.1996 -0.1997 

case 47 (2,2,2,2) 0.6733 1.2423 0.1313 0.6839 1.2485 -0.3040 0.0533 -0.0414 
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which should be considered in determining the total wind-induced response of a tall building.

Hence, the empirical coherence function between the two generalized modal forces, which was

proposed by Liang (2004), is used in this study. The effect of nonlinear mode shapes on the wind-

induced response was evaluated based on the calculated mode shapes of the building according to

the methods developed by Holmes (1987), Katagiri, et al. (1992), and Holmes, et al. (2003).

The lateral-torsional coupled displacements atop the building were evaluated and presented in

Table 10 using the procedure described in Eqs. (15) ~ (19). Different eccentricity cases either in the

mass center or the rigidity center were considered in the computation. It is shown from the results

in this table that the eccentricity effects on the wind-induced response are almost the same as those

previously discussed for the results presented in Tables 2~ 8 for the full 3D analytical model. The

differences between the results (at the geometric center in along-wind and across-wind directions)

from the reduced 3DOFs model and the full 3D analytical model are relatively small. For the

reduced 3DOFs model, the calculated RMS torsional responses at the geometry center are

somewhat less sensitive to the eccentricities, either in the mass center or the rigidity center, as

Table 10 Wind-induced lateral-torsional coupled displacements atop the building with eccentricities in the
mass and/or rigidity center

Case
No. 

Coordinate of mass 
and rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response between 
UN, VN and θN

(xM , yM , xR , yR) 

case 0 (0,0,0,0) 0.2477 0.4103 0.1306 0.2800 0.4306 0.0000 0.0000 0.0000

case 1 (1,0,0,0) 0.2446 0.4073 0.1360 0.2799 0.3941 0.0000 0.0000 -0.1703

case 2 (2,0,0,0) 0.2446 0.4070 0.1392 0.2814 0.3897 0.0000 0.0000 -0.1820

case 3 (3,0,0,0) 0.2446 0.4076 0.1412 0.2824 0.3933 0.0000 0.0000 -0.1772

case 10 (0,1,0,0) 0.2389 0.4095 0.1413 0.2297 0.4421 -0.0033 0.1558 0.0884

case 11 (0,2,0,0) 0.2325 0.4095 0.1530 0.2169 0.4563 -0.0027 0.1744 0.1310

case 12 (0,3,0,0) 0.2294 0.4095 0.1585 0.2174 0.4640 -0.0019 0.1745 0.1501

case 19 (1,1,0,0) 0.2537 0.3904 0.1436 0.2685 0.3835 0.0085 0.1135 -0.1611

case 20 (2,2,0,0) 0.2530 0.3881 0.1509 0.2813 0.3798 0.0107 0.0874 -0.1708

case 21 (3,3,0,0) 0.2545 0.3856 0.1546 0.2898 0.3814 0.0105 0.0685 -0.1647

case 28 (0,0,0,1) 0.2378 0.4095 0.1441 0.3128 0.4430 0.0102 -0.1433 0.0880

case 29 (0,0,0,2) 0.2324 0.4095 0.1596 0.3127 0.4582 0.0182 -0.1354 0.1296

case 30 (0,0,0,3) 0.2336 0.4095 0.1692 0.3026 0.4670 0.0234 -0.0916 0.1477

case 34 (0,0,1,0) 0.2446 0.4053 0.1167 0.2710 0.4713 0.0000 0.0000 0.2102

case 35 (0,0,2,0) 0.2446 0.4015 0.1098 0.2681 0.4877 0.0000 0.0000 0.2542

case 36 (0,0,3,0) 0.2446 0.4007 0.1052 0.2662 0.4902 0.0000 0.0000 0.2622

case 40 (0,0,1,1) 0.2275 0.4195 0.1296 0.2828 0.4906 0.0165 -0.1070 0.2188

case 41 (0,0,2,2) 0.2096 0.4343 0.1330 0.2536 0.5188 0.0129 -0.0516 0.2507

case 42 (0,0,3,3) 0.2514 0.3892 0.1357 0.2756 0.4795 0.0277 0.0750 0.2450

case 46 (1,1,1,1) 0.2451 0.4070 0.1206 0.2705 0.4228 0.0010 0.0381 -0.0381

case 47 (2,2,2,2) 0.2467 0.4052 0.1145 0.2671 0.4179 0.0017 0.0512 -0.0512
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compared to those from the 3D analytical model. Some differences in the covariance responses and

RMS responses at the upper-right corner exist between the calculated results from these two different

approaches. The major reason for these differences may be attributed to adoption of the different

empirical formulas for the power spectra of the aerodynamic forces in the dynamic analysis. 

The wind-induced lateral-torsional responses of the tall building calculated from the reduced

3DOFs model are shown in Table 11, in which the torsional stiffness values were assumed to be the

same as those for the cases considered in Table 9. The eccentricity effects on the wind-induced

responses presented in Table 11 are about the same as those previously discussed for Table 9. As

shown in Table 11, the RMS torsional responses and the covariance responses between the along-

wind and torsional responses at the geometry center dramatically reduced when the eccentricity

either in the mass or the rigidity center was presented. But, the covariance responses between the

across-wind and torsional directions, calculated from the reduced 3DOFs model, were much less

affected by the torsional stiffness and the eccentricities. Since the statistical coupling between the

generalized across-wind forces and torsional moments was considered in the dynamic analysis of

the reduced 3DOFs model, such coupling contributed to the covariance responses between the

across-wind and torsional directions significantly, as compared to the case of the mechanical

coupling effect. This may be a possible reason for the less variation of the covariance responses as

discussed previously.

5. Conclusions

Based on the empirical formulas for the power spectra of overturning moments and local fluctuating

across-wind forces and torsional moments, the wind-induced lateral-torsional coupled response analysis

of a rectangular tall building was performed in this study. By setting various parameters such as the

Table 11 Wind-induced lateral-torsional coupled displacements atop the building with different ratios of
torsional to lateral stiffness

Case
No. 

Coordinate of mass 
and rigidity center (m)

RMS response
at geometric center

RMS response at 
corner (B/2, D/2) 

Covariance response between 
UN, VN and θN

(xM , yM , xR , yR) 

ra
ti

o
=

1
.5

case 0 (0,0,0,0) 0.2446 0.3954 0.0502 0.2497 0.4442 0.0000 0.0000 0.1961 

case 20 (2,2,0,0) 0.2654 0.3673 0.0537 0.2699 0.4005 -0.0014 0.0220 0.1504 

case 41 (0,0,2,2) 0.2718 0.3814 0.0459 0.3651 0.4295 0.0714 0.0838 0.1921 

case 47 (2,2,2,2) 0.2454 0.3925 0.0432 0.2325 0.4233 -0.0004 0.0897 0.1524 

ra
ti

o
=

2
.0

case 0 (0,0,0,0) 0.2446 0.3954 0.0272 0.2461 0.4226 0.0000 0.0000 0.1467 

case 21 (2,2,0,0) 0.2624 0.3722 0.0283 0.2633 0.3934 -0.0020 0.0177 0.1242 

case 41 (0,0,2,2) 0.2372 0.4091 0.0238 0.2443 0.4322 -0.1253 0.0632 0.1374 

case 47 (2,2,2,2) 0.2450 0.3938 0.0232 0.2370 0.4107 -0.0002 0.0665 0.1145 

ra
ti

o
=

2
.5

case 0 (0,0,0,0) 0.2446 0.3954 0.0172 0.2452 0.4128 0.0000 0.0000 0.1173 

case 21 (2,2,0,0) 0.2386 0.4025 0.0178 0.2388 0.4155 -0.0135 0.0147 0.1017 

case 41 (0,0,2,2) 0.2788 0.3694 0.0197 0.2588 0.3854 0.0002 0.0505 0.1082 

case 47 (2,2,2,2) 0.2449 0.3943 0.0146 0.2395 0.4051 -0.0001 0.0529 0.0916 
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eccentricities in the mass and/or the rigidity center and considering different ratios of the torsional to

lateral stiffness, the eccentricity effects on the lateral-torsional motions of a rectangular tall building

were studied comprehensively through the full 3D analytical model and reduced 3DOFs model. Some

conclusions were summarized as follows:

(1) To examine the accuracy and effectiveness of the adopted empirical formulas and the com-

putational procedure presented in this paper, the along-wind, across-wind and torsional

responses of the tall building without eccentricity were calculated and compared with the

available wind tunnel test results. The satisfactory agreement between the calculated results

and the experimental data demonstrated the applicability of the methods presented in this

paper.

(2) The eccentricities in the mass or the rigidity center may significantly affect the torsional

responses at the geometric center of the building. In some cases, the covariance responses

between the along-wind (or across-wind) and torsional directions were found to be in the

same order of magnitude as the along-wind or across-wind responses, suggesting that the

lateral-torsional coupled effect on the overall wind-induced response can not be neglected for

such cases. 

(3) The torsional motion contributed significantly to the overall lateral-torsional coupled responses

of the tall building with eccentricities in the mass and/or the rigidity center. Through

extensive numerical studies, it was found that the effects of eccentricities in the mass and/or

the rigidity center as well as the torsional stiffness on the lateral-torsional acceleration

responses are more significant than those on the displacement responses.

(4) The lateral-torsional responses calculated by the reduced 3DOFs model were in good

agreement with those obtained by the full 3D analytical model, even though different

empirical formulas for the power spectra of the wind loads were adopted for these two cases.

Therefore, it was concluded that the wind-induced lateral-torsional responses of rectangular

tall buildings can be effectively determined by utilizing the selected empirical formulas for

the aerodynamics wind loads which were derived from extensive HFFB and SMPSS wind

tunnel tests.

(5) The framework presented in this paper provides a useful tool to evaluate the wind-induced

lateral-torsional coupled responses of rectangular buildings, which will enable structural

engineers in the preliminary design stages to assess the serviceability of tall buildings,

potential structural vibration problems and the need for a detailed wind tunnel test. 
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