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SUMMARY:

High-rise buildings, with similar natural frequencies of sway modes in two orthogonal directions, can have coupled
vibrations exhibiting complex fluid-structure interaction and aero-elastic effects, when exposed to strong wind.
Two-degree-of-freedom (2DOF) aero-elastic square section high-rise models are tested in wind tunnel to provide
data for the analytical modelling, showing clearly the coupling effects between different dofs. This paper studies the
coupled vibration with the development of a mathematical model considering both the in-plane and out-of-plane
self-excitation force. A new strategy to estimate the aerodynamic parameters and self-excitation forces is proposed.
Results showed that the proposed strategy can effectively identify both the buffeting force and self-excitation force,
which includes the out-of-plane and in-plane components for each direction. The out-of-plane self-excitation force
acting in the along-wind direction induced by the across-wind vibration can become dominating and induce large
amplitude vibration in the along-wind direction. The wind induced coupling vibrations for other tall buildings can
similarly be studied in detail with the proposed strategy.
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1. INTRODUCTION

The large amplitude wind-induced vibration of high-rise building consequently draws great
attentions worldwide. Recently some studies have shown that when high-rise buildings undergo
large amplitude vibration, strong coupling effects between the along- and across-wind directions
can be observed (Liang et al., 1993; Jauvitis and Williamson, 2004). It was found that the
coupled vibrations in two orthogonal directions are closely related to the energy transfer and
stiffness ratio of structure (Li et al., 2021; Hao and Yang, 2020). However, the above studies
only described the coupling phenomenon between the vibrations in two orthogonal directions. A
mathematic approach to describe such behavior of tall buildings has not been developed.

In order to mathematically describe coupled vibrations in across- and along-wind directions, the
wind tunnel tests of 2DOF aero-elastic square section high-rise building models are firstly
carried out. Then, a mathematical model of the coupling self-excitation force is proposed with
the reference to the Scanlan’s flutter model (Scanlan, 1978). Parameters of the proposed model
will be also identified (Hui et al, 2019).

2. WIND-TUNNEL EXPERIMENTS AND DATA ANALYSIS
Wind tunnel experiment was conducted in a boundary layer wind tunnel at Chongging



University, China. The testing aero-elastic model is a square prism with height (H) of 0.5 m and
width (B) of 0.1 m, representing a 150 m tall building with a length scale of 1:300. The mass
ratio of building is 130.61, and Scruton number of the model is 16.41. The natural frequencies in
across-wind and along-wind directions are 6.37 Hz and 5.37 Hz, respectively. The system
damping ratio is 1.0%.

The incident wind in open terrain was simulated in accordance with code (GB5009-2012) with
good agreement to the target wind profile as shown in Figure 1(a). Figure 1(b) shows power
spectrum density of along-wind turbulence. Figure 1(c) shows the power spectral density (PSD)
of acceleration responses in across-wind and along-wind directions when Ur = 13.53. In the
across-wind direction, only one dominant peak can be observed suggesting the resonance
vibration in the across-wind direction. More interesting results can be checked in the along-wind
direction, two distinct peaks can be observed. By examining the frequency, it is found that the
first peak corresponds to the natural frequency of along-wind vibration mode. The second peak,
however, corresponds to the modal frequency of across-wind vibration mode. It again suggests
that the across-wind vibration can significantly affect along-wind responses, indicating the
coupling effects between the along- and across-wind vibrations.
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Figure 1. Characteristics of incident wind: (a)Profiles of normalized mean wind velocity and turbulence intensity; (b)
Power spectrum density of along-wind turbulence; (c) PSD of acceleration responses at Ugr=13.53.

3. MATHEMATICAL MODEL OF COUPLING SELF-EXCITATION FORCE
With reference to the Scanlan’s flutter model (Scanlan, 1978), the self-excitation force in each
direction (along- or across-wind) could be expressed as the displacement and velocity responses
in both along- and across-wind directions as follows:
MX+C X+ Ky x=F +A -X+A, -X+A-y+A,-Y, (1a)
My+C,y+K,y=F +B,-y+B,-y+B,-x+B, X, (1b)
where X, X,X are the along-wind displacement, velocity and acceleration response, respectively.
Correspondingly, v, Y, ¥ represent the across-wind response; M is structure mass. Cx, Cy, Kx, Ky are the
structure damping and stiffness in two directions; Fx, Fy are the buffeting force. A1, Az, As, A4, B, Bz, Bs,
B, are self-excitation force coefficients, which need identification.
Let: Fy =A-X+A,-X, Foo =A-Y+A Y, Fy=B,-y+B,-y, Fy,=B;-X+B, X
CRX :Cx _A1' KRX = Kx _AZ'CRY :CY _Bl'KRY = KY _Bz’Fdx = Fx +FYX'
where Fxx (Fxy) represents the self-excitation force acting on the along-wind direction, which is function
of the response in the same (orthogonal) direction. Similar definition applies to the self-excitations force
in across-wind direction, Fyy and Fyx. To classify the four self-excitation forces, Fxx and Fyy are defined

as the in-plane self-excitation force. Fxy and Fyx can be referred as the out-of-plane self-excitation force.
Consequently, A, A;, Bi, B, are defined as in-plane self-excitation parameters, and As, A4, B3, B4 are



defined as out-of-plane self-excitation parameters. While, according to the results shown in Figure 1(c),
Fvx is negligible, coefficients Bs, B4 are then ignored in following study. Crx, Cry and Kgrx, Kry represent
the system damping and stiffness in the along-wind and across-wind direction, respectively. The system
parameters of the mathematical model can be obtained through the analysis strategy (Hui et al., 2019).

4. RESULTS DISCUSSION

4.1 Parameter identification in along-wind direction

Figure 2 shows the identified parameter results of along-wind direction at Ur= 9.79. Figure 2(a)
is the maximum spectral value of identified excitation versus different Krx. According to Ref
(Hui et al., 2019), the system stiffness is 941.12 N/m. The structure stiffness is 913.62 N/m.
Consequently, the value of A2 can be obtained as -27.5 N/m according to Eq. (1). Figure 2(b)
shows the maximum spectrum curvature of identified excitation versus Crx. The system damping
should be around 0.591 Ns/m. Then, the value of A1 can be identified as -0.063 Ns/m using Eqg.
(1). The black solid line shown in Figure 2(c) is the PSD of Fax. A prominent peak can be clearly
checked, and this peak is related to the across-wind vibration of model, which means the out-of-
plane self-excitation force. Coefficients As and A4 can then be identified by removing this
spectrum peak from Fax, using trial and error method (Hui et al., 2019). Finally, As and A4 are
identified as -0.11 Ns/m and -27 N/m, respectively. The dashed line in Figure 2(c) shows the
PSD of Fx after removing the out-of-plane self-excitation force.
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Figure 2. The identified parameter results of along-wind direction: (a) Kzx; (b) Cryx; (c) PSD of Fuxand Fx

5.2 Self-excitation force in mathematical model for 2DOF model

Figure 4 shows the RMS of acceleration response with and without in-plane self-excitation
forces in along- and across-wind directions. It can be checked that for the along-wind direction,
the in-plane self-excitation force plays a role of inhibiting the structure response, which can
benefit the structure design. On the other hand, for the across-wind direction, Fyy can
significantly amplify structure response when Ur > 9.0. Such effects coincide with that observed

in many previous studies (Kwok and Melbourne, 1981; Song et al., 2019).
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Figure. 3. RMS of acceleration response with and without in-plane self-excitation forces



Figure 4 shows the out-of-plane self-excitation force (Fxr) in along-wind direction. Figure 4(a)
provides the power spectrum of Fxy. It can be found that there is a clear peak frequency in
spectrum, which coincides with the natural frequency of across-wind direction. Figure 4(b)
provides the RMS value of acceleration responses with and without considering Fxy in along-
wind direction. The RMS value of acceleration responses under Fx+xx+xy is about 2.7 times
greater than that under Fx+xx. It illustrates the out-of-plane self-excitation force has much
stronger effect on the along-wind response comparing to that of buffeting force and in-plane self-
excitation force acting on the along wind direction.
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Figure 4. Out-of-plane self-excitation force under Ur = 9.79, 13.35: (a) the power spectrum; (b) RMS value of
acceleration responses of along wind direction with and without Fyy.

7. CONCLUSIONS

In this study, the coupling effect on wind induced vibration of high-rise building is investigated
through wind tunnel experiment. The main conclusions are summarized as follows: the in-plane
self-excitation force can significantly amplify structure response when reduced wind speed is
greater than 9.0 in the across-wind direction. While, in along-wind direction, it plays a role of
inhibiting the structure response. The out of plane self-excitation force, however, can
significantly amplify on the along-wind response. It means the coupling effect during vibration
should be carefully addressed.
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