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ABSTRACT 
 

Aerodynamic instability and aerodynamic damping ratio of 180ô helical model 

which shows better aerodynamic behavior in both along-wind and crosswind responses 
on a super tall building was investigated through wind tunnel tests using rocking model, 
and the aerodynamic damping ratio was evaluated from the wind-induced responses of 
the model by using Random Decrement Technique (RDT). The aerodynamic damping 
ratios in along-wind and across-wind direction were verified through comparison with 
previous research results and that derived by quasi-steady theory. As a result, the 

aerodynamic instability of the 180  ̄ helical model in across-wind direction were not 
occurred for any conditions with increasing the reduced wind velocity while the square 
model generally encounters aerodynamic instability due to the vortex shedding (Lock-in 
Phenomenon).  
 
1. INTRODUCTION 
 
     Super tall buildings have been constructed in many cities around world for the 
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enhancement of city competiveness and city image improvements despite an economic 
depression for many years. Furthermore the super tall building design has been 
released from symmetric shape design such as rectangular, triangular and circular 
shapes, and complicated sectional shape design is on the rise in many countries. 
Super tall buildings have been usually governed by the across-wind dynamic response 
rather than along-wind response. Aerodynamic damping is one of important factors in 
estimating the dynamic responses of super tall buildings. In across-wind direction, the 
aerodynamic damping of a typical super tall building with a square cross-section is 
rapidly decreased and has negative value in certain condition which the reduced wind 
velocity over 9. This results in larger vibration amplitude on the super tall building. 

Holmes (1996) proposed a method to calculate the along-wind aerodynamic 
damping of a building with a square cross-section based on the quasi-steady 
assumption. Some researchers have been studied the aerodynamic damping of tall 
buildings through wind tunnel tests (Huang et al. (2013), Marukawa et al., (1996), 
Nishimura and Taniike (1995), Quan et al., 2005, Watanabe et al., (1997)). Particularly, 
Watanabe et al., (1997) proposed an empirical aerodynamic damping function including 
the influences of tip amplitude, aspect ratio, shapes of cross section of the building and 
turbulent intensity. Huang et al. (2013) investigated the aerodynamic damping of tall 
buildings with various cross sections (square, chamfered, corner-cut, and rectangular) 
by using aeroelastic model test. However, most studies were only focused on the 
aerodynamic damping of typical tall buildings with a square and rectangular cross-
section or slightly modified cross-sections. It has been rarely studied the aerodynamic 
damping of super tall buildings with complicated sectional shapes. In this study, the 
aerodynamic damping of a super tall building with an unconventional shape which 
shows a good aerodynamic behavior in both along- and across-wind responses on a 
super tall building reported by Tanaka et al. (2012) was investigated through 
aeroelastic wind tunnel test (rocking vibration model test). The results were compared 
to those of a squared super tall building model. 
 
2. WIND TUNNEL TESTS 
 
2.1 Simulated Wind 
 

   The rocking vibration model test was carried out a boundary layer wind tunnel at 
Tokyo Polytechnic University, Japan. The test section of the wind tunnel is 2.2 m wide, 
1.8 m high and 19 m length. In this study, the flow of the atmospheric boundary layer in 
the wind tunnel was interpreted as a geometrical scale of approximately 1/694. The 
approach flow represented a suburban wind exposure using the spire-roughness 
technique with a power lay exponent of 0.2. The wind speed and the turbulence 
intensity at the height of the model were about 11.4 m/s and 12 %, respectively as 
shown in Fig. 1 (a). The power spectrum density of fluctuating wind speed with the 
turbulence length scale was shown in Fig. 1(b). 
 



  

 

(a) Simulated wind profiles 
 

 

(b) Power spectral density of fluctuating wind velocity at model height 

Fig. 1. Simulated natural wind in wind tunnel 
 
2.2 Rocking Vibration Model and Test Method 
 

Two types of rocking vibration models were considered. One was 180  ̄ helical 
model and other was squared model. The dimension of buildings in full scale was 50m 
and 400m in width and height, respectively. Aspect ratio (H/B) was 8. The model scale 
was set at 1/694 by a limit of the mass ratio. The mass ratio was estimated using model 

moment of inertia (I/rB2H3) for rigid body rotation at the ground level; where, I is 

moment of inertia, r is building density, B is building width and H is building height. The 
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building density was set as 176kg/m3 because super tall buildings were prone to being 
light. First mode frequency of the real building was assumed as 0.1Hz based on a 
literature (Eurocode 1, 1994). The structural damping ratio was set to 0.5%. For wind 
tunnel tests, all of parameters were scaled based on aeroelastic modeling techniques. 

Dynamic properties of the square model were also same with those of 180  ̄ helical 
model (hereinafter referred to as helical model) to compare results obtained rocking 
vibration model tests. Fig. 2 shows test model and gimbal system of the rocking 
vibration model test. The experimental model which is rigid model was composed of a 
gimbal which rotated freely with respect to the X-Y axes, a coil spring which provided 
stiffness and magnetic damper which provided damping, all mounted on a base of 
supporting structure. First mode frequency was adjusted by additional mass installed in 
the top of the model. Further, to avoid noise from outside and forced vibration of the 
base, the support system has been completely separate from the wind tunnel. To 
measure displacements in X- and Y-directions, two laser displacement transducers 
were installed as shown in see Fig. 2(b).  

The design wind velocity at the building height was 71 m/s, and the wind velocity 
scale was 1/7. The reduced wind velocity, UH*(=UH/(n0B)) was considered from 8.4 to 
15 for the square model and from 8.4 to 17.6 for the helical model with 0.34 m/s 
increment (20 rpm intervals). Here, the reduced wind velocity of 17.6 was 
corresponding to 91 m/s in full scale conversion which is about 1.27 times from design 

wind speed. The wind direction for helical model was considered from 0  ̄ to 45  ̄ in 5  ̄

steps, but square model was only considered 0  ̄ and 45  ̄ that largest and smallest 
amplitudes are occurred. The displacement data were obtained by sampling at 300 Hz 
for a period, and were done for 40 samples of 10-min length in full scale conversion. 
Measured displacements were converted to normalized mean and standard deviation 
of responses at the model height. 

 

  
(a) Helical 180 model               (b) Gimbal system 

Fig. 2 Rocking vibration model test 
 
2.3 Free vibration test under no-wind conditions 
 

Structural damping was evaluated for groups of 50 cycles from bigger to smaller 
peak displacements obtained from the free vibration tests. In this test, the sampling 



  

frequency was 1000 Hz. The natural frequencies of the test models were evaluated by 
Fast Fourier Transform. Fig. 3 shows an example of a damped free vibration time 
series. Fig. 4 shows the dependency of structural damping ratio of the square model on 
vibration amplitude. As shown in Fig. 4, it is clear that the structural damping ratio was 
relied on the vibration amplitude, and these values were within 9% at X-direction and 
14% at Y-direction compared with 5% of the structural damping ratio, respectively. The 
aerodynamic damping ratio was estimated based on the dependency of the structural 
damping ratio as shown in Fig. 4. 
 

 

Fig. 3 Example of a free vibration test for square model 
 

 

Fig. 4 Dependency of structural damping ratio of square model on vibration amplitude 

 
3. TEST RESULTS 
 
3.1 Displacement response 
 

   Fig. 5 shows the normalized mean and RMS displacements of the helical and 
square model with wind directions at reduced wind velocity, 14.12 corresponding to the 
design wind velocity. In X-direction, mean and RMS responses of the helical model at 

wind direction 0  ̄ were in both about 80% compared to those of the square model. 
Notable observation was that in Y-direction, RMS response of the helical model at wind 

direction 0  ̄was about 13% compared to that of the square model. These results are 
good agreement with those of Tanaka et al. (2012). However, in X- and Y-directions, 

mean and RMS responses of the helical model at wind direction 45  ̄were almost same 
with those of the square model.  
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Figs. 6 and 7 show the relation between standard deviation of response and reduced 

wind velocity for square and helical model at wind direction 0 ,̄ and trajectories of 
standard deviation of responses between X- and Y-direction at 14.12 of reduced wind 
velocity corresponding to design wind speed, 71 m/s (vertical line indicated in Figs. 6 
and 7). These results were compared with those obtained by high frequency force 
balance (HFFB) test. The standard deviation of response in HFFB test can be 
estimated by spectral modal analysis as follows:  
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where, ()yxS  is power spectrum density of displace response, ()yfxS  is power spectrum 

density of external force, and ()2nH  is mechanical admittance function. 

The structural properties of a building in spectral modal analysis are same with those 
of the used rocking models, and structural damping ratios of 0.5% and 2% are applied. 
In X-direction (along-wind), the standard deviation of the response for square and 
helical models was smaller than that of 0.5% of the rocking model test as shown in Figs. 
6(a) and 7(a). It may be considered that the aerodynamic damping force became 
positive under buffeting vibration. Notable observation was that in Y-direction (across-
wind), the mean value of the standard deviation of the response for helical model 
showed a similar trend as that estimated by the spectral modal analysis with the 
structural damping ratio of 0.5%, although the standard deviation of the response was 
slightly diverged as shown in Fig. 7(b). 

 

  

                (a) Mean response                 (b) RMS response      

Fig. 5 Normalized mean and RMS displacement responses with wind directions 
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(a) X-direction            (b) Y-direction         (c) Lissajous (U*=14.12) 

Fig. 6 Normalized RMS responses of square model with reduced wind velocity 
 

 

(a) X-direction            (b) Y-direction         (c) Lissajous (U*=14.12) 

Fig. 7 Normalized RMS responses of helical model with reduced wind velocity 
 

On the other hand, in the range of U* ¢ 12, it clearly showed that the standard 
deviation of the response of the square model in Y-direction significantly increased and 
it was over results estimated by the spectral modal analysis with the structural damping 
ratio of 0.5%, because the aerodynamic damping force becomes negative. Further, the 
response of the square model in Y-direction (across-wind) was more prominent and 
critical than the X-direction (along-wind) response as shown in Fig 6(c). For helical 
model, the response in Y-direction was about 2 times with response in X-direction, but 
the aerodynamic instability was not occurred as shown in Fig 7(b) and (c). This implies 
that the helical model shows a good aerodynamic behavior in across-wind response. 

 
3.2 Determination of aerodynamic damping ratio 
 

To evaluate the aerodynamic damping ratios, the random decrement technique (RDT) 
since RDT is widely used to evaluate aerodynamic damping ratios from the random 
vibration responses of structures excited by wind was used in this study. Thus the RDT 
ranked by the peak amplitude proposed by Tamura and Suganuma (1996) was 
employed as shown in Eq. (2). 
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