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ABSTRACT
The effectiveness of aerodynamic modification to reduce wind loadings has been
widely reported. However, most of previous studies have been investigated dynamic
forces and pressure distributions on tall buildings with various unconventional
configurations. This study was investigated dynamic characteristics and aerodynamic
instability of super-tall buildings with unconventional configurations through extensive
aeroelastic model experiments. Seventeen types of super-tall building models were
considered such as basic and corner modification with corner cut, chamfered, oblique
opening, tapered, inversely tapered, bulged, helical with twist angles of 90, 180, 270,
360 and composite with 360 helical & corner cut, 4-tapered & 360 helical & corner
cut, setback & corner cut, setback & 45 rotate. The results show that helical and
composite models were most effective in reducing the wind-induced vibration
responses in both along- and across-wind directions.

1. INTRODUCTION
Super tall buildings have been constructed in many cities around world for the
enhancement of city competiveness and city image improvements despite an economic
depression for many years. Tamura et al. (2011) reported the world skyscrapers under
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construction as January 2010. 56% of those within the top 100 highest buildings had
been completed since 2000, and many tall buildings higher than 600 m are still under
construction. Tall buildings have been generally designed to be symmetric rectangular,
triangular or circular in plan, to avoid excessive seismic torsional vibrations due to
eccentricity. However, freewheeling building shapes have advantages in structural
design reducing wind loads. Particularly across-wind response which is a major factor
in safety and habitability of tall buildings is greatly suppressed.
The effectiveness of aerodynamic modification to reduce wind loads for various
tall buildings has been widely reported for several decades (Cooper et al., 1997, Kawai,
1998, Kim and Kanda, 2010, Kim et al., 2011, Kim et al., 2002, Tanaka et al., 2013,
Tanaka et al., 2012). However, most of the above papers have focused on
aerodynamic characteristics and pedestrian level winds around tall buildings with
various unconventional configurations.
In this study, extensive aeroelastic model experiments for super-tall buildings with
various unconventional configurations were conducted to investigate the wind-induced
response characteristics and aeroelastic instability of super-tall buildings with various
unconventional configurations.

2. WIND TUNNEL TESTS
2.1 Super-tall building models
Seventeen types of the super-tall building models are considered in this study as
shown in Table 1. The full-scale height and the moment of inertia of each building
models are commonly set at H = 400 m (80 stories) and 9.03  1012 kgm2. The
represent width and breadth are same with 50 m, and the aspect ratio H/(BD)1/2 is 8.
Table 1. Super-tall building models used for experiments
(a) Basic and corner modification models
Square (SQ)

Circular (CR)

Corner
chamfered
(C-CH)

Corner cut
(C-CT)

Oblique
opening
h/H = 5/24
(OB-OP)

4-tapered (4-TP)

(b) Tapered models
Inversely 4-tapered
Setback (SB)
(IN-TP)

Bulged (BL)

(c) Helical models
90° Helical
(90-HE)

180° Helical
(180-HE)

270° Helical
(270-HE)

360° Helical
(360-HE)

(d) Composite models
360° Helical
& Corner cut
(360-HE&CT)

4-tapered & 360
helical & corner
cut
(4TP&360&C-CT)

setback & corner
cut
(SB&C-CT)

Setback & 45
Rotate
(SB&45-RT)

The first mode natural frequency of the full-scale model is assumed as 0.1 Hz and
structural damping ratio is set at 0.01. The geometric scale of the test models is set at
1/1000 by a limit of the mass ratio.
2.2 Experimental conditions
The aeroelastic model experiments are performed in a closed-circuit-type
boundary layer wind tunnel whose working section is 2.2 m wide, 1.8 m high, and 19 m
long. In this study, the flow of the atmospheric boundary layer in the wind tunnel was
interpreted on a geometrical scale of approximately 1/1000. Using the spire-roughness
technique with a power lay exponent of 0.27, the approach flow was determined to
represent an urban wind exposure corresponding to AIJ Recommendations for Loads
on Buildings (AIJ-RLB 2004). The wind velocity and turbulence intensity at the topmost
point of the model in the wind tunnel were about 8.86 m/s and 14 %, respectively, as
shown in Fig. 1(a). The power spectrum density of the fluctuating wind velocity as a
function of the turbulence length scale is presented in Fig. 1(b).
The aeroelastic model experiment requires scaling of the dynamic properties
(mass, stiffness, and frequency) of a building in the fundamental sway modes based on
the similarity theory. Fig. 2 shows test model and gimbal system of the aeroelastic
model experiment. 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.
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Fig. 2 Gimbal system of the aeroelastic model experiment
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
Fig. 2(b).
The design wind velocity at the building height was 62.41 m/s, and the wind
velocity scale was 1/7.5. The wind velocity was considered from 0 to 12.5 m/s which is
about 1.35 times from the design wind speed. The wind direction was only considered
0 at which maximum response is occurred. The displacement data were obtained by
sampling at 300 Hz for a period, and were done for 50 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.

3. RESULTS AND DISSCUSSION
3.1 Displacement responses
Figs. 3 show variation of along-wind normalized mean displacement responses of
super-tall building models with various unconventional configurations. Mean
displacement responses of aerodynamically modified models are compared with those
of a square model. However, across-wind mean displacement responses of super-tall
building models can be neglected because these responses are close to zero. The
mean displacement response of all test models are gradually increased with reduced

wind velocities. An interesting observation was that most of super-tall building models
show better aerodynamic behaviors except the inversely 4-tapered and bulged models
as shown in Fig. 3 (b). Another interesting observation was that for helical models,
there is no effect on the change of the twist angle of the helical model in the mean
displacement response as shown in Fig. 3(c).
Fig 4 shows along-wind mean displacement responses of super-tall building
models at reduced wind velocity, 12.42 corresponding to 100-year return period wind
speed. Notable observation was that composite models with multiple modifications are
most effective for reducing the mean wind loads compared with those of other models
with single modification. Particularly, the mean displacement response of the 4-tapered
and corner cut model is reduced to 60% from that of the square model.
Figs. 5 show variation of normalized fluctuating displacement responses of supertall building models with various unconventional configurations in along-wind direction.
The fluctuating displacement responses of aerodynamically modified models are
compared with those of the square model. An interesting observation was that most of
super-tall building models show better aerodynamic behaviors in along-wind fluctuating
displacement response except the inversely 4-tapered models as shown in Fig. 5.
Along-wind RMS displacement responses of circular, setback, 180 helical, 270 helical
and composite models are reduced to over 50 % from that of the square model.
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Fig. 3 Along-wind mean displacement responses of super-tall building models with
various unconventional configurations
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Fig. 4 Comparison of mean displacement responses at 100-year return period wind
speed
Figs. 6 show variation of normalized fluctuating displacement responses of supertall building models with various unconventional configurations in across-wind direction.
The fluctuating displacement response of the square model with a reduced velocity >
17 is excluded from the experiment because it is out of the range for the measuring
system. It is noticeable that the fluctuating displacement response of the square model
is significantly increased over the reduced velocity of 15 due to the aerodynamic
instability. On the other hand, corner modification, tapered, helical and composite
models do not exhibit the aerodynamic instability at any of the reduced velocities
except the in inversely 4-tapered and bulged models which are occurred the
aerodynamic instability at the reduced velocity of 15.16 for inversely tapered model and
of 17.4 for bugled model. Another notable observation was that circular, helical and
composite models show relatively small values and similar amplitude of those of alongwind fluctuating displacement responses. It implies that circular, helical and composite
models are effective in reducing the across-wind fluctuating wind loads. However, the
circular model is occurred vortex shedding at reduced velocity of 8.4 as shown in Fig.
6(a).
Fig 7 shows along- and across-wind fluctuating displacement responses of supertall building models at reduced wind velocity, 12.42 corresponding to 100-year return
period wind speed. As shown in Fig. 7, most of aerodynamically modification models in
along- and across-wind fluctuating displacement responses are smaller except the
inversely tapered and bugled models whose are similar trends or slightly decrease from
that of square model. Particularly fluctuating displacement responses of circular,
setback, helical and composite models in both along- and across-wind directions show

relatively small values. Further, the 4-tapered & 360 helical & corner cut model is most
effective in reducing both along- and across-wind fluctuating displacement responses
compared with all test models. Fluctuating displacement responses are decreased to
33.3% and 10.5% in along- and across-wind directions respectively. These results are
in agreement with those of Tanaka et al. (2012). For single modification, helical models
show good aerodynamic characteristics in both along- and across-wind fluctuating
displacement responses. However, there is almost no effect of twist angle in helical
models.
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Fig. 5 Along-wind fluctuating displacement responses of super-tall building models with
various unconventional configurations
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Fig. 6 Across-wind fluctuating displacement responses of super-tall building models
with various unconventional configurations
Figs. 8 present examples of the power spectral densities of the across-wind
fluctuating displacement responses of super-tall building models at reduced wind
velocity, 12.42 corresponding to 100-year return period wind speed. As shown in Fig. 8,
the natural frequency component peaks of test models and the Strouhal number peaks
merge at this reduced velocity, and they cannot be distinguished. A notable observation
was that energies for aerodynamically modification models are small from those of
square model except the inversely tapered and bulged models which are slightly higher
or same with that of square model. These results are good agreement with across-wind
fluctuating displacement responses at design wind speed as shown in Fig. 7. It implies
that regular vortex shedding mechanism of aerodynamically modification models are
disintegrated, and then the mitigations of vortex shedding are effective in reducing
across-wind fluctuating displacement responses (Tamura et al., 2013).
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Fig. 7 Comparison of fluctuating displacement responses at design wind speed
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Fig. 8 Power spectral densities of fluctuating displacement responses at design wind
speed

4. CONCLUSIONS
The wind-induced response characteristics and aeroelastic instability of super-tall
buildings with various unconventional configurations were investigated by extensive
aeroelastic model experiments. The following results are obtained:
(1) Corner modification, tapered, helical and composite models do not exhibit the
aerodynamic instability at any of the reduced velocities except the in inversely 4tapered and bulged models which are occurred the aerodynamic instability at the
reduced velocity of 15.16 for inversely tapered model and of 17.4 for bugled model.
(2) Aerodynamic characteristics of helical models with single modification are
superior to those of other models with single modification. However, Effect of twist
angle for helical model is negligible.
(3) The 4-tapered & 360 helical & corner cut model is most effective in reducing
the along- and across-wind fluctuating displacement responses in all of test models.
These results can be used in the preliminary design stage, and can be helpful in
evaluating the most effective structural shape in wind-resistant design for tall buildings
with various aerodynamic modifications.
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