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Abstract

Tall buildings have been traditionally designed to be symmetric rectangular, triangular or circular in plan, in order to avoid
excessive seismic-induced torsional vibrations due to eccentricity, especially in seismic-prone regions like Japan. However,
recent tall building design has been released from the spell of compulsory symmetric shape design, and free-style design is
increasing. This is mainly due to architects’ and structural designers’ challenging demands for novel and unconventional
expressions. Another important aspect is that rather complicated sectional shapes are basically good with regard to aerodynamic
properties for crosswind excitations, which are a key issue in tall-building wind-resistant design. A series of wind tunnel
experiments and numerical simulation have been carried out to determine aerodynamic forces and wind pressures acting on tall
building models with various configurations: corner cut, setbacks, helical and so on. Dynamic wind-induced response analyses
of these models have also been conducted. The results of these experiments have led to comprehensive understanding of the
aerodynamic characteristics of tall buildings with various configurations.

Keywords: Tall building, Corner modification, Setback, Tapered building, Helical-shaped building, Building with openings,

Combined configurations

1. Introduction

Since the completion of Burj Kalifa in 2010, some
super-tall buildings over 1,000 m high have been planned.
The current tallest building in the world is the 828 m-high
Burj Khalifa, and the tallest building in the next decade
will be Kingdom Tower (over 1000 m), which will be
completed in 2018, making Burj Khalifa the third tallest.
This trend of tall building construction, i.e., manhattani-
zation, requires attention, particularly the preference for
free-style building shapes rather than simple conventional
building shapes, which are seen in Burj Kalifa and Shang-
hai Tower, presently under construction. These freewheel-
ing building shapes have advantages not only in architec-
tural design reflecting architects’ challenging spirits for
new forms but also in structural design reducing wind
loads. In particular, 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 has been widely reported, and aerodynamic
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modifications thought to be effective include those to sec-
tional shape (horizontally) such as polygon or Y-type (Ha-
yashida and Iwasa, 1990; Hayashida et al., 1992) and cor-
ners (Shiraishi et al., 1986; Kwok et al., 1988; Miyashita
et al., 1993; Amano, 1995; Kawai, 1998), building shape
(vertically) such as taper (Cooper et al., 1997; Kim and
You, 2002; Kim et al., 2008; Kim and Kanda, 2011, 2013)
and setback (Kim and Kanda, 2011, 2013), as well as intro-
duction of openings (Dutton and Isyumou, 1990; Miyashita
et al., 1993). However, most of the above papers have fo-
cused on the effect of one aecrodynamic modification that
changes systematically. For example, for corner-modifica-
tion buildings, various modification shapes and various
modification lengths were highlighted, and for tapered
buildings, the effects of different taper ratios were the main
concern. Although there have been some reports on cross
comparisons of different aerodynamic modifications using
a limited number of aerodynamic modifications, none have
comprehensively investigated aerodynamic characteristics
of various types of tall buildings with different configura-
tions.

The purpose of the present study is to investigate the
aerodynamic characteristics of tall buildings with uncon-
ventional building configurations to provide the structural
designer with comprehensive wind tunnel test data that
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can be used in the preliminary design stage. Aerodynamic
forces on tall building models with the same volume were
firstly measured, and then wind pressure measurements
and CFD (Computational Fluid Dynamics) calculations
were conducted for the models which showed excellent
aerodynamic characteristics. After examining aerodynamic
force characteristics, detailed response analyses were con-
ducted and the efficiency of each building shape in terms
of wind-resistant design was evaluated. The present paper
expands on the report of Tanaka et al. (2012).

2. Outline of Wind Tunnel Experimental
Models

2.1. Configuration of tall building models

The tall building models used for the experiments are
shown in Tables 1(a)~(g). Following the previous study
(Tanaka et al., 2012), discussions on 5 building models with
triangular cross-sections were added. The full-scale height
and the total volume of each building model are commonly
set at H =400 m (80 stories) and about 1,000,000m>. The
width B of the Square Model shown in Table 1(a) is 50 m
and the aspect ratio H/B is 8. The geometric scale of the
wind tunnel models is set at 1/1000. The tall building mo-
dels examined in this study are classified in 7 categories
as follows.

2.1.1. Basic models

The Square, Rectangular, Triangular, Circular, and Ellip-
tic plan models shown in Table 1(a) are classified as Basic
Models. The side ratio of the Rectangular and Elliptic
Models is 1:2. For the Circular and Elliptic Models, the
effect of Reynolds number R, should be discussed when
considering the correspondence to the full-scale structure.
Generally it is quite difficult to simulate a large R, which
is similar to full-scale, so in the present work, R, is just
mentioned as a reference for the smooth-surfaced models.
The R, obtained from the diameter of the Circular Model
used in the wind tunnel experiment is R, = 2.9 x 10*. The
detail of Triangular plan Models is shown in previous
report (Kumar et al., 2012).

2.1.2. Corner modification models

Although there are several methods for corner modifica-
tion, i.e., corner chamfered, corner cut, corner rounding,
fin, and so on, the examination of corner modification fo-
cuses on a Corner Cut Model, a Corner Chamfered Model
and a Tri-Corner Cut Model as shown in Table 1(b). Re-
ferring to past researches on aerodynamic characteristics
of structures and buildings with corner chamfered and
corner cut models (Shiraishi et al., 1986; Amano, 1995;
Kawai, 1998), the modification length is set at 0.1B, where
B is the building width.

2.1.3. Tilted models
For the Tilted Model, the roof floor is displaced by 2B

from the base floor, and for the Winding Model, the
floors at 0.25H and 0.75H are shifted by 0.5B to the left
and right side, respectively, from the middle floor, and the
walls have smoothly curved surfaces as shown in Table

1(c).

2.1.4. Tapered models

The tapered models include the following five types: a
2-Tapered Model which has only two tapered surfaces, a
4-Tapered Model which has four tapered surfaces, an
Inversely 4-Tapered Model which has the inverse build-
ing shape of the 4-Tapered Model, and a Bulged Model
whose sectional area at mid-height is expanded as shown
in Table 1(d). When the taper ratio is between 5% and
10%, a model with a larger tapering ratio shows better
aerodynamic behavior (Kim and Kanda, 2010a, 2010b).
Thus, for the 4-Tapered Model, the taper ratio was set at
10% and the area ratio of the roof floor to the base floor
was set at 1/6. The Setback Model with a 4-layer setback
is also classified in this category. The area ratio of the
roof floor to the base floor is set at 1/6 for the 2-Tapered,
Setback, and Inversely 4-Tapered Models. For the Bulged
Model, the ratio of roof floor or base floor area to the
largest middle floor area is 1/3.

2.1.5. Helical models

The sectional shapes of the helical models are square,
rectangular and triangular, and the twist angle & between
the roof floor and the base floor is set at 60°, 90°, 180°,
270° and 360°, as shown in Table 1(e). The sectional shapes
together with the twist angle are used as a prefix of the

Table 1. Configuration of test models

(a) Basic models
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Table 1. Configuration of test models (continued)

(e) Helical models

90° Helical 180° Helical | 270° Helical | 360° Helical | 180° Helical
Square Square Square Square Rectangular

! -1 4
| EVEREE
‘;U\Lf Jé

(e) Helical models
180° Helical | 360° Helical
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4
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L

Z,
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60° Helical

Triangular Triangular Triangular
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(f) Opening models
(f-1) Cross Opening (f-2) Oblique Opening
WH=2/24 WH=5/24 WH=11/24 WH=2/24 WH=5/24 WH=11/24
Wi o I 17 17 | g ) 2
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(g) Composite models

4-Tapered
& 360°Helical
& Corner Cut

iollo|le
HE R

s (8 v | | s

360° Helical
& Corner Cut

Setback Setback
& Corner Cut | & 45°Rotate

§

Notes: Category (b)~(f) are single modification models and (g)
is multiple modifications model.

model name. For example, the 180°Helical Square Model
means the helical model whose sectional shape is square
with a twist angle of 180°.

2.1.6. Opening models

In the category of opening models, three cross opening
models and three oblique opening models, whose openings
are provided at the top-center and top-corner of the walls,
respectively, are classified as shown in Table 1(f). Three
different opening heights # =2H/24, SH/24, and 11H/24
are considered to clarify the effects of opening size on the
aerodynamic characteristics. For the three Oblique Open-
ing Models, the opening volume is not included in the buil-
ding volume, and since the building volumes of those Mo-
dels is almost the same, their widths are fixed. However,
for the three Cross Opening Models, the opening volume
is included in the building volume, because of the compa-
tibility of aspect ratio with the other models.

2.1.7. Composite models
The composite models have the combined configurations

Turbulence mtensity /(%)

0 10 20 30
= |l !
OMean wind velocity
= Turbulence intensity

1.5 = \ ii
1

+— U/U o (</H)0 9

Iyo< (/H)(0.27-0.09)

-

i..\ |

0 0.5 1 1.5
Meanwind velocity U/Uy

Figure 1. Flow conditions of wind tunnel experiment.

of the primary configurations shown in Tables 1(a)~(f),
and the aerodynamic characteristics of the following four
composite models shown in Table 1(g) are investigated:
360° Helical & Corner Cut Model; 4-Tapered & 360° Heli-
cal & Corner Cut Model; Setback & Corner Cut Model;
and 45° Rotating Setback Model, where the rotating angle
of each setback layer is 45°.

2.2 Experimental condition
2.2.1. Aerodynamic force measurements

Wind tunnel experiments were performed in a closed-
circuit-type boundary-layer wind tunnel whose working
section is 1.8 m high by 2.0 m wide. Figure 1 shows the
condition of the approaching turbulent boundary layer
flow with a power-law index of 0.27, representing an
urban area. The wind velocity and turbulence intensity at
the top of the model are about Uy=7.0 m/s and Iy =
9.2%, respectively. The turbulence scale near the model
top is about 0.360 m, and that of AIJ-RLB (AlJ, 2004a)
is 365 m. Therefore, when considering the length scale of
1/1000, the flow conditions of the present work are thou-
ght to be appropriately simulated. The detail of wind tun-
nel experiment for Triangular plan Models is shown in the
report of Kumar et al. (2012). Dynamic wind forces were
measured by a 6-component high-frequency force balance
(HFFB) supporting light-weight and stiff models. Wind
direction « is changed from 0°, which is normal to a wall
surface, to 45° or 180° every 5° depending upon the build-
ing configuration. The measured wind forces and aerody-
namic moments are normalized by ¢,BH to get wind force
coefficients and moment coefficients. Here, gy is the velo-
city pressure at the model height H, and B is commonly
set at the width of the Square Model. Therefore, the force
and moment coefficients of the models can be directly
compared. Figure 2 shows the definitions of wind forces,
moments, and the coordinate system employed in this
study. The Reynolds number R, based on the mean wind
velocity at the roof height Uy and the width of the Square
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Figure 2. Coordinate system.

Model B is R,=2.6 x 10*.

2.2.2. Wind pressure measurements

Wind pressure measurements were conducted on 12 mo-
dels. They were determined from the results of aerodyna-
mic force measurements and for relatively realistic buil-
ding shapes in the current era. The aims of the pressure
measurement were to examine the characteristics of local
wind forces and aerodynamic phenomena in detail. In
addition, the wind response analysis was conducted using
a result of the pressure measurement.

The coordinate system and approaching flow for the
wind pressure measurements are the same as for the aero-
dynamic force measurement (see Figs. 1 and 2), except

Table 2. Outlines of numerical simulation

that the wind velocity at model height was 11.8 m/s. Also,
the wind direction was changed from 0° to 355° at 5° in-
tervals as for the aerodynamic force measurements. The
fluctuating wind pressures of each pressure tap were mea-
sured and recorded simultaneously using a vinyl tube 80
cm long through a synchronous multi-pressure sensing sys-
tem (SMPSS). The sampling frequency was 1 kHz with a
low-pass filter of 500 Hz. The total number of data was
32,768. The fluctuating wind pressures were revised con-
sidering the transfer function of the vinyl tube.

There were about 20 measurement points on one level
on four surfaces, and the measurement points were instru-
mented at 10 levels (12 levels only for Setback Model),
giving about 200 measurement points. The wind pressure
coefficients C, were obtained by normalizing the fluctua-
ting pressures p by the velocity pressure gy at model
height. The local wind force coefficients, Cyp for along-
wind, Cg for across-wind and C,,r for torsional moment,
were derived by integrating the wind pressure coefficients
C, using the building width of the Square Model B (B for
torsional moment) regardless of building shape.

3. Outline of Numerical Simulation

3.1. Large-eddy simulation

Table 2 shows the outlines of numerical simulations. For
the SGS model in LES (Large-Eddy Simulation), the stan-
dard Smagorinsky model with C;=0.12 was used. The
approaching flow was simulated in the driver domain
(Fig. 3(a)) in the same way as in the wind tunnel, and the
numerical calculations were conducted in the simulation
domain (Fig. 3(b)) using the approaching flow as the inflow
boundary condition. Four building models including Squa-

Coordinate system

Cartesian coordinates

Grid system
Algorism
Velocity prediction
Poisson solver
Spatial difference scheme

Time scheme

Non-uniform staggered grid system (Kajishima, 1999)

SMAC method
PSOR2 method

Residual cutting method (Tamura et al., 1997) using Bi-CGSTAB method for inner solver
Combined use of 2nd and 4th order centered difference scheme (Morinishi et al., 1998)

Convective terms & Eddy viscosity terms : 3rd order Adams-Bashforth method
Molecular viscosity terms : Crank- Nicolson method

Table 3. Conditions of numerical simulation

Driver domain

Computational domain . . .
P Simulation domain

270B(x) x 40B(y) x 36B(z)
49B(x) x 25B(y) x 24B(z)

Driver domain

Grid discretization . . .
Simulation domain

1504(x) x 340(y) x 72(z) = 36,817,920
256(x) x 240(y) x 272(z) = 16,711,680

Grid size adjacent to building wall surface

0.01B

Driver domain

Inflow bound: . . .
ntlowboundary Simulation domain

Uniform flow
Inflow turbulence generated in the driver domain

Downstream boundary

Convective boundary condition

Lateral and upper surfaces of computational domain

Zero gradient condition

Ground surface and Building surface boundary

Two Layer Model (Werner and Wengel, 1991)
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(a) Driver Domain

Figure 3. Driver and Simulation domain.

re, Corner Cut, Setback, and 180°Helical Square were
used in the simulation, and the details of numerical simu-
lations are shown in Table 3.

The approaching flow in the driver domain was simula-
ted by modeling the spires and roughness blocks as shown
in Fig. 3(a), and Fig. 4 shows the vertical profiles of the
mean component U/Uy and the turbulence intensity / of
the simulated approaching flow used as inflow boundary
condition. The power spectrum of the fluctuating compo-
nent Uy’ at building height is shown in Fig. 4(c). In the
numerical simulations, the intervals of the normalized time
difference were tUy/B =2.0 x 1073, and the results of 10-
minute full scale data corresponding to the normalized
time differencing tUy/B = 850 are shown. The Reynolds
number of the numerical simulation was R, =3.9 x 10*.

3.2. Accuracy of in-house code for Large-eddy
simulation

Cross-comparisons of mean and fluctuating pressure co-
efficients of Square, Corner Cut, Setback, and 180° Heli-
cal Square are shown in Fig. 5. LES results were interpo-
lated considering the pressure tap positions. For 180°Heli-
cal Square, as the building shape is quite complicated, it

Sampling plane |
N

'\

(b) Simulation Domain

was approximated by the Voxel method. The correspon-
dence to the pressure measurement results was inferior to
those of other building shapes. However, as the grid size
near the building surfaces was small enough, the agree-
ments with the pressure measurement results are generally
good, implying the high quality of the in-house code for
LES. This also means that high quality is ensured in the
reproduction of wind flows around buildings discussed
later.

4. Results of Wind Force Measurements

4.1. Overturning moment coefficients

Figure 6 shows the variation of the mean along-wind
overturning moment (o0.t.m.) coefficient C), and the mean
across-wind o.t.m. coefficient C,,; with wind direction &
for the test models which show specific aerodynamic force
characteristics. And, the comparisons of HFFB results with
those of SMPSS are shown in Fig. 6, showing good agree-
ment between them. The maximum values of C,,, and
C, considering all wind directions are defined as the
maximum along-wind and across-wind mean o.t.m. coeffi-
cients |Cyyp lmax and | C g7 [max- The maximum values of Cyp’

2/H oH | By
’ oExpv o ’ \\ = EXp.1y
i 8} i ||| © Exp.Iy
2.5 H—LES 25 s Exp.l, %
: LR = | L A S
® 14
j | — LES I /
15 15
IU o@(_—,H)(-O 27-0.05)
1 1 0.01
- If 05 Exp.
j —LES
0 0 ~= 0.001 !
0 0.5 1 15 0 0.1 02 03 0.001 0.01 0.1 1

Mean wind velocity U/Up
(a) Mean velocity

Figure 4. Inflow boundary condition for LES.

Turbulence intensity /

(b) Turbulence intensity

BIU,

(c) Power spectrum density of velocity



218 Hideyuki Tanaki et al. | International Journal of High-Rise Buildings
1 - 0.5 —
0.5 0.4 . £ P
. . ~
-7 p >
* 974
0 v 0.3 sedfive
n %) 3
m > m A
— * * S — . 4 5 Square
-0.5 8 Square 02 -
4 e Corner Cut o e Corner Cut
4 A Setback 4 b 4 Setback
! . * 180° Helical Square o1 O ¢ 180" Helical Square
; y — 0% ' — =6
A ---+10% % ---+10%
b ----10% —---10%
-1.5 T T T T 0 t f f T
-1.5 1 -0.5 0 0.5 1 0 0.1 0.2 0.3 0.4 0.5
Exp. Exp.
(a) Mean pressure coefficients (b) Fluctuating pressure coefficients
Figure 5. Cross-comparison for pressure coefficients.
—8—HFFB  Cyp
-<=SMPSS )
CoanCoa ——HFFB Oy
0.8 — — -==SMPSS C,
06 Cup | | Cup Chotps ‘ |
’ OO0 C‘MD
0.2 — _
0 P S YN i | Cur C
-0.2
-0.4
0 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90
a(deg.) a(deg.) a(deg.) a(deg.)
(a) Square (b) Corner Cut (c) Setback (d) 180° Helical Square

Figure 6. Variation of mean overturning moment coefficients on wind direction for some test models.

and C,;’ considering all wind directions are similarly de-
fined as the maximum along-wind and across-wind fluc-
tuating o.t.m. coefficients Cyp’ max and Cpy’ max- The coeffi-
cients Cyp’ and C), are the standard deviation of the o.t.m.
These variation of | Cyp lmax» | Cz. Imaxs Cup’ max a0d Chr” max
for the building configurations are discussed below.

4.1.1. Mean overturning moment coefficients

Figure 7 shows the maximum values of the mean along-
wind and across-wind o.t.m. coefficients, |C)p lmax and
|Cyr Imax considering all wind directions. The maximum
mean along-wind o.t.m. coefficients |Cyp) nax Of the 4-
Tapered Model and the Setback Model, whose sectional
area decreases with height, are relatively small. The maxi-
mum mean across-wind o.t.m. coefficients |C; max Of the
Corner Cut Model and Corner Chamfered Model are
small. The maximum mean across-wind o.t.m. coefficients
of the Helical Square Model and the Cross Opening #/H
= 11/24 Model, whose opening size is the largest, are also
small. The maximum mean o.t.m. coefficients |Cyp |max
and |C,; |max Of @ Helical Square/Triangular Model with
a larger twist angle tends to show smaller values. And, as
can be seen in Fig. 6, the variations of mean o.t.m. coeffi-

cients C),, and C;,; of the 180°Helical Square Models
with wind direction are very small. The maximum mean
o.t.m. coefficients | Cyp [max and | Cy; Imax 0f Rectangular
cross-section Models (Rectangular Model and 180°Helical
Rectangular Model) and Triangular cross-section Models
(Triangular Model, Tri-Corner Cut Models and Helical Tri-
angular Models) are larger than those of the Square cross-
section Models. The aerodynamic characteristics of the
composite models with multiple modifications are mostly
superior to those of the models with single modification.

4.1.2. Fluctuating overturning moment coefficients
Figure 8 shows the maximum along-wind and across-
wind fluctuating o.t.m. coefficients, Cyp’ max and Chg’ max»
considering all wind directions. As shown in Fig. 8, the
maximum fluctuating along-wind o.t.m. coefficients C,p’
max Of the Corner Chamfered, Corner Cut, 4-Tapered and
Setback Models are smaller. The maximum fluctuating
across-wind o.t.m. coefficients Cy;’ . of the 4-Tapered,
Setback, Helical Square, and Cross Opening 11/24 Mo-
dels show relatively small values. These trends are the
same as those of the maximum mean o.t.m. coefficients.
And, the effect of twist angle 6 for the Helical Square/
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Figure 7. Comparison of maximum mean overturning moment coefficients.
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Figure 8. Comparison of maximum fluctuating overturning moment coefficients.

Triangular Models, the effects of opening size for the two

types of Opening Models, and the composite effect also L
show the same tendency as those of the maximum mean 3
o.t.m. coefficients. Because the effects of twist angle 6 on s o
the fluctuating across-wind o.t.m Cj;’ ey are large, detailed %
comparisons of fluctuating across-wind o.t.m Cj;’ . are “; 0.6
shown in Fig. 9. Fluctuating across-wind o.t.m Cyy’ pax in :ﬂg
Fig. 9 are shown as the ratio to that of the Basic Models 3 0.4 i
of same cross-section. The maximum fluctuating across- 5 —#— Sqaure plane /\
wind o.t.m. Cy;’ max becomes a half of that of the Basic % 0.2 4+ - Rectangular plane
Model when the twist angle is larger than 180°. A -~ Triangular plane

0 —_—
4.1.3. Relationship between overturning moment 0 90 180 270 360
coefficients Twist angle 6 for Helical Models (deg.)

The relationship between maximum mean o.t.m. coeffi-
cients and maximum fluctuating o.t.m. coefficients for all Figure 9. Effect of twist angle ¢ for Helical Models.
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Figure 10. Relationship between maximum mean and maxi-
mum fluctuating o.t.m. coefficients.

building models are shown in Fig. 10 for the along-wind
direction and for the across-wind direction. Figure 11 shows
the relationship between the maximum mean o.t.m. coeffi-
cients in the along-wind direction and those in the across-
wind direction (Fig. 11(a)), and the relationship between
the maximum fluctuating o.t.m. coefficients in both direc-
tions (Fig. 11(b)). As described in section 3.1.2., the maxi-
mum mean and fluctuating o.t.m. coefficients show a simi-
lar tendency, and high correlations between them are obser-
ved as shown in Fig. 10. And, it is interesting to note that
the high correlations between mean/fluctuating o.t.m. co-
efficients in the along-wind direction and in the across-
wind direction are observed.

5. Results of Wind-induced Responses
Analysis

5.1. Analysis models

The wind pressure measurements were carried out on
12 models, including 8 single-modification models and 4
composite-modification models. The single-modification
models include: Square Model, Corner Chamfered Model,
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(a) Maximum mean o.t.m. coefficients

Corner Cut Model, 4-Tapered Model, Setback Model, two
Helical Models (6=90° and 180°), and Cross Opening
Model (4/H = 5/24). The composite-modification models
include: 180°Helical & Corner Cut Model, 4-Tapered &
180°Helical Model, and two 4-Tapered & Helical (6=
180° and 360°) & Corner Cut Models. Response analyses
were conducted for these 12 models. Modeling of analysis
models for response analyses were conducted as follows.

Step 1: Modeling the frame of a Square Model of an 80-
story building whose building density is 170~190 kg/m?.
The structural system was assumed to have a center core
with a truss floor every 20 stories.

Step 2: For the frame model in Step 1, static analysis
was conducted. Based on the analysis results, the shell
model of the Square Model which consists of a bending-
shear spring at the core and exterior shell elements was
made such that its static analysis results were the same as
those of the frame model.

Step 3: Without changing the characteristics of the bend-
ing-shear spring and exterior shell elements of the Square
model, only the shapes of the exterior shell elements were
changed considering the building shapes.

The results of the eigenvalus analysis for the shell
models are shown in Fig. 12 and Table 4 (for details, see
Tamura et al., 2011). The eigenvalus analysis results
showed that there were large differences between the 4-
Tapered and Setback models and other models.

5.2. Evaluation of wind load

Response analyses were conducted for the design wind
speed at the building top ranging from 30 m/s to 71 m/s
at 1 m/s intervals. Here, 71 m/s corresponds to the 500-
year-return-period design wind speed. The response analy-
ses were conducted from 0° to 90° at 5° intervals (total of
19 wind directions) for two translational and a torsional
direction. For the two translational directions, the first
four modes were considered, and for the torsional direc-
tion, the first three modes were considered. The responses
of each mode were obtained from the spectral model

across-wind direction

'

ML max 1N

al

0 0.05 0.1 0.15 0.2
C4p'max in along-wind direction

(b) Maximum fluctuating o.t.m. coefficients

Figure 11. Relationship between along-wind direction and across-wind direction.
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Figure 12. Natural vibration mode.
Table 4. Natural frequency of response analysis models
Translation (Hz) Torsion (Hz)
Model Ist 2nd 3rd 4th Ist 2nd 3rd
Square 0.096 0.312 0.578 0.838 0.178 0.462 0.761
Cross Opening*! 0.110 0.315 0.559 0.863 0.201 0.481 0.752
Corner Chamfered*? 0.096 0.312 0.578 0.838 0.178 0.462 0.761
Corner Cut*? 0.096 0.312 0.578 0.838 0.178 0.462 0.761
4-Tapered 0.150 0.353 0.614 0.874 0.300 0.529 0.800
Setback 0.157 0.363 0.608 0.856 0.310 0.452 0.685
90° Helical Square 0.093 0312 0.580 0.845 0.183 0.475 0.780
180° Helical Square 0.092 0.312 0.581 0.854 0.188 0.493 0.812
180° Helical & Corner Cut*? 0.092 0.312 0.581 0.854 0.188 0.493 0.812
4-Tapered & 180° Helical** 0.150 0.353 0.614 0.874 0.300 0.529 0.800
4-Tapered & 180° Helical & Corner Cut** 0.150 0.353 0.614 0.874 0.300 0.529 0.800
4-Tapered & 360° Helical & Corner Cut** 0.150 0.353 0.614 0.874 0.300 0.529 0.800

*!'To model the center core up to the top of the building, the cross opening was divided into two parts which are located at both edges.
*2The dynamic characteristics of the Corner Chamfered Model and Corner Cut Model were assumed to be the same as that of the Square

Model.

*3The dynamic characteristics of 180° Helical & Corner Cut was assumed to be the same as that of the 180° Helical Model.

*4For the composite model of 4-Tapered Model with helical and corner cut, the dynamic characteristics were assumed to be the same as

the 4-Tapered Model.

method, and the total responses were calculated using the
root mean square of each mode. A damping ratio of 2%

for each mode was considered, and the peak factor g; of
the /™ mode was calculated from Eq. (1) using the natural
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Figure 13. Vertical profile of wind-induced responses with single modification for 500-year return period design wind speed.

frequency ;.

g=/2In(600n,)+1.2 (1)

For the shear force and torsional moment of each floor,
the mean components were calculated by summing the
mean external forces of upstairs, and the fluctuating com-
ponents were also calculated by summing the external for-
ces of upstairs obtained from the accelerations acting on
each mass beforehand. Here, in order to also consider the
long-period component of acceleration, (271)* was multi-
plied by the fluctuating displacement and torsional angle
in the first mode. And the mean displacement y was ob-
tained from the mean overturning moment M, the fluctua-
ting overturning moment oy, and fluctuating displacement
o, as shown in Eq. (2).

7= [Slg0) * ==
/ jZ(gjO-M,j)

Figure 13 shows the vertical profiles of the accelerations,
story shear forces, displacements, and torsional moments
of 8 single-modification models. The values in Fig. 13 are
the largest values for all wind directions within the design
wind speed ranges. The accelerations of the Corner modi-
fication Models and Helical models are greatly reduced
compared with that of the Square Model, having higher
mode effects. The story shear forces of the Corner modifi-
cation Models, Setback Model, and Helical models are
also reduced compared to that of the Square Model, but
does not show higher mode effects. For displacements,
there are no higher model effects, and the displacements
of all models show smaller values than that of the Square
Model. For the torsional moments, the effect of twist angle
is clearly seen, i.e., the larger torsional moment at upper
height becomes smaller when changing the twist angle
from 90° to 180°.

The maximum acceleration, maximum story shear coeffi-

@

cient, maximum displacement, maximum story deformation
angle, maximum story shear force, maximum overturning
moment, and maximum torsional moment of all models
are shown in Fig. 14. All maximum values in Fig. 14 are
shown as the ratio to that of the Square model. The single
modification models that show smaller responses for all
items are Corner Cut, Corner Chamfered, 90°Helical and
180°Helical. For the 4-Tapered, Setback, Cross Opening,
the maximum acceleration and the maximum story shear
coefficient are larger than that of the Square Model. All
composite models show smaller values for all items. When
comparing the 4-Tapered & 180°Helical Model with the
4-Tapered Model with the same structural characteristics,
the suppression of response is significant. For the 180°
Helical & Corner Cut Model and 4-Tapered & Helical &
Corner Cut Model, only the maximum torsional moment
is suppressed. For two composite models with different
helical angles of 4-Tapered & 180°Helical & Corner Cut
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Figure 14. Comparison of wind-induced responses for 500-
year return period design wind speed.
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Figure 15. Comparison of accelerations for l-year return
period design wind speed.

Model and 4-Tapered & 360°Helical & Corner Cut Model,
there is little difference for all items, implying that the heli-
cal angle of 180° is enough.

5.3. Evaluation of habitability

The analysis models for habitability are the same as the
models in section 5.2., but the dynamic characteristics were
changed slightly to consider the effects of secondary mem-
bers; the natural frequencies were assumed to be 20% hi-
gher, and the damping ratios were assumed to be 0.7%.
The design wind speed for habitability is 31 m/s. The ana-
lytical procedures are the same as in section 5.2., but as
the sensitivity of the human body to vibration depends on
the natural frequencies and corresponding accelerations,
the acceleration responses of the 15~4" modes were not
superimposed.

Figure 15 compares the maximum accelerations of from
the 1° to 4™ modes for all wind directions. All maximum
accelerations in Fig. 15 are shown as the ratio to that of
the Square model. Of the single modification models, the
90°Helical and 180°Helical Models show smaller maximum

® Square

acceleration, showing better habitability. The first mode
acceleration of the Corner Cut and Corner Chamfered Mo-
del is smaller than that of the Square Model, but those of
the third and fourth modes are larger than that of the Square
Model. The habitability of the 4-Tapered, Setback, Cross
Opening Models is worse than that of the Square Model.
In particular, the second mode acceleration of the Cross
Opening Model is significantly larger, and this is because
the second mode shape is similar to the vertical distribu-
tion of shear force. For composite models, the 180°Helical
& Corner Cut shows smaller maximum accelerations, and
the 4-Tapered & 180°Helical Model shows smaller maxi-
mum accelerations than the 4-Tapered Model, but when
corner cut is combined (4-Tapered & 180°Helical Model
& Corner Cut), the third and fourth maximum accelerations
becomes larger.

Figure 16 compares the annual maximum accelerations
with the guideline for the evaluation of habitability to build-
ing vibration prescribed in AIJ-RLB (2004b). The number
on the right side of the graph indicates the ratio of the oc-
cupants who feel the vibration, i.e., H-30 means 30% of
the occupants feel the vibration. Although the first mode
maximum accelerations of the 90°Helical, 180°Helical, and
180°Helical & Corner Cut are larger than H-90, which is
true for all other models, those of the second and third
modes are smaller than H-50, and those of fourth mode
are smaller than H-70 (Fig. 16(b)).

6. Discussions on Flow Characteristics
Around Buildings

6.1. Power spectral density of across-wind local wind
force coefficients

Although the wind tunnel tests were carried out on 33
models, only the 4 models with single modification will
be discussed in this section: Square Model, Corner Cut
Model, Setback Model and 180°Helical Models. The repre-
sentative wind direction is a = 0°.

The power spectra of the across-wind local wind force
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Figure 16. Annual maximum accelerations for habitability evaluation.
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Figure 17. Power spectral densities of across-wind local wind force coefficients.

coefficient 5S¢y higher than z/H = 0.5 are shown in Fig. 17.
The Strouhal number S; corresponding to the vortex shed-
ding frequency, and the bandwidth B,, were obtained and
the vertical profiles are shown in Figs. 18 and 19. The po-
wer spectra in Fig. 17 were plotted against the reduced fre-
quency, which was obtained by using the width of the
Square Model B (constant) regardless of building shape.
The bandwidths B,, were obtained by approximating the
power spectra fS¢n to Eq. (3) through the least-square
method (Vickery and Clark, 1972).
fgczé = k# exp[_(%ﬂ
o ’\/;fpeaka BW
Sharp peaks near z/H = 0.5 were observed for the Square
Model (Fig. 17(a)), but they become relatively flat near the
model top because of the three-dimensional effect of flow.
This again implies that regular vortex shedding exists near
z/H= 0.5 and the regularity collapses near the model top,
and the bandwidth shown in Fig. 19 near the z/H = 0.5 is
smaller than that of the model top. The power spectral densi-
ties of other models in Figs. 17(b)~(d) show similar results.
The Strouhal numbers S, of the Square Model and Cor-
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Figure 18. Vertical profile of Strouhal number.

ner Cut Model shown in Fig. 18 vary little with height,
showing almost constant values throughout the height. This
means that all the vortex components are shed almost the
same time throughout the height. However, the Strouhal
numbers of the Setback Model and 180°Helical Model vary
greatly with height, implying that the shedding frequencies
at each height are different.

Similar discussion can be made for the bandwidth shown
in Fig. 19, i.e., regular and strong vortices with narrow-
band are shed throughout the height for the Square Model,
but for the other models, vortices with wide band are shed
randomly.

6.2. Visualization of vortex shedding around buildings

To visualize the conditions of vortex shedding around
buildings discussed in Section 6.1., the instantaneous iso-
surfaces of pressure coefficients are shown in Figs. 19 and
20. Figure 20 shows the isosurface of pressure coefficients
of -0.7, which demonstrates the 3-dimensional vortex struc-
ture. Figure 21 shows horizontal distributions of instanta-
neous pressure coefficients at two heights.
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Figure 19. Vertical profile of bandwidth of across-wind
local wind force power spectra.
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Figure 20. Visualization of instantaneous vortex structures around buildings (Isosurface of pressure coefficient C,=0.7).
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Figure 21. Horizontal distributions of instantaneous pressure coefficient.
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For Square Model, large negative-pressure regions resul-
ting from the periodic Karman vortex shedding were for-
med in the wake, as shown in Fig. 21(a). These regions
were observed throughout most of the building height, as
shown in Fig. 20(a). Because of this periodic and well-
correlated Karman vortex shedding, a large across-wind
force was applied to the Square Model. For the Corner Cut
Model, although uniform vortex structures were found in
the spanwise direction as for the Square Model (Fig. 20(b)),
large negative-pressure regions were only found near the
leading edges. This is because the circulation flows near
the corner cut regions at the leading edges approximate
the separated shear layers to the building side surfaces,
disturbing the periodic vortex shedding, as shown in Fig.
21(b). For Setback Model and 180°Helical Square Model
whose building shapes are modified in the spanwise direc-
tion, the vortex structures are significantly different from
that of Square Model (Figs. 21(c) and (d)). The vortices
shed in the wake are quite small, and vortex components
at each height are shed at different time intervals (Figs. 20
(c) and (d)), resulting in smaller across-wind forces. When
considering dimensions of B,,, vertical variations of S; and
peak power spectral values of local wind forces all toge-
ther, the randomness or irregularity of vortex shedding is
more profound in 180° Helical Square Model than in Set-
back Model.

For the Corner Cut Model, Setback Model and 180°Heli-
cal Square Model, as the vortex is formed in a position
further from the building’s leeward surface, the leeward
pressures increase (absolute values decrease), resulting in
a decrease in along-wind force. Thus, the mitigations of
vortex shedding are effective for suppression of not only
across-wind force but also of along-wind force. Considering
this result, the high correlations between along- and across-
wind forces, which are shown in Fig. 11, were well under-
stood.

6.3. Effect of helical-shape on flow characteristics
around buildings

In this section, for 180°Helical Square Model, the reason
for the mitigation of vortex shedding and further position
of vortex formation from the leeward surface is considered.

Figures 21 and 22 show the mean vertical flow conditions
W/Uy near the building surface and around the building
surface, respectively. As shown in Fig. 22, the mean verti-
cal flows at the side surface are almost zero except buil-
ding top for Square Model. For 180°Helical Model, how-
ever, the mean vertical flows near zZH = 1.0, 0.5, 0.0 are
large, and there are flows along the building surfaces in
the direction of the arrow as shown in Fig. 22(b). These
flows along the building surfaces for 180°Helical Square
Model occurred possibly because the positive and negative
pressures are mixed on the same surface, as shown in Fig.
23. The flow conditions around buildings shown in Fig.
23 are also affected by these vertical flows, and the com-
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Figure 22. Distributions of mean vertical velocity near buil-
ding surface.
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Figure 23. Distributions of mean vertical velocity around
building.
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Figure 24. Distributions of mean pressure coefficient.

plicated flow conditions near and around buildings includ-
ing vertical flows make vortex shedding random or irregu-
lar, also resulting in further position of vortex formation
from the building’s leeward surface.
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7. Conclusions

Aerodynamic force measurements, wind pressure meas-
urements and LES (Large-Eddy Simulation) were conduc-
ted for tall building models with various building shapes
and the same height and volume. Comparison and discus-
sion of the aerodynamic characteristics of tall buildings
led to the following conclusions.

(1) For the maximum mean overturning moment coeffi-
cients, Tapered models such as 4-Tapered and Setback
Models show better aerodynamic behaviors in the along-
wind direction, and Corner modification models, Helical
models, and Cross Opening models whose opening sizes
are h/H = 11/24 show better aerodynamic behaviors in the
across-wind direction.

(2) For the maximum fluctuating overturning moment
coefficients, Corner modification models, 4-Tapered and
Setback Models show better aecrodynamic behaviors in both
along-wind and across-wind directions. Cross Opening Mo-
del with #/H=11/24 and the Helical models also show
better aerodynamic behaviors in the across-wind direction.

(3) For all building models, the correlations between
maximum mean coefficients and maximum fluctuating co-
efficients are high for both along-wind and across-wind
directions. And, the high correlations between maximum
mean (and fluctuating) overturning moment coefficients in
along-wind direction and those in the across-wind direc-
tion are again observed.

(4) The aerodynamic characteristics of the composite
models with multiple modifications are mostly superior to
those of the models with single modification.

(5) From the response analyses, Corner modification
models, Helical models and all composite models show a
good performance in safety design. However, Corner mo-
dification models and Composite models with tapered mo-
difications have disadvantages in the evaluation of habit-
ability. Conversely, Helical models which does not contain
the tapered component show superior aerodynamic beha-
viors in both safety and habitability design to the Square
Model. The design wind load of the 180°Helical models is
70% that of the Square model. Prior to planning the vibra-
tion control systems for tall buildings, evaluations of aero-
dynamic characteristics depending on building shapes are
indispensable in tall building projects

(6) For the Square Model, all the vortex components are
shed at almost the same time throughout the height, greatly
exciting the models in across-wind direction. Contrary to
the Square Model, those of the Setback Model and the
180°Helical Square Model vary greatly with height. For
those models, because the shedding frequencies of each
height are different, the resulting across-wind force dec-
reases correspondingly.

(7) For 180°Helical Square Model, weak vortices with
wide-band are shed irregularly throughout the height, and
these results in the better acrodynamic behaviors as discu-
ssed above.

(8) From the numerical simulations, the vertical flows
on the 180°Helical Square Model is more significant than
those on the Square Model, encouraging more 3-dimensio-
nalities. The vertical flows are assumed to make the vortex
shedding random, forming a vortex further from the build-
ing surface in the wake.
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