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Abstract

As supertall buildings become higher and higher and its function turns to be more and more
comprehensive, huge challenges are brought to the structural design. In this paper, author aims
to describe the relation between tapered profile and structural design of supertall buildings
from the development of buildings profile. Firstly, tapered profile can reduce wind load, typically
for the transverse wind response. Secondly, tapered profile can improve the efficiency of
structural lateral system. Furthermore, tapered profile can improve the overall structural stability
and stiffness of outer frame. Therefore, tapered profile is not only an outcome of combination

of architectural function and structural optimization but also the inevitable trend of supertall

buildings development in the future.

Keywords: Supertall Buildings, Tapered Profile, Stiffness of Lateral Resistance System,
Wind Load, Overall Stability, Dual Seismic Resistant System
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Background

According to an incomplete statistic, by the
end of 2012, 94 supertall buildings over 250
m were completed or under construction in
Chinese mainland. From 2013 t0 2018, 164
supertall buildings over 250 m are planned
to be built there (Ding, J., Wu, H.(et al.) 2014).
The main function of supertall buildings has
been changed from office use in early times
to a comprehensive function combined

of office, hotel, apartment and others
nowadays. The shape of supertall buildings
has transformed from a uniform floor
towards a tapered form along the height,
which enriches the city’s skyline.

In order to meet the requirement of bearing
capacity, drift and comfort criteria under
lateral load, lateral resistance system has
developed from frame-core structure to mega
frame-core structure, which can make full

use of the structure width and strengthen
overturning resistant ability. Tensile force
caused by overturning moment in mega
column can be balanced by its huge axial
force under vertical loads as well.

Current tapered profile for supertall building
scan be classified as followings (see Figure 1):
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1. Staged Symmetrical Tapering

Typical project could be referred to PETRONAS Twin Towers in Malaysia.
Along the building height, the building plane contracts symmetrically
every several floors (usually at transfer story) to form a tapered profile.

2. Staged Non-Symmetrical Tapering

Sears Tower in Chicago, Burj Khalifa Tower in Dubai and Bank of China
Tower in Hong Kong are examples of this type. Along the building
height, the building plane contracts non-symmetrically every several
floors (usually at transfer story)to form a tapered profile.

3. Continuous Tapering

Goldin Finance 117 in Tianjin and John Hancock Tower in Chicago can
be referred to for this type. Building tapers gradually as a pyramid and
its outer frame columns incline along the height.

4. Regular Geometry Cutting

Taking Shanghai World Financial Center (SWFC) and New York Freedom
Tower for example, this profile of building is based on a regular prism.
After the shape cutting, a tapered profile is formed.

5. Torsional Tapering

Shanghai Tower is one example of this type. The filleted triangle plane
contracts every story with a total rotation of 120 degree along the height.

Satisfying Layout Requirement of Comprehensive Architectural
Functions

With the increase of the height of supertall building, architectural
function becomes more comprehensive and mixed. Along the height of
building, office area is normally set at lower zone of tower; residential area
(apartment or hotel) at higher zone. Different functions have different
span requirements. For example, office building normally requires 13.5

m (45ft) span, while 9 m (30ft) span for residential area. If the tower plan
remains uniform throughout the whole height, it will affect the using
efficiency of building space because of the surplus of the building span
in the higher zone. If the span of floor keeps unchanged, the beam depth
may reduce the clear ceiling height of apartment or hotel.

Furthermore, the elevator shaft area in lower zone of supertall building
occupies more than 20-25% of the core area. However, the number of
elevator at higher zone is much less than lower zone, thus there will be

a considerable reduction in elevator shaft area. If the plan of core tube
keeps unchanged, how to make full use of the surplus room may bring
problems to architects. Taking Shanghai Jinmao building (see Figure 1(i))
as an example, it is just a matter of expediency to cancel the interior wall
of core tube which forms a 30-Story high atrium. Thus the negative impact
on building energy consumption and fire protection cannot be ignored.

In addition, supertall building is usually the landmark in a region. From
elevation effect or visual perspective of building, standard architectural
plan may result in a top-heavy visual effect.

Therefore, tapered profile is an ideal solution to meet different
requirements for mixed functions, gradually decreasing elevator shaft
and architectural aesthetics of super high-rise building.
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Figure 1. Examples of Tapered profile in supertall buildings (Source: ECADI, SOM etc.)
(a) Petronas Towers (Kuala Lumper); (b) Sears tower (Chicago); (c) BurjKhalifa Tower
(Dubai); (d) Goldin Finance 117 (Tianjin); (e) John Hancock Tower (Chicago); (f) Freedom
Tower (New York); (g) SWFC (Shanghai); (h) Shanghai Tower (Shanghai); (i) Jinmao Tower
(Shanghai)
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Making Full Use of Structural Materials

For tall building structures, the consumption of structural materials
mainly consists of three parts including framed floor system, vertical
structural system and lateral resistant system. The first two parts
increase linearly with the height of structure and the rest increases
non-linearly with height of structure according to the relation between
overturning moment and the height of structure.

Under lateral load, supertall building structure can be simplified as

a cantilever beam (Wang,D,, Zhou, J.& Bao, L. 2012). The minimum
overturning moment appears at the top and the maximum at the

base (see Figure 2(a)). For tapered tall buildings, the structural material
distribution is in accord with the diagram of overturning moment to
make full use of materials. The typical engineering examples include
Eiffel Tower (see Figure 2(b)) and Oriental Pearl TV tower (see Figure 2(c)).

Tapered profile structural system is a kind of biomimetic behavior

as well. In the nature, the diameter of bamboo nodes decreases
steadily with the height (see Figure 3). Its manner perfectly adapts to
lateral load (Sarkisan, M., 2012), so bamboo's growth principle can be
applicable to supertall buildings and other cantilever structures.

Reducing Wind Load

The wind load increases exponentially with the height. When the height
of a tall building exceeds 250m, the wind load will normally dominate
the structural design. The overturning moment caused by the wind in
upper zone of buildings will occupy large percentage of total overturning
moment at the base. Rational building form or profile can reduce the
wind load, and is beneficial to the aerodynamic response and the
mitigation to correlated vortex shedding in a slender high-rise building.

Along-Wind Force

For a determined terrain roughness, the wind speed increases
exponentially up the height of the supertall building. In a tapered
building, as the width in the along-wind direction decreases form
bottom to top, the upper windage area is decreased. As a result, the
point of action of wind load resultant is lowered, and along-wind load
is reduced, furthermore overturning moment decreases accordingly
(Galsworthy, J. (et al.) 2012).

Figure 2. Bending moment diagram of cantilever and its engineering examples
(Source:ECADI)

(a) Bending moment diagram of cantilever; (b) Eiffel Tower; (c) Oriental Pearl TV Tower
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Figure 3. Relation between the height and diameter of bamboo (Source: Designing tall
buildings)
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Cross Wind Load

As the aspect ratio of a supertall building is greater than 6, the cross wind
load should be taken into consideration. For supertall buildings, the
main aim is to reduce the cross wind resonant response due to vortex
shedding. The key parameter is the natural frequency of the vortex
shedding (f)which could be calculated with the following formula. The
natural frequency of the vortex shedding f is a function of the shape of
the building (St), the building width (B), and the wind speed (U).

f_&U
B

Where:

St stands for Strouhal number, which is a constant for a given cross
section and approximately equals to 0.2 for a circular section, 0.10 to
0.16 for rectangular sections.

U stands for the wind speed at a certain height of a building.
B stands for the width at a certain height of a building.

When the vortex shedding frequency f approaches a natural vibration
frequency of the building fB, large responses can occur. The variation

of the size or shape of cross section along the height of a building
could affect the value of Stor B, which could disturb the organization of
the vortices, in order to reduce the cross wind load. Hence, compared
to prismatic form, tapered profile could not only reduce cross wind
load, but also improve the perceptible acceleration at the top.

Improving Structural Lateral Resistant Stiffness

The optimization of the shape of super high-rise buildings can be
achieved by structure shape-finding (Stromberg, L.Baker, W. F. (et
al.) 2011)). For super high-rise structures, lateral load is the main
factor in design, so its shape-finding can be done like the following.
Under uniform lateral load, shape finding starts from an initial shape
(a cylinder, for example) which is iteratively modified through the
optimization process until the best shape for the minimum drift at
the top of the overall building (or the maximum lateral resistance
stiffness) is found. In the example shown in the Figure 4, the geometry
is parametrically controlled by the radii of the floor plates at various
elevations. The height of the building, the base diameter and the
overall internal volume remain unchanged.

Figure 4 shows the structure shape-finding process of a cylinder. The
shape of the structure becomes a cone from a cylinder after several
iterations. The genetic algorithm is also suitable for similar cases. As
Figure 5 shows, after several generations of mutation and heredity, the
same form and result are worked out (Goldberg, D.E. 1989.). The two
examples above show that as to the super high-rise buildings that are
mainly under lateral load, when keeping the volume of the building
unchanged, cone shape has the biggest lateral-resistance efficiency
(stiffness).

For tapered-shaped supertall buildings, if the framing column is
slightly tilted, the lateral drift of the frame can be reduced. More levels
can be erected with a tapered form than a rectangle form. Based on

a simplified analysis of a tower with 32 stories high, it is divided into
three groups as no slope, half slope from the middle, and an entire
slope from the top (see Figure 6). When the exterior columns have a
inclination of 8%, the 32-floor frame will have a lateral displacement
reduced by 50% (Lin, T. & Stotesbury, S.D. 1992).
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Figure 5. Shape-finding of a high-rise building using genetic algorithms (Source:
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Improving the Overall Structural Stability

The tapered-shape building has a different gravity distribution from
the non-tapered building (see Figure 7). For the non-tapered building,
the gravity distribution remains almost uniform along the elevation

of the building. However, for the tapered-shape building, the gravity
decreases linearly with the level of the building. The tapered-shape
building seems to be more stable since it has a lower gravity center.

To keep the overall stability of the super high-rise building, the P-delta
effect shall be small enough to prevent the instability or collapse arisen
by the lateral load, such as wind load and earthquake load. Generally,
the P-delta effect should be less than 20% when the structural stiffness
reduces 50 percent, which means the critical buckling coefficient Acr
for the structure on the gravity load will be 10 at least.

Under the gravity load, Acr can be expressed by the following formulas.

For the non-tapered shape structure,
_Elz? 1

3=

(whend,=q1)

For the tapered-shape structure,

2
= EI’Z 1 (wheng,=0.5q,)
4H? 5
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Where El is the lateral resistant stiffness of the structure, and H is
the height of the structure, and 3" _ G, is the whole weight of the
structure.

In the design of high-rise building, the ratio of stiffness-to-weight KD is

used to control the overall stability, which
Koz Elm?
D_HZZin:I Gj
To keep the overall stability of the high-rise building, KD will be 1.352,
1.127 and 0.676 for q2=q1, g2=0.5, 1 and q2=0 respectively.

The above analysis shows that the tapered-shape structure has lower
request of the ratio of stiffness-to-weight, which means the tapered-
shape can improve the overall structural stability. Assuming the same
height and the same weight of the structure, the larger the tilt angle of
the tapered shape is, the lower is the request ratio of rigidity-to-gravity
will be, even up to 50% lower.

Increasing the Shear Force Carried by Outer Frame

Chinese code for seismic design requires two seismic resistant systems
in supertall buildings. In the frame-core structure, outer frame is
required to have enough lateral resistant stiffness and the maximum
ratio of story shear force carried by frame to total base shear force
under seismic load should be more than 10%. As the shear stiffness of
mega frame is small, it is difficult to meet this requirement for mega-
frame-core structure. As a result, if the outer frame column is inclined
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Figure 6. Comparison of lateral-resistance stiffness of frames with different slope (Source:
ECADI)
(a) None slope; (b) Half slope from middle; (c) Entire slope from the top
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Figure 7. Gravity distribution along the elevation of the high-rise building (Source: ECADI)
(@) Model of high-rise building; (b) Non-tapered building; (c) Tapered-shape building
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towards inside, horizontal component of axial force in the column can
counterbalance part of story shear force caused by horizontal load.

Figure 8 shows the elevation of Goldin Finance 117 Tower, mega-truss
tube is used as the outer frame, four mega columns are set at four
corners. In each elevation, the inclination 8 of the mega column to
vertical is 0.882 degree.

One corner column at the bottom of the building is studied for the
composition of horizontal shear force under horizontal earthquake
loads. As shown in Figure 9, P and Virepresent respectively the axial
force and shear force at the cross section of the member; Vt represents
the shear force at the horizontal section of the member, whose value
could be calculated as the following,

V=P sinf+V -cos?f
P-sin is the projection of axial force in horizontal direction.

Analysis result shows that the shear force contributed by the axial force
of inclined column occupies 23%-31% of the total shear force under
the horizontal earthquake load. It proves that the inclined columns can
improves the shear capacity of the outer frame.

0. 882

§

%

Figure 8. Elevation of outer frame of Goldin Finance 117 Tower (Source: ECADI)
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However, coins have two sides. The example above shows that the
inclination of mega column towards inside could bring the horizontal
component of axial force which is favorable for lateral resistance. On
the contrary, the inclination of mega column towards outside could
be unfavorable. Figure 10 shows the 3D view and top view of the
outer frame structure of Tianxi Tower in Nanning. 8 columns with

an inclination towards outside are arranged at the lower zone. The
maximal inclination of column to vertical is 6.7 degree. The horizontal
component (4153 kN) of axial force in the tilted column occupies 28%
of the whole story shear force, whereas the inclination of columns
towards outside could cause shear force in the same direction of the
lateral load which increase the shear force resisted by core.

In summary, due to the inclination of columns towards inside, the
tapered tall building could strengthen the lateral stiffness of outer
frame, increase the shear force carried by outer frame and improve
the second seismic resistant system. On the contrary, the inclination
of frame columns towards inside, which makes a reverse tapered
building, could reduce the structural stiffness of outer frame and is
unfavorable to the lateral resistance of the whole structure.

Conclusion

Reduction of the plan shape/area of the tower up the height or
tapered profile is of significant benefit to architectural functions and
structural design in super high-rise buildings. At the same time, a
series of problems are brought up and need to be balanced and
rethought out.

1. Not only the requirement of the mixed-use functions can be
met, but also the structural material is made full use of. And
the wind load upon the building can be reduced effectively.

2. Both the stiffness of lateral resisting system and overall
stability are improved significantly. As a result, the P-A effect is
reduced under lateral loads.

3. Inthe frame core system, inclined columns due to tapered
profile can add the shear forces of the outer frame, which
guarantees the second seismic resisting system.

4. Insome cases, it is impractical that the footprint of the tower
is oversized or more levels are needed to erect.

5. Without uniform level up the height in a tapered profile
building, the elevation, facade details, formwork system and
erection technology will be more complicated. Accordingly,
the construction period will be expanded and cost will be
added.
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Figure 10. 3D view and top view of the outer frame structure of Tianxi Tower in Nanning
(Source: ECADI)

(a) 3D view of the outer frame; (b) top view of the outer frame
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