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Abstract

As tall buildings grow to greater heights and strive to incorporate more unique forms, clarity

in the development of the structural system at conceptual design is essential. These types

of projects must be rooted in fundamental principles, including sound wind and seismic
engineering. With the critical groundwork laid in the preliminary design phases, the power of
the latest in digital design tools and strategically implemented newer construction technology
can be channeled to optimize what has already been deemed to be a viable structural base
scheme. This paper will highlight a select number of recent tower projects which illustrate

these assertions. Objectives are to share the intentions, process and benefits of collaborative
conceptual development for structural systems for supertall and unique towers; highlight newer
technologies which are being implemented into current tall building structural systems.
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Tall Building Conceptual Design

In an effort to keep up with tighter, more
ambitious design schedules, modern

tall building design is finding itself more

and more dependent on the very latest
innovations in design software and advances
in construction technologies. Building forms
and project scales once considered too
aggressive or unusual for further consideration
are quickly — and without much forethought -
finding their way through preliminary analysis
and sizing. Though the desire by all concerned
(clients, architects, and engineers) to realize
visionary architecture is unquestionable, it

is the duty of structural engineers to keep

in check this initial enthusiasm to ensure a
measured approach is followed. If engineering
firms succumb to the temptation of what at
first appears to be the increased efficiency

of the computers, there is a real danger that
limiting resources of finances and manpower
may be squandered on early flawed structural
concepts. Additionally, systems developed in
this manner have the potential to leave others
in the design team, as well as clients, forced

to work around a contrived system as projects
proceed. The question is not about forgoing
the use of the latest in computer software and
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technologies, rather it is at which point the initial concept should be
turned over to the computer analysis.

In order to remain at the forefront of field, it is important to invest in
the latest digital design tools and strives to apply them appropriately
to best take advantage of the increased efficiency they offer (see Figure
1). To this end, when digital design tools like parametric modeling are
utilized for tall building design, we stress the thoughtful determination
of input rules and constraints to ensure that computer modeling

is answering the fundamental design issues at hand. Rather than
completely “driving” the solution, the computer is reserved for “fine-
tuning”” Approaching design in this manner takes full advantage of
the combined expertise of seasoned engineers and the speed offered
through computer modeling.

The following selected projects are examples of projects where
Halvorson + Partners (H+P) personnel have applied their experience to
develop design concepts based on fundamental tall building design
principles. Additionally, some of the selected projects also demonstrate
how to apply newer technologies to enhance the behavior and
response of building systems based on the unique loading constraints
of the particular project.

Opportunities To Express Clear Structural Systems (Russia Tower)

The Russia Tower, designed by H+P in conjunction with Foster +
Partners out of London (see Figure 2), offered an opportunity to

directly express a number of fundamental tall building structural
design principles in the design. The following structural system

principles were expressed in the building’s architecture:

« gravity loads spread out over a broad base

« lateral loads carried on the same elements utilized to support
gravity loads and with minimized premium over sizing required
to support gravity loads

» majority load supported as direct axial force with minimal
bending

» material and component characteristics evaluated and used
cost-effectively (i.e, concrete in compression, steel in tension)

Tall building design principles applied in this context lead to the
development of an innovative braced spine system where gravity
load is spread (principle 1), column and wall gravity elements also
resist lateral loads (principle 2), the core is braced primarily by the axial
stiffening effect of diagonal brace/columns (principle 3), and steel is
utilized for the main bracing/column elements while concrete is used
to frame the interior core area (principle 4). Although sophisticated
non-linear analysis was eventually conducted, the essence of the
system drew from the experience and intuition of senior staff. Only
cursory analysis was conducted prior to drafting the range of possible
structural system options discussed with Foster + Partners for
development.

Applied Aerodynamic Shaping And Structural Layout (Wuhan
Greenland Center)

Moving to August 2010, Adrian Smith and Gordon Gill Architecture
(AS+GG) approached H+P to participate in the competition for a new
tower project for the Shanghai Greenland Group in Wuhan (now the
Wuhan Greenland Centre, see Figure 3). In this case, aerodynamic
shaping and layout of this 606m mixed-use tower (2nd tallest in China
when completed) took advantage of low seismicity of the site (GB

Figure 1. H+P Workflow Diagram with Digital Design Tools (Source: H+P)
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Figure 2. Russia Tower Rendering (Source: Foster + Partners)
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Figure 3. Wuhan Greenland Center Competition Rendering (Source: Adrian Smith +
Gordon Gill Architecture)
B3, RGEH F O R RUARE (HAS+HGCR )

seismic intensity 6, the lowest) and minimal basic design wind pressure
of 0.350 kN/m2.Though the absolute height of this structure placed

it firmly in the “wind controlled” category, it was quickly recognized
that the relatively mild wind climate and low seismicity of the site
would allow them to push the boundaries of height and slenderness
of structure through sophisticated wind engineering and aerodynamic
shaping.

Coupled with the standard guiding principles of tall building design,
this project is a prime example of how design intuition could work

in conjunction with an understanding of current wind engineering
research and newer technology to maximize performance of a
proposed structural system. H+P worked with Rowan Williams Davies
and Irwin Inc. (RWDI) consulting engineers out of Guelph, Ontario,
Canada to identify effective aerodynamic shaping measures that could
be pursued in the design to minimize the building response and
mitigate loading effects on the building due to wind (see Figure 4).
The aerodynamic shaping features incorporated into the massing for
the design competition included: orientation of the building on the
site to reduce drag, tapering tower form, rounding of corners of the
building, and vented corner screen walls.

In addition to aerodynamic shaping studies of the overall form, the
layout pattern of the mega-columns in the core linked to mega-
column system on the floor plate shape could have a significant
impact on the performance of the system (particularly in a case such as
this, where design is definitely wind-controlled). Studies demonstrated
that the triangular floor plate layout of mega-columns was the least
sensitive to the orientation of the building to prevailing wind direction
(see Figure 5), consequently a mega-column layout working within

the constraints of the floor plate shape was pursued for the structural
system.

Engaging Mega-Structure Behavior (One Dubai)

On another supertall tower design project in Dubai, One Dubai Tower,
H+P collaborated with AS+GG again to develop a design concept

for a mega-structure comprised of three towers of varying heights,
linked elegantly by slender sky-bridges (see Figure 6). Again, the
initial system layout for each tower was developed utilizing sound tall
building design principles but in this project’s case, the architects and
engineers worked closely to develop a strategy to take full advantage
of the bridges linking the towers in order to optimize the structural
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Figure 4. Wuhan Greenland Center Competition Aerodynamic Shaping (Source: H+P)
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Figure 5. Wuhan Greenland Center Competition Mega-Column Layout (Source: H+P)
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Figure 6. One Dubai Rendering (Source: Adrian Smith + Gordon Gill Architecture)
E6. w#H15ABEHRE (HAS+GCHR )

performance of the system. The initial structural system designs
were developed with detailed oversight of experienced tall building
engineers, which allowed adaptations to the design (such as dramatic

height increases) to occur without total re-work of the design concept.

In the competition phase, the tallest tower T1 reached a maximum
height of 686m (T2-525m and T3-445m). Initially, the bridges were
allowed to function as slender links that could transfer shear between
the towers by pushing and pulling on adjacent towers. This type

of linkage, although it transferred no global over-turning moment
directly between towers, had a benefit in that it linked together three
structures with varied dynamic properties and, as a result, tended to
dampen out the dynamic responses of the entire structural system.
After AS+GG was contracted to begin work on the project, the

tower heights began to increase in response to the client’s requests.
Eventually Tower T1 height increased to 1008m (T2-874m and T3-
685m) (see Figure 7).

Although the base dimension of the towers increased from 64m
(Scheme 1) to a base dimension of 75m (Schemes 3A and 3B), it was
determined that the enlarged base dimension along with upsized
tower system elements alone could not improve stiffness enough to
meet the greater loading requirements of the taller tower scheme.

In order to meet these demands, it was concluded the nature of the
bridge linkages needed to be altered, such that global overturning
moments, not just shears, could be transferred directly through the
bridges between the towers to produce true mega-structure behavior
of the linked system.

Scheme 3A (Mega-braced scheme) was determined to produced
an effective linkage system but that an inherent challenge of the
system was the design of long slender concentric brace elements. A
comprehensive non-linear buckling analysis determined that long-

term gravity and temperature effects significantly impacted the design

of the elements. As a result, a system of lock-up devices, dampers,
and climate control measures were considered in the design of the
braces in order to minimize the loading due to these effects. The final
designed struts proved to be extremely effective, increasing stiffness
of the system by almost 70% from the unlinked tower system and by
approximately 55% from an unaltered bridge stiffness scheme.

In the final analysis, although Scheme 3A resulted in an efficient
design, it was concluded that it represented a significant departure
from the competition scheme aesthetics. As a result, a more nuanced
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approach to stiffening up the bridge linkages was developed. Scheme
3B (Strutted Bridge scheme) was the result of a number of studies with
varied strutted bridge depths reviewed in order to achieve a sufficient
tower linkage for the increased height. Scheme 3B included a shorter
brace below the bridge trusses used to stiffen the bridge linkages. In
the final linked condition, the strutted bridge linkages were able to
achieve up to 25% global over-turning linkage between towers (see
Figure 8).

Newer Technologies Applied To Minimize Motion Perception
Issues (Elysian Tower)

In some slender tower situations, dynamic response of the building
due to wind loading can be significant even when sound principles
are utilized to lay out the structural system. In these cases newer
technologies may offer the most cost-effective means by which
motion perception issues can be controlled. Generally, horizontal
accelerations vary inversely proportional to generalized mass, vary
inversely proportional to the square root of damping, and, less
significantly, are correlated to the stiffness and period of the structure.
As a result, often the most cost-effective way to reduce building
accelerations is by re-proportioning building elements to maximize
generalized mass. If this cannot be achieved in a cost-effective manner,
a more efficient way to meet acceleration limits may be to incorporate
a building damper.

In order to maximize the efficiency of the devices, dampers are often
located in the upper portions of structures. Damper sizes, as a rule of
thumb, are about 2% the size of the Generalized Mass of the building
and can take on many different forms. A few different types of building
dampers are: (1) Sliding Mass, (2) Pendulum, (3) Sloshing Tank, and

(4) Liquid Column (see Figure 9). H+P has incorporated damping
devices into two high-rise buildings in Chicago. The Elysian Tower
(designed in conjunction with Lucien Lagrange Architects) and 50 East
Chestnut (a collaboration with Solomn Cordwell Buenz & Associates,
Inc.) are the only two buildings in Chicago which utilize Sloshing Tank
Damper devices at their tops to control accelerations. In the future,
with the emphasis on green architecture and sustainable design, it is
anticipated that this type of technology will become more prevalent
given the focus on using less material to meet performance criteria
limits. Damping devices by definition minimize the amount of required
structure and allows for designers to stay at the forefront of cost-
effective damper design implementation to tall building designs.

New Technologies Applied To Minimize Rare Level Seismic
Damage (Vantone Center)

Supertall building design projects in China usually require Performance
Based Design (PBD) including non-linear time history analysis to
demonstrate acceptable building response under prescribed rare level
earthquake loadings. During this Elasto-Plastic analysis, conducted and
presented for Expert Panel Review (EPR), component performance is
recorded and compared against performance objectives specified by
Chinese Code. Traditionally system designs incorporate strengthened
zones at critical locations in the structure along with secondary
structural frames to provide ductility and robustness under rare level
seismic events. In most cases satisfactory conceptual design can be
achieved drawing on the design experience of engineers well-versed
in tall building design in higher seismic regions. Recently H+P has
begun investigating the use of supplemental damping systems to not
only achieve performance objectives efficiently but to also minimize

Global Overturning by Tower - RWDI 1da (2.0% Damping)
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Figure 8. One Dubai Global Overturning Diagram (Source: H+P)
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the amount of dissipated energy by the structure and therefore the
damage to the base building structure for rare seismic events.

For the Vantone Center in Tianjin (designed in collaboration with
AS+GG) lock-up devices (essentially fused dampers which behave
rigidly under design level wind and seismic loading) were investigated
for an approximately 185m composite tube-frame office tower. The
structural system of the tower consists of a reinforced concrete

core linked to composite concrete filled tube perimeter columns
through a system of steel outrigger trusses at one double story
height mechanical level. Steel belt trusses utilized at this same level
link perimeter columns together (see Figure 10). A dual system steel
perimeter frame provides a second line of defense to resist seismic
loads.

H+P worked with Taylor Devices Inc. out of North Tonawanda, New
York to establish damper lock-up device designs at isolated locations
(4 outrigger diagonal locations) which allow these elements to
respond rigidly at low level forces (frequent earthquake and 100

year wind loads) to ensure inter-story drift limits are met and to
engage at rare level earthquake loads to dampen out higher loading.
Utilizing appropriate damper designs, it was demonstrated that the
overall energy absorbed by the structural system of the building (a
measure of overall structure damage) could be significantly reduced
by incorporating even a small number of isolated lock-up devices.
The reduction of energy absorbed by the structure is due to two
effects: (1) lengthening of the period of the system, and (2) a greater
portion of the energy being absorbed by the isolated dampers on
these specific elements (see Figure 11). The diagrams demonstrate
that energy dissipated by the structure when dampers were utilized
(considering one governing rare seismic event) is approximately 50%
of the base case when no dampers are employed. This study implies
that significantly less damage may occur and less subsequent repair
work may be required to restore a building to its full design integrity
level after a rare earthquake when dampers are utilized. Design of the
dampers is established to ensure the building can still meet the inter-
story drift criteria for rare earthquake loading, thereby capping the
amount the building could “softened up”.

Conclusion

Today's world of supertall building design demands a re-focusing on
the value of conceptual design, prior to the initiation of computer
modeling. The advent of powerful computing tools and tight schedule
demands tempt structural engineers to jump into computer modeling
prior to thoughtfully considering the problem at hand, but engineers
should resist skipping this vital step. Thoughtful consideration of
structural systems during conceptual design allows digital design tools
and new technology to be incorporated with clarity into a structural
system. This manner of working often takes more time, but it is also
only through this process that truly great architecture and structural
design can be realized.
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Figure 10. Vantone Center Rendering and Structural System (Source: Adrian Smith +
Gordon Gill Architecture and H+P)
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Figure 11.Vantone Center System Energy Dissipation Diagrams with and w/o Dampers
(Source: H+P)
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