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The Parametric Design of Shanghai Tower’s Form

and Facade
tEFQAEER GATEHSR MR

Jun Xia (E %) & Michael Peng (¥R, Gensler

The Shanghai Tower was only made possible by using innovative design ideas, integrated technology, and advanced tools. This paper is
centered around the project as a case study on the parametric design platform utilized by the design team to bring this iconic tower to
construction. The design process revolved around the use of a series of parametric software programs. These programs allowed the design
team to manipulate and refine the project's complex geometry iteratively. The parametric platform played a pivotal role in assisting the team to
define the tower’s unique and environmentally responsive high-performance form, facade, and supporting structure.
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Introduction

Shanghai Tower is currently in advanced construction, en route to becoming the largest and
tallest double-skin fagade structure in the world, and one of the most sustainably advanced.

As the last of three supertall towers, and the only megatall tower, of Shanghai’s Lujiazui central
business district, adjacent to SOM's Jin Mao Tower and KPF's Shanghai World Financial Center
(see Figure 2.1), Shanghai Tower will redefine the identity of the city and the world's perceptions
of China. Its originative architectural, structural, and MEP design, as well as its innovative design
process, exemplify the future of high-rise construction.

The form of the 128-story building is a triangular column that twists and tapers as it rises 2,073
feet (632 meters). The curved corners of the triangle act to minimize wind loads and create

21 atria between the inner and outer curtain walls. A notch running up one corner adds to
the aesthetics and sustainability of the design. Nine zones, 12 to 15 floors each, are stacked

to create smaller neighborhoods within the supertall tower. The resulting unique, complex,
and environmentally-responsive form helped win the international competition for its design
in 2008. It also called for an inventive approach to bring it from paper to reality—it called for
innovative use of parametric design.

The team for Shanghai Tower chose to use a parametric design process for several reasons.
Constructing a complex building shape that had never before been conceived required the
most innovative tools. Parametric design platforms allow for highly accurate results and good
correlation between a model and its built form. They are very flexible and adaptive, offering
instant feedback to changing variables. These nonlinear adjustment tools give architects the
ability to effect multiple changes simultaneously. This allows designers to better understand
iterative massing studies while observing the relative impact to the overall performance of
the systems involved.

Another important reason for the use of parametric design was its assistance in creating
Shanghai Tower as a sustainable building. This can be seen in the example of parametrically
incorporating wind load data on the building. The location of Shanghai Tower and its proximity
to two other supertall buildings means that these loads can have substantial impact. To address
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Figure 2.1. Site Plan. (Source: Gensler)
E2.1. % -F @ & (RIE: Gensler)

these loads, the design team developed a
series of models in a parametric program.
Rotation in the models ranged from 90° to
180°. They sent these to Rowan, Williams,
Davies & Irwin (RWDI), a wind engineering
consultant firm, which tested the series in
a wind tunnel with 1/500 physical models.
The researchers found that increasing the
rotation reduced the wind load on the
facade and superstructure, and suggested
an option that manifested a reduction

of 24% compared to a rectangular form

of the same height; this in turn reduced
the amount of material of the structural
system. Then, the design team generated a
detailed model incorporating wind-tunnel
data back into a parametric program. The
result was made into a 1:85 scale physical
model that was then tested in a large-scale
wind tunnel. The model was set within the
context of its supertall neighbors as wind
loads on buildings in realistic environments
surrounded by neighboring buildings may
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be considerably different from those measured on isolated buildings. This high Reynolds
number test showed an additional 8% benefit, resulting in a 32% total reduction of wind loads.
This iterative process allowed Shanghai Tower to save US$58 million in required structural steel.
Furthermore, it allowed the project to save money in design loads used to size glass thickness,
window unit frame members, and the curtain-wall supporting structure.

Shanghai Tower's numerous parametric studies all followed a rigorous process. The design team
would first input data, parameters, and conditions into a program. They would then include
information driven by formulas, data, and scripts. From this they would receive output in both

a data sheet and a 3D model. They would share and analyze the output with their client and
consultants to further develop and refine the design. Next the architects established a model
and selected a system that included responses and comments from the consultants and the
client. Then they repeated the process. In this way, the team was able to address some of the
project’s important design issues so as to produce a high-performance megatall building.

The team used several parametric software programs to both refine the design and establish
the documentation process that would be maintained through execution. The architect, its
client, its contractors, and its design consultants—including Thornton Tomasetti (structural),
Cosentini (MEP), and Aurecon (fagade)—collaborated via various parametric and Building
Information Modeling (BIM) platforms for a variety of tasks. These included architectural,
structural, and MEP design and coordination; analysis of fire safety and energy; 3D shop
drawings, digital fabrication, construction simulation, and digital preassembly. This chapter
focuses on how parametric design was used for Shanghai Tower’s form, facade, and structure,
and how BIM software helped to refine and coordinate the design.

Form

Shanghai Tower's exterior curtain wall—with a horizontal profile of an equilateral triangle with
rounded apexes and a notch in one apex, and a vertical profile that twists and tapers as it
rises—means that every floor of the building is different (that is, all floors have the same shape,
but each floor is rotated roughly 1% from the floor below, and the floors scale down as the
building rises). The design team used parametric software to define the building's complex
geometry and to create an associative model integrating the building and fagcade. Their studies
included three aspects of the building’s 2D and 3D form: its horizontal profile (the default
geometry of the plan), its scaling, and its rotation.

The first challenge was to set the horizontal profile. The design team had already determined in
the design competition stage that the basis of the exterior curtain wall would be an equilateral
triangle with rounded apexes. They needed to optimize the curvature of these corners to

meet aesthetic, functional, and sustainable criteria—that is, to optimize the appearance of the
corners and the use of the atria that were created between outer and inner facades, to balance
the building’s gross floor area (GFA), and to minimize the effect of wind loading. To do this,
they entered basic data into parametric software and changed the key angle (A1) to produce
different corner configurations (see Figure 2.2). From this study they determined that an A1 of
23.3 degrees created the optimum tangential transition between corners and equilateral sides.
It resulted in a smooth building shape that could then be tested for rotation and scaling. The
corner transition of each floor of Shanghai Tower, derived from the optimal 23.3-degree A1,
would remain constant throughout the height of the building.

The second task in studying the form of the exterior wall was to develop a vertical profile that
determined the scale and rotation of the building. Through this process, the design team tested
both linear reduction and exponential reduction to find the best possible way of transitioning
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Figure 2.2. A study in Rhino with Grasshopper to determine the angle, A1, producing the optimum curvature of the

corners of Shanghai Tower. (Source: Gensler)
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scale between the floors, along with the
best overall appearance of the tower. They
used the equation

y — ez*s
where y = the percent of scaling, e =
mathematical constant (Euler’s number), z =
elevation, and s = scaling. By adjusting the
scaling, rotation, and elevation in parametric
software, the design team could compare
the aesthetic results, the GFA, and the floor
efficiency of various combinations. An's,
value below 100 percent yielded models that
scaled from bottom to top, while those with
s, values above 100 percent produced the
inverse (see Figure 2.3). Additionally, and very
importantly, the geometrical relationship
between the subsequent floors, as well as
between individual curtain panel units, could
be understood, iterated, and optimized. After
running many prototypes through both
parametric modeling studies and physical
tests, the design team chose a rotation of
120 degrees and a scaling of 55% from base
to top to optimize aesthetics, sustainability,
and function (see Figure 2.4).

In creating an associative model of Shanghai
Tower, the team moved through three
phases of data gathering. First, they built

an initial model of the building with purely
geometric data. Next, they created an
intermediate model that incorporated the
facade and the curtain wall support structure
of the building. Finally, they produced a fully
developed and detailed model. Parametric
design software allowed the team to
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Figure 2.3. Parametric studies of the scaling of Shanghai Tower. (Source: Gensler)
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Figure 2.4. From many studies, the design team chose a
rotation of 120 degrees and a scaling of 55% from base
to top for Shanghai Tower. (Source: courtesy Gensler)
EH24. 2R £ RHR, RITHENLE LEAE IR
T 355 i 45120 B 55% B0 48 A HL Bl (R IR: Gensler)

examine the curtain wall and underlying
systems in an appropriate level of detail
early in the design process and therefore
integrate it as an overall building solution.
This integration will be discussed in the
following sections.

Facade

The rounded triangular form of the Shanghai
Tower's outer fagade uses less glass than

a rectangular facade with the same area,
allowing for significant savings in material
costs. Designed with nearly 1.4 million
square feet (130,000 square meters) of more
than 25,000 glass panels, the facade would
have been very difficult to conceptualize
using traditional computer-aided design
tools and methods. The design of the
facade needed to address, in addition to
the complexities aforementioned, Shanghai
Tower’s specific site and climatic conditions
and the experience and capabilities of local
fabricators. Using parametric software,

the design team was able to develop a
facade system that balanced engineering
performance, constructability, safety,
maintenance, economy, and design.

Their studies began with dividing an exterior
wall profile into a number of panels (see
Figure 2.5), then tested numerous panel
parameters, including size, shape, and angle.
Here the team balanced the intention to
make each panel as large as possible to
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Figure 2.5. A study of the horizontal profile at level 9 of Shanghai Tower with various panel divisions. (Source: Gensler)
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allow for the most open views, with the necessity of optimizing each panel size to be fabricated
within standard industry capabilities. They chose 138 divisions per horizontal profile as the
optimum number. This resulted in a panel length of 7 feet (2.14 meters) at the default horizontal
profile. Next, they modeled various panel and connector details to see how these would affect
the overall appearance of the facade. Here tests integrated wrap depth and vertical mullion
properties (depth, width, glass versus aluminum, continuous versus split, etc.). The team
simultaneously studied the feasibility of fabricating various facade systems by sharing their
parametric models with their consultants.

The design team studied more than a dozen fagade panel schemes and configurations, and
vetted out many for various irreconcilable challenges they presented. Three main directions—
which were named “shingle,"“stagger, and “smooth’— resulted from this process and were

put through further, comprehensive parametric modeling (see Figure 2.6). Each responded to
the complex geometry of Shanghai Tower in a different way. The shingle design used glass
parallelograms with one corner projecting from the face of the curtain wall; the stagger model
set rectangular panes of glass vertically within joints that stepped back horizontally; the smooth

facade used cold-bent glass set in angled mullions controlled by rotational bushing connectors.

The design team ultimately chose the stagger system because it was the best solution for
aesthetics, fabrication, and maintenance. In addition, it met the important code requirement
that called for the least possible impact of glass reflection to the surrounding area and required
that glass be less than 15% reflective. The physics of light suggested that the stagger panel
system, with glass set perpendicular to the ground, would shed less sun reflection to the
surrounding buildings than the shingle and smooth models, whose glass angled toward the
sun. This effect was confirmed in parametric modeling in Autodesk Ecotect (see figure 2.7).

Shingle Smooth
15 FRR

Figure 2.6. Studies of “shingle,” “smooth,” and “stagger” models for the facade of Shanghai Tower. (Source: Gensler)
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Curtain Wall Support Structure

The curtain wall support structure (CWSS) of
Shanghai Tower's exterior wall addresses not
only the complexities already discussed—
the rotation and scaling of the form and its
triangular plan—but also the complications
of connecting this intricate system to

that of the building itself and transferring
combined loads to the building core and
down to the foundation system. The CWSS
must resist wind and gravity loads as well

as loads parallel to its primary axis, typically
resulting from earthquakes. The main
components of the CWSS are a girt following
the curve of the outer wall, coupled sag
rods suspended from the complex structure
system concealed in the MEP / refuge floor
area above and connected to the girt,

and perpendicular struts and x-bracing to
stabilize the system.

To evaluate the CWSS, the design team
divided the triangular plan of each horizontal
profile into six segments and designed one
segment of it. Each segment in turn was
divided into 5 subsegments containing 2, 6,
6, 6, and 3 panels each (from the tangential
point where the exterior triangular facade
met the interior circular facade to the
centerline of the triangle’s apex). The team
established a series of work points (WPS1)

at the places where these divisions met the
centerline of the girt. They connected WPST
to the center point of the building with lines.
The points where these lines intersected

the support of the circular interior facade
became other work points (WPS2), and the
lines connecting WPS1 to WPS2 became the
locations of struts. In this way, the positions
of 4 struts were setin 1 segment. The

team then mirrored this segment to form
one angle of the triangle, duplicated this
segment two times to complete the triangle,
added the V-shaped notch in one corner, and
thus created the CWSS for a full floor (see
Figure 2.8). Once this system was established
for one horizontal profile through the
algorithmic computation described above,
data was entered into the parametric
program to generate the CWSS for the entire
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Figure 2.7. Autodesk Ecotect analysis of light reflection from Shanghai Tower. (Source: Gensler)
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Figure 2.8. Parametric study of the CWSS for one floor of Shanghai Tower. (Source: Gensler)

E28 xf Ll KB X — BN RS X HEH WSS EHMH R, (RIF: Gensler)



Figure 2.9. One zone of the full CWSS model of Shanghai Tower. (Source: Gensler)
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building (see Figure 2.9). Parametric software
thus constructed a complete CWSS model
for Shanghai tower, including the floor plans
and the geometry of the steel members.

The results generated by the parametric
programs used to design the CWSS were
integrated with data from other software
to achieve the desired results. An example
of this complex integration can be seen in
the design process used for the CWSS of
the tower crown. Special consideration was
given to the top of Shanghai Tower, which,
unlike the pointed tops of most supertall
buildings, is an opening that allows for the
sustainable features of wind turbines and
rainwater collection. The split-parabolic
curve of the outline of the tower was
technically challenging to resolve. Data from
the curtain wall geometry was exported
from Grasshopper to Excel (see Figure 2.10).
Resulting data was then reintroduced to
Grasshopper to generate a steel structure
parametric model using the structural
engineer’s parameters. Steel geometric
data—including the end coordinates of
straight steel members and the radii and
sweep angles of curved steel members—
was then exported back to Excel. The
resulting data was imported into Autodesk
Revit to generate the steel structure model.
So that Revit could read the Excel file directly
without any exchange file, the design team
wrote a script with Microsoft Visual C# that
ran between Grasshopper and Revit. Finally,
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Figure 2.10. Grasshopper model of the CWSS of the crown of Shanghai Tower. (Source: Gensler)
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Figure 2.11. BIM modeling of Shanghai Tower allowed the design team to avoid collisions of structure, ducts, shafts,
etc. (Source: Gensler)
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the team utilized the Revit model to generate the construction drawings for the crown. This
use of Revit is one example of the integration of Building Information Modeling in the design of
Shanghai Tower. Additional information on this integration follows.

Building Information Modeling

Today the use of Building Information Modeling (BIM) is standard practice within Gensler, but
in 2008, during the design of the Shanghai Tower, BIM was in its early adoption at the firm.
The use of Autodesk Revit BIM platform was essential for many aspects of the design process,
from documentation through multidiscipline coordination (see Figure 2.11). Revit was not the
driving force behind the parametric development of the building, however the design team
established an innovative and efficient workflow between the parametric software and BIM.
This was accomplished with the utilization of Scripting and file formats such as DXF, SAT and
IFC, as well as extensive Excel integration. Today, with the development of BIM technology and
the interoperability between software, many of the restrictions the design team experienced
in designing the Shanghai Tower have been lifted. In addition, BIM is an integral part of the
construction process of the tower, and this has had an impact on BIM's adoption within the
overall China market.

Initially, BIM was not required as a deliverable. However, the design team understood the value
and necessity of BIM technology for the project. As a broader understanding grew of what BIM
could deliver, it was embraced by other associated groups, including the client. Gu Jianping and
Ge Qing of Shanghai Tower Construction and Development Co,, Ltd. say they use BIM on their
projects because it allows them to “plan, coordinate and control all aspects of the work!They
expect that BIM will also supply benefits in post-occupancy. “We will take advantage of the
model to optimize the operation scheme, equipment management, real estate management,
and emergency management, to realize the greatest returns for the developer, Gu and Ge say.
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Conclusion %

Shanghai Tower is a model of innovation and integration, a symbol of how megatall buildings FEFORERAIFAERNEST, £
can and should be designed in the future. To achieve the complex form, facade, and structure BEEARETURL ZAEITHEEEE
of the tower, the design team relied on an advanced parametric tool platform, which offered Fo NTEABEMEHRER, SrEf
three main benefits to the project. First, it allowed the team to visualize the complexity of &M, RItABRRERHWSHELTE,
the design in a simple way. The triangular, twisting, tapering shape of the form, the multiple NIMERE=AFTEFL., HE, EFEF
glass and joint configurations of the facade, and the complexities of its structure were all B HREL —FEERT WA AEE
modeled with parametric design. Second, it permitted iterating and testing of design options FHEAT A A, R S E IR, =
during a very fast design schedule. For example, developing one default horizontal profile A, %, BAEL, STEHS
into a complete vertical profile through parametric modeling was exponentially faster than TR IEEETE, RSN E 3
building every line per every floor, as in traditional computer-aided design. Third, it assisted in MHWERAN, Hok, EHREREITITR

developing a methodology that could be used across the multiple disciplines needed to realize WE BRIt E 7 ZENERMANR, W
the building. Structural, MEP, and facade engineers, glass and steel fabricators, and the project’s il S HNEE, B ANEEATFES

client communicated through models developed in parametric design. Ultimately parametric HERN—NTZENEENVLAE SR
design tools allowed the design team'’s unique architecture to be built efficiently and safely, to BRI RIENTENNELLERY
be a solution for its client’s intent, and to provide an iconic image for Shanghai, with economy HE. &, vHBHE &S
and sustainability always in mind. LA BRI ERTFN T R &

H, AL R TRF, B35 MM S
B, URIE b F#8E5HMRT TR
HERHTRR. SHMET TEREE
LN S 3 2 N g AR S &
i, ARNEEPAREST AT
£, AMY LETE-NRELFERE
HHAT .
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