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Dr. Peng Liu serves as a specialist in structural optimization
for Arup's East Asian region, responsible for conducting
optimization studies for signature projects and providing
external value engineering services. His experience centers
on tall building and seismic design, and various China-
based, project-specific works. Liu has been involved in or
responsible for the structural design of several super high-rise
projects across mainland China and Hong Kong, such as the
597-meter Tianjin 117, the 528-meter China Zun Tower, CCTV
Headquarters, and Phase Three of CTWC.
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Yu Cheng has been involved in the development of many
landmark high-rise building projects, including the 528-meter
China Zun Tower, the 200-meter Beijing CBD Z3 Tower, and the
Tianjin Kerry Center. Cheng is familiar with Chinese Code, with
experience in tall building, composite structure, and seismic
design, as well as construction.

5 5B S MM R EFES28 KR EE. 200K
MALRZOXZMEMKEREPOF, WEEF
MEHEEFENBSE. BEEMTEIANER
425,

Dorothee Citerne | it &

Associate | 8l 2 TA2IH

Arup
RGN E IR E

London, United Kingdom
e, RE

Dorothee Citerne's expertise ranges from parametric
modelling to structural analysis. Citerne has been involved

in the design of various types of structures, including steel
and glass building structures and composite high-rise towers
in seismic areas, also using many different materials, such as
textile membrane, glass, steel, concrete, and timber.
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Leo Zhang received his Master of Design Science degree in
Sustainable Design from the University of Sydney. Zhang

is currently project manager for the further research and
development of the CDO module in integrated smart
design tools. He also has extensive experience in research
and development, as well as the application of structural
optimization and smart design.
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Abstract | B E

A series of integrated smart design tools has been developed to satisfy different design
requirements and to achieve an optimal balance between economics and safety. The

series of tools combines the functions of parametric modelling, optimization modules,

and visualization tools based on the same platform. Through parametric design, the

design process as a whole, which includes geometric studies, structural analyses, drawing
production, and BIM modelling, are automated. Embedded within the workflow, the structural
optimization module enables engineers to efficiently find the optimal distribution of structural
elements. Then, a web-based visualization tool and an augmented reality (AR) visualization
tool are used so that post-design data can be shown through diagrams to facilitate further
design and coordination. These integrated smart design tools have already been successfully
applied to several supertall building projects, with heights ranging from 200 meters to 500
meters and beyond. This paper describes the application of the tools in different high-rise
buildings and values added to all the participants.

Keywords: Optimization, Parametric Design, Seismic, Structural Engineering, Supertall
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Background

Nowadays, more and more complex
buildings, such as high-rise towers or long-
span structures, are springing up all over the
world. According to CTBUH statistics, the
annual number of completed 200-meter-plus
towers has increased from 18 (2004) to 100
(2014) in the last 10 years; of those 200-meter-
plus towers completed in 2014, 78 percent are
located in the megacities of Asia.

To address the challenges of achieving

an optimal and sustainable design during
the urbanization process of megacities,
some Integrated Smart Design Tools were
gradually developed by Arup from 2011 to
2015, by combining structural parametric
modelling modules, structural optimization
processes, and visualization tools. These
tools were applied throughout the entire
process of development for the China Zun
Tower and several other tall buildings and
complex structures. An automatic modelling
of structural geometry and analysis models,
as well as automated optimization based on
multiple pre-set targets, were realized.
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Introduction of the Integrated Smart
Design Tools

The Integrated Smart Design Tools encompass
three major parts of the in-house developed
modules which realize the functions of
Parametric Design, Computational Design and
Optimization (CDO), and Visualization. This
working flow (Figure 1) streamlines previously
manual/semi-manual work into an automated
production process; therefore, design working
efficiency is significantly increased.

Parametric Design

Rather than building up a complicated
structural analysis model with tens of
thousands of variables from engineers,
parametric design uses high-level

geometric information and structural

system configurations as key parameters to
generate the structural model automatically.
Any changes to these key parameters will
significantly change the output structural
models and thus, engineers are able to
explore a large variety of options. Workflow
is integrated with the parametric design
software Rhinoceros and Grasshopper, as well
as commercial structural design software,
such as ETABS and GSA. Since Rhinoceros lacks
structural information and the structural design
software is short of parametric modeling
capabilities, a series of tools (Designlink,
Salamander, Etabswriter, and others) were
developed to fill in the gaps: Designlink is a
data presentation layer describing all of the
structural information (like joints, members,
sections, materials, and loading); Salamander
is a Rhinoceros plugin that sets up a top-
down decomposition process within certain
parameters; and Etabswriter is responsible for
writing model files for these softwares and
reading analysis results back.

Once the architectural massing is confirmed,
the patterns of structural configuration —in
the format of coded parameters — can be
applied to create the centerline structural
geometric model. Itis, in turn, assigned with
loading and material/section information,
also in the format of coded parameters in
accordance with the actual building layout.
The complete structural model information
is then exported to commercial analytical
software through the internally developed
interoperable platform and model conversion
tools to discover structural behaviors.

Structural Optimization

A structural optimization module is added

in order to automatically find optimal lateral
stiffness distributions (Figure 2). To keep the
overall architectural massing unchanged,
structural systems and centerlines are
determined from previous parametric designs.

Figure 1. Workflow of the integrated smart design tools (Source: Arup)
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Figure 2. Structural optimization for optimal lateral stiffness (Source: Arup)
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Figure 3. Augmented Reality (AR) visualization 10S app (Source: Arup)
E3. BRI (AR) PIHLIOSN AR (SRR ERIMEHNTIZm0))

Given a pre-set optimization objective, such as
minimal material cost, and multiple constraints,
including lateral displacements or the
capacity of key structural elements to comply
with code’s requirement, the dimensions of
the whole structural members are sized in
iterations based on the optimization algorithm
"Optimal Criteria” method, within a given

sizing range. Since the structural members

of tall buildings are often dominated by the
requirement of lateral stiffness, this module can
effectively size the members for the various
options generated by parametric modeling,
together with strength checking data from
other software or spread sheets.

Visualization

The parametric design and optimization
processes normally generate massive
amounts of data, requiring proper
visualization tools for post-data analysis

and the presentation to clients. Through a
development based on webGL three,js 3-D
engine, key information such as strain energy
density or material utilization were enabled
to allow for presentations by value/color
contour in 3-D models through a webpage.
An Augmented Reality (AR) 10S app was also
developed to review the results on iphone/
ipad’s or other mobile devices (Figure 3).

The Application of the Integrated Smart
Design Tools

Case Study of China Zun Tower

The 528-meter-tall Z15 Tower — also known as
China Zun Tower — is located in the core area

of Beijing’s central business district. The facade
shape of the tower was inspired by the imagery
of a“Zun"- a traditional Chinese vessel for wine.
The floor plan of the tower is square with filleted
corners. The area of the floor plan contracts as
the height increases, reaching its minimum at
the upper mid-section of the building before
increasing from this point up to the roof.

Architects adopted series of parameters to
modify the geometric shape of the Tower
parametrically. This provided the pre-condition
of creating the smart design framework based
on existing parametric geometric studies.

The Study of Megacolumn Geometry
The structural system of China Zun Tower is
a dual lateral load resistant system (Figure
4), which consists of a perimeter frame with
megacolumns, megabraces, transfer trusses,
and a concrete central core with composite
shear walls.

The positioning of the megacolumns is one

of the most important factors in the structural
system on this project. It has a dominant
influence on the performance of the structure,
and it also determines the position of all
perimeter frame components which are closely

related to the efficiency of building space usage.

There are four megacolumns from the
basement raft to the seventh floor of the tower
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Figure 4. Dual lateral resisting structural system of China Zun Tower (Source: Arup)
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in each corner. From the eighth floor to the
top of the tower, the four megacolumns
split into eight parts. The positioning of the
megacolumns was constrained by different
demands from architectural and structural
designs, and construction:

- In terms of structural design, the
megacolumns should be as close as
possible to the curtain wall in order
to provide maximum lateral stiffness.
Specifically, the lever arm of the four
megacolumns at the bottom of the
tower has a significant influence on the
aspect ratio and the lateral load resisting
performance of the tower.

« In order to reduce construction
complexity, the sectional shape and
centerline of the megacolumns should
be as simple as possible. A curved
megacolumn is constructed as a series
of straight sections connected at
intersections known as control points
(Figure 5); by minimizing the number of
these points, construction can be more
efficiently facilitated.

- In terms of architectural design, the
straight sections of megacolumns
between the transfer trusses should
keep a reasonable minimum distance
from the slab edge to provide enough
construction space for the installation of
the curtain wall. Also, because the outer
surface of the megabraces and the
secondary frame columns is flush with
the outer surface of the megacolumns,
it was in the architects’interests to
optimize the distance between the
perimeter frame and the curtain wall
as much as possible so that the usable
floor space of the tower could be
maximized (Figure 6).

In order to satisfy all of the previously
mentioned demands, numerous options of
megacolumn geometry were studied based on
pre-set logic through parametric design. Pros
and cons were carefully studied and weighed
to reach the optimal balance between
architectural requirement and structural
performance, along with consideration of
construction feasibility. The megacolumns
were arranged in the following way:

- Twelve control points were set on each
megacolumn centerline based on the
center of mass of the sections forming
the column up the height of the tower.
Each centerline was kinked at the
control points in order to fit the facade
profile of the tower. The segments of
the megacolumns between the control
points were set straight (Figure 5).

- All of the control points in each of the
megacolumns were set at the same
elevation as the upper and/or lower
chord members of the transfer trusses in
order to balance the lateral force caused
by their curvature. The options of setting
one control point at each transfer truss
or setting two control points at each
transfer truss were compared. In order
to reduce construction complexity and
negate the lateral load issue noted above,
the decision was made to set two control
points on each transfer truss, only in the
seventh floor zone. Through adjustment,
the maximum kink angle 3 (Figure 5) in
the megacolumn centerlines were also
limited to six degrees for efficiency.

« In order to avoid the compound
bending of the megacolumns, the
control points in each centerline were
positioned in a straight line in the plan,
so that each centerline would only
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Figure 5. Positioning of the control points of the megacolumns (Source: Arup)
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Figure 6. The minimum distance between megacolumns and the curtain wall (Source: Arup)
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Stage Middle Stage
Stage No. Scheme 1 Scheme 2 Scheme 3 Scheme 4
Elevation
Brief description Initial model; all sides of the tower all sides of the tower all sides of the tower
Top width/Bottom 76m/70m plan with arch corners; plan are straight lines; plan are arcs;
Width 78m/69m 78m/70m the fillet radius is
increased;
78m/70m
1st Period (s) 7.75 7.745 7.723 7.788
Base shear (kN) 133,145 133,526 134,539 131,295
Shear/weight Ratio 1.80% 1.80% 1.81% 1.78%
(Limit = 2.0%)

Figure 7. The structural performance of the four architectural schemes (Source: Arup)
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bend in a single plane. To optimize
the performance of the structure and
the usage ratio of the building area,
the centerline angle (a) in the plan of
the tower was set to 45 degrees in the
bottom floor zone and 27 degrees in
the other floor zones.

- The positioning of the megacolumn
centerlines in each floor zone was
controlled by testing the minimum
distance between the megacolumns
and curtain wall D with the parametric
design plugin Grasshopper (Figure 6).
According to different types of curtain
wall, the minimum distance between
the megacolumns and curtain wall
D was set to 1,200 millimeters in the
bottom floor zone and 500 millimeters
in other floor zones.

After multiple comparisons of different options,
the distance between the structure and

curtain wall L was optimized from 1.3 meters
to around one meter in typical floors, making
the lever arm of the megacolumns as large as
possible, resulting in a good balance between
structural performance and building function.

Comparison of Different Tower Massing

To achieve approval from the planning bureau,
in the early and middle design stages, dozens
of architectural schemes with different waist
heights, planar sizes, functional zonings,

and more were generated by the architects.
Structural engineers needed to study and

compare different options in a short period of
time. Each architectural scheme corresponded
to a unigue layout of megacolumns and
perimeter frames. In order to accurately study
the influence of the architectural schemes

on the performance of the structure, analysis
models corresponding to different architectural
schemes were built through parametric
modeling and analyzed under the same loading
conditions. The typical structural comparison of
the four architectural schemes (Figure 7).

Through quick comparisons of different
architectural schemes, the control parameters
in the facade shape of the tower, such as the
fillet radius, the waist height, and the planar
size of the bottom, were identified; therefore,
analysis of the sensitivity of the structural
performance to these parameters was carried
out, with feedback on each architectural
scheme provided accurately and rapidly. The
balance between the facade shape of the
building and the performance of the structure
was achieved. To reduce unfavorable leasing
area between the perimeter frame and the
facade (Figure 8), different options were
compared to confirm the column’s angle (a in
Figure 5) in plan. Compared with the original
layout, the total unfavorable area was reduced
by 8,700 square meters in the final scheme,
enormously benefitting the client.

The Study of Different Structural Systems
As the design process of the Tower advanced,
the function of the building experienced a
series of changes. The sequence of the changes
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Figure 8.The plan layout of the perimeter frame and the curtain wall (Source: Arup)
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is as follows: office + hotel (the fifth floor zone)
+ apartment (the sixth and seventh floor zone)
in the early stage of design; office + hotel (the
sixth floor zone) in the middle stage of design;
and office + high-end commercial + tourism
use in the final stage of design. In the first two
stages, the megabraces could only be assigned
below the fourth and the fifth floor zones
respectively because the client concerned

that the mega braces might block the view
from the hotel and apartment; therefore,

after the apartment and hotel functions were
removed from the tower, the structural scheme
changed from a partially braced dense-column
perimeter frame (braced in the lower section)
to a fully braced perimeter frame (Figure 9).

In the design process, structural analysis
models corresponding to different structural
systems mentioned above were built within

a short period of time by modifying the
geometric parameters. The negative influence
of significant changes during the design cycle
was avoided. In the middle stage of design,

a detailed comparison between the partially
braced option and the fully braced option was
carried out in a timely manner, demonstrating
that the latter had a significant structural
performance advantage. The comparison also
demonstrated the difference between the
steel consumption and the construction cycle
for the two options if a similar shear-weight
ratio and inter story drift angle were required.
This discovery provided valid technical
information for the client to decide which
structural system was best to adopt (Figure 9).

Application of the Optimization Module in
600-Meter-Plus Towers

For a 600-meter-plus tower, located in
seismic zone seven of China, the Integrated
Smart Design Tools were also applied

from the very start of the structural design
process. As different structural systems

and architectural massing were gradually
proposed by consultants and architects, the
combination matrix of structural models
expanded so quickly that the traditional way
of design would be impractical. Through the

application of parametric design, engineers
were able to get key structural performance
and comparison data within a short period;
such engineers were involved actively in the
architectural massing development through
interactive co-ordination. This is particularly
advantageous to engineers, as they can have
more influence in the architectural form of
a development at this early stage. This kind
of affection has been shown to significantly
improve structural performance.

During the lateral system studies, a major
challenge we were facing was to achieve the
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Early Stage Middle Stage Final Stage
Tower Structural System
Architectural Height/Structural Height 555m/546m 528m/ 524m 528m/521.6m
Floor No. 119 (8 Zones) 108 (8 Zones) 118 (7 Zones)
No. of Outriggers 5 4 0
No. of Beltrusses 9 9 8
No. of Megabace Zones 4 5 8
No. of Moment Frame Zones 4 3 0
1st Period (S) 8.704 7.328 7.300
Shear/Weight Ratio (Limit=2.0%) 1.70% 1.99% 2.00%
Steel Tonnage Compared with middle stage, final stage can reduce the
steel consumption by 50kg/m2
Construction Period Compared with early stage, final stage saved 4 months saved over a 3-year total cycle,
due to elimination of outriggers

Figure 9. Comparison of the structural performance of different architectural schemes (Source: Arup)

E9. TERERTEEMMEREENLL CRR: SRIEN T2

710 Data and Digital Modelling | ZUERIEF {1 E21E



balance between the material cost and code’s
requirements. For such a high-rise tower, both
the shear/weight and stiffness/weight ratios
requested by Chinese Seismic Code dominate
the structural member size and whole lateral
stiffness. By manually increasing structural
sections and the steel ratio to achieve the code’s
requirement, engineers took a long time to
find the effective size distribution of structural
materials or elements. Sometimes, simply
increasing element sizes has the opposite effect.

By adopting the in-house developed
optimization module, engineers were enabled
to set material weight/cost as the target and
provide multiple constraints, according to

the code’s requirements which control the
structural key performance including: stiffness/
weight and shear/weight ratios, inter-story
drift, and the axial force ratio of the core. The
optimization process tested all possibilities of
structural sections between the ranges pre-set
by engineers, ending with the least structural
self-weight and cost. In the meantime, all

of the constraints were pushed to the limit

of codes'requirement, resulting in the most
efficient and economical design. The iteration
of the optimization process of the 600-meter-
plus tower, which applied the Integrated Smart
Design Tools in the early stage for selecting
and adequate structural system (Figure 10).

Figure 11 shows the comparison of key
indicators between the original and optimized
models (Figure 11). By rationalizing the
distribution of structural elements, more
materials were assigned to the structural
members, which contribute the most to

lateral stiffness. Meanwhile, section sizes were
reduced where they are less sensitive to the
key performance. Although the total material
tonnage of the tower was reduced, indicators
of stiffness (period, stiffness/weight ratio, shear/
weight ratio) were better. The inter-story drift
and core axial force ratio were further pushed to
the limit of code’s requirements for economical
reasons. The steel and concrete tonnage were
reduced by 7.2 and 13 percent, respectively,
based on same architectural massing and same
structural system (no change in number of belt-
truss and outriggers) and geometry.

Visualization and BIM Interoperability

The Integrated Smart Design Tools can

be considered as an extension of BIM in
structural engineering in that it extends
“information”to “knowledge," enabling
software to demonstrate a higher level of
design intelligence; thus, it is convenient for
the smart design framework to output data to
any BIM platforms, including:

- Exporting accurate geometric models to
BIM environment;

Figure 10. Optimization process given multiple constraints (Source: Arup)
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Model Original Optimized

Model Model

Period (s) 9.59 9.32

Seismic Mass (kN) 6,141,529 5,541,060

Stiffness/Weight Ratio 1.41 143

Shear/Weight Ratio 0.78% 0.79%

Interstory Drift 1/592 1/523

Core Axial Force Ratio 0.39 0.44

Figure 11. Comparison of structural performance between
the original and optimized models (Source: Arup)
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« Producing 2-D drawings directly;

- Exporting model information to non-
linear, elasto-plastic analysis software to
avoid repeats in the modeling;

- Exporting accurate geometry for
3-D finite element analysis (FEA) for
connections. The FEA software carries
out fine meshing based on 2-D/3-D
geometry, material, and loading
information gained from the latest
model in the smart design framework.

The concept of this interoperability is not
new; however, with a parameter-based smart
design framework, all of the models used in
various software programs are updated with
any late design changes, enabling a just-in-
time (JIT) delivery and accurate design.

By applying the 10S app Arup Real,

key information such as strain energy

density, material utilization, and structural
performance can be shown in Augmented
Reality (AR) 3-D models by mobile devices
such as iphones/ipads. This provides a more
interactive and visually impactful way of
presentation and post-data analysis (Figure 3).

Benefits to the Design Industry

For the scheme design of the 600-meter-

plus high-rise tower project which adopted
this technique, 50 models were generated

in a single month, as compared to other
projects of a similar scale that would normally
produce 10 models in three to six months.

This demonstrates a significant increase in
productivity, and gives more time and freedom
to engineers to explore several options.

In summary, the Integrated Smart Design
Tools will benefit the entire design industry in
the following aspects:

- Enable a broader design exploration:
The whole automated process enables
structural engineers to create models
automatically based on available
architectural information; therefore,
the design cycle can be significantly
reduced and structural engineers can be
liberated from the time-consuming and
complicated processes of creating and
updating models manually. Different

geometric options may also allow
engineers to explore the effects of
architectural massing in regards to wind
engineering.

- Deliver cost effective and sustainable

design: The Integrated Smart Design
Tools enable structural engineers

to have a better understanding of

the key parameters controlling the
performance of a structure. It also
conducts the optimization of the system
by comparing and modifying different
geometric and structural parameters.
The final design is, therefore, delivered
through a much more informed and
refined design process which is justified
to be the most cost effective, and hence
sustainable, solution.

- Provide additional values to all

participants of a project: This design
process alleviates difficulties in
balancing structural performance,
complexity of construction, and the
efficiency of building usage. As the
framework itself links to 2-D and 3-D
CAD systems, it can generate 3-D
models for Rhinoceros, Revit. Once an
optimized structure and its geometry

is determined, the product can be
passed to architects, building services
engineers, and others for their further
input and drawing production. Because
of this, the benefits of the framework
are not just directed towards structural
engineers, but the whole design team,
saving time in drawing productions and
fostering coordination.

- Facilitate construction: With the

flexibility of future extensions, the
framework could also be easily linked
with other modules. From projects

like China Zun Tower, the framework
also produces optimized connection
geometry and details (with stiffeners)
in the Tekla X-Steel format. The
contractor can use the product to
assist in the preparation of shop
drawings. Furthermore, the framework
can also be easily extended with other
modules, so that it can be expanded
from 3-D to 4-D (construction

time) and 5-D (construction cost); a
reduction in the construction period
can hence be achieved.
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