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Hang Liu is the vice president of technology of
Shenyang Yuanda Aluminium Industry Engineering
Co. Ltd. Shanghai branch. He was involved in the
early research for the curtain wall of Shanghai Tower
since 2009. In 2011, he started working on Shanghai
Tower as BIM technical director, in charge of the
implementation of BIM technology.
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Shuguo Zhao works for Shenyang Yuanda Aluminium
Industry Engineering Co. Ltd. Shanghai branch and
currently lead the curtain wall project of Shanghai
Tower as chief engineer. He was involved in all phases
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Aluminium Industry Engineering Co., Ltd. Shanghai
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drawings for the curtain wall of Shanghai Tower.
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Abstract

The Shanghai Tower exterior curtain wall has a complex twisting form with a multi-level flexible
suspended support system. The curtain wall design is unique and difficult to execute. There

are some challenging conditions, such as various panel sizes, concave/convex geometry, and
the curtain wall also absorbs the deformation of the flexible steel support system. Therefore,
systematic problem-solving proposals are provided for the curtain wall systems and the

design essentials in custom curtain wall shapes through several technologies. CAD modeling,
BIM analysis, full-scale modeling tests, complete mechanical calculations, focused design,
construction technologies and more offer insight.

Keywords: Spatial Suspension Structure, Twisting Curtain Walls, Custom Curtain Wall
Shapes, Flexible Support Systems, Bim, Modeling Tests, Stages Of Deformation
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Introduction

When facing supertall and large-scale
building curtain wall systems with a large
quantity of panels and complex geometric
shapes, flexible suspension curtain walls with
twisting moments, and unique structural
systems, there must be a detailed summary
of the implementation in previous large-scale
projects in order to select the appropriate
technology to utilize. In terms of the curtain
wall system characteristics mentioned above
for the Shanghai Tower, Yuanda Group has
systematically researched and found new
technologies, new processes, and new
materials in order to solve the problems
successfully.

Shanghai Tower’s Exterior Curtain Wall and
Steel Structural Support System

The Shanghai Tower exterior curtain wall
adopted a vertical staged system, and large
rectangular glass panels precisely matching
the Tower’s shape. The support system of
the curtain walls adopts a radial flexible steel
structure in order to support the exterior
curtain walls.
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The Shaping Process of the Shanghait Tower Exterior Curtain
Walls

The shape of the exterior curtain walls of the Shanghai Tower is

very complicated; the shaping process is completed based on a

set of systematical principles and formulas that are pre-defined

by the architectural design. The total area of the exterior walls is
approximately 135,000 square meters which consists of roughly 20,000
panel units.

The Shanghai Tower exterior curtain wall presents a curvilinear cone
appearance through its arrangement of polyhedral staged panels:

the glass surfaces are always vertical and convex planes are created
through the shrinking of the plan profile as the height increases
creating a ledge; concave planes are made through the rotation of
each floor around the central axis which creates a recess in plan. In
addition, per the unit modulation principle defined by architectural
design, the curtain walls on each floor are divided into 141 units
whose sizes are nearly the same, not including irregularity of the ledge
condition.

Exterior Curtain Walls and the Steel Structural Support System
The multi-story void between the interior and exterior curtain walls in
each independent zone of the Shanghai Tower creates a large atrium.
The cavities in different zones vary between 55-65 meters in height.
Due to the distance between the exterior curtain wall and the main
structure—the maximum distance is approximately 20 meters—the
curtain walls cannot be directly connected to the main structure with
conventional methods. To make the connection, a steel structural
system was designed within the atrium which are called the exterior
curtain wall steel support structure. This system in the Shanghai Tower
mainly consists of horizontal, curved perimeter beams, horizontal radial
support, steel hangers, and a slip anchoring system. The steel support
structure shape matches the exterior curtain walls completely.

A 400mm space between the center line of the perimeter beams and
the exterior curtain walls outer edge is continued throughout. The
curtain walls are connected to the perimeter beams of the structure by
a set of transfer systems (see Figure 1).

Exterior Curtain Wall Implementation Technology

Again, the total area of the exterior walls is approximately 135,000
square meters which consists of roughly 20,000 panel units. With so
much assembly involved, factory production and multidisciplinary
integrated design and construction have become inevitable choices.

Factory Production

The exterior curtain walls of the Shanghai Tower requires a large
amount of labor for production and installation, and is difficult to
execute. To address these issues, most problems should be addressed
in the factory to reduce on-site labor and setbacks during installation
and ensure the quality of the system.

Through multiple comparative analyses in the design stage, the
technical roadmap for the unitized system had been determined (see
Figure 2).

Multidisciplinary Integrated Design & Construction

The voids are a major distinguishing feature in the exterior curtain
wall support systems of the Shanghai Tower. The 60-meter-tall atria
bring great challenges to the construction of the exterior curtain
walls. During the installation process, a temporary operation platform
is required for all sub-contractors to install facade-related equipment
such as mechanical and lighting. Through reasonable arrangements,
integrating these professional components into the curtain wall

Figure 1. Curtain wall and supporting steel structure model (Source: Bidding documents
for the exterior curtain wall by Yuanda Shanghai)
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Figure 2. Shanghai Tower’s curtain wall system with lectotype technology diagram (Source: Bidding documents for the exterior curtain wall of the Yuanda Shanghai)
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units can significantly reduce cross-over construction, shorten the
construction period, and ensure quality (see Figure 3).

Displacement Absorbing Capacities and Adjustable Designs

The construction of the flexible steel support structure in the Shanghai
Tower is difficult because the Tower’s deformation and displacement is
complicated. Yuanda has adopted a two-level transfer component as a
link system between the exterior curtain walls and the supporting steel
structure. The first-level transfer component is a steel shelf, which is
directly welded onto hoop ring beams at the factory. The second-level
transfer component is an aluminum alloy member that is connected
to the first-level transfer components, and from which the curtain wall
units will hang. In order to achieve adjustability in three directions, six
degrees of freedom, and a high-precision installation and to ensure
product quality, a multi-directional flexible connection between
components was designed (see Figure 4).

On-Site Construction Technology

Double suspending platforms and construction cranes meet the
on-site construction requirements for the curtain wall. The double
suspending platforms are horizontally spaced along the fagcade and
move vertically along the cable to reach the installation floor; these are
known as stable platform installation systems. The curtain wall units are
then lifted up to the respective floor by a crane located at the nearest
mechanical level and operated by the workers on the suspended
platform. After the curtain wall installation worker operations on the
platforms of the double suspending baskets, the installation of the
curtain walls is completed (see Figure 5).
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Figure 3. LED Layout at the V recess on the tower and a 3D detail of the unitized curtain
wall (Source: Bidding documents for the exterior curtain wall by Yuanda Shanghai)
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Figure 4. Curtain wall unit anchor components and the three-way adjustable detail
(Source: Bidding documents for the exterior curtain wall by Yuanda Shanghai)
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Analysis of Large-Scale Model Tests

Due to the difficulty implementing the exterior curtain walls of the
Shanghai Tower, the models need to reflect the worst-case scenarios
that are most dangerous, most typical, and truest to the actual
incidences. Therefore, the models are based large-scale visual and
performance mock-ups that include major systems.

Model Overview

A visual model is selected from the recessed "V"location in Zone Two
of the Tower and the typical floors of the bilateral regions. The curtain
wall system includes AT and A2 systems. The model width is about 27.6
meters wide (unfolded length) and 13.5 meters tall including three
typical floors with a total of 36 curtain wall unit panels (see Figure 6).

Due to the uniqueness and complexity of the project, there were

no precedents to refer to. The performance mock-up includes

three main curtain wall systems that are installed in the curtain wall
support system in order to simulate a variety of possible construction
conditions that may occur in reality. The test curtain wall covers five
floors, each consisting of 95 unit panels total. [ts maximum horizontal
unfolded length is up to 36 meters long and 18.6 meters tall. The area
of the testing curtain wall is almost 700 square meters. The curtain wall
support structure has four vertical levels and the ring beam on each
level is up to 44.8 meters long in plan. The area of the entire testing
model is almost 902 square meters( see Figure 7).

Once the model is completed, it will break two world records: the first
for the quantity of unit panels used and second for the overall curtain
wall area represented in a performance test.

Testing Conditions and Programs

To achieve testing for the project, the test facility was set up with

an area of nearly 2,000 square meters and two months were spent
redesigning and building a test chamber of 8,000 cubic meters

based on the characteristics of the mock-up. The test equipment was
acquired to allow the following test capabilities: the maximum positive
and negative pressure of the pressurization system supplies 12 KPA
(250 PSF); the capacity of the pressure measuring device is 12 KPA; the
spray device can spray water at a rate of 2.0 liters per square meters per
minute [2.0 L/ (m2-min)], 3.4 L/ (m2-min), or 4.0 L/ (m?min)]; deflection
is measured by over 80 displacement sensor measuring devices; and
an aircraft engine can also be used with a high-precision measuring
device for hybrid airflows at a rate of 50 m/s (see Figure 8).

The steel structural support system is a flexible suspension system
that has a complex shape and unique configuration. As the flexible

Figure 5. Description. (Source: Bidding documents for the exterior curtain wall by
Yuanda Shanghai)
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Figure 6. Visual model substance picture (Source: Yuanda Group )
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Figure 7. Picture of the testing model (Source: Yuanda Group)
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suspended system is segmented by zone, each section is tall, heavy,
and ductile. The curtain wall supporting structure and the main
building structure are relatively independent, but the deformation of
the main structure has an inevitably significant impact on the curtain
walls. As a result, in addition to the conventional four properties of
performance testing, tests for the exterior deformation ability of the
curtain wall plane, the vertical displacement ability of the overall
curtain wall, and the relative vertical displacement ability of the local
curtain wall are all required as well.

Performance Test Criteria

According to the performance test programs, the performance test
contents and criteria for the Shanghai Tower exterior curtain walls are
as follows:

« Static Air Tightness Test
The air tightness test of the project refers to the National
Standard (GB/T 15227) and the American Standard (ASTM E283).

Static Water Tightness Test
The water tightness test of the project mainly refers to the
American Standard (ASTM E283)( see Figure 9).

Fluctuating Water Tightness Test
The fluctuating water tightness test of the project refers to the
National Standard (GB/T 15227).

Dynamic Water Tightness Test

Water is sprayed at 2.4 liters per square meters every minute
[L/( m2-min)] on the outside surface of the mock-up while
simulating a 1000 Pa dynamic wind speed in pressure with a
propeller for 15 minutes.

In addition, the contents of the test contain deformation
performances under wind pressure, deformation performances
inside and outside the plane, and vertical displacement and
limits verification.

Calculation Analysis and Response Measures of Supporting Steel
Structure Deformations

The exterior curtain walls of the Shanghai tower are suspended from
the structural beam of each zone. As the stiffness of the cantilevered
steel trusses and beams are nonuniform, it results in uneven settlement
in the suspended curtain wall. To meet the design elevations after
installation was completed, a preliminary adjustment to teh supporting

Figure 8. Picture of partial equipment testing (Source: Yuanda Group )
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Figure 9. Static Water Tightness test spray (Source: Yuanda Group)
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steel structure was required prior to the installation of the curtain wall
system.

Analysis of the Impact of Uneven Settling on the Curtain Wall

For the stresses in Zone Two, horizontal loads are carried by the ring
beams while vertical loads are carried by 25 groups of tension rods. The
weight of the curtain walls and steel support structure from the eighth
to twentieth floors are passed through tension rods to the structural
beam:s.

 Consideration of Loads
The loads that need to be considered are the self-weight of the
steel support structure, the self-weight of the unit panels of
curtain walls, and additional dead loads.

o Ring Beam and Curtain Wall Installation Displacement Analysis
- In terms of the installation sequence of curtain walls and
the steel support structure, the ring beams use an up-down
installation sequence and the unit panels of the curtain walls
use a down-up installation sequence.
- Regarding the ring beam installation sequence, for the ring
beam at the very top, each ring beam being installed on the
lower floors will cause a downward displacement. If the first
level ring beam installation induces a vertical displacement to
the hoist point K1, when installing the ring beam at the i-th
floor, the vertical displacement to the hoist point will be Ki.
According to the analysis, we can obtain the following results:
The vertical displacement of the first level ring beam at the top:
K=K1+K2+...K12
The vertical displacement of the second level ring beam:
K=K2+K3+...K12
The vertical displacement of the 12th level ring beam: K=K12
— Per curtain wall installation analysis, the system is installed
from bottom to top. As the ring beam installation is completed,
unitized panels are installed on every floor, inducing the hoist
point to deform vertically as Mi. As the curtain wall installation is
completed, at the same hoist point, vertical deformation on all
floors is consistent. Therefore, the vertical displacements on all
floors caused by the curtain wall installation are:
M=M1+M2+...... +M12
- In the analysis of the tension rod elongation changes, ibased
on their load characteristics, the top tension rod carries all of
the ring beams and curtain walls below while the bottom ring
beam only carries the weight of the bottom ring beam and
unit panels. The value of the changes between each floor is
represented by J.
- The vertical displacement of the hoist point caused by
imposed dead loads is represented by N.
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Zone 2 Curtain Before Curtain Wall Support Construction Phases
Wall Construction | Construction
. AL R
TR
2K T B
N | EEEZ | BN | BExX | Bk | BN | BNk | BN | EEx | Kk | BN | Ry Ex | EHX | hXEFE
I # #* k-3 # # #* # #* # # ¥ #* #* Faryyen
CurtainWall | 12 %28 #3IE #4E #52 H6E BB #8E £92 FI0E | BLLE B12E | £13B Nonuniform
Support
Bezg.e Curtain | Curtain | Curtain | Curtain | Curtain | Curtain | Curtain | Curtain | Curtain | Curtain | Curtain Curtain | Curtain | Displacement
Construction | Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall Due to the
Support | Support | Support | Support | Support | Support | Support | Support | Support | Support | Support | Support | Support | Support
Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8 Level 9 Level 10 | Level 11 Level 12 | Level 13
BEELY 1 0.0 0.5 13 2.1 3.1 4.1 5.1 59 6.8 7.6 8.5 93 10.2 1.4 14
Suspended |2 | 0:0 05 12 1.8 26 35 43 49 56 6.2 6.9 75 8.2 9.4 9.4
Point 3 |00 05 11 17 25 33 41 47 53 59 65 7.1 7.7 89 89
Displacement
4 100 04 0.8 1.2 1.8 25 3.1 35 39 43 4.7 5.1 55 6.2 6.2
5 |00 0.2 0.4 0.6 1.0 13 1.7 1.9 2.1 23 25 26 28 3.2 3.2
6 |00 04 0.8 1.2 1.8 24 3.0 34 39 43 4.7 5.2 5.6 6.4 6.4
7 |00 04 0.9 14 2.1 29 36 4.1 4.6 5.1 57 6.2 6.8 7.7 7.7
8 |00 0.5 1.2 1.8 2.7 3.6 4.5 52 59 6.6 73 8.1 8.8 9.9 9.9
9 |00 0.7 1.8 29 4.2 55 6.8 7.9 9.1 10.2 1.3 125 13.6 153 153
10 | 0.0 0.7 1.6 25 3.6 4.6 57 6.6 75 8.4 9.3 103 1.2 12.7 12.7
11| 0.0 03 0.5 0.8 13 1.8 23 26 29 3.2 35 3.9 4.2 4.8 4.8
12 0.0 04 0.8 1.2 1.8 24 3.0 34 3.8 4.2 4.6 5.1 55 6.3 6.3
13 | 0.0 0.2 0.5 0.7 1.1 1.5 1.9 22 24 2.7 29 32 34 3.9 3.9
14 | 0.0 03 0.5 0.8 13 1.7 22 25 2.7 3.0 33 35 3.8 43 43
15 /0.0 0.7 15 24 35 45 5.6 6.5 73 8.2 9.1 10.0 10.9 124 124
16 | 0.0 0.7 1.7 2.8 4.1 53 6.6 7.7 8.8 9.9 11.0 121 13.2 14.8 14.8
17 | 0.0 03 0.9 14 2.1 29 3.6 4.2 4.7 53 59 6.4 7.0 7.8 7.8
18 1 0.0 0.7 15 23 33 4.2 52 6.0 6.8 7.6 8.4 9.3 10.1 1.5 1.5
19 | 0.0 03 0.7 1.1 1.7 23 29 33 3.8 4.2 4.6 5.0 5.4 6.2 6.2
20 | 0.0 0.2 0.4 0.6 1.0 14 1.8 2.0 22 24 26 28 3.0 33 33
21100 04 0.9 14 2.1 29 36 4.1 4.5 5.0 55 6.0 6.5 74 7.4
22 |00 0.4 0.9 14 2.1 29 36 4.1 4.7 52 57 6.3 6.8 7.8 7.8
23 0.0 04 0.8 13 19 26 3.2 37 4.1 4.6 5.1 55 6.0 6.8 6.8
24 1 0.0 0.6 1.6 2.7 39 52 6.4 75 85 9.6 10.7 11.8 129 143 143
25 10.0 03 0.9 14 22 3.1 39 4.5 5.1 57 6.3 7.0 7.6 85 85
Table 1. Curtain wall support’s vertical deformation during construction (Source: Yuanda Group)
RLEBBEXHETHEEEER (HE: ZATEH)
Curtain Wall Panel Construction Phases 3 3 # 3 # T B B
FH FH F e Fh FH B E2 FH FH R Fh FH AR B
LS Kk & Rk ®x Rk LS L& e LS Kk ®x L& e
#12 %22 %32 #4B #52 #6E b4 %82 #9E #102 F11E #1258 #1358 TH At
Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Nonuniform
Wall Panel | Wall Panel | Wall Panel | Wall Panel | Wall Panel | Wall Panel | WallPanel | Wall Panel Wall Panel | Wall Panel Wall Panel Wall Panel Wall Panel | Displacement
Due to th
Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8 Level 9 Level 10 Level 11 Level 12 Level 13 pau :e|° €
125 135 145 156 16.6 176 187 19.7 20.7 217 226 236 246 132
104 114 123 133 143 153 16.2 172 182 19.2 20.1 210 220 126
10.0 11.0 12.0 131 141 15.1 16.2 17.2 18.2 19.2 20.1 21.1 221 13.2
6.9 7.5 8.2 8.9 9.5 10.2 109 11.5 121 12.8 135 141 14.8 8.6
35 3.8 4.1 4.4 4.7 5.0 53 5.6 59 6.2 6.5 6.9 7.2 4.0
7.1 7.8 8.5 9.2 9.9 10.6 1.3 12.0 127 134 14.0 147 153 89
8.5 9.3 10.1 10.9 1.7 125 13.3 141 148 15.6 16.4 171 179 10.2
10.8 1.7 127 13.6 145 154 16.3 17.2 18.2 19.1 20.0 20.8 217 11.8
16.7 18.2 19.6 211 225 239 253 26.7 28.1 296 309 323 337 184
14.1 15.5 16.8 18.2 19.6 209 223 236 25.0 263 276 289 30.2 175
53 58 6.4 6.9 7.4 79 8.4 8.9 9.4 9.9 104 10.9 114 6.6
7.1 7.7 8.4 9.1 9.8 10.5 1.1 11.8 125 13.1 13.7 143 14.9 8.6
43 4.7 52 5.6 6.0 6.4 6.8 7.2 7.6 8.0 83 8.7 9.0 5.1
48 52 57 6.1 6.6 7.1 7.6 8.0 8.4 8.9 9.3 9.7 10.1 5.8
137 15.1 16.5 17.8 19.2 205 21.8 232 245 25.8 27.1 284 29.7 173
16.2 17.6 19.0 204 21.8 232 246 259 27.3 286 30.0 31.3 326 17.8
8.6 9.3 10.0 10.7 1.4 121 12.8 135 14.2 14.9 15.6 16.3 17.0 9.2
12.8 141 15.3 16.6 17.8 19.1 20.3 216 228 24.0 25.2 26.4 276 16.1

Table 2. Curtain wall unit’s vertical deformation during construction (Source: Yuanda Group)

R BREETHRIMBEREY (HE: TAHES)
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Curtain Wall Panel Construction Phases # 3% 4% 3 # T B B

FE B2 B2 3 i B2 i k2 i i B2 i B2 LB

e S &S LES LES e S e S LES e S e e S L ES e S e S e

%15 #25 #35 #ek #55 %62 %15 %85 95 F10E F1LE FL12E FI3E THAE BB
Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Curtain Nonuniform
Wall Panel | Wall Panel | Wall Panel | Wall Panel Wall Panel | Wall Panel | Wall Panel | Wall Panel Wall Panel | Wall Panel Wall Panel Wall Panel Wall Panel | Displacement
Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8 Level 9 Level 10 Level 11 Level 12 Level 13 Eau ,.,e e'io the
6.9 75 8.2 8.9 9.5 102 109 15 122 129 135 14.1 14.8 86

36 3.9 42 46 49 52 55 538 6.1 6.4 6.7 7.1 7.5 42

8.2 9.0 9.8 10.6 1.3 121 129 13.7 145 15.2 16.0 16.8 17.6 10.2

8.6 9.5 104 1.3 122 131 14.0 14.8 157 16.6 17.4 182 19.1 1.3

7.6 83 9.0 9.7 104 111 11.8 125 13.2 14.0 14.7 154 16.1 9.3

15.6 16.9 18.2 19.5 20.7 220 233 246 258 271 282 294 30.6 16.3

93 10.0 10.8 1.5 123 13.0 13.8 145 15.2 15.9 16.6 17.3 18.0 9.5

Table 2 (continued). Curtain wall unit’s vertical deformation during construction (Source:Yuanda Group)

Ko, (BLETD) BEETHINBEEERY (HE: ZAHHEH

Suspended Point Displacement Analysis

15 R RWAB IR
Level De?igi\ Elevation :5teell:5tr;\'1‘c"ture .Curtalin WaII :_rgggsed Dead Imposed Live Load .\I;:rl‘:iele Extension ‘R\Z?:si::andeﬁltevation E;egs:ig?nl";,i:ﬁ
B3 Lzl Displacement Displacement WE A& i 7w B RAHEE FEAERE Installation )
REAENLH = 2.3 fux: B 2.3 0k
WHEETIHE | 9234 -11.40 -13.20 -7.70 0.00 0.00 3230 20.90
128 87.84 -10.90 -13.20 -7.70 0.00 -2.02 33.82 2292
118 83.34 -10.10 -13.20 -7.70 0.00 -3.83 34.83 2473
108 78.84 -9.30 -13.20 -7.70 0.00 -5.63 35.83 26.53
95 7334 -8.30 -13.20 -7.70 0.00 -7.02 36.22 27.92
8E 69.84 -7.30 -13.20 -7.70 0.00 -8.20 36.40 29.10
B 65.34 -6.30 -13.20 -7.70 0.00 -9.07 36.27 29.97
65 60.84 -5.30 -13.20 -7.70 0.00 -9.69 35.89 30.59
58 56.34 -4.60 -13.20 -7.70 0.00 -9.94 35.44 30.84
4 51.84 -3.80 -13.20 -7.70 0.00 -11.09 35.79 31.99
3B 47.34 -2.90 -13.20 -7.70 0.00 -11.02 34.82 31.92
2B 42.84 -2.10 -13.20 -7.70 0.00 -10.77 33.77 31.67
12 38.34 -1.20 -13.20 -7.70 0.00 -10.23 3233 31.13
Table 3. Curtain wall design value (Source: Yuanda Group)
K3 EETMAGLIE (HE: ZATED
3
—The principles of adjustment in ring beam coordination in = f\
elevation. ; /
The preliminary height adjustment is the vertical displacement z \ i ] E‘n Ifl \.\
value of ring beam installations. S=K+J+M+N z ! i ! "\ ]
Vertical Displacement Caused by Self-Weight of the Curtain Walls’ 18 i Hﬁl / A f
Steel Support Structure o 5
(see Table 1) s / 4 \}/
Vertical Displacement Caused by Self-Weight of the Curtain Walls )
(see Table 2) e B B e o B R T aaE e s b
Preliminary Height Adjustments of Curtain Wall Design Figure 10. Graph analysis for curtain wall hoisted point deformations (Source: Yuanda
(see Table 3) B0 B RE AR SR (B EAE)
Conclusion
the displacement value of all hoist points were identified through Bl A T 5% f o FRIEAE BRI B BT, R0 4R 7 2940%.
structural beam nonuniform deformation analysis and the VST .
consideration of different construction conditiéns, aline diagram has - I;ﬁ&*%i% . . ' N . .
been drawn as follows (see Figure 10). TME#ﬂ?ﬁ = Téé\ Eﬁ%ﬁ( TRE. T LX%Z@\I#%}M’}E ﬁkﬂ
MNEEY WRHE, e EMMR LatE, R, &R
LT RHATHEI, Wi T 7 E. HATKARevit
5MS ProjectfiAutodesk NavisworksZs #4445 A1 # 4T
BIM Applications B TR, R Eb i E . ERTIHER L
BIM is an abbreviation for Building Information Modeling. Its core H13) .
technology is a database of computer-generated three-dimensional o it T1X H AL
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models. Not only does the database include design information

from architects and curtain wall engineers, but it also contains all the
information of the overall procedure starting from design process to
its completion and operation, even until the end of its full life cycle. All
of the information is generated from one three-dimensional modeling
database of the architectural curtain walls (see Figure 11).

BIM Applications in Exterior Curtain Wall System
Combined with the need for BIM application, BIM models are created
based on different software platforms such as Rhino, Revit, etc.

So far, the main BIM applications in the exterior curtain walls include:

«» Collision Detection between Exterior Curtain Walls and Other
Specialties
In the Shanghai Tower, the space between the exterior curtain
wall and its supporting steel structure is very small. The BIM
models can effectively analyze the relative relationship between
the exterior curtain wall and its steel support structure. Based
on the collision detection, they can also pre-eliminate potential
interferences in later design stages.

» BIM Model-Based Processed Drawings
The accurate creation of every unit module of the detailed
model is based on the model generated in Rhino and
Grasshopper by connecting a curtain wall unit component
model with a model parameter of the original model. The
drawings can be easily converted after disassembling and
labeling the model files individually. The whole process is
simple, straightforward, and less error-prone (see Figure 12).

BIM-Based Information Processing

Utilizing information-based processing from BIM, transferring
CAD working drawings to equipment machining takes roughly
3-5 minutes. There are approximately 400 unique pieces of
steel corbels at levels 7, 8 and 9 in the Shanghai Tower which
took about 2.5 weeks to complete machining. This increased
the efficiency by up to 40 percent in addition to ensuring the
accuracy at the same time.

Simulation of the Construction Progress

BIM is a digital model with all types of information. It can truly
make the simulation happen in reality. Time and information
can be added to the component and simulate the construction
progress according to the construction plan with continuous
optimization. The construction simulation integrated with Revit,
MS Project and Autodesk Navisworks can efficiently optimize
the progress and shorten the construction period (see Figure
13).

Simulation of the Construction Method

Based on the site construction operating condition model

and construction equipment model, one can efficiently test
the feasibility of site construction method and optimize the
construction plan. As the construction platform shows above, a
reasonable position of the platform can be established through
the BIM model to ensure no conflicts between panel access
and suspended rods.

« Design Revision Implications through BIM
The graphics below illustrate a quick simulation of the screen
appearance effect from the inside of the mechanical floor to
confirm whether the final design modifications meets the
requirements of the owner and architect through visualization
tools (see Figure 14).

2E B 20202 [ B4 ZEH BRES- 202220 B4 AmERRENR

Figure 11. Screenshot from the collision detections of the exterior curtain wall(Source:
Yuanda curtain wall BIM report)

E1l. S EEHEAEVaERERE (HE: TASRERIMKE)

Figure 12. Creation of the unit model based on the software (Source: Yuanda curtain
wall BIM report)
12, RTHMAQEETMIER (BE: TASNFEBIMRE)
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Conclusion

Due to the complexity of the curtain wall's geometric shape of the
Shanghai Tower that are twisting, suspending, and spanning through
multiple levels (fifteen or more) and the various curtain wall panel
types, the following technology methods were chosen after analyzing
its characteristics and summarizing the experiences from similar
projects. These methods utilize the integration of systematic thinking,
a series of full-scale performance tests, and the application of new
technology, new crafts, and new materials to finalize high standard
solutions.

Utilizing accurately manufactured and integrated curtain wall units
are critical for the implementation success for supertall buildings at a
large scale such as the Shanghai Tower. As industrialization continues
to improve and difficulties in labor force management continue to
increase, the level of curtain wall unit production is becoming one
of the most important factors for its quality. Even though the design
and manufacture of panels is difficult, in terms of quality control and
performance, its advantages are certainly obvious. Therefore, after
comparing it with other options, it was eventually decided upon.

Building performance and curtain wall reliability can be improved by
integrating the design of the system in coordination with the rest of
the building.

« The integration of the supporting steel ring beams and curtain
walls (nonuniform settling): since the supporting steel ring
beams hang from the main cantilever truss, and the main
structural trusses have varying stiffness at each hoist point, a
deformation will occur which will vary based on its load action
(for example: settling deformation). Settling can be mitigated
through raising the intallation height of the hoist points and
curtain wall connections, and increasing the curtain wall stack
joint height value to gradually absorb the nonuniform settling.

Integration of LEDs and curtain wall system (Space).

Integration of anti-condensation hot water pipes and curtain
walls (installation space clearance coordination, construction
sequence, etc.).

Integration of BMU and the curtain walls.

Combination of wind power generation and curtain walls: by
embodying green building concepts of wind power generation
equipment and its disturbance on curtain walls. The vibration
of connected curtain walls will increase as well, therefore, an
upgrade to a more rigid structural system can be utilized.

For complex geometrically-shaped curtain walls, the application of
BIM technology takes advantage of visualization, an increase in design
efficiency, a decrease in error rate, coordination improvements across
specialties, and an increase in document transmission speed. It is
capable of achieving BIM associated design and control, minimizing
its uncertainty, and improving its controllability in design, fabrication,
measurements, pre-assembly, installations, and future maintenance
planning. In terms of solving technical problems of complex
geometrically shaped curtain walls, BIM will certainly be the future
trend in this field due to its unique advantages.

The Shanghai Tower has “flexible” curtain wall characteristics that can
exhibit accurate design adjustments and dynamic calculation updating
in medium- and large-scale models. These are the keys to high
performance designs. On one hand, the utilization of continuously
tunable and scalable systems meets the requirement of reliable
high-precision designs. Experiments have verified that it also meets
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Figure 13. Screenshot of 4D construction progress simulation animation (Source:
Yuanda curtain wall BIM report)
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Figure 14. BIM model of the curtain wall construction on steel planes (Source: Yuanda
curtain wall BIM report)
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the requirements of the adaptation of structural displacements under
integrated loads of wind, temperature, and earthquakes. On the other
hand, dynamic calculations correspond to different work conditions
which include construction conditions that can guide the whole
installation process.

After a series of experiments and research, the double suspended
platform system and associated tracked cranes were developed and
planned to respond to the twisting and suspending curtain walls
which improves construction conditions. As a supertall project, it is
the same as other great buildings. A rational technological strategy
is a good start for project implementation. However, due to the
uniqueness of the geometrically shaped curtain walls in the Shanghai
Tower, selecting a proper technology strategy is not enough. During
the construction process, scientific and efficient management and
strict monitoring and adjustment of measurements must be done to
deliver a qualified curtain wall.

It will be a glorious but arduous undertaking!

Acknowledgements

The authors would like to acknowledge the contributions of Mr. Tang
Yan for this paper.

References (3£ 4 H):

. BMUEEREE K.

s RAXRRERES 6 RARERATTELSHRAL LR
FKEMNBERATEG KNS, FAREmSeHERER
3, MK MATE R R

A ERLAHRFERE, RABIMEA, FIAETHA. TEE
W E, BRERE. KEAF Tk & 8 A0 o b X2 %
REF®RS, BT, #E WE. PR, ZRVAKREF R
X EE A, LI TBIMERA R RER, BRTAZE, #E
AEM. ERELAVRBEEEAFALETE, BIMBEARLSE
ALY, FEXFERARET M.,
LiEFOIBRBRUFRE “F7, BRERT HEREITFAR
BT RER. IR ERERK A RE. y—FE, X
RESMEMKET 2 RERER T, HESHEEMTEEE
Ko FEHLABRRIET, ZRE. AFEMTREEFHRGEARE
eERATHERMENRAHREKR. F—FH, #TEEET
TRAEANTE TR A ATE, ZALRREFEE,
ZWNARR, FRAMAERTHE, REZRENEBRNERER
GAREREX R, HREFTENELAERME. EHEAR
TH, REMEANEA—H, 6ENEABLETE LHENR
Hosm. (Bl T LgF OARBFLAHEREME, HFELEW
HABLRAGE, EREHRIIEY, STATHREARHE
B2, PRANEEEMRCEE, TRXMERERE.

T RARTREWIES!

o it
62 RO E B 56 A 7 e SCRR S B9 STk

TT; "The Initial Report of Structural Displacement Considered in the Curtain Wall Design of the Shanghai Tower”; 2010.1;
TT; (L OEMERRITF RSN LBEWFRED 5 2010. 1;

184



