& S

e i ‘S- _\'/'

=i 5y

FAS
" ~
L/

Eiliiﬁ“ s..mi/‘? V.05
e W | 7
VA4 '/l{l/,%”/ 777 ) p




>

DESIGN AND ANALYSIS
OF TALL AND COMPLEX
STRUCTURES



This page intentionally left blank



DESIGN AND ANALYSIS
OF TALL AND COMPLEX
STRUCTURES

FENG FU

Butterworth-Heinemann

i
. —— '
An imprint of Elsevier

ELSEVIER




Butterworth-Heinemann is an imprint of Elsevier
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, United Kingdom
50 Hampshire Street, 5th Floor, Cambridge, MA 02139, United States

© 2018 Elsevier Ltd. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, recording, or any information
storage and retrieval system, without permission in writing from the publisher. Details on
how to seek permission, further information about the Publisher’s permissions policies and
our arrangements with organizations such as the Copyright Clearance Center and the
Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by
the Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described
herein. In using such information or methods they should be mindful of their own safety and
the safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any lability for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-08-101018-1

For information on all Butterworth-Heinemann publications
visit our website at https://www.elsevier.com/books-and-journals

ﬂ Working together

—4AB8 (( grow libraries in

Poskd developing countries

ELSEVIER

www.elsevier.com e www.bookaid.org

Publisher: Matthew Deans

Acquisition Editor: Ken McCombs

Editorial Project Manager: Serena Castelnovo
Production Project Manager: Swapna Srinivasan
Cover Designer: Matthew Limbert

Typeset by SPi Global, India



CONTENTS

The Author ix
Preface xi
Acknowledgments Xiii
1. Introduction 1
1.1 Aims and Scope 1
1.2 The Main Design Issues of Tall and Complex Structures 2
1.3 Structure of the Book 2
References 4
2. Fundamentals of Tall Building Design 5
2.1 Introduction 5
2.2 History of Tall Buildings 6
2.3 The Lateral Stability System for Tall Buildings 7
2.4 Loads on Tall Buildings 18
2.5 Floor System 22
2.6 Vertical Support Systems 27
2.7 Earthquake Design 29
2.8 Wind Load Design 43
2.9 Design to Prevent Progressive Collapse 58
2.10 Fire Safety Design 60
2.11 Design of Tall Building Under Blast Loading 66
2.12 Foundation Design for Tall Buildings 69
2.13 Construction Methods and Technologies 72
2.14 Creep, Shrinkage, and Column Shortening Effect 74
2.15 Cladding 76
References 78
3. Shear Wall, Core, Outrigger, Belt Truss, and Buttress
Core System for Tall Buildings 81
3.1 Introduction 81
3.2 Shear Wall and Core System 82
3.3 Introduction of Outrigger, Belt Truss, and Buttress Core System 84
3.4 Outrigger Structures 85
3.5 Belt Truss and Ring Truss System 9%



vi Contents
3.6 Buttressed Core System 98
3.7 Summary 105
References 106
4. Tube System in Tall Building 109
4.1 Introduction of Tube Structures 109
4.2 Tube-in-Tube System 110
4.3 Framed Tubes 116
4.4 Braced Tubes Structure (Trussed Tube Structure) 123
4.5 Bundled Tube 124
4.6 Hybrids Tube System 126
4.7 Superslender Tall Building Design 127
4.8 Conclusion 134
References 134

5. Bracing, Diagrid, 3D Space Frame, and Mega Frame Structural
Systems in Tall Buildings 137
5.1 Introduction 137
5.2 Bracing Systems 137
5.3 3D Space Truss System 142
5.4 Diagrid Structures 145
5.5 Moment Resisting Frames 162
5.6 Mega Frame Structures (Superframe Structures) 164
5.7 Conclusion 174
References 175
6. Design and Analysis of Complex Structures 177
6.1 Introduction 177
6.2 Examples of Complex Structures 179
6.3 Design Considerations in Complex Structures 187
6.4 Complex Structural Analysis Methods 194
6.5 Building Information Modeling 195
6.6 Parametric Design Process 197
6.7 APl and GUI Development for Analysis Program 202

6.8 Example of Set up a 3D Model for Long-Span Structures—Roof

of Wembley Stadium 203

6.9 Case study of Long-Span Roof in King's Cross St Pancras Station
Using Ansys 207



Contents vii
6.10 Case Study of Multiphysics Fire Analysis of Building in Cardington
Fire Test Using ANSYS 207
6.11 Conclusion 210
References 210
7. Design and Analysis of Tensile Structures and Tensegrity
Structures 213
7.1 Introduction to Tensile Structures 213
7.2 General Considerations in Structural Design of Tensile Membrane
Structure 223
7.3 Structural Analysis of Tensile Membrane Structure 227
74 Modeling Examples of Tensile Membrane Structure 235
7.5 Introduction to Tensegrity Structures 237
7.6 Structural Analysis of Tensegrity Structures 239
References 248
8. Design of Offshore Structures 251
8.1 Introduction 251
8.2 Qil Platform 251
8.3 Incidents of Offshore Structures 264
8.4 Offshore Wind Turbine Structures 265
8.5 Major Design Consideration and Design Guidelines for Offshore
Structures 272
8.6 Structural Analysis of Offshore Structures (Modeling Example of an
Oil Platform Using SAP2000) 287
References 292
Index 295



This page intentionally left blank



THE AUTHOR

Dr. Feng Fu is a Chartered Structural Engineer. He is a professional member
of the Institution of Structural Engineers, the Institution of Civil Engineers,
and the American Society of Civil Engineering. He is also a committee
member of Disproportionate Collapse Mitigation of Building Structure
Standards and Blast Protection of Building Standards, American Society
of Civil Engineers. He is in the editorial board of International Journal
and Advances in Computational design and Proceedings of the Institution
of Civil Engineers — Structures and Buildings.

He is currently a lecturer in Structural Engineering in City, University of
London, following his work at the University of Bradford. Before his aca-
demic careers, he has worked for several world leading consultancy companies
and was involved in the design of several prestigious construction projects
worldwide. He worked in the advanced analysis team in the WSP Group
Ltd., London, following his work as a structural engineer in Waterman Group
Ltd., London. Before starting his PhD in the UK, he also worked as a struc-
tural engineer for one of the best design companies in China, Beijing Institute
of Architectural Design (Group) Co., Ltd. In this book, the author takes up for
discussion seven tall building projects designed by these three companies.

During his professional engineering experience, he worked with many
world-class architects and designed and analyzed all kinds of complex and
challenging structures around the world, such as tall buildings, long-span
space structures, and bridges.

Dr. Fu has extensive research experience in the area of progressive col-
lapse, structural fire analysis, and blast analysis of tall buildings and long-span
structures. He also conducted his research in the area of tensegrity structures
and steel and composite structures. His currently research interests also
include fluid and structure interaction of offshore structures such as offshore
wind turbine and oil platform. He is specialized in advanced numerical
modeling and has developed several modeling programs using different
programming languages. He is currently working on a €1,438,020.85
research project funded by the European Commission Research Fund
for Coal and Steel (RFCS), project number STABFI 751583, “Steel
cladding systems for stabilization of steel buildings in fire.” He is a PhD
supervisor. He is also a peer reviewer for more than 22 international



X The Author

journals and 4 books of internationally renowned publishers. He has publi-
shed more than 30 technical papers and two textbooks:

“Advanced Modeling Techniques in Structural Design, ISBN: 978-1-
118-82543-3, May 2015, Wiley-Blackwell.”

“Structural Analysis and Design to Prevent Disproportionate Collapse,
March 10, 2016 Forthcoming by CRC Press, ISBN 9781498706797.”



PREFACE

In the past decades, with the development of construction technology and
computer analysis methods, extensively tall and complex structures, such as
Burj Khalifa, Taipei 101, the Bird’s Nest, etc., have been built. The demand
from the construction market requires that a civil engineer has the ability to
design and analyze these challenging structures. The author has been
working in the industry and the academia for many years. As a professional
engineer, [ have been working on a variety of tall and complex structures,
such as the Shard, the tallest building in West Europe, the scheme design of
Nakheel Tower (1-km-tall building, designed to be the tallest building in
the world, project is on hold), etc. I noticed that most practicing engineers
as well as current college or university students lack the knowledge on the
design and analysis of tall and complex structures. Therefore, a textbook
conveying the knowledge of design and analysis of this type of structures
is increasingly important.

The aim of this book is to provide engineers and students with knowl-
edge on the design principles and analysis methods of tall and complex struc-
tures, the effective way to model these types of structures using the
conventional commercial software, and the theories and design principles
that underpin the relevant analysis. This book has been written to serve
as a textbook for college and university students and also as a reference book
for practicing engineers.

This book discuses almost all types of tall building systems and other com-
plexstructural formssuch as long-span structures, tensile structures, tensegrity
structures, offshore oil platforms, offshore wind turbine, etc. It covers the
structural design problems, such as lateral stability analysis, earthquake
analysis, wind engineering, foundation design for tall buildings, nonlinear
geometric analysis and form finding method for tensile structures and
tensegrity, multiphysics modeling for fire safety, fluid structure interaction
for offshore structures, etc.

Another feature of this book is that most of the design principles and
analysis methods are demonstrated using case studies and modeling examples
of existing prestigious projects around the world, such as the tallest buildings
in the world: the Jeddah Tower (the tallest building in the world), the Twin
Towers (in New York, demolished by 9/11 attack), 432 Parke Avenue in
New York (the tallest residential building in the world), Shanghai Tower

xi
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(632-m tall, the tallest mega-frame building in the world), Guangzhou Inter-
national Finance Center (432-m tall, the tallest diagrid building in the
world), China Zun Tower (528 m), Petronas Tower (378 m), Georgia
Dome (the first tensegrity dome in the world), Allianz Tower in Milan, etc.

This book also introduces several projects designed by the author’s
previous employers, which include The Shard (the tallest building in
Western Europe), One World Trade Center (541.3-m tall, the tallest build-
ing in the western hemisphere), 432 Park Avenue (425.5-m tall), Hearst
Tower (182-m tall) by WSP group, NEO Bankside Tower by Waterman
Group, Poly International Plaza, and China Zun Tower (528-m tall) by
Beijing Institute of Architectural Design Group Co., Ltd.

The book also emphasizes on the features of major commercial programs
used in the current design practice (such as SAP2000, ETABS, Abaqus,
ANSYS, Rhino, Revit, and AutoCAD), helping the engineers to under-
stand an effective way to model complex structures.

One of the highlights of this book is the introduction of the cutting
edge technology used in the current construction industry, the Parametric
Modeling and Building Information Modeling method.

In addition, this book also incorporates a vast number of project photo-
graphs across the world. Majority of them were taken by the author, which
help the reader to have a better understanding of the topics introduced in
this book.

Feng Fu
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CHAPTER ONE

Introduction

1.1 AIMS AND SCOPE

In the past decade, an increasing number of tall buildings and complex
structures such as the Burj Khalifa in Dubai, the Bird’s Nest Stadium in
Beijing, and the London Aquatic Center were built. These projects demand
that the civil and structural engineers have the ability to handle the increasing
difficulty in designing even more complicated projects such as tall buildings
or structures with complex geometries. The effective design of these types of
structures is based on a clear understanding of the behavior of the structures,
relevant analysis theory and method, knowledge of effective numerical
modeling software, and of specific design principles. However, it has been
noticed that, in the construction industry, most structural engineers find
themselves lacking the relevant knowledge. In most universities, the basic
design modules are taught to students. However, it is hard to find a module
that has the systematic introduction on the design and analysis of tall and
complex structures. Therefore, a book in this area is imperative.

The main purpose of this book is to provide students and design practi-
tioners detailed knowledge of advanced design and analysis methods of tall
and complex structures, such as tall buildings, long-span structures, tensile
structures, tensegrity structures, offshore oil platforms, and offshore wind
turbines. It also introduces major modeling programs (such as SAP2000
[1], ETABS [2], Abaqus [3], and ANSYS [4]) and the software to generate
the structural geometry (Rhino [5], Revit [6], AutoCAD [7], and
MicroStation [8]) used in structural design practice. It demonstrates the
design knowledge through prestigious projects across the world, such as
Jeddah Tower (1008-m tall), Shanghai Tower (632-m tall), etc. It also
demonstrates the latest technologies used in design such as the BIM (building
information modeling) and parametric modeling technique.

Design and Analysis of Tall and Complex Structures © 2018 Elsevier Ltd. 1
https://doi.org/10.1016/3978-0-08-101018-1.00001-0 All rights reserved.



2 Design and Analysis of Tall and Complex Structures

1.2 THE MAIN DESIGN ISSUES OF TALL AND COMPLEX
STRUCTURES

The major design issues of tall buildings are the lateral stability system
and the gravity system for the superstructure as well as for the foundation
design. The primary design target is to provide sufficient stiffness to tall
buildings to resist lateral or gravity loadings. It should also be ensured that
a correct foundation be selected, which can securely transmit loads
from the superstructure to the soil. Chapters 2—5 of the book cover such
design issues.

For complex structures, one of the major design issues is how to set up a
complex structural geometry. Due to the complexity, the innovative tech-
nology such as the BIM and parametric modeling techniques become the
key solutions to it. Another design issue of complex structures is the capa-
bility to analyze complex structural problems such as fluid and structure
interaction, geometrical nonlinear analysis, form finding, multiphysics
modeling, etc. In addition, the designers should also understand the under-
pin analysis theories of some special types of structures, such as the offshore
structures and tensile structures, as their design and analysis methods are
different from the conventional structures. All the design issues for complex
structures are covered in Chapters 6—8 of this book.

1.3 STRUCTURE OF THE BOOK

Chapter 1 is the introduction to the book.

Chapter 2 gives the fundamental principles of designing tall buildings. It
begins with a history of world’s tall buildings, then a brief description is given
of the major loadings that need to be considered during the design stage. It is
followed by a detailed introduction to the floor system and the vertical sup-
port system. The next section starts with a detailed discussion of the earth-
quake design, covering the structural analysis methods for evaluating
earthquakes, energy dissipation, structural regularity, and measures to reduce
earthquake response, such as using damping systems. The following section
provides information on wind loading, enlightening the readers on the fun-
damentals of wind loadings, enlisting the major design requirements for the
occupant comfort design. After this section, discussions on progressive
collapse, fire safety design, and blast design are made. In the latter part of
this chapter, the foundation design, construction method, as well as the



Introduction 3

shortening effect and cladding system are dealt with. Chapter 2 is the most
important chapter for the topic of tall buildings, as it attempts to cover all the
major design issues of tall buildings.

A detailed introduction of the lateral stability system is made in Chapters
3-5. Chapter 3 covers the shear wall and core wall system, the outrigger and
belt truss system, and the buttressed core system. The case study of the tall
building projects such as the Shard and the Jeddah Tower is discussed in this
chapter. Chapter 4 introduces one of the widely used lateral stability systems,
the Tube system. It gives a detailed description on the different tube systems,
such as the tube-in-tube, framed tube, braced tube, bundle tube, and the
hybrid tube system. The case studies of the Twin Towers and One World
Trade Center (the replacement of the Twin Towers) are made. In the final
part of Chapter 4, two super-slender buildings are considered as a case study:
432 Parke Avenue (425.5-m tall) and Allianz Tower. Chapter 5 focuses on
the bracing system, diagrid system, and the mega-frame system. Different
types of bracing systems, such as the concentric bracing and the eccentric
bracing are introduced, followed by the three-dimensional (3D) truss system
used in tall buildings. The diagrid system is described in great detail. A case
study of Guangzhou International Finance Centre (432-m tall), the tallest
diagrid structure in the world, is made. The latter part of the chapter deals
with the moment resisting frames and mega-frame structures. The mega-
frame structure is demonstrated using two case studies, the Shanghai Tower
(632-m tall, the tallest mega-frame building in the world) and the China Zun
Tower (528-m tall).

Chapter 6 deals with complex structures. It gives detailed examples of the
existing complex structures in the world, which covers the opera house,
train station, hotel, aquatic center, and cable car supports. This gives the
readers a clear picture of the different types of complex structures. The major
design considerations for complex structures, such as the design of space
structure, arches, as well as support and connections are made. Real project
examples are also given. It is followed by a brief introduction of the analysis
methods for complex structures. The highlights of this chapter are the intro-
duction of the BIM and parametric modeling, which are the cutting-edge
technologies used in the construction industry. In the final part of this chap-
ter, there is a brief description of the development of the API (application
program interface) and GUI (graphical user interface).

Chapter 7 presents the design and analysis of two special types of struc-
tures: tensile structures and tensegrity structures. Detailed analysis theories
for form finding and static analysis, such as the nonlinear finite element
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method, force density method, dynamic relaxation method are introduced,
including some important design issues such as wrinkling of the membrane.
The way to model membrane structure in ANSYS and Abaqus is also dem-
onstrated. The analysis methods for tensegrity are demonstrated using the
Georgia Dome as a prototype, which is modeled using the design-orientated
program SAP2000.

Chapter 8 introduces the design and analysis of offshore structures,
including offshore oil platforms and offshore wind turbines. The incidents
of offshore structures are demonstrated. Detailed introduction of major
loadings and design guidelines are made. The wave theories to model the
fluid and structure interaction are also elaborated. In particular, the design
guidelines on offshore structures are described. This chapter is endeavored
to give the reader a fundamental understanding of how to design and analyze
offshore structures.

REFERENCES

[1] SAP2000 Theory Manual, Version 19, Copyright Computers and Structures, Inc., 2016.

[2] ETABS Theory Manual, Version 2016, Copyright Computers and Structures, Inc.,
2016.

[3] Abaqus® Theory Manual, Version 14.1 Hibbitt Karlsson and Sorensen, Inc., Pawtucket
(RI), 2016.

[4] ANSYS Theory Manual, Version 18, ANSYS Inc., 2017.

[5] Rhino 5.0 Robert McNeel & Associates, 2017.

[6] Building Design Software, Revit Family, “Autodesk. Official Website”, Autodesk Inc.,
2014.
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Website”, Autodesk Inc., 2017.

[8] Bentley System Inc., Bentley System Official Website, 2017.



CHAPTER SEVEN

Design and Analysis of Tensile
Structures and Tensegrity
Structures

Abstract

In this chapter, the design and analysis of two special types of structures: tensile and
tensegrity structures are explained. It starts with the introduction of tensile structure,
including different membrane materials, different types of support. This is followed
by discussion of major loadings need to be considered for tensile structural. Then,
the general design considerations are illustrated which covers some of the important
design issues such as wrinkling of the membrane. Detailed analysis theories for form
finding and static analysis are illustrated. They are nonlinear finite element method,
force density method, and dynamic relaxation method. The way to model membrane
structure in ANSYS and Abaqus are also described. In the final two sections of this chap-
ter it covers the topic of tensegrity structures. Design and analysis methods are exam-
ined. The analysis methods for tensegrity structure are demonstrated using Georgia
Dome as a prototype, which is modeled using design orientated program SAP2000.

Keywords: Tensile structures, Tensegrity structures, Form finding, Geometrical
nonlinearity, Nonlinear finite element method, Force density method, Dynamic
relaxation method

7.1 INTRODUCTION TO TENSILE STRUCTURES

Tensile structure is one of the unique complex structures. Its structural
members can only carry tension but there can be no compression or bend-
ing. It normally consists of exterior fabric material with its framework such as
cables. The fabric and the cables are maintained in tension in all directions to
provide stability. Membranes are one of the common fabric material used in
the tensile structure.

A membrane is tensioned between rigid structural elements such as steel
frames or flexible structural elements cables. The membrane itself can resist
external loading only through increasing tension in the membrane, which
results compression and bending in supporting elements. To achieve ade-
quate stiffness, its surface curvatures must be relatively high. Therefore,

Design and Analysis of Tall and Complex Structures © 2018 Elsevier Ltd. 213
https://doi.org/10.1016/13978-0-08-101018-1.00007-1 All rights reserved.
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doubly curved forms are conventional in design as it provides greatest sta-
bility. As this type of material can only carry tension but no compression
or bending, its surface shape must be generated through form finding to find
the equilibrium position of a structure for a given stress state.

7.1.1 Type of Fabric Material

There are several different kinds of membrane materials such as polytetra-
fluorethylene (PTFE)-coated fiberglass, polyvinylchloride (PVC)-coated poly-
ester fabric, silicon-coated glass, etc. Ethylene-tetra-fluorethylene (ETFE) film
is another type of membrane material; it can be used as either single layer
or cushion form (which is inflammable). The two famous stadiums for 2008
Bejjing Olympic Birds Nest and Water Cube have used ETFE membrane.
In Water Cube, the inflated cushions provide good insulation and beautiful aes-
thetic effect. Through the volume control of inflated air, the transparency of the
membrane can be changed, therefore the natural light can be effectively used, and
in addition, the reflection of sound can also be controlled.

The material of membrane structure has unique feature in terms of
insulation, light transmission, and fire protection. Therefore, the selection
of the membrane material is important in the design of this type of structure.
Among them, PTFE, PVC, and ETFE are widely used with a wide range of
tests performed; therefore, they are the preferable material for an engineer to
choose. For ETFE material, the stains can be simply washed off by the rain.
Although the ETFE is susceptible to punctures, these can be easily fixed with
ETFE tape.

7.1.2 Type of Support

The maximum span of the fabric itself can achieve 30 m. To cover longer
span, the fabric should be supported by cables (Figs. 7.1 and 7.2) or steel frames
(Fig.7.5). These cables are further supported to the main supports (Fig. 7.1A) or
directly anchored to the foundation (Fig. 7. 1B). For the mainsupport, there are
different types, such as mast support, compression rings, beams, arch support, or
hanging by cables. They are going to be explained here.

7.1.2.1 Supported by Hanging Cables

As shown in Fig. 7.1, in O, arena, the membrane is directly supported by
cables, these cables are further supported by hanging cables which are
supported back to masts (Fig. 7.1A), which will result huge compression
force to be resisted by these masks. Therefore, the masks are normally
supported by heavy concrete block (Fig. 7.2B), which shows another
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Fig. 7.1 (A) Tensile membrane structure, the O, dome, London, UK and (B) the anchor-
age of the cable. (Photo taken by the author.)

Fig. 7.2 A tensile membrane canopy of a toll station at Highway of Beijing International
Airport, Beijing, China: (A) overview of the entire structure, (B) details of mast connection
to concrete foundation support, and (C) details of cable support. (Photo taken by the
author.)
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membrane structure with a similar support system. In this shape of structures,
the membranes are anchored back to the foundations through cables to
maintain its shape (Figs. 7.1B and 7.2C).

This kind of support is quite common. Fig. 7.2 is another example of this
type of support. It shows a tensile membrane canopy of a toll station on a
highway to Beijing International Airport.

7.1.2.2 Supported Directly by Mast

Most tensile structures are supported by some forms of compression or
bending elements, such as masts (Fig. 7.3), compression rings, or beams.
Fig. 7.3 is another example of membrane structure. It is at the Entertainment
Center in Astana, Kazakhstan designed by Architect Foster + partners.
The whole membrane structure is supported on a large compression masts
which consists of three truss columns to resist the huge compression force
come from the supported membrane structures (Fig. 7.4).

7.1.2.3 Supported by Steel Frames
As shown in Figs. 7.5 and 7.6 steel frames are used to support the large
inflaimmable cushion membrane panels.

7.1.2.4 Supported by Arches
Arch support is one of the typical supports for membrane structures
(Fig. 7.7). This is because by using the arch support, saddle curvature can

Fig. 7.3 Membrane structure Khan Shatyr Entertainment Center, Astana, Kazakhstan.
(Photo taken by the author.)
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Fig. 7.4 Interior of Entertainment Center in Astana, Kazakhstan. (Photo taken by the
author.)

Fig. 7.5 Membrane roof in Manchester Victoria Train Station, Manchester, UK.
(Photo taken by the author.)
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Fig. 7.7 A bridge with arch supported membrane canopy at Greenwich, London, UK.
(Photo taken by the author.)

be formed in between the support of arch, which allows adequate resistance
to buckling of the membrane.

7.1.3 Introduction of Different Projects Using Membrane
Material

In order to give the readers a clear explanation of membrane structure, in this
section, different projects across the world are using the membrane material
that will be discussed. Different membrane material and supporting struc-
tures are chosen for clear demonstration of membrane structures.
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7.1.3.1 Khan Shatyr Entertainment Center in Astana Kazakhstan

As shown in Figs. 7.3 and 7.4, Khan Shatyr is a giant transparent membrane
structure in Astana, Kazakhstan. This project was completed on December
9, 2006. The Khan Shatyr Entertainment Center was designed by an UK
architect Foster + Partners and UK structural engineer Buro Happold.

The height of the structure is 150 m, it has a 200-m elliptical base cove-
ring 140,000 m>. As shown in Fig. 7.4, the area is larger than 10 football
stadiums, 1s an urban-scale internal park, shopping, and entertainment venue
with squares and cobbled streets [1].

The fabric roof is constructed from ETFE-cushions. It can also be seen in
Fig. 7.4 that the fabric roof is suspended on a network of cables, they are
further supported by a central mask. The transparent membrane allows
sunlight through, working with air heating and cooling systems, it can main-
tain an internal temperature between 15 and 30°C in the main space and
19—24°C in the retail units.

7.1.3.2 Eden Project (Cushion Membrane)

As shown in Fig. 7.6, Eden Project is located in Cornwall, England. It is
designed by architects Nicholas Grimshaw & Partners. The project was built
by McAlpine as a joint venture. It is featured in its two biome—the
Rainforest Biome and the Mediterranean Biome, each of them consist of
several domes which are joined in the middle by the link building. The clad-
ding panels are made from the thermoplastic ETFE large cushion panels, up
to 9 m across, were made by several layers of thin ETFE film, which are
sealed around their perimeter and inflated. These panels are supported on
steel space structures using tubular steel, forming hexagonal shape frame.
These cushions provide good thermal insulation to the structure. It can be
seen in Fig. 7.6 that the structure is completely self-supporting, with no
internal supports. Owing to its lightweight, wind uplift has been considered,
therefore, the domes are tied into the foundations with ground anchors.

7.1.3.3 O, Arena Dome

As shown in Fig. 7.1, the O, arena hosted the 2012 Summer Olympics
Games. It is an indoor arena covered by the tensile membrane dome using
PTFE-coated glass fiber supported by the hanging cables. Its structure was
designed by BuroHappold. It is supported by high-strength cables spanning
from outer edge to the center, which are supported by 12 100-m-high
yellow steel support towers. As shown in Fig. 7.1, the cables are anchored
back to concrete block, to support the fabric.
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According to Ref. [2], the arena provides 100,000 m” of enclosed space.
The structure is 365 m in diameter, with a circumference of 1 km and a
maximum height of 50 m.

It was the largest structure in the world when it was built. It can be seen
that for such a large span structure, membrane material would be the first
option due to its super lightweight.

7.1.3.4 Jeju World Cup Stadium

As shown in Fig. 7.8, the Jeju World Cup Stadium located on Jeju Island,
with a 35,657-person capacity. It was built in the city of Seogwipo on Jeju
Island in South Korea. It was designed resembling the shape of the mouth of
a volcano and its roof in the shape of nets of traditional fishing boats in
Jeju [3]. The stadium was built 14-m below ground level to endure strong
winds. It used the FGT-800 membrane material. FGT series are the glass
fiber B yarn clothes impregnated with fluoroplastic PTFE and then sintered.
The B yarn has the specific strength even excellent than steel. It has the resis-
tance of high temperature up to 700-800°C and can resist ultraviolet
rays. This kind of membrane also has the anti-adhesion and water-repellent
features. Therefore, it is a good option for stadium roof.

As we can see that the membrane structures are also supported on the
arch which is supported by the cable hanging from six large masks, the arch
itself is also anchored back to the mass concrete blocks at the two ends of the
structure.

Fig. 7.8 Jeju World Cup Stadium, Seogwipo, Jeju, South Korea. (Photo taken by the
author.)



Design and Analysis of Tensile Structures and Tensegrity Structures 221

7.1.3.5 Birds Nest Stadium, Beijing

As shown in Fig. 7.9, the Beijing National Stadium was completed in early
2008. It has a gross floor area of 254,600 m? with seating capacity for 91,000
including 11,000 temporary seats. CITIC Internationals Contracting Inc.
was the major construction contractor. The structural engineering, mechan-
ical, and electrical engineering, fire safety engineering, and acoustic designs
were made by Ove Arup & Partners.

The National Stadium’s main structure is an enormous saddle-shaped
elliptic steel structure weighing 42,000 t. The stadium extends 333 m from
north to south and 294 m from east to west, with a height of 69.2 m [4].
It uses the ETFE cushion membrane as the roof structure. As shown
in Fig. 7.10, it provides a half transparent but water-resistant roof, allow
sunshine to penetrate through, but reduce the intensity of the ultraviolet
from the sun.

7.1.4 Pros and Cons of Using Tensile Structures

From the explanation of Section 7.1.3, it can be seen that there are plenty of
benefits in using tensile structures. Most membrane structures have high sun
reflectivity and low absorption of sunlight. They also have benefits such as
flexible design aesthetics, good translucency, excellent durability and low
maintenance, and cost effective. In addition, daylight is maximized in build-
ing interiors, thus reducing the costs for electric lighting.

B

—

Fig. 7.9 Interior of Birds Nest Stadium in Beijing, China. (Photo taken by the author.)
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author.)

In term of structural design, the lightweight membrane is a cost-effective
solution that requires less structural steel to support the roof compared to con-
ventional building materials, therefore, it is ideal to use in long-spans struc-
tures. Owing to its flexible feature, it can also be used as a deployable structure.

However, there are also some disadvantages of using membrane struc-
tures. Owing to the lightweight of the structure, wind becomes critical
for loading, and several accidents of membrane structure can be damaged
due to wind that have been reported.

7.1.5 Design Code for Membrane Structures

Currently, there are not many design guidance for membrane structures
cross the world. In China, CECS 158:2004 [5] “Technical specification
for membrane structures” is one of the detailed design code for membrane
structure. It covers the basic design specifications, structural analysis methods,
fabrication, construction, procedures for approval, and structure mainte-
nance. It is one of the most detailed design codes for membrane structures.

The European Standard, EN 13782:2005 [6] “Temporary structures
Tents-Safety,” covers the safety requirements for tents during design, calcu-
lation, manufacture, installation, maintenance, operation, and examination
for temporary installed tents of more than 50-m? ground areas. The contents
cover fundamental terms and definitions, the general requirements for design,
principles of numerical analysis, the design actions, the verification of stability,
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and equilibrium, the ground anchorages, the other structural components, the
special design and manufacture criteria, the manufacture and supply, the
examination, the competence, procedures for approval, examination and
tests, and the aerodynamic coefficients for round-shape tents.

There is another European design guidance, EN 15619:2008 + A1:2010
“Rubber or plastic coated fabrics—Safety of temporary structures (tents)—
Specification for coated fabrics intended for tents and related structures” [7].
It covers the level of performance for different fabrics.

Membrane structure has been widely used in Japan for long time, espe-
cially inflammable membrane structures. MSAJ/M-03:2003 “Test methods
for membrane materials (coated fabrics)—qualities and performances [8]”
describes the testing procedures for membrane materials.

In the United States, the ASCE Standard 55-10 “Tensile Membrane
Structures” [9] covers the design approach and the prescriptions for an appro-
priate fabrication and erection of the structure. It includes the properties of
membrane materials, the connections details, load combinations and strength
reduction factors. It also suggests recommendations about the use of wind
tunnel analysis in order to investigate the wind pressures (where the shape
of the membrane does not fall within the limits of the prescriptive load requi-
rements), the flutter at free edges and the resonance of the entire structures.

ASCE Standard 17-96 “Air Supported Structures” [10] and ASCE Stan-
dard 19-96 “Structural applications of Steel Cables for Buildings” [11] are
the other two design guidance related to the design of membrane structures.

7.2 GENERAL CONSIDERATIONS IN STRUCTURAL
DESIGN OF TENSILE MEMBRANE STRUCTURE

Owing to its unique feature, the design and analysis of membrane struc-
ture is different from conventional structures. The support, geometry and pre-
stressing of the membrane are three key design considerations. In addition,
patterning is another important design process. Structural fabrics are manu-
factured as flat panels, for this reason, tensile fabric structures cannot be formed
without incurring stresses in the surface. The conventional structural fabrics
are manufactured with a typical width of 2-3 m, and a maximum width of
5 m[12]. Ifitisalarge structure, multiple panels are needed. The shape of these
panels affects the final form and stress distribution of the membrane. There-
fore, a specialist design process, patterning, is needed for this type of structure.

The flow chart of the whole design process is shown in Fig. 7.11, which
will be introduced in the following sections.
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[ Form finding J

(" Structural analysis under
L loading

L Fabrication construction J

Fig. 7.11 Flow chart of design analysis process of tensile membrane structure.

7.2.1 Design Loading

In this design, the loadings below need to be considered, dead load, snow
load, wind load, earthquake load, and thermal loading. The dead loads
are mainly from the self-weight of the membrane, as membrane is a super-
light material, so it is quite small, around 1 kg/m?®. The membrane roof is not
accessible in reality; therefore, the live load can be ignored. Owing to its
lightweight, the inertial force is quite small during the earthquake; therefore,
the earthquake loading is not a major consideration.

Wind loading is major load which needs to be considered in the design;
this is due to its smaller stiffness compared to other kind of structure. Wind is
one of the major causes for the failure of membrane structures. The wind
load can be resistant through the wrinkling of the membrane. There are
quite a few incidents of damage to membrane structure under wind loading
that has been reported. Therefore, wind is a dominant load in the design
consideration discussed in detail further.

7.2.2 Wind Loading

As mentioned, because membrane structures are lightweight and flexible,
wind resistance is critical to their structural design. Wind is a dominant load
in the design.

In terms of structural analysis of membrane structure under wind load-
ings, there are two approaches available to use: quasi-static and dynamic
approach.
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Quasi-static approach is to assume that the dynamic wind effects can be
ignored in designing a membrane structure, so the structure only undergoes
deformation, therefore wind load can be considered as static load case. In this
case, the wind load can be derived directly using the normal wind code
such as EN1991-1-4 [13]. The mean wind load at a certain point on the
surface of a structure is computed as the product of a mean dynamic pressure
at a specific point, a dimensionless pressure coefficient, and further
coefficients.

Dynamic approach membrane structures have a considerably low natural
frequency (typically 0.5-1.5 Hz). This damping results from the crimp inter-
change of the yarns. The high flexibility of membranes leads to considerably
large deformations for external loadings, which makes membrane structures
susceptible to wind-induced aeroelastic eftects. Therefore, to accurately ana-
lyze the structure under wind load, the dynamic effect of the wind on the
membrane structure needs to be considered. Wind tunnel experiments are
necessary to determine the wind load on membrane structures, due to their
individual geometry. In addition, numerical approach computational fluid
dynamics for the analysis of membrane structures is also necessary. Examples
are the works of Saberi-Haghighi [14], Hubner [15], and Gluck and
Halfmann [16,17]. They analyze membrane-wind interaction through fully
coupled fluid-structure interaction simulation, however, with simplified
boundary conditions for the fluid analysis. In Ref. [18], Alexander Markus
Kupzok also simulated membrane-wind interaction through surface-
coupled fluid-structure interaction method.

In real design practice, for large-scale complex membrane structures, the
geometry coefficient and wind pressure coefficient under different direc-
tions of wind loading is determined using wind tunnel test. However, for
simple membrane structure, different design codes such as “Temporary
structure Tents Safety” [6], gives the aerodynamic coefficients for round-
shape tents for wind design.

7.2.3 Wrinkling

Owing to its low compressive strength, wrinkles can be formed in mem-
brane material in certain loading conditions. The wrinkle often gives a
negative image; therefore, to understand what would result in wrinkle
occurrence is important for membrane structural design.

Wrinkling theory was the iterative materials properties (IMP) model
firstly developed by Miller and Hedgepeth [19,20]. They presume that if
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a simulation of a membrane element is deemed to be wrinkled, the geomet-
ric strain in the direction perpendicular to the direction of the wrinkles,
due to out-of-plane deformation of the material, can be modeled by intro-
ducing a variable efficacious Poisson’s ratio for the element. Hence, the stan-
dard “taut” modulus matrix, predicated on Hooke’s law for plane stress and
given by.

E
M, = vi, o0 7.1)

E
M,=-—
4

0 2(1—A) (7.2)

Based on above theory, Guo [21] gives two methods to make wrinkle
analysis:
1. Tensile field theory method
when the principle strain. & >0, &, <0 wrinkle occurs
2. Finite element static buckling analysis method of membrane
Using FE analysis package such as LS-DYNA, a buckling analysis of
membrane can be performed.

The main objective of wrinkle analysis is to find the regions affected by
wrinkles and the direction of wrinkles.

7.2.4 The Initial Geometrical Equilibrium—Form Finding

Before analyzing under the loading condition, the membrane and its rein-
forcing members (cables) should be prestressed to provide adequate stiffness.
Therefore, a certain shape of the structure can be formed. Without prestress,
the structure does not have adequate stiffness to resist the external loading.
For this reason, initial geometrical equilibrium of the structure position need
to be found before the load can be applied to the structure, this process is
called form finding. Through the form finding, the adequate stiffness can
be achieved. Therefore, no wrinkling will be formed under the normal
loading.
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According to Ref. [22], there are certain assumption made when per-
form form finding:

1. small strain behavior in a model undergoing large deformations, and
2. the form-finding system significantly more flexible than the form-found
shape while still maintaining the desirable relative element stiffness.

There are several form-finding theories discussed in Section 7.3.

7.2.5 Patterning of Tensile Fabric Structures

Patterning is a unique design stage for tensile fabric structures. In the pattern-
ing design stage, the three-dimensional surface of the fabric members
(membrane), found by means of form finding is flattened obtaining a
two-dimensional cutting pattern for the fabric. This process is generally
based on mathematical studies, which is included to determine the arrange-
ment of planar fabric panels when the panels are assembled, the desired 3D
form to be achieved, ensuring that the stress distribution is as close as possible
to that intended during form finding. Fabric usage should also be minimized,
so that the membrane can be fabricated.

Based on Ref. [12], the patterning process can be divided into the
following steps:

Step 1: Seam definition concerns the division of the form-found mem-

brane surface into panels. The divisions are defined by seams which gen-

erally take the form of sewn and/or welded overlapping panels of fabric.

Step 2: Flattening, developing a portion of the 3D form-found

membrane surface into the 2D plane.

Step 3: Stress reduction, using iterative methods to the flattened panel

geometry to reduce stresses.

Step 4: Compensation, concerns the shrinking of the pattern to account

for tensioning of the membrane during construction.

Step 5: Pattern assembly, can be included in patterning schemes to

calculate the final geometry and stresses in the constructed membrane.
There are two numerical analysis methods used for patterning: dynamic
relaxation method (DRM) and force density method (FDM), which is
explained in Section 7.3.

7.3 STRUCTURAL ANALYSIS OF TENSILE MEMBRANE
STRUCTURE

Analysis of cable-membrane structure is a geometrical nonlinear
problem due to its large deformation when resisting the external loading.
Therefore, this type of structure is very sensitive to the geometry shape.
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In the analysis, the structure can be idealized into the elements and nodes.
The membrane can be discretized into a system of nodes and 2D finite ele-
ments, traditionally, triangle elements are chosen for the simulation of mem-
brane, as shown in Fig. 7.12.

As shown in Fig. 7.13, cables can be simulated using 1D finite elements
such as cable elements or tension-only elements, both consist of two nodes
with six degrees of freedom.

The equilibrium position of each node under loading condition can be
searched iteratively using different numerical tools such as DRM and FDM
discussed here.

7.3.1 Nonlinear Finite Element Method

For each node of the cable-membrane structure, the equilibrium equation of
a node under external loading can be seen in Ref. [23] and Eq. (7.3).

([Kel' + [Ke] ){AUY ={Po} + {AP} + {R}' (7.3)
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Fig. 7.12 2-D triangular elements.
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Fig. 7.13 Triangular membrane element and cable elements.
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where
[KE] 1s the elastic stiffness matrix,
[Kq] is the geometrical stiffness matrix,
{AU}' is the increment of displacement of the nodes,
{P,}" is the initial nodal force,
{P}" is the external loading force on the node, and
{R}" is the residual force.
At the form-finding stage, there is no external loading, therefore,

([Ke]' + [Kc] ){AU} = {R}' (7.4)

Eq. (7.4) 1s the basic governing equations for form finding of tensile cable
membrane structure using the nonlinear finite element method.

7.3.2 Force Density Method in Form Finding

The force density method (FDM) was first introduced by Schek [24]. In this
method, the force/length ratios or force densities are defined for each branch
of the cable net and membrane structure. The associated node coordinates of
the structure are obtained by solving the topological branch-node matrix
[24]. This method makes a simple linear “analytical form finding” possible.
This method is used in tensile membrane structures to find the equilibrium
shape of a structure consisting of a network of cables and membrane.

7.3.2.1 Cable Net
For cable net, the form-finding equations can be analytically determined by
using the force density ratio for each cable element [25]. The basic principle
1s introduced here.

For any joint i, its equilibrium in the x direction can be represented as.

ni Xi_xk ;
t,=F (75)

k=1 ik

where

n; is the number of cables connected to joint i,

ti 1s tensile force in the cable,

L; is the length of cable, and

X' — X" is the coordinate difference of joint i and joint k for cable ik in the
X direction.

If g=1t/L, where tand L are the cable force and length of a cable element,
respectively, therefore, for joint i.
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Hi

> (X -x)au=F, 7.6)

k=1

If there are n nodes and m cables, the equilibrium equation in the X direction
for each node can be deduced:

[CI[UL) " {e} ={F} (7.7)

where

{F;} is the load vector,

[U] is the coordinate difference matrix,

[C] is the topology matrix of this network, and [U] and [C] will be
explained in the following sections.

If we call Cs=[C C{ branch-node matrix [24], which gives the positions
of nodes (vertices) which connect the cables (edges) of a cable network. Cs1is
constructed following the below rules:

C(i,j)=—1 (when j is the smaller node number of element i).

C(i,j) = 1(when j 1s the lager node number of element 7).

C(i,j)) =0 (for other situation).

where i and j are the joint numbers, from 1 to #, and

m=n+tns

where
n is the number of free nodes, these nodes are not constrained, and
nris the number of fixed nodes, these nodes are supported.
Therefore, [C] can be further divided into [C] and [C{.
So the coordinate’s difference of all the connected joints in the cable net
can be obtained using the branch-node matrix C and Cp.

{u} =[Cl{x} + [C]{x}
{=1a{n+[cl{w}
{w}=[Cl{z} + [G]{~}
where
x, y, z are the vector for the coordinate of free joints, and

X ¥ Zrare the vector for the coordinate of fixed joints.
In the X direction.

{u} =[CHx}+ [ {x}
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If the length of the element is [/] and the internal force of the element is {t},
external loading is { F,.}, and convert vector {#} into m X m matrix [U], [U] is
the coordinate difference matrix:

[ UL {1} = {F.} (7.8)
The force density.
{g}=[L"{}

[L] can be worked out through {x}.
Therefore,

[Cl"[Ul{g} = {F:} (7.9)

Because.

(UHq} = [Ql{u}

where [Q] is the diagonal matrix for {q}.
Therefore,

[C1T[QI{u} ={F} (7.10)
So

[ [QICHx} + [T Q[C] {2} = {F.} (7.11)

If we let [D]=[C]"[Q][C] and [D]=[C]"[Q][CJ, [D] is the generalized
Gaussian transformation of [C].
So

[D{x} ={F.}— [Dy] {xs} (7.12)

Eq. (7.12) can be used to determine the node coordinate for all the free
nodes by using following equations:

{x}=[D""{{E} - [D/]{x}} (7.13)

Similarly, we can obtain.
[D{y}={F:} - [Dr]{w} (7.14)
[DI{z} = {E.} - [Dr]{} (7.15)

Therefore.
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The coordinate for the nodes in the y direction can be:

=MD" {{B} - [D{n}} (7.16)

The coordinate for the nodes in the z direction can be:

=D {{5} - [D){=}) 7.17)

Therefore, based on above procedures, the equilibrium shape of a cable net
can be determined.

7.3.2.2 Membrane Elements

The basic formulation of cable nets can be extended to the analysis of the
membrane structures. As it is described, membrane can be discretized into
a system of number of 2D triangular membrane elements. For each triangle
element the stress inside can be expressed as [25].

{6} = {60, 60,0} (7.18)

As shown in Fig. 7.14, for any joint i, of the triangular element, the pres-
tressed force within the membrane element m produce a tensile force to that
joint which can be expressed as.

Fig. 7.14 Equilibrium of joints.
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1 h,,
Tm:ELmtO-OH—m (719)
where
H,, is the length of the perpendicular bisector, and
t is the thickness of the membrane.
The area of the membrane element.

1
Sw==L,H,
2

Therefore,
T,= dm L,i ihm

where ¢, 1s the force density of the membrane elements.

7.3.2.3 Equilibrium of Joints
As shown in Fig. 7.14, for any joint i, the prestressed force in cable element ¢
produce a tensile force to that joint which can be expressed as.

'Tic = ‘1ch

Therefore, the equilibrium of joint i can be expressed as.

k J
> quLyitn+ Y qL=0. (7.20)
m=1 n=1

where K and j are numbers of membrane elements and cable elements
connected to joint i.
Based on Eq. (7.20), the equilibrium of all the joints of.

7.3.3 Dynamic Relaxation Analysis Method

The load analysis of cable-membrane structures is a geometrical nonlinear
problem due to their large deformation. The dynamic relaxation method
(DRM) is an iterative process that is used to find static equilibrium. The
theory of this method was first described by Day [26]. In this method, a
dynamic solution is used for a fictitious damped structure to achieve a static
solution. The stability of the method depends on the fictitious variables
(such as mass and damping) and time step.

Dynamic relaxation is based on the Newton’s second law of motion and
stress-strain relations of the structural components under consideration.
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For motion in the x direction:
Fi=MX, (7.21)

Ifa tensile structure is not in equilibrium, there will be some residual force R
acting on the node. The static configuration of an elastic system can be
treated as a consequence of a previous dynamic state, by presuming an
artificial dynamic system which could be expressed as.

R'=[M]X;+[C)X; (7.22)

where

[M] is the artificial mass matrix, oscillating around their equilibrium
position,

[C] 1s the artificial damping matrix, it will dissipate the energy until a
steady equilibrium state is reached, X is the displacement,

X, is the velocity,

X; is the acceleration, and

R; is the residual of internal and external forces.

X =[M"{R - [C]x!} (7.23)

For a small time interval At, the equation can be rewritten in central
difference form.
For velocity:

Xr +At/2 Xr—At/Z

i i

+ AtX; (7.24)
Substitute Egs. (7.6) into (7.4), therefore,

(Xt+ At)2 _X:—At/2> (X{+Ar/2 +x€——At/2)
M; +G

! ! !

At 2

Further, rearrange Eq. (7.7), we get the nodal velocity that.

X€+At/2 _ Xrﬂ—At/z ]VI,'/At— C,-/Z +R! 1 (7 26)
‘ ‘ Mi/At+C/2f T\ M;/At+ Ci/2 '

RI= (7.25)

Therefore, the displacement of nodal coordinates at time ¢+ At can be
worked out as

o+ At/2

XA =X+ ArX, (7.27)

For the first iteration.
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Therefore, the current nodal residuals Rf+A' can be worked out, and a
new iteration starts.

Based on the above equations, the DRM can be divided into the follow-
ing steps:
1. Setting the displacement of the node X and residual R at their initial

value at t=0

2. Using displacement X and Eq. (7.23) to work out X: at time ¢
3. Calculate the new velocities X; at time t+At/2 using

XITAP 2 XA 4 AR, Ba. (7.24)

4. Calculate the residuals force R at time ¢+At/2 using
X:+A'/2—X:_A'/2 ! + X:—A//Z
R! =M;( o ) + C,-( 5 ) Eq. (7.25)

5. Calculate the new velocities X; at time ¢+ At/2

XH— At/2

6. Using the velocity X; to Calculate the new displacement X at time
t+At/2

7. Go back to step 2

8. Repeating the above steps unless the residual R close enough to zero

The iterations proceed until the required convergence, is determined by the

allowable residual forces are smaller than the required value, has been

achieved [27].

7.4 MODELING EXAMPLES OF TENSILE MEMBRANE
STRUCTURE

Owing to its flexibility, membrane structure 1s difficult to model with-
out helping the advanced analysis software. In this section, the modeling
example of form finding for membrane structure will be shown using
two popular general purpose software ANSYS and Abaqus.

7.4.1 Modeling Example of Form Finding for Membrane
Using ANSYS

We have introduced several form-finding theories, here, the form finding

will be performed using general purpose software ANSYS. There are several

steps to set up the membrane model in ANSYS [28]

1. Set up the geometrical model

2. Using link10 element to model Cable

3. Using shell41 element to model membrane, in the Option, choose
Tension Only
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-

. Meshing the membrane elements using triangular mesh

5. Applying the constrain by
Load> Apply > Displacement > on Keypoints,

6. Apply the prestress force to the membrane through decreasing the

temperature by

Load> Apply > temperature > on area> then choose the membrane,
Choose temperature value —0.375°C

7. Analysis using static large displacement analysis procedure

8. Checking the stress distribution of the membrane

7.4.2 Modeling Membrane Elements Using Abaqus

In Abaqus, the membrane can be modeled using several different elements
available in Abaqus:

M3D4 membrane element which is a four-node quadrilateral element,

MB3D8R, an eight-node quadrilateral membrane, and

M3D3 membrane element which is a three-node triangular element.
These elements are surface elements that transmit in-plane forces only and
have no bending stiffness so they could not resist moments. Therefore, they
are ideal to model membrane.

It is necessary to prestress these elements before any analysis is carried
out. The mesh for the square membrane consists of triangular or square
elements.

Uniform biaxial prestress force is applied to the membrane elements
directly using the.

*INITIAL CONDITIONS, TYPE= STRESS option.

This option should be used before applying any of the *STEP options, to
account for the geometric stiffness induced by the prestress.

The nonlinear calculation procedures should be used. Before the eigen-
value extraction calculations, a nonlinear static analysis step is carried out by
using the *STEP, NLGEOM option after the *INITIAL CONDITIONS
option.

In the above static analysis step, the applied initial prestress is maintained
by restraining the outer edges of the membrane. Then, in the next step
(frequency extraction step), the boundary conditions are changed to the actual
ones, by using *BOUNDARY, OP=NEW option.

If vibration of the membrane is to be checked, frequency analysis
step needs to be defined, using linear analysis step, number of eigen-
values can be extracted with the choice of eigensolver. There are two
solution methods for solving eigenvalues can be used in Abaqus: the
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subspace iteration method and the Lanczos method. The Lanczos
eigensolver is faster and more effective for models with many degrees
of freedom.

7.5 INTRODUCTION TO TENSEGRITY STRUCTURES

Tensigrity i1s a structural system which was developed in the
past 50 years. The concept of ‘tensegrity’ was first invented by architect
B. Fuller [29]. The word tensegrity comes from two words “Tension +
Integrity = Tensegrity”. He came up with an idea of “nature relies on
continuous tension to embrace islanded compression elements.” In Fuller‘s
idea, for this type of structure, stresses are evenly distributed throughout
the entire structure rather than accumulating at certain points, therefore,
maintain the balance of tension members.

7.5.1 Difference Between Tensegrity Structure and Tensile
Structure

Most of the tensegrity structures are covered with membrane material,
therefore, it sometimes is confused with tensile structures. The major dif-
ference between tensegrity structure and tensile structure is that it is a
self-equilibrium structure, a system composed of continuous prestressed
cables (in tension) and individual compression struts, as shown in
Fig. 7.15, with the cables attached to the compression struts. Therefore,
different to tensile structures, it consists tensional members as well as com-
pression members, however, the compression member is part of the self-
equilibrium system. On the contrast, for tensile structures, compression
member such as masts are primarily work as the support structures to
the entire tensile cable nets.

7.5.2 Application of Tensegrity Structure in Construction
Projects

Tensegrity structure is widely used in long-span space structures in civil
engineering, this is due to its super lightweight features, making a clear span
of more than 200 m easily achievable which outperform other long-span
structures such as double-layer grid and single-layer lattice domes. As shown
in Fig. 7.16, the first long-span space structure using project using Fuller’s
tensegrity structure concept is a “cable dome” in the circular roof structures
of Gymnastic and Fencing Arenas for the Seoul Olympic Games in 1986,
designed by Geiger [30]. However, many arguments have been made on this
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Fig. 7.15 Unit tensegrity structure in Westfield Shopping Center, Stratford, London, UK.
(Photo taken by the author.)

Fig. 7.16 Fencing Arena for Seoul Olympic Games, Seoul, South Korea. (Photo taken by
the author.)

structure, as most engineers did not recognize it as an actual tensegrity
system, because the compression ring is not inside the set of cables. In
1992, Levy [31,32] further improved the layout of the cable dome and built
the Georgia Dome in quasi-elliptical shape for Atlanta Olympic Games,
which 1s considered to be the first tensegrity dome built in the world.
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Except in long-span structures, tensegrity concept have been used appli-
cations in fields such as sculpture, architecture, aerospace engineering,
marine engineering, and biology [33]. Owing to its flexible and easily
controllable feature, it is also used in active and deployable structures.

7.6 STRUCTURAL ANALYSIS OF TENSEGRITY
STRUCTURES

Similar to tensile structure, the tensegrity structure is a geometrical
nonlinear system, large deformation need to be considered. Tensegrity
structure is a type of statically indeterminate structure, it also requires an
initial form-finding procedure to create a state of self-equilibrium. There
are several methods in form finding, similar to tensile structures, force
density and DRM are also widely used in tensegrity structures.

In spite of that researchers have also discovered certain tools in form find-
ing. Paper [34] presents a novel numerical form-finding procedure which
only needs the type of each member, with both equilibrium geometry
and force densities are iteratively calculated. A condition of a maximal rank
of the force density matrix and minimal member length were included in
the form-finding procedure to guide the search of a state of self-stress with
minimal elastic potential energy.

In Ref. [35], a review for form-finding methods for tensegrity structure
has been made. They are three so-called kinematical methods which include
DR M, static method including FDM, energy method, and reduced coordi-
nate method. The most popular methods used in design and analysis will be
explained in this section.

7.6.1 Force Density Method in Form Finding

The FDM can be extended in analyzing the tensegrity structures, where sim-
ilar equation as it introduced in cable-membrane structures can be used:

[Cl"[QlIC] ={F:}

where [C] =[Cj],.xm is the topology matrix of this network, following the
same rule as it is described in Section 7.3.

As itis a self-equilibrium system, in the form-finding stage, no external
loading is applied. Therefore, the equation:

[DI{x} ={F:} = [Dr]{x}

can be changed into.
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[DN{x} = —[Dr]{xr}

When determining the [Q], we need to be clear that the cables are always in
tension and the struts are always in compression; therefore, the elements in
the matrix is not always positive, singularity maybe found.

when [D]#0, we will have nontrivial solution. [D]=0, we will have
trivial solution.

7.6.2 Dynamic Relaxation Analysis Method

As discussed in Section 7.3.3, dynamic relaxation is based on Newton’s
second law of motion and the iteration of it over many time steps, it has
been used for form finding of pure tensile structures such as cable nets. It
is later been used to tensegrity structures.

René Motro [36] proposed to apply the DRM to tensegrities, this
marked an important step in form finding of tensegrity structures. When
applying it to tensegrity structures, it is one of the so-called kinematical
method by Tibert and Pellegrino [35]. In this method, the lengths of
the cables are kept constant, while the strut lengths are increased until a
maximum is reached. Alternatively, the strut lengths may be kept constant
while the cable lengths are decreased until they reach a minimum, in
summary, an initial layout member lengths are gradually altered until an
equilibrium condition is reached.

In a form-finding analysis, one can prescribe for each element of the
structure a constitutive relationship of the type:

t=1ty+ ke (7.28)

where

t 1s the axial force,

e 1s the extension, f is the desired prestress, and

k is a fictitious small axial stiffness.

Nodal equations of equilibrium are used to compute out-of-balance
forces from which the current acceleration can be obtained through.

M5+ Di+Kx=f

where
K is a stiffness matrix,
M 1s a mass matrix,
D is a damping matrix,
fis the vector of external forces, and
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X, x, x are the vectors of acceleration, velocity, and displacement from the
initial configuration, for simplicity, and the velocities and displacements are
initially set to zero in the analysis.

Motro [36] applied the DRM to the form finding of the triangular
tensegrity prism. The lengths of the cables were held constant while the
struts were gradually elongated, until a state of prestress was set up in the
structure. This analysis converged when the ratio between length of the strut
to the length of the cable are 1.468.

As in Ref. [37] form finding through DRM depends on member stiff-
ness, damping, and length ratio. Among them, the stiffness property assign-
ment is crucial to the relaxation procedure. As tensegrity structures consist of
both rigid and nonrigid members (struts and cables). At the beginning of the
analysis two member stiffness parameters need to be defined: EA (tensile)
and EA (compressive). At latter loading application stage during the analysis,
this will ultimately decide the element’s deformation under external load
and hence the displacement of the nodes. Experiments show that the least
successful procedures are those in which the relative difference in stiffness
between the members is the greatest. Gustav Fagerstrom [37] suggests that
not only relative stiffness differences between members but also absolute
stiffness in relation to overall structure dimension and topology govern
the properties of a tensegrity assembly.

Different to the form-finding processes in pure tensile structures, it is
important to set appropriate interrelation between tension and compression
members in the assembly. It is necessary to specify that elements are to be in
pure compression and pure tension, respectively. To achieve this, in Ref.
[37] for each relaxation cycle, if a compression member switches into tension
or a tension member switches into compression, the forces acting on that
member are re-set to zero. This can solve the problem of unwanted forces
that are present.

7.6.3 Nonlinear Dynamic Finite Element Method

This method is to set up the nonlinear finite element equation for the
tensegrity structures [38]. This procedure is to set up the basic nonlinear
finite element equation for the entire structure, using stiffness of matrix
method, and then using different numerical method such as Newton-
Raphson approach to solve the equation.

7.6.3.1 Nonlinear Finite Element Analysis Equations
In the procedure of the determination of the initial equilibrium, the coor-
dinate can be firstly presumed with an ideal distribution of the prestressed
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force which means it can be in any form of shape. Nevertheless, the node in
the structural grid will not be balanced under this condition, imbalance force
will be resulted, hence, it results in displacement of the node. Thus, the
coordinate and the prestressed force need to be adjusted step by step until
the whole structure is balanced.

The formula to determine the initial equilibrium is.

([Ke]’ + [Kne]"){AUY = —{P}* + {R}’ (7.29)

where

[K;]" is the initial linear stiffness matrix,

[K;]? is the initial nonlinear stiffness matrix,

{AU}’ is the variation of the coordinate,

{P}° is the prestressed force, and

{R}" is the residual force or imbalance force at each node.

After the determination of the initial equilibrium of the structure, the
structure can be further analyzed under the load conditions. The fundamen-
tal equation for static analysis is.

([Ke] + [Kne]){AU} = —{P} + {R} (7.30)

where
[K] is the total stiffness matrix,
{U} is the displacement vector of the node,
{P} is the external load vector, and
{R} is the residual force.

7.6.3.2 Newton-Raphson Approach to Solve the Equation

The Newton-Raphson approach can be used for solving the above two
equations. The total load is divided into small increments and the calculation
procedure is divided into correspondent steps, and for each increment a new
[K];1s used. The nonlinearity is therefore treated as piece-wise linearity and a
constant [K]; 1s used in all increments. After each iteration, the “unbalanced”
portion of the external force is estimated and applied in the next increment.

For each step:

[K]i{AU}i: {Ap}i (7.31)
{U}iz{U}i—l +{AU}1’ (7.32)

where
[K]; 1s the stiffness matrix when n=1,
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{AU;} is increment of the displacement when n=1,

{AP},; is imbalance load when n=/i,

{U},; is displacement when n=1, and

{U},_1 1s displacement when n=i—1.

As {A U}, is obtained, {AF},, the increment of the internal force when
n=1i can be therefore obtained. For each step, the internal force can be
obtained as

{F}i = {P}i—l + {AF}.' (7.33)

where { F}; is the internal force of member n=1i, {F}, _; is the internal force
of member n=i—1, and {AF}, is the increment of member when n=1.

When all the steps are completed, the increment of the displacement and
the increment of the internal force in a different step will be added together,
so the final result can be obtained.

{U}=i{AU},:{AU}1+{AU}2+---+{AU}n (7.34)

(F}=3 {AF),={AF}, + {AF}, + ~+{AF},  (7.39)

7.6.4 Case Study of Georgia Dome

As shown in Fig. 7.17, Georgia Dome is a decommissioned domed stadium
located in Atlanta, Georgia, United States. The dome is supposed to be
demolished in 2017. It was completed in 1992. The stadium seated

Fig. 7.17 3D AutoCAD Drawing of Georgia Dome.
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74,228 for football, and could hold approximately 80,000 for concerts, and
71,000 for basketball [39].

7.6.4.1 Structural System of Georgia Dome

The dome was the largest cable-supported dome in the world and as men-
tioned in the earlier section, it is considered to be the first tensegrity dome in
the world. The dome was designed by Levy [31,32]. On top of the tensegrity
skeleton, 1t was covered by Teflon-coated fiberglass fabric and with an area
the completion of Millennium Dome, London in 1999.

From Fig. 7.18, it can be seen that the longitudinal length of the dome 1s
239.35 m, the transvers length of the dome 186.97 m. As shown in Fig. 7.17,
the dome can be divided into four layers, each layer composes of vertical
compression struts connected by diagonal ridge cables. These cables are
joined into a center cable truss, as shown in Fig. 7.20. It can be seen that
the center truss 1s constructed using nine vertical compression struts con-
nected by diagonal cables and cables as the top and bottom cord. The reason
1s evident, as the center truss needs to resist the huge tension forces come
trom the ridge cables. At the perimeter, these ridge cables are anchored back
into a large concrete compression ring beam (7.9-m wide and 1.5-m deep).
Therefore, the ring beam and the dome compose a self-equilibrium system.
This fulfilled the design philosophy of Fuller for nature relies on continuous
tension to embrace 1slanded compression elements.
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To accommodate the complex connection between the compression
struts and tension cables, a special joints are designed by Levy [31,32]. This
type of connection can resist the huge tension force come from the cables, as
well as the compression forces from the compression struts.

7.6.4.2 3D Modeling of Georgia Dome Using SAP2000
In this section, the nonlinear dynamic finite element method discussed in
Section 7.6.3 was used to analyze the tensegrity structure Georgia Dome.
The analysis was implemented in SAP2000. As SAP2000 can perform geo-
metric nonlinear analysis, which also have the cable element, which can also
define the prestress force of the cable and the perform form-finding analysis.
The model was first built using AutoCAD. As shown in Fig. 7.17, a 3D
AutoCAD model was built, then imported into SAP2000, as shown in
Figs. 7.19 and 7.20.

\ \\\X_\Hlilﬁ‘h [ﬂ L
d \\1 | 1 ]I;IHJ;)M ///

Fig.7.19 3D SAP model of Georgia Dome. (SAP2000 screenshot reprinted with permission
of Computer and Structures.)

Fig. 7.20 Center Truss of Georgia Dome. (SAP2000 screenshot reprinted with permission
of Computer and Structures.)
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Fig. 7.21 Defining cable element. (SAP2000 screenshot reprinted with permission
of Computer and Structures.)

7.6.4.2.1 Defining Cables and Struts
After the dome has been imported into the SAP2000, the cable element can

be defined (Fig. 7.21) as well as the compression struts. The size of the cables
and struts are based on Levy (1989, 1991).

7.6.4.2.2 Defining Prestress Force for the Cable

Then select the cables, choose Assign — Cable Loads — Target Force, then
define the initial prestress forces for the cables. The initial prestress force of a
cable is calculated using below empirical formula:

F=0xAx60%

where
F is the initial prestress force,
o is the yield stress of the cable, and
A is the cross-sectional area of the cable.

7.6.4.2.3 Form Finding
When all the structural members are set up, there are two analysis steps, one is
form-finding analysis, another is the analysis under the actual loading in
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)

Fig.7.22 Result of form finding for center cable truss. (SAP2000 screenshot reprinted with
permission of Computer and Structures.)

SAP2000, one can define the target load case step for nonlinear form-finding anal-
ysis, however, remember to include the deadload when running the targetload
case, as the self-weight of the structure need to be inclusive in the form-finding
analysis. Fig. 7.22 shows the analysis result, which shows the tensile and com-
pression force distribution in the cable truss, the unit is in kIN.

7.6.4.2.4 Analysis Under Loading Case

After the form-finding analysis completes, one can perform an analysis under
the loading case, however, when defining the load cases such as wind or live
load, make sure to choose the option *“Continue from State at the End of
Nonlinear Case.” Fig. 7.23 shows the analysis result of the dome under the
live load. In this case study, 0.6 kN/m? live load was applied to the dome,
which shows the tensile and compression force distribution in the cable
truss, the unit is in kN. It can be seen that when the live load is applied,
the tensile force inside the cables are reduced. The tensigrity structure pri-
marily relies on the prestress force to resist the external loading. Therefore, a
proper form finding is important, as it will optimize the right level of the
prestress force.
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Fig. 7.23 Result of analysis under live load for center cable truss. (SAP2000 screenshot
reprinted with permission of Computer and Structures.)



248

Design and Analysis of Tall and Complex Structures

REFERENCES

(1]
2]

Lane, T. (2010). Kazakhstan: Building the World’s Largest Tent, Building (Magazine).
E. Wilhide, The Millennium Dome, Harper Collins Illustrated, Second Printing
Edition, ISBN-13: 978-0002201704.

[3] Jeju world Cup Stadium, Imagine your Korea http:/english.visitkorca.or.kr/enu/

(4]
(3]
(6]

[10]
(11]
[12]
[13]
[14]
[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

ATR/SI_EN_3_1_1_1.jsp?cid=2669306.

Beijing National Stadium, *The Bird’s Nest’, China, designbuild-network http:/www.
designbuild-network.com/projects/national_stadium/.

CECS 158:2004, Technical Specification for Membrane Structures, China Academy of
Building Research, Space Structure Division, China Steel Structure Committee, 2004
BS EN 13782:2015, Temporary Structure. Tents. Satety, European Committee for
Standardization, 2015.

BS EN 15619:2014, Rubber or plastic coated fabrics. Safety of temporary structures
(tents). Specification for coated fabrics intended for tents and related structures, 2014.
Standards of the Membrane Structures Association of Japan, Test Methods for
Membrane Materials (Coated Fabrics)—Qualities and Performances—(MSAJ/M-03:
2003 English version), 2003.

ASCE/SEI 55-10 Tensile Membrane Structures, American Society of Civil Engineers,
Reston.

ASCE/SEI 17-96 Air Supported Structures, American Society of Civil Engineers,
Reston.

ASCE/SEI 19-96 Structural Applications of Steel Cables for Buildings, American
Society of Civil Engineers, Reston.

S. Gale, W J. Lewis, Patterning of tensile fabric structures with a discrete element model
using dynamic relaxation, Comput. Struct. 169 (2016) 112-121.

BSEN 1991-1-4:2005, Eurocode 1 Actions on structures—Part 1—4: General actions—
Wind actions, European Committee for Standardization, 2005.

K. Saberi-Haghighi, Zur Ermittlung der verformungsabhingigen Windbelastung bei
Hangedachern, PhD Thesis, Universitait Hannover, Hannover, 1997.

B. Hiibner, Simultane Analyse von Bauwerk-Wind-Wechselwirkungen, PhD Thesis,
Technische Universitat Carolo-Wilhelmina zu Braunschweig, Braunschweig, 2003.
M. Gltick, M. Breuer, F. Durst, A. Halfmann, E. Rank, Computation of wind-induced
vibrations of flexible shells and membranous structures, J. Fluids Struct. 17 (2003)
739-765.

M. Gluck, Ein Beitrag zur numerischen Simulation von Fluid-Struktur-Interaktionen,
PhD Thesis, Universitat Erlangen—Nurnberg, 2002.

A.M. Kupzok, Modeling the Interaction of Wind and Membrane Structures by
Numerical Simulation, PhD Thesis, Lehrstuhl flir Statik der Technischen Universitat
Munchen, 2009.

R.K. Miller, J.M. Hedgepeth, An algorithm for finite element analysis of partly wrin-
kled membranes, AIAA J. 20 (1982) 1761-1763, https://doi.org/10.2514/3.8018.
R.K. Miller, J.M. Hedgepeth, V.I. Weingarten, P. Das, S. Kahyai, Finite element anal-
ysis of partly wrinkled membranes. Comput. Struct. 20 (1985) 631-639, https://doi.
org/10.1016/0045-7949(85)90111-7.

L. Guo, in: J.F. Abel, J. Robert Cooke (Eds.), Wrinkling evaluation of membrane struc-
tures, Procecdings of the 6th International Conference on Computation of Shell and
Spatial Structures IASS-IACM 2008: “Spanning Nano to Mega”, 28-31 May, Cornell
University, Ithaca, NY, 2008.

W.J. Lewis, M.S. Jones, Dynamic relaxation analysis of the non-linear static response of’
pretensioned cable roofs, Comput. Struct. 18 (6) (1984) 989-997.



Design and Analysis of Tensile Structures and Tensegrity Structures 249

(23]

S.H. Nie, RJ. Qian, R.P. Wang, Y.Z. Zeng, CJ. Wang, L.P. Yang, An Introduction
to form—finding and cutting pattern methods of membrane structure, Space Struct.
5 (3) (1999).

[24] J. H. Schek, 1974, The force density method for form finding and computation of

[25]
[26]
[27]
[28]
[29]

[30]

[39]

general networks. Comput. Methods Appl. Mech. Eng., (3), 115-134, 1974.

W. Hong-xia, W.U. Dai-hua, Shape-finding of cable net and membrane structures by
torce density method, J. Wuhan Univ. Technol., Vol. 26, No. 4.

Day A.S., An introduction to dynamic relaxation, The Engineer, volume 219, Issue
5688, Pages 218-221.

A H. Namadchi, J. Alamatian, Explicit dynamic analysis using dynamic relaxation
method, Comput. Struct 175 (2016) 91-99.

Y. Zhang, Form finding of membrane structure using ansys, J. South China Agric.
Univ. (Soc. Sci. Ed.), 2005, vo1.4, No. 3.

R.B. Fuller, Synergetics Explorations in the Geometry of Thinking, Collier Macmillan
Publishers, London, 1975.

D. Geiger, A. Stefaniuk, D. Chen, in: The design and construction of two cable domes
for the Korean Olympics, Shells, Membranes and Space Frames, Proceedings of IASS
Symposium, Osaka, vol. 2, 1986, pp. 265-272.

M. Levy, Floating fabric over Georgia Dome, Civ. Eng. ASCE 61 (11) (1991) 34-37.
M. Levy, in: Hypar-tensegrity dome, Proceedings of International Symposium on
Sports Architecture, Beijing, 1989, pp. 157-162.

R.E. Skelton, M.C. de Oliveira, Tensegrity Systems, Springer, London, UK, 2009.
G.G. Estradaa, HJ. Bungartzb, C. Mohrdieck, Numerical form-finding of tensegrity
structures, Int. J. Solids Struct. 43 (22-23) (2006) 6855—-6868.

A.G. Tibert, S. Pellegrino, Review of form-finding methods for tensegrity structures,
Int. J. Space Struct. 26 (3) (2011) 241-255.

R. Motro, in: Forms and forces in tensegrity systems, Proceedings of 3rd Int. Conf. on
Space Structures, Amsterdam, 1984, pp. 180-185.

G. Fagerstrom, Dynamic Relaxation of Tensegrity Structures, a Computational
Approach to Form Finding of Double-Layer Tensegrity Grids.

F. Fu, Structural behavior and design methods of tensegrity domes, J. Construct. Steel
Res. 61 (1) (2005) 23-35.

A. Hanaor, in: H. Nooshin (Ed.), Developments in tensegrity systems: an overview,
University of Surrey, Proceedings of the 4th Conference on Space Structures, 1993,
pp- 987-997 (“Georgia Dome”. Georgia State Athletics (retrieved 19.10.11)).



	p000
	p001
	p002
	p003
	p004
	p005
	p006
	p007
	p008
	p009
	p010
	p011
	p012
	p013
	p014
	p015
	p016
	p017
	p018
	p213
	p214
	p215
	p216
	p217
	p218
	p219
	p220
	p221
	p222
	p223
	p224
	p225
	p226
	p227
	p228
	p229
	p230
	p231
	p232
	p233
	p234
	p235
	p236
	p237
	p238
	p239
	p240
	p241
	p242
	p243
	p244
	p245
	p246
	p247
	p248
	p249

