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Foreword

Throughout the history of civilization bridges have been the icons of cities, regions, and countries. All
bridges are useful for transportation, commerce, and war. Bridges are necessary for civilization to exist,
and many bridges are beautiful. A few have become the symbols of the best, noblest, and most beautiful
that mankind has achieved. The secrets of the design and construction of the ancient bridges have been
lost, but how could one not marvel at the magnificence, for example, of the Roman viaducts?

The second edition of the Bridge Engineering Handbook expands and updates the previous edition
by including the new developments of the first decade of the twenty-first century. Modern bridge
engineering has its roots in the nineteenth century, when wrought iron, steel, and reinforced concrete
began to compete with timber, stone, and brick bridges. By the beginning of World War 1II, the
transportation infrastructure of Europe and North America was essentially complete, and it served to
sustain civilization as we know it. The iconic bridge symbols of modern cities were in place: Golden Gate
Bridge of San Francisco, Brooklyn Bridge, London Bridge, Eads Bridge of St. Louis, and the bridges of
Paris, Lisbon, and the bridges on the Rhine and the Danube. Budapest, my birthplace, had seven beauti-
ful bridges across the Danube. Bridge engineering had reached its golden age, and what more and better
could be attained than that which was already achieved?

Then came World War II, and most bridges on the European continent were destroyed. All seven
bridges of Budapest were blown apart by January 1945. Bridge engineers after the war were suddenly
forced to start to rebuild with scant resources and with open minds. A renaissance of bridge engineering
started in Europe, then spreading to America, Japan, China, and advancing to who knows where in
the world, maybe Siberia, Africa? It just keeps going! The past 60 years of bridge engineering have
brought us many new forms of bridge architecture (plate girder bridges, cable stayed bridges, segmen-
tal prestressed concrete bridges, composite bridges), and longer spans. Meanwhile enormous knowl-
edge and experience have been amassed by the profession, and progress has benefitted greatly by the
availability of the digital computer. The purpose of the Bridge Engineering Handbook is to bring much of
this knowledge and experience to the bridge engineering community of the world. The contents encom-
pass the whole spectrum of the life cycle of the bridge, from conception to demolition.

The editors have convinced 146 experts from many parts of the world to contribute their knowledge
and to share the secrets of their successful and unsuccessful experiences. Despite all that is known, there
are still failures: engineers are human, they make errors; nature is capricious, it brings unexpected sur-
prises! But bridge engineers learn from failures, and even errors help to foster progress.

The Bridge Engineering Handbook, second edition consists of five books:

Fundamentals

Superstructure Design
Substructure Design

Seismic Design

Construction and Maintenance

vii



viii Foreword

Fundamentals, Superstructure Design, and Substructure Design present the many topics necessary
for planning and designing modern bridges of all types, made of many kinds of materials and systems,
and subject to the typical loads and environmental effects. Seismic Design and Construction and
Maintenance recognize the importance that bridges in parts of the world where there is a chance of
earthquake occurrences must survive such an event, and that they need inspection, maintenance, and
possible repair throughout their intended life span. Seismic events require that a bridge sustain repeated
dynamic load cycles without functional failure because it must be part of the postearthquake lifeline for
the affected area. Construction and Maintenance touches on the many very important aspects of bridge
management that become more and more important as the world’s bridge inventory ages.

The editors of the Bridge Engineering Handbook, Second Edition are to be highly commended for
undertaking this effort for the benefit of the world’s bridge engineers. The enduring result will be a safer
and more cost effective family of bridges and bridge systems. I thank them for their effort, and I also
thank the 146 contributors.

Theodore V. Galambos, PE
Emeritus professor of structural engineering
University of Minnesota



Preface to the
Second Edition

In the approximately 13 years since the original edition of the Bridge Engineering Handbook was published
in 2000, we have received numerous letters, e-mails, and reviews from readers including educators and
practitioners commenting on the handbook and suggesting how it could be improved. We have also
built up a large file of ideas based on our own experiences. With the aid of all this information, we have
completely revised and updated the handbook. In writing this Preface to the Second Edition, we assume
readers have read the original Preface. Following its tradition, the second edition handbook stresses
professional applications and practical solutions; describes the basic concepts and assumptions omitting
the derivations of formulas and theories; emphasizes seismic design, rehabilitation, retrofit and main-
tenance; covers traditional and new, innovative practices; provides over 2500 tables, charts, and illus-
trations in ready-to-use format and an abundance of worked-out examples giving readers step-by-step
design procedures. The most significant changes in this second edition are as follows:

+ The handbook of 89 chapters is published in five books: Fundamentals, Superstructure Design,
Substructure Design, Seismic Design, and Construction and Maintenance.

o Fundamentals, with 22 chapters, combines Section I, Fundamentals, and Section VI, Special
Topics, of the original edition and covers the basic concepts, theory and special topics of bridge
engineering. Seven new chapters are Finite Element Method, High-Speed Railway Bridges,
Structural Performance Indicators for Bridges, Concrete Design, Steel Design, High Performance
Steel, and Design and Damage Evaluation Methods for Reinforced Concrete Beams under Impact
Loading. Three chapters including Conceptual Design, Bridge Aesthetics: Achieving Structural
Art in Bridge Design, and Application of Fiber Reinforced Polymers in Bridges, are completely
rewritten. Three special topic chapters, Weigh-In-Motion Measurement of Trucks on Bridges,
Impact Effect of Moving Vehicles, and Active Control on Bridge Engineering, were deleted.

o Superstructure Design, with 19 chapters, provides information on how to design all types of bridges.
Two new chapters are Extradosed Bridges and Stress Ribbon Pedestrian Bridges. The Prestressed
Concrete Girder Bridges chapter is completely rewritten into two chapters: Precast-Pretensioned
Concrete Girder Bridges and Cast-In-Place Posttensioned Prestressed Concrete Girder Bridges.
The Bridge Decks and Approach Slabs chapter is completely rewritten into two chapters: Concrete
Decks and Approach Slabs. Seven chapters, including Segmental Concrete Bridges, Composite
Steel I-Girder Bridges, Composite Steel Box Girder Bridges, Arch Bridges, Cable-Stayed Bridges,
Orthotropic Steel Decks, and Railings, are completely rewritten. The chapter Reinforced Concrete
Girder Bridges was deleted because it is rarely used in modern time.

o Substructure Design has 11 chapters and addresses the various substructure components. A new
chapter, Landslide Risk Assessment and Mitigation, is added. The Geotechnical Consideration
chapter is completely rewritten and retitled as Ground Investigation. The Abutments and

ix



X Preface to the Second Edition

Retaining Structures chapter is divided in two and updated as two chapters: Abutments and Earth
Retaining Structures.

o Seismic Design, with 18 chapters, presents the latest in seismic bridge analysis and design. New
chapters include Seismic Random Response Analysis, Displacement-Based Seismic Design of
Bridges, Seismic Design of Thin-Walled Steel and CFT Piers, Seismic Design of Cable-Supported
Bridges, and three chapters covering Seismic Design Practice in California, China, and Italy. Two
chapters of Earthquake Damage to Bridges and Seismic Design of Concrete Bridges have been
rewritten. Two chapters of Seismic Design Philosophies and Performance-Based Design Criteria,
and Seismic Isolation and Supplemental Energy Dissipation, have also been completely rewritten
and retitled as Seismic Bridge Design Specifications for the United States, and Seismic Isolation
Design for Bridges, respectively. Two chapters covering Seismic Retrofit Practice and Seismic
Retrofit Technology are combined into one chapter called Seismic Retrofit Technology.

o Construction and Maintenance has 19 chapters and focuses on the practical issues of bridge
structures. Nine new chapters are Steel Bridge Fabrication, Cable-Supported Bridge Construction,
Accelerated Bridge Construction, Bridge Management Using Pontis and Improved Concepts,
Bridge Maintenance, Bridge Health Monitoring, Nondestructive Evaluation Methods for
Bridge Elements, Life-Cycle Performance Analysis and Optimization, and Bridge Construction
Methods. The Strengthening and Rehabilitation chapter is completely rewritten as two chap-
ters: Rehabilitation and Strengthening of Highway Bridge Superstructures, and Rehabilitation
and Strengthening of Orthotropic Steel Bridge Decks. The Maintenance Inspection and Rating
chapter is completely rewritten as three chapters: Bridge Inspection, Steel Bridge Evaluation and
Rating, and Concrete Bridge Evaluation and Rating.

o The section on Worldwide Practice in the original edition has been deleted, including the chapters
on Design Practice in China, Europe, Japan, Russia, and the United States. An international team
of bridge experts from 26 countries and areas in Africa, Asia, Europe, North America, and South
America, has joined forces to produce the Handbook of International Bridge Engineering, Second
Edition, the first comprehensive, and up-to-date resource book covering the state-of-the-practice
in bridge engineering around the world. Each of the 26 country chapters presents that country's
historical sketch; design specifications; and various types of bridges including girder, truss, arch,
cable-stayed, suspension, and so on, in various types of materials—stone, timber, concrete, steel,
advanced composite, and of varying purposes—highway, railway, and pedestrian. Ten bench-
mark highway composite girder designs, the highest bridges, the top 100 longest bridges, and
the top 20 longest bridge spans for various bridge types are presented. More than 1650 beautiful
bridge photos are provided to illustrate great achievements of engineering professions.

The 146 bridge experts contributing to these books have written chapters to cover the latest bridge
engineering practices, as well as research and development from North America, Europe, and Pacific
Rim countries. More than 80% of the contributors are practicing bridge engineers. In general, the
handbook is aimed toward the needs of practicing engineers, but materials may be re-organized to
accommodate several bridge courses at the undergraduate and graduate levels.

The authors acknowledge with thanks the comments, suggestions, and recommendations made
during the development of the second edition of the handbook by Dr. Erik Yding Andersen, COWI
A/S, Denmark; Michael J. Abrahams, Parsons Brinckerhoff, Inc.; Dr. Xiaohua Cheng, New Jersey
Department of Transportation; Joyce E. Copelan, California Department of Transportation; Prof. Dan
M. Frangopol, Lehigh University; Dr. John M. Kulicki, Modjeski and Masters; Dr. Amir M. Malek,
California Department of Transportation; Teddy S. Theryo, Parsons Brinckerhoff, Inc.; Prof. Shouji
Toma, Horrai-Gakuen University, Japan; Dr. Larry Wu, California Department of Transportation; Prof.
Eiki Yamaguchi, Kyushu Institute of Technology, Japan; and Dr. Yi Edward Zhou, URS Corp.

We thank all the contributors for their contributions and also acknowledge Joseph Clements, acquiring
editor; Jennifer Ahringer, project coordinator; and Joette Lynch, project editor, at Taylor & Francis/CRC Press.



Preface to the
First Edition

The Bridge Engineering Handbook is a unique, comprehensive, and state-of-the-art reference work and
resource book covering the major areas of bridge engineering with the theme “bridge to the twenty-first
century.” It has been written with practicing bridge and structural engineers in mind. The ideal readers
will be MS-level structural and bridge engineers with a need for a single reference source to keep abreast
of new developments and the state-of-the-practice, as well as to review standard practices.

The areas of bridge engineering include planning, analysis and design, construction, maintenance,
and rehabilitation. To provide engineers a well-organized, user-friendly, and easy-to-follow resource,
the handbook is divided into seven sections. Section I, Fundamentals, presents conceptual design,
aesthetics, planning, design philosophies, bridge loads, structural analysis, and modeling. Section II,
Superstructure Design, reviews how to design various bridges made of concrete, steel, steel-concrete
composites, and timbers; horizontally curved, truss, arch, cable-stayed, suspension, floating, movable,
and railroad bridges; and expansion joints, deck systems, and approach slabs. Section III, Substructure
Design, addresses the various substructure components: bearings, piers and columns, towers, abut-
ments and retaining structures, geotechnical considerations, footings, and foundations. Section IV,
Seismic Design, provides earthquake geotechnical and damage considerations, seismic analysis and
design, seismic isolation and energy dissipation, soil-structure-foundation interactions, and seismic
retrofit technology and practice. Section V, Construction and Maintenance, includes construction of
steel and concrete bridges, substructures of major overwater bridges, construction inspections, main-
tenance inspection and rating, strengthening, and rehabilitation. Section VI, Special Topics, addresses
in-depth treatments of some important topics and their recent developments in bridge engineering.
Section VII, Worldwide Practice, provides the global picture of bridge engineering history and practice
from China, Europe, Japan, and Russia to the U.S.

The handbook stresses professional applications and practical solutions. Emphasis has been placed
on ready-to-use materials, and special attention is given to rehabilitation, retrofit, and maintenance.
The handbook contains many formulas and tables that give immediate answers to questions arising
from practical works. It describes the basic concepts and assumptions, omitting the derivations of
formulas and theories, and covers both traditional and new, innovative practices. An overview of the
structure, organization, and contents of the book can be seen by examining the table of contents pre-
sented at the beginning, while the individual table of contents preceding each chapter provides an
in-depth view of a particular subject. References at the end of each chapter can be consulted for more
detailed studies.

Many internationally known authors have written the chapters from different countries covering
bridge engineering practices, research, and development in North America, Europe, and the Pacific
Rim. This handbook may provide a glimpse of a rapidly growing trend in global economy in recent
years toward international outsourcing of practice and competition in all dimensions of engineering.
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xii Preface to the First Edition

In general, the handbook is aimed toward the needs of practicing engineers, but materials may be
reorganized to accommodate undergraduate and graduate level bridge courses. The book may also be
used as a survey of the practice of bridge engineering around the world.

The authors acknowledge with thanks the comments, suggestions, and recommendations during the
development of the handbook by Fritz Leonhardt, Professor Emeritus, Stuttgart University, Germany;
Shouji Toma, Professor, Horrai-Gakuen University, Japan; Gerard F. Fox, Consulting Engineer; Jackson
L. Durkee, Consulting Engineer; Michael J. Abrahams, Senior Vice President, Parsons, Brinckerhoff,
Quade & Douglas, Inc; Ben C. Gerwick, Jr., Professor Emeritus, University of California at Berkeley;
Gregory F. Fenves, Professor, University of California at Berkeley; John M. Kulicki, President and Chief
Engineer, Modjeski and Masters; James Chai, Senior Materials and Research Engineer, California
Department of Transportation; Jinrong Wang, Senior Bridge Engineer, URS Greiner; and David W. Liu,
Principal, Imbsen & Associates, Inc.

We thank all the authors for their contributions and also acknowledge at CRC Press Nora Konopka,
acquiring editor, and Carol Whitehead and Sylvia Wood, project editors.



Editors

Dr. Wai-Fah Chen is a research professor of civil engineering at the
University of Hawaii. He was dean of the College of Engineering at
the University of Hawaii from 1999 to 2007, and a George E. Goodwin
Distinguished Professor of Civil Engineering and head of the Department
of Structural Engineering at Purdue University from 1976 to 1999.

He earned his BS in civil engineering from the National Cheng-Kung
University, Taiwan, in 1959, MS in structural engineering from Lehigh
University in 1963, and PhD in solid mechanics from Brown University
in 1966. He received the Distinguished Alumnus Award from the
National Cheng-Kung University in 1988 and the Distinguished
Engineering Alumnus Medal from Brown University in 1999.

Dr. Chen’s research interests cover several areas, including consti-
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structural connections, and structural stability. He is the recipient of several national engineering
awards, including the Raymond Reese Research Prize and the Shortridge Hardesty Award, both from
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elected to the U.S. National Academy of Engineering. In 1997, he was awarded Honorary Membership by
the American Society of Civil Engineers, and in 1998, he was elected to the Academia Sinica (National
Academy of Science) in Taiwan.

A widely respected author, Dr. Chen has authored and coauthored more than 20 engineering books
and 500 technical papers. His books include several classical works such as Limit Analysis and Soil
Plasticity (Elsevier, 1975), the two-volume Theory of Beam-Columns (McGraw-Hill, 1976 and 1977),
Plasticity in Reinforced Concrete (McGraw-Hill, 1982), and the two-volume Constitutive Equations for
Engineering Materials (Elsevier, 1994). He currently serves on the editorial boards of more than 15
technical journals.

Dr. Chen is the editor-in-chief for the popular Civil Engineering Handbook (CRC Press, 1995 and
2003), the Handbook of Structural Engineering (CRC Press, 1997 and 2005), the Earthquake Engineering
Handbook (CRC Press, 2003), the Semi-Rigid Connections Handbook (J. Ross Publishing, 2011), and the
Handbook of International Bridge Engineering (CRC Press, 2014). He currently serves as the consult-
ing editor for the McGraw-Hill Yearbook of Science & Technology for the field of civil and architectural
engineering.

He was a longtime member of the executive committee of the Structural Stability Research Council
and the specification committee of the American Institute of Steel Construction. He was a consultant
for Exxon Production Research on offshore structures, for Skidmore, Owings, and Merrill in Chicago
on tall steel buildings, and for the World Bank on the Chinese University Development Projects, among
many others. Dr. Chen has taught at Lehigh University, Purdue University, and the University of Hawaii.
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1.1 Introduction

The basic purpose of a bridge is to carry traffic over an opening or discontinuity in the landscape.
Various types of bridge traffic can include pedestrians, vehicles, pipelines, cables, water, and trains, or a
combination thereof. An opening can occur over a highway, a river, a valley, or any other type of physi-
cal obstacle. The need to carry traffic over such an opening defines the function of a bridge. The design
of a bridge can only commence after its function has been properly defined. Therefore, the process of
building a bridge is not initiated by the bridge engineer. Just like roads or a drainage system, or other
types of infrastructure, a bridge is a part of a transportation system and a transportation system is a
component of a city’s planning efforts or its area development plan. The function of a bridge must be
defined in these master plans.

A bridge should be “safe, functional, economical, and good looking.” Safety cannot be compromised.
A bridge must be safe under all of the loads it is designed for. Otherwise, the bridge cannot be opened
to traffic. Functionality should not be compromised. If four lanes are required, for example, it must pro-
vide four lanes. But in certain cases, it may still be acceptable if some lane widths are slightly different
from the standard width recommended in the specifications, as long as this does not affect safety. As
well, economy and aesthetics do not have absolute standards. There is no such thing as a “correct cost”
of a bridge. It varies from place to place, time to time, and situation to situation. The cost of a bridge in
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Florida may be vastly different from the cost of the same bridge if built in New York, or in Shanghai,
even though the structures are exactly the same. So what is economical is clearly a relative term.

Aesthetics are even harder to define. For example, the Firth of Forth Bridge in Scotland was often
criticized as the world’s most ugly structure by some and at the same time lauded as a spectacularly
beautiful landmark by others. The Eiffel Tower in Paris was mercilessly attacked by many architects,
engineers, philosophers, and other intellectuals alike, as an eyesore at the time of its construction. But
now, it has become the most beloved tourist attraction in France. Nevertheless, people do admire the
beauty of some bridges and dislike others. If a bridge is deemed beautiful by most people, then we may
be allowed to say that it is beautiful. So, at least at a given time and in a given place, it is possible to say
whether a bridge is beautiful or not, based on popular opinion.

Thus, the mission of a bridge design may be defined as “to design a safe, functional, and beautiful
bridge within the given budget.”

Because both economy and aesthetics are relative, there is no “perfect” design, but only a “suitable”
design for a bridge. Although it is unrealistic to strive for perfection in a bridge design, the engineer
must ascertain whether the design is “appropriate.” To be appropriate we must also consider durability,
sustainability, life cycle performance, and effects on the environment. These topics are not discussed
here because they will be addressed in later chapters of this book.

1.2 Four Stages of a Bridge Design

The design process of a bridge can be divided into four basic stages: conceptual, preliminary, detailed, and
construction design. The purpose of the conceptual design is to come up with various feasible bridge schemes
and to decide on one or more final concepts for further consideration (Nagai et al., 2004; Xiang, 2011). The
purpose of the preliminary design is to select the best scheme from these proposed concepts and then to
ascertain the feasibility of the selected concept and finally to refine its cost estimates. The purpose of the
detailed design is to finalize all the details of the bridge structure so that the document is sufficient for tender-
ing and construction. Finally, the purpose of the construction design is to provide step-by-step procedures for
building the bridge. Each of the earlier design stages must carefully consider the requirements of subsequent
stages. For example, the detailed design must consider how the bridge is to be built; the preliminary design
must consider, in addition, what structural details will look like; and, the conceptual design must consider, in
addition to all the above, what information the preliminary design will require. This means that a conceptual
design must sufficiently consider what is required to complete the bridge in the given environment, including
providing a general idea of costs and construction schedule as well as aesthetics.

By “consider” we do not mean that we have to actually perform detailed studies on the aforementioned
issues during the conceptual design stage, although accumulated engineering experience can help us
understand the feasibility of many basic ideas. For example, we do not have to conduct a calculation to
ascertain that a 150-m span prestressed concrete box girder bridge is feasible, if we assume the girder
depth to be approximately 7.50-m deep. Rather, our experience accumulated from working on many
other bridges shows a medium span prestressed concrete box girder with a depth of 1/20th of the span
length can work. By contrast, if we want to build a girder that is only 5.00 m deep, this would require
a detailed study during the conceptual design stage because it is far less than the conventional girder
depth of 1/20th of the span. Experience is of the utmost importance during the conceptual design stage.
For this reason, only an experienced engineer should be appointed to perform a conceptual design.

Thus, a conceptual design is a process that must consider all details of the bridge in all phases from
beginning to completion, at least based on experience if not in actual analysis. This is to ascertain that
the proposed concept is feasible under the given conditions. Here, “feasibility” should not be restricted
merely to structural stability and constructability; it must also satisfy the four basic requirements of a
bridge: safety, functionality, economy, and aesthetics.

From another point of view, the conceptual design stage initiates the design of a bridge. It is a “conceiv-
ing” stage that begins with a blank slate—a creative process that tests the innovative abilities of the engineer.
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Unfortunately, the importance of a conceptual design is typically misunderstood and even
underestimated. In many instances, because the time assigned to completing a conceptual design is very
limited, this can lead to immature concepts that can cause problems in the future. One way to improve
the quality of a conceptual design is to assign a senior, more experienced staff to undertake this difficult
and important task.

1.3 Establishing the Criteria
1.3.1 Codes and Specifications

Specifications and codes are legal documents. This means the design of a bridge must satisfy all provisions
in the relevant specifications and codes, such as the “LRFD Bridge Design Specifications” published by
the American Association of State Highway and Transportation Officials (AASHTO) (AASHTO, 2012).
But specifications and codes are not always up to date. In our rapidly evolving world, many new ideas and
developments may not be reflected in the prevailing specifications and codes because it takes time to modify
them, or to introduce new provisions. Oftentimes, there are circumstances that require special attention.

The late Professor T.Y. Lin (Lin and Burns, 1981) advised engineers “not to just follow specifications
and codes, but to follow the rules of nature.” To this we may add that the responsibility of the bridge
engineer is not merely to satisfy the requirements of the specifications, but to properly consider the
actual conditions including the locality and the people it is designed to serve.

There are also circumstances that the prevailing specifications simply cannot cover. One example is
the actual weight of trucks. Overloaded trucks are not uncommon in some localities. Overloaded trucks
can cause overstress in the structure and reduce the fatigue life of the bridge. For example, the fatigue
life of a welded steel detail is approximately inversely proportional to the cube of the stress range. If
trucks are regularly overloaded to 150% of their design axle loads, this may reduce the service life of a
steel detail to < 30% of its design life. Consequently, a 100-year design life may be reduced to 30 years.

Certainly, we must satisfy the specifications’ demands but we must also go further to consider real
conditions.

1.3.2 Project-Specific Design Criteria

A bridge is designed to satisfy a given function under given environmental conditions and constraints.
The design must also follow the prevailing specifications and codes. They may collectively be called the
design criteria of the bridge. These include, but are not limited to the following:

1. Type, volume, and magnitude of traffic to be carried by the bridge

2. Clearances required by the type of traffic on the deck

. Navigation clearance under the bridge

. Environmental effects such as earthquake, wind, flood, and other possible natural phenomena
. Geological formation and soil characteristics at the site

. Economic conditions or available project funding

. Expectations of the stakeholders on form and aesthetics

g N o W

Every one of these conditions can influence the design. And likewise, a violation of any one of these
conditions can render the design concept unacceptable. Therefore, the conditions must be clearly defined
before an engineer begins to conceptualize a new bridge. Certainly, the bridge we build must satisfy the
functions it is designed for, including safely carrying the loads acting on it. In addition, there is always
a budget that limits how much we are allowed to spend. Last but not least, it is critically important how
well the bridge fits into its physical environment aesthetically.

These design criteria represent the constraints of the bridge we want to build. The function determines
the width and elevation of the deck, although the navigational and other types of clearances deter-
mine the height and span length. Together with limitations created by the geological and topographic
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conditions at the site, these criteria determine the basic geometry of the structure. The aim of the
conceptual design is to come up with the most suitable bridge scheme that can satisfy all the given design
criteria. Here, suitability is based on the requirements of “safety, functionality, economy, and aesthetics.”

1.4 Characteristics of Bridge Structures
1.4.1 Bridge Types

Our first step is to consider the most suitable bridge type. We can group all bridges in the world into four
basic types: girder bridge, arch bridge, cable-stayed bridge, and suspension bridge (see Figure 1.1). There
are also varying possible combinations, such as the cable-stayed and suspension scheme proposed by
Franz Dishinger, and the “partially cable-supported girder bridge” (Tang, 2007). For simplicity, we can
drop the word “partially” in this name and call it cable-supported girder bridge. It is a combination of a
girder bridge and any one of the aforementioned bridge types. The extra dosed bridge is a special subset
of the cable-supported girder bridge.

Common wisdom suggests that girder bridges and arch bridges are good for short to medium spans,
whereas cable-stayed bridges are good for medium to longer spans, and suspension bridges are good
for very long spans. Based on this assumption, some engineers established rules to assign a span range
for each of these bridge types. For example, in the 1960s, the reasonable maximum span length of a
cable-stayed bridge was thought to be approximately 450 m and that of a girder bridge was thought to be
approximately 250 m. These previously held theories did not last long as cable-stayed bridges with spans
of over 1000 m have been completed since then.

Over time, with improvements in construction materials and advancements in construction equip-
ment and technique, the reasonable span length of each bridge type has significantly increased. But in
relative terms, the above mentioned comparisons are still valid. Only the numerical values of the span
ranges have changed.

Girder
bridge

- Cable-stayed
bridge

Suspension
bridge

Arch
bridge

FIGURE 1.1 Four basic types of bridges.
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However, an engineer should not be restricted by these assumptions. Instead, it is important for
engineers to understand what the actual limits of each bridge type are, based on his or her understanding
of the latest construction materials and equipment available at the time of construction. When a better
material is available in the future, the engineer should be able to re-estimate these limitations using the
same logic. To be able to do this, the engineer must have a good understanding of the characteristics of
structures. We can begin by looking at the very basic elements of structures.

1.4.2 Basic Structural Elements

Some structures may look very simple and some structures may look very complex, but every structure
is made up of only four basic types of structural elements, and each one is dominated by one type of
function. They are axial force elements (A elements), bending elements (B elements), curved elements
(C elements), and torsional elements (T elements), which can be abbreviated as the ABCT of structures.
The first three types of elements are sufficient to compose almost all structure types (see Figure 1.2).
Most torsional elements can be established using a combination of the first three element types. But, for
convenience, having torsional elements will simplify our thinking process.

As an example, in a cable-stayed bridge, the predominant function of the cables, the girder, and the tow-
ers is to carry axial forces. These are mainly A elements. The same is true for a truss bridge. There are local
effects that may cause bending moment in these elements, but they are less dominant and can be considered
secondary. A girder bridge, however, carries the loads mainly by bending, so it is considered a B element.

When an axial force element changes direction, it creates a force component lateral to the axial force
(see Figure 1.3). So each change of direction will create a lateral component. These lateral components
can be used to resist lateral loads. If the lateral loads are sufficiently closely spaced, the structural ele-
ment becomes a curve, resulting in a curved structural element, the C element. There are two major

=

The “A-B-C” of basic structural elements

<:| By axial force

By bending

m By curvature

FIGURE 1.2 Structural elements A, B, and C.
.

An+1

FIGURE 1.3 Formation of curve element.
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types of curved elements: if the axial force is compression, the structure is similar to an arch. If the axial
force is tension, the element is similar to a suspended cable such as the main cable of a suspension bridge.

Thus, with A, B, and C elements, we can create the framework of almost all major types of bridges
known to us today. Torsion is usually a locally occurring phenomenon. It mainly coexists with one of
the A, B, or C elements. An eccentrically loaded girder bridge, for example, will have torsion besides
bending moment. Although both of them must be considered in the design, the predominant factor is
still the bending moment and it therefore can be characterized as a B element.

In a design, we proportion the structural elements to remain within the allowable stress limits.
Figure 1.4 shows the stress distribution of the A element and the B element. In an A element, the entire
cross section can be utilized to its fullest extent because the entire cross section can reach the allowable
stress at the same time. By contrast, in a B element, only the extreme fiber can reach the allowable stress,
while the stress in the rest of the cross section is less than the allowable stress. So in a B element, most of
the cross sectional area is not fully utilized and is consequently less efficient. The C element is similar to
the A element and it is more efficient than the B element.

When a portion of the element is not participating in carrying loads, or if it is not used to its fullest
extent, more material is required to carry the same load, thus increasing its dead weight, which is a big
disadvantage in bridges, especially in long-span bridges. Currently, the world record span for each of
these four types of bridges are the following: the 330-m span Shibanpo Bridge in Chongqing, China is
the longest girder bridge span; the 552-m span Chaotianmen Bridge, also in Chongging, China is the
longest arch bridge span; the 1104-m Vladivostok Bridge in Russia is the longest cable-stayed bridge
span; and the 1991-m span Akashi Kaikyo Bridge in Japan is the longest suspension bridge span. The
Shibanpo Bridge (Figure 1.5), which is a girder bridge, over the Yangtze River in Chongqing is the small-
estamong world record spans of the four bridge types. The girder bridge is the only bridge type that relies

6,

0y
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FIGURE 1.4 Stress distribution in A and B elements.

FIGURE 1.5 Shibanpo Bridge.
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mainly on bending to carry the loads. It is a B element. B elements are less efficient. Therefore, a bridge
that consists mainly of a B element is less efficient and thus its maximum span is smaller.

1.4.3 Know the Limits

Before we conceptualize a bridge, it is important to understand what problems may lie ahead. We must
also know the limitations, or the boundaries within which we must remain. There are many different
kinds of boundaries such as environmental, financial, social, historical, and technical boundaries. All
these boundaries are project specific, which means they cannot be applied universally, with the excep-
tion of technical problems.

Through the course of designing a bridge, engineers must deal with many technical problems that fall
into two categories: technical difficulties and technical limitations. Technical difficulties are problems
that can be solved, even though the solution may cost time and money. A limitation is an upper bound
that cannot be exceeded. One important example of a technical problem is the span length. What is the
maximum possible span length for each of the four types of bridges mentioned above? We will try to
answer this question with the following analysis.

When a bridge span is very long, we will face various technical problems. The most prominent prob-
lems are the following:

1. Girder stiffness in the transverse direction

2. Reduction in cable efficiency of very long cables in a cable-stayed bridge
3. Torsional stiffness of the main girder

4. Allowable stresses of the construction materials

All of these problems are, in some way, related to the construction materials we are going to use
for the structure and they must be addressed when identifying maximum span lengths. Currently, for
long-span bridges, the predominant materials used are steel and concrete, as has been the case in the
past 150 years. Other materials, such as fibers and composites, even though available, are not ready for
extensive use in the construction of major long-span bridges yet. Therefore, in the following analysis,
we will only consider steel and concrete as the main materials for construction. As far as very long-span
bridges are concerned, concrete only plays a secondary role, and steel is the predominant construction
material to be used, with the exception of girder bridges.

Steel was introduced into widespread commercial application only from the mid-nineteenth century
onward. Before that, iron was used for a short period of time. And further back, bridges were built
mainly using stones and bricks. Stones and bricks have good compressive strength but almost no tensile
strength, so the only type of bridge that can be built using stones and bricks is an arch bridge. This is
evident in the historical record. For several thousands of years until the nineteenth century, basically all
longer span bridges were built with stones and bricks. Moreover, they are all arch bridges.

In order to estimate the maximum possible span of each bridge type, we must address the above-
mentioned problems first.

1.4.3.1 Lateral Stiffness of the Main Girder

The minimum width of a bridge is determined by its specified traffic pattern. As an example, the deck
width of a regular six-lane bridge with pedestrian paths is usually approximately 34 m. Thus, for a 1000-m
span, six-lane bridge, the span to width ratio is approximately 29.4, and the bridge should have little
problem resisting lateral loads caused by wind, earthquakes, and other natural phenomena or manmade
effects. However, if the span is increased to 2000 m, the ratio increases to 59, and the bridge may have a
problem resisting lateral loads. If the span is even longer, the problem becomes more serious. To increase
the bridge’s stability, the simplest solution is to increase the width of the bridge (see Figure 1.6). A good
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FIGURE 1.6 Separating bridge deck to increase girder width.

FIGURE 1.7 Cable strengthening.

example of this is the Messina Strait Bridge in Italy, which is currently under construction. There are other
ways to increase the lateral stiffness of a bridge girder as well (see Figure 1.7). So, this problem is solvable.

1.4.3.2 Effectiveness of a Long Stay Cable

A cable that sags under its own weight will decrease the efficiency of the cable. The effective stiffness,
(EA).4 of a cable with a horizontal projection of L can be estimated by the Ernst formula (see Figure 1.8).
(EA) =rX (Esteel X Asteel)

eff

and
r=1/[1+('y><L)2><Esteel/(12><f3)]

where r is defined as the effective ratio of the cable; y is the unit weight of the cable, which is equal to
the total weight of the cable, including the covering pipes and other protection materials applied to the
cable divided by the cable steel cross section; L is the horizontal projection length of the cable; and fis
the average stress in the cable. Here r is an instantaneous value at cable stress equal to f. In reality, the
stress in the cables changes when the bridge is loaded with live loads or other types of loads. Thus, if the
cable stress changes from f; to f,, the effective ratio, r, will be
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1, :1/[1+(YXL)ZXESteelX(ﬁ +f2)/(24><f12><f22):|

In a cable-stayed bridge, the allowable stress in the cables is usually specified as 45% of the break-
ing strength of the cable steel, or, 0.45 fu. There are two types of cables commonly used today,
parallel wire cables with a breaking strength of 240 ksi and seven-wire strands with a breaking
strength of 270 ksi. For a super long-span cable-stayed bridge, either type of cable is acceptable. For
the purposes of this analysis, we will choose the seven-wire strands that have a higher strength. The
effective ratio r varies mainly with L, which, for a very long span, can be assumed as half of the span
length.

As shown in Figure 1.9, r may fall way below 1.0 if the cable is very long. This is what some engineers
used to limit the maximum span length of a cable-stayed bridge. However, engineers must solve techni-
cal problems as they arise in the design, not succumb to them! As is evident from the equation, if we can
shorten the cable span, L, the sag will be reduced. Thus, we will be able to avoid this problem. Figure 1.10
shows a few ways to reduce the effective span of a long cable. Therefore, this problem can be solved and
it does not pose a limitation to the span length.

FIGURE 1.8 Form of a stay cable under its own weight.
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FIGURE 1.9 Cable efficiency.
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(a) Tie ropes (b) Strut supports

(c) Suspended by suspension cable

FIGURE 1.10 Various ways to increase cable efficiency.

FIGURE 1.11 Spatial cable arrangement.

1.4.3.3 Torsional Stiffness

The torsional stiffness is important under eccentric loads and aerodynamic actions. In most cases, the
use of a box cross section for the girder will provide sufficient torsional stiffness to resist eccentric loads.
Otherwise, increasing the distance between the two cable planes of the bridge is one way to increase the
torsional rigidity of the girder. The spatial arrangement of the cables (Figure 1.11) will also help. Another
solution is to use a local cable stay system to stiffen up the girder. At worst, it is possible to install damp-
ers to suppress the torsional oscillations. This problem, too, is solvable.

In short, these three problems discussed above are solvable technical problems and they do not pose
any limitations to the span length.

1.4.3.4 Allowable Stresses

The allowable stress of construction materials is a technical limitation. For very long-span bridges, steel
is the main construction material used. There are two kinds of steel for bridge construction—the regu-
lar steel and cold-drawn steel wires. Wire has a much higher strength than regular steel plates. Various
countries may have different steel products. The yield strength, the breaking strength, and consequently,
the allowable stress, may vary. Nevertheless, the allowable stress for any specific steel is fixed and is
proportional to its yield strength or breaking strength. It is not possible for us to increase its strength,
likewise impossible to increase the allowable stress of that same steel. Certainly, the quality of the steel
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we use in construction today is continuously being improved; the allowable stress of steel has signifi-
cantly increased in the last century. Therefore, the maximum possible span of bridges has also increased.

1.4.4 Maximum Possible Spans

Research on the maximum feasible span length of various types of bridges has been presented by various
authors [4-6]. Obviously, with different assumptions the conclusions may differ. Based on the assump-
tion that the limiting factor in the span length of a bridge is the allowable stress, we can proceed to
estimate the maximum possible span length of the four types of bridges.

1.4.4.1 Suspension Bridges

The critical members with respect to allowable stress in a suspension bridge are the main cables. For
a uniformly loaded bridge, the shape of the main cable is close to a parabola. For suspension bridges,
the sag, d (Figure 1.12), is usually equal to approximately 1/12 to 1/8 of the span length, L. The deck is
suspended from the main cables with hangers and its weight changes little regardless of the span length.
If we assume the sag to be 1/8 of the span, for a uniform load of w (load per unit length), the total hori-
zontal component, H, of the cable force, T, in the main cables will be (Figure 1.12)

H=wxLandT,, =112xXwXxL
or,T,.. :1.12><(wc+wg+wLL)><L=Ac><fa

and L= fax Ac/[L12x (we+wg+wy;)] = fax Ac/[L12X(1+a)xwc],

where wg is the weight of the girder and hangers and w,; is the live load on the deck, and wc is the weight
of the cables, wc = Ac*y, Ac is the total cross-sectional area of the cables, fa is the allowable stress of the
cable, and y is the unit weight of the cable. For an extremely long-span bridge, the live load is negligible
compared with the dead load, and the girder weight is also relatively small compared with the weight of
the cable itself. Thus, it is feasible to allow a higher stress in the cables because fatigue is less of a problem.
In addition, we can use a wire with higher breaking strength, which is available today, for instance, fu =
1890 MPa. With a safety factor of 2.2, the allowable stress fa will be 860 MPa. Thus, if we assume wg+w, |
to be approximately equal to 20% of wc, that is, @ = 0.20, we can solve the equation and the maximum
span length would be approximately 8000 m.

With the cable weight being the predominant weight of the bridge, the cable takes on the shape of a
catenary as versus a parabola. But for our purposes, this deviation is not significant.

We can go back and verify the validity of this assumption by using real numbers. Let us assume that
the weight of the girder, plus eight lanes of traffic would be approximately 350 kN/m, and the cable
weight, we = 17,500 kN/m, so a = 0.20, the maximum cable force would be approximately 18,816 MN

w (kN/m)

FIGURE 1.12 The main cable of a suspension bridge.
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for a span of 8000 m. With an allowable stress of 860 MN/m?, the cable cross section should be approxi-
mately 22 m?, which should weigh approximately 1750 kN/m including accessories. Thus, our assump-
tion of 8000 m being the maximum possible span of a suspension bridge is acceptable. If two cables are
used, the diameter of each cable would be approximately 2.2 m assuming a compact factor of 0.80.

Currently, the world’s longest span suspension bridge, Akashi Kaikyo Bridge in Japan, has a 1991-m
span. It is <30% of the maximum possible span of 8000 m. The Messina Strait Bridge in Italy, which is
under construction, will have a center span of 3300 m; it is still <50% of the 8000 m, so we do not have
to worry about span length when we conceptualize a long-span suspension bridge.

1.4.4.2 Arch Bridges

An arch rib (Figure 1.13) is the reverse of a suspension cable. There are three distinct differences between
an arch rib and a suspension cable even though they are both “curve” elements. First, the arch is a
compression member and requires stiffness to be stable. It cannot use wires; rather, it employs steel
plates, so the allowable stress is lower. The allowable stress of the steel plates we commonly use in bridge
construction, is less than half of the allowable stress of the wires. As the allowable stress in the arch rib
is smaller, the proportion of girder weight and live load will be higher, which may rise to approximately
30% of wc, or a = 0.3, where wc denotes the weight of the arch rib for a super-long arch span. Second,
because the arch rib is in compression instead of tension, the arch requires additional steel for bracing
to ensure its stability. In effect, the effectiveness of the steel is reduced. Third, the arch usually has a rise
to span ratio between 1/5 and 1/8, which is more efficient than a suspension cable.

Let us assume the rise to span ratio is 1/5 in a parabolically shaped arch. The maximum force, N, .,
in the arch will be

N, =076xwxL
L :fa><Ac/[0.76><(wc+wg+wLL)]:faxAc/[0.76x(1+a)ch]

If we use steel with a yield strength of 75 ksi (560 MPa), which is currently available, the allowable
stress should be approximately 336 MPa. Assuming a = 0.3, the maximum span of an arch should be
approximately 4200 m.

The current world record span of arch bridges is the 552-m span Ciaotianmen Bridge in Chongging,
China. This span length is only approximately 13% of the maximum possible span of 4200 m.

The above analysis assumes that the cross section of the arch is constant. In reality, the cross section
of the arch ribs may vary according to the axial force. As a result, the maximum span could be slightly
longer. The maximum force in the arch rib is located at both ends of the arch. It is not much larger than
the minimum force located at the crown of the arch rib. The effect is therefore, not significant. In fact,
practical limitations in an arch span are a function of their construction. Because the arch rib itself is not

=3¢ N (@
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FIGURE 1.13 Anarch.
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stable until it is completely built, the structure is more difficult to build as the span gets longer. Therefore,
even though the arch is very efficient in terms of the quantity of materials, very long-span arch bridges
are still too expensive to build. This explains why much longer span arches have not been built to date.

1.4.4.3 Cable-Stayed Bridges

In both the suspension bridge and the arch bridge, the girder is not a main load carrying member of the
entire structure. It only carries the local loads and transfers them to the suspension cables or the arch
ribs. Therefore, in the above analysis, we only deal with the main load carrying members of the bridge—
the suspension cables or the arch ribs. This is not the case with a cable-stayed bridge (Xie et al., 1998).
The critical member that determines the maximum possible span is the girder, the compressive stress of
which is the limiting factor. Even though the towers, the cables, and the girder are all main load carry-
ing members in a cable-stayed bridge, the allowable stress in the towers and the cables does not pose a
limitation to span length. Only the girder does.

The cables in a cable-stayed bridge can be arranged in a harp, fan, star, or a radial pattern
(see Figure 1.14a). The harp pattern cable arrangement will result in the highest possible compression
force in the girder, which is not suitable for long spans, whereas the radial pattern cable arrangement
will leave the lower portion of the tower un-braced. A fan pattern is usually preferred in a long-span
cable-stayed bridge because it is a compromise of the other two extremes, with less axial force in the
girder while providing cable supports for the tower legs. However, in the present analysis, we will assume
a radial pattern just for simplicity.

The maximum axial compression force in the girder, H,,
under a uniform load of w (kN/m) is

(Figure 1.14b), of a cable-stayed bridge

ax

H,. =(wp+wg)xL/2

where wg is the structural dead weight of the girder, which is equal to Ag*y, where Ag is cross-sectional
area of the girder, and y is the unit weight of the girder including bracings and other structural acces-
sories that are necessary but may not be fully participating in carrying the axial force in the girder, such
as the floor beams in a box girder. If we assume this to be 30% in weight, the effective unit weight of the
girder would be 1.30 x 78 = 101.4 kN/m3; wp is a summation of live load and superimposed dead load on
the deck, such as wearing surface and railings. For this calculation, we assume wp = 0.2 wg.

Here, the maximum stress in the cross section is comprised of two components: the axial stress H,,./
Agand a flexural stress due to the local bending moment in the girder. For a very long-span cable-stayed
bridge, the stress because of local bending is not significant and may be assumed to be approximately
20% of the allowable stress. Thus, for an allowable stress of 336 MPa, the maximum possible span length
would be approximately 5500 m for a cable-stayed bridge.
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FIGURE 1.14 (a) Cable configurations. (b) Force diagram of a cable-stayed bridge.
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Currently there are three super-long cable-stayed bridge spans in the world: the 1104-m span
Vladivostok Bridge in Russia, 1088-m span Sutong Bridge in Jiangsu, China, and the 1018-m span
Stonecutters Bridge in Hong Kong, China. Those spans are only approximately 20% of the maximum
possible span length or less.

Similar to the arch calculation, the above calculation is based on the assumption that the girder cross
section is constant along the entire span. In a cable-stayed bridge, the axial force in the girder is close
to zero at mid span and increases to its maximum near the tower. Thus, if we increase the girder cross
section of the girder as the axial force increases, the allowable axial force in the girder can be increased
and, consequently, the maximum span can also be increased. This way, the theoretical maximum span
length could be increased by almost 100%, to more than 10,000 m. For the present discussion, however,
we will keep the girder constant for simplicity sake.

1.4.4.4 Girder Bridges

There is no clear cut criterion for estimating the maximum span of a girder bridge. Presently, girder
bridges are the only bridge type in which some of the longest spans were entirely or partially built with
concrete. The current longest span steel girder bridge is the 300-m span Rio Niteroi Bridge in Brazil,
which was completed in 1974. Longer spans have not been built since then. The current longest span
concrete girder bridge is the 301-m span Stolmasunde Bridge in Norway, completed in 1998. It appears
that these are more or less the “reasonable” maximum spans. Currently, the world’s longest girder span
is the 330-m span Shibanpo Bridge, in Chongqing, China (Tang, 2010). This is a hybrid structure with a
103-m steel box section in the middle of the 330-m span that reduces weight. The rest of the bridge is a
prestressed concrete box girder. By itself, pure steel or pure concrete would be difficult to reach this kind
of span length. Experience from designing the Shiba