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Foreword

Much more than a travel guide to the world’s biggest and most beautiful bridges, this Handbook of
International Bridge Engineering takes us on a world tour of the art of bridge conception and construc-
tion. Professor Wai-Fah Chen and Dr. Lian Duan, the editors of this fine handbook, had the remark-
able idea of compiling contributions from 64 top bridge experts, each presenting an in-depth study of
his or her native country and the wonderful bridges there. Bridges, as we know, carry a multitude of
symbols, their beauty and the spectacular technical achievements employed in their conception awe
the greater public, and as shown in this book, they inspire researchers and engineers to make materials
more efficient and to fight natural hazards.

Each country is the subject of a chapter, all of which clearly present the principal geographical aspects
of the country, the fundamental stages of bridge development there, communication means through
the ages, the evolution of rules and regulations, various types of road construction and road construc-
tion materials, railway transportation and pedestrian passages, and, last but not least, such modern
preoccupations as durability, monitoring, maintenance, professional training, economic considerations,
financing, and future challenges. The reader of this marvelous handbook will not fail to appreciate the
variety of factors that determine any given country’s bridge history, to evaluate the cultural, economic,
and industrial impact on the evolution of infrastructures, and to consider the immense progress made
in bridge design worldwide. A formidable reference guide, this work will be without a doubt a welcome
acquisition to fine research libraries everywhere.

Jacques Combault

2007-2010 President of the International Association for
Bridges and Structural Engineering

Professor at the Ecole des Ponts, ParisTech

Paris, France

This volume on international bridge engineering provides contributions from authors in 26 countries. It
provides a resource covering engineering practice for major bridges in the authors’ countries. For each
country there is a chapter that provides a historical summary of design specifications, philosophy, and
loads applied to all types of bridge systems for highway, railway, and pedestrian applications. Although
the primary building materials of steel and concrete are highlighted, other types of materials such as
timber, stone, and advanced composites are also dealt with.

During ancient times, wood, bricks, and stones were used to build bridges. Since the industrial
revolution, bridges have evolved primarily with the invention of cast iron, wrought iron, steel, and
reinforced and prestressed concrete. Great Britain from the early nineteenth century, the United States
from the late nineteenth century through the mid-twentieth century, and Germany, France, Switzerland,
Scandinavia, Japan, and Russia in subsequent decades built the most significant bridges. During the last

vii



viii Foreword

two decades, China has built the largest number of major bridges in the world. They include many of the
longest spans of nearly all types of bridges.

Time-dependent deterioration of both steel and concrete elements remains a challenge even today as
corrosion and fatigue must be considered. Many of our theoretical assumptions for materials, such as
being homogeneous, isotropic, and ductile, are often not true at the joints and connections. As a result,
we have to rely on large-scale experimentation to develop simple design rules especially for connections.
Failures of structures or their components have provided knowledge that has contributed to our under-
standing and ability to provide more durable and safer structures. In the United States, the 1940 Tacoma
Narrows Bridge collapse from aero-elastic flutter from wind had a significant impact on the science and
engineering of large bridge structures and elements. The collapse of the Ohio River Silver Bridge in 1967
as a result of a small stress corrosion crack in a steel eye bar had a lasting influence on inspection and
maintenance as well as the quality and toughness of the steel materials used in bridges. Since the exten-
sive use of welded steel components and connections after World War II, fatigue crack growth from truck
and train loads has resulted in the need to detect and repair or retrofit many bridge structures and to
improve their fatigue resistance. A notable case was the Hoan Bridge in Milwaukee, which experienced
major fractures in all three girders at a cross section in 2001. All of these examples provide knowledge
and enhance our ability to provide better details and connections in bridges that will be built in the future
and improve our ability to maintain older structures that remain in service around the world.

For example, as I write this brief note in July 2011 alone, the Internet revealed the collapse of a major
multiple-span arch bridge in China’s Fujian Province that was built in 1999, as well as the collapse of
three other bridges, two of which were attributed to overloaded vehicles. These events remind us of the
role that connection design, quality, materials, loads, and time-dependent performance factors have
on bridge durability and service. This handbook will provide readers with valuable information and
enhance the performance of future bridges. In addition to the chapters for each of the 26 countries, a
chapter is devoted to highway bridges of composite steel-concrete girder designs in 10 countries,
a chapter features the highest bridges, and a chapter lists the longest bridges and bridge spans in the
world. Many photographs and drawings are provided in all the chapters.

This volume provides a rich resource for practicing bridge engineers as well as for those interested in
unique bridge structures that have been built to provide passage over major rivers and other crossings
in the world. I have known Dr. Wai-Fah Chen since our student days together at Lehigh University in
the 1960s, and as a fellow faculty member during his decade at Lehigh. We have had the opportunity to
serve together on many professional committees throughout our careers. I am pleased to provide these
introductory comments to his latest handbook.

John W. Fisher
Professor Emeritus of Civil Engineering, Lehigh University
Bethlehem, Pennsylvania

The purpose of science is to discover the truth of nature, while the purpose of engineering is to enhance
and improve nature to make our living environment more enjoyable. The foundation of science is facts;
the foundation of engineering is an accumulation of experiences. The truth discovered by science, such
as mathematics, physics, and chemistry, so far does provide practical tools for engineers in the design
of bridges, but it still falls far short of being able to explain all engineering phenomena. The design itself
is a succession of decisions based on the direct or indirect applied experience of the engineer. Making
decisions is art, not a science. Therefore, engineering is an art, not a science! In the design of a bridge, it
is more important to understand what has been done successfully than to try to be scientifically accu-
rate. This handbook is a perfect tool that provides engineers with information on past successful bridge
designs. This important work helps bridge engineers to make intelligent decisions throughout their
design processes.
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It is a great pleasure to recommend to my fellow bridge engineers this remarkably comprehensive
resource book encompassing state-of-the-art and best practices for bridge engineering worldwide.
You will find an informative historical sketch and geographical characteristics for each country, along
with a careful development of each country’s design considerations, specifications, philosophy, and
loads; landmark and recorded bridges, including girder, arch, cable-stayed, and suspension; bridge
management and maintenance; and trends addressing new developments, milestone bridges under
planning and construction, and the latest construction materials.

Perhaps you have only a marginal interest in bridge design and construction, but wish to learn more
about the development of benchmark bridges around the world. You will find 10 benchmark compari-
sons for highway composite girder design along with a listing of world’s highest bridges, longest bridges,
and longest bridge spans from around the world. In addition, more than 1650 beautiful bridge photos
and drawings are collected to illustrate the great achievements of modern bridge engineers.

I wish to congratulate both editors, whom I have known for many years, for having convinced
and gathered a great team of internationally recognized bridge engineers to contribute their various
chapters. I wish also to congratulate the 64 contributors for devoting their time, energy, experience,
and talent to complete this landmark project. For the first time, this handbook has brought together,
in a unified manner, so much of what until now was known only to a few experts in the field in their
respective countries. Students, researchers, practitioners, novices, and experts alike will profit greatly
from having a copy of this handbook, as it will help them to keep abreast of modern bridge engineering
developments and state-of-the-art practices around the world.

Man-Chung Tang

Chairman of the Board and Technical Director
T. Y. Lin International

San Francisco, California






Preface

An international team of bridge experts and internationally known authors from 26 countries
has joined forces to produce the Handbook of International Bridge Engineering, with the theme “bridge
the world in the twenty-first century.” The handbook is a unique, comprehensive, and up-to-date
reference work and resource book covering bridge engineering practice and landmark and recorded
bridges around the world, including 26 major countries and areas such as: Canada and the United
States in North America; Argentina and Brazil in South America; Bosnia, Bulgaria, Croatia, Czech,
Denmark, Finland, France, Greece, Macedonia, Poland, Russia, Serbia, Slovakia, and Ukraine in the
European continent; China, Indonesia, Japan, Chinese Taipei, and Thailand in Asia; and Egypt, Iran,
and Turkey in the Middle East.

Each country’s chapter presents a historical sketch and geographical characteristics; design consider-
ations, specifications, philosophy, and loads; 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 in various purposes (highway, railway, and pedestrian); bridge management, mainte-
nance, and monitoring including repair, professional education, cost analysis, and funding; and future
trends addressing special topics and new developments, new milestone bridges under planning and
construction, and new materials. Ten benchmark comparisons for highway composite girder design
from different countries are also presented in Chapter 27. The highest bridges around the world are
highlighted in Chapter 28. The top 100 longest bridges, and the top 20 longest bridge spans for various
bridge types including suspension bridges, cable-stayed bridges, extradosed bridges, truss bridges, arch
bridges, steel girder bridges, concrete girder bridges, movable bridges (vertical lift, swing, and bascule),
floating bridges, stress ribbon bridges, and timber bridges, are listed in Chapter 29. More than 1650
beautiful bridge photos and drawings illustrate the great achievements of engineering professions.

This handbook is aimed squarely at practicing bridge engineers around the world. The ideal reader
will be a structural and bridge engineer, researcher, or student with a need for a single reference source
to keep abreast of bridge development and the state of the practice around the world. The editors
acknowledge with thanks the comments, suggestions, and recommendations made during the devel-
opment of the handbook by Professor Ivan Balaz, Slovak University of Technology, Slovak Republic;
Dr. Reidar Bjorhovde, The Bjorhovde Group, United States; Mr. John Bors, ChemCo Systems, United
States; Professor Jean Armand Calgaro, France; Professor Estevam Las Casas, University Federal De
Minas Gerais, Brazil; Professor Ernani Diaz, Federal University of Rio de Janeiro, Brazil; Professor
Radomir Foli¢, Faculty of Technical Sciences, Serbia; Dr. Jianping Jiang, MMM Group, Canada;
Mr. Charles King, Buckland & Taylor, Ltd., Canada; Professor Xila Liu, Shanghai Jiaotong University,
China; Professor David A Nethercot, Imperial College, United Kingdom; Professor Doncho Partov,
Higher School of Civil Engineering, Lyuben Karavelov, Bulgaria; Professor Michelle Pfeil, University
Federal do Rio de Janeiro, Brazil; Ms. Helena Russell, editor, Bridge Design and Engineering, United
Kingdom; Mr. Eric Sakowski, Technicolor, United States; Mr. Yusuf Saleh, transportation engineer,
California Department of Transportation, United States; Professor Jiri Strasky, Brno University of
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Technology, Czech Republic; Mr. Juhani Virola, consulting engineer, Finland; Mrs. Analia Wlazlo,
editor, Vial magazine, Argentina; Mr. Roman Wolchuk, consulting engineer, United States. We wish
to thank all the authors for their contributions and also to acknowledge at CRC Press/Taylor and
Francis Group, Joseph Clements, acquiring editor, Kari Budyk, senior project coordinator, and Glen
Butler, project editor.

Wai-Fah Chen and Lian Duan
May 2013
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1.1 Historical Development

1.1.1 Canada’s Geography

Canada is the world’s second-largest country by area and extends in the east-west direction from the
Atlantic Ocean to the Pacific Ocean and in the north-south direction from the Arctic Ocean to the
border with the United States. The population density of Canada is 3.3 inhabitants per square kilometer,
which is among the lowest in the world. The most densely populated part of the country is the Québec
City in Windsor Corridor, situated in Southern Québec and Southern Ontario along the Great Lakes
and the Saint Lawrence River. Major population centers are typically found in a southern band near the
border of the United States.

From a bridge design and construction perspective, Canada has a large variety of design challenges
given the diversity of its geography and climate. For example, there are major rivers to be crossed, such
as the Fraser, Mackenzie, and St. Laurence—all of which are in many places more than 2 km wide. In
addition, there are numerous significant seismic zones, such as along the West Coast, in the Yukon, and
in the Ottawa-Montréal region. Canadian bridge engineers also have to contend with vastly differing
geotechnical conditions, including the endless soft soil conditions of the Fraser River Delta, swelling
clays in the prairies, permafrost in the northern regions and variable and unpredictable bedrock profiles
in the Canadian Shield. Other important considerations in building bridges in Canada are seasonal
restrictions with regard to remote construction sites, fish migrations, bird nesting, extreme winter con-
ditions, heavily trafficked urban areas, hurricane force winds, and ice loading.

1.1.2 Canada’s First Bridges

Canada’s population centers have developed based on available modes of transportation. First Nations,
or indigenous, peoples typically traveled on foot or by canoe and as such their villages and towns
were located near water. Permanent European settlement was initially restricted to areas that could be
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accessed by sea-going boats such at Québec City, Montréal, Kingston, Toronto, and Churchill. Smaller
trading posts were established based on Canada’s extensive natural waterways, which were traversed by
teams of traders in canoes. Relatively simple timber bridge structures would have been required at this
time in Canada’s history, but no significant bridge building took place.

In the 1830s, railway technology was introduced to Canada and various short line railways were con-
structed in Eastern Canada, particularly between Montréal and Ontario. The introduction of railways
required sophisticated engineering and the corresponding construction of bridges to span waterways.
By 1880 the Canadian Pacific Railway had been extended to the Pacific Ocean and at the time was the
world’s longest railway. This railway was an engineering marvel that passed through complex geotech-
nical conditions, crossed massive rivers such as the North Saskatchewan and the Fraser, and winded
through tunnels in the Rocky Mountains. Railway expansion continued in Canada until the early 1900s,
with the construction of many impressive structures to carry trains over wild and rugged terrain.

Bridges were initially of timber construction given the abundance of available timber. Possibly the
oldest timber bridge in Canada is the Percy Covered Bridge in Powerscourt, Québec, which was built in
1861 to carry people and horse-drawn wagons over the Chéiteauguay River (see Figure 1.1). The bridge
is an example of an inflexible arched truss, a design pioneered by Daniel McCallum, the general super-
intendent of the New York and Erie Railroad until he founded the McCallum Bridge Company in 1858.
This design was used throughout Canada and the United States for timber railway bridges, but was made
obsolete with the advent of steel bridges.

Another notable bridge from the mid-1800s is Montréal’s Victoria Bridge (see Figure 1.2). The Victoria
Bridge was the first crossing of the St. Laurence River and was completed in 1859. Although completed
before the Percy Bridge, it is not considered Canada’s oldest bridge because it has been significantly
modified over its life. It was constructed to provide a fixed railway link between the Island of Montréal
and Montréal’s South Shore. When it was opened it was the longest bridge in the world, with a length
of 3 kilometers.

The project was initially considered to be too ambitious and not feasible. With the success of the
Britannia Bridge in Wales, however, where a ductile steel tubular superstructure was successfully used,
the project gained credibility and was started in the early 1950s. The crossing alignment was established
by one of Canada’s preeminent engineers of the time, Thomas Keefer. The chief engineer for the project
was James Hodges and the steel superstructure was designed in England by Robert Stephenson. The
project was constructed by Peto, Brassey and Betts for a cost of $6.6 million. The project required ductile
steel to be shipped from England to site in “tube” modules on a just-in-time schedule, the development

FIGURE 1.1 (See color insert.) Canada’s oldest bridge, the Percy Covered Bridge, Powerscourt, Québec.
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FIGURE 1.2 Victoria Bridge, Montréal.

of special lifting derricks, the use of “floating cofferdams,” and the coordination of a labor force of more
than 3000 workers. The bridge was built in 5 years.

The original superstructure of the Victoria Bridge was a closed steel tube, similar to that used for the
Britannia Bridge. This tube was replaced in the 1890s with open trusses to relieve the noise and smoke
created in the tube by locomotives. In addition, the tube construction limited the crossing to a single
track. The superstructure replacement was carried out by constructing the new trusses around the origi-
nal tube construction without disruption to the railway operations.

1.2 Design Practice

Bridges in Canada are typically designed to the Canadian Highway Bridge Design Code (CHBDC) or, for
railway bridges, the American Railway Engineering and Maintenance-of-Way Association (AREMA)
Manual of Railway Engineering. These codes provide the design requirements for relatively standard
bridge types. Where unusual bridge configurations or long-span structures are required, additional
codes are often also considered and sophisticated analysis and testing methods are used to inform the
design. The CHBDC is a Limit States—based code and closely corresponds to similar codes in the United
States and Europe as well as other, more general structural design codes in Canada. It provides the
requirements for loading in terms of magnitude, configuration, and combinations, and factors for live
loads, dead loads, seismic loads, wind loads, soil pressure, ice and snow loads, restraint loads, thermal
loads, secondary prestress loads, hydraulic induced loads, and loads caused by settlement. In addition
the CHBDC provides the requirements for material resistance in terms of strengths and corresponding
factors. Many provinces in Canada have developed a supplement to the CHBDC to account for local
conditions.

Most bridge design offices use some type of finite element software for design including MIDAS,
SAP, S-FRAME, LUSAS, and others. Drawings are typically prepared using either AUTOCAD or
Microstation. Design is often undertaken in 3 stages—conceptual, preliminary, and detailed—with
cost estimates refined as the design is progressed. An owner will often develop a preliminary design to
deliver a project using a design-build model, whereas detailed design corresponds to drawings that can
be issued for construction.

Design is carried out by engineering companies for a range of clients, including government agencies
for traditional design-bid-build delivery and for contractors if the project is delivered as a design-build
or public-private partnership (P3) project. Design-bid-build is typically used where owners need to
keep design control. Design-build procurement is used where there is scope for innovation from a
contractor-designer team. Many of Canada’s recent big bridges have been designed and built as part
of a P3 project.
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1.3 Major Canadian Bridges

A selection of major Canadian bridges is given in Table 1.1:

TABLE 1.1 Major Canadian Bridges
Bridge Year Length, Bridge Type
Arch Bridges
Whirlpool Rapids Bridge, Ontario/New York 1897 329 m, thrust arch.
Alexandra Bridge, Ontario/Québec 1901 563 m, five-span through arch.
University Bridge, Saskatchewan 1916 335 m, spandrel arch.
Center Street Bridge, Alberta 1916 178 m, continuous multiple arches.
Bloor Street Viaduct, Toronto 1918 494 m deck arch.
Peace Bridge, Ontario/New York 1927 1768 m, deck arches with a through-arch main span.
Broadway Bridge, Saskatchewan 1932 355 m continuous deck arches.
Pattullo Bridge, British Columbia 1937 1227 m, steel trussed arch main span.
Rainbow Bridge, Ontario/New York 1941 290 m, arch main span.
Thousand Islands Bridge, Ontario/New York 1937 13.7 km, two suspension bridges and a thrust arch.
Viau Bridge, Québec 1962 Multiple arches.
Queenston Lewiston Bridge, Ontario/New York 1962 488 m, thrust arch.
Sault St. Marie International Bridge, 1962 4500 m, trussed arch main span.
Ontario/Michigan
Old Burlington Bay Skyway, Ontario 1958 2200 m, trussed arch main span.
Sea Island Bridge, Nova Scotia 1962 744 m, 152 m trussed arch main span.
Centennial Bridge, New Brunswick 1967 1000 m, trussed arch main span.
Port Mann Bridge, British Columbia 1964 2000 m, 603 m tied arch, 365 m main span. Longest
tied arch bridge at completion of construction.
Laviolette Bridge, Québec 1967 2707 m, 335 m trussed arch main span.
Burton Bridge, New Brunswick 1973 765 m, trussed arch main span.
New Blue Water Bridge, Ontario/Michigan 1997 1862 m, 285 m tied arch main span.
Truss Bridges
Hartland Bridge, New Brunswick 1901 391 m, timber-covered bridge.
South Saskatchewan River, CPR River 1908 341 m, steel truss.
Lethbridge Viaduct, Alberta 1909 1624 m, railway bridge.
Dawson Bridge, Alberta 1912 236 m, continuous deck trusses.
Sky Trail Bridge, Saskatchewan 1912 910 m, multiple steel-truss spans.
High Level Bridge, Alberta 1915 777 m, 80 m deck trusses.
Québec Bridge, Québec 1919 987 m, cantilever truss with a 549 m main span.
Jacques Cartier Bridge, Québec 1930 2687 m, cantilever truss.
Burrard Bridge, British Columbia 1932 950 m, deck and through trusses.
Mercier Bridge, Québec 1934 1326 m, deck truss with a through-truss main span.
Old Blue Water Bridge, Ontario/Michigan 1938 1883 m, cantilever truss span with a main span of
265m
Princess Margaret Bridge, New Brunswick 1959 1075 m, continuous truss.
Iron Workers’ Memorial Bridge, British Columbia 1960 1292 m, continuous deck trusses.
J.C. van Horne Bridge, New Brunswick 1961 805 m, cantilever through truss.
Peace Bridge, Alberta 2011 131 m, pedestrian bridge.

Ambassador Bridge, Ontario
fle d’Orléans Bridge, Québec

Suspension Bridges

1927
1935

2300 m, 560 m main span.
4430 m, 677 m main span.
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TABLE 1.1 Major Canadian Bridges (Continued)

Bridge Year Length, Bridge Type

Lion’s Gate Bridge, British Columbia 1937 1823 m, 472 m main span.

Thousand Islands Bridge, Ontario/New York 1937 13.7 km, two suspension bridges and a thrust arch.
Angus L. Macdonald Bridge, Nova Scotia 1955 1300 m, 441 m main span.

Ogdensburg-Prescott Bridge, Ontario/New York 1960 351 m main span.

Pierre Laporte Bridge, Québec 1970 1041 m, 667 m main span.

Murray MacKay Bridge, Nova Scotia 1970 1200 m, 426 m main span.

Cable-stayed Bridges

Papineau-Leblanc Bridge, Québec 1969 241 m main span. Longest cable-stayed bridge at
construction.
Alex Fraser Bridge, British Columbia 1983 932 m, 465 m main span. Longest cable-stayed bridge
at construction.
SkyTrain Bridge, British Columbia 1990 616 m, 340 m main span.
Provencher Bridge, Winnipeg, Manitoba 2004 192 m, 106 m main span, pedestrian bridge.
Pitt River Bridge, British Columbia 2009 500 m, 190 m main span.
A25 Bridge, Québec 2013 1200 m, 280 m main span.
New Port Mann Bridge, British Columbia 2013 2000 m, 470 m main span.
Deh Cho Bridge, Northwest Territories 2014 1100 m, 190 m main span.
Extradosed Bridges
Golden Ears Bridge, British Columbia 2009 968 m, three 242 m main spans.
North Arm Bridge, British Columbia 2010 562 m, 180 m main span.
Girder Bridges
Champlain Bridge, Ontario/Québec 1928 1100 m, cantilever truss.
Albert Memorial Bridge, Saskatchewan 1930 256 m reinforced concrete girders.
Tle aux Tourtes Bridge, Québec 1965 2000 m, continuous girder bridge.
Macdonald Cartier Bridge, Ontario/Québec 1965 614 m, continuous haunched girder bridge.
New Burlington Bay Skyway, Ontario 1985 2200 m, balanced cantilever main span.
Cambie Street Bridge, British Columbia 1985 1100 m, continuous post-tensioned concrete girder.
Dudley Menzies Bridge, Alberta 1993 530 m, four-span light rail transit bridge.
Confederation Bridge, PEI/New Brunswick 1997 12.91 km, 250 m main span, precast segmental.
Tsable River Bridge, British Columbia 1999 400 m, 118 m main span, cast-in-place.
Jemseg River Bridge, New Brunswick 2001 950 m, continuous plate girder bridge.
St. John River Bridge, New Brunswick 2002 1000 m, continuous plate girder bridge with a 120 m
main span.
New Park Bridge, British Columbia 2007 405 m, five-span curved plate girder.
Floating Bridges
William Bennett Bridge, British Columbia 2008 650 m.

1.4 Recent Bridge Projects

The following project descriptions provide an overview of some recent bridge projects undertaken
in Canada. Unfortunately, not all recent Canadian bridge projects are described. Notable exceptions
include the new William Bennett Bridge, the new Bluewater Bridge, the new A30 Bridge, the Lion’s Gate
Bridge Deck Replacement, the Provencher Bridge, and the Deh Cho Bridge, as well as other important

projects.
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1.4.1 Cable-Stayed Bridges
1.4.1.1 Pitt River Bridge

As part of British Columbia’s Gateway Program, the need for a more reliable crossing of the Pitt River
was identified. The existing crossing was provided by two aging swing bridges with a history of mechan-
ical and electrical malfunction. The crossing is used by more than 100,000 vehicles per day and severe
congestion was experienced at the crossing with the existing swing bridges.

As part of the project development, bridge capacity requirements were established using sophis-
ticated traffic modeling. It was found that a seven-lane structure would be required to meet 2031
traffic demands. Other key issues affecting the design and construction of the new Pitt River Bridge
included:

 Liquefiable sands and deep compressible clays with soft soils to a depth of more than 100 m

 The need for preloading and lightweight fills to construct embankments

+ Close proximity to two existing swing bridges with a history of settlement-induced problems

« Maintenance of the existing swing bridges during construction

« Staging of construction to minimize traffic disruption on the existing bridges

« Marine works subject to environmental schedule constraints

+ A100m X 15 m/16 m navigation channel

« Significant vessel impact loads

o Lifeline seismic performance

« Provision for a future Light Rapid Transit facility

« Liaison with numerous stakeholder groups, including two municipalities, marine users’ groups,
cyclists, private developers, and environmental regulatory agencies

A number of bridge configurations were considered by the owner [1]. Options included arrangements
for balanced cantilever concrete construction, steel plate girders, and various cable-stayed arrange-
ments (see Figure 1.3).

Because the project was procured and delivered using a design-build model the bridge type was left to
the design-build team. The winning team found that a cable-stayed bridge (see Figure 1.4) allowed for a
significant reduction in the vessel impact loads given that piers could be located further back from the
navigation channel than with a conventional plate girder bridge. As such, a cable-stayed solution was
found to be more economical than a plate girder bridge with shorter spans.

The New Pitt River Bridge consists of the main, cable-stayed portion and girder approach structures.
The cable-stayed superstructure width varies from 40.5 m to 48 m to accommodate a flare in the road
alignment required for the interchange located on the north approach. A 190 m cable-stayed main span
with 80 m side spans was used. Because of the very wide deck, three planes of cables were used to support
the steel-concrete composite. Cables were arranged in a harp configuration. The bridge is supported on
1.8 m diameter piles driven into the till located approximately 100 m below the mud line of the channel.
Pile caps are located at water level. Other elements of the Pit River Bridge design are described next.

o Use of a lightweight structure such as a cable-stayed bridge meant fewer piles, fewer piers, and
simplified construction for the constrained site. Only a short trestle bridge was required for con-
struction as the majority of the work could be done by beam and winch and small barges. The
large middle span greatly exceeded navigational clearance requirements and was able to com-
pletely avoid the operation of the existing swing bridges.

o Three planes of cables, rather than the conventional two, allowed for a reduction of structural
steel quantities in the deck.

o The west end of the bridge was flared to accommodate the necessary highway geometry; out-
of-plane forces were eliminated by rotating one of the towers in plan view. This eliminated the
need to widen the entire bridge and greatly reduced construction costs.
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FIGURE 1.3 Options considered for the Pitt River Bridge: (a) single tower cable-stayed bridge, (b) double-tower
cable-stayed bridge, and (c) girder bridges [1].

o Slender solid concrete towers were utilized with cable anchorages crossing inside the towers,
rather than conventional larger hollow towers with tension elements between anchorages. At each
level of cables the crossover was alternated to avoid inducing torsion in the towers. The towers
were also designed to eliminate crossbeams between the towers above the deck. These strategies
greatly simplified construction and reduced materials quantities.

A detailed three-dimensional structural analysis of the bridge was undertaken for the design. This
model included live-load influence line generation with multiple lane combinations for optimal load
cases, seismic analyses using response spectra analysis and nonlinear time-history, vessel impact load-
ing on river piers, loss-of-stay cable condition with accumulation of different static stress states, and
staged construction of the bridge deck in balanced cantilever. The contractor chose to lift each of the
steel frames in separate halves, which required the sequence be modeled explicitly.

The bridge foundations were a major part of the design effort, particularly given the tight allowable
settlement requirements specified in the contract. The project site is underlain by soft compressible soils
with significant liquefiable zones. Satellite data indicates the region is undergoing subsidence at a rate of
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5 mm per year. Survey data from the existing bridge structures indicates settlements of up to 900 mm.
These geotechnical challenges were compounded by the owner’s contract requirement to support the
main river bridge piers on piles terminating in dense, glaciated deposits at nominally 100 m depth.
To accommodate these potentially large differential settlements and avoid the creation of a significant
bump at the end of the bridge, the Pitt River Bridge design included two 30 to 33 m approach spans at
each end with abutments on spread footings and the intermediate piers on friction piles.

To support the use of higher design pile capacities and minimize costs, a top-down, static pile load
test was carried out using river bridge pier production piles for both the test and reaction piles. The piles
comprised a 1.8 m diameter, open-toe steel pipe driven to approximately 100 m depth. The load test was
completed successfully to aload of 45,000 kN, which is one of the largest top-down tests ever conducted.
This historic test has become a new standard in metro Vancouver, and has subsequently been applied on
similar large-scale projects of this nature.

The bridge became operational in 2009 (refer to Figures 1.4 and 1.5). It is owned by the British
Columbia Ministry of Transportation and the design-build team was led by Peter Kiewit & Sons. MMM
Group was the lead designer for the project as supported International Bridge Technologies for the
cable-stayed design and by Associated Engineering.

()

FIGURE 1.4 Pitt River Bridge: (a) tower construction, (b) cable anchorage, (c) deck construction. (Photo courtesy
of MMM Group.)
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FIGURE 1.6 Construction of A25 Bridge, Montréal [2].

1.4.1.2 A25 Bridge

The completion of Autoroute 25 in Montréal is a $400 million project and is the first private-public part-
nership transportation project for the province of Québec. The project involves 7 km of new expressway
and 13 new bridges, including a cable-stayed bridge over the Riviére des Prairies, between the islands of
Laval and Montréal in eastern Montréal.

The main bridge is about 1200 m long and comprised of nine approach spans varying in length from
24 m to 96 m, and a three-span cable-stayed bridge with a 280 m main span and 115 m side spans [2].
The bridge spans the environmentally-sensitive Sturgeon Pool of the Riviére des Prairies. The bridge
is somewhat unique in this way in that the cable-stayed structure is used to span an environmentally
sensitive area rather than a navigation channel. As such the vertical clearance under the bridge could be
quite low. The designers were challenged with large ice loads from the river, vertical height restrictions,
wind loads, and seismic requirements for a lifeline structure.

The concrete towers for the cable-stayed bridge are 70 m tall and support two planes of 20 cables
in a semi-harp pattern, which carry the six-lane composite steel and concrete deck and a pedestrian
walkway. Transverse connection between the towers was provided below the deck to provide a clean
and elegant design. Box girders were used for the edge girders. These were framed around the towers by
locally providing web stiffeners for the inner web, diaphragms, and dropping the outer web and flanges.
Stay-cable anchorages were bolted to the edge girders (see Figure 1.6). The bridge is being constructed by
Peter Kiewit & Sons and designed by Parsons Transportation.
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1.4.1.3 New Port Mann Bridge

As part of the Province of British Columbia’s Gateway Program a major upgrade to the Trans-Canada
Highway segment through the Greater Vancouver area has been undertaken. This project included a
$2.4 billion on-land segment as well as a new crossing of the Fraser River directly adjacent to the exist-
ing Port Mann Bridge—a tied arch, which when constructed in 1964, was the world’s longest tied arch
bridge.

Key design issues identified for the New Port Mann Bridge included [3]:

« Liquefiable sands, deep compressible clays, and glacial deposits at depths greater than 60 m below
ground

+ Risk of settlement of the existing adjacent bridge when installing new foundations

« Lifeline performance for 1:475, 1:1000, and 1:2475 seismic events

« Provision for future Light Rail Transit crossing

« Bridge aesthetics

1.4.1.3.1 Owner’s Concept

In developing the bridge for a public-private partnership procurement, a reference design was devel-
oped for the owner that, as directed by the owner, twinned the existing bridge. As part of the procure-
ment process, however, proponents were free to replace the existing bridge with a new wider crossing.
Development of the owner’s reference design included several studies related to ship impact loads, river
hydraulics and bathymetry, and geotechnical conditions. Numerous span and bridge configurations
were explored and considered including multispan cable-stayed spans, an arch span, and an extradosed
bridge (see Figure 1.7).
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FIGURE 1.7 Options considered for the owner’s reference design of the New Port Mann Bridge [3].
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FIGURE 1.8 Owner’s reference design for New Port Mann Bridge [3].

The owner’s reference design consisted of an approximately 2 km long crossing with a 848 m long
cable-stayed main bridge (see Figure 1.8). The cable-stayed bridge had a 468 m main span with 192 m
side spans. Although the required navigation channel width is 200 m, a main span considerably longer
than the 200 m wide was considered necessary to avoid unstable slope conditions at the south bank of
the river and to span the Canadian National Railway (CNR) yard. Span arrangements for the approaches
were restricted by secondary navigation channels.

A diamond-shaped tower was developed with a total height of approximately 150 m above the pile cap
and 94 m above the road surface (see Figure 1.9). The diamond-shaped tower was selected to concentrate
the tower cable anchorages and facilitate cable installation. It was also selected to provide torsional stiff-
ness to the plate girder deck system and for aesthetics. Float-in, precast pile caps were envisaged to be
installed at the water level. Ship impact loads of 40 mN required the base of the towers to be solid. The
towers were designed to be hollow above the deck and equipped with elevators and platforms to allow
maintenance of the cable anchorages. Cables were provided with dead anchorages at deck level and jack-
ing points at the top of the tower.

Steel edge girders with transverse steel floor beams made composite with a concrete deck were
supported by two inclined cable planes (see Figures 1.10 and 1.11). Cables were provided with a fixed
anchorage at deck level and locations for jacking in the tower head. A deck width suitable for five lanes
of traffic was used. The edge girders were dimensioned to be consistent with a 12 m cable spacing along
the deck. Three floor beams were located between cable anchorages.

The cable-stayed bridge was made continuous with the first approach span to allow separation of the
expansion joints and back stay anchorage. This was done to minimize congestion. Sixty meter long deep
foundations were designed with precast pile caps to allow for ease of construction.
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1.4.1.3.2 Design-Build Solution

The winning design-build proposal provided for a new 10-lane bridge and called for the demolition of
the existing Port Mann Bridge. The winning design comprised an 850 m long cable-stayed bridge with
1223 m long precast concrete segmental box girder approaches (see Figure 1.12). The cable-stayed struc-
ture has a main span of 470 m and side spans of 190 m.

The bridge is characterized by a very wide superstructure that has a width of 65 m and consists of
two five-lane decks, separated by a 10 m median (see Figure 1.13a). The median is required to locate
the central pylons. Each deck consists of a composite structure with steel edge girders, floor beams,
and precast concrete deck panels. The towers are about 160 m above the water. All cable anchorages
are concentrated in the upper 40 m of the tower, which comprises a composite steel concrete anchor
housing. Concentration of the cable anchorages greatly increased the efficiency of cable installation and
will increase the efficiency of future maintenance and inspection operations. Concentrating the cable
anchorages in a single central tower also provides considerable torsional stiffness to the bridge. See
Figure 1.13b through e for tower construction photographs.
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The cable-stayed bridge was conceived to be continuous with expansion joints provided at the end
piers and longitudinal fixity provided at the on-land pylons. As such the on-land pylon design is gov-
erned by seismic loads. Lateral restraint is provided to the cable-stayed spans with wind keys and bear-
ings at each pier (see Figure 1.14). The approach spans consist of three parallel precast segmental box
girders with cantilever construction above the water and span-by-span construction on land. The con-
crete segmental approach span nominal depths vary with span length from a typical 3 m to 5 m in the
longer cantilever spans over the North Channel (see Figure 1.15).
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FIGURE 1.12 New Port Mann Bridge [4].

(b)

FIGURE 1.13 New Port Mann Bridge: (a) tower and deck arrangement [4], (b)-(e) tower construction. (Photo
courtesy of Scott Marshall.)
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FIGURE 1.13 (Continued)

FIGURE 1.14 Construction of New Port Mann Bridge. (Photo courtesy of Scott Marshall.)
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FIGURE 1.15 New Port Mann Bridge [4].

Foundations for the New Port Mann Bridge are generally @ 1.8 m steel piles or drilled shafts,
supported on a firm ground till layer under the loose sand deposits at a depth below the river.

The bridge is owned by the Province of British Columbia, is being constructed by a Kiewit-Flatiron
Joint Venture, and was designed by T.Y. Lin and International Bridge Technologies. Geotechnical design
was carried out by Shannon & Wilson.

1.4.2 Extradosed Bridges
1.4.2.1 North Arm Bridge

Canada Line is the newest component in Vancouver’s SkyIrain System and was designed and built
between 2005 and 2009 using a public-private partnership. It provides a 19 km link between the
Vancouver International Airport and downtown Vancouver. Given the required trip time, a fully
grade-separated system was selected consisting of 9 km of bored and cut-and-cover tunnel and 10 km
of elevated guideway. The elevated guideway crosses the Fraser River at two locations where significant
dedicated transit bridge structures were required. The larger of these bridges, the North Arm Bridge, is
Canada’s first extradosed bridge (see Figure 1.16).

An extradosed bridge was selected to cross the Fraser River to meet a number of conflicting project
requirements. These requirements included [5]:

« Navigation clearance

o Aviation clearance

o Rail grades

« Significant seismic loads

« Rapid construction process

A haunched girder would have pushed the LRT profile higher to accommodate the required shipping
clearance, whereas the tower height of a cable-stayed bridge would have interfered with the flight path
of Vancouver International Airport. As such, neither of these two options was considered desirable. An
extradosed bridge with constant cross section, however, allowed the LRT profile to be kept as low as
possible without infringing on marine clearance and, given the short towers required for an extradosed
design, flight path interference could be avoided. In addition, because the extradosed option allowed for
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FIGURE 1.16 (See color insert.) North Arm Bridge. (Photo courtesy of MMM Group.)

a constant cross section that was similar to that used for the elevated guideway approaches, the extra-
dosed solution provided an economical solution that minimized the prefabrication schedule. Another
advantage of the extradosed solution was the reduced effects of fatigue on the cables as compared to a
cable-stayed solution [5].

Defining characteristics of the North Arm Bridge include:

 Total length of 562 m long, with a180 m main span, 139 m side spans and 52 m haunched transi-
tion spans.

o Two rail tracks and a pedestrian/bikeway.

+ A single post-tensioned box cross section used for the main and side spans.

« Two 22 m tall pylons support the main and side spans with a single plane of cables with 24 cables.
The superstructure’s box section is designed to carry torsional loads and is assisted to some extent
by the vertical component of the cable forces as well as the benefits of the post-tensioning.

 The main piers were split to provide sufficient flexibility under construction loads as well as under
the significant seismic loads experienced in British Columbia’s Lower Mainland.

« A constant cross section was used for the main bridge to minimize the elevation of the super-
structure while respecting the navigation clearance.

 Spans were arranged to limit the project to a single marine foundation.

@ 0.915 m and @ 2 m steel pipe piles were driven to depths of 20 to 45 m below the ground surface into
till-like material. The piles were cleaned out and filled with concrete. Split piers were used to facilitate
balanced cantilever construction while providing sufficient longitudinal flexibility for seismic loads.
The pylons consist of twin post-tensioned concrete columns linked by structural steel tension ties and
supported by a single precast concrete base.

Precast segment weights were limited to 70 tonnes to conform to the contractor’s construction meth-
ods (see Figure 1.17a). This meant that in the haunched transition spans a maximum segment length
of 2.8 m was used. For the main bridge, segment length was dictated by this weight limit as well as
the physical space required to anchor the extradosed cables. As a result the main span segments were
dimensioned to be 3.4 m deep and 3.6 m long [5].

Prestressing was provided in the superstructure through cables embedded in the webs of the section
as well as through the extradosed cables. The vertical component of the extradosed cables was trans-
ferred to the box section webs using “V”-shaped steel struts anchored into the concrete (see Figure 1.17b).
A concrete anchor block at deck level transfers the longitudinal component cable force into the deck.
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FIGURE 1.17 North Arm Bridge: (a) typical precast deck segment, (b) detail at central cable anchorage in deck.
(Photos courtesy of MMM Group.)

Steel struts were used for this detail rather than more conventional concrete tension ties to minimize
weight and reduce congestion within the cross section. The steel struts were installed after casting of
the cross section to simplify the construction method. Although a haunched girder near the pylons
would be more efficient from a pure design perspective and thus result in less material, overall economy
was improved with the constant section by eliminating costs associated with the adjustment of forms
required to fabricate haunches.

Fifty-eight 15.7 mm individually sheathed, galvanized, and waxed strands were used for the 24 extra-
dosed cables (see Figure 1.18). Cables were sheathed in a @ 225 mm high-density polyethylene pipe. The
cables were designed to be installed with light monostrand jacking equipment and to be replaceable.
Anchorages were provided in the pylon and the deck. High-damping internal rubber dampers were
installed at the end of the deck anchorage guide pipe to manage cable vibrations. Double helix ribs were
provided on the exterior surface of the cable sleeves to further limit rain- and wind-induced vibration.
The project was constructed by SNC Laval with RSL Joint Venture (Rizzani de Eccher/SNC-Lavalin).
Buckland & Taylor designed the bridge and provided construction engineering services. MMM Group
was the owner’s engineer.

1.4.2.2 Golden Ears Bridge

With significant population growth in the Fraser Valley within the Greater Vancouver area, it was
decided thatan existing ferry service should be replaced with a fixed link. A design-build-finance-operate
(DBFO) project was developed to accomplish this objective. The project includes a significant new
crossing of the Fraser River as well as considerable new highway infrastructure on either approach.
Important site constraints that needed to be addressed in the design of the new bridge included:

o Two widely separated navigation channels with a vertical clearance of 45 m for the main channel
o Anadjacent airport

o High river flows

» Sensitive environmental areas

» Poor foundation conditions

« The potential for significant seismic and ship impact loads

As part of the design development by the winning DBFO team, a “hybrid” multispan composite,
cable-stayed bridge was developed (see Figure 1.19) and found to be extremely advantageous from a
constructability and economic perspective. Key characteristics of the bridge include [6]:
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FIGURE 1.19  Golden Ears Bridge under construction.
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+ A five-span continuous 968 m long hybrid cable-stayed/extradosed bridge with two navigation
spans. Three equal main spans of 242 m with side spans of 121 m were used with piers up to 80 m
tall (see Figure 1.19).

« A composite steel and concrete deck was used with precast concrete deck panels for the main
bridge.

o The deck of the river crossing bridge is supported with two parallel vertical cable planes from
pylons. The cable-stays are arranged at a relatively flat angle in a harped configuration, resulting
in 40 m high pylons above deck level.

 The main bridge pylons are braced with shallow transverse crossbeams hidden within the depth
of the deck section to provide transverse frame action. This arrangement permits the use of a
single access/maintenance gantry for the full length of the main crossing.

» Approach roads and viaducts of 1.4 km were required. Structures consisted of concrete precast,
prestressed girders with concrete decks.

In developing the design, several bridge arrangements were considered, including cable-stayed,
concrete segmental box girder, and the “hybrid” cable-stayed/extradosed. Selection criteria was
established based on weight, seismic performance, constructability, and cost-effectiveness. Based on
close cooperation between designers and construction experts, the continuous, “hybrid” solution was
selected [6].

The geometric constraints imposed by the two navigation channels led to three main spans: an over-
the-river span of 242 m and two 121 m end spans. Although a true cable-stayed arrangement would have
provided a very good solution for these span requirements, the tower height for a cable-stayed bridge
would have encroached on the flight path for the nearby Pitt Meadows Airport. A fully extradosed
bridge would have resulted in acceptably low towers but the required single 242 m span was considered
to be uneconomical for a true extradosed bridge.

Consequently, a hybrid bridge form was developed that combined the lightweight superstructure
advantages of a cable-stayed bridge with the compact towers of an extradosed bridge. The combination
of the parallel harped cable-stays and the low profile towers that do not need crossbeams above the deck
provides a clean, aesthetically pleasing view.

A flexible pier concept was used to address the project’s seismic requirements given the site’s weak
soils and the consequent potential for liquefaction at the site. Pier flexibility was provided by splitting
the pier into two walls separated in the longitudinal direction [6]. This pier arrangement provides a
ductile substructure that for seismic loads helps isolate the superstructure from the foundations. The
piers are designed to perform elastically with plastic hinges at their top and bottom sections. They are
designed for the 1:475 earthquake and to perform inelastically for the 1:2500 earthquake.

An asymmetrical vertical curve was required for the road design to accommodate the main navi-
gation channel. This resulted in a significant difference in the height of the main bridge piers, with a
resultant difference in stiffness. The shorter piers, because they are much stiffer than those directly
adjacent to the navigation channel, would be disproportionately at risk during seismic events. To solve
this problem a permanent steel “hinge” detail that effectively acts as a pin at the bottom of the pier was
developed [6].

The underlying deep soft silt and clay deposits posed a significant settlement risk [6]. To maintain
an efficient design, it was found that differential settlements could not be allowed to exceed 250 mm.
To control differential settlements, a system was developed to allow the bridge towers to be raised
using hydraulic jacks. This system consists of 3 m deep reinforced concrete settlement slabs installed
under the towers. These slabs are post-tensioned to the pile caps and if excessive differential movement
occurs, the post-tensioning can be released and the settlement jacks jacked to compensate for the settle-
ment. The gap between the pile caps and the settlement slabs would then be grouted and the settlement
slab re-post-tensioned to the pile caps.
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Geotechnical investigations indicated that the site is underlain by weak soils and, notwithstanding
installation of very deep boreholes, neither till nor bedrock was found. To deal with these challenging
geotechnical conditions, the foundation design solution required the installation of ® 2.3 mto ® 2.5 m
bored cast-in-place concrete piles to depths of between 40 m and 89 m. The upper portions of these piles
were cased with steel pipes while grab drilling was carried out. The lower, noncased lengths of the piles
were supported using a polymer suspension while they were cleaned out. Prefabricated reinforcement
cages with weights of up to 82 tonnes were installed in the excavated piles and connected to previously
installed parts of the cage prior to backfilling with tremie concrete. Sonic measurements were taken on
each pile to ensure the absence of voids [7].

The bridge is owned by TransLink. The design-builder consisted of a joint venture between Bilfinger
Berger and CH2MHill. Buckland & Taylor provided the design services for the bridge and its approaches.

1.4.3 Concrete Segmental Construction

1.4.3.1 Calgary West LRT Extension

This project consists of a $700 million, 8 km extension to the Calgary LRT Transit System between
Calgary’s downtown area, to 73rd Street SW in the western part of the city. A key element of the new
system is the 1.5 km long elevated guideway, including a balanced cantilever bridge as well as various
bridges required to separate the new LRT system from existing facilities. In general, a high architectural
content was required by the city for all bridge design.

The elevated guideway section extends 1.5 km from downtown Calgary to Bow Trail. The construc-
tion of the elevated guideway included working in close proximity to major roadways and alongside and
over the Canadian Pacific Rail; this involved detailed coordination between numerous stakeholders and
companies. The elevated section is 9.6 m wide, the span-by-span section is 1100 m long, and the bal-
anced cantilever section is 212 m long.

The elevated guideway was constructed using span-by-span segmental construction and consists of
36 piers, one bent structure, and 444 precast segments. Segment production began in April 2010 with
seven precast, short-line forms. The precast segments were erected in place using a launching truss.
Segment erection began in July 2010 and was completed by March 2011. Both the span-by-span and the
balanced cantilever precast segments were being erected with the 110 m long truss. Certain sections
of the cantilever structure were erected with a conventional crane. Segment weights varied from 25 to
54 tonnes. Segments were loaded on low-boy trailers and shipped 15 km from the precast yard (see
Figure 1.20).

FIGURE 1.20 Span-by-span construction of the precast segmental elevated guideway structure. (Photos courtesy
of MMM Group.)
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FIGURE 1.21 Balanced cantilever construction for the Calgary West LRT Project. (Photo courtesy of MMM
Group.)

Both the design and the construction of the structures were finished ahead of schedule. Design chal-
lenges included special loads introduced by continuous direct-connected rail, drilled shaft deep founda-
tions, aesthetic requirements from the city of Calgary, and the need to construct significant parts of the
structures in winter. Due to Calgary’s cold winter temperatures, materials suitable for this climate were
used. In particular, the epoxy used in the segment joints and certain launching truss components were
selected to operate at temperatures of up to —15°C (see Figure 1.21).

The project was awarded to SNC-Lavalin in late 2009 as a design-build project. Construction
started in March 2010 and is scheduled to be complete in early 2013. The elevated guideway was
constructed by SLG—a joint venture formed between SNC-Lavalin Constructors (Western) Inc. and
Graham Construction. Design management and design for the elevated structures was provided by
MMM Group.

1.4.3.2 Tsable River Bridge

The Tsable River Upstream Bridge is a 400 m long, 54 m tall highway bridge crossing the Tsable River
Valley on Vancouver Island near Courtenay, British Columbia. It was built as part of the new 128 km
four-lane Inland Highway (Highway 19) (see Figure 1.22). Initially it was thought that a steel bridge
would provide the most economical solution given the bridge’s somewhat remote location and its
height above the valley. The decision to undertake a dual design was consequently made reluctantly.
Notwithstanding, the British Columbia Ministry of Transportation commissioned and tendered two
complete bridge designs, one in concrete and one in steel, for this major bridge crossing. The lowest-
priced design was the concrete option, based on six independent bids.

In addition to dealing with seismic conditions and economic considerations, construction impact on
the pristine local environment had to be minimized. For example, an old-growth forest of Douglas firs
fills the valley, some of the trees reaching above the roadway level of the bridge. Moreover, the river flow-
ing along the valley bottom is a vital salmon resource. Compounding these constraints, the valley sides
are very steep and the terrain is potentially unstable. In addition the area is home to Roosevelt elk, black
bears, cougars, cutthroat trout, steelhead, and several species of salmon. Hummingbirds, warblers, bald
eagles, and blue herons live along the banks.

The bridge’s span arrangement was affected by restrictions on the location of the bridge foundations
as specified by the environmental regulatory agency. These limitations, together with the steep terrain
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FIGURE 1.22 Tsable River Bridge during construction. (Photos courtesy of MMM Group.)

and potential instability of the ground, made selecting the optimum pier locations and span arrange-
ments very difficult and consequently the chosen design has long spans to minimize the number of
foundations. A four-span arrangement of 82 m-118 m-118 m-82 m was found to provide an optimal
solution given the site constraints.

Various superstructure types were considered. These included cable-stayed box girders, cellular
arch configurations, and trapezoidal box girders. The last option was found to be the most economical.
A cast-in-place segmental, balanced cantilever method was selected to allow the superstructure con-
struction to proceed above the sensitive valley slopes and river, and have little or no impact on the valley
throughout most of its length.

Given that this tall concrete structure is in an area of seismic activity (peak ground acceleration
0.33 g) the superstructure’s weight was minimized and it was found that a single-cell configuration pro-
vided the most economical solution. It is one of the largest single-cell box structures in North America.
Measures taken to reduce the superstructure weight included:

« Elimination of a central web
» Incorporation of stiffening ribs into the undersides of the deck and deck cantilevers

The use of post-tensioned concrete in a single-cell box girder bridge results in a structure which is
inherently very durable and will require less maintenance than steel. Moreover, using a single cell as
opposed to the more typical double cell construction simplified the construction.

Designing and building this major crossing with the associated environmental, geotechnical, seis-
mic, and site topographical constraints was a major challenge. The design of the superstructure had to
account for secondary effects, including complex creep and shrinkage movements associated with the
segmental, time-dependent nature of the construction. During the building phase it was important to
carefully monitor the deflections of the cantilevers and to calculate compensating formwork settings in
order to ensure that the cantilevers met at the centers of the spans.

Since the project was completed, any vegetation that was affected has begun to grow again and the
bridge harmonizes well with its surroundings. Ironically, the environmental success of the structure
prevents its aesthetic success from being fully seen. An observer cannot appreciate the scale and slender
beauty of the crossing in its entirety because too many of the tall trees remain and prevent an overall
panoramic view. The bridge is owned by the Province of British Columbia and was designed by MMM
Group (formerly ND Lea) and TY Lin.
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1.4.3.3 Confederation Bridge

Confederation Bridge is 12.91 km long and provides a two-lane highway link for the Trans-Canada
Highway across the Northumberland Strait between the provinces of Prince Edward Island and New
Brunswick (see Figure 1.23). A number of important project requirements had to be addressed in the
design and construction of the project, including the following [8]:

o A fixed opening date was specified in the contract that required an aggressive design and con-
struction schedule.

« A 100-year design life was specified.

o Progressive collapse of the adjacent spans had to be avoided in the event of the loss of a single
span.

« Given the climate at the site, a maximum construction season of 8 months is available.

« Environmental impacts had to be minimized.

o Icebridging between the piers was not permitted as this would affect ice flows in the St. Laurence River.

o Iceloads in the order of 25 mN had to be resisted.

e A 49 m X 200 m navigation channel had to be accommodated.

« Significant winds occur at the site, potentially posing a safety issue for bridge users. This concern
needed to be addressed in the design and operation of the bridge.

A multispan post-tensioned concrete box girder structure was developed to meet these criteria. The
bridge consists of:

o Seven approach spans on the Prince Edward Island side with a total length of 555 m
o Forty-five marine spans with a total length of 11,080 m
o Fourteen approach spans on the New Brunswick side with a total length of 1275 m

The design and construction of the bridge had to account for severe weather conditions, and the
bridge is the longest structure across ice-covered waters. Ice loading was in fact one of the major design
considerations and solutions developed to accommodate these very significant loads led to a number of
the innovations for which this bridge is known [8].

1.4.3.3.1 Approaches

The approaches to the main bridge span over relatively shallow water that limited the size of marine
equipment that could be used for construction. As such, approach span lengths were limited to 93 m.
A haunched, trapezoidal box girder was used for the approaches with a structural depth of between
3.0 m and 5.06 m. Spans were supported on hollow rectangular piers. Conical pile caps were developed

FIGURE 1.23 Confederation Bridge. (Photo courtesy of MMM Group.)
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to mitigate ice loads and piles were designed to withstand lateral ice loads. A temporary causeway was
constructed to allow the approach foundations and substructures to be constructed within cofferdams.
Launching gantries were used to construct the superstructure [8].

1.4.3.3.2 Main Bridge

Given the length of the crossing and the cost associated with marine construction, the span length of the
main bridge was maximized. Spans of 250 m were found to be feasible, efficient, durable, and economi-
cal. Transition spans of 165 m were used between the main bridge and the approach spans. In addition
to minimizing the scope of marine works, the long spans provide considerable mass on top of the piers
to help resist lateral ice loads.

The main bridge spans are haunched, trapezoidal box girders which vary in depth from 4.5 m at mid-
span to 14 m over the piers. The bottom flange of the box is 5 m wide and the clear distance between the
box webs at the top of the box is 7 m. @ 8 m hollow hexagonal piers were used with a maximum height
of almost 46 m. Foundations consist of footings on bedrock [8].

The design concept for the bridge was developed to allow rapid construction. This was achieved
by prefabrication of almost all elements, minimization of the number of different precast elements
required, and maximization of the size of the precast elements such that on-site time was minimized.
This strategy included the following:

 Only four field sections were required, namely the pier base, pier shaft/ice shield, the main span
cantilever segment, and the drop-in segment. The cantilever segments were 192.5 m long and con-
nected to each other using drop-in spans.

« Field segments were connected using field cast joints and continuity post-tensioning.

« Standardized precast elements were fabricated to assemble the field sections in the casting yards.

o Large marine cranes were used to allow very heavy elements to be placed (see Figure 1.24).

The bridge isa series of portal frames given that the superstructure is rigidly connected to the piers. Provision
for thermal movement was provided at midspan of certain spans by using a modified drop-in section.

FIGURE 1.24 Heavy lift vessel Svanen. (Photo courtesy of Ballast Nedam.)
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All bridge components were constructed on land, in purpose-built staging yards. High-performance,
55 MPa concrete with fly ash, silica fume, and other admixtures was used to meet the required 100 year
design life. Considerable effort was expended on the development of the concrete mix design and quality
control/assurance. Conventional reinforcement was used rather than epoxy coated, galvanized, or other
specialized reinforcing steel.

The bridge was designed with several safety features, including strictly enforced speed limits, a road
surface made of long-lasting bituminous mixture that minimizes vehicle spray during wet weather, and
more than 7000 drain ports that allow rainwater and slush to run off the bridge. Twenty-two closed-
circuit television cameras and a crew of dedicated personnel provide full surveillance of the bridge
24 hours a day, and traffic signals, emergency alarms, and call boxes are supported by an uninterruptable
power supply.

The bridge was built using a public-private partnership procurement model. The design and con-
struction was carried out by a joint venture of Ballast Nedam, GTMI (Canada), Northern Construction,
and Straight Crossing Inc. Bridge components were fabricated between 1994 and mid-1996, and place-
ment of components began in fall 1994 until late 1996. Approach roads, toll plazas, and final work
on the structure continued until the spring of 1997. The project was constructed for approximately
$1 billion. Current stakeholders in the bridge concession are OMERS, VINCI Concessions Canada Inc.,
BPC Maritime Corporation, Strait Crossing Inc. (Calgary), and Ballast Nedam Canada Limited.

1.4.4 Steel Girders
1.4.4.1 New Park Bridge

The Province of British Columbia and the federal government of Canada have undertaken a multiyear
program to upgrade the section of Trans-Canada Highway between Cache Creek in British Columbia
and the Alberta border. This section of highway runs through the Rocky Mountains and was originally
constructed in the 1950s. It was identified as having a number of substandard alignments and higher
than average accident rates. The highway provides a vital link for Canada’s Prairie Provinces to the west-
ern sea board and is as such of strategic importance to Canada’s economy. About 10,000 vehicles per day
use the road, almost 25% of which are trucks.

As part of the highway upgrading program, a new high-level bridge, the New Park Bridge, was required
to replace the existing low-level bridge over the Kicking Horse River. The New Park Bridge is a 404 m long
bridge that is about 95 m above the Kicking Horse River. The bridge is on a curved alignment and on a
steady 5.921% grade descending from east to west. The bridge deck is 23 m wide and is super elevated at
5.5%. The superstructure consists of multispan constant depth continuous steel plate girders with a com-
posite concrete deck. A span arrangement from west to east of 50 m-70 m-70 m-80 m-80 m-54 m was
used to meet site constraints and balance the structure. Site constraints included geotechnical conditions,
limits to in-stream works, and an active railway line (see Figure 1.25).

An important element in the success of the project was an optimization process to find the best bal-
ance between bridge length, east embankment height, and the depth of rock cut on the west approach.
It was found that a 405 m long bridge with a 30 m high west embankment and a 90 m deep rock cut on
the west approach provided the most cost-effective solution.

The bridge cross section was arranged to allow an efficient construction operation. In this regard,
three main girder lines were provided with intermediate girder lines (see Figure 1.26a). This arrange-
ment minimized steel quantities and allowed the use of transverse precast stay-in-place formwork span-
ning between the main and intermediate girder lines. The bridge foundations typically required up
to 16 ® 900 piles per pier. Some of those piles had to be bored and steel cased for up to 45 m through
overburden before being socketed 8 m into the bedrock.

The Park Bridge was incrementally launched through a curve (see Figure 1.26b and c). This approach
significantly reduced the construction time and cost. The girders were fabricated in at different plants
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FIGURE 1.26 Construction of New Park Bridge: (a) steel superstructure, (b)-(c) launching.
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across Canada, assembled behind the down slope abutment and, with the use of a launching nose,
pushed out over the Kicking Horse Canyon. The launching hardware included hydraulic jacks, rollers,
and sliding plates that allowed the girders to be moved at a rate of 20 m/h. The launching operation was
completed in 115 days and was followed by the installation of partial depth, precast concrete planks that
were made composite with the girders and provided with a cast-in-place topping.

The project was completed 21 months ahead of schedule and opened in August 2007 for a total
cost of $143 million. The project was done as a public-private partnership between the Trans Park
Highway Group (TPHG) and the British Columbia Ministry of Transportation. On behalf of the
TPHG Group, Belfinger Berger provided concessionaire services. Flatiron Constructors was the
design-builder. Parsons Transportation with Delcan, Stantec, and Golder Associates provided engi-
neering services.

1.4.5 Movable Bridges

1.4.5.1 Johnson Street Bridge

In 2009 the city of Victoria decided to replace two existing Strauss bascule bridges located on the edge
of the city’s downtown core. Before making this decision, investigations and preliminary designs were
prepared to compare the cost of rehabilitating and strengthening the existing bridges with the cost of
building a new architecturally significant bridge. It was found that either option would have similar
costs and that new construction would have fewer unknowns than a rehabilitation project. The deci-
sion to replace the existing bridges was endorsed by a referendum. Important requirements for the new
bridge included:

« Realignment of the approach roads to eliminate an “S” curve and eliminate pedestrian/cyclist/
vehicular conflicts at the east bridge head

+ Construction of a new bascule bridge to carry a 5 m multiuse trail, three 3 m lanes of traffic, two
1.8 m wide on-street cycle lanes, and a 2.5 m wide pedestrian sidewalk

o Lifeline seismic performance

« Increase of the navigation channel width to meet the requirements of the Navigable Waters Act

« Integration with the existing and proposed adjacent path and trail systems

+ Design in accordance with current accessibility requirements

 Provision for a future 5 m wide rail corridor

+ Decommissioning of the existing bridges

The replacement bridge design (see Figure 1.27) was developed in the context of the city’s Old
Town Design Guidelines as well as with respect to the historic nature of the site. The new bridge
design was developed to provide view corriors of the old town, the Upper Harbor, and the Inner
Harbor that are currently blocked by the existing bridge superstructure and counterweights. The
design of the new bridge reflects the truss and heavy construction of traditional railway bridges and
as such provides a memory of this important historical element of the site while providing for a new,
modern design.

In developing the replacement bridge concept, it was decided that a single leaf bascule bridge would be
appropriate from an urban and architectural perspective. Three concepts were developed and presented
to the public. Concepts included a cable-stayed option, an option with an overhead counterweight, and
a truss (see Figure 1.28). The truss option was selected for design and implementation.

The replacement bridge will have three spans: a west approach, the bascule span, and the east
approach. An inclined rest pier is proposed, while the east pier provides the counterweight pit and
houses the bearings and motors required to drive the bridge. A corbel on the east pier provides support
for the east approach span. The bascule superstructure comprises a tapered truss connected to a ® 12 m
wheel that provides for the required rotating movement.
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FIGURE 1.27 Proposed Johnson Street Bridge. (Image courtesy of Wilkinson Eyre Architects.)

FIGURE 1.28 Johnson Street Bridge replacement options. (Images courtesy of Wilkinson Eyre Architects.)

The bascule spans needs to provide for a 41 m wide navigation channel. Thus, a clear distance
of 45 m was established between substructures. To accommodate these dimensions, the bascule
span measures 51 m between its tip and the center of rotation and about 65 m between the tip and
the end of the counterweight. The counterweight is located below the deck and attached to the
wheel. Traffic drives directly over the counterweight. The wheels are connected under the deck to
provide lateral stiffness. Bearings mounted in the counterweight pit support the wheel and allow
it to rotate. The motors and drives are attached to the tail of the counterweight and “walk” down a
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rack that is mounted in the counterweight pier to open the bridge (see Figure 1.29). In addition to
being architecturally important, the “lobe” on the wheel is necessary to adjust the bridge’s center
of gravity.

The bridge deck is separated into three distinct decks: the road deck, the multiuse path deck, and the
sidewalk (see Figure 1.30). The road deck on the bascule span will be constructed using a steel ortho-
tropic plate supported by transverse floor beams while on the approaches a concrete deck will be used.
The orthotropic deck will be provided with an epoxy asphalt wearing surface. Aluminum planks will be
used for the path and sidewalk decks. In addition to the orthotropic deck, a number of deck options were
considered for the bascule span. These included fiber-reinforced plastic (FRP), exodermic, concrete-
filled grillages, and open grating decks. An evaluation based on weight, initial cost, and life cycle cost
was made and the orthotropic solution was identified as most appropriate.

The approach spans were designed to be similar to the bascule span from an architectural perspective.
This was achieved by using the same transverse floor beam arrangement as used for the bascule span.
Steel edge beams are used to bring floor beam loads to the abutments and piers.

FIGURE1.29 Johnson Street Bridge mechanical and counterweight arrangements. (Images courtesy of Wilkinson
Eyre Architects.)

FIGURE 1.30 Johnson Street Bridge deck arrangement. (Images courtesy of Wilkinson Eyre Architects.)
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The site is underlain by silts and clays that were deposited on bedrock. The bedrock elevation varies
from being at-grade at the bridge’s west abutment to being about 20 m below water at the middle of
the navigation channel. As such, spread footings are required for the west abutment and pier whereas
drilled, large-diameter shafts are required for the east pier and east abutment. The bridge is currently
being designed for the city of Victoria by MMM Group, together with Wilkinson Eyre Architects and
Stafford Bandlow. Construction is scheduled to be complete in 2016.

1.4.6 Pedestrian Bridges
1.4.6.1 Humber River Pedestrian Bridge

The Humber River Pedestrian Bridge was conceived to be a gateway between the city of Toronto and
the neighboring city of Etobicoke. The bridge was also designed to be an important marker for the
place on the Humber River where the Ojibwa First Nation used to spend winters and begin their
summer hunting expeditions. To reflect this element of the bridge, the infill plates on the upper
lateral arch bracing were designed to resemble the thunderbird, one of the important symbols of the
Ojibawa people. From a technical perspective, the bridge has a number of unique and innovative
characteristics.

The Humber River Pedestrian Bridge is over 130 m in length, with a span of 100 m between thrust
blocks. It is a tied arch structure, with architectural abutments, lighting, stainless steel hangers, and
other unique structural features. It incorporates a number of historic and cultural features by means of
unique iconography. The arches themselves are slender tubular ribs, inclined inwards.

A post-tensioned concrete deck provides the tension tie for the arch. The horizontal thrust from the
arch ribs is transferred through the abutments up to the deck, where it is equilibrated with the deck post-
tensioning. A thrust arch was not possible at the site given that the site is overlain by about 40 m of very
weak soils. Forty m long, ® 1.22 m driven pipe piles were used with rock sockets. The steel fabrication
of the @ 1.22 m diameter arch ribs was affected using a carefully fabricated saddle and heat treatment
of the steel.

Erection of the bridge was also noteworthy. The entire arch was erected on land, and then using a
track, guided towards the water with two large cranes, where one end of the arch was placed on a barge.
The barge was then winched across the river until both arch ends could be hoisted onto the preprepared
anchors. During this operation a temporary tension tie was used. This temporary arrangement was
released as the deck post-tensioning was installed. A silica fume concrete deck was cast under very strict
quality-control procedures to ensure the long-term durability of the deck. Stainless steel hangers and
architectural lighting add to the beauty of this bridge (see Figure 1.31). The bridge was designed by an
integrated team consisting of Delcan Corporation, Montgomery Sisam Architects, Ferris and Quinn
Landscape Architects, and Brad Golden (public artist).

1.4.6.2 Mimico Creek Bridge

This bridge is based on a similar structure constructed in Spain and designed by Dr. Santiago Calatrava
(see Figure 1.32). The bridge fits gently in the landscape of Mimico Creek, which is characterized by
wetlands, water birds, and riparian vegetation. The landscape is intimate and is a gem of green space in
the city of Toronto.

The bridge is a link in Toronto’s Waterfront Trail system and is used by pedestrians, cyclists, and
roller bladers, and is fully accessible for people who have difficulty with mobility. As part of the project,
an urban artist was engaged to help with the integration of the bridge into the landscape. Technically,
the bridge is a finely tuned structural sculpture that is held in equilibrium by the torsion tube that
connects the arch rib and the deck’s steel framing. Torsion is further equilibrated at the abutments.
Out-of-plane forces are introduced into the deck by the inclined arch hangers and are equilibrated by



32 Handbook of International Bridge Engineering

FIGURE 1.31 Humber River Pedestrian Bridge. (Photos courtesy of Delcan Corporation.)

FIGURE 1.32 Mimico Creek Bridge. (Photos courtesy of Delcan Corporation.)
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an in-plane truss located in the deck framing system. Design of the bridge required consideration of
second-order effects to accurately model the structural behavior.

The bridge deck is finished with a stainless steel handrail and a timber deck that was fitted with non-
slip strips. The bridge foundations include ® 600 mm diameter steel pipe piles socketed into the under-
lying bedrock. The superstructure is a structural steel space frame in the form of a single inclined arch.
The main structural elements of this space frame include a ® 762 mm torsion tube, a ® 273 mm edge
tube, and a ® 273 mm arch tube. These main structural steel elements are connected by means of a num-
ber of floor beams, bracing members, and struts using a combination of welded and bolted connections.

The bridge was designed so that it can be erected in pieces or assembled in one piece and subsequently
lifted into its final position by means of cranes. The contractor elected to fabricate the bridge in four
pieces, to move these four pieces to the site, to carry out field assembly of the entire bridge into a single
unit on shore, and finally, to erect the bridge in a single piece using a crane with a 600 tonne capac-
ity. The entire steel structure weighed 50 tonnes. The bridge is owned by the city of Toronto and was
designed by Delcan Corporation together with Calatrava SA.

1.4.6.3 Recent Footbridge Design Competitions

Recently there have been a number of very interesting design competitions in Canada for footbridges.
Of particular note were those for a new crossing of the Bow River in Calgary and for a new bridge across
the railway tracks at the Sky Dome in downtown Toronto. The following describes one submission from
the Toronto competition.

The bridge structure for the span over the rail yards (see Figure 1.33) is derived from the rhythm of
the rail tracks and uses a multiplicity of lighter structural elements acting together in a complex pattern
to create its support. As with a box truss, the depth of the structure is used for support and inhabited,
however in this case the structure is more fragmented and shaped into a more contemporary form. The
structure responds to span lengths by adding depth at midspan where the moment of the span is high-
est. It is completely fabricated from plate steel, which has an easy translation into built form using cur-
rent fabrication technology; plate steel can be cut into any form required by the computer-aided design
(CAD) files provided from the architectural modeling software.

Approaches to the bridge have been placed on fill. This is an economic as well as a design decision. The
fill may necessitate a small amount of retaining wall, however it is generally much more economical in
bridge building than structure. The approaches have further been shaped to allow an easy transition on
bicycle from the line of travel of the approaches to the direction of the bridge. A shorter stair entrance is
also found on either end of the structure for those users who may choose a shorter approach to the struc-
ture. The structure extends out over the traveled pedestrian way and in this way the structure becomes
a land feature and defines a space for those who are passing the bridge (see Figure 1.34).

Enclosure has been designed with meshes, one denser than the other, to provide patterning of the
structure. The meshes allow air passage, keeping the enclosed space from becoming stagnant. They
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FIGURE 1.33 Toronto Pedestrian Bridge-Bird View. (Image courtesy of Infrastructure Studio.)
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FIGURE 1.34 Toronto Pedestrian Bridge Passing View. (Images courtesy of Infrastructure Studio.)

also allow rain to penetrate and wash the deck and in this way require less maintenance than a glazed
enclosure. The mesh is also vandal resistant and easy to clean.

Erection will take advantage of the staging area near the site. The structure will be primarily shop-
fabricated steel shipped to site in segments and then field welded into larger parts, which can then be
erected by crane. The final craned pieces could be bolted into place with overlapping members, if neces-
sary, rather than field welded. The deck could be cast after the steel structure has been erected, saving
lifting capacity on the cranes.

Architectural lighting was included. The lighting accents the structure, provides a night time pres-
ence, and provides additional safety. This design was developed by Infrastructure Studio, a Vancouver-
based engineering and architectural practice.

1.4.6.4 Winston Street Overpass

This $5 million bridge is part of the Greater Vancouver area’s greenway and spans a railroad corridor
and urban arterial road. It is also envisaged that, as the area is developed, the bridge will form the heart
of an urban village. The Greater Vancouver Greenway is being developed as part of Canada’s efforts to
reduce greenhouse gas emissions in accordance with the Kyoto Accord and is aimed at encouraging
alternate, personally powered forms of transportation. Thus, the bridge was constructed using dimen-
sions suitable for bicycling, roller blading, and walking [9].

A rigorous analysis of site conditions, establishment of design criteria, and research into sustainable
construction materials was undertaken at the commencement of the project in order to develop a bridge
configuration that reflects the intent of the project and the character of the site. Important consider-
ations in this regard included:

o Soft, compressible soils

o Grades appropriate for wheelchair access

o Integration with a highly urban environment on one side of the project and with a very natural
environment on the other

o Seismic and dynamic loads on the bridge

o Construction over railway tracks and a major urban arterial road

o A clearly defined budget

o Use of environmentally sustainable materials

o Environmental restrictions posed by adjacent fish habitat

« Limited opportunities for pier locations
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Numerous concepts and structural systems were developed for the project, including a very interest-
ing woven “cocoon” concept (see Figure 1.35).

The final bridge arrangement is characterized by relatively simple precast concrete approach spans
and a more dramatic main truss span of 75 m (see Figure 1.36). Precast approach spans were developed
to be either straight or with a constant radius to make the design more cost-effective. The truss is unique
in that the panel points on either side of the deck are off-set to provide an interesting experience for peo-
ple on the bridge. The bridge is located in very poor soil and in a very highly seismic zone. Foundation
and superstructure design was integrated to ensure life-safety under the design earthquake. The truss
piers are steel pipes arranged like trees [9].

The superstructure was developed to maximize repetition in truss member dimensions and incor-
porate standardized joints between members. Painted steel was used for architectural and durability
reasons. The truss panels are offset from one another on either side of the bridge to give the impression
of a “woven” structure. Seven piers were used. Each pier consisted of a single ® 910 mm driven pile.
Closed-end piles were used. Piles were filled with concrete and have an approximately 600 mm pipe
embedded in their tops to provide very simple and flexible piers. Each pier has a cross head that is fitted
with simple neoprene bearings to receive the superstructure (see Figure 1.37).

FIGURE 1.36 Winston Street Overpass. (Images courtesy of Patkau Architects.)
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FIGURE 1.37 Construction of Winston Street Overpass.

At the south end the bridge is terminated at a 30 m long, inverted U-shaped abutment. This arrange-
ment ensures minimum weight and therefore minimizes settlement of the approach. At the north end,
the truss structure is terminated with about 2.4 m clearance between existing grade and the truss sof-
fit. At this end the existing grade was used together with a retaining wall and backfill to provide the
required approach and the bridge end can be set on a pile-supported strip footing. The abutment struc-
ture was blended with the existing grade and a curb let-down was provided to facilitate access to the
adjacent LRT station. The bridge is owned by the city of Burnaby and design was carried out by Delcan
Corporation and Patkau Architects.

1.4.7 Heritage Conservation
1.4.7.1 Kinsol Trestle

The Kinsol Trestle, which crosses the Koksilah River near Shawnigan Lake on Vancouver Island, was
built by the CNR in 1920 and renewed in stages until 1958. The bridge was constructed using heavy
Douglas fir timbers and carried both passenger and freight traffic, primarily logs and forest products.
CNR discontinued rail service in 1979. The trestle has been unused since then, and was in a very dete-
riorated condition.

The crossing of the Koksilah River is the only missing link in the Cowichan Valley Trail between
Shawnigan Lake and the town of Lake Cowichan. This recreational pedestrian, equestrian, and bicy-
cle path, much of which follows the CNR right of way, forms a part of the Trans-Canada Trail. The
Cowichan Valley Regional District (CVRD) determined that the trail will cross the Koksilah River at
the site of the Kinsol Trestle, whether by restoring the historic trestle or by removing it and building a
new crossing. The CVRD decided to rehabilitate and preserve the existing timber structure using best
heritage conservation practices and by installing a new superstructure that will be supported by new
timber to provide a pedestrian, equestrian, and bicycle crossing of the Koksilah River (see Figure 1.38).
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FIGURE 1.38 Reconstruction of the Kinsol Trestle. (Images Courtesy of MMM Group.)

The existing trestle is a multispan, timber trestle structure built in plan to a 7° curve (R = 248.48 m).
The structure has a total length of 187.15 m and consists of 46 bents, including the two abutment bents.
Bents consist of 30 ft (9.14 m) high stories constructed using braced 12 in X 12 in postsand a 12in X 12 in
sill timber between stories. Longitudinal and diagonal bracing was originally provided between bents.
Bent heights vary between 0 m at the abutments to about 41 m at the river. The river crossing consists
of a Howe truss with a clear span of 29.06 m and a structural depth of approximately 9 m. There are six
truss lines in the Howe truss that support nine bents across the river.

A new superstructure was provided supported by two new abutments and by “active bents” consisting
of new timbers. The new superstructure was a deck truss consisting of atmospheric steel with a timber
deck. Bents that are not used to carry loads from the new superstructure are labeled as inactive bents.
These as well as the Howe trusses were restored but not to carry load. The project was carried out using
an alliance contract to provide the owner with a guaranteed maximum price and cost certainty for what
would normally have been a very risky undertaking. The refurbished trestle was opened to the public on
July 26, 2011 (see Figure 1.39).

The bridge is owned by the province of British Columbia and operated by the Cowichan Valley
Regional District. The design was carried out by a team consisting of MMM Group, Commonwealth
Historic Resource Management, Jonathon Yardley Architects, Macdonald & Laurence, Cascade
Engineering, Stantec, and Rysck Geotechnical. Construction was implemented by Knappet
Construction.
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FIGURE 1.39 Reconstructed Kinsol Trestle. (Image Courtesy of MMM Group.)

1.4.8 Canadian Bridge Engineers Overseas

Canadian bridge engineers have been active overseas for many years. For example, Buckland & Taylor
have provided services for a number of complex bridges around the world, including the Rama 8 Bridge
in Thailand and the Sheikh Zayed Bridge in the United Arab Emirates. MMM Group also has a long his-
tory of overseas work and has recently completed a major bridge project in Nepal and are representing
owner’s engineer for a major cable-stayed bridge in Slovania.

Another example of Canadian bridge engineering overseas is the recent series of projects of iconic
bridges in China, which were delivered by a Dutch-Canadian team in partnership with a local
Chinese design institute [11]. These projects were developed and won as part of an international
design competition and have included bridge trusses, arches, and suspension bridges. In particular
these bridges were

« Tongnan Bridge (Tianjin): A spine-like truss with a cantilevered orthotropic steel deck

o Liulin Bridge (Tianjin): A two-span cable-supported bridge consisting of a deck suspended from
three half arches

o Phoenix Bridges (Guanzhou): Three unique arch structures with spans ranging from 100 m to 400 m
and with helix-like and inclined arch arrangements

o Tuanbo Bridge (Tianjin): A suspension bridge with a 500 m main span and inclined, centrally
arranged towers

These bridge designs were developed by Verburg Hoogendijk Architects, and Delcan Corporation.

1.4.8.1 Tongnan Bridge

The bridge consists of a spine-like central truss that supports two parallel steel box girders separated by
a 3 m wide opening along the length of the bridge. The boxes are 8.6 m wide with a maximum depth of
1.35 m. The boxes are provided with internal webs and the top plate will consist of an orthotropic plate
[10] (see Figure 1.40).

Transverse ribs spaced at 4 m connect the two boxes and extend to the edge of the sidewalk. A central,
13 m deep truss will be engaged by the ribs to limit main span deflections. The truss consists of tree-
shaped vertical posts. Hangers are provided to connect the edge of the deck with the top of the truss
posts. Truss panels were 16 m long.
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FIGURE 1.40 Tongnan Bridge.

FIGURE 1.41 Luilin Bridge. (Image courtesy of Verburg Hoogendijk Architects.)

1.4.8.2 Luilin Bridge

The Luilin Bridge has two 87 m spans. The form of the bridge was developed to mimic a dragonfly and
consists of an arch that has been cut in half and separated. The ends of the arch are supported by props
and the arch ribs are referred to as “flying girders” [11] (see Figure 1.41). Load on the deck is carried
to transverse ribs that are suspended from cables that carry the load into the flying girders. Cables
are spaced at 5 m and discontinued 20 m from the centerline of the central pier. The flying girders are
propped at one end and fixed at the central pier to give them a span of about 77 m. The flying girders
extend past the prop by about 10 m and cables are provided in the extension.

1.4.8.3 Phoenix Bridges

The Phoenix Bridges were developed as a series of three arch structures over the Jiaomen and Lower
Hengli waterways in Guongzhou. In Chinese mythology the phoenix symbolizes the feminine, and
thus elegant, flowing arches were chosen for these bridges. The bridges are the Oscillation Bridge over
the Jiaomen Waterway, the Kinetic Bridge over the Upper Hengli Waterway, and the Inseparable Bridge
over the Lower Hengli Waterway [11] (see Figure 1.42).
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FIGURE 1.42 Phoenix Bridges. (Images courtesy of Verburg Hoogendijk Architects.)

One goal of the design was to ensure that the separate functions and characters of the bridges would
be clearly identifiable yet harmonious with one another. The main structural element of each bridge is
an elegant and “light” arch. To make sure that this character is conveyed it was proposed to use steel
coated with white paint. The deck is prefabricated concrete to enhance quality and smoothness and give
the bridges a solid and sturdy appearance. The bridges will carry a light rail system, highway traffic, and
bicycle/pedestrian users.

1.4.8.4 Tuanbo Bridge

The Tuanbo Bridge was designed to carry vehicular traffic, bicycle and pedestrian traffic, and LRT loads.
The main bridge consists of two towers, a three-span continuous precast box girder, two main cables,
two side stabilizer cables, saddles, ground anchors, and cable hangers [11] (see Figure 1.43). The towers
are built up using arch structures and the cross section of each tower leg is a nominal 5.0 m X 2.5 m hol-
low rectangular section of reinforced concrete.

The two main bridge cables are 500 mm diameter each and are located at each side of the LRT line,
which is located along the centerline of the bridge. The cables are thus approximately 11 m apart. The
deck is suspended from the main cable with double cable hangers. These hangers are vertical and have a
diameter of 80 mm. The hangers are spaced at 25 m in the longitudinal direction.
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FIGURE 1.43 Tuanbo Bridge. (Image courtesy of Verburg Hoogendijk Architects.)
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2.1 Introduction

John Kulicki and Betsy Reiner

2.1.1 Geographical Characteristics

The United States of America is situated in central North America, between the Pacific and Atlantic
Oceans, bordered by Canada to the north and Mexico to the south. The state of Alaska is in the north-
west of the continent, with Canada to the east and Russia to the west across the Bering Strait. The state
of Hawaii is an archipelago in the mid-Pacific.

At 3.79 million square miles (9.83 million km?) and with over 308 million people, the United
States is the third largest country both by total area and population. It is one of the world’s most
ethnically diverse and multicultural nations, the product of large-scale immigration from many
countries. The U.S. economy is the world’s largest national economy, with an estimated 2010 GDP
of $14.799 trillion.

2.1.2 Historical Development

The evolution of bridges in the United States is probably not much different from anywhere else in the
world. Civilizations have borrowed their bridging ideas from each other for centuries. Primitive bridges
constructed of fallen logs, rope, or stones have led to the modern-day girder bridges, cable-supported
bridges, and arch bridges.

2.1.2.1 Early American Bridges

The earliest roads were simply dirt, stone paths, or trails, where horse-drawn wagons or pack trains of
mules transported people and goods. Transport by these means was generally slow and the likelihood of
the dirt roads to be dusty in dry weather and muddy in wet weather made transport difficult.

As trade became more economically important, a need arose to transport goods further distances.
The first U.S. freight hauler, known as the Conestoga wagon, was developed by German immigrants in
Pennsylvania in the late 1700s. This wagon was capable of hauling six tons of freight and was specially
designed to withstand the rough terrain of the dirt roads (Donley 2005). Soon after the introduction
of the Conestoga wagon, the Philadelphia and Lancaster Turnpike was constructed as the nation’s first
macadamized road (HSP 1908).

The earliest bridges in America took the form of logs placed over an obstacle. In roads through swampy
or low-lying areas, logs were placed side-by-side, perpendicular to the direction of travel. This type of con-
struction, known as corduroy construction, consumed a substantial amount of timber and resulted in an
uneven roadway surface. Narrow waterways or valleys were crossed by placing large stones or fallen logs
parallel to the direction of travel. The arch form, as borrowed from the ancient Romans, was also preva-
lent in early American bridge construction. Stone arch bridges were common, with the Frankford Avenue
Bridge constructed in 1697 being the oldest stone arch bridge in the country (Figure 2.1) (ASCE 1977).

Beginning in the early 1800s, truss bridges were introduced as a means capable of spanning longer
distances. These truss bridges were mostly constructed using timber, since the material was plentiful
and workers did not have to be highly skilled. Despite the advances made in land transportation dur-
ing this time, it was easier and more economical to transport certain goods by rivers and seas. Since
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FIGURE 2.1 Frankford Avenue Bridge in Philadelphia, Pennsylvania. (Courtesy of Joseph Elliott, Historic
American Engineering Record.)

transportation by water was limited to cities along the coast or by a navigable river, many settlements
were concentrated in these areas.

2.1.2.2 Canal Era

By the late 1700s, American canal builders were taking notes from their European counterparts.
Successful canal systems constructed by the Dutch, French, and English inspired a new vision of a
water-connected society in America (Shaw 1990). This new network of canals enabled the United States
to begin expanding inland from the eastern seaboard.

Canal builders in the late 1700s and early 1800s were the first to construct American bridges of any
consequence. Bridges were not only required for transportation over the newly built canals, but also as
a means of conveying the canal across another waterway or road. These bridges, known as aqueducts,
were commonly constructed using the familiar stone arch borrowed from Roman times. Figure 2.2
shows the Schoharie Creek Aqueduct, the Erie Canal over Schoharie Creek at Fort Hunter, New York.

2.1.2.3 Railroad Era

With the introduction of the first steam locomotive in the United States around 1830, the railroad
industry began to thrive. Less than 40 years later, the First Transcontinental Railroad connected the
Pacific Coast with the already established railroad network in the eastern United States. Railroads soon
became the dominant mode of transportation for both passengers and freight. Smaller towpath canals
were all but abandoned and wagon roads went into a 50-year period of neglect. Bridge building flour-
ished during this time of great expansion. Not only were bridges required on the thousands of miles of
newly laid track, but the inability of locomotives to climb grades required the construction of bridges
on even the slightest of hills.

2.1.2.3.1 Trusses

While the truss form was used prior to this time period, truss bridges became very popular due to their
ability to provide strength with considerable savings in materials and weight. Wrought iron became the
material of choice, which soon gave way to the use of mild steel. Many engineers took the opportunity to
develop their own patented configurations of diagonals and verticals. Several of the truss forms devel-
oped during the Railroad Era are still in use today, such as the Warren, Pratt, and Howe, to name a few.
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FIGURE2.2 Schoharie Creek Aqueduct at Fort Hunter, New York. (Courtesy of Jack Boucher, Historic American
Engineering Record.)

Some bridge manufacturers, such as the American Bridge Company, Phoenix Iron Works, and
Wrought Iron Bridge Company, began producing catalog bridges. These bridges were comprised of pre-
fabricated wrought iron or steel components that were designed based on commonly used span lengths.
The bridge would be selected from a catalog, delivered to the site, and erected on abutments placed to
match the span length. Figure 2.3 shows the Laughery Creek Bridge near Aurora, Indiana, which was
built by the Wrought Iron Bridge Company of Canton, Ohio, in 1878.

2.1.2.3.2 Trestle Bridges

The rapid construction of trestle bridges made them the ideal structure type for the vast expansion of
the railroad during this time period. Trestles were mostly built of timber and were considered tempo-
rary until more permanent structures could be built. Many trestles were covered with earth fill, forming
an embankment that would remain long after the timber had rotted away. Figure 2.4 shows the Secret
Town Trestle in the California Sierras, built in 1865, being buried by earth fill.

2.1.2.4 Motor Car Era

Around the turn of the twentieth century, mass production of automobiles ushered in the era of the
motor car. Massive road improvements began with the construction of the Lincoln Highway (Figure 2.5)
in 1913, which was the first road for the automobile across the United States (Fridell 2010). In 1919, a
lieutenant colonel in the Army named Dwight D. Eisenhower accompanied the First Transcontinental
Motor Convoy across the country. For a young Eisenhower, the unsafe bridges and muddy, dusty, nar-
row, and uneven roads left a lasting impression and drew attention to the need for improvements of the
nation’s highway system (ASCE 2002).

Around the same time as the beginning of the Motor Car Era, the concept of reinforced concrete was
introduced. The benefits of reinforced concrete as a building material became apparent after the San
Francisco earthquake of 1906, where the few reinforced concrete buildings were the only structures
to survive. Since then, reinforced concrete has been widely used in the construction of bridges and
buildings.
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FIGURE 2.3 Laughery Creek Bridge. (Courtesy of Jack Boucher, Historic American Engineering Record.)
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FIGURE 2.5 Lincoln Highway route in 1916.
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2.1.2.4.1 Steel Truss Bridges

Steel truss bridges retained their popularity, but the need for longer spans necessitated the use of con-
tinuous span trusses. Continuous span truss bridges required a shallower truss depth than their simple
span equivalents, and, therefore, were more economical. The Huey P. Long Bridge just west of New
Orleans, Louisiana, was opened in 1935. Figure 2.6 illustrates the proposed structure after completion
of widening of this bridge, which is currently underway.

2.1.2.4.2 Concrete Arches

Reinforced concrete was the modern material and arches were a well-understood structural form dating
back to Roman times. The compressive strength of concrete made it the ideal material for the arch shape
and was easier to use than stone or masonry. The Columbia-Wrightsville Bridge, shown in Figure 2.7,
opened in 1930 and spans the Susquehanna River between Columbia and Wrightsville, Pennsylvania.
The Columbia-Wrightsville Bridge is on the original Lincoln Highway route.

2.1.2.4.3 Suspension Bridges

While suspension bridges are based upon one of the oldest concepts in the world, they continued to be
a favored type into this era. Suspension bridges can be constructed without falsework, so they are the
practical bridge type to cross gorges or wide waterways where access is restricted, difficult, or impos-
sible. The west span of the San Francisco-Oakland Bay Bridge (see Section 2.8.3) is actually two suspen-
sion bridges end to end with a central anchorage between the two. When opened in 1936, it was the only
double-suspension bridge in the world.

2.1.2.5 Interstate Highway Era

Eisenhower’s experiences during the First Transcontinental Motor Convoy and his admiration of
Germany’s autobahn during his service in World War II inspired his interest in a network of interstate
highways in the United States. This support eventually led to the 1956 Federal Aid Highway Act and the
beginning of the interstate system as we know it today (Figure 2.8).

During this time, bridge engineers found themselves building bridges over dry land, at ridges, and
over the highways themselves. Engineers began to utilize the tensile strength of steel and the compressive
strength of concrete by pairing these materials in the form of prestressed concrete and composite steel
bridges.

FIGURE2.6 Proposed Huey P. Long Bridge after completion of widening. (Courtesy of Modjeski and Masters, Inc.)
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FIGURE2.7 Columbia-Wrightsville Bridge. (Courtesy of Joseph Elliott, Historic American Engineering Record.)

NATIONAL SYSTEM OF INTERSTATE AND DEFENSE HIGHWAYS

LEGEND

Interstate System urban routes

designated in September 1955
O Urban areas served

FIGURE 2.8 Proposed National System of Interstate and Defense Highways Plan developed in September 1955.

2.1.2.5.1 Prestressed Concrete

Prestressed concrete makes the best use of the compressive qualities of concrete and the tensile prop-
erties of steel. Prestressing allows shallower structure depth and a tremendous savings in approach
roadway earthwork for interstate separations. Prestressed concrete can either be pretensioned or post-
tensioned, precast or cast-in-place. Box-shaped concrete beams, which were often prestressed, became
favorable due to their increased torsional resistance and excellent wheel load distribution.
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FIGURE2.9 A precast concrete segmental box for the Palmetto Section 5 - SR-82/6SR-836 Interchange in Miami,
Florida. (From Finely Engineering Group. With permission.)

2.1.2.5.2 Composite Steel

Composite steel girders, where a concrete deck is attached to the top flange of a steel girder through
mechanical connectors, utilize the best advantages of the compressive properties of concrete and the
tensile properties of steel.

2.1.2.6 The New Millennium

As we transition into the new millennium, the focus of bridge engineers and bridge owners is shifting
from building new structures to maintaining the existing structures in service. Existing bridges are
often retrofitted to meet the demands of today’s truck loads. Accelerated bridge construction, using
prefabricated elements, has become popular due to its improved level of safety and minimized impacts
on traffic and the environment. Precast concrete beams, precast segmental concrete box girders, and
precast concrete decks are commonly used for bridge construction today.

2.1.2.6.1 Segmental Bridges

Segmental concrete bridges are constructed using segments of concrete box girders that are tied together
with post-tensioning tendons. The segments of concrete can be either precast or cast-in-place, although
the benefits of rapid construction with a precast segmental bridge often make it the favored type of
construction (Figure 2.9). Section 2.3.4 discusses the Pine Valley Creek concrete segmental bridge in
California.

2.2 Design Practice

John Kulicki and Robert Sweeney

2.2.1 Introduction

Bridge engineering is almost as old as humankind. The need to cross obstacles resulted in a progres-
sion from logs and trees to stone and masonry to iron and steel to reinforced and prestressed concrete.
Structural forms progressed from beams to arches to trusses to cable-supported bridges. Spans and
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loads increased, necessitating engineering analysis and design that became codified in design speci-
fications. By the mid- to late-1800s, there were a multitude of design specifications for bridges in the
United States. Most major municipalities, railroad companies, major consultants, and manufacturers of
predesigned bridges subscribed to formalized loadings and design methods.

In the early 1900s, leaders of the profession called for more formalized codification of design require-
ments. The Cooper loading, adopted by the American Railway Engineering Association (AREA, later
AREMA) for railroad bridges, served as a model for standardizing on a design live load. Proposals
for design highway bridge loadings were debated and by the early 1920s there was consensus on what
became known as the H20 truck and lane loading. By 1931 a printed version of the first edition of the
Standard Specifications for Highway Bridges was released by the American Society of State Highway
Officials (AASHO, later AASHTO). The Standard Specifications continued to evolve after release of the
first edition, eventually leading to 17 editions, and the need to increase the design loading resulted in
adoption of the HS20 truck in 1944; however, the lane load was retained at the H20 level. By the late
1970s some states were increasing the truck and lane load by 25%, resulting in the HS25 loading.

Design methods for highway bridges evolved as well. In the early 1970s, load factor design joined the
traditional allowable stress design methods for some types of bridges. In 1986, following the lead of the
Ontario Ministry of Transport and Communication and others, AASHTO began to study the possibil-
ity of a major change in its bridge design specification and in 1988 started development of a probability-
based limit states design specification. These new specifications were adopted as an alternative to the
Standard Specifications in 1993 and became the required specifications for federally funded bridges in
2007. Once again the live load model was changed to be more reflective of actual truck traffic by combin-
ing a truck configuration with a uniformly distributed load, which became known as the HL93 loading.

The railroad engineering community continues to maintain and evolve its own bridge design specifi-
cation, known as the Manual of Recommended Practice, through AREMA. That specification retains the
allowable stress design procedures, although concrete design uses a strength-based resistance model.

2.2.2 Highway Bridges: AASHTO Design Specifications Development

2.2.2.1 Introduction

Several bridge design specifications will be referred to repeatedly herein. In order to simplify the refer-
ences, the “Standard Specifications” means the AASHTO Standard Specifications for Highway Bridges
(AASHTO 2002), and the Seventeenth Edition will be referenced unless otherwise stated. The “Load
and Resistance Factor Design (LRFD) Specifications” means the AASHTO LRFD Bridge Design
Specifications (AASHTO 2010a), and the Fifth Edition will be referenced, unless otherwise stated. This
latter document was developed in the period 1988-1993 when statistically based probability methods
were available, which became the basis of quantifying safety. Because this is a more modern philosophy
than either the load factor design method or the allowable stress design method, both of which are
available in the Standard Specifications and neither of which have a mathematical basis for establishing
safety, much of this section will deal primarily with the LRFD Specifications.

There are many issues that comprise a design philosophy. For example, the expected service life of a
structure, the degree to which future maintenance should be assumed to preserve the original resistance
of the structure or should be assumed to be relatively nonexistent, how brittle behavior can be avoided,
how much redundancy and ductility are needed, the degree to which analysis is expected to accurately
represent the force effects actually experienced by the structure, the extent to which loads are thought
to be understood and predictable, the degree to which the designers’ intent will be upheld by vigorous
material testing requirements and thorough inspection during construction, the balance between the
need for high precision during construction in terms of alignment and positioning compared to allow-
ing for misalignment and compensating for it in the design, and, perhaps most fundamentally, the basis
for establishing safety in the design specifications. It is this last issue, the way that specifications seek to
establish safety, with which this section deals.
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2.2.2.2 Limit States

All comprehensive design specifications are written to establish an acceptable level of safety. There are
many methods of attempting to provide safety and the method inherent in many modern bridge design
specifications, including the LRFD Specifications, the Ontario Highway Bridge Design Code (OMTC
1994), and the Canadian Highway Bridge Design Code (CAS 1998), is probability-based reliability anal-
ysis. The method for treating safety issues in modern specifications is the establishment of “limit states”
to define groups of events or circumstances which could cause a structure to be unserviceable for its
original intent.

The LRFD Specifications are written in a probability-based limit state format requiring examination
of some, or all, of the four limit states defined below for each design component of a bridge:

1. The service limit state deals with restrictions on stress, deformation, and crack width under regu-
lar service conditions. These provisions are intended to ensure the bridge performs acceptably
during its design life.

2. The fatigue and fracture limit state deals with restrictions on stress range under regular service con-
ditions, reflecting the number of expected stress range excursions. These provisions are intended to
limit crack growth under repetitive loads to prevent fracture during the design life of the bridge.

3. The strength limit state is intended to ensure that strength and stability, both local and global,
are provided to resist the statistically significant load combinations that a bridge will experience
in its design life. Extensive distress and structural damage may occur under strength limit state
conditions, but overall structural integrity is expected to be maintained.

4. The extreme event limit state is intended to ensure the structural survival of a bridge during a major
earthquake; when a vessel, vehicle, or ice flow collides with it; or where the foundation is subject to
the scour that would accompany a flood of extreme recurrence, usually considered to be 500 years.
These provisions deal with circumstances considered to be unique occurrences whose return period
is significantly greater than the design life of the bridge. The joint probability of these events is
extremely low, and, therefore, they are specified to be applied separately. Under these extreme con-
ditions, the structure is expected to undergo considerable inelastic deformation by which locked-in
force effects due to temperature effects, creep, shrinkage, and settlement will be relieved.

2.2.2.3 Design Objectives
2.2.2.3.1 Safety

Public safety is the primary responsibility of the design engineer. All other aspects of design, including
serviceability, maintainability, economics, and aesthetics, are secondary to the requirement for safety.
This does not mean that other objectives are not important, but safety is paramount. In design specifica-
tions the issue of safety is usually codified by an application of the general statement the design resis-
tances must be greater than or equal to the design load effects. In Allowable Stress Design (ASD), this
requirement can be formulated as:

R
Q <—=£ 2.1
Q 7S 2.1
where

Q;=aload
R, = elastic resistance
FS = factor of safety

In Load Factor Design (LFD), the formulation is

2y,Q, <oR (2.2)
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where

v; = aload factor

Q;=aload

R =resistance

¢ = a strength reduction factor

In Load and Resistance Factor Design (LRFD), the formulation is

ZﬂiY,-Q,- <QR,=R, (2.3)
where

1; = Np N Np limited such that n = np ng N, = 0.95 for loads for which a maximum value of y; is

appropriate, and, 1; = ————=1.0 for loads for which a minimum value of y; is appropriate
NMpNr

np = a factor relating to ductility

nr = a factor relating to redundancy

n; = a factor relating to operational importance

v; = load factor, a statistically based multiplier on force effects

¢ = resistance factor, a statistically based multiplier applied to nominal resistance

n; = load modifier

Q,= nominal force effect, a deformation, stress or stress resultant

R,=nominal resistance, based on the dimensions as shown on the plans and on permissible
stresses, deformations, or specified strength of materials

R, = factored resistance, @R,

Equation 2.3 is applied to each designed component and connection as appropriate for each limit
state under consideration.

2.2.2.3.2 Special Requirements of the LRED Specifications

Comparison of the equation of sufficiency as it was written above for ASD, LFD, and LRFD shows that as
the design philosophy evolves through these three stages, more aspects of the component under design
and its relation to its environment and its function to society must be expressly considered. This is not to
say that a designer using ASD necessarily considers less than a designer using LED or LRED. The specifica-
tion provisions are the minimum requirements and prudent designers often consider additional aspects.
However, as specifications mature and become more reflective of the real world, additional criteria are often
needed to assure adequate safety that may have been provided, albeit nonuniformly, by simpler provisions.
Therefore, it is not surprising to find that the LRFD Specifications require explicit consideration of ductil-
ity, redundancy, and operational importance (Equation 2.3), while the Standard Specifications do not.

Ductility, redundancy, and operational importance are significant aspects affecting the margin of
safety of bridges. While the first two directly relate to the physical behavior, the last concerns the conse-
quences of the bridge being out of service. The grouping of these aspects is, therefore, arbitrary, however,
it constitutes a first effort of codification. In the absence of more precise information, each effect, except
fatigue and fracture, is estimated as +5%, accumulated geometrically, a clearly subjective approach.
With time, improved quantification of ductility, redundancy, and operational importance, and their
interaction, may be attained.

2.2.2.3.3 Ductility

The response of structural components or connections beyond the elastic limit can be characterized by
either brittle or ductile behavior. Brittle behavior is undesirable because it implies the sudden loss of load-
carrying capacity immediately when the elastic limit is exceeded. Ductile behavior is characterized by
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significant inelastic deformations before any loss of load-carrying capacity occurs. Ductile behavior pro-
vides warning of structural failure by large inelastic deformations. Under cyclic loading, large reversed
cycles of inelastic deformation dissipate energy and have a beneficial effect on structure response.

If, by means of confinement or other measures, a structural component or connection made of brittle
materials can sustain inelastic deformations without significant loss of load-carrying capacity, this com-
ponent can be considered ductile. Such ductile performance should be verified by experimental testing.
Behavior that is ductile in a static context, but that is not ductile during dynamic response, should also
be avoided. Examples of this behavior are shear and bond failures in concrete members, and loss of
composite action in flexural members. The ductility capacity of structural components or connections
may either be established by full- or large-scale experimental testing or with analytical models that are
based on realistic material behavior. The ductility capacity for a structural system may be determined
by integrating local deformations over the entire structural system.

Given proper controls on the innate ductility of basic materials, proper proportioning and detailing
of a structural system are the key considerations in ensuring the development of significant, visible,
inelastic deformations, prior to failure, at the strength and extreme event limit states. For the fatigue
and fracture limit state for fracture-critical members and for the strength limit state for all members:

Np = 1.05 for nonductile components and connections

= 1.00 for conventional designs and details complying with these specifications

> 0.95 for components and connections for which additional ductility-enhancing measures
have been specified beyond those required by these specifications

For all other limit states:

Np = 1.00

2.2.2.3.4 Redundancy

Redundancy is usually defined by stating the opposite, for example, a nonredundant structure is one
in which the loss of a component results in collapse, or, a nonredundant component is one whose loss
results in complete or partial collapse. Multiple load path structures should be used, unless there are
compelling reasons to the contrary. The LRFD Specifications require additional resistance in order to
reduce probability of loss of a nonredundant component, and to provide additional resistance to accom-
modate load redistribution. For the strength limit state:

Mg = 1.05 for nonredundant members
= 1.00 for conventional levels of redundancy
> 0.95 for exceptional levels of redundancy

For all other limit states:
ng = 1.00

The factors currently specified were based solely on judgment and were included to require more
explicit consideration of redundancy. Research is underway by Ghosn and Moses (2001) to provide a
more rational requirement based on reliability indices thought to be acceptable in damaged bridges
that must remain in service for a period of about two years. The “reverse engineering” concept is being
applied to develop values similar in intent to ny.

2.2.2.3.5 Operational Importance

The concept of operational importance is applied to the strength and extreme-event limit states. The
owner may declare a bridge or any structural component or connection thereof to be of operational
importance. Such classification should be based on social/survival and/or security/defense require-
ments. If a bridge is deemed of operational importance, 1, is taken as > 1.05. Otherwise, 1, is taken as
1.0 for typical bridges and may be reduced to 0.95 for relatively less important bridges.
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2.2.2.4 Design Load Combinations in the LRFD Specifications

The permanent and transient loads and forces listed in Table 2.1 are considered in the AASHTO LRFD
Specifications.

The vehicular live load HL93 consists of either one or, for force effects at interior supports of continu-
ous beams, two of the truck loads with three axles or the tandem load, combined with the uniform lane
load as shown in Figure 2.10.

The load factors for various loads, comprising a design load combination, are indicated in Tables 2.2
through 2.4 for LRFD, all of the load combinations are related to the appropriate limit state. Any, or all,
of the four limit states may be required in the design of any particular component, and those which are
the minimum necessary for consideration are indicated in the specifications where appropriate. Thus, a
design might involve any load combination in Table 2.2.

All relevant subsets of the load combinations in Table 2.2 should be investigated. The factors should
be selected to produce the total factored extreme force effect. For each load combination, both positive
and negative extremes should be investigated. In load combinations where one force effect decreases the
effect of another, the minimum value should be applied to load-reducing the force effect. For each load

TABLE 2.1 Load Designations

Name of Load LRED Designation
Downdrag DD
Dead Load of Structural Components Attachments DC
Dead Load of Wearing Surfaces and Utilities DW
Dead Load of Earth Fill EF
Horizontal Earth Pressure EH
Locked-In Force Effects from Construction EL
Earth Surcharge Load ES
Vertical Earth Pressure EV
Vehicular Braking Force BR
Vehicular Centrifugal Force CE
Creep CR
Vehicular Collision Force CT
Vessel Collision Force CvV
Earthquake EQ
Friction FR
Ice Load IC
Vehicular Dynamic Load Allowance M
Vehicular Live Load LL
Live Load Surcharge LS
Pedestrian Live Load PL
Secondary Forces from Post-tensioning PS
Settlement SE
Shrinkage SH
Temperature Gradient TG
Uniform Temperature TU
Water Load and Stream Pressure WA
Wind on Live Load WL
Wind Load on Structure WS

Source: AASHTO LRFD Bridge Design Specifications, 5th Edition with
Interims through 2010, American Association of State Highway and
Transportation Officials, Washington, DC. With permission.
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FIGURE 2.10 AASHTO-LRFD live load: HL93. (From AASHTO LRFD Bridge Design Specifications, 5th Edition
with Interims through 2010, American Association of State Highway and Transportation Officials, Washington,
DC. With permission.)

TABLE 2.2 Load Combinations and Load Factors in AASHTO LRFD

DC Use One of These at a
DD Time
DwW
EH
EV LL
ES M
EL CE
Load PS BR
Combination CR PL
Limit State SH LS WA WS WL FR TU TG SE EQ IC CT CvV
Strength I Y, 1.75  1.00 — — 1.00  0.50/1.20 Y16 Y& — — — —
(unless
noted)
Strength II Y, 1.35  1.00 — — 1.00  0.50/1.20  Yi¢ Vs - — — -
Strength III Yp — 1.00 1.40 — 1.00  0.50/1.20  Yi¢ Vs — — — —
Strength IV Y, — 1.00 — — 1.00  0.50/1.20 — — — — — —
Strength V Yp 135 1.00 0.40 1.0 1.00  0.50/1.20 Y6 Y — — — —
Extreme Event Yp YeqQ 1.00 — — 1.00 — — — 1.00 — — —
I
Extreme Event Yp 0.50 1.00 — — 1.00 — — — — 1.00 1.00 1.00
1I
Service I 1.00 1.00 1.00 0.30 1.0 1.00  1.00/1.20 vy Y — — — —
Service II 1.00 1.30 1.00 — — 1.00 1.00/1.20 — — — — — —
Service I11 1.00 080 1.00 — — 100 1.00/120 yn Ye @ — — — —
Service IV 1.00 — 1.00 0.70 — 1.00 1.00/1.20 — 1.0 — — — —
Fatigue I— LL, — 1.50 — — — — — — — — — — —
IM & CE only
Fatigue I — 0.75 — — — — — — — — — — —
II— LL, IM &
CE only

Source: AASHTO LRFD Bridge Design Specifications, 5th Edition with Interims through 2010, American Association of
State Highway and Transportation Officials, Washington, DC. With permission.
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TABLE 2.3 Load Factors for Permanent Loads, v,, in AASHTO LRFD

Type of Load, Foundation Type, and

Load Factor

Method Used to Calculate Downdrag Maximum Minimum
DC: Component and Attachments 1.25 0.90
DC: Strength IV Only 1.50 0.90
DD: Piles, a Tomlinson Method 1.4 0.25
Downdrag Piles, A Method 1.05 0.30
Drilled Shafts, O’Neill and Reese Method 1.25 0.35
DW: Wearing Surfaces and Utilities 1.50 0.65
EH: Horizontal Earth Pressure 1.50 0.90
o Active 1.35 0.90
o At Rest 1.35 N/A
« AEP for Anchored Walls
EL: Locked-in Construction Stresses 1.00 1.00
o EV: Vertical Earth Pressure
o Overall Stability 1.00 N/A
« Retaining Walls and Abutments 1.35 1.00
« Rigid Buried Structure 1.30 0.90
« Rigid Frames 1.35 0.90
« Flexible Buried Structures 1.5 0.9
o Metal Box Culverts and Structural Plate Culverts with 1.3 0.9
Deep Corrugations 1.95 0.9
« Thermoplastic Culverts
« All Others
ES: Earth Surcharge 1.50 0.75

Source: AASHTO LRFD Bridge Design Specifications, 5th Edition with Interims through 2010, American
Association of State Highway and Transportation Officials, Washington, DC. With permission.

TABLE 2.4 Load Factors for Permanent Loads Due to

Superimposed Deformations, 7p in AASHTO LRFD

Bridge Component PS CR, SH
Superstructures—Segmental 1.0 See yp
Concrete Substructures supporting Segmental for DC
Superstructures (see 3.12.4, 3.12.5)
Concrete Superstructures— nonsegmental 1.0 1.0
Substructures supporting nonsegmental 0.5 0.5
Superstructures 1.0 1.0

* using I,

o using Lcoe
Steel Substructures 1.0 1.0

Source: AASHTO LRFD Bridge Design Specifications, 5th Edition
with Interims through 2010, American Association of State Highway
and Transportation Officials, Washington, DC. With permission.

combination, every load that is indicated, including all significant effects due to distortion, should be

multiplied by the appropriate load factor.

Table 2.2 shows that some of the load combinations have a choice of two load factors. The larger of
the two values for load factors shown for TU, TG, CR, SH, and SE are to be used when calculating defor-
mations; the smaller value shall be used when calculating all other force effects. Where movements

are calculated for the sizing of expansion dams, the design of bearing, or similar situations where

consideration of unexpectedly large movements is advisable, the larger factor should be used. When

considering the effect of these loads on forces which are compatibility-generated, the lower factor may

be used. This latter use requires structural insight.
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Consideration of the variability of loads in nature indicates that loads may be either larger or smaller
than the nominal load used in the design specifications. The LRFD Specifications recognize the vari-
ability of permanent loads by providing both maximum and minimum load factors for the permanent
loads, as indicated in Table 2.3. For permanent force effects, the load factor which produces the more
critical combination shall be selected from Table 2.2. In the application of permanent loads, force effects
for each of the specified six load types should be computed separately. Assuming variation of one type of
load by span, length, or component within a bridge is not necessary. For each force effect, both extreme
combinations may need to be investigated by applying either the high or low load factor as appropriate.
The algebraic sums of these products are the total force effects for which the bridge and its components
should be designed. This reinforces the traditional method of selecting load combinations to obtain
realistic extreme effects.

When the permanent load increases the stability or load-carrying capacity of a component or bridge, the
minimum value of the load factor for that permanent load shall also be investigated. Uplift, which is treated
as a separate load case in past editions of the AASHTO Standard Specifications for Highway Bridges, becomes
a Strength I load combination. For example, when the dead load reaction is positive and live load can cause a
negative reaction, theload combination for maximum uplift force would be 0.9DC + 0.65DW + 1.75(LL+IM).
If both reactions were negative, the load combination would be 1.25DC + 1.50DW + 1.75(LL+IM). The load
combinations for various limit states shown in Table 2.2 are described below.

« Strength I: Basic load combination relating to the normal vehicular use of the bridge without wind.

o Strength II: Load combination relating to the use of the bridge by permit vehicles without wind. If
a permit vehicle is traveling unescorted, or if control is not provided by the escorts, the other lanes
may be assumed to be occupied by the vehicular live load herein specified. For bridges longer than
the permit vehicle, addition of the lane load, preceding and following the permit load in its lane,
should be considered.

o Strength III: Load combination relating to the bridge exposed to maximum wind velocity, which
prevents the presence of significant live load on the bridge.

o Strength IV: Load combination relating to very high dead load to live load force effect ratios. This
calibration process had been carried out for a large number of bridges with spans not exceeding
60 m. Spot checks had also been made on a few bridges up to 180 m spans. For the primary com-
ponents of large bridges, the ratio of dead and live load force effects is rather high, and could result
in a set of resistance factors different from those found acceptable for small- and medium-span
bridges. It is believed to be more practical to investigate one more load case, rather than requiring
the use of two sets of resistance factors with the load factors provided in Strength I, depending on
other permanent loads present. Strength IV is expected to govern when the dead load to live load
force effect ratio exceeds about 7.0.

o Strength V: Load combination relating to normal vehicular use of the bridge with wind of 90 km/h
velocity.

o Extreme Event I: Load combination relating to earthquake. The designer-supplied live load fac-
tor signifies a low probability of the presence of maximum vehicular live load at the time when
the earthquake occurs. In ASD and LFD the live load is ignored when designing for earthquake.

o Extreme Event II: Load combination relating to reduced live load in combination with a major ice
event, vessel collision, or a vehicular impact.

o Service I: Load combination relating to the normal operational use of the bridge with 90 km/h
wind. All loads are taken at their nominal values and extreme load conditions are excluded. This
combination is also used for checking deflection of certain buried structures, investigation of
slope stability, and investigation of transverse bending stresses in segmental concrete girders.

o Service II: Load combination whose objective is to prevent yielding of steel structures due to
vehicular live load, approximately halfway between that used for Service I and Strength I limit
state, for which the effect of wind is of no significance. This load combination corresponds to the
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overload provision for steel structures in past editions of the AASHTO Standard Specifications for
the Design of Highway Bridges.

 Service III: Load combination relating only to prestressed concrete structures with the primary
objective of crack control. The addition of this load combination followed a series of trial designs
done by 14 states and several industry groups during 1991 and early 1992. Trial designs for pre-
stressed concrete elements indicated significantly more prestressing would be needed to support
the loads specified in the proposed specifications. There is no nationwide physical evidence that
the vehicles used to develop the notional live loads have caused detrimental cracking in existing
prestressed concrete components. The statistical significance of the 0.80 factor on live load is
that the event is expected to occur about once a year for bridges with two design lanes, less often
for bridges with more than two design lanes, and about once a day for the bridges with a single
design lane.

« Fatigue I: Infinite life fatigue and fracture load combination relating to gravitational vehicular
live load and dynamic response.

« Fatigue II: Finite life fatigue load case for which the load factor reflects a load level that has been
found to be representative of the truck population.

2.2.2.5 Serviceability

The LRFD Specification treats serviceability from the viewpoints of durability, inspectibility, main-
tainability, rideability, deformation control, and future widening. Contract documents should call for
high-quality materials and require that those materials that are subject to deterioration from moisture
content and/or salt attack be protected. Inspectibility is to be assured through adequate means for per-
mitting inspectors to view all parts of the structure that have structural or maintenance significance.
The provisions related to inspectibility are relatively short, but as all departments of transportation have
begun to realize, bridge inspection can be very expensive and is a recurring cost due to the need for
biennial inspections. Therefore, the cost of providing walkways and other access means and adequate
room for people and inspection equipment to be moved about on the structure is usually a good invest-
ment. Maintainability is treated in the specification in a similar manner to durability; there is a list of
desirable attributes to be considered.

The subject of live load deflections and other deformations remains a very difficult issue. On the one
hand, there is very little direct correlation between live load deflection and premature deterioration of
bridges. There is much speculation that “excessive” live load deflection contributes to premature deck
deterioration, but, no causative relationship has been statistically established.

Rider comfort is often advanced as a basis for deflection control. Studies in human response to
motion have shown that it is not the magnitude of the motion, but rather the acceleration that most
people perceive, especially in moving vehicles. Many people have experienced the sensation of being
on a bridge and feeling a definite movement, especially when traffic is stopped. This movement is often
related to the movement of floor systems, which are really quite small in magnitude, but noticeable
nonetheless. There being no direct correlation between magnitude (not acceleration) of movement and
discomfort has not prevented the design profession from finding comfort in controlling the gross stiff-
ness of bridges through a deflection limit. As a compromise between the need for establishing comfort
levels and the lack of compelling evidence that deflection is cause of structural distress, the deflection
criteria, other than those pertaining to relative deflections of ribs of orthotropic decks and components
of some wood decks, were written as voluntary provisions to be activated by those states that so chose.
Deflection limits, stated as span divided by some number, were established for most cases, and addi-
tional provisions of absolute relative displacement between planks and panels of wooden decks and ribs
of orthotropic decks were also added. Similarly, optional criteria were established for a span-to-depth
ratio for guidance primarily in starting preliminary designs, but also as a mechanism for checking when
a given design deviated significantly from past successful practice.
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2.2.2.6 Constructability

Several new provisions were included in the LRFD Specification related to:

 The need to design bridges so that they can be fabricated and built without undue difficulty and
with control over locked-in construction force effects

o The need to document one feasible method of construction in the contract documents, unless the
type of construction is self-evident

o A clear indication of the need to provide strengthening and/or temporary bracing or support dur-
ing erection, but not requiring the complete design thereof

2.2.3 Railroad Bridges: The American Railway Engineering
and Maintenance-of-Way Association (AREMA)
Specification Development

2.2.3.1 Introduction

The U.S. railroad network consists predominantly of privately owned freight railroad systems classi-
fied according to operating revenue, the government-owned National Railroad Passenger Corporation
(Amtrak), and numerous transit systems owned by local agencies and municipalities. The Federal Register
in 2010 listed 693 railroad entries, some of them subsidiaries of larger railroads. Based on data from the
Association of American Railroads (AAR), there are 7 class 1 (major) railroads, 23 regional railroads,
and 533 local railroads operating over approximately 140,000 mi (225,308 km) of track. Amtrak operates
approximately 23,000 mi of railroad. The seven Class 1 railroads comprise only 1.25% of the number of
railroads in the United States but account for 67.5% of the trackage and 93.3% of the freight revenue.

The AREMA Manual of Recommended Practice has been developed to meet the needs of the freight
railroads in North America, and conventional passenger trains up to 90 mph (144.8 km/h). Bridge
design philosophy is controlled by the predominant limit states that are relevant:

» Fatigue

» Robustness

o Stability

« Minimum movement compatible with track alignment and tolerable deviation for it

The Manual continues to use a working stress formulation for steel, concrete, and timber with an
optional limited load factor type of analysis for some concrete and prestressed concrete members.

Railroad routes are well established and the construction of new railroad routes is not common; thus,
the majority of railroad bridges built or rehabilitated are on existing routes and on existing right of way.
Simply stated, the railroad industry first extends the life of existing bridges as long as economically jus-
tified. It is not uncommon for a railroad to evaluate an 80- or 90-year-old bridge, estimate its remaining
life, and then rehabilitate it sufficiently to extend its life for some economical period of time.

Bridge replacement generally is determined as a result of a lack of load-carrying capacity, restrictive
clearance, or deteriorated physical condition. If bridge replacement is necessary, then simplicity, cost,
future maintenance, and ease of construction without significant rail traffic disruptions typically gov-
erns the design. The type of bridge chosen is most often based on the capability of the railroad to do its
own construction work. Low-maintenance structures, such as ballasted deck prestressed concrete box
girder spans with concrete caps and piles, are preferred by some railroads. Others may prefer weathering
steel elements.

In review of the existing railroad industry bridge inventory, by far the majority of bridges are simple
span structures over streams and roadways. Complex bridges are generally associated with crossing
major waterways or other significant topographical features. Signature bridges are rarely constructed
by railroads. The enormity of train live loads generally preclude the use of double leaf bascule bridges
and suspension and cable stay bridges due to bridge deflection and shear load transfer, respectively.
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Railroads, where possible, avoid designing skewed or curved bridges, which also have inherent deflec-
tion problems. When planning the replacement of smaller bridges, railroads first determine if the bridge
can be eliminated using culverts. A hydrographic review of the site will determine if the bridge opening
needs to be either increased or can be decreased.

The Manual provides complete details for common timber structures and for concrete box girder
spans. Many of the larger railroads develop common standards, which provide complete detailed plans
for the construction of bridges. These plans include piling, pile bents, abutments and wingwalls, spans
(timber, concrete, and steel), and other elements in sufficient detail for construction by in-house forces
or by contract. Only site-specific details such as permits, survey data, and soil conditions are needed to
augment these plans.

Timber trestles are most often replaced by other materials rather than in-kind. However, it is often
necessary to renew portions of timber structures to extend the life of a bridge for budgetary reasons.
Replacing pile bents with framed bents to eliminate the need to drive piles or the adding of a timber
stringer and recentering a chord to increase capacity is common. The replacement of timber trestles is
commonly done by driving either concrete or steel piling through the existing trestle, at twice the pres-
ent timber span length and offset from the existing bents. This is done between train movements. Either
precast or cast-in-place caps are installed atop the piling beneath the existing timber deck. During a
track outage period, the existing track and timber deck is removed and new spans (concrete box gird-
ers or rolled steel beams) are placed. In this type of bridge renewal, key factors are use of prefabricated
bridge elements light enough to be lifted by railroad track-mounted equipment (piles, caps, and spans),
speed of installation of bridge elements between train movements, bridge elements that can be installed
in remote site locations without outside support, and overall simplicity in performing the work.

The railroad industry has a large number of 150 to 200 ft (45.7 to 61.0 m) span pin-connected steel
trusses, many with worn joints, restrictive clearances, and low carrying capacity, for which rehabilita-
tion cannot be economically justified. Depending on site specifics, a common replacement scenario may
be to install an intermediate pier or bent and replace the span with two girder spans. Railroad forces
have perfected the technique of laterally rolling out old spans and rolling in new prefabricated spans
between train movements.

Railroads frequently will relocate existing bridge spans to other sites in lieu of constructing new spans,
if economically feasible. This primarily applies to beam spans and plate girder spans up to 100 ft (30.5 m)
in length. For this reason the requirement for heavy and densely loaded lines are generally applied to all
new bridges as the bridge span could end up anywhere at some time in the future. Furthermore, a new
industry may locate on a line and completely change the traffic volume.

In general, railroads prefer to construct new bridges on-line rather than relocating or doglegging to
an adjacent alignment. Where site conditions do not allow ready access for direct span replacement, a
site bypass, or runaround, called a “shoo-fly” is constructed, which provides a temporary bridge while
the permanent bridge is constructed. The design and construction of larger and complex bridges is done
on an individual basis.

2.2.3.2 Basic Differences between Railroad and Highway Bridges

A number of differences exist between railroad and highway bridges:

« Theratio oflive load to dead load is much higher for a railroad bridge than for a similarly sized high-
way structure. This can lead to serviceability issues such as fatigue and deflection control governing
designs rather than strength. Robustness is essential to deal with the harsh railway environment.

o The design impact load on railroad bridges is higher than on highway structures.

« Simple span structures are typically preferred over continuous structures for railroad bridges.
Many of the factors that make continuous spans attractive for highway structures are not as
advantageous for railroad use. Continuous spans are also more difficult to replace in emergencies
than simple spans.
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« Interruptions in service are typically much more critical for railroads than for highway agencies.
Therefore, constructibility and maintainability without interruption to traffic are crucial for rail-
road bridges.

« Since the bridge supports the track structure, the combination of track and bridge movement can-
not exceed the tolerances in track standards. Interaction between the track and bridge should be
considered in design and detailing.

+ Seismic performance of highway and railroad bridges can vary significantly. Railroad bridges
have performed well during seismic events.

« Railroad bridge owners typically expect a longer service life from their structures than highway
bridge owners expect from theirs.

2.2.3.3 Typical Railroad Bridge Types

Railroad bridges are nearly always simple span structures. Listed below in groupings by span length are
the more common types of bridges and materials used by the railroad industry for those span lengths.

o Short spans to 16 ft (4.9 m)
Timber stringers
Concrete slabs
Rolled steel beams
o Short spans to 32 ft (9.8 m)
Conventional and prestressed concrete box girders and beams
Rolled steel beams
o Short spans to 50 ft (15.2 m)
Prestressed concrete box girders and beams
Rolled steel beams, deck and through girders
o Medium spans, 80-125 ft (24.4-38.1 m)
Prestressed concrete beams
Deck and through plate girders
« Longspans
Deck and through trusses (simple, cantilever, and arches)

Suspension bridges are not used by freight railroads due to excessive deflection.

2.2.3.4 Live Load

Historically, freight railroads have used the Cooper E load configuration as a live load model. Cooper
E80 is currently the minimum design live load recommended by AREMA for new structures. The E80
load model is shown in Figure 2.11. The 80 in E80 refers to the 80 kip weight of the locomotive drive
axles. An E60 load has the same axle locations, but the loads are factored by 60/80. The designated
steel bridge design live load also includes an “alternate E80” load, consisting of four 100-kip axles.
This is shown in Figure 2.12. This load controls on shorter spans and is factored for other E loads in a
similar manner. Most of the larger railroads are designing new structures to carry E90 or E100 loads.
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FIGURE 2.11 AREMA Cooper E80 live load. (Courtesy of AREMA.)
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FIGURE 2.12 AREMA alternative live load. (Courtesy of AREMA.)

An E90 design would be based on a scaled loading of 112.5% (i.e., 90/80) of both the E80 and the alter-
native loads.

The Cooper live load model does not match the axle loads and wheel spacing of locomotives cur-
rently in service. It did not even reflect all locomotives at the turn of the twentieth century, when it was
introduced by Theodore Cooper, an early railroad bridge engineer. Nevertheless, it has remained in use
throughout the past century. One of the reasons for its longevity is the wide variety of rail rolling stock
that has been and is currently in service. The load effects of this equipment on given spans is compared
to the Cooper load. The Cooper live load model gives a universal system with which all other load con-
figurations can be compared. Engineering personnel of each railroad calculate how the load effects of
each piece of equipment compare to the Cooper loading. A table of maximum load effects over various
span lengths is included in Chapter 15, Part 1 of the AREMA Manual.

2.2.3.5 Other Live Loads

Provisions are also made for loads due to impact, longitudinal force, and centrifugal force, together with
an allowance for lateral loads from equipment. The effect of wind on railway equipment is also required.
2.2.3.6 Other Loads

Other loads that effect most bridges are included; the principle ones are wind loads and the effect of
seismic loading.

2.2.3.7 High-Speed Railway Considerations

The AREMA Manual (2011) does not as yet have criteria for high-speed rail. These are under develop-
ment and, due to the need to meet higher crash worthiness standards in North America, are likely to be
different than those developed in Europe or Asia.

2.3 Concrete Girder Bridges

Reggie Holt and Lian Duan

2.3.1 Introduction

Concrete is the most-used construction material for bridges in the United States. The number of bridges
built over the past 100-plus years is shown in the Figure 2.13. The figure divides the bridges built each
year into five bridge type categories: concrete, steel, prestressed concrete, timber, and other. As can be
seen from the data, the number of bridges utilizing prestressing has grown steadily. Prestressed concrete
bridges have gone from being almost nonexistent in 1940 to clearly being the predominant bridge type
currently being built in the United States. When combining the reinforced concrete and prestressed
concrete data from Figure 2.13, one can see that concrete is by far the most common material type used
for bridges in the United States.

One of the advancements that has been made in recent years is the use of high-performance concrete
(HPC). HPC is an engineered concrete that has been designed to be more durable and, if necessary, pro-
vide increased compressive strengths. The increased compressive strengths will allow longer spans and
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FIGURE 2.13 Bridge types constructed in the United States.

smaller or fewer structural components along with a more impermeable concrete that is more resilient
to deleterious environmental loadings.

2.3.2 Precast Prestressed Concrete Girders

Prestressing has also played an important role in extending the span capability of concrete bridges.
Single-piece precast prestressed concrete girders can accommodate span lengths up to approximately
160 ft (48.8 m). Figure 2.14 shows a few of the more common prestressed concrete beam shapes used in
the United States. The butted beam sections are typically used for shorter spans and are popular because
they do not require extensive formwork to cast a deck or topping.

In an effort to extend the acceptable span range for precast prestressed concrete girders, spliced-
girder spans are gaining popularity. By splicing precast girder segments together, spans in excess of
300 ft (91.4 m) can be attained. A spliced girder (Figure 2.15) can be defined as a precast prestressed
concrete member fabricated in multiple pieces called girder segments that are assembled into a single
girder. Post-tensioning is used in the field to make the multiple piece assembly a continuous girder unit.
Typically “I” and “U” girder sections are used to form these spliced-girder assemblies.

Another recent development with spliced-girder spans are the use of horizontally curved precast
concrete “U” girders (Figure 2.16). The torsional rigidity of this cross section allows this bridge type to
accommodate the tight horizontal radiuses that are typically seen on interchange alignments and their
corresponding flyover bridge structures. In many cases these curved precast bridges use spliced-girder
segments, which can accommodate spans in excess of 200 ft (61 m).

2.3.3 Segmental Concrete Bridges

Construction of segmental concrete bridges began in the United States in the early 1970s and currently
there are close to 200 segmental bridges built in the United States. Segmental concrete bridges become
advantageous for projects with constrained sites, multiple repetitive bridge spans, and bridges requiring
significant span lengths. National Bridge Inspection (NBI) data has shown that segmental bridges are
very durable. One reason for this is that most segmental bridges have post-tensioned bridge decks that
limit the service stresses and accompanying cracking.
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FIGURE2.14 Standard precast prestressed concrete girder shapes: (a) “I” girder section and (b) butted prestressed
concrete beam section.

FIGURE 2.15 Spliced precast girder bridges.

2.3.4 Pine Valley Creek Bridge

The Pine Valley Creek Bridge is the first cast-in-place prestressed concrete bridge in the United States
built by the segmental balanced cantilever method (Figure 2.17). It is located in the state of California
and carries I-8 highway traffic (Figure 2.18). The bridge was designed and is owned by the California
Department of Transportation (DOT). The bridge was constructed by S. J. Groves & Sons Company of
Liverpool, New York, and opened to traffic in 1974.
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FIGURE 2.16 Example of U-girder bridge. (Courtesy of the Federal Highway Administration [FHWA].)

FIGURE 2.17 Pine Valley Creek Bridge under construction. (Courtesy of the California DOT.)

The bridge rises 450 ft (137.2 m) above the valley floor, and is 1700 ft (518.2 m) long, including five
spans of 270 ft (82.3 m), 340 ft (103.6 m), 450 ft (137.2 m), 380 ft (115.8 m), and 270 ft (82.3 m.) The bridge
has a center span of 450 ft (137.2 m), probably the longest concrete box girder span in the United States
at the time of its completion, according to the Engineering News Record, July 1, 1971. The superstructure
consists of two parallel boxes each carrying a 50 ft (12.8 m) roadway separated by a 38 ft (11.6 m) median.
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FIGURE 2.18 Overview of Pine Valley Creek Bridge. (Courtesy of the California DOT.)

Wide deck overhangs were selected to minimize the apparent depth of the box of 19 ft (5.8 m.) The deck
slab was prestressed in the transverse direction to reduce the dead load. The piers are cellular columns.
The columns for the tallest pier of 380 ft (115.8 m) are 14 ft (4.3 m) X 32 ft (8 m) at the bottom, decrease
to 14 ft (4.3 m) X 16 ft (4.9 m) at about 5/8 of the way up, and increase again to arrive at 23 ft (7.0 m) X
24 ft (7.3 m) at the soffit of the box girders. The pier footings of 7.9 ft (2.4 m) depth were anchored by
prestressing tendons into rock 25 ft (7.62 m) deep.

2.3.5 Kanawha River Bridge

The innovative Kanawha River Bridge (Figures 2.19 and 2.20) is a record-setting, low-cost, and aes-
thetically pleasing segmental box girder structure built as part of the I-64 widening project in Kanawha
County, West Virginia. The bridge carries I-64 eastbound traffic consisting of three through lanes, one
auxiliary lane, and shoulders for a total width of 64 ft (19.5 m). The overall bridge length is 2975 ft
(906.8 m), including a record 760 ft (231.7 m) main span. The structure crosses over railroad tracks, the
Kanawha River, and three active roadways.

The eight-span structure has span lengths of 144 ft (43.9 m), 247 ft (75.3 m), 295 ft (89 m), 295 ft (89 m),
460 ft (140 m), 760 ft (231.6 m), 540 ft (164.6 m), and 209 ft (63.7 m). The bridge has an S-curve alignment
including two circular curves, spiral transitions, and a tangent alignment at the river span. The 760 ft
(231.6 m) long main span—the longest box girder span in the United States—resulted from the need to
locate the main piers outside the main channel of the Kanawha River in order to avoid interference with
barge traffic. The bridge section is an optimized single-cell box girder with 16 ft long (4.9 m) overhangs
and structural depth varying between 38 ft (11.6 m) and 16 ft (4.9 m).

A continuous concrete box girder superstructure was chosen for the full length of the bridge. This 2975 ft
(906.8 m) continuous structure has expansion joints at the abutments only. The advantages of this design
are to reduce maintenance, improve serviceability, and simplify construction, as intermediate hinges are
not needed. In order to address the potentially large transverse displacements due to creep, shrinkage, and
temperature changes on a curved alignment, the bridge bearings are restrained in the radial direction.
The approach piers and abutments have multirotational replaceable disc bearings with service capacities
up to 6900 kips (30.7 millinewton) that restrain the transverse displacements while allowing longitudinal
displacements. The bearings and the substructures were designed for the resulting radial forces.
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FIGURE 2.19 Cantilever construction of Kanawha River Bridge. (Courtesy of Santiago Rodriguez, T. Y. Lin
International.)

FIGURE 2.20 Kanawha River Bridge. (Courtesy of Santiago Rodriguez, T. Y. Lin International.)

Materials and design details were selected to achieve a 100-year service life. High-performance, low-
permeability 6500 psi (41.4 megapascal) concrete was used throughout the superstructure. The concrete
box section is post-tensioned longitudinally, transversely, and vertically in order to minimize cracking.
The post-tensioning system consists of high-density polypropylene corrugated ducts and permanent
fiber-reinforced caps with air- and water-tight connections. Prebagged grouts with thixotropic, non-
shrinking, and nonbleeding characteristics were used. Mass concrete specifications were followed to
prevent thermal cracking during construction. The bridge was designed by T. Y. Lin International and
is owned by the West Virginia DOT.

2.3.6 Washington Bypass: US17 over the Pamlico-Tar River

The Washington Bypass is a North Carolina DOT design-build project consisting of a 6.8 mi (10.9 km)
bypass route around the city of Washington, North Carolina, on US-17. The project, located on the North
Carolina’s coastal plain in Beaufort County, features a 2.8 mi (4.5 km) structure over the Tar River
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and the adjoining environmentally sensitive wetlands. To minimize the construction footprint in these
environmentally sensitive areas, a new and innovative top-down construction approach using a unique
overhead gantry prototype specially designed and built was developed for this project. This approach
resulted in a minimal impact to the wetlands and an accelerated construction schedule when compared
to conventional construction techniques.

The process consists of two self-contained gantries capable of performing all the tasks associated
with the bridge construction, including driving 124 ft long (37.8 m) precast piles, erecting 50 ton bent
caps, erecting 121 ft long (36.9 m) precast girders, and supporting deck pouring operations. The two
self-launching 594 ft long (181.1 m) gantries weighing about 750 tons each were used, one at each end
of the bridge, and working towards the middle of the structure. The world’s first application of the pile
driving operation from an erection gantry is the most unique feature of the system and is the essential
element that truly eliminates the need for equipment and temporary access trestles and groundwork in
the fragile wetlands (Figures 2.21 and 2.22).

FIGURE 2.21 Pile driving from an erection gantry. (Courtesy of Flatiron Construction Corporation.)

FIGURE 2.22 Gantry launched ahead of pile driving. (Courtesy of Flatiron Construction Corporation.)
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The bridge was designed and built by Flatiron Construction Corporation, located in Longmont,
Colorado. Construction activities were ongoing simultaneously across three spans (typically 121 ft
[36.9 m] in length) in an assembly line progression. As a span is completed and the deck is cured, the
gantry is launched ahead to begin the pile driving on the next span. The dramatic reduction in wetland
disturbance offered by this “true top-down” construction operation was well received by the U.S. Army
Corps of Engineers, North Carolina Division of Water Quality, North Carolina Department of Natural
Resources, U.S. Coast Guard, and other environmental agencies during the permitting process. The
bridge is owned by the North Carolina DOT.

2.4 Steel Girder Bridges

Brian Kozy and Lian Duan

2.4.1 Introduction

The steel and concrete girder bridges are clearly the most common of all bridge types in the United
States, since the vast majority of bridges have spans less than 300 ft (91.4 m), where it is the most eco-
nomical option. Steel girder bridges are typically made from either rolled I-beams, I-shaped plate gird-
ers, or so-called “tub” girders, which are U-shaped steel sections enclosed with a composite concrete
deck. Steel girders with orthotropic deck are usually used for longer spans. There are subtle differences
in design details for these bridge types found across the country, depending on the preferences of the
state and the experience of builders in the region. However, the general features of the design have
proven successful and remained largely unchanged for decades.

Some of the advancements that have been made in recent years include the use of high-performance
steel (HPS) with improved material properties, integral abutments and piers to minimize deck joints and
bearings, and application of simple spans made continuous for live load to ease construction. Uncoated
weathering steel is used whenever the environment and site conditions allow for it, to minimize first cost
and lifecycle maintenance. There is current motivation in industry to move more toward standardized
and modular design to provide for accelerated fabrication and construction and economy from mass
production of components.

New designs continue to push the limits with more severe support skews and horizontal curvature,
which has presented new challenges for design, fabrication, and construction. Studies have shown that
wider girder spacing of 11-14 ft (3.35-4.27 m) is more economical, however designs often use smaller
girder spacing of 7-10 ft (2.13-3.05 m) with additional girders to improve redundancy and ability to
perform future redecking in side-by-side staged construction. HPS has demonstrated ability to provide
much higher fracture toughness than conventional steels, and research is underway that is expected
to provide analytical techniques to engineer structural safety in low-redundancy options such as two-
girder and/or single-girder cross sections, which are often the most economical.

2.4.2 Marquette Interchange Ramps

Milwaukee Transportation Partners (a joint venture between HNTB and CH2M HILL), provided
preliminary and final design services for the $810 million reconstruction and reconfiguration of the
Marquette Interchange and adjacent freeways in downtown Milwaukee, Wisconsin. The interchange
as shown in Figure 2.23 includes three interstate highways: 1-94, 1-794 and I-43. It is the cornerstone
of the southeastern Wisconsin freeway system. Figure 2.24 shows the underside of ramps showing
the twin box superstructure analytically demonstrated to provide redundancy. The project includes a
5-level system interchange, 5 mi of interstate highway, 28 two-lane ramps, more than 60 bridges totaling
2.1 million square feet of bridge deck, and 5 mi of retaining wall. The construction of the interchange
started in 2005. It was opened to traffic on August 19, 2008.
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FIGURE 2.23  Aerial view of Marquette Interchange: 5 levels and 28 ramps. (Courtesy of HNTB.)

FIGURE 2.24 Marquette Interchange underside of ramps: twin box superstructure. (Courtesy of HNTB.)

The preliminary engineering phase identified two feasible bridge types for the system ramps: trap-
ezoidal steel box girders and concrete segmental box girders. After 14 months of engineering and cost
analysis the decision was made to move forward with the steel option. The centerpiece of the project
consists of eight high-level system ramps, all curved multispan twin steel composite box girder bridges
up to 2400 ft (731.5 m) long. Individual bents range up to 1600 ft (487.7 m) long between movement
joints. The maximum spans of the steel box girders are in excess of 200 ft (61 m). Over 200 steel box
girders were used in the construction.

Two-girder systems have historically been considered to be nonredundant by many owners, and
hence fracture critical. Design and construction of nonredundant and/or fracture critical bridge struc-
tures has been avoided out of fear that failure of one main structural element would lead to total struc-
tural collapse. The redundancy of the proposed structures was addressed and proven by performing
detailed three-dimensional (3D) collapse analysis after total fracture of one of the two main members
of the structure.
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HPS is a superior product, with higher yield strength, improved weldability, and greater levels of
toughness, ductility, and corrosion resistance. It also has improved weathering resistance, all of which
can lead to more economical bridges than conventional 50W designs. The design uses HPS70W and
HPS50W, respectively, for adjacent field section elements and provided both the function and cost-
benefit needed on a mega project like the Marquette Interchange.

2.4.3 Woodrow Wilson Bridge

The Woodrow Wilson Bridge (Figures 2.25 and 2.26), opened to traffic in 2007, carries the Outer and
Inner Loop of I-95 and 1-495 over the Potomac River in the Washington, DC metropolitan area, con-
necting the bridge’s bascule spans to the Maryland shoreline. The bridge features 12 lanes, 6 lanes in

FIGURE 2.25 Aerial view of Woodrow Wilson Bridge, Potomac River crossing and movable bascule span.
(Courtesy of URS Corporation.)

FIGURE 2.26 Woodrow Wilson Bridge, haunched girders with irregular spacing to accommodate pier tension
struts. (Courtesy of the Virginia DOT. Photo by Will Torres.)
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each direction plus shoulders and provision for future rail transit. After an initial contract bid for the
Woodrow Wilson Bridge came in above budget in 2001, the bridge’s original haunched parabolic tub
girder design was modified to a more economical haunched plate girder design, allowing the designer
(Parsons Transportation Group) to keep the aesthetics of the original design while lowering fabrication
and shipping costs. Attention to steel detailing, fabrication, and constructability attributed to lowering
fabrication and construction costs.

The bridge has a total length of 6736 ft (2,053 m). The unique steel framing of pairs of girders spaces
at 5 ft (2.9 m) and intermediate floorbeam supported stringers in between was dictated by the need to
clear the concrete tie beam of the V pier providing 19 ft (5.8 m) clearance, thereby requiring an interme-
diate stringer to support the concrete slab. The use of HPS material, while slightly more expensive and
requiring a longer lead time, was well offset by providing better weldability and improved toughness
and lighter weight of the superstructure. The concrete slab made use of epoxy coated reinforcement for
additional corrosion protection consistent with the 75-year design life.

The bridge project was also split into three contracts. Some of the innovative features are the V-shaped
piers and the movable bridge span. The Woodrow Wilson Bridge is one of only nine bridges on the U.S.
Interstate Highway System that contains a movable span.

2.4.4 San Mateo-Hayward Bridge

The San Mateo-Hayward Bridge (Figure 2.27) is a part of California State Route 92 and crosses San
Francisco Bay, linking the San Francisco Peninsula with East Bay. With a total length of 7 mi (11.3 km),
it is the longest bridge in the San Francisco Bay Area. The 1.9 mi (3.1 km) high rise section, forming the
western end of the bridge, is composed of steel orthotropic box girder spans. The eastern trestle portion
accounts for the remaining 5.1 mi (8.2 km) of the overall length. The shipping channel beneath the high
rise is 750 ft (229 m) wide with a vertical clearance of 135 ft (41 m).

The superstructure of the high rise section includes two main rectangular orthotropic box girders
with open rib stiffeners of 3.43 m wide X 4.567 m deep at midspan and 135 m deep at supports. The
orthotropic box deck with open rib stiffeners varies in thickness with deck stresses. The bridge was
designed and is owned by the California DOT. The steel structure was constructed by fabricated by
Murphy Pacific. The bridge opened to traffic in 1967.

FIGURE 2.27 High rise section of the San Mateo-Hayward Bridge. (Courtesy of Lian Duan.)
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FIGURE 2.28 San Diego-Coronado Bridge. (Courtesy of the California DOT.)

2.4.5 San Diego-Coronado Bridge

The San Diego-Coronado Bridge (Figure 2.28) is a part of California State Route 75 and crosses San
Diego Bay, linking San Diego with Coronado. The 2.2 mi long (3407 m) bridge ascends from Coronado
at a 4.67% grade before curving 80 degrees toward San Diego. It is a prestressed concrete/steel girder
bridge. The steel girder portion has a length of 2263 m. The main span reaches a maximum height of
200 ft (61 m), allowing warship navigation, and consists of three continuous spans (201 m, 201 m, and
171 m) of constant-depth single-cell orthotropic box girder 25 ft (7.62 m) high. The roadway has 65 ft
(18 m) wide and carries five traffic lanes. Steel plate girders with composite concrete deck are used on
the remaining length of 1690 m. It is notable among the world’s great bridges for the number and size
of its concrete towers. There are 30 towers designed with a curved cap to echo the mission arch shape,
associated historically with regional architecture. The towers rest on 487 prestressed concrete piles of
54 in diameter and with walls 5 in thick.

The bridge featured the longest steel box girders in the world until 2008. The bridge was designed and
is owned by the California DOT. The steel structure was constructed by fabricated by Murphy Pacific.
The bridge opened to traffic in 1969.

2.5 Arch Bridges
Reggie Holt, Brian Kozy, Myint Lwin, Kenneth Wright and Lian Duan

2.5.1 Introduction

Arches have been admired and treasured by people throughout the world from ancient times to the
present. They have inherent beauty and are technically efficient and competitive in building medium-
and long-span bridges across rivers and deep valleys. Architects, engineers, and communities can work
together to build beautiful and functional arches with lasting value to be a source of pride for the people.
Several types of arches are illustrated in this section.
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2.5.2 Steel Arch Bridges

2.5.2.1 Blennerhassett Island Bridge

The Blennerhassett Island Bridge (Figure 2.29), which spans the Ohio River between West Virginia
and Ohio, was identified as the critical remaining “missing link” of the final segment of Appalachian
Highway Corridor D, a major economic development highway that traverses approximately 240 mi
(386 km) along US-50 from Cincinnati, Ohio, to Clarksburg, West Virginia.

The total length of the signature bridge is 4008 ft (1221.7 m). The structure includes an 878 ft (267.6 m),
tied arch main span with a rise of 175 ft (53.5 m) and approach spans that consist of variably spaced steel
plate girders with spans up to 401 ft (122.2 m) in length. The tied arch bridge includes a 100 ft (30.5 m),
6 inch wide deck that carries four 12 ft (3.7 m) wide lanes of traffic, with 18 ft (5.5 m) shoulders and a
14 ft (4.3 m) median.

To minimize the size and weight of the approach span superstructure, the design utilizes hybrid gird-
ers and high-strength steel. Post-tensioned pier caps support the main tied arch span and contribute to
the structure’s cost efficiency. The bridge’s tied arch ranks as the longest networked tied arch structure
in the United States and is among the longest in the world.

The central challenge of this project involved the need to develop a design solution that would satisfy the
significant engineering constraints imposed by the bridge’s massive proportions and maximize structural
stability and safety, while minimizing costs. By pursuing a hybrid design for the Blennerhassett Island
Bridge, engineers achieved their goal. The arch span is suspended by post-tensioned, seven-wire-strand
steel cables configured in a unique X-shaped network, which enhances stiffness and redundancy in the
superstructure. The post-tensioned, networked cables allow the structure to redistribute some of the arch
rib horizontal load, so that the members function similarly to those in a truss structure.

To evaluate stress distribution within the structure under normal conditions, as well as during cata-
strophic events such as cable loss, a 3D finite element model of the bridge was created. The 3D model
was used to refine the construction sequence. Each time the survey points on the arch were measured,
the 3D model was updated to obtain data on the actual stresses to the members. The networked cables
were carefully adjusted to optimize deck elevations and stress distribution for the structure, based on
the results of the 3D model.

FIGURE 2.29 Blennerhassett Island Bridge. (Courtesy of Michael Baker Corp.)
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The arch tie is a box-shaped tension tie that was specially designed to withstand cracking and not
collapse. The tension tie was mechanically fastened together with bolts for redundancy, rather than
welded together, which enables it to withstand loads, even if it is one of the four plates that comprise the
box fractures. Mill-to-bear connections were established on the arch ribs to reduce the number of bolts
required at the connection and redirect the load to load-bearing members.

In preparation for construction of the tie girders and arch, the contractor constructed eight tem-
porary drilled caissons in the river as shown in Figure 2.30. The tie girders and arch were constructed
in segments, from each main river pier, halfway across the channel. The most efficient method was to
construct a significant portion of the tie girders and use this as a base for building out the arch ribs until
the cantilevers reached the center of the span. To avoid disruption of river traffic on the Ohio River, a
major commercial shipping channel, the tied arch was constructed while maintaining a reduced water-
way opening. Temporary adjustable stays were used to brace the arch segments during erection, prior
to installation of the cable hangers. As each cable hanger was installed, the supporting temporary stay
was removed.

The Ohio side of the arch was constructed six inches out of position longitudinally, and then jacked
into place during installation of the arch’s keystone section. The ends of the arch were temporarily
post-tensioned to the pier caps to ensure the stability of the cantilevered sections during jacking. Sand
jacks with steel shims and polytetrafluorethylene sliders were mounted on top of the river caissons
and served as temporary supports. The jacks and sliders also could be quickly and easily removed after
the arch was constructed. Large, barge-mounted cranes were necessary to install the heavy steel seg-
ments (which weighed up to 60 tons) for the arch and the West Virginia approach. The parabolic arch
rib segments had to be precisely balanced during lifting to enable in situ connection to the erected
segments.

The contractor designed a temporary bridge and used a “barge bridge” to cross the back channel of
the Ohio River to access the island from the West Virginia shore. On the island, the contractor erected
70 ft high (21.3 m) falsework towers, designed to withstand a 75 mph (122.3 km/h) wind load, to support
the girder segments. The towers were anchored by guy wires connected to concrete deadmen embedded
in the island soil.

FIGURE 2.30 Tied arch construction while maintaining river traffic. (Courtesy of Michael Baker Corp.)



Bridge Engineering in the United States 77

2.5.2.2 Fremont Bridge

The Fremont Bridge (Figure 2.31) is a steel tied arch bridge over the Willamette River located in Portland,
Oregon. This double-deck bridge carries a total of eight lanes of I-405 and US-30 traffic between down-
town and North Portland, where it intersects with I-5. It has the longest main span of any bridge in
Oregon, and was the second-longest steel tied arch bridge in the world at the time of its completion. The
bridge was opened to traffic on November 15, 1973.

The main span between supports is 1255 ft (382.5 m), and the two side spans are 448 ft (136.5 m) each.
The roadway is 170 ft (51.8 m) above the river. Arch ribs are tied together transversely with K-bracing.
The 902 ft (274.9 m) length of the main span where the arch is above the girder was constructed off site,
floated on the river, and lifted into final position.

This is a two-hinged parabolic arch system design, with the ends of the side arches tied to the continu-
ous 18 ft deep steel plate box girder at road level. The tie girder provides flexural stiffening as well as ten-
sion resistance for the arch thrust. The main arch and side-span arches are continuous at the supports.
The final form of the arch was the result of extensive collaboration between the Oregon DOT; Parsons,
Brinckerhoff, Quade & Douglas; the Portland Art Commission; and the FHWA.

The contract imposed strict restrictions on the interruption of river navigation. In order to have the
least impact on navigation and lowest erection cost of the main span, the contractor built 902 ft (274.9 m)
of the main span in California, and assembled it at Swan Island, about 1.7 mi (2.7 km) downstream from
the bridge site. The preassembled section weighed 6000 tons (Figure 2.32).

After completion, the 6000 ton section of the main span was floated into place on a barge. On March
16, 1973 the 6000 ton steel arch span was lifted 170 ft (52 m) to the final position using 32 hydraulic jacks.
At the time, it was the heaviest and highest lift ever completed. The contractor was credited for innova-
tion in the use of technology and techniques to successfully accomplish a project of this scale.

2.5.2.3 New River Gorge Bridge

The US-19 New River Gorge Bridge (Figure 2.33) was completed near Fayetteville, West Virginia, on
October 22, 1977, and this completed the last link in Appalachian Corridor “L.” It was designed by the
Michael Baker Company and was constructed by the American Bridge Division of United States Steel.

FIGURE 2.31 Fremont Bridge. (Courtesy of Bob Heims, U.S. Army Corps of Engineers.)
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FIGURE 2.33 New River Gorge Bridge. (Courtesy of Wikipedia.)

The bridge, with a total length of 3030 ft (924 m), currently has the third-longest steel arch span in
the world at 1700 ft (518.2 m) in length. The rise of the arch is 360 ft (109.7 m) and the overall height
of the deck above the gorge is 876 ft (267 m). The total weight of steel in the bridge is 44,000 kips
(195.7 millinewton) of which 21,066 kips (93.7 millinewton) is in the arch rib itself. The construction
cost was $37 million. This bridge provides a spectacular view of the gorge, and yet does not detract from
the appearance of the area due to the open structure and the use of unpainted weathering steel, which
fits into the pristine surroundings.
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This bridge is included in a discussion of truss bridges because the arch rib is a trussed arch, and the
superstructure is supported by constant-depth deck trusses supported by the spandrel columns. The
trussed arch was important in achieving the long span in a cost-effective manner. This was also one of
the first major bridges that was fabricated using unpainted weathering steel.

2.5.3 Concrete Arch Bridges

2.5.3.1 Hoover Dam Bypass Bridge

The new 1900 ft long (571 m) Hoover Dam Bypass Bridge (Figure 2.34) spans the Black Canyon at about
1500 ft (457.2 m) south of the Hoover Dam, connecting the Arizona and Nevada Approach highways
nearly 900 ft (274.3 m) above the Colorado River. The bridge carries four lanes of traffic and a sidewalk
and is a part of US-93. It is a composite steel-concrete deck arch bridge with a main span of 1060 ft
(323 m). The arch rib is made of reinforced concrete. It is the second-longest concrete arch bridge span
in the world. The bridge is owned by Arizona DOT and the Nevada DOT.

Prior to the completion of the new bridge, the existing US-93 used the top of the Hoover Dam to cross
the Colorado River. US-93 is the major commercial corridor between the states of Arizona, Nevada, and
Utah. The traffic volumes, combined with the sharp curves on US-93 in the vicinity of the Hoover Dam,
created a potentially dangerous situation. A major catastrophe could occur, involving innocent bystand-
ers, millions of dollars in property damage to the dam and its facilities, contamination of the waters
of Lake Mead or the Colorado River, and interruption of the power and water supply for people in the
Southwest. By developing an alternate crossing of the river near the Hoover Dam, through-vehicle and
truck traffic are removed from the top of the dam. This new route eliminates the problems with the former
highway: sharp turns, narrow roadways, inadequate shoulders, poor sight distance, and low travel speeds.

The type study for the Hoover Dam Bypass Bridge was developed by the design team, comprised of
Central Federal Lands Highway Division (CFLHD) and the design consultant, and was guided by direc-
tion from the FHWA, the Arizona DOT, the Nevada DOT, the Bureau of Reclamation, the National
Park Service, and the Western Area Power Administration. The public had the opportunity to comment
through the project website and by casting ballots at the visitor center at the Hoover Dam. A composite
concrete-steel deck arch bridge was selected to address the specific design issues inherent to the Hoover
Dam site. It was selected on the merits of cost, schedule, aesthetics, and technical excellence.

FIGURE 2.34 Hoover Dam Bypass Bridge. (Courtesy of FHWA.)
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The bridge construction contract was awarded in October of 2004 for $114 million to Obayashi
Corporation/PSM Construction USA, Inc. (Joint Venture). Construction began in early 2005 and was
completed in October 14, 2010, meeting construction requirements and challenges within budget and
on schedule. The bridge was opened to pedestrians on October 16, 2010, with a dedication ceremony for
the communities. The bridge was opened to traffic on October 19, 2010.

The United States Congress officially named the new Hoover Dam Bypass Bridge the Mike
O’Callaghan-Pat Tillman Memorial Bridge after two prominent local citizens who dedicated them-
selves to public service and the greater good. Mike O’Callaghan was a longtime Nevadan, former gover-
nor, community leader, and businessman. He died in March 2004 at the age of 74. Pat Tillman graduated
with honors from Arizona State University and played professional football for the Arizona Cardinals
before joining the Army. He was killed in Afghanistan in 2004 at the age of 27.

2.5.3.2 Bixby Creek Bridge

Bixby Creek Bridge (Figure 2.35), a reinforced concrete open-spandrel arch bridge, is a part of
California Highway Route 1, carrying two traffic lanes in Big Sur, California. The bridge is located
120 mi (190 km) south of San Francisco along the west coast. It is 714 ft (218 m) long, 24 ft (7.3 m) wide
and has a main span of 320 ft (98 m), with two heavy abutments unnecessary to support the structure.
Bixby Bridge has 10 evenly spaced column supports from the arch ribs to its roadway, and supports
outside the arch of longer, even spacing than that of the supports between the abutments. The bridge
is about 280 ft high (85 m) above the canyon, and construction of the bridge required 26 stories of
falsework.

Bixby Creek Bridge is aesthetically pleasing and one of the most photographed bridges in the
world. It was one of the largest single-arch concrete bridges in the world when it was completed in
1932. The bridge was seismically retrofitted in 2000. The bridge was designed and is owned by the
California DOT.

FIGURE 2.35 (See color insert.) Bixby Creek Bridge. (Courtesy of the California DOT.)
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2.6 Truss Bridges
Kenneth Wright

2.6.1 Introduction

Trusses have been a staple type of steel bridges for more than a century. From a structural perspective,
trusses use material very efficiently, resulting in lower material costs than many other bridge types. At
the same time, the labor required to fabricate and erect a truss bridge is much higher than for many
other bridge types. At the most basic level, trusses carry load similarly to a girder. The top and bottom
chords of the truss primarily carry the bending moments in the truss, much as the flanges do in a girder.
The diagonals and/or verticals primarily carry the shear forces that are developed, much as the web does
in a girder.

Trusses were very common in the first half of the twentieth century when the ratio of material cost to
labor cost was high. The efficiency of trusses rendered them the bridge of choice in many locations over
a wide range of span lengths. Many trusses from this era were composed of eyebar tension members
and built-up compression members that were connected by large pins at the joint locations. A majority
of the other trusses were composed of riveted built-up members connected at the joints by riveted con-
nections. The members were most commonly I-sections or box sections comprised of angles or channels
tied together by lacing bars or batten plates. These built-up members were relatively light and efficient.

Lacing bars are narrow steel plates, typically 2-3 in (51-76 mm) wide (Figure 2.36) that were typically
used in a lattice pattern to brace the light members that provided the structural strength of the mem-
bers. Batten plates are much wider than lacing bars, typically 4-12 in (102-305 mm) wide (Figure 2.37)
that were installed perpendicular to the member axis to brace the primary member components. Batten
plates were typically used for built-up sections using heavier rolled shapes as basic components that did
not require bracing at the close spacing required for laced members.

As the twentieth century progressed and labor began to surpass material as the largest portion of
bridge cost, it became more common for trusses to be constructed using rolled W-shapes or welded
I-shapes and box girders. While heavier, the reduction in labor cost associated with these member types
still allowed trusses to be a viable and cost-effective bridge type. Eventually, simpler bridge types such
as steel plate girders and prestressed or segmental concrete became more cost-effective in the most

FIGURE 2.36 Lateral bracing members using lacing bars. (Courtesy of HDR Engineering, Inc.)
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FIGURE 2.37 Member using batten plates. (Courtesy of HDR Engineering, Inc.)

common bridge spans. Trusses remain cost-effective for longer span structures, particularly in the span
range of 500-700 ft. Trusses can also be cost-effective for shorter span lengths, particularly if other con-
straints are present, such as limitations on structure depth.

Many of the longer span trusses that were built in the United States used suspended spans to achieve
these long span lengths. When using this approach to achieve a continuous truss, the anchor spans and a
portion of the main channel span were constructed first, leaving an opening in the center span. The clo-
sure section of the center span was then erected on barges and floated into place under the cantilevered
portions of the bridge. The closure section was then raised into place using pulley systems supported
by the cantilevers and connections made to complete the bridge. This method of construction allowed
the use of very long main spans without requiring a significant amount of falsework in the navigation
channel during construction.

Analysis of trusses was based on the presumption that they could be analyzed assuming the connec-
tions are pinned. Pinned trusses are easily reconciled with this analysis method. Trusses with riveted or
bolted end connections to gusset plates have historically been analyzed assuming that they have pinned
connections also. While this is not strictly correct, the end connections are compact enough relative to
the length and stiffness of the truss members that the pinned end connection approximation is reason-
able. The validity of this assumption has been confirmed through computer analyses of trusses.

Floor systems generally consist of transverse floor beams with longitudinal stringers that can be
either framed into the floor beams or a stacked system in which the stringers can be run continu-
ously over multiple floor beams. Framed-in floor systems (Figure 2.38) are ideal when there are signifi-
cant depth restrictions for the superstructure. The stringer sections are short and usually connected to
the floor beam webs via simple shear connections. Stacked floor systems (Figure 2.39) provide several
advantages. Most notably, the stringer design can be optimized by using a continuous design as opposed
to the simple span design that is used for a framed-in system, and the stringer-to-floor beam connec-
tions are much simpler and require less labor to fabricate and erect.

Bracing is an important component of truss bridges because they have very limited inherent lateral
stiffness. In most trusses, particularly those with longer spans, both top chord and bottom chord
lateral bracing are provided. The primary functions of top and bottom lateral bracing are to provide
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FIGURE 2.38 Framed-in floor system. (Courtesy of HDR Engineering, Inc.)

FIGURE 2.39 Stacked floor system. (Courtesy of HDR Engineering, Inc.)

lateral stiffness for the truss system and to provide a load path for lateral wind loads to be carried back
to the support locations. This lateral bracing is typically in some variation of X- or K-bracing. The
other bracing component typically used in trusses is sway bracing. Sway bracing is typically installed
along vertical or diagonal members of the truss. The primary purposes of sway bracing are to distrib-
ute loads between trusses to maintain the verticality and relative position of the trusses. The sway
braces at the end posts of the truss, called portal braces, tend to be relatively heavy in order to transfer
wind loads from the top chord down to the bearing locations.

Deck trusses and through trusses are the most common types. For deck trusses, the transverse floor
beams typically rest on the top chord. The trusses are often located inside the edges of the bridge deck,
reducing the cost of the sway bracing and lateral bracing systems for the bridge. The floor beams over-
hang the trusses by several feet, thus providing some continuity that leads to an efficient floor beam
design. Through trusses are more typically used in locations where depth restrictions prohibit having
the truss below the deck, such as over a navigable waterway. The floor system typically is supported at
the bottom chord level. The trusses must be spaced much farther apart since the deck is located between
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the trusses. This leads to more costly sway bracing and lateral bracing systems because of the additional
member lengths. Additionally, the floor beams are less efficient as they are generally designed as simple
spans between trusses.

Trusses typically are fracture critical structures, that is, they contain members wherein the failure of
one truss member could lead directly to the collapse of the bridge. Yet failure of truss bridges has been rare
due to the generally favorable member details and the relatively low stress ranges in the truss members.
While riveted connections would only be considered a Category D fatigue detail, the longer spans gener-
ally associated with truss bridges lead to stress ranges that are acceptable even for a Category D detail.

Trusses also provide great aesthetic flexibility. The top and bottom chords can take a variety of shapes—
both parallel chord and variable depth trusses are common. Additionally, the member types and sizes
also can impact the appearance of the truss. Trusses prior to the 1960s primarily consisted of riveted
or bolted built-up members. Since the mid-1960s, many trusses have been constructed primarily using
welded box shapes for many of the members and rolled shapes or welded I-shapes for the other members.
The welded construction used in modern trusses provides a cleaner, more contemporary appearance to
the truss when compared with the built-up member fabrication prevalent prior to the 1960s.

The truss bridge form has proven to be adaptable to other types of structures. Arch bridges have been
constructed using trussed arch ribs as opposed to solid rib arches. This has allowed the arch bridge form
to be extended to much longer spans than would be possible using solid rib arches. The New River Gorge
Bridge (Figure 2.33), highlighted in greater depth in the arch section of this handbook, is an example
of a truss-ribbed arch that is currently the third-longest arch span in the world. Additionally, the floor
system of this bridge is a truss system, allowing the weight to be minimized.

Another application of trusses in highway bridges is in suspension bridges. It is important for bridges
as long and slender as suspension bridges to have some lateral and torsional stiffness at the deck level to
minimize dynamic movements and excitation under wind and/or seismic loads. A classic example of
this is the Golden Gate Bridge (see Section 2.8.2) in San Francisco, California. As with the New River
Gorge Bridge, the stiffening truss also helps to minimize the overall weight of the floor system.

2.6.2 Commodore Barry Bridge

The Commodore Barry Bridge (Figure 2.40), named after the Revolutionary War hero, spans the Delaware
River near Chester, Pennsylvania. Designed by the engineering firm E. Lionel Pavlo, Inc., the bridge has
amain span of 1644 ft (501.1 m), which ranks as the third-longest main cantilever span in the world. The
three main spans are 822 ft, 1644 ft, and 822 ft (250.5 m, 501.1 m, and 205.5 m), with more than 10,000 ft
(3048 m) of approach spans. The vertical clearance over the channel is 192 ft (58.5 m) and the height to
the top of the towers is 418 ft (127.4 m) above mean high water.

The overall bridge length including approaches is 2.6 mi (4.18 km), and it carries five lanes of traffic.
The bridge was completed on February 1, 1974, at a cost of $115 million. There is a total of 49,000 tons

FIGURE 2.40 Commodore Barry Bridge. (Courtesy of Jim Dietrich, Wikipedia.)
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of steel in the bridge. The bridge was retrofitted with a network of cables shortly after it opened to alle-
viate vibration issues in the main cantilever span that were leading to premature cracking of certain
members. Additionally, tuned mass dampers were installed on many of the I-shaped members. The pin
hanger assemblies in the main suspended span hangers were retroffitted to add redundancy.

2.6.3 Richmond-San Rafael Bridge

The Richmond-San Rafael Bridge (Figure 2.41) crosses San Francisco Bay north of the San Francisco-
Oakland area. Opened in September of 1956, it crosses between Marin and Contra Costa Counties. The total
bridge length is approximately 5.5 mi (8.9 km) and was constructed at a cost of $66 million. The bridge is a
double-deck structure, carrying westbound traffic on the upper deck and eastbound traffic on the lower deck.

The bridge crosses two primary shipping channels, so the two three-span trusses were designed to be
identical through trusses in order to save money. This resulted in a dip in the bridge profile between the
main channel bridges, and the bridge has been nicknamed the “roller coaster span.” The main spans of
the cantilever trusses are 1070 ft (326.1 m) long, with a vertical clearance of 185 ft (56.5 m) and a tower
height of 325 ft (99.1 m). The approach spans are primarily deck trusses.

2.6.4 Corpus Christi Harbor Bridge

The Corpus Christi Harbor Bridge (Figure 2.42) carries six lanes of US-181 over the Port of Corpus
Christi ship channel entrance. The structure, builtin 1959, consists of 5 truss spans, 15 welded plate girder
spans, and 37 prestressed concrete girder spans. The total bridge length measures 5819 ft (1773.6 m). The

FIGURE 2.41 Richmond-San Rafael Bridge. (Courtesy of the California DOT.)
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FIGURE 2.42 Corpus Christi Harbor Bridge. (Courtesy of HDR Engineering, Inc.)

Ztruss spans consist of two 272 ft (82.9 m) simple span deck truss units (spans 27 and 31) and a three-
span, 1244 ft (379.2 m) continuous truss unit (spans 28, 29, and 30, with spans of 312 ft, 620 ft, and 312 ft
[95.1 m, 189.0 m, and 95.1 m]). The 1244 ft (379.2 m) truss unit consists of a 388 ft (118.3 m) suspended
tied arch segment supported by two 116 ft (35.4 m) cantilever truss segments and two 312 ft (95.1 m)
anchor spans. The trusses are comprised almost entirely of built-up members with riveted connections.
This bridge is the only significant highway link across the ship channel between the city of Corpus
Christi and recreational, residential, and industrial areas to the north. It can never be completely closed
to highway traffic because there is no viable detour. In addition, maritime access must be maintained
continuously because the Corpus Christi ship channel is one of the busiest in the United States.

2.7 Cable-Stayed Bridges
Lubin Gao

2.7.1 Introduction

The John O’Connell Memorial Bridge in Sitka, Alaska, is usually considered the first cable-stayed bridge
in the United States carrying highway vehicles. It opened in 1972 with a main span of 450 ft (137 m). Its
steel pylons support the steel deck with three stays at each side. The first concrete cable-stayed highway
bridge in the United States is the Ed Hendler Bridge over the Columbia River, connecting Pasco and
Kennewick, Washington, with a main span of 752 ft (222 m). Its 80 ft wide (24.4 m) concrete deck was
built by cast-in-place segmental construction. It opened in 1978.

In 1983, the first cable-stayed bridge on the interstate highway system, the Luling Bridge, opened to
traffic. The bridge, also known as the Hale Boggs Memorial Bridge, is in St. Charles Parish, Louisiana,
and carries four lanes of I-310 across the Mississippi River. It is the only cable-stayed bridge with a
steel orthotropic deck in the United States. Its main span reaches 1222 ft (372.5 m) with a steel deck
76 ft (23.2 m) wide. The pylons were built with weathering steel. Since then, more than 30 cable-stayed
highway bridges (Figure 2.43) have been constructed in the country. The maximum span length
ranges from 300 ft (90 m) to 1600 ft (480 m). Engineering practice has demonstrated that a cable-
stayed bridge is the most competitive solution for spans longer than 1000 ft (300 m) both in aesthetics
and economy.
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FIGURE 2.43 Maximum span length of major cable-stayed highway bridges built in the United States.

A cable-stayed bridge consists of a deck, stay cables, piers, pylons, foundations, and other struc-
tural components. The deck supports the roadway while providing the passageway for traffic. Stay
cables typically anchored at the deck girder at the bottom and the pylon at the top are stressed to
transfer the loads from the deck to the pylons. These loads, including the weight of the superstructure
and superimposed dead load, are ultimately carried by the piers and pylons and further transferred
to the foundations primarily through compression. Active stressing of the stay cables during the
construction stages and fine tuning of the cable forces before completing the adjustment of load
effects, especially the bending moments in the deck girder and pylons, are necessary to arrive at an
optimized state under dead loads. These actions yield the effective use of materials and generate cost
savings as a result.

Three types of superstructures are generally used as the deck of cable-stayed bridges in the United
States:

1. Steel edge girders framed with steel floor beams composite with a concrete deck slab (Cooper
River Bridge)

2. Concrete edge girders with concrete floor beams and a cast-in-place concrete deck slab (Sidney
Lanier Bridge)

3. Concrete box girders (Sunshine Skyway Bridge)

Steel plate girders and rectangular concrete beams are two widely utilized types of edge girders. The
concrete edge beams are normally cast in place with form travelers. The steel edge girders are mostly
preassembled with the floor beams to form steel frame segments determined by lifting capacity of hoist-
ing equipment. The segments are then lifted into place and splice connected to the previously erected
segment.

In the United States, concrete box girders used in cable-stayed bridges are typically precast. The
specific strength of the concrete of concrete edge beams and box girders ranges from 5,000 psi
(35 MPa) to 10,000 psi (69 MPa). The structural steel conforming to ASTM A709 Grade 50 (AASHTO
M270 Grade 50) with minimum yield strength of 50 ksi (345 MPa) is generally utilized for the steel
edge girder and floor beams. When the ratio of side span to main span is small (e.g., the Charles
River Bridge), the optimized solution is a hybrid construction with a steel main span and concrete
side spans.

High-strength, low-relaxation prestressing strands are used for stay cables as industry stan-
dard practice in the United States. The 0.6 in (15 mm) diameter strands conformed to ASTM A722
(AASHTO M275) Grade 270 with a minimum tensile strength of 270 ksi (1862 MPa). To meet the
design life requirements for durability and safety, multilayer corrosion-protective measures are
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normally implemented in stay cables. The first barrier for corrosion protection is the outer pipe, typi-
cally made of HDPE (high-density polyethylene) or stainless steel. The last barrier is the individ-
ual sheathing of each strand. Under dead load conditions, the pylons are primarily in compression.
Therefore, they are mostly built with concrete and cast in place with formworks. Hollow sections are
often used for better bending properties and ease to facilitate the anchorages of stay cables. Large-
diameter drilled shafts and steel pipe piles are two types of deep foundations generally utilized under
the pylons of cable-stayed bridges in the United States, required by the large reactions resulting from
the long main span.

Designers of long-span cable-stayed bridges always face challenges. The first challenge is the aero-
dynamic stability and wind responses during both construction stages and in service. Due to its
greater flexibility as a result of shallower deck and longer spans, a cable-stayed bridge typically has
lower bending and torsional natural frequencies. The limiting unlimited amplitude vibration from
wind, such as flutter, should be carefully studied through structure modifications based on anal-
ysis and wind tunnel testing. Measures should also be investigated during the design phase and
implemented in the construction or service stages as deemed necessary to control the limited ampli-
tude vibration due to wind. Vibration due to vehicle loading and other environmental factors exerts
another challenge on serviceability. The variation of stresses due to these vibrations and vehicle traf-
fic affects the design, detailing, and fabrication of stay cables and anchorages that meet the fatigue
requirements.

In the United States, the design and construction of cable-stayed bridges are governed by the
AASHTO Standard Specifications for Highway Bridges (AASHTO 2002) or the LRFD Bridge Design
Specifications (AASHTO 2010a) and Construction Specifications (AASHTO 2010b). Because of the spe-
cial features of cable-stayed bridges, project-specific design criteria and special provisions are always
developed for each project to supplement the AASHTO Specifications. The “Recommendations for Stay
Cable Design, Testing and Installation” by the Post-Tensioning Institute (PTI 2008) and the AASHTO
Guide Specifications for Design and Construction of Segmental Concrete Bridges (AASHTO 2003) are two
important documents for the design of cable-stayed bridges.

2.7.2 Sunshine Skyway Bridge

The Bob Graham Sunshine Skyway Bridge (Figure 2.44) is in St. Petersburg, Florida, across Tampa Bay,
with a 1200 ft (366 m) main span. When the bridge opened in 1987, it was considered a milestone in
the construction of cable-stayed bridges in the United States. It was the world’s longest concrete cable-
stayed bridge at the time of its completion.

The skyway bridge (PCI 1986) was designed to replace the old steel truss spans constructed in 1954
that were partly destroyed in 1980, when the more than 1200 ftlong (366 m) steel structure was struck by
a ship during a storm. The bridge was required to provide a 1000 ft X 175 ft (305 m X 53 m) navigational
channel. The main structural unit consists of 11 spans of 140 ft, 3 spans of 240 ft, 3 spans of 540 ft, 1200 ft
and 540 ft, 3 spans of 240 ft and 1 span of 140 ft (3 spans of 73.2 m, 3 spans of 164.6 m, 366.7 m and
164.6 m, 3 spans of 3 73.2 m and a span of 42.7 m). The skyway carries two lanes of highway traffic and
a full-width shoulder in each direction. In addition, a median of 12.5 ft (3.81 m), inclusive of parapet
widths, is needed to anchor the stay cables. This requires a total deck width of 95.3 ft (29 m).

The superstructure is a single-cell concrete box girder with a depth of 14.67 ft (4.47 m) and a bottom
slab width of 32.83 ft (10 m). The top slab of the box girder was transversely post-tensioned with tendons
consisting of 0.6 in (15 mm) diameter strands, after the concrete strength reached 2500 psi (17 MPa). The
precast box girder segments were match-cast using the short-line method. Internal struts were provided
to support the wide top slab of the box girder. These struts were precast separately and post-tensioned
at the cable anchor segments to distribute the cable forces. A self-advancing beam-winch system was
utilized in erecting the precast segments.
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FIGURE 2.44 Bob Graham Sunshine Skyway Bridge. (Courtesy of FIGG Bridge Engineers.)

The two pylons are reinforced concrete, 431.36 ft (131.48 m) above water and 242.38 ft (73.88 m) above
the roadway surface. Each pylon carries 21 stay cables. The high-level approach span piers consist of
match-cast box segments, manufactured in the casting yard, barged to the site, lifted into place, and
post-tensioned vertically. Piers of the 4000 ft (1,219.2 m) main span structural unit were cast in place.
Piles were used, except for the pylon foundations where shafts 5 ft (1.52 m) in diameter were utilized. Stay
cables consist of strands 0.6 in. (15 mm) in diameter, encased in 6 5/8 in or 8 5/8 in (168 mm or 219 mm)
steel pipes and grouted after final stressing. The size of the stay cables ranges from 38 to 82 strands.

The high-level approach and the cable-stayed main spans were designed by Figg & Muller Engineers.
Paschen Contractors, Inc., American Bridge, and Morrison-Knudsen were the contractors for the
precast segmental high-level approach and main spans. Construction inspection was performed by
Skyway Construction Engineering and Inspection Consultants, a consortium consisting of Parsons,
Brinckerhoff, Quade & Douglas; DRC Consultants (later merged with T. Y. Lin International); Kissinger,
Campo & Associates; and H. W. Lochner, Inc. LoBuono Armstrong & Associates provided construction
engineering services to the contractors for erecting the segmental and cable-stayed spans. The Florida
DOT owns the bridge.

2.7.3 Sidney Lanier Bridge

The Sidney Lanier Bridge (Figure 2.45) in Brunswick, Georgia, carries four lanes of US-17 across the
South Brunswick River. It replaced the original bridge built in 1956 and partially destroyed by ship
collisions in 1972 and 1987. The new bridge provides a vertical clearance of 185 ft (56.4 m) at the cen-
terline of the navigational channel, allowing large ships to access the Port of Brunswick. The bridge
opened in 2003.

The navigational clearance requires a long-span bridge. The cable-stayed bridge consists of a main
span of 1250 ft (381 m) and two side spans of 625 ft (190.5 m) each. To accommodate four 12 ft (3.66 m)
traffic lanes, two 8 ft (2.44 m) shoulders, and spaces to anchor the stay cables, the deck was designed to
have a total width of 79.5 ft (24.2 m). It consists of two concrete edge beams (4.5 ft [1.37 m] wide by 5 ft
[1.52 m] deep) and an 11 in thick (0.279 m) concrete deck. At each cable anchorage location, a transverse
concrete floor beam is provided. The deck was cast in place by segmental construction with form travel-
ers. The length of a typical segment is approximately 27.7 ft (8.4 m).

The two H-shaped concrete pylons were cast in place 486 ft tall (148 m) measured from the top of
footing to the top of pylon. The legs of the pylons are rectangular hollow sections providing access for
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FIGURE 2.45 Sidney Lanier Bridge. (Courtesy of Tim Ross, Wikipedia.)

inspecting the cable anchorages inside the legs. Each of the pylons supports the deck with 44 stay cables
anchored to the concrete edge beams on either side of the deck. There are 176 stay cables in total sup-
porting the concrete superstructure. Each stay cable consists of 0.6 in (15 mm) diameter low-relaxation
strands, encased in HDPE pipes. The longest cable measures approximately 687.5 ft (209.6 m). This
bridge is the last of the major bridges that used cement-grouted stay cables in the United States. There
have been corrosion issues attributed to grouting itself.

The cable-stayed bridge was designed by DRC Consultants (later merged with T. Y. Lin International).
Finley McNary provided the construction engineering services to the contractor, a joint venture of
Recchi America and GLF Construction Corporation. Construction inspection was provided by Figg
Engineering Group. The Georgia DOT owns the bridge.

2.7.4 Charles River Bridge

The Charles River Bridge (Figure 2.46) is a cable-stayed bridge in Boston, Massachusetts, carrying I-93
and US-1 traffic across the Charles River. Its formal name is the Leonard P. Zakim Bunker Hill Memorial
Bridge (Kumarasena, et al. 2003) to commemorate both Boston’s civil rights activist Leonard P. Zakim
and the Battle of Bunker Hill during the Revolutionary War. It is the widest and the first steel-concrete
hybrid cable-stay bridge in the United States. The bridge replaced the Charlestown High Bridge, a steel
truss bridge constructed in 1954.

The cable-stayed structure consists of a main span and two side spans: 267 ft (81.4 m) at the downtown
side and 745 ft (227.1 m) and 420 ft (128 m) at Charlestown side. The bridge carries 10 lanes of traffic:
8 lanes passing through the legs of the pylons and 2 lanes cantilevered on the east side, exterior of the
stay cables. The cantilevered exterior lanes, which accommodate northbound traffic from the Sumner
Tunnel to the North End, provide the unique and asymmetrical design.

The deck is 183 ft (56 m) wide in the main span and 126 ft (38.4 m) wide in the side spans. The super-
structure of the main span is a single steel box girder 18 ft (5.49 m) deep at the piers and 9 ft (2.74 m) deep
at center span, composited with precast concrete deck panels. The steel box girder consists of two steel
box edge girders, a longitudinal steel fascia girder, floor beams, cantilever floor beam extensions, and
precast concrete deck panels. The superstructure of the side spans is a 10 ft deep (3.05 m) cast-in-place
concrete box girder, partially filled with heavyweight concrete to balance the weight in the main span.
To accommodate the longitudinal grade, as much as 5%, the two inverted Y-shaped pylons are different
heights of 322 ft (98.1 m) for the north pylon and 295 ft (89.9 m) for the south pylon, measured from the



Bridge Engineering in the United States 91

FIGURE 2.46 Charles River Bridge. (Courtesy of VidTheKid, Wikipedia.)

water. However, the heights of both pylons measured from the top of the roadway to the top of pylons
are the same. The pylons were built by cast-in-place construction. The Grade 70 HPS anchor box was
cast in the hollow pylon legs to anchor the cables. Each pylon is supported by drilled shafts 8 ft (2.4 m)
in diameter.

There are 116 stay cables supporting the roadway from two pylons. On the main span, there are four
sets of 17 cables from each side of the roadway to the top of the pylons. On each side span, there are 24
stay cables in single-plane from the median to the top of the pylons. Each stay cable consists of low-
relaxation seven-wire strands 0.6 in (15 mm) in diameter, encased in a HDPE pipe treated with a double
helical fillet to mitigate potential wind-induced cable vibrations. Each strand is individually sheathed
and protected from corrosion. The longest cable is close to 500 ft (152.4 m) in length. The size of cables
ranges from 14 strands to 73 strands.

The concept of the bridge was initially developed by Christian Menn. The final design was engineered
by HNTB and Figg Bridge Engineers. Bechtel and Parsons Brinkerhoff served as construction manage-
ment consultants. The general contractor was Atkinson-Kiewit Joint Venture. T. Y. Lin International
provided construction engineering to the contractor. The Massachusetts Turnpike Authority owns

the bridge.

2.7.5 Cooper River Bridge

The new Cooper River Bridge (Figure 2.47) was opened to traffic and named the Arthur Ravenel Jr.
Bridge on July 16, 2005. It connects downtown Charleston to Mt. Pleasant, South Carolina, carrying
eight traffic lanes of US-17 across the Cooper River. The new bridge (Abrahams, et al. 2003) replaced the
two deficient steel truss bridges built in 1929 and 1966, respectively. The high seismicity, hurricanes, and
potential ship collisions created critical challenges to the design of the bridge.

The navigational clearances of 1000 ft (304.8 m) horizontal and 186 ft (56.7 m) vertical required a
long-span bridge. The cable-stayed bridge consists of a main span of 1546 ft (471.2 m), two side spans of
650 ft (198.1 m) each, and two end spans of 225 ft (68.6 m) each, that is, 225 ft (68.6 m), 650 ft (198.1 m),
1546 ft (471.2 m), 650 ft (198.1 m), and 225 ft (68.6 m), resulting in a total length of 3296 ft (1004.6 m). Its
main span is the longest in North America.
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FIGURE 2.47 Arthur Ravenel Jr. Bridge. (Courtesy of Xinghua Lu.)

To accommodate four 12 ft (3.66 m) traffic lanes in each direction, a 12 ft (3.66 m) bicycle/pedestrian
lane at the south side of the deck, and spaces to anchor the stay cables, the deck was designed to have a
total width of 126 ft (38.4 m). It consists of two 6.5 ft (1.98 m) deep steel plate edge girders and steel floor
beams spaced at 15.7 ft (4.78 m) composite with a 9 1/2 in. (241 mm) concrete deck slab. The deck slab
is composed of 8000 psi (55 MPa) precast panels, with cast-in-place closure strips over the girders and
floor beams, and a 2 in thick (50.8 mm) latex-modified concrete wearing surface. The two diamond-
shaped reinforced concrete pylons are each 570 ft (174 m) tall, built by cast-in-place construction. Each
pylon is supported on 11 drilled shafts 10 ft (3.05 m) in diameter, each measured 230 ft (70.1 m) in length.
The two main foundations are protected from vessel impact with rock islands.

There are 128 stay cables in total. Each cable consists of 31-90 low-relaxation seven-wire strands 0.6 in
(15 mm) in diameter, encased in a HDPE pipe of 8 in (203 mm) to 12 in (305 mm) in diameter. Each
strand is individually sheathed and protected from corrosion. The exterior surface of the HDPE pipes
was treated for ultraviolet protection and to reduce rain- and wind-induced vibration.

The new Cooper River Bridge was constructed with the design-build method by Palmetto Bridge
Constructors, a joint venture between Tidewater Skanska and Flatiron Constructors, Inc. The cable-
stayed bridge was designed by Parsons Brinckerhoft, in association with Buckland & Taylor Ltd. Design
review and construction inspection were provided by the joint venture of HDR, Inc. and T. Y. Lin
International. The South Carolina DOT owns the bridge.

2.8 Suspension Bridges

Lian Duan and Myint Lwin

2.8.1 Introduction

Suspension bridges have the longest spans of any type of bridges. This type of bridge has cables sus-
pended between towers and suspender cables that carry the weight of the deck below, upon which traffic
crosses. Table 2.5 lists major suspension bridges built in the United States.
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TABLE 2.5 List of Major Suspension Bridges in the United States
Total Length Main Span Year Opened
Bridge Name Location Owner ft (m) ft (m) to Traffic
Wheeling West Virginia West Virginia 1307 (398.4) 949.2 (289.3) 1849
DOT
John A. Roebling Kentucky-Ohio Kentucky 2162 (659.0) 1057 (322.2) 1866
Transportation
Cabinet
Brooklyn New York New York City 5989 (1825) 1595 (486.2) 1883
DOT anchored at
each end of the
bridge, plus
vertical
Williamsburg New York New York City 7308 (2227.5) 1600 (487.7) 1903
DOT
Manhattan New York New York City 6855 (2089.4) 1470 (448.1) 1909
DOT
Bear Mountain New York New York State 2255 (678.2) 1632 (497.4) 1924
Bridge Authority
Benjamin New Jersey/ Delaware River 9573 (2917.9) 1750 (533.4) 1926
Franklin Pennsylvania Port Authority
Mid Hudson New York New York State 3000 (914.4) 1500 (457.2) 1930
Bridge Authority
St. Johns Oregon Oregon State DOT 2067 (630.0) 1207 (367.9) 1931
George New York/New Port Authority of 4760 (1450.9) 3500 (1066.8) 1931
Washington Jersey New York and
New Jersey
San Francisco- California California DOT 10,122 (3085.2) 2310 (704.1 m) 1936
Oakland Bay,
West Spans
Golden Gate California Golden Gate 8981 (2737.4) 4200 (1280.2) 1937
Bridge Highway
and
Transportation
District
Bronx-Whitestone ~ New York MTA Bridges and 3770 (1149.1) 2300 (701.0) 1939
Tunnels
Tacoma Narrows Washington Washington State 5939 (1810) 2800 (853) 1940
DOT 5979 (1822) 2800 (853) 1950
5900 (1736) 2800 (853) 2007
Delaware Delaware Delaware River 10,786 (3287.6) 2150 (655.3) 1951
Memorial I and Bay
and II Authority
Mackinac Bridge Michigan Michigan DOT 26,372 (8038) 3800 (1158) 1957
Verrazano New York MTA Bridges and 13,700 (4175.8) 4260 (1298.5) 1964
Narrows Tunnels
Carquinez California California DOT 3465 (1056.1) 2388 (727.9) 2003
San Francisco- California California DOT 2049 (624.4) 1263 (385) 2013
Oakland Bay
Self-Anchored
Suspension Span
Three Sisters in Pennsylvania Allegheny County 884 (269.4) 430 (131.1) 1926-1928

Pittsburgh,
Self-Anchored
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2.8.2 Golden Gate Bridge

The Golden Gate Bridge (Figure 2.48) is a part of US-101 and California State Route 1 connecting the
San Francisco Peninsula to Marin County on the other side of the strait. It consists of six structures:
San Francisco (south) approach viaduct, San Francisco (south) anchorage housing and pylons S1 and S2,
Fort Point arch, suspension bridge, Marin (north) anchorage housing and pylons N1 and N2, and Marin
(north) approach viaduct, with a total length of 9150 ft (2788 m). The landmark structure spanning the
strait at the entrance to San Francisco Bay onto the Pacific Ocean is a three-span suspension bridge with
a center span of 4200 ft (1280 m) and two side spans of 1125 ft (343 m). The Golden Gate Bridge was
the longest suspension bridge in the world and held that distinction until the 1964 completion of the
Verrazano-Narrows Bridge (main span 1298 m) in New York City. It is one of the best-known engineer-
ing structures in the world and an internationally recognized icon of San Francisco, California, and the
United States. Even today; it is still the second-longest suspension bridge main span in the United States.

The Golden Gate Bridge is 90 ft (27 m) wide with six traffic lanes and pedestrian/bicycle lanes at both
sides. The main cable diameter is 36.376 in (0.92 m). The 746 ft tall (227 m) towers consist of multicellular
steel shafts braced with struts and were the tallest in the world for over 60 years until completion of the
Akashi-Kaikyo Bridge (with towers 298 m tall) in Japan in 1998. The suspended structure consists of
two parallel 25 ft deep (7.6 m) stiffening trusses, spaced at 90 ft (27 m).

The bridge was designed by Charles Alton Ellis (Griggs and Francis 2010; Meiners 2001; Van Der Zee
1986). The suspension bridge was constructed by Pacific Bridge Company (main towers), Bethlehem
Steel Company (structural steel of suspension span), John A. Roebling Sons Co. (cables of the suspen-
sion span), and Barrett & Hilp (anchorages). The bridge opened on May 28, 1937. The bridge is owned
by the Golden Gate Bridge Highway and Transportation District. The original reinforced concrete deck
was replaced by the orthotropic steel plate deck in 1986. The Golden Gate Bridge has been seismically
retrofitted since 1997 and the last phase of the retrofit project is expected to be completed in 2015.

2.8.3 San Francisco—Oakland Bay Bridge West Span

The San Francisco-Oakland Bay Bridge (SFOBB) West Span (Figure 2.49) connects the city of San
Francisco to Yerba Buena Island in the state of California. The West Span together with the tunnel
and the East Span of truss bridges provides the only direct I-80 highway link between the city of San

FIGURE 2.48 (See color insert.) Golden Gate Bridge. (Courtesy of Lian Duan.)
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FIGURE 2.49 Overview of the San Francisco-Oakland Bay Bridge West Span. (Courtesy of the California DOT.)

FIGURE 2.50 San Francisco-Oakland Bay Bridge West Span. (Courtesy of the California DOT.)

Francisco and the East Bay communities. The 10,122 ft (3085.2 m) West Span includes three continuous
truss spans of 389 ft, 95 ft, and 377 ft (118.6 m, 29.0 m, and 114.9 m) and the twin suspension bridges
arranged back to back around a center anchorage. The twin bridges have main spans of 2310 ft (704.1 m)
and back spans of 1160 ft (353.6 m) and are virtually identical.

The superstructure is made up of the main cables, the suspender cables, the suspended-span stift-
ening trusses, and the three-span continuous trusses. Each of the main cables was spun in place and
consists of 37 strands of 472 wires for a total of 17,464 wires compacted into a circular cross section
28.75 in (730 mm) in diameter. Each panel point of the stiffening truss is hung from a group of four
suspender cables, or wire ropes. Each suspender cable is 2.25 in (57.15 mm) in diameter and consists
of six 19-wire strands wrapped around a center rope of seven 7-wire strands. The bridge has upper and
lower concrete decks carrying five lanes in each direction and provides service to over 280,000 vehicles
daily. The double-deck stiffening truss is made up of built-up members, laced members, and some rolled
sections (Figure 2.50).

All the towers are similar, except that Towers W2 and W6 are about 420 ft (128.0 m) tall, while Towers
W3 and W5 are about 470 ft (143.3 m). The tower legs are cellular in cross section, made up of 1 in
thick (25.4 mm) vertical web plates connected along their edges with angles. Tower W2 is supported
by a gravity concrete pier which was constructed in a sheet pile cofferdam 90 ft (27.4 m) below water.
Towers W3, W5, and W6 are supported by cellular, hollow, reinforced concrete caissons which extend
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from 110 ft (33.5 m) to 230 ft (70.1 m) below water level. Pier W4 is actually a central anchorage for the
twin, end-to-end suspension bridges and supported by a hollow cross section caisson of 92 ft X 197 ft
(28.0 m X 60.0 m) which is formed using 55 steel cylinders 15 ft (4.6 m) in diameter by 5/16 in (8 mm)
thick. It extends 220 ft (67.1 m) below water and 280 ft (85.3 m) above water. It was the largest pier in the
world at the time of its construction. All the caissons were socketed into the underlying bedrock.

The West Span was seismically retrofitted in 2004 to improve operational and safety standards to the
greatest extent possible and to achieve the project-specific performance-based seismic design criteria
(Caltrans 1997, Reno and Pohll 1998). The SFOBB was designed and is owned by the California DOT. It
was constructed by American Bridge Company and opened to traffic in 1936.

2.8.4 Tacoma Narrows Bridges

The Tacoma Narrows, in Tacoma, Washington, separates the beautiful Olympic Peninsula to the north
and the city of Tacoma to the south with swift tidal currents and deep waters. The winds, tides, and water
depth posed challenges to the designers and builders. The original 1940 Tacoma Narrows Bridge was built
and opened to traffic on July 1, 1940. Unfortunately, on November 7, 1940, the bridge floor system and the
stiffening girders failed under high and steady winds. After 10 years of studies, investigations, and plan-
ning, the 1950 Tacoma Narrows Bridge was rebuilt using the original main piers and anchorages. It was
opened to traffic on October 14, 1950. Due to increased traffic demand, a new Tacoma Narrows Bridge
was built alongside the 1950 Tacoma Narrows Bridge and opened to traffic on July 16, 2007.

2.8.4.1 1940 Tacoma Narrows Bridge

In 1938, the Washington State Highways Department (WHSD), on behalf of the Toll Bridge Authority,
designed the suspension bridge with a main span of 2600 ft (792.5 m) and 1300 ft (392.2 m) side spans.
The superstructure consisted of a 39 ft wide (11.9 m) floor and a 22 ft deep (6.7 m) stiffening truss.
Under a Public Works Administration (PWA) grant, the Toll Bridge Authority was required to have an
independent review of the WSHD’s design. The reviewers recommended major changes to the design:
lengthening the main span to 2800 ft (853.4 m), with shorter side spans of 1100 ft (225.3 m) each, and
changing the stiffening truss to solid plate girders only 8 ft (2.4 m) deep. The Toll Bridge Authority
accepted the recommendations and made changes accordingly. The main span ranked third in length
behind the Golden Gate and George Washington Bridges at that time. The design of the 1940 Tacoma
Narrows Bridge was influenced by the deflection theory, which made it feasible to design long-span sus-
pension bridges with shallow plate girders. By the mid-1930s several of the world’s longest suspension
bridges were built of plate girders.

The design of the Tacoma Narrows Bridge set records in depth-to-span ratio at an unprecedented
1:350. The Golden Gate Bridge, with a stiffening truss system, has less than half the depth-to-span ratio,
at 1:168. The width-to-span ratio of the Tacoma Narrows Bridge was a record-breaking 1:72. The Golden
Gate Bridge has a width-to-span ratio of 1:47. The Bronx-Whitestone Bridge has a ratio of 1:31.

Construction bids were opened in September 1938. The contract for building the Tacoma Narrows
Bridge was award to the Pacific Bridge Co. atalow bid of $5.6 million. Associate contractors were Bethlehem
Steel Co. and John A. Roebling Sons Co. Construction on the bridge officially started in November 1938.
The bridge was completed in 19 months, and opened to traffic on July 16, 1940 (Figure 2.51).

From the time the deck was built, the bridge began to move vertically in windy conditions. It was
reported that the bridge bounced up and down even in mild to moderate winds. The construction work-
ers gave the bridge the nickname “Galloping Gertie.” Shock absorbers and temporary “tie-downs” were
installed to control the vertical motions, but they were not effective. The vertical oscillation continued
to occur after the bridge was opened to traffic. The bridge would bounce vertically even in light wind as
low as 4 to 5 mph (6.44 to 8.05 km/h). It was common to see up and down movements of 1 to 5 ft (0.31 to
1.53 m), giving a total of rise and fall of 2 to 10 ft (0.61 to 3.05 m). Motorists had reported getting “sea-
sick” driving over the bridge. Several measures aimed at stopping the motion were ineffective. The bridge
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FIGURE 2.51 The original Tacoma Narrows Bridge opened to traffic on July 16, 1940. (Courtesy of Washington
State DOT.)

FIGURE 2.52 Collapse of the 1940 Tacoma Narrows Bridge. (Courtesy of Barney Elliott, Wikipedia.)

collapsed on November 7, 1940 (Figure 2.52). The collapse of the bridge left a lasting impact in the under-
standing of the performance of suspension bridges under winds, in subsequent research in aerodynamics
and harmonics, and in the improvement in the design and wind-tunnel testing of suspension bridges.

2.8.4.2 1950 Tacoma Narrows Bridge

The design of the replacement bridge was completed in 1944, subject to review and approval by the con-
sulting board. However, due to materials and labor shortages as a result of the involvement of the United
States in World War I1, it wasn’t until 10 years after the collapse of the original bridge that the replacement
bridge was opened to traffic, on October 14, 1950 (Figure 2.53).
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FIGURE 2.53 1950 Tacoma Narrows Bridge. (Courtesy of Washington State DOT.)

The 1950 Tacoma Narrows Bridge carries four lanes of traffic, two more than the 1940 bridge. The
roadway width is 50 ft (15.24 m) as compared to 26 ft (7.93 m) of the 1940 bridge. The design incorpo-
rated engineering knowledge gained from the catastrophe of 1940, and the subsequent research carried
out at the University of Washington and the California Institute of Technology. By this time, aerody-
namic testing had become standard practice in the design of suspension bridges. The depth of the stiff-
ening truss is 33 ft (10.01 m), according to the approved drawing signed by members of the consulting
board in 1945. This bridge has open grating in the deck that allows the wind to pass through. The 1950
Tacoma Narrows Bridge has a depth-to-span ratio of 1:85, much lower than the 1:350 of the 1940 bridge.

The design engineer of the 1950 Tacoma Narrows Bridge was Dexter R. Smith and the principal engi-
neer was Charles E. Andrew. They collaborated on the design with Professor Ray Fletcher Farquharson’s
research group at the University of Washington, and used the work of Theodore von Karman in wind
tunnel analysis at the California Institute of Technology. The team did elaborate tests on a model bridge
using a wind tunnel.

Construction bids were opened in August 1947. Contracts for building the replacement bridge were
awarded to the primary contractors, Bethlehem Pacific Coast Steel Corporation and John A. Roebling
Sons Co., for a total low bid of $11.2 million. Construction began in April 1948. Bethlehem Pacific Coast
Steel fabricated and erected the steel truss part of the bridge. John A. Roebling Sons Co. spun the cable.
The piers used for the 1940 bridge were reused for the new towers of the new bridge. The pedestals for
the old bridge had to be removed and enlarged to accommodate the wider base and heavier towers of the
new bridge. The height of the pedestals was also raised to reduce the salt spray on the towers. The bridge
was completed in 29 months, and opened to traffic on October 14, 1950. During the months of January
through March 1951, several wind storms with sustained wind speeds up to 75 mph swept through the
Tacoma Narrows. The new bridge stood strong and firm against the winds, showing no sign of vertical
or torsional movement, except for a slight lateral deflection.

2.8.4.3 2007 Tacoma Narrows Bridge

The 1950 bridge was designed to carry 60,000 vehicles per day. By 2004, traffic had increased to 90,000
vehicles per day. In 1998 voters in several Washington counties approved an advisory measure to cre-
ate a second Narrows span and the Washington State DOT began developing financial, environmental,
and technical plans for the new bridge. The communities wanted a new bridge to relieve congestion and
improve safety. The newest 2007 bridge (Figure 2.54) is located about 185 ft (56.4 m) apart from and
parallel to the south of the 1950 bridge.
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FIGURE 2.54 2007 Tacoma Narrows Bridge in the foreground. (Courtesy of Washington State DOT.)

The new Narrows Bridge carries four 11 ft wide (3.35 m) lanes of eastbound traffic toward Tacoma. In
addition, the bridge has a 10 ft right shoulder for disabled vehicles and a 10 ft (3.05 m) barrier-separated
bicycle/pedestrian lane. The new bridge is designed to have the capability of adding a lower deck for
more traffic lanes or for light rail/transit bus in the future.

The bridge is designed for a 150-year design service life. Performance under winds and physical wind
tunnel testing are a part of the design and construction criteria. Major earthquakes in Washington state
occur in the Puget Sound, where the bridge is located. The design criteria included a performance-based,
two-level seismic design approach: a Safety Evaluation Earthquake (SEE) and a lower-level Functional
Evaluation Earthquake (FEE). The SEE considers ground motions from an earthquake with a mean return
period of 2500 years. During the SEE, there should be no collapse, primary structural members may incur
minimal or repairable damage, and some significant damage to secondary structural components may
occur. The FEE considers a lower-level earthquake event with a mean return period of 100 years. During
FEE, there should be no damage to the structural components. The design criteria also require that the
seismic performance be evaluated at one-half the estimated scour depth at the lower foundations.

Construction began in October 2002 with the award of a design-build contract to Tacoma Narrows
Constructors (TNC), a joint venture of Bechtel Infrastructure and Peter Kiewit & Sons at a cost of
$849 million. TNC engaged the design team of Parsons and HNTB, a joint venture, to provide design
and construction support throughout the project, and subcontracted the superstructure steel fabrica-
tion and erection engineering to the joint venture of Nippon Steel and Kawada Bridge (NSKB) of Japan.
NSKB further subcontracted to Samsung Heavy Industries (SHI) in South Korea to fabricate the stiffen-
ing trusses and the orthotropic deck.

The orthotropic deck and stiffening truss system were fabricated by Samsung Heavy Industries (SHI)
on Koje Island, South Korea. The mile-long superstructure was fabricated in 46 sections, each measur-
ing 120 ft (36.6 m) long X 78 ft (23.8 m) wide X 30 ft (9.1 m) high, and weighing 400 tons. The sections
were shipped to the jobsite in three shipments. Each section is fully outfitted with the orthotropic deck,
maintenance traveler rails, access platforms, and utility supports and painted before shipping across the
Pacific Ocean. Prefabrication of the sections significantly accelerated erection at the jobsite (Figure 2.55).

2.8.4.4 Key Facts
Table 2.6 lists key facts of the three Tacoma Narrows Bridges.
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FIGURE 2.55 2007 Tacoma Narrows Bridge during erection of the prefabricated deck sections. (Courtesy of
Washington State DOT.)

TABLE 2.6 Key Facts of Tacoma Narrows Bridges

1940 Bridge 1950 Bridge 2007 Bridge
Stiffening System Plate Girder Trusses Trusses
Total Structure Length, ft (m) 5939 (1810.2) 5979 (1822.4) 5700 (1737.4)
Suspension Bridge Section, ft (m) 5000 (1524.0) 5000 (1524.0) 5400 (1645.9)
Center Span Length, ft (m) 2800 (853.4) 2800 (853.4) 2800 (853.4)
Span Depth, ft (m) 8(2.4) 33 (10.0) 235(7.2)
Depth-to-Span Ratio 1:350 1:85 1:119
Cable Diameter, in (cm) 17.5 (44.5) 20.1 (51.1) 20.5 (52.1)
Number of No. 6 Wires 6308 8702 8816

2.8.5 George Washington Bridge

The George Washington Bridge (Figure 2.56) is a suspension bridge with a total length of 4760 ft
(1451 m) spanning the Hudson River, connecting Manhattan in New York City to Fort Lee in New
Jersey. It carries 1-95, US-1, and US-9. The suspension bridge is supported by four main cables, each
36 in (0.91 m) in diameter and composed of 26,474 wires. The main span, which is 3500 ft (1067 m)
long between two 604 ft tall (184 m) steel towers, is twice as long as any previous suspension bridge.
The bridge has an upper level with four lanes in each direction and a lower level with three lanes in
each direction, for a total of 14 lanes of travel. A path on each side of the bridge’s upper level carries
pedestrian and bicycle traffic.

The bridge was first opened to traffic with six traffic lanes on October 25, 1931. Two additional lanes
were created in the in 1946. The lower level of six lanes opened on August 29, 1962. This made the George
Washington Bridge one of the world’s busiest bridges and the world’s only 14-lane suspension bridge.
The bridge was designed by Othmar H. Ammann, and is constructed and owned by the Port Authority
of New York and New Jersey.
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FIGURE 2.56 The George Washington Bridge. (Courtesy of Historic American Engineering Record.)

2.8.6 San Francisco—Oakland Bay Bridge Self-Anchored Suspension Span

The San Francisco-Oakland Bay Bridge (SFOBB) self-anchored suspension (SAS) span (Figure 2.57) isa
signature span for the SFOBB east span seismic replacement project. It connects the Yerba Buena Island
tunnel with the newly constructed east skyway.

The 624.4 m long (2055.1 ft) SAS span includes a main span of 385 m (1263.1 ft) and a side span of
180 m (590.6 ft). The single tower is 160 m (524.9 ft) high with four legs connected by seismic shear link
beams. The superstructure is 77.8 m (255.2 ft) wide and carries 10 traffic lanes and a bike path and side-
walk. The superstructure is made of two orthotropic boxes connected by crossbeams. The orthotropic
box is 27 m (88.6 ft) wide and 5.55 m (18.2 ft) high.

The SFOBB SAS span will be the world’s largest SAS bridge and the world’s only SAS bridge with only
one tower when completed. It was designed by a joint venture of T. Y. Lin International and Moffatt &
Nichol and is owned by the California DOT. It is under construction by a joint venture of American
Bridge and FLUOR. The SAS span is expected to open to traffic in 2013.

2.8.7 The Three Sisters Suspension Bridges

The Three Sisters are three very similar self-anchored suspension bridges spanning the Allegheny River
in Pittsburgh, Pennsylvania at 6th, 7th, and 9th Streets. They are generally known as the Sixth Street,
Seventh Street, and Ninth Street bridges (Figures 2.58 through 2.62), and are located in the home of the
International Bridge Conference held annually in Pittsburgh since 1984. Recently they have been named
after important citizens of Pittsburgh: the Roberto Clemente Bridge, the Andy Warhol Bridge, and the
Rachel Carson Bridge, respectively.
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FIGURE 2.57 Rendering of San Francisco-Oakland Bay Bridge self-anchored suspension span. (Courtesy of the
California DOT.)

FIGURE 2.58 View of the Three Sisters. (Courtesy of Juliet Lwin.)

The Three Sisters set records in the United States as the only trio of nearly identical bridges, the first
use of self-anchored suspension bridge design, and the only few remaining bridges with large and mul-
tiple steel eyebar chains for the suspension system. The steel bridges were designed by the Allegheny
Department of Public Works, the superstructures were built by the American Bridge Company, and the
substructures were built by the Foundation Company. They were constructed in 1924 to 1928, replacing
older bridges. The bridges are owned by Allegheny County, Pennsylvania.

Key facts of the Three Sisters Bridges are shown in Table 2.7.
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FIGURE 2.59 Sixth Street (Roberto Clemente) Bridge. (Courtesy of Juliet Lwin.)

FIGURE 2.60 Seventh Street (Andy Warhol) Bridge. (Courtesy of Juliet Lwin.)

FIGURE 2.61 Eyebars of the Seventh Street Bridge. (Courtesy of Juliet Lwin.)
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FIGURE 2.62 Ninth Street (Rachel Carson) Bridge. (Courtesy of Juliet Lwin.)

TABLE 2.7 Key Facts of the Three Sisters

Sixth Street Bridge Seventh Street Bridge ~ Ninth Street Bridge

Official Name Roberto Clemente Andy Warhol Rachel Carson
Total Length 884 ft (269.4 m) 884 {t (269.4 m) 840 ft (256.0 m)
Main Span 430 ft (131.1 m) 442 ft (134.7 m) 410 ft (125.0 m)
Side Spans 215 ft (65.5 m) each 221 ft (67.4 m) each 215 ft (65.5 m) each
Roadway Width 38 ft (11.6 m) 38 ft (11.6 m) 38 ft (11.6 m)
Vehicular Lanes 2 2 2

Sidewalks 2 2 2

Navigation Clearance 40 ft (12.2 m) 40 ft (12.2 m) 40 ft (12.2 m)
Opened to Traffic October 19, 1928 June 17, 1926 November 26, 1926

2.9 Movable Bridges
Paul Liles

2.9.1 Introduction

Movable bridges are bridges that allow marine traffic to go under or through the bridge opening by
altering the position of the superstructure during passage of traffic beneath the bridge. The most com-
mon use for movable bridges involves allowing for passage of boat or marine traffic through the bridge
opening. The principal advantage of this type of structure is that a very flat grade can be maintained
on the roadway as vertical clearance for boats or ships is provided by moving or opening the bridge to
marine traffic. The main disadvantages to this type of structure result from the disruption of highway
or rail traffic when the bridge is open, the impediment to marine traffic when the bridge is closed, and
the expense of having personnel on duty to maintain bridge operations.

There are many types of movable bridges and the diversity of these structures is a tribute to engineers
and their various designs. Movement is usually provided by a mechanical system that is powered by
electric motors using operating winches, gearing, or hydraulic pistons.

Most of the movable bridges can be grouped into three main types: vertical lift bridges, swing span
bridges, and bascule or draw bridges. Specific examples of these types of bridges with a brief description
of the movements are discussed in the following sections.
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2.9.2 Sacramento Tower Bridge

The Tower Bridge (Figure 2.63) in Sacramento, California is an example of a vertical lift bridge. This is
a type of movable bridge where the span rises vertically while remaining parallel with the bridge deck.
The span is raised on towers by cables and counterweights located at the ends of the movable span. The
bridge carries State Route 275 over the Sacramento River and was one of the first vertical lift bridges
on the California Highway System. The bridge carries four lanes of vehicular traffic over the river. The
overall bridge length is 737 ft (225 m) while the lift span portion of the bridge is 209 ft (63.7 m) and pro-
vides 100 ft (30.5 m) of vertical clearance above high water when raised. Two towers are supported by
two concrete piers at a depth of 50 ft (15.2 m) below water.

The bridge was designed and is owned by the California DOT. The bridge was constructed by Sir
William Arrol and Company and George Pollock and Company. The bridge was opened to traffic in
December 1935 at a cost of approximately $666,000.

2.9.3 George P. Coleman Memorial Bridge

The George P. Coleman Memorial Bridge (Figure 2.64) in coastal Virginia is an example of a swing span
bridge. This is a type of movable bridge where the superstructure turns or pivots horizontally about a
support pier to allow marine traffic to pass through the bridge opening. The bridge is a double swing span
bridge and carries US-17 over the York River between Yorktown and Gloucester Point, Virginia. The
bridge carries four lanes of vehicular traffic over the river. The overall bridge length is 3750 ft (1140 m)
while the turn span portion of the bridge is 450 ft (150 m) and provides 60 ft (18 m) vertical clearance
above high water in the closed position.

The bridge was originally built in 1952 but was reconstructed and widened in 1995. For the 1995
reconstruction, the new swing spans were floated into position in a finished state to minimize disrup-
tion to traffic on the bridge. The 1995 reconstruction was designed by Parsons Brinkerhoff and the
construction was performed by Tidewater Construction Corporation. The reconstructed bridge was
reopened to traffic in 1995 at a cost of approximately $76.8 million.

2.9.4 Woodrow Wilson Memorial Bridge

The Woodrow Wilson Memorial Bridge (Figure 2.65) located near Washington, DC, is an example of
a bascule or draw bridge. This is a type of movable bridge where the bridge opens by rotating about a
horizontal axis parallel to the waterway. The Woodrow Wilson Memorial Bridge crosses the Potomac

FIGURE 2.63 Sacramento Tower Bridge. (Courtesy of California DOT.)
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F-

FIGURE 2.65 Woodrow Wilson Memorial Bridge. (Courtesy of Hardesty & Hanover, LLP.)

River between Alexandria, Virginia, and Oxon Hill, Maryland. The bridge carries I-95 and 1-495 over
the Potomac River and is one of only a handful of movable bridges on the U.S. interstate system.

The Woodrow Wilson Memorial Bridge consists of two parallel double leaf bascules that carry twelve
lanes of vehicular traffic over the Potomac River. The overall bridge length is 6736 ft (2053 m) while the
Bascule portion of the bridge spans 269 ft (82 m) and provides 70 ft (21 m) of vertical clearance in the
closed position. At the present time, the bridge opens approximately 65 times a year to allow ship traffic
to pass the bridge.

The movable portions of the bridge were designed by Hardesty & Hanover, LLP with Finley McNary
Engineers designing the unique precast, post-tensioned V-piers. The bridge was constructed by the
American Bridge Company and Edward Kraemer & Sons, with PDM Bridge, LLC doing the steel construc-
tion for the bascule span. The bridge was completed in May 2008 at a cost of approximately $826 million.

2.10 Floating Bridges

Myint Lwin

2.10.1 Introduction

A floating bridge may be constructed of wood, concrete, steel, or a combination of these and other mate-
rials, depending on the design requirements. A 406 ft long (123.8 m) movable wooden pontoon railroad
bridge was built in 1874 across the Mississippi River in Wisconsin. It was rebuilt several times before it
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TABLE 2.8 Major Floating Bridges in the United States

Length of Year

Floating Bridge Drawspan Opened

Bridge Name Location Owner ft (m) ft (m) to Traffic
First Lake Washington Lake Washington Washington State DOT 6561 (1999.8) 200 (61.0) 1940
Hood Canal Hood Canal Washington State DOT 6530 (1990.3) 600 (182.9) 1962
Albert D. Rosselini Lake Washington Washington State DOT 7578 (2309.8) 200 (61.0) 1963
Homer M. Hadley Lake Washington Washington State DOT 5736 (1748.3) None 1989
New Lacey V. Murrow Lake Washington Washington State DOT 6561 (1999.8) None 1993
Eastbank Esplanade Portland, Oregon 1200 (365.8) None 2001
Ford Island Bridge Pearl Harbor, U.S. Navy 930 (283.5) 930 (283.5) 1998

Honolulu Hawaii

was abandoned. A 320 ftlong (97.5 m) wood floating bridge is still in service in Brookfield, Vermont. The
present Brookfield Floating Bridge is the seventh replacement structure, and was built by the Vermont
Agency of Transportation in 1978. A 720 ftlong (219.5 m) concrete floating drawspan was built as part of
the Ford Island Bridge in Honolulu, Hawaii. A floating drawspan is needed to provide unlimited vertical
clearance for the naval vessels going into Pearl Harbor.

The most significant floating bridges in the United States are located in Washington state (Gloyd
1988; Lwin 1993a). Currently, there are three concrete floating bridges on Lake Washington in Seattle,
and one concrete floating bridge on Hood Canal in the Olympic Peninsula. These floating bridges form
major transportation links in the state and interstate highway systems. Hundreds of thousands of people
use these bridges daily to get to destinations of work, commerce, and leisure. These bridges are listed
in Table 2.8, and will be briefly introduced in the following paragraphs. More detailed information on
these floating bridges is covered in the references.

Lake Washington is a fresh water lake. It is about 1 to 3 mi (1.6 to 4.8 km) wide and 20 mi (32.3 km)
long. The water in most parts is 100 to 200 ft (30.5 to 60.9 m) deep. The bottom of the lake consists of soft
clay and peat extending another 100 to 200 ft (30.5 to 60.9 m) in thickness.

Hood Canal is a westerly arm of the tidal waters of Puget Sound in Washington state. It is not a man-
made canal. It is about 55 mi (88.5 km) long, 1 to 2 mi (1.6 to 4.8 km) wide and more than 300 ft (91.4 m)
deep. There is a tidal variation of 16 ft (4.9 m) and a maximum current of 3.5 mph (5.6 km/h).

2.10.2 First Lake Washington Floating Bridge

The First Lake Washington Floating Bridge (Figure 2.66) was opened to traffic on July 2, 1940, one day
after the opening of the famous and fateful Tacoma Narrows Suspension Bridge (Andrew 1939; Murrow
1938). The First Lake Washington Floating Bridge (Andrew 1939) was constructed of 25 reinforced con-
crete pontoons connected rigidly to form a continuous floating structure. It carried four lanes of traf-
fic, two sidewalks, and a drawspan for the passage of large vessels. The drawspan was replaced with a
straight and fixed span in 1981 to improve safety. Since then large vessels have to bypass the floating
bridge and go under a high-level bridge constructed over the East Channel of Lake Washington. A typi-
cal concrete pontoon measured 350 ft (106.7 m) long, 59 ft (18.0 m) wide, and 14.5 ft (4.4 m) deep. The
interior of the pontoon was divided into compartments with watertight bulkheads to control flooding
and progressive failures.

Lacey V. Murrow was the director of highways and the chief engineer of the Toll Bridge Authority of
Washington state when the First Lake Washington Floating Bridge was planned, financed, and built in
1940. He was instrumental in promoting and adopting the innovative idea of a concrete floating bridge.
In 1967, the First Lake Washington Floating Bridge was dedicated to the memory of the late Lacey V.
Murrow for his wisdom in recognizing the structural feasibility and cost-effectiveness of a floating
bridge, and for his courage to build one in face of skepticism.
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FIGURE 2.66 First Lake Washington Floating Bridge. (Courtesy of Washington State DOT.)

2.10.3 Evergreen Point Bridge

The Evergreen Point Bridge (Figure 2.67) is the second floating bridge built on Lake Washington. The
population and traffic on Mercer Island and the eastern shore of Lake Washington were growing very
fast. By the beginning of the 1950s the need for another bridge across Lake Washington was clear. This
time there was no question about what type of bridge to build, but there was heated debate over the loca-
tion of the new bridge. The final choice was a second floating bridge located about 3 mi (4.8 km) north of
the First Lake Washington Floating Bridge. The Second Lake Washington Floating Bridge, commonly
known as the Evergreen Point Bridge, was opened to traffic on August 8, 1963.

A typical concrete pontoon measures 360 ft (109.7 m) long, 60 ft (18.3 m) wide, and 14.75 ft (4.5 m)
deep. Each pontoon is prestressed longitudinally before connecting rigidly end-to-end to form a con-
tinuous floating structure. The interior of each pontoon is divided into compartments with watertight
bulkheads to control flooding and progressive failures. This bridge is formally named after the former
governor of Washington state: the Albert D. Rosselini Bridge. However, it is more popularly known as
the Evergreen Point Bridge.

2.10.4 Hood Canal Bridge

The Hood Canal Floating Bridge, shown in Figure 2.68 (Nichols 1962), was built to span the northern
end of Hood Canal and was opened to traffic in August 1961 to replace a ferry system. It was constructed
of 23 reinforced and longitudinally prestressed concrete pontoons. The pontoons were connected rigidly
to form a continuous floating structure with a navigation opening at mid-channel where the water depth
is over 300 ft (91.4 m). It carried two lanes of traffic. The roadway was elevated 20 ft above the water
surface to minimize spray from winds and waves. The reinforced concrete roadway was supported on
reinforced concrete columns rising from the pontoon deck.

The western half of the original Hood Canal Floating Bridge was destroyed by an unusually strong
and long-duration storm in February 1979. The loss of the bridge caused great economic and social
impact in the region. The western half of the bridge was replaced quickly and the bridge was reopened to
traffic in October 1982, only 3 years and 8 months after the sinking of the west half.

The new West Half (Lwin and Gloyd 1984) was designed and constructed with better criteria and
more durable materials. It is three times stronger than the remaining East Half. Meanwhile, the East
Half continued to deteriorate in the harsh marine environment. The deterioration of the East Half was
at such an advanced state that the Washington State DOT replaced the East Half with design similar to
the West Half. The new East Half (Figure 2.69) was opened to traffic in June 2009.
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FIGURE 2.68 The original Hood Canal Floating Bridge. (Courtesy of Washington State DOT.)

2.10.5 Homer M. Hadley Memorial Bridge

By 1965, more capacity was needed to carry traffic across the First Lake Washington Floating Bridge,
which had become a major part of I-90. I-90 links Seattle to eastern Washington state and the rest of
the I-90 corridor to Boston, Massachusetts. The Washington State Department of Highways decided to
build a third floating bridge (Lwin 1989) just 60 ft (18.3 m) north of the First Lake Washington Floating
Bridge as part of a 6.9 mi (11.1 km) and $1.2 billion public works project to improve mobility on I-90
between Seattle and Bellevue. The new bridge was completed and opened to traffic on June 4, 1989.

The bridge was named the Homer M. Hadley Memorial Bridge (Figure 2.70) in recognition of
engineer Hadley’s innovations and influence in the design and construction of concrete bridges in
Washington state. Engineer Hadley was the first to conceive the idea of a concrete floating bridge across
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FIGURE 2.70 Homer M. Hadley Bridge on the left and new Lacey V. Murrow Bridge on the right. (Courtesy of
Washington State DOT.)

Lake Washington in 1920. He formally presented his concept at a meeting of the American Society of
Civil Engineers in 1921. His proposal generated debate and skepticism in the community. The bankers
labeled his concept “Hadley’s Folly.” However, Hadley’s big dream came true when Lacey V. Murrow,
director of the State Department of Highways, confirmed the technical feasibility of his proposal, and
advanced the design and construction of the first concrete floating bridge across Lake Washington in the
middle of 1930s. Hadley’s floating bridge design paved the way for floating bridges in Washington state.

The bridge carries five lanes of traffic (three westbound and two reversible) and one sidewalk for
pedestrians and bicycles. The bridge carries in excess of 100,000 vehicles a day. There is no drawspan.
Large vessels go under a new high-level bridge on the east of Mercer Island. A typical pontoon measures
354 ft (107.9 m) long, 75 ft (22.9 m) wide, including cantilevered roadway slabs, 16 ft (4.9 m) deep, and
has a water draft of 9 ft (2.7 m). The interior is divided into compartments with watertight bulkheads to
control flooding and progressive failures.
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2.10.6 New Lacey V. Murrow Bridge

Soon after the Homer M. Hadley Memorial Bridge (Figure 2.70) was opened to traffic in June 1989, the
First Lake Washington Floating Bridge (Lacey V. Murrow Bridge) was closed for renovation. The reno-
vation would upgrade the bridge to modern standards for a three-lane one-way eastbound traffic with
shoulders. Unfortunately, while undergoing renovation some pontoons took in excessive water during
a long rainstorm over the Thanksgiving weekend in November 1990. As a result, eight pontoons sank
and the remaining pontoons suffered major damages and were considered structurally unsuitable for
reuse in a major highway system. Because of the traffic demand, it was necessary to rebuild the bridge
as quickly as possible. Construction of the replacement bridge (Lwin 1993b; Lwin, Bruesch, and Evans
1995) started in January 1992 and the bridge was opened to traffic in September 1993. The contract had
an incentive clause to pay the contractor $18,500 a day for early completion. The contractor completed
the project one year early, earning a $6.7 million bonus.

One important feature of the new bridge was the use of HPC to assure low permeability and shrinkage.
The HPC contained fly ash and silica fume. The concrete had an average 28-day compressive strength of
over 10,000 psi (69 MPa). The permeability was less than 1000 Coulombs as tested in accordance with
the AASHTO T-277 Rapid Chloride Permeability Test. The shrinkage was less than 400 microstrains.
The workability of the concrete was good.

The new Lacey V. Murrow Bridge is constructed of 20 prestressed concrete pontoons rigidly con-
nected together to form a continuous floating structure. A typical pontoon measures 360 ft (109.7 m)
long, 60 ft (18.3 m) wide, and 16.75 ft (6.1 m) deep, and has a draft of 9.75 ft (3.0 m). The interior is divided
into compartments with watertight bulkheads to control flooding and progressive failures. Water sen-
sors are installed in each compartment for early detection and early warning of water entry. When water
is detected, an alarm system is activated to alert emergency response personnel. A bilge piping system
is installed in the compartments for pumping out water when necessary. These are special precaution-
ary features incorporated into the new bridge to provide early warning of water entry and to safeguard
against progressive failures.

2.11 Pedestrian Bridges
Lubin Gao

2.11.1 Introduction

Pedestrian bridges are those designed for carrying pedestrians and bicyclists rather than vehicular traf-
fic. In some circumstances, a pedestrian bridge may carry animals, horse riders, or other nonvehicular
live loads. If a bridge carries both vehicular traffic and pedestrians, it is normally not classified as a
pedestrian bridge. However, a pedestrian bridge may be required to be designed for a maintenance
vehicle if vehicular access to the bridge is not prevented by permanent physical methods.

A pedestrian bridge may span a small creek or a large river. All structural types of bridges can be
found in pedestrian bridges. In general, beams or girders are used in short-span pedestrian bridges;
trusses and arches are used in the medium-span range; and cable-supported structures are used for long
spans. In the United States, a structural type called stress ribbon has been utilized in building a number
of pedestrian bridges in the last two decades. The Lake Hodges Pedestrian Bridge, completed in 2009 in
California, set a world record for this type of bridge with a total length of 990 ft (302 m).

Wood has been the traditional material for building pedestrian bridges. Steel and concrete, the two
materials typically used in highway bridges, now dominate pedestrian bridges. In recent years, the use of
fiber-reinforced polymer (FRP) composites in pedestrian bridges has been gradually and constantly grow-
ing. With its low-maintenance, lightweight, modular construction and ease of installation, FRP composite
material has been used in prefabricated modular trusses and deck panels (Tang and Podolny 1998).
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Special considerations to aesthetics and environment generally weigh more in designing pedestrian
bridges than vehicular bridges. In urban areas, aesthetics are usually the controlling factor in selecting the
bridge type. Occasionally, the aesthetic consideration ultimately leads to the design of architectural master-
pieces, such as the Chicago’s BP Pedestrian Bridge (opened in 2004 and designed by Pritzker Prize-winning
architect Frank Gehry). In some situations, a pedestrian bridge may be required to overwhelm its surround-
ings to become a new landmark, like the Turtle Bay Sundial Bridge; in other situations, a bridge may be
required to blend into the environment with minimal visual impact, like the Lake Hodges Pedestrian Bridge.

Pedestrian bridges are typically narrower, with a greater span-to-width ratio than highway bridges.
The depth of the superstructure is normally small. The flexibility resulting from a shallow superstruc-
ture makes pedestrian bridges more susceptible to vibrations due to environmental factors, such as wind
and the pedestrians themselves. Designers of long-span pedestrian bridges are challenged to control the
magnitude of acceleration at deck level to assure pedestrian comfort.

In the United States, the AASHTO Standard Specifications for Highway Bridges (AASHTO 2002)
are also used for the repair and rehabilitation of older, existing pedestrian structures. For new pedes-
trian bridge design, the AASHTO LRED Bridge Design Specifications (AASHTO 2010a) are the govern-
ing specifications for designing pedestrian bridges. The AASHTO Guide Specifications for Design of
FRP Pedestrian Bridges (AASHTO 2008) and the AASHTO LRFD Guide Specifications for Design of
Pedestrian Bridges (AASHTO 2009) provide additional guidance on the issues requiring additional or
different treatment due to the nature of pedestrian bridges and their loadings.

2.11.2 Peter DeFazio Pedestrian Bridge

The Peter DeFazio Pedestrian Bridge (Figure 2.71) in Eugene, Oregon is a pedestrian suspension bridge
with a precast concrete deck. The bridge is one of the five pedestrian bridges crossing the Willamette
River in the Ruth Bascom Riverbank Path System (Strasky 2002). The bridge consists of two 75 ft long

FIGURE 2.71 Peter DeFazio Pedestrian Bridge, Eugene, Oregon. (Courtesy of Robert Cortright, Bridge Ink.)
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(23 m) cable-stayed side spans, a 338 ft long (103 m) suspended main span, and cast-in-place approach
spans. The concrete deck is 21 ft (6.5 m) in width and 1.33 ft (0.42 m) in thickness maximum.

The suspended spans of the deck were composed of 44 precast segments longitudinally post-tensioned
after erection with 19 0.6 in (15 mm) multistrand tendons. Each main suspension cable consists of 43
0.6 in (15 mm) strands with multiple layers of corrosion protection. The strands were internally greased
and sheathed in HDPE, installed in a galvanized carrier pipe, and cement grouted upon completion.
The cables were anchored at both ends with the bond anchorage system. The two pylons were fabricated
with structural steel. The bridge was designed by OBEC Consulting and Jiri Strasky. Kiewit Pacific Co.
was the general contractor of this project. The owner is the city of Eugene, Oregon. It cost approximately
$2.4 million.

2.11.3 Turtle Bay Sundial Bridge

The Sundial Bridge at Turtle Bay (Figure 2.72) is a cantilevered cable-stayed pedestrian bridge across
the Sacramento River in Redding, California, connecting the north and south sections of Turtle Bay
Exploration Park and serving as a gateway to the Sacramento River Trail system (Melnick 2004). It
opened on July 4, 2004.

The bridge is located in an environmentally sensitive area that requires no piers in the water of the
Sacramento River. This leads to a bridge of 722 ft (220.1 m) in length with a main span of 413 ft (126 m).
The superstructure consists of a steel triangular pipe truss and a 23 ft wide (7.01 m) translucent deck. The
truss has a bottom chord 14 in (356 mm) in diameter and two top chords 11 in (279 mm) in diameter.
The deck is made up of nonskid structural glass panels with granite accents.

There are 14 locked coil stay cables in total supporting the deck from the pylon. The cables are con-
nected to the transverse bulkheads in the deck truss and to the plate brackets on the inclined pylon.
The stay cables are not anchored along the centerline of the deck but instead divide the deck into two
walkways. The 217 ft tall (66.1 m) triangular pylon is inclined at 42 degrees and runs in a true north—
south direction. It also serves as a working sundial, casting its shadow on the north side of the bridge.
The pylon is made of steel plates varying from 1 in (25 mm) at the base to 5/8 in (16 mm) at the top. The
tapered pylon is composed of double walls stiffened with horizontal, vertical, and skewed stiffeners.

The bridge was designed by the Spanish architect Santiago Calatrava. Kiewit Pacific Co. was the gen-
eral contractor of this project. Buckland & Taylor Ltd. provided erection engineering services to the

FIGURE 2.72 Sundial Bridge, Redding, California. (Courtesy of Chad Kearney.)
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contractor for both the pylon and the deck. The owner of this project is the city of Redding, California.
It cost approximately $23.5 million.

2.11.4 Bob Kerrey Pedestrian Bridge

The Bob Kerrey Pedestrian Bridge (Figure 2.73) is a landmark cable-stayed footbridge across the
Missouri River connecting Council Bluffs, lowa to Omaha, Nebraska (Brown 2008). The bridge opened
on September 28, 2008, and was named after the former Nebraska senator who secured funding for the
project. It is one of the longest pedestrian bridges in the United States.

The bridge is more than 2224 ft (678 m) in length with a main span of 506 ft (154.2 m), providing a
navigational channel of 467 ft (142.3 m) with a minimum clearance of 53 ft (16.2 m). The two side spans
of the cable-stayed bridge are 253 ft (77.1 m) each in length. Its S-curved alignment symbolizes the flow-
ing waters of the Missouri River below. The bridge bends from one side of the first pylon to the opposite
side of the second pylon. Although the bridge alignment is horizontally curved, the superstructure seg-
ments and precast deck panels are straight-edged and identical in size and shape, and arranged to create
the “S” curve.

The deck is typically 16.33 ft (4.98 m) wide, but is widened at the midspan of the main span and two
pylon locations to provide observation areas. The depth of the precast concrete deck panels is 12 in
(305 mm) at the curbs and 3 in (76 mm) elsewhere. The steel framing consists of two W21 X 182 rolled
beams as edge girders spaced at 24 ft (7.32 m) from center to center, W21 X 62 floor beams, and W7 X
26.5 diagonal braces. The Grade 50 steel superstructure reduces the dead load and wind load that lead
to the reduction in the size of the foundation and the cables, and the amount of falsework as a result.

There are 80 stay cables in total in this bridge. Forty cables per pylon are arranged in two planes. The
cables range in diameter from 1 1/4 in (32 mm) to 2 1/8 in (54 mm) and are spaced approximately 23 ft
(7.01 m) apart at the deck. Each pylon is three-sided, 203 ft (61.9 m) tall, and supported by a single drilled
shaft of 13 ft (3.96 m) in diameter that extends approximately 85 ft (26 m) into the riverbed. The bridge was
built by the design-build method. HNTB designed the bridge. APAC Kansas, Inc. was the general contractor
of this project. The owner of this project is the city of Omaha, Nebraska. It cost approximately $22 million.

2.11.5 Lake Hodges Pedestrian Bridge

The Lake Hodges Pedestrian Bridge (Figure 2.74) is in the city of Escondido in San Diego County,
California. Its official name is the David Kreitzer Lake Hodges Bicycle Pedestrian Bridge. It was the
world’s longest stress-ribbon bridge when it opened in 2009. The bridge provides a crucial link between

FIGURE 2.73 Bob Kerrey Pedestrian Bridge, Omaha, Nebraska. (Courtesy of Wikipedia.)



Bridge Engineering in the United States 115

FIGURE2.74 Lake Hodges Bicycle Pedestrian Bridge, Escondido, California. (Courtesy of Susan Hunt Williams.)

trails in Escondido and Rancho Bernardo, eliminates a 9 mi (15 km) detour, and furnishes a safe route for
hikers and bicyclists. The bridge is located at an environmentally sensitive area. The unusual stress-ribbon
design with long spans and a thin deck created a solution with minimal ecological and visual impact.

The 990 ft long (302 m) bridge consists of three 330 ft (100.6 m) spans. It crosses Lake Hodges with
a 15 ft (4.57 m) clearance. The deck is 12 ft (3.66 m) wide. It consists of 87 precast concrete panels, with
29 panels in each span. A typical panel is 14 ft X 10 ft (4.27 m X 3.05 m). The deck panels were post-
tensioned to ensure continuity in the spans, close the transverse joints, and give the bridge its required
stiffness for live loads. The use of precast panels eliminated the need for falsework within the lake and
reduced the construction footprint. The bridge utilized 114 0.6 in. (15 mm) diameter seven-wire low-
relaxation strands in two cables as the stress ribbons.

The north abutment is supported by 15 rock anchors, 75 ft (22.9 m) deep in 11 in (279 mm) diameter
holes. The south abutment uses four drilled shafts 8 ft (2.44 m) in diameter and 90 ft (27.4 m) deep. Each
abutment measures 30 ft X 30 ft (9.14 m X 9.14 m). The bridge was designed by T. Y. Lin International.
Flatiron Construction Corporation was the general contractor of this project. The project architect was
Safdie Rabines Architects, San Diego. San Dieguito River Park Joint Powers Authority is the owner of
this project. It cost approximately $10.3 million.

2.11.6 Aurora Arch Pedestrian Bridge

The Aurora Arch Pedestrian Bridge (Figure 2.75) is in Aurora, Nebraska across Lincoln Creek, approxi-
mately 65 mi (105 km) west of Lincoln. It opened in 2004 and features the innovative use of steel and
confined concrete for the arch ribs and tension ties, and the use of FRP composite for the bridge deck
(Tuan 2004).

The bridge consists of a single span of 100 ft (30 m). The circular arch ribs have a radius of 72.5 ft
(22 m) and a rise of 20 ft (6.1 m). The arch measures 18 ft (5.5 m) from the walkway to the crown. The
inclined ribs and the ties (or bottom chords) are all 8 in (203 mm) steel pipes filled with concrete. For
the ties (bottom chords), a high-strength prestressing tendon with a polyethylene sheath is inserted
inside each steel pipe, and positioned at the center by spacers along the length of the tie (bottom chord).
Expansive concrete is pumped into the steel pipe. After the concrete is hardened, the tendon is post-
tensioned to 90 kips (400 kN) to exert precompression on the concrete inside the pipe. At same time,
the steel pipe provides lateral confinement on the concrete. As a result, the ties can carry much higher
tensile forces without causing tensile stresses in the concrete. The steel pipe is used solely to provide
lateral confinement for the concrete, and not intended to carry external loading.
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FIGURE 2.75 Aurora Arch Pedestrian Bridge, Aurora, Nebraska. (Courtesy of Christopher Tuan.)

The 10 ft wide (3 m) deck was constructed with 10 ft X 10 ft (3 m X 3 m) FRP composite honeycomb
panels for ease of installation, low maintenance, and improved durability. Two different hanger configu-
rations were used, epoxy coated strands and 1 in steel rod. Maximum loads and tension in the hangers
were monitored.

The research and development of the arch bridge design were sponsored by the Mid-America
Transportation Center (MATC), the Center for Infrastructure Research (CIR) at the University of
Nebraska-Lincoln, and the city of Aurora. The final design of the superstructure was performed by
InfraStructure, LLC. It cost approximately $100,600.

2.12 Accelerated Bridge Construction

Myint Lwin

2.12.1 Introduction

There are over 600,000 highway bridges in the National Bridge Inventory in the United States. These bridges
are over 20 ft long and on public roads. The average age of these bridges is about 43 years. Many of these
bridges were designed with a service life of 50 years. The United States is confronting an aging infrastructure
and the need to inspect, repair, rehabilitate, or replace bridges. In the last two decades the traffic demand
has grown tremendously, while highway capacity has increased little, resulting in congestion on the high-
ways. Construction activities on roads and bridges compound the traffic problems. Innovative techniques,
strategies, and technologies in construction are needed to improve quality in construction, reduce traffic
congestion, improve work zone safety, and achieve economy. The FHWA (2006, 2007, 2009 and 2011) and
AASHTO are working with the state transportation agencies, industry, and academia to accelerate the
adoption of new technologies and innovative practices in the renewal of the aging infrastructure.

2.12.2 Accelerated Bridge Construction Concepts

Accelerated bridge construction (ABC) is an innovative technology to reduce construction time and cost
on highway projects, improve construction quality and work zone safety, and reduce adverse impacts
on the traveling public. ABC uses prefabricated elements and systems extensively to ensure quality in
the constructed projects, minimize on-site disruption to traffic, and improve worker safety in the work
zone. Prefabricated elements for substructure and superstructure and complete bridge systems for rapid
bridge removal and replacement have been used for many years. With the availability of self-propelled
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modular transports and high-capacity cranes, large and heavy bridge components and systems can be
moved steadily and safely. Prefabricated systems allow bridges to be opened to traffic in days or weeks
rather than months or years.

FHWA recently launched the Every Day Counts (EDC) initiative to shorten project delivery and
accelerate the deployment of innovative technologies. One of the innovative technologies included in
the initial phase of EDC is prefabricated bridge elements and systems (PBES). PBES is defined as bridge
structural elements and systems that are built off the bridge alignment to accelerate on-site construction
time relative to conventional practice. With PBES, many time-consuming construction tasks no longer
need to be accomplished sequentially in the work zone. Instead, PBES are constructed concurrently, off-
site and/or off-alignment, and brought to the project location ready to erect. Because PBES are usually
fabricated under controlled climate conditions, weather has a smaller impact on the quality, safety, and
duration of a project. Through the use of standardized bridge elements, PBES offers cost savings in both
small and large projects. The use of rapid on-site installation of PBES can reduce the environmental
impact in sensitive areas. EDC Innovation Summits have been held throughout the United States to
promote implementation of EDC initiatives.

Another effort to promote ABC is the Accelerated Construction Technology Transfer (ACTT). FHWA,
in collaboration with AASHTO, has conducted workshops on the use of ACTT to reduce construction
time, dramatically save money, and improve safety and quality by minimizing delays and hazards asso-
ciated with work zones. The ACTT process begins with a 2- to 3-day workshop in which a multidisci-
plinary team of transportation experts works with their local counterparts to evaluate all aspects of a
project and develop recommendations to the sponsoring agency for reducing construction time and cost
and enhancing safety and quality. The sponsoring agency is responsible for evaluating and adopting the
recommendations to the extent feasible to the agency. The process has benefitted many states.

2.12.3 States Implementing ABC

ABC is gaining popularity across the United States. Many states are using various methods for imple-
menting ABC. At present, the primary methods are using prefabricated components that are built off-
site and can be quickly put in place once at the job site, or building the entire structure off-site and
moving it into place using a high-capacity self-propelled modular transporter (SPMT) or crane. ABC
can be extended to other time-consuming activities during planning, permitting, and contracting to
reduce project delivery time. Some examples of activities are right-of-way acquisition, utility relocation,
material procurement, permits, and others.

The Utah State DOT (UDOT) is one of the forerunners in embracing ABC techniques. ABC is now
standard practice in Utah. Since 1997 Utah has used ABC in over 200 settings. By accelerating project
delivery and minimizing traffic interruptions, UDOT has gained trust from political representatives
and praise from the community. For example, on I-80 at Mountain Dell and Lambs Canyon near Salt
Lake City, UDOT replaced four bridge superstructures in 37 hours over two weekends (Figure 2.76). The
bridges were built adjacent to the existing structures in the median of I-80 over a four-month period.
They were then transported to their final position by SPMTs. Using oft-site construction and SPMTs,
UDOT estimated that motorist delay was decreased by 180,000 hours, equating to a cost savings of over
$2.5 million.

The Florida State DOT used SPMTs to remove an old bridge and install a new one in a matter of
minutes (Figure 2.77). The old Graves Avenue Bridge was moved from its current position across I-4 to
the side of the road for demolition in 22 minutes in 2006. This was the first use of SPMTs in the United
States to replace a bridge across an interstate. Then, SPMTs were used to move the new spans from their
fabrication site along I-4 to the bridge location, limiting the impact on motorists to only two weekend
nights of detours and closures along the corridor.

The Connecticut State DOT used the largest mobile, land-based high-capacity crane to lift a 320 ft
long truss weighing over 850 tons into position to form the main segment of the 1280 ft long bridge that
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FIGURE 2.76 Utah uses SPMTs to replace bridges on weekends. (Courtesy of Utah DOT.)

FIGURE 2.77 Using SPMTs to remove the I-4 West Graves Avenue Bridge at night. (Courtesy of Florida DOT.)

carries Church Street South Extension over the New Haven Rail Yard (Figure 2.78). The Connecticut
State DOT specified that this portion of the bridge be completed in a single night operation over a
weekend.

The Massachusetts State DOT (MassDOT) has established an accelerated bridge program (ABP) to
significantly reduce the number of structurally deficient highway bridges in the state system. MassDOT
is relying on the use of ABC and SPMTs in construction to accelerate project development and delivery.
Since 2008, the ABP has completed 28 bridge projects, with another 61 bridge projects currently in con-
struction, and an additional 69 bridge projects scheduled to start construction in 2011. By the end of the
eight-year ABP, more than 200 bridges are planned to be repaired or replaced. A method of accelerated
bridge replacement is shown in Figure 2.79 for the replacement of the Cedar Street Bridge.

The New York State DOT used prefabricated components to replace the Belt Parkway Bridge in
Brooklyn without impacting traffic during rush hour. Using traditional construction techniques, this
replacement was scheduled to take 3-4 years to complete. Using ABC techniques, the entire project was
completed in 14 months at a final cost of 8% less than the original estimate.

The Virginia State DOT replaced the Coleman Bridge along Highway 17 over a period of nine days.
The truss and swing spans were constructed off-site at a nearby manufacturing facility down the river
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FIGURE 2.79 Accelerated replacement of the Cedar Street Bridge. (Courtesy of Massachusetts DOT.)

from the bridge, then floated to the construction site on barges (Figure 2.80). Originally, the contractor
estimated the entire process would take 12 days, but finished three days earlier than anticipated.

The Washington State DOT reduced the construction time for the replacement of the deck of the
Lewis and Clark Bridge across the Columbia River from four years to four months of nighttime closures
and three weekend closures by using SPMTs to bring in prefabricated elements for the deck replacement
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FIGURE 2.80 Prefabricated bridge being transported to the job site. (Courtesy of Virginia DOT.)

FIGURE 2.81 Using SPMT to replace deck panels. (Courtesy of Washington DOT)

project. The same SPMTs were used to remove the old deck panels off the bridge (Figure 2.81). More than
3900 ft of concrete deck paneling was installed using the SPMTs.

These are just a few examples of states implementing ABC to meet budget constraints, structural
needs in replacement or rehabilitation of structures, and the expectations of motorists for high-quality,
longer-lasting, and less-disruptive highways. Accelerated bridge construction technologies have demon-
strated benefits in building bridges safer, faster, and better. There is a need to balance speed, quality, and
economy to achieve safe, durable, efficient, and sustainable bridges.

2.13 Future Bridge Design
John Kulicki and Michael Britt

2.13.1 Introduction

The importance of maintaining and enhancing the U.S. transportation infrastructure with limited funding
resources is an ever-growing concern. At the same time, owners are demanding that bridge designs remain
functional, yet meet the aesthetic desires of affected stakeholders. They are also demanding that today’s
new and rehabilitated bridges be constructed more quickly, require less maintenance, and last longer.
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The bridge community is rising up to meet these demands. Several trends are emerging that will affect
future bridges. To allocate resources more efficiently to an aging facility, asset management plans are
being developed. More collaborative bridge type selection processes are evolving. To deliver projects more
quickly, developers of major public and private transportation projects are using a variety of project deliv-
ery methods to reduce design and construction time. These emerging initiatives are briefly explained in
the following text, along with a practical example of their application in the transportation community.

2.13.2 Asset Management
2.13.2.1 Overview

Faced with shrinking budgets, aging systems, increased traffic demands, and increased loads, many U.S.
bridge owners are developing new strategies to extend the useful service life of their facilities and get the
most out of their transportation dollars. One solution is an asset management plan that essentially fol-
lows the business processes that embody the principles of performance-based planning, programming,
and management as promoted by FHWA and AASHTO.

Essentially, asset management involves taking what is already there, caring for it, upgrading and
improving it where practical, and making it last as long as possible. As applied to bridges, this concept
means examining an existing bridge and performing all the necessary maintenance and preventive
treatments to make it last as long as possible, or until it costs more to keep up than building a new one.

2.13.2.2 Definition of Asset Management

Transportation asset management is a set of guiding principles and best practice methods for mak-
ing informed transportation resource allocation decisions and improving accountability for these deci-
sions. The term “resource allocation” covers not only allocation of money to program areas, projects,
and activities but also covers deployment of other resources that add value (staff, equipment, materials,
information, real estate, etc.). While several of these principles and practices were initially developed
and applied within the domain of infrastructure preservation, most established definitions of asset
management are considerably broader. AASHTO Transportation Asset Management Guide (AASHTO
2011), defines asset management as

a strategic approach to managing transportation infrastructure. It focuses on ... business pro-
cesses for resource allocation and utilization with the objective of better decision-making based
upon quality information and well-defined objectives.

Asset management is concerned with the entire life cycle of transportation decisions, including plan-
ning, programming, construction, maintenance, and operations. It emphasizes integration across these
functions, reinforcing the fact that actions taken across this life cycle are interrelated. It also recognizes
that investments in transportation assets must be made considering a broad set of objectives, includ-
ing physical preservation, congestion relief, safety, security, economic productivity, and environmental
stewardship.

2.13.2.3 Summary of Process

Figure 2.82 illustrates the strategic resource allocation process that embodies the following elements:

o Goals and Objectives are established and supported by performance measures through the system
planning process and used to guide the overall resource allocation process.

o Analysis of Options and Tradeoffs includes examination of options within each investment area, as
well as tradeoffs across different investment areas.

o Resource Allocation Decisions are based on the results of tradeoff analyses. These decisions involve
allocations of financial, staff, equipment, and other resources to the different investment areas and/
or to different strategies, programs, projects, or asset classes within an individual investment area.
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FIGURE 2.82 Strategic resource allocation process.

o Program and Service Delivery is accomplished in the most cost-effective manner, which again
involves consideration of different delivery options (e.g., use of contractors, consultants, in-house
forces), as well as a delivery tracking process involving recording of actions taken, costs, effective-
ness, and lessons learned to guide future activity.

o System Conditions and Service Levels are tracked to see the extent to which established perfor-
mance objectives are being addressed. This information is used to refine goals and priorities (e.g.,
put more emphasis on safety in response to an increase in crash rates).

2.13.2.4 Transportation Investment Categories

In Figure 2.82, the box labeled “Analysis of Options and Tradeofts” shows three types of investment
categories: preservation, operations, and capacity expansion. These are defined as follows:

1. Preservation encompasses work to extend the life of existing facilities (and associated hardware
and equipment), or to repair damage that impedes mobility or safety. The purpose of system pres-
ervation is to retain the existing value of an asset and its ability to perform as designed. System
preservation counters the wear and tear of physical infrastructure that occurs over time due to
traffic loading, climate, crashes, and aging. It is accomplished through both capital projects and
maintenance actions.
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2. Operations focus on the real-time service and operational efficiency provided by the transportation
system for both people and freight movement on a day-to-day basis. Examples of operations actions
include real-time traffic surveillance, monitoring, control, and response; intelligent transportation
systems (ITS); HOV lane monitoring and control; ramp metering; weigh-in motion; road weather
management; and traveler information systems. Operations will not be discussed in this section.

3. Capacity expansion focuses on the actions needed to expand the service provided by the existing
system for both people and freight. Capacity expansion can be achieved either by adding physical
capacity to an existing asset or acquiring/constructing a new facility.

These categories are defined in order to show that:

o Asset management is not just about preservation of highway network assets; it is about making
investment decisions that address a wide range of policy goals.

o The three categories provide a simple, useful way for decision-makers to align program invest-
ment categories and priorities with key policy objectives. For example, many owners have estab-
lished “preservation first” goals or favor maximizing efficiency of operations prior to investing in
new capacity. The categories may present alternative ways of meeting a policy goal. For example,
it may be appropriate to consider operational improvements to address a congestion problem as
an alternative to adding a new lane.

 Decisions about the resources allocated to each category cannot be made independently. Meeting
many goals (e.g., safety) may require a mix of investments across these categories. Similarly, an
increase in capacity expansion investments may require increased operations and preservation
expenditures at some point in time.

Tradeoff analysis may be done across investment categories as well as within them. An owner might
wish to define investment areas coincident with the categories discussed above, or they may define a
different set of categories.

2.13.2.5 Representative Project: Asset Management Plan
for a Suspension Bridge Owner

Many suspension bridges are approaching 100 years of age. Their load capacity and ability to handle
increasing traffic capacity are being challenged. Some will see an increasing need for significant reha-
bilitation, while others must provide additional lanes to handle the increasing traffic demand. The
implementation of asset management plans are seen as a means of examining the existing bridges and
performing all the necessary maintenance and preventive treatments to make them last as long as pos-
sible, or until it costs more to keep them up than to build a new one. What follows is the framework for
an asset management plan that considers preservation as well as the possibility of capacity expansion.

This asset management plan has been developed with the entire life cycle of the bridge in mind. It
focuses on the existing bridge but takes into consideration that its remaining useful life, until a major
rehabilitation is undertaken, may be limited. The plan includes planning, programming, engineering,
construction, maintenance, and operations. It recognizes that continued and sometimes significant
investment must be made to considering a broad set of objectives, including physical preservation, con-
gestion relief, safety, security, economic productivity, and environmental stewardship.

The key stakeholders in the development and implementation of the plan are the management of the
owner and the consultant team developing the plan. The plan is usually supported and reviewed by the
affected stakeholders and agencies. The plan is usually undertaken to meet the needs of the transporta-
tion facility itself and also the needs of the transportation system in and around the facility. The asset
management plan presented herein focuses on preservation and the possibility of crossing enhance-
ment. Crossing enhancement could simply mean constructing a new facility. In a more aggressive
interpretation, crossing enhancement could mean adding physical capacity to an existing asset. Both
interpretations are accounted for in the plan.
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FIGURE 2.83 Flowchart for asset management plan of the representative suspension bridge.

The plan has four legs: two dealing with preservation and two dealing with enhancing the crossing.
The initial preservation leg, bridge inspection, is usually completed with the construction of some type
of interim repairs. The second preservation leg, suspender rope and main cable evaluation, follows. The
two legs of the crossing enhancement may be undertaken simultaneously with the first two or imme-
diately after the results of the first two legs are evaluated. This usually includes the completion of the
new bridge study, the conclusion of the permitting process, and conceptual design of the new crossing.
A conceptual flowchart for the asset management plan for this suspension bridge owner is presented in
Figure 2.83.

2.13.3 Collaborative Bridge Type Selection Process
2.13.3.1 Overview

Tasked with developing new bridges, owners have had to incorporate the desires of affected stakehold-
ers along with the traditional constraints of site-specific engineering principles. Successful teams have
developed processes to balance these two often divergent forms of input. The most successful approaches
have the following benefits:

« They have a track record of success

 They are unbiased

« They provide a cost-conscious, technical, and innovative approach with a goal of addressing the
interests of all participants

o They provide a mechanism to keep the public informed of project progress

o They afford opportunities for public input as deemed necessary by the client



Bridge Engineering in the United States 125

SUBJECTIVE OBJECTIVE
Architectural * ‘ Structural
Environmental Access/ADA

HS?C@ | Conceptual Ge;tech:ical
istorical 5 ecurity
Cultural De51gn Constructability

Cost

FIGURE 2.84 Inputs to the collaborative process.

Process leaders understand the importance of making facilitated stakeholder opinion the foundation
of the process, while maintaining a balance of state-of-the-art engineering, sensitivity to the landscape,
and overall cost.

There are two very different types of input (Figure 2.84) that drive these processes from concept to
reality. These are subjective and objective and actually balance the conceptual design process to ensure
the final design is functional, within budget, constructible, and aesthetically, culturally, and environ-
mentally appealing. Subjective criteria may include aesthetic, architectural, and historical issues specific
to the project area. Objective criteria may include technical issues such as structural analysis, geotechni-
cal studies, security assessments, constructability, and cost.

To ensure eventual stakeholder acceptance of both the process of defining the visual quality of the
bridge and the result, it is vital to start with no preconceived notions. To fairly and impartially explore
options in a logical and methodical way, a structured, team-oriented approach is used as the frame-
work of analysis. These processes encompass distinct steps, and they do allow for procedural modifica-
tion as they evolve. A debriefing is usually held after the completion of each step, as well as meetings,
workshops, and open houses. This offers the owners and/or stakeholders an opportunity to “tweak” the
remaining steps based on real-time progress, findings, and budget and schedule constraints. The com-
mon steps of the most successful processes are explained in the following text.

2.13.3.2 Project Definition

Prior to taking a project to the public for dialogue and development, the project itself must be defined.
The process team establishes the technical criteria for the bridge, such as span lengths, pier locations,
vertical clearances, superstructure types, and budget. Constraints on structural design, foundation con-
ditions, grade criteria, and economic feasibility must be established as a basis for future discussions with
stakeholders and as a platform from which to begin the development of a bridge concept study report.
At this time the goals, objectives, tasks, and deliverables are reaffirmed. The work plan and schedule
will be mutually established, and administration procedures will also be established along with proper
communication procedures. At this point, interaction is primarily between the process team and the
owner’s personnel.

2.13.3.3 Education and Information Exchange

This is an information-sharing period that begins with the listening sessions and culminates with an
interactive workshop. The process team works with the owner to refine the process proposed here and
develop the preferred conceptual design. However, prior to the workshop, the process team will work
with the owner to frame out the workshop. The first workshop is critical—it is the best opportunity
to develop a plan to connect positively with the stakeholders. It is extremely important to the process
team that they establish a cooperative, trusting relationship with all parties involved. This is where the
process is refined, if necessary, and where the needs, desires, and constraints of project are drawn out.
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At the start of the workshop, specific bridge concepts will not yet have been developed. Rather, broad
structural, architectural, landscape, and other concepts will be exhibited and explained. This should
initiate open-minded information gathering. During this step, possible activities include:

« Site visits to both sides of the waterway to identify view sheds and cultural and environmental
issues

« An architectural tour of local bridges and landmarks in the region

» Guest speakers such as architectural historians, planners, and bridge maintenance engineers

During the first workshop, the owner is usually asked what features or aspects they want to see in
their bridge. These responses are often thematic in nature, such as “iconic,” “vintage,” or “gateway.” At
the end of this step, the process team and the owner will have a better understanding of each other’s
needs, have developed a collective vision for the bridge, understand the process for designing a bridge,
and have refined the required stakeholder and/or public interaction process. The stage will be set for the
first interaction with the general public. The development of baseline guidelines and evaluation criteria
usually begins to evolve. At this point, interaction expands to include stakeholders and affected com-
munities. The process team usually briefs other governmental and public agencies and public represen-
tatives as appropriate and necessary.

2.13.3.4 Concept Development

During the concept development stage, all ideas are encouraged, keeping in mind the goal of arriving
at a manageable number of concepts for the public open house. The process team will develop a variety
of bridge concepts to spark interest and discussion. These concepts are based on structure types befit-
ting the project site and based on the constraints established during the education and information
exchange. Once the team has compiled the options that appear to meet the vision of the project, fulfill
the goals and objectives, and meet any other mutually agreed upon criteria, they are ready to prepare
draft concept development manuals and have the first public open house.

At the end of the public open houses, concepts will be evaluated using a matrix approach and assign-
ing weight to each criterion. The concepts will be compared against subjective criteria such as aesth