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CHAPTER 1. INTRODUCTION

RESEARCH BACKGROUND

An extradosed bridge is a relatively new type of bridge that provides a cross between
prestressed girder bridges and cable-stayed bridges. Generally speaking, the extradosed bridge
has the appearance of a cable-stayed bridge with shorter towers; however, the bridge behaves
structurally closer to a prestressed girder bridge with external prestressing. In an extradosed
bridge, the main girder is directly supported by resting on part of the towers. Therefore, in close
proximity to the towers, the girder in an extradosed bridge can act as a continuous beam. Cables
from lower towers in an extradosed bridge intersect with the girder only further out, and at a
lower angle. With this reason, in an extradosed bridge, tension forces in the girder act more to
compress the bridge girder horizontally, rather than support it vertically; thus, the cables act as
prestressing cables for a concrete girder. The girder in an extradosed bridge can be thinner than
that of a girder bridge of a comparable span, but thicker than that of a conventional cable-stayed
bridge. Since the first extradosed bridge built in Japan in 1994, there has been a steady increase
of this type of bridge, especially in Asia. However, in most other countries, this typology still
remains unfamiliar to many engineers; the cost-effectiveness of the bridge and when this type of

bridge should be considered or selected is still not clear.

Given the intermediate design of an extradosed bridge, it is unsurprising that this type of
bridge is relatively expensive (compared to a girder bridge) and material inefficient (compared to a
cable-stayed bridge). A synthesis study examines basic configurations; overall cost-effectiveness,
together with selection processes and considerations of the extradosed bridge, is therefore needed.
This study summarizes the advantages and disadvantages of utilizing extradosed bridges, and the
methods for cost-effectiveness analyses and bridge selection procedures through a comprehensive
literature review. Surveys and interviews were conducted to obtain additional information and
insights concerning selecting an extradosed bridge. While there is no standard method/procedure in
bridge selection, the feasibility of applying methods including Life Cycle Cost Analysis (LCCA),
Value Engineering (VE) analysis, criteria-based bridge selection approaches in cost-effectiveness
analyses and bridge selections will be evaluated. This synthesis study summarizes the best

practices and existing methodologies in determining how and when an extradosed bridge is cost-



effective. Information collected through this study will help TxDOT leaders and bridge engineers

in deciding whether to build an extradosed bridge in specific situations.

RESEARCH OBJECTIVES

The objective of this project is to gather a baseline analysis of the cost-effectiveness of
extradosed bridges. This was achieved by examining extradosed bridges from a global
perspective, and looking at the advantages and disadvantages of utilizing this unique type of
bridge. Results from the project will assist TxDOT management personnel and bridge designers
in determining how and when an extradosed bridge is cost-effective and also in the best interest

of the public.

RESEARCH APPROACHES

Literature Review

A total of 120 extradosed bridges from Asia, Europe, North America, South America,
and Africa were identified through a review of over 350 technical papers, reports, theses,
dissertations, and websites. Documents in different languages including English, Japanese,
Chinese, Korean, Vietnamese, German, Spanish, Polish, Croatian, Slovenian, Serbian, Czech,
and Portuguese were included in the study. Tools including Google translation were used for
documents with languages other than English, Chinese, Korean, and Japanese. Information
regarding configurations, bridge selections, constructions, and costs from these bridges were
collected through the literature review. Statistical analyses were performed to provide a better
understanding of existing extradosed bridge configurations, costs, and bridge selection

considerations.

Interviews

As most of the literature regarding extradosed bridges identified through the review
focused mainly on technical features of extradosed bridges, obtaining valid data on costs and
selections of extradosed bridges is challenging. Based on the information collected from the
literature review, the research team worked with the Project Director (PD) and the Project
Monitoring Committee (PMC) to develop a set of questions that will help obtain additional

information and insights concerning the selection of an extradosed bridge. Factors in bridge type



selection and major considerations in selecting a new type of bridge (such as an extradosed

bridge) were examined. The research team contacted over 100 individuals that have been

involved in extradosed bridge design and/or construction regarding their willingness to

participate in telephone/email interviews. Seven experts responded and participated in the

interview. Table 1 shows a list of interviewees (three from Asia, two from Europe, and two from

North America), together with their positions, affiliations, qualifications, and specific extradosed

bridges that they have been involved in.

Table 1. Information of Interviewees.

Positions . . Extradosed
Names (Affiliations) Qualifications Bridees
Christopher Project Mgnager Involved in designs of Golden Ears Bridge and North Arm
and Specialist . . . . Bridge
Scollard, North Arm Bridge. Perform erection engineering
P. Eng (Buckland & for the Pearl Harbor Memorial Bridge Golden Ear
' ' Taylor Ltd.) Bridge
L Designed the first extradosed bridge (Odawara Odawara
. Deputy Division ) . Blueway
Akio . . Blueway Bridge), together with more than five .
Director and Chief - . . Bridge
Kasuga, . other extradosed bridges. Chief Engineer of
Engineer . oo . Tsukuhara
Ph.D., . .. .| Sumitomo Mitsui Construction (constructed more .
(Sumitomo Mitsui . . . Bridge
P. Eng. . than 10 extradosed bridges). Published multiple L
Construction) . . Ibi River
technical papers related to extradosed bridges. .
Bridge
Engineer of record on the Pearl Harbor Memorial
Steven L. . ' Bfldge. Recently completed a dissertation enjutled Pear] Harbor
Vice President On the Development of the Extradosed Bridge .
Stroh, Ph.D., . » . ) . Memorial
P. Eng (URS Corporation) Concept” from the University of South Florida. Bridge
' ' Involved in the design of the St. Croix River
Crossing Bridge.
Jiri Strasky, Teczlrllzicgggierctor Engineer of record on the Povazska Bystrica Povazska
Prof., DSc., Bridge. Involved in the design of the St. Croix Bystrica
P.E (Strasky, Husty and River Crossing Bridge Bridge
o Partners, Ltd.) & & &
Engineer
Deong- (DongMyeong
Hwan Park Engineering Designed multiple extradosed bridges NA
Consultants Co.,
Ltd)
Sun-Joo Engineer (Yooshin | Designed Gack-Hwa 1st Bridge, Dae-Ho Grand | Guemgang Ist
Choi Engineering Corp.) Bridge, and Guemgang 1st Bridge. Bridge
Viktor Structural Engineer Architect and constructor of the Puhov Bridge.
Markel; and Manager Published multiple articles regarding the Puhov Puhov Bridee
P En ), (PONTING d.o.0. Bridge. Faculty member of Civil Engineering, &
- Hhe Maribor) University of Maribor, Slovenia.
. Engineer . . . .
Aivar-Oskar (Jarelpinge Responsible for Smuuli extradosed bridge design Smuuli Bridge

Saar

Inseneribiiroo OU)

and construction.




In order to increase response rates, the research team originally considered using forms
for both online surveys and telephone/email interviews in collecting feedback. However, because
of the small number of interviewees identified, with the consulting of PD and PMC, the research
team decided to use only interviews in this study. Also, as English is not their native language,
most of the interviewees preferred email interviews. Interview questions developed in the study
targeted contractors, designers, and architects who have experience in extradosed bridges. A set
of 18 questions covering bridge constructions, reasons of bridge selection, costs of construction,
advantages and disadvantages, and maintenance and repairs was included in the interview. A
template of email and a list of interview questions are included in Appendix C. At the request of
two interviewees, the interview questions were translated in Korean and provided to the

individuals. Appendix C has a copy of the responses from all seven interviewees.

Case Studies

The main object of the research project is to better understand how and why extradosed
bridges were selected or not selected. However, the selection of final bridge alternatives
depended on specific site conditions, together with many other considerations. Case studies
could therefore serve as a better channel in explaining bridge selection among different
alternatives. A total of four case studies with detailed information of bridge alternatives, bridge

selection criteria, considerations, cost analyses, and processes were included in the study.

SCOPE OF RESEARCH AND ORGANIZATION OF THE REPORT

The report represents the project summary report for TxXDOT Project 0-6729. The
following describes the report’s organization by chapter.

e Chapter 1 presents the general background, research objectives, research approaches, and
scope of the project.

e Chapter 2 summarizes the history, general concept and configuration, practices and
considerations in the construction and maintenance of extradosed bridges.

e Chapter 3 presents the results from statistical analyses of extradosed bridges through
information collected from literature reviews and interviews.

e Chapter 4 summarizes the cost information of extradosed bridges collected from

literature review, and interviews, together with special sources.



Chapter 5 summarizes the advantages and disadvantages of extradosed bridge and major
reasons in selecting extradosed bridges. Case studies with detailed information of bridge
alternatives, bridge selection criteria and considerations, and cost analysis were also
included in the chapter. Recommended bridge selection considerations and processes
were also included.

Chapter 6 summarizes the major findings and conclusions from the study.

Recommendations for future research are also presented.






CHAPTER 2. GENERAL ASPECTS OF EXTRADOSED BRIDGES

HISTORY OF EXTRADOSED BRIDGES

The structural concept of extradosed bridge was first proposed by Jacques Mathivat in
France at 1988 (Mathivat, 1988). In the document, the concept of extradosed referred to situation
where tendons were installed outside and above the main girder and deviated by short towers
located at supports. While the intrados is defined as the interior curve of an arch, or in the case of
a cantilever-constructed girder bridge, i.e., the soffit of the girder, the extrados is defined as the
uppermost surface of the arch. The term “extradosed” was used by Mathivat to appropriately
describe an innovative cabling concept he developed for the Arrét-Darré Viaduct (see Figure 1),
in which external tendons were placed above the girder instead of within the cross-section as
would be the case in a girder bridge. To differentiate these shallow external tendons from stay

cables found in a cable-stayed bridge, Mathivat called them “extradosed” prestressing.

Figure 1. “Extradosed” Concept at Arrét-Darré Viaduct (picture adapted from Virlogeux
1999).

The development of the extradosed bridge may have been influenced by other types of
unconventional cantilevered bridges in which top tendons rise above the girder level in the
negative moment regions. By locating prestressing cables in the walls above the girder, the
capacity of girder slab in compression can be utilized in negative moment regions (over the
piers), which leads to a more efficient structure comparing to a conventional box girder bridge.
Cable-panel bridges and finback bridges, both inspired by the desire to reduce the self-weight of

cantilever constructed girder bridge, were two of the bridge types that were generally considered
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to have influenced the evolvement of the extradosed bridge concept (Stroh 2012; Mermigas

2008; Benjumea et al. 2010).

Figure 2. Finback Bridge—Barton Creek Bridge (photo from the Authors).

While a finback bridge has a wall containing the negative moment tendons that are
monolithic with the girder creating a single section, a cable-panel bridge has a wall that is
detached from the girder section, serving more as passive protection for the cables. The
“finback” is a prestressed beam with a highly variable depth of prestressing. The finback design
is unique for having internal cables at their highest as they pass over piers, which are enclosed in
a wall or “fin’ of concrete. The double hump profile may look similar to a cable-stayed or an
extradosed bridge, but the engineering concept is more in common with a pure beam bridge.
Many people consider the lower profile of a finback bridge to be more attractive than a
conventional prestressed beam bridge. In other words, a finback bridge is a prestressed concrete
beam bridge in which haunches are inverted above the road girder at piers, rather than below.
Haunches are defined as part of girders that are thicker over piers, usually coming to a downward
point. The finback is unique because only a single girder is haunched as fins in the center of the
structure.

The Barton Creek Boulevard Bridge at Austin, Texas, is one of the few prestressed
concrete finback bridges constructed and America’s only example of a concrete finback beam

bridge (see Figure 2). The bridge connects Austin to the estates of Barton Creek over an



environmentally sensitive gorge. The finback bridge design was chosen as it would be a visible
landmark into estates from above the bridge and it would consequently attract publicity to the
development (Gee 1991). Also, preliminary design costs estimated found that the finback bridge
with a main span of 341 feet was comparable to a conventional cantilever box girder bridge (Gee

1991).

Figure 3. Cable-Panel Bridge—Ganter Bridge (photo adapted from lookbridges.com 2012).

The Ganter Bridge (see Figure 3), located in Switzerland, is the first and most
well-known cable-panel bridge with a main span of 571 feet, which takes a roadway over a deep
valley at heights of up to 459 feet above the valley floor. The Ganter Bridge applied a
superstructure composed of a prestressed box girder by concrete wall-embedded cables and stiff
piers, which enable the bridge to withstand strong winds in the zone. The roadway runs parallel
to the valley on either side, while the bridge crosses at a skew, which necessitates sharp curves at
both ends of the bridge. Besides, the bridge had two unique design requirements: tall and stiff
piers for a better resistance against high winds through the valley and a very narrow roadway for
a bridge of this maximum span length. While a conventional cantilever constructed box girder
bridge would have been technically feasible, the design decision was made with aesthetics in
mind (Mermigas 2008; Benjumea et al. 2010).

Figure 4 shows a comparison of general layouts of finback, cable-panel, and extradosed
bridges. While cable-panel bridges and finback bridges bear some resemblance to extradosed

bridges, they differed in appearance and stiffness, and cables cannot be easily replaced since these
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are encased in concrete walls. According to Virlogeux (1999), concrete walls in cable-panel and
finback bridges have two drawbacks: (1). tendons cannot be replaced; and (2). there is a cost to
construct concrete walls. Even though the additional cost of the protection system for stay-cables
would have exceeded the cost of walls, their use is only economical in shorter spans since concrete
walls add dead load to cable-panel and finback bridges. In terms of aesthetics, the stay-cable
extradosed bridges offer a lighter appearance than heavy concrete walls of finback and cable-panel
bridges. Even with a similar structure concept compared to extradosed bridges, as finback and
cable-panel bridges types have the stays encased in concrete and exhibit different behavior under

live loads, they are not to be considered in this study.

Figure 4. Typical Layouts of Finback, Cable-Panel and Extradosed Bridges.

Odawara Blueway Bridge (Figure 5), completed in 1994, was the first extradosed bridge
constructed in the world. A 400-foot main span was required at the bridge location in order to
provide sufficient navigation clearances. As the very first bridge of its kind, the design of
Odawara Blueway followed Mathivat’s “extradosed” theory with a lower tower height compared
to conventional cable-stayed bridges (Ogawa and Kasuga 2008). During the bridge selection
process, several bridge types appropriate for this span length were considered: the conventional
rigid frame girder bridge, cable-stayed bridge, and extradosed prestressed bridge. Although no
examples of this bridge type had been previously built, the Japan Highway Public Corporation
made a decision in selecting the extradosed bridge type due to the superior appearance provided
local landmark and “gateway” to the port, together with lower costs (Mermigas 2008; Benjumea

et al. 2010; Kasuga 2012). It should be pointed out that as it is commonly expected that an
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extradosed bridge design generally leads to a lower cost compared to that of a cable-stayed
bridge; the extradosed bridge also provides a lower cost compared to a girder bridge when the
total cost is considered. Cost savings include reduced costs required to raise bridge elevations to
provide the necessary navigation clearances as compared to the deeper girders of conventional

girder bridges.

Figure 5. First Extradosed Bridge—Odawara Blueway Bridge.

CONFIGURATION AND DEFINITIONS OF EXTRADOSED BRIDGES

An extradosed bridge has a hybrid design combining the concepts of a girder bridge and a
cable-stayed bridge, with the girder directly supported by resting on part of towers while
cable-stays act as prestressing cables for a concrete girder. While girders in an extradosed bridge
are normally stiffer than those in a typical cable-stayed bridge, the cable angle in an extradosed
bridge is generally flatter and functions essentially as external post-tensioning. The term
“extradosed bridge” is used to describe a cable-stayed bridge with a stiff girder that carries live
loads through flexural behavior.

As mentioned earlier, Mathivat (1988) made the fundamental distinction that the basic
role of cables in an extradosed bridge is to provide horizontal prestress to the girder instead of to
develop elastic vertical actions, as is the case of traditional cable-stays. In the same paper,
Mathivat proposed the extradosed bridge as an alternative bridge concept and suggested using
the tower height-to-span ratio as a differentiating feature between the two bridge types, with
cable-stayed bridges defined by tower height-to-span ratios of approximately 1/5 and extradosed
bridges defined by ratios of approximately 1/15.

Ogawa and Kasuga (1998), on the other hand, suggested defining an extradosed bridge
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by the so-called stiffness ratio between stay cables and the girders, in which the stiffness ratio
was defined as “load carried by stay cables divided by total vertical load.” A boundary of 30% is
recommended between cable-stayed and extradosed bridges, with a ratio of less than 30% to be
defined as extradosed bridges. Consequently, stays in cable-stayed bridges are designed to a
maximum allowable tensile stress of 0.45f,, (where f;,, is the ultimate tensile stress of the cable),

and a value of 0.60 can be used for extradosed bridges. Table 2 summarizes comparisons among

girder bridges, extradosed bridges, and cable-stayed bridges. In the table, L refers to main span

length.
Table 2. Comparison of Girder, Extradosed, and Cable-Stayed Bridges.
Girder Bridge Extradosed Bridge Cable-stayed Bridge
Typical t
Layout \‘E}J>7
Cable
Support
Arrangement
|
|
Shear
Diagram
e
Girder Variable Constant/Variable Constant
Thickness L/50 to L/15 L/50 to L/30 L/100 to L/50
Tower NA L/15 to L/8 L/5 to L/4
Height
Internal and external
Prestress External prestress Cable stays
prestress
Max cable NA 0.60f,, 0.45f,
stress

While there are more than 100 extradosed bridges constructed or currently under

construction worldwide, in general, there is no widely accepted definition of extradosed bridges.

Due to the similar appearance and lack of a clear definition, extradosed bridges are often

mistaken as cable-stayed bridges, or vice versa. During the course of literature surveys and

interviews of this study, the research team identified several cable-stayed bridges that were

previously classified as extradosed bridges in other literatures.
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With the exception of Japan, there is no widely accepted design rule and/or code that
provide design standards for extradosed bridges. According to Kasuga (2006), a design method
for stay cables is allowed to be used for extradosed bridges in the Japanese design code
(Specifications for Design and Construction of Cable-Stayed Bridges and Extradosed Bridges),
in which the allowable tensile strength was varied for the stay cables based on the fatigue design.
The reference is available only in Japanese language. In addition, the method does not define
extradosed bridges; rather, it provides a transition between extradosed bridge cables and stay

cables.

EXTRADOSED BRIDGE CONSTRUCTION

According to the information collected, most extradosed bridges used the same
construction method, i.e., free/balanced cantilever (Stroh 2012). The method is often used in a
medium or long main span (200 to 500 feet) bridge. The free cantilever technology consists of
developing the bridge structure by individual parts, i.e., the so-called segments. During the
construction, segments of spans are usually cast in-situ with 10 to 15 feet per piece. Spans extend
from the top of a pier with segments adding to each side of the pier once a time until meet at the
mid span. When it is difficult or impossible to erect scaffolding such as building a bridge in deep
valley or river, the free/balanced cantilever method is the proper technology to use. A sketch of
the construction concept and the sequence of free cantilever extradosed bridge construction can

be found in Figure 6 and Figure 7 respectively.

Main Frame
End span constructed
using Farm Traveller

\ e rﬂ_‘kﬂ Bridge
£ £

Farm Traveller

Anchoring Jack/ ; Fronk Transverse Truss Farm Traveller

Rall Bearn l ¢ Outer Roller  Stitching Bcam /

I Abutment

']a'& N
P:l E*‘- End Span Falsework \ Closure Stitch Formwork
'I,I Laower Front Transverse Beam
Temporary Suppart

Lower Rear Transverse Beam

Figure 6. Construction of Extradosed Bridge (adapted from vsl.cz 2012).

13



Figure 7. Major Extradosed Bridge Erection Sequence (adapted from Stroh 2012)

The main advantage of the free/balanced cantilever construction method is its structural
efficiency. In this type of method, bridge segments can be prepared rapidly in-situ because the

installation and casting of segments can be processed at the same time. As an alternative,
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segments can also be cast during the substructure construction period. An example of pylons and
pier tables, together with travelers in extradosed bridge construction with the free/balanced
cantilever method is shown in Figure 8. The disadvantage of the free/balanced cantilever method
is the possible limitation of in-situ casting space. If segments are prepared elsewhere and then
delivered to the jobsite, the transportation method needs to be considered carefully. For example,
the transportation route should be selected well and help with traffic control during

transportation will be needed.

(a) Pylon and Pier Table

(b) Form Traveler

Figure 8. Example of Free Balanced Cantilever Method for Extradosed Bridge
Construction (Ritto Bridge) (adapted from tripod.com 2012).

EXTRADOSED BRIDGE MAINTENANCE

As most of extradosed bridges are still relatively new, there is not much information

regarding maintenance and repair of such bridges. However, information collected from
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interviews conducted from this study indicated that even though there is no specific data to
support the statement, there is no reason to expect that extradosed bridges will result in higher
maintenance costs or efforts compared to other common bridge types. Compared to cable-stayed
bridges, extradosed bridges have similar inspection items, but there is likely to be lower
maintenance/inspect efforts or costs due to the lower numbers of cables and lower towers.
However, compared to girder bridges, extradosed bridges could involve higher costs and efforts
in maintenance or inspection due to the stay cables, anchorages, vibration dampers, towers,
internal anchor boxes, and grounding system (lighting protection) that would not be expected in

a typical girder bridge.

SUMMARY

The extradosed bridge has a hybrid design with the girder directly supported by resting
on part of towers while cable stays act as prestressing cables for a concrete girder. The basic role
of cables in an extradosed bridge is to provide horizontal prestress to the girder instead of to
develop elastic vertical actions, as is the case of traditional cable stays. However, there is no
widely accepted definition of an extradosed bridge. Mathivat suggested using the tower height-
to-span ratio as the differentiating feature between the two bridge types, with cable-stayed
bridges defined by tower height-to-span ratios of approximately 1/5 and extradosed bridges
defined by ratios of approximately 1/15. Meanwhile, Ogawa and Kasuga suggested defining an
extradosed bridge by the stiffness ratio (the load carried by stay cables divided by total vertical
load) of less than 30%. Further study is needed to justify what is the most appropriate definition
of an extradosed bridge. With the exception of Japan, there is no widely accepted design rule or
code that provides design standards for the extradosed bridge type. The Japanese design code
(Specifications for Design and Construction of Cable-Stayed Bridges and Extradosed Bridges) is
available only in Japanese language. The method does not define an extradosed bridge; rather, it
provides a transition between an extradosed bridge cable and a stay cable. Most of extradosed
bridges documented used the free/balanced cantilever construction method. Even though there is
no specific data to reflect maintenance costs and efforts of extradosed bridges, costs or efforts are

not expected to be higher compared to other common bridge types.
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CHAPTER 3. REVIEW OF EXTRADOSED BRIDGES

GENERAL INFORMATION OF EXTRADOSED BRIDGES

Since the first extradosed bridge constructed in 1994, the number of extradosed bridges
being built or have been built rose quickly over the last couple decades. In order to better
understand the general configurations of extradosed bridges and trends of development, a
literature survey was conducted to summarize statuses, structural features, costs, and major
reason(s) in bridge selection from all extradosed bridges identified from literature. A total of 120
extradosed bridges from Asia, Europe, North America, South America, and Africa were
identified through the review of nearly 350 technical papers, reports, theses, dissertations, and
websites. Documents in different languages including English, Japanese, Chinese, Korean,
Vietnamese, German, Spanish, Polish, Croatian, Slovenian, Serbian, Czech, and Portuguese were
included in the study. Tools including Google™ translation were used for languages other than
English, Chinese, Korean, and Japanese. Appendix A lists the 120 extradosed bridges, together
with references identified for each of the bridge. A list of the 120 bridges and configurations of
bridges are presented in Table 3 and Table 4 respectively. Appendix B presents detailed
information of the 120 bridges, including photos and drawings of layouts and cross sections of

the bridges.
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Table 3. General Information of Extradosed Bridges.

Bridge Location Year | Use Dcllcr):tsit(;lic(ﬁllll)

1 Odawara Blueway Bridge Odawara, Japan 1994 | Road 22
2 Tsukuhara Bridge Hyogo, Japan 1997 | Road 44
3S Yashiro Bridge-South Bound Nagano, Japan 1997 | Rail
3N Yashiro Bridge-North Bound Nagano, Japan 1997 | Rail

4 Kanisawa Bridge Japan 1998 | Road

5E | Shin-Karato Bridge (Okuyama Bridge)-East Bound Kobe, Japan 1998 23
5W | Shin-Karato Bridge (Okuyama Bridge)-West Bound Kobe, Japan 1998 23

6 Sunniberg Bridge Klosters, Switzerland 1998 | Road 30

7 Mitanigawa Bridge (Santanigawa Bridge) Japan 1998 | Road

8 Sapporo Railway Bridge Sapporo, Japan 1999 | Rail 27

9 Second Mactan-Mandaue Bridge Mandaue, Philippines 1999 | Road 37
10 Pont de Saint-Rémy-de-Maurienne Bridge Saint-Rémy-de-Maurienne, France 1999 | Road

11 King Hussein Bridge Jordan 1999 | Road

12 Pakse Bridge Between Pakse Laos and Phonthong Thailand | 2000 | Road 24
13 Sajiki Bridge Japan 2000 | Road

14 Shikari Bridge Hokkaido, Japan 2000 | Road 29
15 Surikamigawa Bridge Japan 2000

16 Wuhu Yangtze River Bridge Wuhu, China 2000 | Hybrid 42
17 Yukizawa Bridge Japan 2000 | Road

18 Hozu Bridge Kyoto, Japan 2001 | Road

19 Ibi River Bridge (Ibigawa Bridge) Nagashima-cho, Japan 2001 | Road 33
20 Kiso River Bridge (Kisogawa Bridge) Nagashima-cho, Japan 2001 | Road 33
21 Miyakoda River Bridge (Miyakodagawa Bridge) Shizuoka, Japan 2001 | Road 55
22 Nakanoike Bridge Japan 2001

23 Zhangzhou Zhanbei Bridge Zhangzhou, China 2001 | Road

24 Fukaura Bridge Japan 2002

25 | Koror-Babeldaob (Japan—Palau Friendship) Bridge Koror, Palau 2002 | Road 60
26 Sashikubo Bridge Shingou-mura Japan 2002 | Road

27 Shinkawa (Tobiuo) Bridge Hamamatsu, Japan 2002 | Road 33
28 Tongan Yinhu Bridge Xiamen, China 2002 | Road

29 Changcheng Yunhe Bridge Changzhou, China 2003 | Road 15
30 Deba River Bridge Guipuzcoa, Spain 2003 | Road

31 Xiaoxihu Yellow River Bridge Lanzhou, China 2003 | Road 24




61

Construction

Bridge Location Year | Use Duration (mth)

32 Shanxi Fenhe Bridge Linfen, China 2003 | Road
33 JR Arakogawa Bridge Aichi, Japan 2003 | Rail 15
34 Himi Bridge Nagasaki, Japan 2004 | Road
35 Korong Bridge Budapest, Hungary 2004
36 Tatekoshi (Matakina) Bridge Okinawa, Japan 2004
37 Shin-Meisei Bridge Japan 2004
38 Yinchuan Beierhuan I Bridge Yinchuan, China 2005 | Road 25
39 Shugian Nanerhuan Bridge Shugian, China 2005 | Road 24
40 Brazil-Peru Integration Bridge Between Assis Brasilm, Brazil and Ifiapari, Peru | 2005 | Road

41 Sannohe-Boukyo Bridge Aomori, Japan 2005 | Road

42 Lishi Gaojia Bridge Sanxi, China 2005 | Road

43 Lita Bridge Yinchuan, China 2006 | Road

44 Pingdingshan Zhanhe I Bridge Pingdingshan, China 2006 | Road

45T Ritto (Rittoh) Bridge—Tokyo Bound Japan 2006 | Road

450 Ritto (Rittoh) Bridge—Osaka Bound Japan 2006 | Road

46 Nanchiku Bridge Japan 2006 | Road

47 Rio Branco Third Bridge Rio Branco, Brazil 2006 | Road

48 Liuzhou Sanmenjiang Bridge Liuzhou, China 2006 | Road 25
49 Tagami Bridge Japan 2006
50 Tokunoyamahattoku Bridge Ibigawa, Japan 2006 | Road 22
51 Yanagawa Bridge Nagasaki, Japan 2006 | Road 34
52 Huiqing Huanghe Bridge Shandong, China 2006 | Road 32
53 Kaifeng Huanghe 11 Bridge Kaifeng, China 2006 | Road 26
54 Fuzhou Pushang Bridge Fuzhou, China 2006 | Road 28
55 Chaobaihe Bridge Beijing, China 2006 | Road
56 Homeland (Domovinski) Bridge Zagreb, Croatia 2007 | Rail 60
57 Bridge of the European Union Konin, Poland 2007 | Road
58 Hemaxi Bridge Guangdong, China 2007 | Road
59 Yudaihe Bridge Beijing, China 2007 | Road
60 Ailan Bridge Puli, Taiwan 2007 | Road
61 Nymburk Bypass Bridge Nymburk, Czech Republic 2007 | Road
62 Puh (Puhov) Bridge Ptuj, Slovenia 2007 | Road 19
63 Shindae First Bridge Chungcheongnam-do, Korea 2007 | Road
64 Smuuli Bridge Tallinn, Estonia 2007
65 Gum-Ga Grand Bridge Chung Ju, Korea 2007 | Road
66 Second Vivekananda Bridge Kolkata, India 2007 | Road
67 Gack-Hwa First Bridge Gwangju, Korea 2007 | Road 33




0¢

Construction

Bridge Location Year | Use Duration (mth)
68 Pyung-Yeo Il Bridge Yeosu, Korea 2008 | Road
69 Dae-Ho Grand (Cho-Rack) Bridge Dangjin, Korea 2008 | Road 44
70 Hirano Bridge Osaka, Japan 2008 | Rail
71 Sannai—-Maruyama Bypass Bridge Hachinole to Shin-Aomori, Japan 2008 | Rail 36
72 Ma-Tsu Bridge Yunlin, Taiwan 2008 | Road
73 North Arm Bridge Vancouver, Canada 2008 | Rail
74 Sannai—-Maruyama Bridge Aomori, Japan 2008 | Road
75 Trois-Bassins Viaduct Bridge Reunion, France 2008 | Road 33
76 Hidasie Bridge Blue Nile Gorge, Ethiopia 2008 | Road
77 Riga South(ern) Bridge Riga, Latvia 2009 | Road 48
78 Golden Ears Bridge Vancouver, Canada 2009 | Road
79 Karnaphuli III Bridge Chittagong, Bangladesh 2009 | Road 38
80 Kyong-An Bridge Kyong-An, Korea 2009
81 Husong Bridge Zhuzhou, China 2009 | Road
82 Xianshen River Bridge Shanxi, China 2009 | Road
83 Ankang Qiligou Bridge Shanxi, China 2009 | Road
84 Incheon Bridge Incheon, Korea 2009 | Road 36
85 Qishan Bridge Gaoxiong, Taiwan 2010 | Road
86 Choqueyapu Bridge La Paz, Bolivia 2010 | Road
87 Kantutani Bridge La Paz, Bolivia 2010 | Road
88 Orkojahuira Bridge La Paz, Bolivia 2010 | Road
89 Povazska Bystrica D1 Motorway Viaduct Povazska Bystrica, Slovakia 2010 | Road 22
90 Teror Viaduct Gran Canaria Island, Spain 2010 | Road 22
91 New Amarube Bridge Japan 2010 | Rail
92 Immobility Bridge Japan 2011 | Road 84
93 Un-am Grand Bridge Jeonbuk, Korea 2011 | Road 86
94 Panyu Shanwan Bridge Guangzhou, China 2011 | Road
95 Jiayue (Nanping) Bridge Chongqing, China 2011 | Hybrid
96 Tisza Bridge More Ferenc, Hungary 2011 | Road
97 Hwangdo Grand Bridge Changgi-ri, Korea 2011 | Road 61
98 Nokan Bridge Busan, Korea 2011 | Road
99 Guemgang I Bridge Sejong City, Korea 2012 | Hybrid 52
100 Qinxiu Bridge Lugu, Taiwan 2012 | Road
101 Hualiantai Fengping Bridge Hualian, Taiwan 2012 | Road 30
102 Dazhihe Bridge Shanghai, China 2012 | Road
103 Najin Bridge Tibet, China 2012 | Road 22
104 La Massana Bridge La Massana, Andorra 2012 | Road




Bridge Location Year | Use Di(::tsigsc(ﬁlﬁ)
105 Naluchi Bridge Muzaffarabad, Pakistan 2012 | Road 33
106 Waschmuhl Viaduct Kreos, Germany 2012 | Road
107 | New Pearl Harbor Memorial (Quinnipiac) Bridge New Haven, US 2012 | Road 60
108 Changshan Bridge Daliang, China 2013 | Road 24
109 Ningjiang Shonghuajiang Bridge Jilin, China 2013 | Road 36
110 Half Sky Overpass Bridge Lugu, Taiwan 2013 | Road 20
111 Yongjin Bridge Sang-ri, Korea 2014 | Road 31
112 Gangchon 2nd Bridge Banggok-ri, Korea 2014 | Road
113 Saint Croix River Bridge Houlton/Still Water, United States 2014 | Road
114 Sanguanjiang Bridge Wuhan, China 2015 | Road 42
115 Brazos River Bridge Waco, United States 2015 | Road
116 Naericheon Bridge Sangnam Inje Kangwon, Korea 2015 | Road
117 Yaro Grand Bridge Yaro Myun, Korea 2015 | Road 54
118 Pyung-Taik Grand Bridge Pyung-Taik City, Korea 2016 | Road 60
119 Beixi Hechuan Bridge Nanao, Taiwan 2016 | Road
120 Kinmen Bridge Kinmen, Taiwan 2016 | Road

Note: In the table, the term of “hybrid” refers to bridges serve the purpose of both road and rail (or light rail), or road with pedestrian or bike underneath.
()
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Table 4. Summary of Configurations of Extradosed Bridges.

. Sm Si S.w/H Dn, Dy Dy | Sw/D | Su/
Bridge Name #. | Mat | #g #r (ft) (ft) H, (ft) [ D¢y (f) (ft) (f) i D,
1 Odawara Blueway Bridge 2 C 3 2x2 400 | 886 35.1 114 | Var | 7.2 | 11.5 | 43.6 | 555 | 349
2 Tsukuhara Bridge 1 C 3 | 2x2x2 | 591 | 1060 52.5 113 | Var | 98 | 18.0 | 42.0 | 60.0 | 32.7
3S Yashiro Bridge-South Bound C 4 3x2 344 | 1115 394 8.8
3N Yashiro Bridge-North Bound C 3 2x2 295 | 656 32.8 9.0
4 Kanisawa Bridge C 3 2x2 591 | 1242 72.5 8.1 Var | 10.8 | 184 | 574 | 545 | 32.1
SE Shin-Karato (Okuyama) Bridge—East 2 C 3 | 2x2x2 | 394 | 847 39.4 100 | Var | 82 | 11.5 | 31.8 | 48.0 | 343
SW Shin-Karato (Okuyama) Bridge—West 3 C 3 | 2x2x2 | 459 | 929 39.4 117 | Var | 82 | 11.5 | 41.5 | 56.0 | 40.0
6 Sunniberg Bridge C 5 4x2 459 | 1726 48.6 95 | Con | 3.6 3.6 | 40.6 | 127.3 | 1273
7 Mitanigawa (Santanigawa) Bridge 2 C 2 1x1 305 | 495 41.3 74 | Var | 82 | 213 | 669 | 372 | 143
8 Sapporo Railway Bridge C 2 182 | 364 32.5
9 Second Mactan—Mandaue Bridge 3 C 3 2x2 607 | 1339 59.1 103 | Var | 10.8 | 16.7 | 59.1 | 56.1 | 36.3
10 Pont de Saint-Rémy-de-Maurienne Bridge C 2 2x1 172 | 331 19.4 89 | Con | 7.1 7.1 44.0 | 244 | 244
11 King Hussein Bridge 3 C 3 2x2 171 | 394 Var | 49 8.2 62.0 | 34.7 | 20.8
12 Pakse Bridge 1 C 3 2x2 469 | 1173 49.2 9.5 | Var | 9.8 | 213 | 453 | 47.7 | 22.0
13 Sajiki Bridge C 3 2x2 344 | 736 38.5 89 | Var | 69 | 105 | 36.1 | 50.0 | 32.8
14 Shikari Bridge C 5 4x1 459 | 1995 32.8 14.0 | Var | 98 | 19.7 | 92.1 | 46.7 | 233
15 Surikamigawa Bridge C 1 278 54.1 5.1 Var | 9.2 | 164 | 302 | 303 | 17.0
16 Wuhu Yangtze River Bridge Hy 3 2x2 | 1024 | 2205 114.8 89 | Con | 443 | 443 | 76.8 | 23.1 | 23.1
17 Yukizawa Bridge 2 C 2 233 | 464 37.7 62 | Var | 6.6 | 11.5 | 51.8 | 355 | 203
18 Hozu Bridge 1 C 3 2x2 328 | 827 32.8 10.0 | Con | 9.2 9.2 535 | 357 | 357
19 Ibi River Bridge (Ibigawa Bridge) 4 Hp 6 5x1 891 | 4583 98.4 9.1 Var | 14.1 | 24.0 | 108.3 | 63.1 | 37.2
20 Kiso River Bridge (Kisogawa Bridge) 4 Hgp 5 4x1 902 | 3757 98.4 9.2 | Var | 14.1 | 24.0 | 108.3 | 64.0 | 37.7
21 Miyakoda River (Miyakodagawa) Bridge 2 C 2 1x3 440 | 879 65.6 6.7 Var | 13.1 | 21.3 | 65.3 33.5 | 20.6
22 Nakanoike Bridge 2 199 | 398 38.7 5.1 Var | 82 | 13.1 | 70.2 | 242 | 15.2
23 Zhangzhou Zhanbei Bridge 3 C 3 2x1 433 | 963 54.1 80 | Var | 79 | 125 | 88.6 | 55.0 | 34.7
24 Fukaura Bridge 5 295 | 959 27.9 10.6 | Var | 82 9.8 | 449 | 36.0 | 30.0
25 Koror-Babeldaob (Japan-Palau Friendship) Bridge Hg 3 2x2 810 | 1348 87.3 9.3 Var | 11.5 | 23.0 | 38.1 70.6 | 353
26 Sashikubo Bridge C 2 1x2 374 | 748 72.2 52 | Var | 105 | 21.3 | 37.1 | 356 | 175
27 Shinkawa (Tobiuo) Bridge 3 C 3 2x1 427 | 986 42.7 10.0 | Var | 79 | 13.1 | 84.6 | 542 | 325
28 Tongan Yinhu Bridge 3 C 2 1x1 262 | 525 103.3 2.5 Var | 79 | 125 | 88.6 | 333 | 21.1
29 Changcheng Yunhe Bridge 3 C 3 2x2 394 | 854 101.7 39 | Var | 85 | 135 | 919 | 462 | 29.3
30 Deba River Bridge C 3 2x2 217 | 492 39.0 55 | Con | 8.9 89 | 456 | 244 | 244
31 Xiaoxihu Yellow River Bridge 3 C 3 2x2 446 | 979 55.8 80 | Var | 85 | 148 | 90.2 | 523 | 30.2
32 Shanxi Fenhe Bridge C 3 2x3 492 | 1083 118.1 4.2 85.3
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. S S Sw/H Dy, D, D, | Sw/D | Su/
Bridge Name #. | Mat | #s #r (ft) (ft) H; (ft) t Dy (ft) (ft) (f) . D,
33 JR Arakogawa Bridge C 3 295 | 659 29.5 10.0 | Con | 8.5 8.5 41.7 | 34.6 | 34.6
34 Himi Bridge 1 Hy | 3 2x2 591 | 1193 65.0 9.1 | Con | 13.1 | 13.1 | 42.5 | 45.0 | 45.0
35 Korong Bridge 3 C 2 1x2 203 | 375 322 63 | Con | 82 82 | 52.0 | 248 | 248
36 Tatekoshi (Matakina) Bridge C 2 1x2 185 | 369 344 54 | Var | 59 9.5 62.8 | 313 | 194
37 Shin-Meisei Bridge 3 C 3 2x1 401 | 958 54.1 74 | Con | 11.5 | 11.5 | 623 | 35.0 | 35.0
38 Yinchuan Beierhuan I Bridge 4 C 2 1x2 230 | 459 95.1 24 | Con | 79 7.9 11962 | 289 | 289
39 Shugian Nanerhuan Bridge 3 C 3 2x1 361 | 794 45.9 79 | Var | 7.2 | 11.5 | 65.6 | 50.0 | 314
40 Brazil-Peru Integration Bridge 1 C 3 2x2 361 | 787 49.2 73 Var | 7.7 | 11.0 | 55.1 | 46.8 | 32.8
41 Sannohe-Boukyo Bridge 2 C 3 2x2 656 | 1312 82.0 80 | Var | 11.5 | 213 | 441 | 57.1 | 30.8
42 Lishi Gaojia Bridge 3 C 3 2x1 443 | 1001 59.1 75 | Var | 79 | 13.8 | 853 | 563 | 32.1
43 Lita Bridge 2 C 94.5 196.8
44 Pingdingshan Zhanhe I Bridge C 2 1x1 289 | 525 74.5 3.9 Var | 7.2 | 13.1 | 984 | 40.0 | 22.0
45T Ritto (Rittoh) Bridge—Tokyo Bound 3 Hy | 2 1x2 558 | 1009 | 100.1 56 | Var | 148 | 246 | 643 | 378 | 22.7
450 Ritto (Rittoh) Bridge—Osaka Bound 3 Hya | 2 1x2 525 | 1026 | 100.1 52 | Var | 148 | 246 | 643 | 356 | 213
46 Nanchiku Bridge 3 C 3 2x2 361 | 807 36.1 10.0 | Var | 85 | 115 | 674 | 423 | 314
47 Rio Branco Third Bridge C 3 2x2 295 | 650 39.7 74 | Var | 6.6 82 | 692 | 45.0 | 36.0
48 Liuzhou Sanmenjiang Bridge 2 C 3 2x2 525 | 1181 72.2 7.3 Var | 82 | 22.0 | 1345 | 640 | 239
49 Tagami Bridge 2 263 | 526 47.6 55 | Var | 98 | 148 | 584 | 26.7 | 178
50 Tokunoyamahattoku Bridge 1 C 3 2x2 722 | 1638 73.8 9.8 | Var | 11.5 | 21.3 | 31.5 | 629 | 33.8
51 Yanagawa Bridge 2 C 2 1x2 429 | 858 78.7 54 | Var | 13.1 | 21.3 | 57.1 | 32.7 | 20.1
52 Huiging Huanghe Bridge 3 C 3 2x1 722 | 1594 99.4 73 | Var | 13.1 | 246 | 65.6 | 550 | 293
53 Kaifeng Huanghe II Bridge 8 7x2 459 | 3314 118.1 3.9 98.4
54 Fuzhou Pushang Bridge 4 3x2 361 | 1194 88.6 4.1 109.9
55 Chaobaihe Bridge 3 C 4 3x1 394 | 1260 70.5 56 | Var | 7.2 | 13.8 | 96.8 | 545 | 28.6
56 Homeland (Domovinski) Bridge 5 C 3 2x2 394 | 866 54.1 73 | Con | 11.6 | 11.6 | 1099 | 33.8 | 33.8
57 Bridge of the European Union 3 2x3 262 | 656 33.8 7.8 82.3
58 Hemaxi Bridge 3 C 3 2x1 755 | 1575 | 128.0 59 | Var | 98 | 213 | 928 | 76.7 | 354
59 Yudaihe Bridge 4 3x2 279 | 853 922 3.0 109.9
60 Ailan Bridge C 3 2x1 459 | 984 65.6 70 | Var | 98 | 16.7 | 85.1 | 46.7 | 27.5
61 Nymburk Bypass Bridge Hy 3 2x2 433 | 702 52.5 8.3 Var | 7.5 54.6 | 574
62 Puh (Puhov) Bridge 1 C 5 4x2 328 | 1411 27.9 11.8 | Con | 89 89 | 614 | 37.0 | 37.0
63 Shindae First Bridge 4 256 | 807 39.4 6.5 70.8
64 Smuuli Bridge C 3 2x2 279 | 554
65 Gum-Ga Grand Bridge C 7 6x2 410 | 2610 29.0 14.1 75.5
66 Second Vivekananda Bridge C 9 8x2 361 | 2707 45.9 79 | Con | 11.2 | 11.2 | 95.1 | 324 | 324
67 Gack-Hwa First Bridge C 2 1x2 377 | 705 75.5 50 | Var | 11.6 | 163 | 102.0 | 32.5 | 23.1
68 Pyung-Yeo II Bridge 4 C 3 2x2 394 | 820 344 114 | Var | 11.5 | 13.1 | 689 | 343 | 30.0
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. S S Sw/H Dy, Dy D, | Sw/D | Sy
Bridge Name #. | Mat | #s #r (ft) (ft) H; (ft) t Dy (ft) (ft) (f) . D,

69 Dae-Ho Grand (Cho-Rack) Bridge 2 C 5 4x2 427 | 1739 54.1 79 | Var | 82 | 11.5 | 459 | 52.0 | 371
70 Hirano Bridge C 207
71 Sannai-Maruyama Bypass Bridge 2 C 4 3x2 492 | 1476
72 Ma-Tsu Bridge C 410 | 820 114.8 36 | Var | 82 | 197 | 88.6 | 50.0 | 20.8
73 North Arm Bridge 1 C 3 2x1 591 | 1503 59.1 100 | Var | 92 | 19.0 | 33.8 | 643 | 31.0
74 Sannai-Maruyama Bridge 4 C 4 3x2 492 | 1471 574 8.6 Var | 125 | 262 | 454 | 39.5 | 18.8
75 Trois-Bassins Viaduct Bridge 1 Hy 413 | 1004 62.3 6.6 | Var | 13.1 | 23.0 | 72.2 | 31.5 | 18.0
76 Hidasie Bridge 476 | 994
77 Riga South(ern) Bridge 7 6x1 361 | 2635 43.7 8.3 112.5
78 Golden Ears Bridge 1 Hp 794 | 3176 | 136.2 58 | Var | 89 | 14.8 | 105.0 | 89.6 | 53.8
79 Karnaphuli 11T Bridge 1 C 5 656 | 2723 84.5 7.8 | Var | 13.1 | 22.1 | 80.3 | 50.0 | 29.6
80 Kyong-An Bridge 4 C 3 2x1 427 | 886 53.5 80 | Con | 9.8 9.8 | 984 | 433 | 433
81 Husong Bridge 3 C 4 3x1 459 | 1411 61.7 74 | Var | 92 | 143 | 951 | 50.0 | 32.2
82 Xianshen River Bridge C 2 1x1 446 | 876 160.8 2.8
83 Ankang Qiligou Bridge C 3 2x1 410 | 886 114.2 3.6 98.4
84 Incheon Bridge 3 C 3 2x2 459 | 1010 Var 59.3
85 Qishan Bridge 328 | 656 Var | 92 | 164 | 72.8 | 35.7 | 20.0
86 Choqueyapu Bridge 1 C 3 2x1 303 | 628 49.2 62 | Var | 69 | 11.5 | 459 | 440 | 264
87 Kantutani Bridge 1 C 3 2x1 372 | 766 49.2 7.6 | Var | 69 | 11.5 | 459 | 540 | 324
88 Orkojahuira Bridge 1 C 3 2x1 338 | 718 49.2 69 | Var | 69 | 11.5 | 459 | 490 | 294
89 Povazska Bystrica D1 Motorway Viaduct Hp 8 7x1 400 | 2857 46.3 8.7 Con | 19.7 | 19.7 | 100.6 | 20.3 | 20.3
90 Teror Viaduct C 3 2x2 476 | 856 52.5 9.1
91 New Amarube Bridge 1 C 4 3x2 271 | 886 16.4 16.5 | Con | 11.5 | 11.5 | 23.8 | 23.6 | 23.6
92 Immobility Bridge 1 C 4 3x2 509 | 1717 Var 42.7
93 Un-am Grand Bridge C 6 5x1 427 | 2198 26.2 163 | Var | 10.8 | 13.8 | 755 | 394 | 31.0
94 Panyu Shanwan Bridge 3 C 3 2x1 338 | 728 123.0 27 | Var | 13.1 | 279 | 111.5 | 258 | 12.1
95 Jiayue (Nanping) Bridge C 3 2x2 623 | 1260 90.2
96 Tisza Bridge 3 Hyp 3 2x1 591 52.5 113 | Var | 13.1 | 19.7 | 98.2 | 45.0 | 30.0
97 Hwangdo Grand Bridge 2 C 3 2x2 459 | 984 459 10.0 | Var | 82 | 13.1 | 47.2 | 56.0 | 35.0
98 Nokan Bridge Hy 230 | 459 Var 73.3
99 Guemgang I Bridge 3 C 5 4x2 591 | 2428 85.3 6.9 98.4
100 Qinxiu Bridge C 3 2x1 384 39.4
101 Hualiantai Fengping Bridge 5 C 4 3x1 459 | 1470 55.8 82 | Var | 87 | 157 | 925 | 52.8 | 29.2
102 Dazhihe Bridge C 3 2x1 459 | 984 67.3 6.8
103 Najin Bridge 1 C 4 3x1 361 | 1181 108.3
104 La Massana Bridge 1x2x2
105 Naluchi Bridge C 2 1x2 400 | 800 78.7 5.1 Var | 11.5 | 23.0 | 51.2 | 348 | 174
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. S S H; Sw/H D, Dy D, | Sw/D | Sy
Bridge Name #. | Mat | #s #r (ft) (ft) (ft) t Dy (ft) (ft) (f) . D,

106 Waschmuhl Viaduct 3 2x2 62.8
107 New Pearl Harbor Memorial (Quinnipiac) Bridge 5 C 3 2x3 515 | 1013 69.9 7.4 Var | 113 | 162 | 1106 | 457 | 45.7
108 Changshan Bridge 3 2x2 853 | 1772 84.5 10.1 75.5
109 Ningjiang Shonghuajiang Bridge 3 C 5 4x1 492 | 2100 Var | 98 | 180 | 869 | 50.0 | 273
110 Half Sky Overpass Bridge 3 2x1 1214 49.2
111 Yongjin Bridge 3 C 3 2x2 443 | 984 443 10.0 | Var | 82 | 148 | 509 | 54.0 | 30.0
112 Gangchon 2nd Bridge 3 C 3 2x2 459 | 1004 59.1 7.8 | Var | 9.0 | 164 | 64.6 | 509 | 28.0
113 Saint Croix River Bridge 3 C 8 7x2 480 | 3460 60.0 80 | Con | 16.0 | 16.0 | 110.0 | 30.0 | 30.0
114 Sanguanjiang Bridge 3 2x1 623 | 1411 109.9
115 Brazos River Bridge S 3 | 2x2x2 | 250 | 620 46.0 54 | Con 56.5
116 Naericheon Bridge C 2 1x1 509 | 902 Var 100.1
117 Yaro Grand Bridge 3 2x1 623 | 1804 89.2 7.0 | Var | 11.5 | 23.0 | 88.6 | 543 | 27.1
118 Pyung-Taik Grand Bridge 8 7x1 525 | 3806 67.3 7.8 | Var | 11.5 | 18.0 | 98.1 | 457 | 29.1
119 Beixi Hechuan Bridge 3 2x1 525 | 1181
120 Kinmen Bridge 6 5x1 919 | 4593

Note: In the table, #, refers to the number of cells, Mat refers to girder materials (concrete, steel, or hybrid), #g refers to number of spans, #r refers to number of

towers, S, refers to main span length (in feet), S, refers to total span length (in feet), H; refers to tower height (in feet), S,,/H; refers main span to tower height

ratio, Dy, refers to thickness of girder (constant or variance), D,, refers to girder thickness at mid-spans (in feet), D, refers to girder thickness at towers (in feet),

D, refers to girder width (in feet), S,/D,, refers to main span length to girder thickness at mid-span ratio, and S,,/D; refers to main span length to girder thickness

at tower ratio.




Statistical analyses were performed based on the information collected through literature

survey and interviews. Results are shown in the following sections.

LOCATIONS AND CONSTRUCTION TIME OF EXTRADOSED BRIDGES

Table 3 shows a total of 120 extradosed bridges identified by the research team.
Distribution of the 120 bridges in different continents is shown in Figure 9. Among the 120
extradosed bridges, the majority is in Asia, which counts for 98 (78% of the total numbers). In
additional to the 98 bridges in Asia, there are 16 (13%), 5 (4%), 5 (4%) and 1 (1%) extradosed

located in Europe, North America, South America, and Africa, respectively.

1%

M Africa

M Asia

[ Europe

B N. America

M S. America

Figure 9. Distribution of Extradosed Bridges (by Continents).

The distribution of extradosed bridges by countries is shown in Figure 10. There are 30
countries with extradosed bridges built, or currently under construction identified in the study.
As shown in the figure, Japan (34 bridges), China (28 bridges), Korea (16 bridges), and Taiwan
(8 bridges) are the four countries with the highest number of extradosed bridges (86), which is

72% of the total number of extradosed bridges identified through the literature review.
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Figure 10. Distribution of Extradosed Bridges (by Countries).

As shown in Figure 11, since construction of the very first extradosed bridge (Odawara
Blueway Bridge) was completed in 1994, there is a steady growth in the number of extradosed
bridges, with most of the bridges constructed in the last decade. The highest number of
extradosed bridges identified is in 2006, with a total of 14 bridges constructed. Due to the
limitation of available information, the list of extradosed bridges identified in the study,
especially in recent years (since 2006), might not be completed and therefore the number of
extradosed bridges could be lower than the actual number. There are also approximately 20
identified bridges currently under construction or in the design phase. Among the five bridges
identified in North America, there are two in Canada and three in the United States. The two
bridges in Canada are North Arm Bridge (completed in 2008) and Golden Ear Bridge (completed
in 2009). The three bridges in United States are the New Pearl Harbor Memorial Bridge (to be
completed in 2015; north bound was opened in summer 2012) in Connecticut, the St. Croix
River Bridge (to be completed in 2014) between Minnesota and Wisconsin, and the Brazos River

Bridge at Waco, Texas (broke ground in summer 2012 and to be completed in 2015).
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Figure 11. Distribution of Extradosed Bridges (by Completion Year).

As shown in Figure 12, construction duration of the extradosed bridges spread in a wide

range, with a minimum of 15 months (Changcheng Yunhe Bridge and JR Arakogawa Bridge,

both completed in 2003) and a maximum of 86 months (Unam Grand Bridge, completed in

2011). While most of the bridges were constructed within 20 and 40 months, the average

construction duration was found to be 36 months.
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Figure 12. Distribution of Construction Duration.
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PURPOSES AND USAGE OF EXTRADOSED BRIDGES

According to the literature review, the four typical purposes (uses) of extradosed bridges
are road bridge, railway or light rail bridge, road and railway hybrid bridge, and road and
pedestrian hybrid bridge. Examples of these typical purposes (uses) of extradosed bridges are

shown in Figure 13.

(a). Road (b). Railway or Light Rail
(Ritto Bridge) (North Arm Bridge)
(c). Road and Railway Hybrid (d). Road and Pedestrian Hybrid
(Wuhu Yangtze River Bridge) (Guemgang I Bridge)

Figure 13. Extradosed Bridges Serving Different Purposes.

Statistics on the different purposes (uses) of extradosed bridges are shown in Figure 14.
As shown in the figure, the majority of extradosed bridges are road bridges, with 98 bridges and
89% of the total extradosed bridges identified. Road bridges connect the different sides of rivers,

valleys, and viaducts, etc. A typical example is the Ritto Bridge, located in Siga Prefecture on the
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New Meishin Expressway in Japan. Nine extradosed bridges are railway or light rail bridges. A
typical example is North Arm Bridge in Canada, which is used by trains on the Canada Line. The
bridge spans the north arm of the Fraser River, linking Vancouver to Richmond. There is only
one extradosed bridge identified as road and railway hybrid. Wuhu Yangtze River Bridge, the
first extradosed bridge constructed in China, has a four-lane roadway on top and a two-lane
railway underneath. The bridge crosses the Yangtze River, the longest river in China. Because of
the unique function, the bridge was constructed with a cross of concrete girders on top and steel
trusses underneath. There are two bridges with roadways and pedestrian/bicycle paths
underneath: the Guemgang I Bridge in Korea and Jiayu (Nanping) Bridge in China. The

pedestrian/bicycle paths underneath the roadways mainly serve as an alternative scenic route.
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Figure 14. Distributions of Bridge Purposes.

CONFIGURATIONS OF EXTRADOSED BRIDGES

The following sections summarize configurations of extradosed bridges, including
quantities of spans, quantities of towers, main span lengths, total span lengths, tower heights,
girder thicknesses, and girder widths.

Figure 15 presents statistics on quantities of extradosed bridge spans. Results showed that
81 extradosed bridges identified in this study have two to five spans, which counts for 74% of
the total number. Sixty bridges were found to have three spans, which account for 55% of the

total number. The highest number of spans identified is nine spans, which is the Second
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Vivekananda Bridge in India (see Figure 16a), with a main span of 361 feet and a total span of
2707 feet. There are a total of 19 bridges with only two spans; an example is the Yanagawa
Bridge in Japan (see Figure 16b), with a main span of 429 feet and a total span of 858 feet.
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Figure 15. Distribution of Quantities of Spans.

(a). Second Vivekananda Bridge (9 spans) (b). Yanagawa Bridge (2 spans)
Figure 16. Examples of Bridges with the Highest and Lowest Number of Spans.

Figure 17 presents statistics on quantities of extradosed bridge towers. Note that, in this
report, the first number indicated the quantity of towers in girder direction and the second
number indicated the quantity of towers across the girder. For example, a 4x2 tower quantity of
the Golden Ear Bridge (shown in Figure 18b) indicated four towers in traffic direction (five
spans) and two towers across the girder, with a total of eight towers. Results showed that, as the
majority of extradosed bridges have three spans; the majority of tower quantities are 2x1 and
2x2. Overall, most of the bridges have either one (Figure 18c) or two (Figure 18b) towers across

the girder. There are a total of four bridges with three towers across the girder (Figure 18a), with
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the middle tower separating the two lanes in opposite directions. In addition, four bridges

identified in the study have two separate sets of towers (Figure 18d), with each set supporting
each opposite direction.
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Figure 17. Distribution of Number of Towers.
(a). Miyakoda River (Miyakodagawa) Bridge (1x3) (b). Golden Ear Bridge (4x2)

(¢). Zhangzhou Zhanbei Bridge (2x1) (d). Tsukuhara Bridge (2x2x2)

Figure 18. Examples of Extradosed Bridges with Different Numbers of Towers.

Figure 19 and Figure 20 show the statistics on main span and total span lengths. Note that

all numbers included here represent the number of extradosed spans; the traditional girder spans
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are not included here. There are 115 bridges with information on main span lengths and 116
bridges with information on total span lengths identified. Most of the extradosed bridges identified
in the study have a main span length between 200 and 600 feet, with an average of 441 feet. The
majority of bridges have total span lengths between 500 and 2000 feet, with an average of 1245
feet. Figure 21 presents examples of bridges with short and long main spans and total spans. The
bridge with the shortest main span is the King Hussein Bridge in Jordan, with a main span of

171 feet and three spans for a total length of 395 feet. The Pont de Saint-Rémy-de-Maurienne
Bridge (Figure 21a) in France has a main span of 172 feet, with two spans and a total span length
of 331 feet. The longest extradosed main span is 1024 feet from the Yangtze River Bridge in
China. The road bridge with the longest main span and total span is the Kinmen Bridge in Taiwan,
with a main span of 919 feet, a total of six spans, and a total span length of 4594 feet. The bridge is

still under construction and expected to be completed in 2016.
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Figure 19. Distributions of Maximum Span Lengths.
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Figure 20. Distribution of Total Span Length.
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(a) Pont de Saint-Rémy-de-Maurienne
Bridge (Main Span: 172 feet, Total

Figure 21. Extradosed Bridges with Longest and Shortest Main and Total Span Lengths.

Figure 22 shows statistics on tower heights. Results indicated that there is a wide range of
tower heights, which varies from below 25 feet to more than 100 feet. The extradosed bridge
with the shortest tower identified from the study is the New Amarube Bridge in Japan (Figure
23b), with a tower height of 16.5 feet. The extradosed bridge with the tallest tower identified
from the study is the Xianshen River Bridge in China (Figure 23a), with a tower height of 160.08

feet. (The Xianshen River Bridge was built across a very deep valley and has a very tall pier
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(b). Kinmen Bridge (Main Span: 919
feet, Total Span: 4594 feet)

0to 24.99 25t049.99 50t074.99 75t099.99 >100
Tower Height, ft

Figure 22. Distribution of Tower Height.
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(a) Xianshen River Bridge (b) New Amarube Bridge
(Tower Height 160.8 Feet) (Tower Height 16.5 Feet)

Figure 23. Extradosed Bridges with the Tallest and Shortest Towers.

Main span length to tower height ratios were calculated and shown in Figure 24. Results
indicated that, in a total of 98 bridges with the information identified, most of the bridges have
the ratio between 4 and 12, with a maximum value of 16.5 (the New Amarube Bridge, completed
in 2010 in Japan; see Figure 25b) and a minimum value of 2.4 (the Yinchuan Beierhuan I Bridge,
completed in 2004 in China; see Figure 25a). Note that, while most of bridges have their cables
reach (or nearly reach) the highest points of the towers, there are approximately 10% of the
extradosed bridges constructed with towers approximately 15% to 25% taller than the highest
points of the cables (Figure 25a). The main span-to-height ratio therefore could be 15% to 25%
higher in these specific bridges. While it is believed that this is likely due to aesthetic

considerations, there is generally no accurate data available regarding the exact heights of cables.

Regardless of the abovementioned impacts, the majority of extradosed bridges identified
in the study have main span-to-tower height ratios between 1/6 and 1/9, with an average of 1/7.7.
The result is very different from what Mathivat stated (extradosed bridges generally have a main
span-to-tower height ratio of approximately 1/15, comparing to a value of approximately 1/5 for
cable-stayed bridges). The trend indicated that the definition of extradosed bridges according to
Mathivat (1998) might not be appropriate. Ogawa and Kasuga’s (1998) definition of using the
stiffness ratio (the load carried by stay cables divided by the total vertical load) and a boundary
value of 30% to distinguish a cable-stayed bridge and an extradosed bridge (with a stiffness ratio

of less than 30% to be considered as an extradosed bridge) therefore might be more appropriate.

35



50
45

40

35
30

25

44
24
22
20
15
10
s 4 4
4% 22% 5% 24% 4%
o L H* I

>1/3 1/6to1/3 1/6to1/9 1/9to1/12 <1/12
Tower Height to Main Span Ratio

Count (% out of 98)

Figure 24. Distribution of Main Span-Height Ratio.

(a). Yinchuan Beierhuan I Bridge (Ratio of 2.4)

(b). New Amarube Bridge (Ratio of 16.5)
Figure 25. Extradosed Bridges with Highest and Lowest Span-Tower Height Ratios.

While cable-stayed bridges typically have constant girder thicknesses, girder bridges
normally have variable girder thicknesses, i.e., with a thicker girder at the piers and thinner
girder at the mid-spans. Extradosed bridges can have either a constant (Figure 26a) or various
girder thickness (Figure 26b). As shown in Figure 27, within the 92 extradosed bridges identified
with such kind of information, 73 bridges (79% of the total) have variable girder thicknesses, and
19 bridges (21% of the total) have constant girder thicknesses.
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(a). Deba River Bridge (Constant Girder Thickness)

(b). Pakse Bridge (Variable Girder Thickness)

Figure 26. Examples of Extradosed Bridges with Constant and Variable Girder Thickness.
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Figure 27. Distribution of Girder Thickness (Constant or Variable).

In general, there are four different kinds of superstructure materials used in extradosed

bridges. As shown in Figure 28, the majority of extradosed bridges are built with prestress concrete

as superstructure materials (Figure 29a), which counts for 86 (89% of the total) in the 97 bridges

identified with bridge superstructure material information. There are six bridges with composite

superstructure materials; a typical example is the Povazska Bystrica D1 Motorway Bridge in

Slovakia (Figure 29c¢), which was constructed with single cell box girders with large overhangs
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supported by precast struts. Another type of composite superstructure material is the concrete box
girders near piers and steel box girders in center. Examples of this kind of bridge are the
Koror-Babeldaob (Japan—Palau Friendship) Bridge in Palau (Figure 29d), and the Ibi River Bridge
and the Kiso River Bridge, both in Japan. According to Kasuga (1998), in the construction of the
Ibi River Bridge and the Kiso River Bridge, the free cantilevering method was adapted using 400
tons precast segments, and the 328-foot center parts are steel girders constructed by a lifting
method. The method was considered the most economic for bridges over the mouth of the wide
river. There is one bridge identified in the study with steel girders: the Brazos River Bridge in

Waco, Texas, which is to be constructed with continuous steel trapezoidal box girders.
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Figure 28. Distribution of Superstructure Materials.
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(a). Concrete girder—Sannai- (b) Steel girder—Brazos River Bridge
MaruyamaBridge

(c). Composite A—Povazska Bystrica D1 Motorway Bridge

N L1
(d). Composite B-Koror-Babeldaob (Japan—Palau Friendship) Bridge

Figure 29. Examples of Extradosed Bridges with Different Superstructure Materials.

Figure 30 shows examples of girder cross sections with different quantities of cells in box
girders. Details of girders with various numbers of cells, together with drawings of cross sections
of different bridges, can be found in Appendix A. As summarized in Figure 31, the majority of
extradosed bridges were constructed with one to three cells, within which 37% of the total
bridges were constructed with three-cell box girders. The example showed with two and three
cells is the Shin-Karato Bridge (Okuyama Bridge), which has two cells east bound and three

cells west bound.
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Figure 30. Examples of Girder with Different Numbers of Cells in Box Girders.
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As shown in Figure 32 and Figure 33, while most of extradosed bridges show girder
depths at midspan between 5 to 15 feet, girder depths at piers range from 5 feet up to 30 feet. The
thinnest girder was identified as Sunniberg Bridge in Switzerland, with a constant girder
thickness of 3.6 feet (Figure 34a). The thickest girder was identified as Wuhu Yangtze River
Bridge in China, with a constant girder thickness of 44.3 feet. It should be noted that the bridge

was constructed with a double-girder steel truss with composite girder slabs on the top roadway
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and rail lines at the bottom level. The constant girder road bridge with the girder thickness was
identified as the Povazska Bystrica D1 Motorway Viaduct in Slovakia, with a girder thickness of
19.7 feet (Figure 34b). The variable girder thickness bridge with the thickest girder was
identified as the Panyu Shawan Bridge in China, with a variable girder thickness of 13.1 feet at
midspan and 27.9 at piers (Figure 34c).
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Figure 32. Distribution of Girder Depth at Midspan.
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(a). Sunniberg Bridge (with Constant Girder Thickness of 3.6 Feet)

(b). Wuhu Yangtze River Bridge (with Constant Girder Thickness of 44.3 Feet)

(c). Povazska Bystrica D1 Motorway Viaduct (with Constant Girder Thickness of 19.7
Feet)

(d). Panyu Shawan Bridge (with Variable Girder Thickness of 13.1 Feet at Midspans and
27.9 Feet at Piers)

Figure 34. Examples of Bridges with Different Girder Thicknesses.

Calculated span length to girder thickness at midspan and pier ratios are shown in Figure
35 and Figure 36. Average values of span length to girder thickness at midspan and pier ratios

were found to be 45.4 and 30.0, respectively.
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Figure 36. Distribution of Span/Depth Ratio (Tower).

The bridge with the highest span-to-deck depth ratio at both midspan and piers is the
Sunniberg Bridge in Switzerland (completed in 1998). It was constructed with a very thin
constant girder thickness of 3.6 feet and a relatively long main span of 459 feet, which resulted
in a span-to-deck depth ratio of 127.3. The bridge with the lowest span-to-deck depth ratio at
midspan is the Povazska Bystrica D1 Motorway Viaduct in Slovakia (competed in 2010). This
was constructed with a main span length of 400 feet, and a constant girder thickness of 19.7 feet,
which resulted in a calculated span-to-depth ratio of 20.3. The bridge with the lowest span to
deck depth ratio at towers is the Panyu Shanwan Bridge in China (completed in 2011). It was
constructed with 814 feet of main span, and a girder thickness of 27.9 feet at the towers, which

resulted in a calculated span-to-depth ratio of 12.1.
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There are 108 bridges identified with girder width information. The average girder width
was found to be at 74.0 feet. The widest girder identified was the Lita Bridge in China
(completed in 2006) with a girder width of 196.8 feet and the narrowest girder identified was the
New Amarube Bridge in Japan (completed in 2010). The bridge was a railway bridge, with a
girder width of 23.8 feet.
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Figure 37. Distribution of Girder Width.

Table 5 shows a summary of statistics on extradosed bridge configurations, including
main span lengths, total span lengths, tower heights, main span-to-tower height ratios, girder
depths at midspan and tower, girder widths, main span to girder depths ratios at midspan and
tower. Detailed information of configurations, together with drawings of plan view and cross

sections of bridge girders and towers, can be found in Appendix A.

Table 5. Statistics of Configurations of Extradosed Bridges.

. Std Err Upper | Lower
Mean Max Min | STDEV 95% 95% | Counts
Mean

Mean Mean
Max Span (ft) 440.8 | 1024.0 | 171.0 169.7 15.8 472.2 409.5 115
Total Span (ft) 1244.7 | 4593.0 | 207.0 866.0 80.4 1404.0 | 1085.4 116
Tower Height (ft) 63.4 160.8 16.4 28.6 2.9 69.1 57.7 100
Span/Height Ratio 7.7 16.5 2.4 2.7 0.3 8.2 7.2 98
Depth Midspan (ft) 10.2 443 3.6 4.6 0.5 11.1 9.2 85
Depth Tower (ft) 15.8 44.3 3.6 6.1 0.7 17.2 14.5 84
Girder Width (ft) 74.1 196.8 23.8 30.1 2.9 79.9 68.4 108
Span/Depth Ratio (Midspan) 454 127.3 20.3 16.0 1.7 48.9 42.0 85
Span/Depth Ratio (Tower) 29.8 127.3 12.1 13.1 1.4 32.7 27.0 84
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SUMMARY

The study identified 120 extradosed bridges in use, under construction, or in the planned
phase. A literature survey was conducted to summarize status, and structural features from all the
extradosed bridges identified from documents and interviews. Table 6 summarizes the statistics

of general information and configuration of the 120 extradosed bridges.

Table 6. General Statistics of Configuration of Extradosed Bridges.
Competition 2000 2001 to 2006 | 2007 to 2011 2012 Total
Year Count (%) | 19 (16%) 39 (33%) 43 (35%) 22 (18%) 120
Location Asia Europe N. America S. America Africa Total
Count (%) | 98 (78%) 16 (13%) 5 (4%) 5 (4%) 1 (1%) 120
Construction 0to24 25 to 48 49 to 72 73 t0 96 > 96 Total
Duration (m) | Count (%) | 15 (28%) 27 (52%) 8 (15%) 2 (4%) 0 (0%) 52
Road/ Road & Light Rail/ Road & Total
Usage Freeway Railway Railway Pedestrian
Count (%) | 98 (89%) 1 (1%) 9 (8%) 2 (2%) 110
Number of 2 3 4 5 6-9 Total
Spans Count (%) | 19 (17%) 60 (55%) 12 (11%) 9 (8%) 10 (9%) 110
#of Towers 1 2 3 2x2 Total
Cross Girder | Count (%) | 41 (41%) 54 (52%) 4 (4%) 4 (4%) 103
Main Span (ft <299 300 to 399 400 to 499 500 to 599 >600 Total
Count (%) | 24 (21%) 25 (22%) 37 (32%) 13 (11%) 16 (14%) 115
Total Span (ft 0 to 499 500 to 999 1000 to 1499 | 1500 to 1999 >2000 Total
Count (%) | 12 (11%) 48 (42%) 28 (25%) 10 (9%) 16 (14%) 114
Tower 0to 25 25t0 50 50to 75 75 to 100 >100 Total
Height (ft) Count (%) | 2 (2%) 38 (38%) 32 (32%) 17 (17%) 12 (12%) 101
Tower Height/ >1/3 1/6 to 1/3 1/6 to 1/9 1/9 to 1/12 <1/12 Total
Main Span Count (%) | 4 (4%) 22 (22%) 44 (44%) 24 (24%) 4 (4%) 98
Girder Constant Variable Total
Thickness Count (%) | 18 (20%) 74 (80%) 92
Girder Concrete | Composite-A | Composite-B Steel Total
Materials Count (%) | 86 (89%) 6 (6%) 6 (6%) 1 (1%) 97
Number of 1 2 3 4 5 Total
Cells Count (%) | 16 (26%) | 12.5%* (20%) | 24.5 (40%) 6 (10%) 3 (5%) 62
Girder Depth 0t0 5.99 6 to 8.99 91t011.99 12 to 14.99 >15 Total
Midspan (ft) | Count (%) | 3 (4%) 36 (42%) 31 (36%) 12 (14%) 3 (4%) 85
Girder Depth 0t0 9.99 10 to 14.99 1510 19.99 20 to 24.99 >25 Total
Tower (ft) Count (%) | 13 (16%) 32 (38%) 18 (21%) 18 (21%) 3 (4%) 84
Span/Depth 0t029.99 | 30 to 44.99 45 10 59.99 60 to 74.99 >75 Total
Midspan Count (%) | 10 (12%) 29 (34%) 36 (42%) 7 (8%) 3 (4%) 85
Span/Depth 0t019.99 | 20 to029.99 30 to 39.99 40 to0 49.99 >50 Total
Tower Count (%) | 10 (12%) 32 (39%) 36 (43%) 3 (4%) 2 (2%) 84
Girder Width 0t029.99 | 30to 59.99 60 to 89.99 90t0 119.99 | >120.01 Total
(ft) Count (%) | 1(1%) 40 (36%) 35 (32%) 31 (28%) 3 (3%) 108

* Note: 1. Total counts from each category are different due to the completeness of information collected;

** Shinekarto Bridge, with two cells in eastbound direction and three cells in westbound direction
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CHAPTER 4. COST OF EXTRADOSED BRIDGES CONSTRUCTION

COST ANALYSIS THROUGH GENERAL SURVEYS

Construction cost is one of the major considerations in bridge alternatives selection. In
addition to the general information and configurations of the extradosed bridges identified, the
research team collected the information regarding construction costs of such bridges from
technical papers, reports, websites, and interviews.

Generally, initial construction costs and future maintenance costs of extradosed bridges
are considered to be higher than girder bridges and lower than cable-stayed bridges (Mermigas
2008). However, as each bridge site has its unique circumstance, the costs of constructing
specific bridges could be highly variable. Variances of unit costs are not only affected by
different site circumstances, but also determined by specific countries where the bridges are built
and the currencies in those countries.

In this study, the construction costs of 58 extradosed bridges were collected through
literature and interviews. The construction cost was first converted to the U.S. dollar equivalent
according to currency conversion rates. Since the bridges were built at different times, and in order
to have the cost information comparable, the researchers converted all costs to the present value

(PV) in the year 2012 using equation 1:
PV=P(1+A)", (1)

where PV refers to the present value, P refers to the cost of the bridge (at the year of project
completion), A refers to the inflation (discount) rate, and n refers to the difference of year that the
project was completed (comparing to the year 2012).

To simplify the cost analysis, researchers used a constant inflation (discount) rate of 4% .
Total construction costs were also converted to unit cost per area ($/ft*) according to total girder
areas constructed. For example, the total construction cost of the Korong Bridge was
approximately 3.0 million euro in 2004. As 1 euro equals approximately 1.2 U.S. dollars, the
total cost of the Korong Bridge was calculated as equal to 3.6 million U.S. dollars in 2004 and
4.9 million U.S. dollars in present value. A total cost of 3.6 million and 4.9 million dollars
divided by the girder area of the Korong Bridge of 19,5001t resulted in $185/ft* and $253/ft* of

unit costs at project completion time and at present value, respectively.
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Table 7. Historical Costs of Extradosed Bridges.

Total | Unit Unit
Total Cost Cost Cost
Bridge Name Year Total Cost Cost Reference
(MS) PV Tot%l PV2

M$) | (§/ft) | (8/1t)
1 Odawara Blueway Bridge 1994 2.4 billion JY 24.0 48.6 575 1165 Kasuga 2012; Chilstrom et al. 2001; Stroh 2012
2 Tsukuhara Bridge 1997 6.5 billon JY 65.0 117.1 1004 1809 Kasuga 2012; Chilstrom et al. 2001; Stroh 2012
5 Shin-Karato (Okuyama) Bridge 1998 $34 million 34.0 58.9 519 899 Chilstrom et al. 2001; Stroh 2012;
6 Sunniberg Bridge 1998 20 million Swiss francs 20.4 353 291 504 Drinkwater 2007; Structurae.de 2012
9 Second Mactan—Mandaue Bridge 1999 15,565 million Yen 165.7 275.8 2096 3489 Carada 2002
12 Pakse Bridge 1999 $48 million 48.0 79.9 904 1505 Structurae.de 2012
16 Wuhu Yangtze River Bridge 2000 4600 million RMB 575.0 | 920.6 3397 5439 baidu.com 2012; Iggcs.com
19 Ibi River (Ibigawa) Bridge* 2001 83.7 billion JY 837.0 | 1288.5 966 1487 Kasuga 2012; Chilstrom et al. 2001;
20 Kiso River (Kisogawa) Bridge* 2001 83.7 billion JY 837.0 | 1288.5 966 1487 Kasuga 2012; Chilstrom et al. 2001;
21 Miyakoda River 2001 $55 million 550 | 847 | 958 1474 Chilstrom et al. 2001

(Miyakodagawa) Bridge
95 | [Koror-Babeldaob (Japan—Palau |5y, $25 million 250 | 370 | 487 721 Structurae.de 2012
Friendship) Bridge

27 Shinkawa (Tobiuo) Bridge 2002 $50 million 50.0 74.0 599 887 Chilstrom et al. 2001; Stroh 2012;
29 Changcheng Yunhe Bridge 2003 263 million RMB 329 46.8 419 596 Yang 2003
31 Xiaoxihu Yellow River Bridge 2003 400 million RMB 50.0 71.2 566 806 Shu 2002
32 Shanxi Fenhe Bridge 2003 499 million RMB 62.4 88.8 675 961 cctv.com 2012
35 Korong Bridge 2004 3 million EUR 3.6 4.9 185 253 Becze and Barta 2006
39 Shugian Nanerhuan Bridge 2005 363 million RMB 454 59.7 871 1147 cscec7bjt.com 2012
40 Brazil-Peru Integration Bridge 2005 28 million Reais 12.0 15.8 276 364 bnamericas.com 2012
48 Liuzhou Sanmenjiang Bridge 2006 191 million RMB 23.9 30.2 150 190 ctcecc.com 2012
52 Huiqing Huanghe Bridge 2006 380 million RMB 47.5 60.1 454 574 huimin.gov 2012; yellowriver.gov.cn 2012;
53 Kaifeng Huanghe II Bridge 2006 2000 million RMB 250.0 | 316.3 767 970 Eemap.org 2012
54 Fuzhou Pushang Bridge 2006 473 million RMB 59.1 74.8 450 570 china.com.cn 2012
56 Homeland (Domovinski) Bridge 2007 40 million EUR 48.0 58.4 504 613 Dnevnik.hr 2012
57 Bridge of the European Union 2007 203,755,614,42 z1 64.7 78.7 1197 1456 nowymost.konin.pl 2012
61 Nymburk Bypass Bridge 2007 248 million CZK 11.9 14.4 309 376 Kalny et al.
62 Puh (Puhov) Bridge 2007 8.8 million Euros 10.6 12.8 122 148 www.izs.si 2012; Markelj 2012
64 Smuuli Bridge 2007 2.5 million Euros 3.0 3.6 89 109 Saar 2012
66 Second Vivekananda Bridge 2007 $37 million 37.0 45.0 144 175 Binns 2005; www.Intidpl.com 2012
67 Gack-Hwa First Bridge 2007 $19 million 19.0 23.1 264 321 blog.naver.com 2012
68 Pyung-Yeo Il Bridge 2008 $146 million 146.0 170.8 2584 3022 blog.naver.com 2012
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Total | Unit Unit
Total Cost Cost Cost
Bridge Name Year Total Cost Cost Reference
(MS) PV Tota;l PV2

™MS) | (58 | (/)
69 Dae-Ho Gg‘r‘ilgéfho'RaCk) 2008 $30 million 300 | 35.1 376 439 blog.naver.com 2012
73 North Arm Bridge 2008 $30-$40 million Canadian | 35.0 40.9 689 806 Scollard 2012; b-t.com 2012
75 Trois-Bassins Viaduct Bridge 2008 30 million Euros 36.0 42.1 497 581 Structurae.de 2012
77 Riga South(ern) Bridge 2009 120 million Euros 144.0 | 162.0 486 547 www.LongStarBridges.com 2012
78 Golden Ears Bridge 2009 | $250 million Canadian | 250.0 | 2812 | 750 ga3 | Scollard 2012;b-t.com 583; CEI 2010;denonl.com
79 Karnaphuli III Bridge 2009 $50 million 50.0 56.2 229 257 Astin et al. 2010a; Astin 2010b;AECCafe.com 2012
80 Kyong-An Bridge 2009 $380 million 380.0 | 427.4 4358 4903 blog.naver.com 2012
81 Husong Bridge 2009 440 million RMB 62.9 70.7 468 527 blog.163.com 2012
83 Ankang Qiligou Bridge 2009 110 million RMB 15.7 17.7 180 203 Baidu.com 2012
85 Qishan Bridge 2010 NT$600 million 20.3 21.9 424 459 taiwantoday.tw 2012
go | Povazska Bystrica DI Motorway - 5019 $57million 570 | 617 | 198 | 215 Strasky 2012
90 Teror Viaduct 2010 7.887 million Euros 9.5 10.2 skyscrapercity.com 2012
93 Un-am Grand Bridge 2011 $93 million 93.0 96.7 561 583 blog.naver.com 2012
95 Jiayue (Nanping) Bridge 2011 268 million RMB 38.3 39.8 337 350 Baidu.com 2012
97 Hwangdo Grand Bridge 2011 $19.6 million 19.6 20.4 422 438 blog.naver.com 2012; BNG 2012
99 Guemgang I Bridge 2012 $61.27 million 61.3 61.3 256 256 KESTA 2012; Choi 2012
101 Hualiantai Fengping Bridge 2012 1071 million NT 35.9 35.9 264 264 tw.myblog.yahoo.com 2012
103 Najin Bridge 2012 379 million RMB 54.1 54.1 423 423 cctv.com 2012
107 | New Pearl Harbor Memorial -}, §517 million 517.0 | 5170 | 4615 | 4615 Stroh 2012; Dunham et al. 2010

(Quinnipiac) Bridge

108 Changshan Bridge 2013 579 million RMB 82.7 79.5 619 595 tumukeji.com 2012
109 | Ningjiang Shonghuajiang Bridge 2013 260 million RMB 37.1 35.7 203 196 Crl3g-lc.com 2011; rbtmm.com 2012
111 Yongjin Bridge 2014 5874 million KRW 5.9 5.4 117 109 BNG 2012
112 Gangchon 2nd Bridge 2014 8580 million KRW 8.6 7.9 132 122 BNG 2012
113 St. Croix River Bridge 2014 $292 million 292.0 | 270.0 767 709 MnRoad 2011
115 Brazos River Bridge 2015 $212 million 8.6 7.7 122 108 ourdailybears.com 2012; TxDOT 2012
117 Yaro Grand Bridge 2015 $64.90 million 64.9 57.7 406 361 KESTA 2012;
118 Pyung-Taik Grand Bridge 2016 $75.96 million 76.0 64.9 194 166 KESTA 2012;
120 Kinmen Bridge 2016 7.5 million NT 250.0 | 213.7 194 166 www.wantchinatimes.com 2012

* Total construction costs of both Ibi River Bridge and Kiso River Bridge




identified. Information on superstructure costs and substructure costs together with

Table 7 summarized the documented cost information of the 58 extradosed bridges

superstructure cost percentages were also collected; the results are summarized in Table 8. Note

that the scope of each bridge cost is often not clear due to the lack of information; therefore some

of the bridge cost information could be misleading. For example, some of the cost information

collected may include not only the construction cost of extradosed bridge sections, but also

conventional girder bridge spans; some others even include approaching roadwork construction.

Table 8. Historical Costs of Superstructure and Substructure of Extradosed Bridges.

Superstructure
Substructure Unit Cost
PV Superstructur | Superstructur | Superstructur
Bridge Name (M$) (M$) | Cost(M$) | PV (M$) ¢ Cost % e ($/ft) e PV ($/f)
Odawara Blueway
1 Bridge 15.0 304 9.0 18.2 63% 362 734
2 Tsukuhara Bridge 34.0 61.2 31.0 55.8 53% 532 959
Ibi River (Ibigawa)
19 Bridge 630.0 969.9 207.0 318.7 75% 725 1116
Kiso River (Kisogawa)
20 Bridge 630.0 969.9 207.0 318.7 75% 725 1116
Miyakoda River
(Miyakodagawa)
21 Bridge 38.0 58.5 17.0 26.2 69% 662 1019
62 Puh (Puhov) Bridge 50%
64 Smuuli Bridge 70%
Gack-Hwa First
67 Bridge 14.5 17.6 4.5 5.5 76%
99 Guemgang | Bridge 45.7 45.7 15.5 15.5 75% 191 191
117 Yaro Grand Bridge 43.7 38.9 21.2 18.8 67% 273 243
Pyung-Taik Grand
118 Bridge 55.3 47.3 20.7 17.7 73% 141 121

Figure 38 shows the distribution of total construction costs. In the figure, there is a wide

range of overall construction costs, ranging from $3 million ($4 million in PV) to $837 million

($1289 million in PV). The average construction cost is $110.3 million (142.8 million in PV); the

majority of bridges have total construction costs between $0 and $100 million. The bridge with

the lowest construction cost is the Smuuli Bridge, which was constructed in Estonia in 2007 at a

cost of $3 million ($4 million in PV). The bridge with the highest construction cost is $838

million ($1289 million in PV), which is the construction cost of both the Ibi River Bridge and the

Kiso River Bridge. The two bridges were constructed in Japan in 2001.
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There are only a very limited number of bridges identified with separated substructure and
superstructure costs; the information is shown in Figure 39 and Figure 40, respectively. The average
superstructure cost collected in this research was found to be $167.4 million ($248.8 million in PV).
The bridge with the highest superstructure cost is the Ibi River Bridge and the Kiso River Bridge;
both were constructed in Japan in 2001 and cost $630 million ($930 million in PV). The bridge with
the lowest superstructure cost of $14.5 million ($17.6 million in PV) is the Gack-Hwa First Bridge
constructed in Korea in 2007.

The average substructure cost collected in this research was found to be $59.2 million
($88.3 million in PV). The bridges with the highest substructure cost are the Ibi River Bridge and
the Kiso River Bridge, both of which were constructed with a substructure cost of $207 million
($319 million in PV). The bridge with the lowest substructure cost is the Gack-Hwa First Bridge,
which has a substructure cost of $4.5 million ($5.5 million in PV). According to the information
collected, costs of the superstructure portions count for an average of 68% of total costs, which
range from 50% (Puh Bridge) to 76% (Gack-Hwa First Bridge) (see Figure 41).
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Figure 41. Distribution of Superstructure Cost %.

Distributions of calculated overall unit costs and of superstructure unit costs are shown in
Figure 42 and Figure 43, respectively. Results showed that the average overall unit cost is
$720.7/ft* (8925.7/ft* in PV). The bridge identified with the lowest unit cost is the Smuuli
Bridge, with a unit cost of $89/ft* ($108/ft* in PV). The bridge identified with the highest unit
cost is the Kyong-An Bridge, with a unit cost of $4358/ft* ($4903/ft* in PV).The calculated
average superstructure unit cost is $451.5/ft* ($687.2/ft* in PV). The bridge identified with the
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lowest superstructure unit cost is the Pyung-Taik Grand Bridge, with a superstructure unit cost of
$141/ft> ($121/f* in PV). The bridge identified with the lowest superstructure unit cost is the Ibi
River and Kiso River Bridges, with a superstructure unit cost of $725/ft* ($1116/ft* in PV). Note
that the results of calculated unit costs of superstructure constructions are much higher than the
cost between $50/ft* to $250/ft* that is usually known for normal TxDOT balanced cantilever
construction. As mentioned earlier, the disagreement is likely due to unclear scopes of cost

information included in the study.
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A statistical analysis was performed based on the cost information collected; the results
are summarized in Table 9. As shown in Table 7 and Table 8, the cost information collected in
the study is highly variable and might not be appropriate to provide baseline information
regarding cost of a normal extradosed bridge construction. There is a small number of bridges,
including the Kyong-An Bridge and the New Pearl Harbor Memorial Bridge, that show
significantly higher costs comparing to other bridges. The significant difference might lead to a
distortion of cost analysis. Adjusted average values were therefore calculated by excluding

outliers, i.e., values outside of average values plus or minus one standard deviation.
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Table 9. Statistics of Extradosed Bridge Construction Costs.

Avg | Max | Min | Count | Stdev | Avg+Stdev | Avg-Stdev | Adj. Avg.*
Total Cost (MS$) 110.3 | 837 3 58 181.1 291.4 -70.8 61.4
Total Cost PV (M$) 142.8 | 1289 | 4 58 264.9 407.7 -122.2 72.4
Super Cost (M$) 167.4 | 630 15 9 262.6 430 -95.3 35.2
Super Cost PV (M$) 248.8 | 970 18 9 409 657.8 -160.2 42.8

Sub Cost (M$) 59.2 | 207 5 9 84.1 143.3 -24.9 17

Sub Cost PV (M$) 88.3 | 319 5 9 131.3 219.6 -43 22.5
Super % 68% | 76% | 50% 11 9% 77% 59% 71%
Unit Cost Total ($/ft°) 720.7 | 4615 | 89 57 929 1649.7 -208.3 468.8
Unit Cost Total PV ($/ft) | 925.7 | 5439 | 108 57 1165.3 2091 -239.7 611.5
Unit Cost Super ($/ft") 451.5 | 725 | 141 8 240.1 691.5 211.4 601.1
Unit Cost Super PV ($/ft)) | 687.2 | 1116 | 121 8 433.7 1120.9 253.5 988.5

Cost Comparsion through Specific Resources

The previous section shows that, as the cost information collected from literature and
project documents is highly variable and often the scope of cost of each bridge is not clear due to
the lack of information, some of the bridge cost information is questionable for using in cost
comparison. In order to conduct a more meaningful cost analysis of extradosed bridges, the
research team approached several companies with experience in multiple extradosed bridges. In
particular, the team asked about the costs associated with different types of bridges. As the
researchers expected, most of companies approached were hesitant to provide such information.

However, two companies provided extradosed bridge construction cost information to the
research team. Company A, located in Asia, provided a cost comparison of three extradosed
bridges with two prestress concrete box girder bridges and one cable-stayed bridge. Proprietary
information has been withheld to protect the anonymity of the company. As shown in Table 10,
the superstructure unit costs of the two girder bridges were $103.4/ft* and $135.6/ft>, which
account for 70% and 50% of total unit costs, respectively. The superstructure unit costs of the
three extradosed bridges shown were $197.6/ft%, $191.3/ft> and $141.4/ft>, which account for
67%, 75%, and 73% of total unit costs, respectively. Results are expected as the average cost of
extradosed bridges at approximately $175/ft* is about 50% higher than the average cost of girder
bridges (at around $120/ft?). The cost of the cable-stayed bridge included in the table, however,
shows the lowest value at $100.4/ft*, which is even lower than the two girder bridges. The
unexpected result is likely due to the size of the specific cable-stayed bridge project. The total
length of 23,983 feet of the bridge is approximately 10 times or more than most other projects
included in the study. Also, the percentage of superstructure cost of this specific project is 35%,

which was also significantly lower than the other projects included in the study.
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Dr. Kasuga from Sumitomo Mitsui Construction provided another very valuable data set
with cost information on 12 extradosed bridges, 215 girder bridges, and 29 cable-stayed bridges;
all from actual constructed projects. Sumitomo Mitsui Construction is a major bridge
construction company in Japan. Dr. Kasuga is the Deputy Division Director and Chief Engineer
of the company; he designed the first extradosed bridge (Odawara Blueway Bridge) and was the
engineer of record and designer for most of the 12 extradosed bridges in the study. As the
currency in Japan is different than in the United States and bridges were constructed in different
times, a cost index, instead of actual cost data, was used in this cost study. In the cost index, 1.00
means the average cost of 100-meter (328 feet) span ordinal box girder bridges. Also, the cost
information shown here only refers to the superstructure; the costs of piers and foundations are
not included. Table 11 shows the cost index and basic span information of the 12 extradosed
bridges included in the study. Due to the limited space in the report, detailed information on the
29 cable-stayed bridges and 215 girder bridges are not shown here. As expected, construction
costs depend on factors such as site limitation, soil condition, or construction methods; the data

shown in Table 11 vary widely in individual bridges.
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Table 10. Unit Costs based on Types of Bridges (Data Obtained from Company A).

Construction Cost (Direct Cost: Material, Labor, and Equipment)
Column
T f . Total Length b A
]%,fifisg: Bridge La?nis V&?irzl%h ( ft}), ( f?;l Sgit; da;d and Total Unit Superstructure | Superstructure
Foundation | (M$) | Cost/ft* | Unit Cost/ft® Cost %

Prestressed | N/A 4 1760 by 69 121,440 $12.6 $5.3 $17.8 $147 $103.4 70%
Box Girder | N/A 4 2313 by 99.6 230,375 $31.3 $31.3 $62.5 $271 $135.6 50%
Extradosed N/A 4 2494 by 88.7 221,218 $43.7 $21.2 $64.9 $293 $197.6 67%
Bridee N/A 6 2428 by 98.5 239,158 $45.8 $15.5 $61.3 $256 $191.3 75%
g N/A 6 3970 by 98.5 391,045 $55.3 $20.7 $76.0 $194 $141.4 73%
gtzt;:('l N/A | 6 |23983by98.5 | 2,362,326 | $237.2 | $440.5 | $677.7 | $287 $100.4 35%

09




Table 11. Cost Index of Different Extradosed Bridges (Data Obtained from Sumitomo Mitsui Construction).

19

. Number Total Road Main Span *Equivalent. Cost
Bridge Name Year | Structure Type | oqoan | Length (ft) | Width (ft) Lengthlzft) Lengglp‘;flMam Index
Odawara Blueway |90, | 154 frame 3 886 31 400 400 1.00
Bridge
Tsukuhara Bridge 1998 rigid frame 3 1,060 30 591 591 1.64
Ibi Bridge 2002 | Continuous 6 4,583 92 891 891 2.23
(composite )
Hozu Bridge 2001 rigid frame 3 1,207 48 328 328 1.05
Tobiuo Bridge 2003 continuous 3 1,266 82 427 427 1.11
Akatonobo Bridge 2004 rigid frame 3 965 52 401 401 1.51
Arakogawa Bridge 2004 rigid frame 3 807 30 295 295 1.09
Tatekoshi Bridge 2004 rigid frame 2 371 51 185 370 1.34
Yanagawa Bridge 2006 rigid frame 2 866 46 430 860 1.81
Nanchiku Bridge 2006 rigid frame 3 814 50 361 361 1.26
Satonojyo Bridge 2006 rigid frame 3 610 49 253 253 1.05
Asagiri Bridge 2006 rigid frame 2 545 49 279 558 1.08

*Equivalent length of main span: Equivalent length = 2.0 X maximum length for a 2-span structure




Figure 44 shows the relationship between main span lengths and cost indices of the
three different types of bridges. The figure shows that although there is no clear trend in the costs
of the three different types of bridges observed, generally speaking, extradosed bridges are more
economical than cable-stayed bridges. Also, even though the cost of cable-stayed bridges could
be significantly higher, this is not necessarily higher than traditional girder bridges. Even though
cost indices are highly variable, compared to girder bridges, especially within 500 feet of the
main span length, extradosed bridges could be a cost-effective option. As shown in Figure 44, at
the span length ranging from 300 to 800 feet, an extradosed bridge could be a competitive bridge

form compared to a cable-stayed bridge.
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Figure 44. Cost Index of Different Types of Bridges from Sumitomo Mitsui Construction.

Note that even though construction costs of bridges are highly dependable on site
conditions, the cost of bridges constructed by a same company, likely with the same setup and
crews, should provide a more reliable comparison. Therefore, compared to construction costs
from different sources collected through literature review and interviews, cost information
collected from the two abovementioned specific companies is considered to be more

representative.
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An extradosed bridge generally requires a comparable amount of prestressing as a girder
bridge, but a reduced quantity of concrete. If the cost of towers is excluded, the superstructure
cost of an extradosed bridge can be on a par with or less than that of a girder bridge. Since
concrete accounts for a significant portion of the superstructure cost, the extradosed bridge could
be at an advantage in the total material cost. Due to the reduced superstructure weight and the
resulting potential reduced cost of the substructure, the overall cost of an extradosed bridge
construction might not necessarily be higher than that of a girder bridge and therefore could be a

more cost-effective alternative.

SUMMARY

While construction of extradosed bridges spread out in different countries and different
times, and each bridge was constructed under different site conditions, construction costs
collected from this study were found to be highly variable Cost information collected from
selected companies with experience in building girder bridges, extradosed bridges, and cable-
stay bridges showed that extradosed bridges are generally found to be less expensive than cable-
stayed bridges. The information also showed that extradosed bridges could be at an advantage to
prestressed girder bridges in total material costs due to the reduced quantities of concrete because
of the use of extradosed cables. In addition, considering the reduced superstructure weight and
potential reduced substructure cost, the overall cost of extradosed bridges is not necessary higher

than girder bridges.
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CHAPTER 5. BRIDGE SELECTION PROCEDURES AND
CONSIDERATIONS

COMMONLY USED BRIDGE SELECTION PROCEDURES AND CONSIDERATIONS

Bridge selection is a complicated process as many parameters need to be evaluated.
Information such as span length, site geology and foundation requirements, design loads,
surrounding geographical features, width requirement, clearance requirement below the bridges,
transportation of construction materials, erection procedures, and construction cost and duration
etc. generally need to be considered during a bridge selection process. Within all the bridge
selection considerations, the two primary factors are estimated cost and constructability. As a
major consideration for selecting different types of bridges, a desirable project design must meet
budget requirements and also has low operation and maintenance costs. The task of construction
requires an optimum amount of work and a minimum length of infrastructure closures during
construction. Aesthetics consideration, on the other hand, is to have a design compatible with the
surrounding community and sometimes to provide an attractive gateway. Other evaluation
criteria are safety and environmental impact.

Most big bridge projects will need to go through a design-build or public-private
partnership during the bidding phase. Depending on the required span, a number of different
options should be considered. For example, if the span falls into a range of 400 to 1600 feet, it is
very likely that an extradosed bridge will be one of the bridge types to be considered. Figure 45
shows appropriate span lengths for various bridge types. Depending on the span, a preliminary
screening process can generally remove some bridge types from further consideration. However,
the final decision among different alternatives (of bridges) normally requires a comprehensive
analysis. While a bridge is required to fulfill its function as a thoroughfare and at the same time
blend and harmonize with its surroundings, cost is generally one of the other major
considerations. For example, information collected from one of the telephone interviews
indicated that during the bridge type selection process of the Golden Ear Bridge, the contractor
considered various options such as box girder, truss, cable-stayed, and extradosed. Eventually an
extradosed bridge design was selected through a comprehensive cost comparison. The evaluation
indicated that if the span is right, such as in the case of the Golden Ear Bridge, an extradosed

bridge can be competitive in the cost-based analysis.
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Figure 45. Span Ranges for Different Types of Bridges.

Beside the abovementioned considerations, the methods for cost-effectiveness analyses
including Life Cycle Cost Analysis, Value Engineering (VE), and criteria-based bridge selection

procedures that can be used for general bridge selection are summarized below.

Life Cycle Cost Analysis (LCCA)

Bridge construction involves fabrication and erection operations needed for safe and
efficient building of the structures in accordance with the construction documents. Bridge
maintenance, on the other hand, involves ensuring public safety, i.e., to reduce life cycle costs
and earn public confidence. As shown in Chapter 4, an extradosed bridge will probably initially
cost more than a conventional girder bridge, yet would cost less than a cable-stayed bridge of the
same length. However, an extradosed bridge is also expected to be less expensive to maintain
over a longer term basis, compared to a cable-stayed bridge. Therefore, it is important to
examine the overall cost-effectiveness of extradosed bridges over other types of bridges. LCCA

is a process for evaluating the total economic cost of an asset by analyzing initial costs and
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discounted future expenditures, such as operation, maintenance, and repair (O, M&R) costs, and
user and social costs over the service life of the asset.

While a bridge with a longer service life is generally preferable, the maintenance fee
increases along with the time or use of a bridge. The LCCA methodology has some important
characteristics that allow composites to be evaluated on an equal basis with existing construction
materials. The method is project-based, which means that materials are compared based on costs to
build typical structures, instead of measures such as “dollars per pound of material.” Costs of
constructing and demolishing bridges can be obtained from the engineer who designed the bridge,
and the general contractor who was awarded the bridge contract. Operation, maintenance, and
repair figures can be obtained from maintenance officials. All agency costs involved in each
alternative over the planning period are factored into the LCCA, potentially including the costs of
design, construction, contingency and administration, right-of-way, inspection and routine
maintenance, painting and repair, rehabilitation and strengthening, girder widening, complete
bridge demolition and replacement. The concept of LCCA used in infrastructure is not new for
TxDOT, as an LCCA program has been developed through TxDOT Projects 0-1734 and 0-1739
(Beg et al. 1998; Waalkes 1999). TxDOT is currently considering LCCA for selecting pavement
alternates, i.e., rigid versus flexible pavement (Wimsatt et al. 2009).

A procedure for bridge alternatives selection could be established based on previous
researches of bridge LCCA. Parameters—such as bridge span, width, depth of the valley or
seabed—should be considered as factors of influence on bridge LCCA. An example of the
process and basic steps of a BLCCA program, NCHRP’s Bridge Life-Cycle Cost Analysis
(Hawk 2003) is illustrated in Figure 46.
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Figure 46. BLCCA Process (adapted from Hawk 2003).

A prototype of a bridge selection matrix based on LCCA can be developed accordingly.
An example of a developed prototype is shown in Table 12, in which the bolded number

indicates the optimum alternative based on LCCA.

Table 12. Prototype of Bridge Selection Matrix Based on LCCA with Dummy Data.

Alternative A | Alternative B Alternative C
(Girder) (Extradosed) | (Cable-stayed)
Construction Costs Design Costs $3,000 $6,000 $10,000
Construction Costs $80,000 $100,000 $150,000
0O, M, & R Costs Operation $10,000 $10,000 $10,000
Maintenance $5,000 $2,000 $3,000
Repair $30,000 $5,000 $0
Salvage Value Salvage Value $0 $2,000 $5,000
Life Cycle Cost $128,000 $121,000 $168,000

Note: All data here have been converted into Net Present Value (NPV)
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It should be pointed out that the analysis of LCC is often challenging as some cost data
are hard to collect; it is also difficult to provide a precise prediction of the service life of an
infrastructure. While the NCHRP synthesis 483 (Bridge Life-Cycle Cost Analysis) indicated that
LCCA can be a promising tool in bridge selection base on cost-effectiveness, the application of
the LCCA concept in bridges is still very limited. Issues such as target reliability level,
whole-life performance assessment rules, and optimum inspection-repair-replacement strategies
for bridges must be analyzed and resolved from a life-cycle cost perspective. Cost estimates will
probably be preliminary in nature and based primarily on historical cost data from other relevant
structures. As it is difficult to completely predict the service life of an infrastructure asset, it is

equally difficult to anticipate or forecast its LCC.

At present, only selected state departments of transportation are considering life-cycle
cost methodologies and software with the goal of developing a standard method for assessing the
cost-effectiveness of concrete bridges. As most of extradosed bridges are relatively new, it is
expected that maintenance costs or estimation might not be available from contractors and
agencies. Models and simulations are therefore needed to predict maintenance and repairing
costs, which will inevitably further increase the difficulty in LCCA. While TxDOT is still not
practically ready to adopt the LCCA concept in the bridge selection process, it clearly recognized
the advantages of LCCA in the decision-making process. LCCA can be used in TxDOT bridge

selection when necessary information is available in the future.

Value Engineering (VE) and Criteria-Based Bridge Selection Procedures

Bridge management is the decision-making process for selecting and prioritizing the
actions necessary to maintain a bridge within acceptable limits of safety and serviceability.
While the lowest agency cost option may not necessarily be implemented when other
considerations such as aesthetical and cultural value, user cost, and environmental concerns are
taken into account, current decision-making approaches including LCCA normally do not
include indirect impact from the abovementioned considerations. A criteria-based bridge
selection process was therefore developed for deciding on bridge maintenance and bridge type
selection. The difference between criteria-based selection and traditional cost-based selection is
that instead of comparing the exact dollar amounts (costs) that are often difficult to obtain, a

grading (or ranking) system is normally developed so that input from different groups (agencies,
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engineers, experts, and publics etc.) can be considered and translated into a composite score for
the decision.

Value Engineering (VE) analysis (or multi-attribute ranking method) is another tool that
is commonly used in alternative selection, which covers a broader area compared to an LCCA
(Wilson 2005). VE is a systematic application of recognized analysis techniques normally used
by a multi-disciplined team. The analysis:

e Identifies the necessary functions of a product or service.

e Establishes a monetary value or worth for that function.

e Generates alternatives through the use of creative thinking.

e Provides the necessary function reliably, at the lowest life-cycle cost consistent with
performance, maintainability, safety, and aesthetics.

In addition, costs not normally included in traditional LCCA, such as performance,
maintainability, safety, and aesthetics are also to be quantified and taken into account during the
decision-making process. VE may be viewed as a multi-peer review of project recommendations,
and it is designed to gather expertise and experiences of individuals in order to produce the most
effective solution for transportation needs. Since there are different concerns caused by differing
preferences, experiences, and background, a support system is generally required to enable each
stakeholder to evaluate and rank solution alternatives before engaging in negotiation with the
other stakeholders. The support system can be developed based on a combination of value-based
analysis, multicriteria group decision making based on satisfying options, and negotiation
process based on coalition formation. A VE therefore was used for bridge management decision
through balanced consideration of multiple and conflicting criteria involving different decision
makers, such as estate managers, project managers, and engineers (Dabous and Alkass 2008 &
2010; Utomo and Idrus 2010). Different VE programs have already been adapted by some state
agencies in decision making regarding infrastructure management. Table 13 shows an example

of the analysis matrix of decision of three alternatives using VE methods:
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Table 13. Example of Analysis Matrix using VE Method (adapted from Basha and Gab-
Allah 1991).

Alternatives

Evaluation criteria Normalized Precas‘F Concrete Incremeptal Prefabricateq
weight Girders Launching | Steel Construction

Rank Score | Rank | Score | Rank Score

Construction cost 24 3.7 88.9 1.7 40.8 1.4 33.6

Maintenance 5 4.0 20.0 3.0 15.0 2.0 10.0

Durability 12 4.0 48.0 4.0 48.0 3.0 36.0

Service life 10 4.0 40.0 4.0 40.0 2.0 20.0

Resource availability 16 3.2 51.2 33 52.8 1.0 16.0

Ease of construction 14 3.0 42.0 2.0 28.0 3.0 42.0

Progress rate 12 3.4 40.8 2.6 31.2 4.9 57.6

Design efficiency 7 3.9 27.3 3.0 21.0 4.0 28.0

Total scores - - 358 - 277 - 243

Note: 1. Ranks are excellent = 5; very good = 4, good = 3, fair = 2, and poor = 1; 2. Score = rank X weight

A similar approach called “criteria-based bridge selection” is also used for bridge
maintenance or bridge type decisions. Generally, various categories to be used in this analysis
will be identified based on literature review, construction documents, collection of public
opinions, and feedback from bridge engineers. A survey can be used to obtain input on the
various bridge types being considered to determine weights of each category and scores from
each alternative. During the bridge selection process, a set of design guidelines that represent
aesthetic, environmental and context sensitive considerations is developed first. Alternatives are
then to be developed based on public inputs, together with engineering, context, constructability
assessments, and budgets. In order to select the appropriate bridge type, the public can also be
polled on the degree of importance that should be given over different categories such as
aesthetics, construction costs, maintenance, and construction impacts. Table 14 presents an
example of a criteria-based bridge selection matrix that can be used for bridge selection between

extradosed bridges, concrete, and steel girder bridges.
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Table 14. Example of Criteria-Based Bridge Selection Matrix.

Criteria | Concrete box girder | Steel box girder | Extradosed
Aesthetics

Compatible with tram and historic district &) ® ©
Pleasing views from community ® © ©
Pleasing view from gateway ® © ©
Attractive screening S ® ©
Cost

Meets design budget © © O
Low operations and maintenance costs © © ®
Construction

Limits disruption to traffic ® © ©
Overall Evaluation O ® ©

Note:  © High ® Medium ® Low

Instead of using the grade system of High, Medium, and Low shown in Table 14, analysts
can use systems with numerical scores and weights for different criteria for a quantitative
criteria-based bridge selection process. Table 15 shows an example of a potential prototype of
bridge selection matrix from criteria-based bridge decisions, with the highest number indicating

the best alternative.

Table 15. Example of Criteria-Based Bridge Selection Scoring System with Dummy Data.

Scores Weight
Alternative A | Alternative B Alternative C (%)
(Girder) (Extradosed) (Cable-stayed)

Environment impact 60 70 80 10
Constructability 70 50 40 20
Maintenance 40 70 50 20
Structural safety 50 40 20 10
Durability 50 70 70 10
Aesthetic 30 50 60 30
Composite Score™ 47 57 53 100

Note: Composite score = > Weight x Individual Scores

ADVANTAGES AND DISADVANTAGES OF EXTRADOSED BRIDGES

In order to find the best situation to adopt an extradosed bridge design, it is important to
understand the advantages and disadvantages of this type of bridge. Because of their unique
structure, extradosed bridges have several positive characteristics. An extradosed bridge design
lends itself to spans greater than traditional girder systems, yet less than typical cable-stayed

bridges. Compared to conventional girder bridges, while longer spans of extradosed bridges
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provide better navigation/vehicular clearance below bridges through a wider navigation channel,
longer spans also lessen impact to the environment. Extradosed bridges are often more
economical at sites with curved roadways, where conventional cable-stayed bridges would be
uneconomically short due to the limited lengths of available straight spans.

Bridge aesthetics generally figure heavily into the proportioning of both superstructure
and substructure elements. The girder thickness of an extradosed bridge is normally lower than
that of a traditional girder bridge, thus reducing negative visual impact from the superstructure.
In addition, the thinner superstructure will result in reduced self-weight of structures, which will
lessen foundation costs as well as seismic loads on the substructure and foundation. Because of
lower main towers in extradosed bridges (comparing to cable-stayed bridges), vertical loads are
partially resisted by the main girders. Therefore, stress variations in stay cables in extradosed
bridges produced by live loads are smaller than those in cable-stayed bridges. As a result, the
safety factor recommended for stay cables in extradosed bridges under design loads is 1.67
(Mermigas 2008), which is the same as that for tendons in ordinary girder bridges; the number is
significantly lower than the value of 2.5 as specified for cable-stayed bridges. While towers in
extradosed bridges are generally lower than those in cable-stayed bridges, less efforts (and costs)
in construction and future maintenance is expected. In addition, the stay cables in extradosed
bridges need no tension adjustment as would be required for a conventional cable-stayed bridge,

which could result in further reduction of future maintenance costs for extradosed bridges.

Table 16. Advantages and Disadvantages of Extradosed Bridges.

Compared to girder bridges Compared to cable-stayed bridges
Advantages e Aesthetics (tower, longer span) | ¢ Easier in construction and
e Longer span maintenance
e Lower girder height (and e Lower main tower (height restriction)
weight) e Less sensitive in vibration and fatigue,
e More clearance under girder lower safety factor needed in design
e Lower self-weight and e No tension adjustment needed before
foundation costs service
Disadvantages | ¢ Lack of design standards e Lack of design standards
e Relatively expensive during e Material inefficient
construction

Table 16 summarizes the advantages and disadvantages of extradosed bridges compared
to girder and cable-stayed bridges. One major reason that extradosed bridge construction

methods have not come into widespread use is the lack of specific design standards as in some

73




countries. As mentioned in Chapter 2, with the exception of Japan, there is no widely accepted
design rule and/or code that provide design standards for extradosed bridges. The reference is
available only in Japanese language. It is often challenging to revise the design of an extradosed
bridge so it will conform to the local design code, owing to regulations specifying that the
external cable system must not be placed on the outside of the girders. On the other hand, given
the extradosed bridge’s intermediate design, it is often considered as relatively expensive
(compared to girder bridges) and material inefficient (compared to cable-stayed bridges). In
many cases, the spans of extradosed bridges are short enough that the use of cables is more for
aesthetic purposes rather than as an engineering-necessitated choice. However, this does not
necessarily mean it is a bad choice; the extradosed bridge type is a very elegant form especially

when the difference in cost and efficiency is small.

MAJOR REASONS FOR SELECTING EXTRADOSED BRIDGES

Through literature and interviews, bridge selection reasons for a total of 47 extradosed
bridges were identified and summarized in Table 17. As shown in the table, major reasons in

which extradosed bridges were selected include:

e Aesthetic consideration (signature bridge).

e Structure and construction consideration (proper span lengths, unique site conditions, and
seismic consideration).

e Underneath (navigation/vehicular/hydraulic) clearance and height (aviation) restriction.

e Economic, together with compatibility and environmental considerations.
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Table 17. Extradosed Bridge Selection Reasons.

Bridge Name Reasons Reference
1 | Odawara Blueway Bridge Lower cost, landmark structure, underneath clearance, height restriction MermlgasSZt?é)f ,213181 ;uga 2012,
2 | Tsukuhara Bridge Economic, aesthetic, fit with adjacent CS pedestrian bridge Mermigas 2008, Kasuga 2012
5 | Shin-Karato (Okuyama) Bridge Shallow depth girder spans over unstable slope Mermigas 2008
. . Sensitive landscape, justified the increased cost, least visual impact on . L
6 | Sunniberg Bridge the idyllic Alpine view. Tall piers, emphasis on aesthetics Mermigas 2008; Drinkwater, 2007
9 | Second Mactan—Mandaue Bridge Height restriction from airport Mermigas 2008
1o | Pont de Saint-Rémy-de- Shallow clearance over highway underneath Stroh 2012
Maurienne Bridge
12 | Pakse Bridge Long navigational span of long viaduct Mermigas 2008
16 | Wuhu Yangtze River Bridge Navigation clearance, aviation restriction, proper span for navigation Fang 2002
. . . . Economic, aesthetic, heavy prefabrication. Lightweight design, Mermigas 2008, Kasuga 2012; Ikeda and
19| Ibi River Bridge (Ibigawa Bridge) shortened construction period, design against fatigue for the stays. Kasuga 2010
20 Kiso River Bridge Economic, aesthetic, heavy prefabrication. Lightweight design, Mermigas 2008, Kasuga 2012; Ikeda and
(Kisogawa Bridge) shortened construction period, design against fatigue for the stays. Kasuga 2010
Miyakoda River Bridge . - . .
21 (Miyakodagawa Bridge) Landmark structure with good seismic resistance Mermigas 2008
Fit adjacent buildings, proper span for navigation, aesthetic, shorten
23 | Zhangzhou Zhanbei Bridge construction period, relative low cost, use of unique site condition Tang et al. 2002,
(island in the river)
Koror-Babeldaob (Japan-Palau L . - . .
25 Friendship) Bridge Navigational clearance, height restriction from airport Mermigas 2008
27 | Shinkawa (Tobiuo) Bridge Clearance under bridge Mermigas 2008
28 | Tongan Yinhu Bridge Aesthetic Li and Zeng, 2002
30 | Deba River Bridge Compactable with surropndmg landscape, shallow clearance over Llombart anq Revoltos 2004,
highway underneath Mermigas 2008
31 | Xiaoxihu Yellow River Bridge Navigation clearance, aesthetic, height restriction, anti-sedimentation Zhang and Kang 2002
. . Seismic resistance for earthquake, navigation clearance, aesthetic,
39 | Shuqian Nanerhuan Bridge signature bridge, shorten construction time Zhang 2004
41 | Sannohe-Boukyo Bridge Span of 200 meters to cross protected river and train line Mermigas 2008
42 | Lishi Gaojia Bridge Aesthetic, low cost, minimum span of 120 meters He 2004a, He 2004b
45 gg;?lémtmh) Bridge-Tokyo Gateway structure to reflect the cultural context of Kansai District. Mermigas 2008
48 | Liuzhou Sanmenjiang Bridge Navigation clearance, proper span for navigation and flood release Bandu, 2012
55 | Fuzhou Pushang Bridge Aesthetic, economic compared to cable-stayed bridges Eemap, 2012
57 | Homeland (Domovinski) Bridge Long span of viaduct to cross the river Mermigas 2008
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Bridge Name Reasons Reference
61 | Ailan Bridge Signature bridge, aesthetic, lpng span fco reduce number of piers, least Ko 2008
environment impact
62 | Nymburk Bypass Bridge Navigation clearance, appropriate span Lusas.com, 2012
Preserve views of historical heritage, large span, thin structure, and
63 | Puh (Puhov) Bridge severe restrictions on support layout, low bridge elevation and requested Slovenia Chapter of Engineers 2012,
& waterway and shipping clearance, road geometry in a sharp curvature Makelj 2010; Makelj 2012
(not allowing longer spans).
65 | Smuuli Bridge Impossible to put scaffolding or pier in the middle of roadway part station Saar 2012
67 | Second Vivekananda Bridge Comparable to the terpple on the Calcutta side, navigation clearance, Mermigas 2008; Binns 2005
height less than nearby temple
74 | North Arm Bridge Navigation .clearqnce, height restriction from airport, seismic Mermigas 2008: Scollard 2012
consideration to decrease superstructure weight
76 | Trois-Bassins Viaduct Bridge Tall piers, access from one s@e of gorge only, harmonious to the Stroh 2012; Mermigas 2008; Charlon and
environment Frappart 2008
79 | Golden Ears Bridge Navigation .clearqnce, height restriction from airport, seismic Mermigas 2008: Scollard 2012
consideration to decrease superstructure weight
80 | Karnaphuli III Bridge Geographical uniqueness, possible impact of siltation Finical Express, 2012
82 | Husong Bridge Aesthetic and compatible with the river 163.com 2012
86 | Choqueyapu Bridge Signature bridge Sobrino 2011
Povazska Bystrica D1 Motorway . .
89 Viaduct Signature bridge Strasky 2012
90 | Teror Viaduct The grandeur of the landscape anq dimensions of the valley require a Skyscrapercity.com 2012
structure to provide great clearance
95 | Jiayue (Nanping) Bridge Navigation clearance, aesthetic Baidu.com 2012
96 | Tisza Bridge Proper span and navigation clearance in flood area Matyassy 2010
. Construction method, environment, cost, aesthetic. Does not .
99 | Guemgang I Bridge . . Choi 2012, BD&E 2008
overshadow its neighbor.
103 | Najin Bridge Aesthetic, low maintenance, compatible to nearby buildings cctv.com 2012, gikan.com.cn 2012
New Pearl Harbor Memorial Aviation limitation, navigation clearance, desired span length,
107 L . . . Stroh 2012
(Quinnipiac) Bridge reasonable cost, signature bridge
109 | Ningjiang Shonghuajiang Bridge Proper span for navigation agd flood, nav1gat19n clearance, compatible Liu et al. 2010
to environment, aesthetic
113 | Saint Croix River Bridge Signature bridge, geometric, and physical restriction Strasky 2012
115 | Brazos River Bridge Aesthetics requirement Finley 2012




Aesthetics Considerations

According to information collected, aesthetics is often an important reason why designers
and owners selected extradosed bridges. The towers of extradosed bridges provide architects and
engineers room for creative yet more economically affordable designs compared to cable-stayed
bridges. Many documents stated that one of the major reasons in selecting the extradosed bridge
(over other bridge alternatives) is the need for a signature/landmark bridge. Ritto Bridge (Figure
47a) is one typical example of a bridge with aesthetic consideration, in which case the city
needed a gateway structure to reflect the cultural context of Kansai District. The New Pearl

Harbor Memorial Bridge (Figure 47b) is another example of a signature bridge.

(a). Ritto Bridge

(b). New Pearl Harbor Memorial Bridge
Figure 47. Examples of Bridges Selected for Aesthetic Reasons.
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Economic Considerations

As stated in Chapter 4, initial construction cost is one of the major considerations in
bridge selection. Generally, initial and future maintenance costs of extradosed bridges are
considered to be higher than that of girder bridges and lower than that of cable-stayed bridges.
Compared to the prestressed girder bridge, the extradosed bridge design could be at an advantage
in total materials costs due to the reduced quantity of concrete. In addition, considering the
reduced superstructure weight and potential reduced substructure cost, overall costs of
extradosed bridges are not necessarily higher than girder bridges. According to the survey from
the research team, economics is one of the major reasons that extradosed bridges were selected

over other alternatives.

Height Restriction and Clearance

Comparing to cable-stayed bridges, extradosed bridges have shorter towers. The tower
height of an extradosed bridge is usually around one-eighth of the main span length. In contrast,
the tower height of a cable-stayed bridge is usually around one-fifth of the main span. For
example, the two extradosed bridges built in Canada, North Arm Bridge (Figure 5) and Golden
Ears Bridge; are adjacent to the Vancouver Airport. In order to provide a sufficient glide
clearance for the airplanes, the heights of the towers are closely restricted. The height restriction

therefore resulted in the selection of extradosed bridges over traditional cable-stayed bridges.

Figure 48. Example of Consideration of Aviation Restriction (North Arm Bridge).
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Besides aviation restriction, some other bridges also have restrctions for different
considerations. One example is the Second Vivekananda Bridge (Figure 49) constructed in India,
where the bridge towers were required to be lower than the nearby temple and comparable to

adjacent structures.

Figure 49. Example of Height Restriction to Fit Adjacent Structures (Second Vivekananda
Bridge).

Compared to girder bridges, extradosed bridges generally have shallow structures. Girder
thicknesses of extradosed bridges are usually between 6 to 13 feet, which is approximately half
of the girder thicknesses of conventional girder bridges. The shallow structure can provide better
clearance for the underneath traffic, either by land or waterway. The first extradosed bridge, the
Odawara Blueway Bridge (Figure 50) is a good example of bridges requiring navigation
clearance for boat traffic underneath the bridge. An example with a vehicular clearance
requirement is the Pont de Saint-Rémy-de-Maurienne Bridge (Figure 51). The bridge was
constructed above an existing roadway and a river. To avoid building piers in the road or the
river, span lengths were set to be 172 feet and 159 feet, respectively, due to the unique site
location. With the fixed span lengths, a girder bridge design would have much deeper girders
than the extradosed bridge design, which will reduce the clearance underneath the bridge. It was
also not possible to increase the elevation of the bridge or build an arch bridge to provide
underneath clearance in such short spans. As a result, the extradosed bridge was the proper

design in this special case.
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Figure 50. Example of Bridge with Navigation Clearance Requirement (Odawara Bridge)

Figure 51. Example of Bridge with Vehicular Clearance Requirement
(Pont de Saint-Rémy-de-Maurienne Bridge).

Compatibility and Environmental Considerations

Depending on their locations, many bridges built recently have significant considerations
on environmental impact over bodies of water. Before Ailan Bridge in Taiwan (see Figure 52)
was planned, a study was performed to evaluate the environmental impact of the bridge before

construction began (Ko 2008). As extradosed bridges generally have longer spans compared to
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girder bridges, the quantities of piers (in water) can be reduced, which will result in less

environmental impact over bodies of water.

Figure 52. Examples of Bridges Selected due to Less Environmental Impact (Ailan Bridge).

Visual compatibility is the consideration of a bridge alternative that is compatible to
adjacent structures or natural appearances, or constructed with the least visual impact or
interference. The Sunniberg Bridge (Figure 53) in Switzerland is located adjacent to a ski resort.
Since the beginning of the project planning stage, having a design that fits the landscape was the
highest priority. The tall piers and thin girders of the extradosed bridge design provide the least

visual impact on the idyllic Alpine view.

Figure 53. Example of Bridge with Low Visual Impact (Sunniberg Bridge).
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Construction and Structure Considerations

Proper span length is probably one of the most important reasons that extradosed bridges
are selected over other bridge alternatives. An example of long span designs that were used in
crossing deep valleys or rivers is the Trois-Bassins Viaduct in France. As shown in Figure 54,
the bridge crosses a deep ravine. In order to minimize the number of piers, a cable-stayed bridge
design or an extradosed bridge design is preferable. Between the two alternatives, the extradosed
bridge option is more competitive under similar span lengths owing to the lower construction

cost, better constructability, and easier maintenance.

Figure 54. Example of Bridge with Span at Deep Valley (Trois-Bassins Viaduct).

Another reason that extradosed bridges were commonly selected is that these can provide
proper spans for navigation, particularly in flood zones. An example is the Liuzhou Sanmenjiang
Bridge (Figure 55). As the bridge is in a flood zone, the selection of an extradosed bridge design
(over a traditional girder bridge design) can reduce quantities of piers in the water, which not
only provides better a navigation clearance, but also significantly reduces the dangers of

potential impact during flood season.
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Figure 55. Example of Bridge with Least Navigation Interference in Flood Zone (Liuzhou
Sanmenjiang Bridge).
Another reason associated with proper spans is related to the horizontal curvatures of
structures. An example is the Puh Bridge shown in Figure 56. Because of the complex geometry of
horizontal curvature, the span lengths of the Puh Bridge have to be reduced to match the curvature.

Alternatives such as the cable-stayed bridge design therefore have become less attractive.

Figure 56. Example of Bridge with Proper Span for Curvature (Puh Bridge).

As each bridge is to be constructed at a unique site circumstance, in some cases, an
extradosed bridge design might come across to be the most feasible and cost-effective
alternative. An example is Zhangzhou Zhanbei Bridge (Figure 57a), which was constructed in

China in 2001. As there is an island within the water path at the location of the bridge, the
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extradosed bridge design turned out to be more attractive compared to the alternative of the
concrete-filled steel tube arch bridge. As one of the piers sits right on the island in the river, there
is only one foundation that needs excavation under the water. As a result, construction cost and
duration can be significantly reduced.

Another example of how the extradosed bridge turned out to be an optimum alternative is
the Deba River Bridge (Figure 57b). As one side of the bridge connects to a channel, the bridge
needs to be built in a relatively low altitude in order to meet the elevation of the channel. In
addition, the underneath water traffic passing capacity also needed to be assured. The extradosed
bridge design that has shallow girders eventually turned out to be the ultimate design for this

case (Llombart 2004).

(a). Zhangzhou Zhanbei Bridge

(b). Deba River Bridge
Figure 57. Examples of Bridge in Unique Site Conditions.
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Construction consideration is one of many other reasons that may lead to decisions of
constructing extradosed bridges. During the construction of the New Pearl Harbor Memorial
Bridge (Figure 58), the design of an extradosed bridge has the advantage of providing
appropriate span lengths through avoiding existing bridge piers, whereas the old bridge can still

be of service during the period of the new bridge construction (CDOT 2012).

Figure 58. Example of Bridge with Construction Consideration (New Pearl Harbor
Memorial Bridge).

Compared to a girder bridge, the extradosed bridge has a shallow structure that also
provides lighter structure weight. In situations where the soil condition cannot support heavy
structures, the extradosed bridge design is preferred. Other seismic considerations, such as
bridges constructed in earthquake zones, also require decreased superstructure weights through
the reduction of girder depth. The better seismic stability was considered one of the benefits of

the final designs of North Arm Bridge and Golden Ears Bridge (Figure 59).
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Figure 59. Example of Bridge with Structure Consideration (Golden Ears Bridge).

It should be noted that while the reasons for bridge selection listed above might not be
complete or appropriate for other bridge types, some could also be interrelated. For example, an
appropriate span range might reduce the environmental impact through the reduction of
quantities of piers in bodies of water. In most cases, an extradosed bridge was selected as the
ultimate design due to more than one of the reasons mentioned above. In general, there are two
most common situations in which extradosed bridges are better choices than either girder bridges
or cable-stayed bridges. When longer spans and thinner girder depths are needed, the extradosed
type is usually surpassed by the girder bridge type. When a bridge is to be constructed in deep
valleys or rivers, an extradosed bridge is generally a better choice compared to a cable-stayed
bridge because of its better constructability, which in turn leads to lower cost. As a hybrid of a
girder bridge and a cable-stayed bridge, the extradosed bridge design provides another option

when neither girder nor cable-stayed bridges is the ultimate choice.

STATISTICS OF BRIDGE SELECTION REASONS

Results showed that while there is a variety of reasons for selecting extradosed bridges

(over other alternatives), the major reasons are:

e Acsthetic considerations or needs for signature bridges.
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e Underneath clearance and height restriction.
e Compatibility or environmental consideration.

e Construction and structure considerations.

Using the identified bridge selection reasons of the 47 extradosed bridges, the researchers
performed a statistic analysis and the results are summarized in Figure 60. The majority (77%) of
bridges have either construction or structure considerations because of the appropriate span
length or unique site conditions. The analysis revealed that 60% of the bridges have
considerations such as height restriction or navigation/vehicular clearance, and that 57% of the
bridges were selected with aesthetic considerations, i.e., the need for a signature bridge or
landmark structure. Also, it noted that 43% of the bridges were selected with compatibility and
environmental considerations, and 21% of the bridges were selected with economic

considerations in mind.
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Figure 60. Statistics of Considerations in Selecting Extradosed Bridges.

As most of bridges were selected based upon multiple reasons, the percentages shown in
Figure 60 referred to percentages of bridges selected with specific reasons as the only or one of
the considerations. The total percentages in the figure therefore added up to over 100%. Another
approach was adapted by considering partial counts for individual categories. For example, in the

case of Odawara Blueway Bridge, there are four major reasons (economic, aesthetic, clearance,
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and height restrictions) identified as primary reasons for bridge selection; each of them therefore
counts for 0.25 in the matrix for bridge selection. These adjusted factors were then used and the
distribution of bridge selection reasons is displayed in Figure 61. Similar to the results shown in
Figure 60, the top three reasons for selecting extradosed bridges were aesthetics, construction
and structure, and height restriction and clearance, which account for 28%, 28%, and 24%,
respectively. Only 7% of the bridges are decided by economic reasons, which indicated that most
of the bridges were selected without the cost consideration, or at least not as a primary

consideration.

Figure 61. Summary of Bridge Selection Reasons.

CASE STUDIES FOR BRIDGE SELECTION

The selection of a final bridge alternative is typically based upon specific site conditions
and many other considerations. Case studies could therefore serve as a better channel in
analyzing when extradosed bridges should be selected. Four projects were identified and
included as case studies. In addition to project background, information such as bridge
configuration, constructability (site constraints and construction duration), and costs were
collected based on literature review and data collected through surveys and interviews. Case
studies were focused on how and why extradosed bridges were selected (or not selected) in

specified projects. Table 18 lists the cases included in this study.

88



Table 18. List of Cases Included in the Case Studies.

Bridge Location | Year Built Major Bridge Alternatives
Sunniberg Bridge Switzerland 1998 Truss, girder, extradosed
Zhangzhou Zhanbei Bridge China 2001 Extradosed, arch, girder
St. Croix River Crossing U.S. 2014 Extradosed, cable-stayed, girder
. Through-arch bridge, girder,
Walterdale Bridge Canada 2015 extradosed, cable-stayed

Case #1 Sunniberg Bridge

The Sunniberg Bridge was planned to be constructed in the mid-1970s. However, it did
not happen until a final plan was formulated in 1996, when an extradosed bridge design was
carried out. The main reason for the long planning period is the critical concern to limit the
environmental impact. A proposal for the Sunniberg Bridge construction to cross the Lanquart
Valley and connect to the town of Klosters was carried out in the mid-1970s. However, the initial
design was rejected by the local government due to the environmental concerns (Figi et al. 1997).
In 1993, the government decided to restart this project, and a design competition was conducted.
The extradosed concept design was presented by a Swiss engineer, Christian Menn, and this
design was finally detailed and completed by one of the companies involved in this competition
(Drinkwater 2012).

Aside from the extradosed bridge design, there were four alternative designs. Design (a) is
a six-span composite truss bridge with span lengths of 221.8 feet, 305.0 feet, 305.0 feet, 305.0 feet,
277.2 feet, and 249.5 feet, respectively. Design (b) is a six-span concrete cantilever bridge with
span lengths of 187.0 feet, 341.2 feet, 341.2 feet, 341.2 feet, 341.2 feet, and 178.0 feet,
respectively. Design (¢) is a seven-span triangular composite box girder bridge with two 196.9-foot
side spans and five 262.5-foot main spans. Design (d) is a nine-span continuous concrete beam
bridge that contains two 155.8-foot side spans and seven 205.1-foot main spans (Drinkwater
2012). Drawings of the four designs are shown in Figure 62. In this case, the cable-stayed bridge
design was not considered for several reasons. Firstly, a cable-stayed bridge has a higher cost than
an extradosed bridge and a girder bridge. Secondly, the high towers of a cable-stayed bridge may
break the harmony with nature. Lastly, the bridge was to be designed with a curved girder, which
limited the maximum span length, and the cable-stayed bridge designed in this span range does not

have advantages over other bridge types.
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Figure 62. Alternative Designs of the Sunniberg Bridge (adapted from Drinkwater 2012).

The extradosed design of the Sunniberg Bridge has five spans with a total length of
1726 feet. The girder has a curved radius 1650 feet at an inclination of 3.2%. Lengths of five
spans are 194 feet, 420 feet, 459 feet, 440 feet, and 213 feet. The girder carries two lanes with a
girder width of 40.6 feet. There are eight short towers with the same height of 48.6 feet (above
the girder surface). The tallest pylon is 203.4 feet high, from the valley floor to the girder

surface. The center span length to tower height ratio is about 9.46:1.

Because the construction site was located near a natural resort and this bridge would be
the only engineering structure in the Lanquart Valley, the local citizens of Klosters requested that
the structure of bridge should be as thin and transparent as possible in order to minimize the

visual impact on the natural view. The unique topography and the requirement to minimize the
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construction footprint on the ecology, together with characteristics of the extradosed concept,
finally led to this decision to choose an extradosed bridge design. Structural advantages of the
extradosed bridge made it possible for the bridge to be designed to have longer spans, thinner
girders, and fewer pylons compared to a girder bridge or a truss bridge. These characteristics
fulfilled the request of less environmental impact very well. According to Drinkwater (2012),
slender piers, low pylons, and transparently thin girders blended effortlessly into the magnificent
Alpine landscape. When viewed from the valley floor, the narrow pier legs blended into the
wooded environment, which gave an impression that the bridge has been grown rather than
constructed. Additionally, because of the low pylons, the bridge is below eye level, which allows
it to be obscured by vegetation and to appear unobtrusive when viewed from most locations in
Klosters. Furthermore, since the bridge was to cross the wide and deep valley, fewer pylons
reduced the construction cost and at the same time, minimized the environmental impact. This
design perfectly met the design requirements as well as the major concerns of this project, which
are aesthetics and environmental impact. The five-span extradosed bridge design (Figure 63) was
finally selected and constructed because it fulfills both project functions and provides an

aesthetically pleasing structure.

Elevation Pier P2

Plan-View

Figure 63. Final Design of Sunniberg Bridge with Extradosed Concept (adapted from
Drinkwater 2012).
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One disadvantage of the extradosed design is its construction cost, which was
approximately 14% higher than the most economical design. However, since this bridge was part
of the Klosters Bypass project, the increased cost of this bridge only resulted in a 0.5% increase

in the cost of the whole project. The government believed this was acceptable and worthy

(Drinkwater 2012).

Figure 64. Sunniberg Bridge (Wilhelm Ernst & Sohn 2012).

The Sunniberg Bridge was eventually constructed near Klosters in Switzerland and
located in the Lanquart Valley below an international Swiss ski resort (Drinkwater 2012). The
construction period of this bridge was between 1996 and 1998 (Wilhelm Ernst & Sohn 2012).
The bridge is one of the largest in the Alps (Drinkwater 2012). The construction cost of this
bridge is 17,000,000 1996 Swiss francs (18,601,570 U.S. dollars) (Wilhelm Ernst & Sohn 2012;
Drinkwater 2012).

Case #2 Zhangzhou Zhanbei Bridge

The Zhanbei Bridge is located in Zhangzhou City, Fujian Province, China. The bridge
was design to replace an old bridge at the same location that was to be demolished after the new
bridge was completed. Three different types of bridges were designed as alternatives, which
include a girder bridge, an extradosed bridge, and a concrete-filled steel tube arch bridge. The
cable-stayed bridge design was not considered, because of the much higher cost; also, the river is
not wide enough to use such a long-spanning bridge. Detailed drawings of the three alternative
designs can be found in Figure 65.

The girder bridge design has five spans with lengths of 148 feet, three 233 feet (midspan),
and 148 feet, with a total span length of 965 feet. The extradosed bridge design has three spans of
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265 feet, 433 feet, and 265 feet, with a total span length of 963 feet. The two towers are 54.1 feet
in height and eight cables go through each tower. The concrete-filled steel tube arch bridge design
has three spans of 131 feet, 492 feet, and 131 feet, with a total span length of 623 feet. Suspension
rods were set every 16.4 ft through the whole bridge length (Tang, 2002).

] 45 ! A8 AR ) a8 i 45 :

(c¢). Concrete-filled Steel Tube Arch Bridge.

Figure 65. Alternative Designs for Zhangzhou Zhanbei Bridge.

Among the three different types of bridge designs, the girder bridge design is the easiest one
to construct and has the lowest cost. However, two more piers with foundations were needed when
the girder bridge design was compared to the other two designs. Because the central span is
relatively small, the navigation ability is also low. Compared to the concrete-filled steel tube arch
bridge, the extradosed bridge design is easier to be constructed, and at a lower cost. With the
extradosed bridge design, one of the piers sits right on the island in the river. There is therefore only
one foundation that needs excavation under the water, and this reduces both the cost and the
construction period. The longer central span of the extradosed bridge provides a better navigation
capability compared to that of the girder bridge. The towers and cables of the extradosed bridge also

have a better appearance compared to the girder bridge. The concrete-filled steel tube arch bridge
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design is the hardest one to be constructed, which in turn results in the highest cost as well as the
longest construction period. Additionally, the high maintenance fee during the service period is
another reason why this design was not favored at the very beginning of the selection process. The
extradosed bridge design was eventually selected and the new bridge was built according to this
design. The enhanced navigation ability, better appearance, and relatively low cost are main reasons
why this design was chosen.
The part of the river where the bridge was built is 1181 feet wide and has a maximum
depth of 16 feet. There is an island measuring 164 feet x 984 feet that lies 328 feet away from
the north bank of the river. As the river is used for water transportation, the central span width
and the minimum clearance under the girder was one of the major considerations in bridge type
selection. Another aspect that should be noted is that the new bridge piers under the riverbed
have to be located to avoid the remaining foundations from the demolished bridge (Tang, 2002).
Great interest was shown to this new type of bridge as it was the first extradosed road
bridge constructed in China. Comparisons between this new type of bridge and other conventional
bridges have been performed. Information and data such as the material usage and the costs of
this bridge are accessible. In order to have a better understanding of the advantages of the
extradosed bridge, the Zhanbei Bridge was also compared to other in-use bridges with similar
span lengths, including both girder bridges and cable-stayed bridges. Table 19 lists the girder
depths-to-central span ratios of the Zhanbei Bridge and four other girder bridges. The extradosed
bridge has a smaller girder depth. The maximum girder depth-to-span ratio of an extradosed

bridge is almost half that of a traditional girder bridge (Wang, 2003).

Table 19. Configuration Comparisons of Different Bridges.

Bridge name Bridge type | Ly, ft | Dy, ft | Dy/Liy | D, ft | Di/Lin
Zhanbei Bridge Extradosed | 433 | 12.5 [ 1:34.7| 7.9 | 1:55.0
Letianxi Bridge Girder 410 | 253 [ 1:16.2 ] 10.5 | 1:39.1

Dongming Huanghe Bridge Girder 394 | 21.3 | 1:185] 8.5 | 1:46.2
Fengpu Bridge Girder 410 | 23.0 [ 1:17.9| 9.2 | 1:44.6
Ruanshui Bridge Girder 394 | 223 | 1:17.6 | 9.8 | 1:40.0

Note: In the table, Lm refers to main span length; D,, refers to girder depth at midspan; D, refers to girder
depth at tower.

The smaller girder depth of the extradosed bridge enables less material to be used, which

then reduces the weight of the superstructure. The decreased requirement of the superstructure
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results in reduced material consumption, labor costs, and construction period. The smaller girder
depth of the extradosed bridge also shortens the bridge approach (Wang, 2003).

The towers of an extradosed bridge are generally shorter than the towers of a cable-stayed
bridge. In the case of the Zhanbei Bridge, the tower height of the extradosed bridge is
approximately half that of a traditional cable-stayed bridge (Wang, 2003). The lower tower
height not only decreases materials consumption but also reduces the construction difficulty. For
example, the technique of cable anchoring in an extradosed bridge is simpler than the anchoring
technique used in a traditional cable-stayed bridge. The simpler technique allows a shorter

construction period, lower requirements for skilled labor, and better construction quality.

Table 20. Materials Consumption Comparisons of Different Bridges.

Bridge name Bridge type | Concrete | Steel strand | Rebar | Steel cable
/£t b/f | /A | I/
Zhanbei Bridge Extradosed 2.46 5.86 25.11 3.13
Letianxi Bridge Girder 2.95 9.07 23.21 -
Dongming Yellow River Bridge Girder 3.08 11.86 22.65 -
Fengpu Bridge Girder 2.99 14.17 19.56 -
Ruanshui Bridge Girder 2.79 9.54 18.33 -

Table 20 shows the concrete and steel consumptions of the Zhanbei Bridge and the
same four other girder bridges previously shown in Table 19 (Wang, 2003). The concrete
consumption of the extradosed bridge decreased by approximately 16.7% compared to the
other bridges. In addition, the rebar consumption of the extradosed bridge increased by
approximately 19.6% compared to the other bridges. Even though steel cables were used only
in the extradosed bridge, depending on the amount of concrete and steel used as well as their
prices, the total material costs of concrete and steel in an extradosed bridge are comparable to

that of girder bridges of similar length.
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Figure 66. Zhangzhou Zhanbei Bridge (adapted from China.com 2012).

The construction of the Zhanbei Bridge (Figure 66) started in 2000 and was finished in
2001. The Zhanbei Bridge is the first extradosed road bridge constructed in China. Since this
project was completed and put to use in good condition, the extradosed bridge design has been
considered as a new alternative and a substitute for traditional girder bridges as well as other
types of bridges. More than 20 extradosed bridges either have been constructed or are under

construction in China since then.

Case #3 St. Croix River Crossing

The Stillwater Lift Bridge (Figure 67) is a critical crossing over the St. Croix River
between Minnesota and Wisconsin. Because of the long-standing congestion and safety issues on
both the Minnesota and Wisconsin sides of the bridge, a new river crossing to replace the aging

lift bridge near Stillwater had been discussed for decades.
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Figure 67. Stillwater Lift Bridge.

Formal efforts to revive the river crossing began in 2002. The focus of the project’s
context was the visual appearance of the St. Croix River Crossing and the setting of the bridge
within the Wild and Scenic River way. During the development of the supplemental final
environmental impact statement (SFEIS), the stakeholders, including local, state, and federal
government agencies (Minnesota Department of Transportation [MnDOT], Wisconsin
Department of Transportation [WisDOT] and Federal Highway Administration [FHWA]), as
well as local and national citizen organizations, have studied four “build” alternatives and a
“no-build” alternative to determine a safe and efficient river crossing over the St. Croix River.
Parallel with the SFEIS process, a Visual Quality Manual (VQM) was developed to outline the
aesthetic values for the project. A Visual Quality Review Committee (VQRC), with member
participation from stakeholder groups, was a key part of the visual quality process. In addition,
the process in developing the VQM included a public open house to gather input for the aesthetic
development of the bridge (URS 2012).

In addition to the no-build alternative, which was determined to be infeasible due to the
obvious congestion and safety issues, four build alternatives were developed. Figure 68 shows
selected examples from different alternatives; note that there could be more than one option

under each alternative.
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(a) B1-2-1500-Foot Cable Stay (b) B1-3-Six 500-Foot Extradosed Box
Girders

(¢). B1-4-Ten 360-Foot Haunched Concrete (d). C2-500-Foot Concrete Girder Arch and
Box Girders Box Girder Approaches

(e). D1-Three 350-Foot Steel Thru Trusses (f). D2-500-Foot Steel Bowstring Main Span
with Five 250-Foot Haunched Concrete
Girders

Figure 68. Selected “Build” Alternatives for St. Croix River Crossing Project Selection.

The preferred alternative was identified through a balanced decision-making process,
which considered the transportation purpose and needs to provide safe and efficient mobility.
During the process, environmental, economic, social, and historic resource concerns present within
the project area were considered. Among all different alternatives, the St. Croix Visual Quality
Review Committee and Project Team (Wisconsin DOT, Minnesota DOT, and Consultant Team)
chose the B1-3 Six 500 Ft Extradosed Box Girders architectural bridge concept for further
development. This concept successfully balances the engineering and functional criteria of cost,
maintenance, and construction means with visual, aesthetic, and architectural project criteria.
Several areas of concern were considered in identifying the optimum bridge type (visibility, height
of towers, quantity of piers in the river) and the effects of piers on the natural environment,

including wildlife, aquatic life, wetlands, and the Wisconsin bluffs.
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The final project involves a new river crossing structure of segmental concrete
construction, including 3,460 feet of extradosed spans (six 480-foot spans and two 290-foot
end spans). The bridge will provide 40-feet wide roadways in each direction and a 12-foot
wide pedestrian trail. The superstructure will be integrally connected to the substructure at
every pier. Both a double- and a single-box girder cross section are considered viable. Under
the preferred alternative, the old lift bridge will be converted to a pedestrian/bicycle facility
and will be a component of a loop trial connecting Minnesota and Wisconsin via the lift
bridge and new river crossing.

The new St. Croix River Crossing is characterized by three key features. The first feature
is the extradosed bridge type, which is new to the United States. The second feature is the use of
only two expansion joints in the long, continuous length of structure to accommodate thermal
and long-term creep and shrinkage movements of the superstructure. The third feature is the
emphasis on the bridge aesthetics, with particular attention paid to creating a structure with an
“organic” appearance to complement the scenic river setting. The total anticipated project cost is
$299 to $334 million (2004 dollars) with 10% to 90% bid probability and $373 million (2004
dollars) with 100% bid probability.

Case #4 Walterdale River Bridge Replacement
The Walterdale Bridge (see Figure 69) was constructed from 1912 to 1913 with a

three-span structural steel truss design. The bridge was originally designed to carry two lanes of
roadway traffic and a street railway across the North Saskatchewan River in Edmonton, Alberta,
Canada. Through some changes of traffic needs, the bridge currently carries two lanes of
northbound traffic, along with pedestrians and bicyclists on sidewalks on both sides, and a
number of utilities across the river. While the Walterdale Bridge has served Edmonton for a
century and is reaching the end of its service life, a new Walterdale Bridge is needed to replace

the existing bridge.
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Figure 69. Existing Walterdale Bridge

In Phase I of the “Walterdale Bridge Replacement and Approach Roads Evaluation,”
extradosed, arch, and cable-stayed bridge replacement alternatives were compared to a more
conventional girder bridge alternative. Conceptual bridge designs for the Base Road Option were
developed. The geometry and appearance of the structure will be similar for the East and West
Side Road Options.

According to Peacock et al. (2011), the following are brief descriptions of the four
alternatives considered:

1. A three-span girder bridge: The bridge alternative will balance economy with aesthetics at
the site. A bridge with three spans requires two piers in the water that will have less impact
on the river when compared to a four-span or five-span structure. An odd number of spans is
generally considered to be more aesthetically pleasing, and will allow pier placement away
from the middle of the river. A span arrangement of approximately 230 feet, 328 feet, and
230 feet will give the best balance between aesthetics, pier placement, and structural
efficiency.

2. A three-span extradosed bridge: The bridge alternative will balance economy with aesthetics
at this site. A bridge with three spans requires two piers in the water. A symmetric cable
layout was chosen for this report to show a structurally efficient form. A span arrangement of
approximately 197 feet, 394 feet, and 197 feet will give the best balance between aesthetics,

pier placement, and structural efficiency.
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3. A single span arch bridge: The bridge alternative will carry pedestrians and traffic over the
river without requiring piers in the river. A symmetric arch layout with vertical hanger cables
was chosen for this report to show a simple, clean form. A 787-foot span will be used, with a
height of 131 feet, giving a span to depth ratio of 6. Span to depth ratios can vary; a
shallower arch will have a sleeker appearance but will be less efficient structurally.

4. A single span cable-stayed bridge: The bridge alternative will carry pedestrians and traffic
over the river without requiring piers in the river. An asymmetric, single-tower layout has
been chosen for this report to show a simple, clean form. A 787-foot span will be used, with
a tower height of 394 feet. A shorter tower could be used, but will be less structurally

efficient.

Conceptual bridge designs of the four alternatives are shown in Figure 70.
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Figure 70. Alternatives of Walterdale Bridge Replacement.



In evaluating bridge replacement alternatives, the project team made reference to the
following selection criteria: user experience, views, pedestrian and bicyclist movement, visual
lightness, tower and piers and utilities. According to Peacock et al. (2011), the outstanding
advantages and disadvantages of the four structural alternatives are as follows:

The girder alternative is economical to construct in the Alberta marketplace, and has a
low profile that will have little visual impact on the river valley and adjacent structures. Since it
does not rise above the roadway, the girder alternative will do little to announce the entrance to
downtown Edmonton. The girder alternative will require a deeper girder than the other
alternatives, which will require the approach roadways to be higher and, in turn, will also
increase the footprint in the river valley. Because modern bridges in Alberta are generally
constructed from girders, most people consider this alternative to be commonplace.

e The extradosed alternative has been used successfully for bridges throughout the
world, with two notable examples constructed recently in Vancouver. Since the
appearance is considered utilitarian, many people do not believe that this alternative
will become a point of pride for the citizens of Edmonton. This alternative also has
the disadvantage of requiring two piers in the North Saskatchewan River.

e The classic arch form has been used for the construction of iconic bridges since
Roman times. This alternative pays homage to the existing bridge, and relates well to
the river valley and the adjacent low level and high level bridges. With arches that
rise above a slender girder, this alternative will become the gateway to downtown and
a point of pride for the citizens of Edmonton if properly designed. To avoid having
piers in the river, a single arch span between the south and north banks was proposed.
Because the erection requires care and attention on the part of the contractor, the cost
of an arch bridge will be in the range of 10 to 20% more than other functional
signature bridges.

e In the past 30 years, cable-stayed bridges have been constructed throughout the
world. By virtue of a high tower on the south bank and a slender girder, this
alternative has the potential to become a signature structure in and of itself. However,
many people believe that this alternative will overwhelm the river valley and detract

from the surrounding facilities. The backstay cables and tie-down required for this
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alternative on the south bank have the potential to complicate the design and

construction of the approach roadways.

Table 21 presents the selected comparison of the girder, extradosed, arch and

cable-stayed alternatives to replace the existing bridge from consideration of the evaluation

criteria.

Table 21. Comparison of Different Alternatives of Walterdale Bridge Replacement.

Girder Extradosed Arch Cable-Stayed
Higher proﬁ'le Girder very Girder very sler}der;
than girder; i . tower about 3 times
Profile Low profile . slender; arch quite . )
girder more ominent higher than high level
slender P bridge

Impact on river

Two piers in
river; removal

Two piers in
river; removal

No piers in river;

removal of existing

No piers in river;
removal of existing

Constructability

of existing piers | of existing piers piers piers
Arch erection
. Very tall tower
Common bridge | Less common complex Requires
type. Segmental bridge type; Requires d

well-thought-out

construction more complex well-thought-out . .
. . . . girder erection
required. than girder girder erection
procedures
procedures
Capital cost Lowest Medium Highest Medium
reful ilin o .
Careful C.a el detg € | Careful detailing will
1 . will be required to .
. detailing will be be required to reduce
Operating and . reduce cable .
: required to . cable maintenance
maintenance Lowest maintenance costs; .
reduce cable . . costs; expensive to
costs . requires upkeep if !
maintenance L work at heights when
costs paint is used for maintaining bridge
steel arch ribs & &
Life cycle cost Lowest Medium Highest Medium

Table 22 tabulates preliminary cost estimates for the various bridge alternatives in 2011

dollars. Costs are for the complete construction of the bridge structures including the

superstructure, towers, piers, and abutments, but not including the approach fills, ramps,

retaining walls or other structures required to bring the roads, pedestrians, and bicyclists to the

new bridge.
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Table 22. Capital Costs of Different Alternatives in Walterdale Bridge Replacement.

Bridge Unit
Bridge Area Cost 30% Construction 15% Eng. Project
Alternatives (ft)) ($/ft) Cost | Contingency Cost and Admin Cost
Girder 60,278 604 $36.4 $10.9 $47.3 $7.1 $54.4
Extradosed 60,278 743 $44.8 $13.4 $58.2 $8.7 $66.9
Arch 60,278 929 $56.0 $16.8 §72.8 $10.9 $83.7
Cable-Stayed | 61,892 836 $51.8 $15.5 $67.3 $10.1 $77.4

Note: All costs are in millions

Table 23 tabulates life cycle costs for the various bridge alternatives over a 50-year
period (assuming a 75-year lifespan). In preparing the life cycle cost analyses, it was assumed
that minor bridge maintenance will be undertaken every five years, and major rehabilitation will
be needed every 25 years. Minor rehab will include concrete sealer and cable inspections. Major
rehab includes the work completed in a minor rehabilitation plus steel coating replacement,
girder rehabilitation, and cable repairs. A discount rate of 4% was assumed. The total residual

value includes 15% engineering and administration costs.

Table 23. Life Cycle Costs of Different Alternatives in Walterdale Bridge Replacement.

Bridge Bridge | Minor Rehab | Major Rehab | Major Rehab 50-Year PV
Alternatives | Area (ftY) | (Every 5 yrs) (Year 25) (Year 50) Total + Residual
Girder 60,278 $1.5 $5.0 $7.0 $55.1
Extradosed 60,278 $2.5 $7.0 $9.0 $68.4
Arch 60,278 $2.5 $10.0 $12.0 $86.0
Cable-Stayed 61,892 $2.5 $7.0 $9.0 $78.4

As shown in Table 22 and Table 23, both capital and life cycle costs of the extradosed

bridge design were calculated to be relatively low among the four alternatives. Regardless of the

highest cost, as the study progressed in Phase 2, a through-arch bridge was selected as the

preferred alternative. This alternative will carry three lanes of northbound traffic on the

alignment of the approved roadway option, which is located to the east of the existing bridge.

Although any of the four alternatives considered can be designed to be a signature functional

bridge, from consideration of the advantages and disadvantages of each we recommend that the

arch alternative be used for the Walterdale Bridge replacement. The bridge is currently scheduled

for replacement. Construction is scheduled to begin in early 2013, and will continue through

2015. The old bridge is scheduled to be removed from 2015-2016.
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RECOMMENDED BRIDGE SELECTION PROCEDURE AND CONSIDERATIONS

Based on information as summarized in previous sections, the bridge selection process

can be a complicated process with considerations including engineering requirement, site

condition, constructability, structure, aesthetic, economic, compatibility and environment impact,

and other potential policies and considerations. As different bridges will have different

considerations, it is practically impossible to provide a standard bridge selection process

according to findings from the study. Table 24 shows bridge selection preferences under

different considerations recommended by the research team. Noted that the table is developed

based upon selection among a girder bridge, an extradosed bridge, and a cable-stayed bridge;

some other less common bridge type such as truss and arch bridges are not considered here. In

the table, while “No” generally indicated the alternative should be eliminated from the

consideration, there are 1st, 2nd, and 3rd levels of preference under the category, with 1st

indicated as the most preferable alternative and 3rd indicated as the least preferable alternative.

Table 24. Recommended Bridge Selection Preferences under Different Considerations.

3

Mrh\\“\, X
Span <400ft Ist 2nd No
Engineering Span 400 to 6001t Ist/2nd 1st/2nd No
Requirement Span 600 to 1200 ft No 1st/2nd Ist /2nd
Span >1200 ft No No Yes
Require Navigation 3rd Ind Ist
Site Conditi Clearance
fte L-ondition Height Restriction 1st 2nd 3rd
Sharp Curves Ist 2nd 3rd
Structure Seismic
Consideration Consideration 3rd 2nd Ist
Aesthetic . .
Consideration Signature Bridge 3rd 2nd Ist
Other Economic Ist 2nd 3rd
Considerations | Environment Impact 3rd 2nd Ist

Figure 71 provided a recommended flowchart for the bridge alternatives selection
process. There are many different considerations included in the selection process. In order to
provide a clear flowchart, instead of providing a flowchart with specific alternatives, the figure
presents prefered bridge alternatives. Generally speaking, it is recommended to have engineering

requirements, i.e., main span range as the first parameter to be considered. While a girder bridge
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is likely to be the most appropriate alternative for a shorter main span length (particularly those
less than 400 feet), a cable-stayed bridge is more appropriate for a longer main span (particularly
those more than 1200 feet). All three alternatives are feasible for spans ranging between 400 and

1200 feet.

Site condition is the next major factor to be considered in the recommended bridge
alternatives selection process. In a situation where the navigation clearance is required (i.e.,
either a wider space between the bottom of the girder or longer spans for navigation is needed), a
girder bridge often becomes not appropriate due to the thicker girder and shorter span. Height
restriction, either due to limits of aviation or adjacent building heights, will usually lead to the
elimination of the cable-stayed bridge alternative. Sharp curves due to specific site condition, on
the other hand, will make the cable-stayed bridge alternative not feasible due to the longer span

length.

Structure considerations, such as the need to reduce superstructure weight due to the
seismic consideration in earthquake zones, could lead to the elimination of the girder bridge

alternative.

Aesthetic considerations, such as the need for signature bridges, normally lead to either
extradosed bridges or cable-stayed bridges. Other considerations, such as economic, and
environment impact (e.g., the need of less piers in bodies of water) could also lead to the
selection among different alternatives. While a girder bridge is normally the most cost-effective
option, especially in shorter spans, the alternative could also lead to less compatibility and/or

higher environmental impact.
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Figure 71. Recommended Bridge Selection Process Flowchart.
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SUMMARY

Besides the initial construction costs comparison, life cycle cost analysis (LCCA), value
engineering (VE), and criteria-based bridge selection procedures are commonly used in a bridge
selection process. While there are various advantages and disadvantages noted when extradosed
bridges were compared to girder bridges and cable-stayed bridges, in the long run, aesthetic
(signature bridge and landmark structure), underneath clearance and height restriction, and
construction and structure considerations were identified as the top reasons for selecting the
extradosed bridge over other alternatives. The process of bridge selection should be a
combination of considerations of needs from the public (owners), cost-effectiveness, jobsite
condition, and site restrictions. While bridge selection is a complicated process with many
factors and considerations to be taken into account, span range is usually served as the
preliminary criterion to screen out bridge type alternatives. Other considerations including
aesthetic, constructability, and environmental impact can all be weighed in the decision. The
research team developed the recommended bridge type selection procedure. It proposes using
such considerations as engineering requirement, site conditions, structure considerations,

aesthetic consideration, etc. in screening bridge alternatives.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Through a team review of over 350 technical papers, reports, and websites, a total of 120

extradosed bridges from Asia, Europe, North America, South America, and Africa was

identified. A comprehensive literature survey was conducted to summarize status, structural

features, costs, and major reason(s) in selecting extradosed bridges. Interviews of eight experts

with experience in extradosed bridge design and construction were conducted to better

understand extradosed bridges. Questions related to bridge construction, reasons for bridge

selection, cost of construction, advantages and disadvantages, and maintenance and repair were

included in the interview. The following conclusions can be made from the study:

The extradosed bridge is a hybrid design with the girder directly supported by resting on
part of the tower while cable stays act as prestressing cables for a concrete girder. The
basic role of cables in an extradosed bridge is to provide horizontal prestress to the girder
instead of developing elastic vertical actions, as is the case of traditional cable stays. In
addition to those commonly used cable-stayed bridges, girder bridges, arch bridges, and
truss bridges, the unique configuration of extradosed bridge provides an alternative for
bridge selection;

While there is no widely accepted definition of extradosed bridges, according to a statistics
analysis from data of extradosed bridge configurations collected through literature review,
it is recommended to use Ogawa’s and Kasuga’s definition of an extradosed bridge by the
stiffness ratio (load carried by stay cables divided by total vertical load) of less than 30%.
All extradosed bridges identified from the study were found to be using the free balanced
cantilever construction method. Even though there is no specific data to support the
maintenance cost and effort of maintaining extradosed bridges, these are not expected to
be higher compared to typical cable-stayed bridges.

As construction of extradosed bridges spreads out in different countries and different
times, and each bridge was constructed under different site conditions, construction costs
collected from this study were found to be highly variable. Additional cost analyses were
performed with cost information collected from companies with experience in girder

bridges, extradosed bridges, and cable-stayed bridges. Results showed that while an
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extradosed bridge is generally found to be less expensive compared to a cable-stayed
bridge, the extradosed bridge could be at an advantage to the prestressed girder bridge in
total materials cost due to the resulting reduced quantity of concrete when extradosed
cables are used. In addition, due to the reduced superstructure weight and the resulting
reduced substructure costs, the overall cost of constructing an extradosed bridge might
not be necessarily higher than a girder bridge and therefore could be a more cost-effective
alternative.

While bridge selection is a complicated process with many factors and considerations to
be taken into account, span range is usually served as the preliminary criteria to screen
out bridge type alternatives. Besides cost analyses (both initial construction costs and life
cycle costs), value engineering (VE) and criteria-based bridge selection procedures are
commonly used in the bridge selection process. While there is a variety of advantages
and disadvantages comparing to girder bridge and cable-stayed bridges, aesthetic
(signature bridge and landmark structure), underneath (navigation) clearance, and proper
span lengths were identified as the top reasons for selecting the extradosed bridge over
other alternatives.

The process of bridge selection should combine a consideration of needs from the public
(owners), cost-effectiveness, and jobsite condition and restrictions. The research team
recommended a bridge alternatives selection procedure whereby parameters including
engineering requirement, site conditions, structure considerations, aesthetic and other

considerations are to be used in screening bridge alternatives.
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RECOMMENDATIONS

The following recommendations were made based on the data collected and knowledge

obtained from the present research work:

1.

As the extradosed bridge is still a relatively new concept, one of the major challenges of
constructing this type of bridge is the lack of specifications for bridge design. With the
exception of Japan, there are no widely accepted design rules in the codes that provide
design standards for this bridge type. The Japanese design code (Specifications for
Design and Construction of Cable-Stayed Bridges and Extradosed Bridges) is available
only in Japanese language and the method does not define the extradosed bridge; rather,
it provides a transition between an extradosed bridge cable and a stay cable. A bridge
design specification or guideline is needed for engineers to better understand and utilize
this new type of bridge.

While the process of bridge selection can be a combination of considered needs from the
public (owners), cost-effectiveness, and jobsite condition and restrictions, the
recommended bridge type selection procedure that the research team developed can only
serve as a preliminary guideline for bridge selection (with regard to extradosed bridges).
A detailed and comprehensive bridge selection procedure with consideration of life cycle
cost analysis (LCCA), value engineering (VE) and criteria-base bridge selection

procedures could be beneficial to TxDOT.
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APPENDIX A:
LIST OF REFERENCES FOR EACH EXTRADOSED BRIDGES

o]

10

11
12

13
14

15
16

17

18

19

20

21

22
23

24
25

Bridge
Odawara Blueway Bridge

Tsukuhara Bridge
Yashiro Bridge

Kanisawa Bridge
Shin-Karato Bridge
(Okuyama Bridge)
Sunniberg Bridge

Mitanigawa Bridge
(Santanigawa Bridge)
Sapporo Railway Bridge
Second Mactan—-Mandaue
Bridge

Pont de Saint-Rémy-de-
Maurienne Bridge

King Hussein Bridge
Pakse Bridge

Sajiki Bridge
Shikari Bridge

Surikamigawa Bridge
Wuhu Yangtze River
Bridge

Yukizawa Bridge

Hozu Bridge

Ibi River Bridge (Ibigawa
Bridge)

Kiso River Bridge
(Kisogawa Bridge)

Miyakoda River Bridge
(Miyakodagawa Bridge)
Nakanoike Bridge
Zhangzhou Zhanbei Bridge

Fukaura Bridge
Pont de Saint-Rémy-de-
Maurienne Bridge

Location
Odawara, Japan

Hyogo, Japan
Nagano, Japan

Japan
Kobe, Japan

Klosters,
Switzerland

Japan

Sapporo, Japan
Mandaue,
Philippines
Saint-Remy-de-
Maurienne, France
Jordan

Between Pakse
Laos and
Phonthong
Thailand

Japan

Hokkaido, Japan

Japan
Wuhu, China

Japan
Kyoto, Japan

Nagashima-cho,
Japan

Nagashima-cho,
Japan

Shizuoka, Japan

Japan
Zhangzhou, China

Japan
Koror, Palau

Year
1994
1997
1997

1998
1998

1998

1998

1999
1999

1999

1999
2000

2000
2000

2000
2000

2000
2001

2001

2001

2001

2001
2001

2002
2002
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2008; Stroh 2012; Wilhelm 2012

Wilhelm 2012; Zenitaka 2012; TABIKAPPA,
2012

Mermigas 2008; Stroh 2012; Akita 2012
Mermigas 2008; Stroh 2012; Wilhelm 2012;
Chilstrom et al. 2001

Drinkwater 2007; Honigmann 2003; Mermigas
2008; Stroh 2012; Wilhelm 2012; Figi et al.
1997

Mermigas 2008; Stroh 2012

Toshimitsu 1999; Wilhelm 2012

Chilstrom et al. 2001; Japan 2002; Mermigas
2008; Stroh 2012; Wilhelm 2012

Mermigas 2004; Mermigas 2008; Stroh 2012;
Wilhelm 2012

Sumitomo 2012

Mermigas 2008; Stroh 2012; Shimizu 2012;
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Mermigas 2008; Stroh 2012

Mermigas 2008; Stroh 2012; Wilhelm 2012;
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Mermigas 2008; Stroh 2012

Baidu 2012; Fang 2002; LQBK 2012;
bmema.org 2012

Mermigas 2008; Stroh 2012; Echizenya et al.
2000
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26

27

28

29

30

31

32

33
34

35

36

37
38

39

40

41
42
43
44
45
46
47
48
49
50
51
52

53
54

55

Bridge
Sashikubo Bridge

Shinkawa (Tobiuo) Bridge

Tongan Yinhu Bridge
Changcheng Yunhe Bridge
Deba River Bridge

Xiaoxihu Yellow River
Bridge
Shanxi Fenhe Bridge

JR Arakogawa Bridge
Himi Bridge

Korong Bridge

Tatekoshi (Matakina)
Bridge

Shin-Meisei Bridge
Yinchuan Beierhuan I
Bridge

Shugian Nanerhuan Bridge

Brazil-Peru Integration
Bridge

Sannohe—Boukyo Bridge

Lishi Gaojia Bridge
Lita Bridge
Pingdingshan Zhanhe I
Bridge

Ritto (Rittoh) Bridge

Nanchiku Bridge

Rio Branco Third Bridge
Liuzhou Sanmenjiang
Bridge

Tagami Bridge
Tokunoyamahattoku
Bridge

Yanagawa Bridge
Huiqing Huanghe Bridge

Kaifeng Huanghe II Bridge
Fuzhou Pushang Bridge

Chaobaihe Bridge

Location
Shingou-mura
Japan
Hamamatsu, Japan
Xiamen, China
Changzhou, China
Guipuzcoa, Spain
Lanzhou, China

Linfen, China

Aichi, Japan
Nagasaki, Japan

Budapest, Hungary
Okinawa, Japan

Japan
Yinchuan, China

Shugian, China

Between Assis
Brasilm Brazill and
Inapari Peru
Aomori, Japan

Sanxi, China
Yinchuan, China
Pingdingshan,
China

Japan

Japan
Rio Branco, Brazil
Liuzhou, China

Japan
Ibigawa, Japan
Nagasaki, Japan

Shandong, China

Kaifeng, China
Fuzhou, China

Beijing, China

Year
2002

2002

2002
2003
2003
2003
2003

2003
2004

2004
2004
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2005

2005

2005
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2005
2006
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57

58
59
60

61

62

63
64
65
66
67
68
69

70
71

72

73

74

75

76

77

78

79

80
81

Bridge
Homeland (Domovinski)
Bridge

Bridge of the European
Union

Hemaxi Bridge
Yudaihe Bridge
Ailan Bridge

Nymburk Bypass Bridge

Puh (Puhov) Bridge

Shindae First Bridge

Smuuli Bridge
Gum-Ga Grand Bridge
Second Vivekananda
Bridge

Gack-Hwa First Bridge
Pyung-Yeo II Bridge

Dae-Ho Grand (Cho-Rack)

Bridge

Hirano Bridge
Sannai-Maruyama Bypass
Bridge

Ma-Tsu Bridge

North Arm Bridge

Sannai-Maruyama Bridge
Trois-Bassins Viaduct
Bridge

Hidasie Bridge

Riga South(ern) Bridge

Golden Ears Bridge

Karnaphuli I1I Bridge

Kyong-An Bridge
Lusong Bridge

Location
Zagreb, Croatia

Konin, Poland

Guangdong, China
Beijing, China
Puli, Taiwan

Nymburk, Czech
Republic

Ptuj, Slovenia

Chungcheongnam-
do, Korea

Tallinn, Estonia
Chung Ju, Korea
Kolkata, India

Gwangju, Korea
Yeosu, Korea
Dangjin, Korea
Osaka, Japan
Hachinole to Shin-
Aomori, Japan

Yunlin, Taiwan

Vancouver, Canada

Aomori, Japan
Reunion, France
Blue Nile Gorge,
Ethiopia

Riga, Latvia

Vancouver, Canada

Chittagong,
Bangladesh

Kyong-An, Korea
Zhuzhou, China

Year
2007

2007

2007
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2007
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2007
2007
2007
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2008
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2008
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2009
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84
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88

&9

90
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95
96
97
98
99

100
101
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104

105

106

107

108

109

110

111
112

Bridge
Xianshen River Bridge

Ankang Qiligou Bridge
Incheon Bridge

Qishan Bridge
Choqueyapu Bridge
Kantutani Bridge

Orkojahuira Bridge

Povazska Bystrica D1
Motorway Viaduct
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APPENDIX B:
SUMMARY OF EXTRADOSED BRIDGES

Name Span Lengths (ft) Picture
Country Tower Height (ft) (#) Drawings
Year Built (Construction Girder Depth (ft) x Width
Duration, mth) (ft)
Girder Description
1 Odawara Blueway Bridge 243+433+243
UhHRZN—T = AT 35.1 (2x2)
U, N RS (7.2-11.5)x42.7
Japan Wide double cell concrete
1994 (35) box girder
270 000
74 000 122 000 74 000
2 Tsukuhara Bridge 217+519+253
(O ITBHE, EBREE) 52.5 (2x2x2)
Japan (9.8-18.0)x42.0
1997 (36) Wide single cell concrete
box girder. Two separate
bounds.
:~ . |IWT \i‘ —g
= I b
= ] IT} &
1|
gt W
pLUR d1]
ak ”.Jm H
3 Yashiro Bridge 213+344+344+213 (S)
(BB 180+295+180 (N)
Japan 39.4 (2x3, S) 32.8 (2x2, N)
1997 -
Concrete box girder
B £ & B R ¥
340 000 - _ 156 000
| G5 000 105 (00 . 105 000 <. Gh 008 1 olauh ’ a0 000 S0 000~

141




5

2y 200 000
55 000 00

Kanisawa Bridge 326+591+326
(BRI KAE) 72.5 (2x2)
Japan (10.8-18.4)x57.4
1998 Concrete box girder
Shin-Karato (Okuyama) 217+394+236 (E)
Bridge (FHHEHTHE) 243+459+227 (W)
Japan 39.4 (2x2 Both bounds)
1998 (8.2-11.5)x31.8 (E)

(8.2-11.5)x41.5 (W)
Two and three cell concrete
box girder

|

12.00

i L/40  L/56] i 'i]%
I 7410 | 140.00 £8.10 | L (West Bound)
Sunniberg Bridge 194+420+459+440+213
Switzerland 48.6 (4x2)
1998 (30) 3.6x40.6

Concrete slab with edge
stiffening beams

ELEVATION

Mitanigawa Bridge 190+305

(Santanigawa Bridge) 41.3 (1x1)
Japan (8.2-21.3)x66.9
1999 Double cell concrete box
girder
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8

9

10

11

Sapporo Railway Bridge
(FIEZE)
Japan
1999 (27)

Second Mactan—-Mandaue
Bridge
Philippines
1999 (27)

Pont de Saint-Rémy-de-
Maurienne Bridge
France
1999

King Hussein Bridge
Jordan
1999

Pakse Bridge
Laos and Thailand
2000

‘ 57.90

182+182
32.5 (1x2)
NA
Continuous prestressed
concrete bridge

366+607+366
59.1 (2x2)
(10.8-16.7)x59.1
Three cell concrete box
girder

172+159

19.4 (1x2)

7.1x44.0
U-shape concrete girder

with transverse ribs between

edge beams

5.50
1 iy
—] —
45.50 | 52.50 |
112+171+112
-(2x2)

(4.9-8.2)x62.0
Three cell concrete box

LT COMCRETE PAYE T tvte

18900 1100
15400 1750

7400 600 74001500350, 60¢

2500 750

girder
i
'i.ﬁ,a |
-
404+469+300
49.2 (2x2)

(9.8-21.3)x45.3
Single cell concrete box
girder
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| :
I ———i——— T T e —
| s1.00 O 123.00 . 143.00 . |24.50
13 Sajiki Bridge (FEEKHF) 201+344+191
Japan 38.5 (2x2)
2000 (6.9-10.5)x36.1

14

15

16

17

Concrete box girder

Shikari Bridge 308+459+459+459+308
(£ FFRAE) 32.8 (4x1)
Japan (9.8-19.7)x92.1
2000 Concrete box girder

_140 000 — 94000 _Ji 000
— %J
. H [ ‘:'_"— - -
19 000 ) 17 ﬂn‘ﬂ 14 4p0 '
A F; P Py P
Surikamigawa Bridge 278
Japan 2000 54.1
(9.2-16.4)x30.2
Concrete box girder
Wuhu Yangtze River 591+1024+591
Bridge (GEMHI TR 114.8 (2x2)
China 44.3x76.8
2002 (42) Double-girderer steel truss
with composite girder slab
on top roadway, two rail
lines on bottom level.
AAAAAAAAADBIDDDDDNNNNSNSNAAAAAAAAAAAN |_ Hafe |
L/26 3 ik
180.00 312.00 180.00 (
= - é:l
Yukizawa Bridge 231+233
(€N 37.7 (2x2)
Japan (6.6-11.5)x51.8
2000 Two cell concrete box girder
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177 100

34 400

RS N
=" A
4500
A2
18 Hozu Bridge 249+328+249
(PR HEEAR) 32.8 (2x2)
Japan 9.2x53.5
2001 Single cell concrete box
girder
368000
33800 50000 76000 100000 76000 31900
!
o i} il
I~ 1 1 —_L. £ 4
19  Ibi River (Ibigawa) Bridge  505+891+891+891+891+51
(HE)11HE) 5
Japan 98.4 (5x1)
2001 (33) (14.1-24.0)x108.3
Hybrid cross section: four
cell concrete box girder near
piers and steel box girder in
center with moment and
shear connection
1397 000
154 000 4@ 271 500 = 1 086 000 57000
concrete _steel __ concrete steel concrete steel _ concrete steel _ concrete
girde girder girder girder girder girder girder girder girder
! ! | ! ! !
] H H H H H i
20 Kiso River (Kisogawa) 525+902+902+902+525
Bridge (A& ) 114#) 98.4 (4x1)
Japan (14.1-24.0)x108.3
2001 (33) Hybrid cross section: four

cell concrete box girder near
piers and steel box girder in
center with moment and
shear connection
.1(:1.ﬂ[2

ey 1

(4
S B
= A\ ! 1/
L0 BN B, S
1503350, 9300 |335(l 50
16300
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21 Miyakoda 440+440

(Miyakodagawa) River 65.6 (1x3)
Bridge (BRE)II4E) (13.1-21.3)x65.3
Japan Parallel double cell concrete
2001 (55) box girder

P

NN
Ty =T
22 Nakanoike Bridge 199+199
Japan 38.7
2001 (8.2-13.1)x70.2
23 Zhangzhou Zhanbei Bridge 265+433+265
GEEM B2 AN 54.1 (2x1)
China (7.9-12.5)x88.6
2001 (17) Three cell concrete box
girder

24 Fukaura Bridge 204+293+217+148+96
(R& %) 27.9
Japan (82-98))(449
2002
25 Koror-Babeldaob (Japan- 269+810+269
Palau Friendship) Bridge 97.3 (2x2)
Palua (11.5-23.0)x38.1
2002 (60) Hybrid cross section: wide

single concrete box girder
near piers and steel box
girder in central.

26 Sashikubo Bridge 374+374
Japan 72.2 (1x2)
2002 (10.5-21.3)x37.1

Concrete box girder
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27  Shinkawa (Tobiuo) Bridge

295+427+264
(EV S BKEE, 42.7 (2x1)
KA (7.9-13.1)x84.6
Japan Three cell concrete box
2002 girder
I L, 50
F D732 I"E E‘E —
3B.50 45.00 80.00 HE 130.00 } 80.50 ]
28 Tongan Yinhu Bridge 262.5+262.5
(RIR AN 103.3 (1x1)
China (7.9-12.5)x88.6
2002 Three cell concrete box
girder
HREL Ak
ig 32 80 80 az 3z 32 a2 A8
I
] 1
H—’—’—W Bir:n
29  Changcheng Yunhe Bridge 230+394+230
(BB BRI K 101.7 (2x2)
China (8.5-13.5)x91.9
2003 (15) Three cell concrete girder
box
7000 12 000 7000
1 1
fl q = Z
T T
li li
30 Deba River Bridge 138+217+138
Spain 39.0 (2x2)
2003

(8.9-8.9)x45.6
U shaped concrete girder
with transverse ribs between
edge beams

31 Xiaoxihu Yellow River 266+446+266
Bridge (/NG EE SR KAF) 55.8 (2x2)
China (8.5-14.8)x88.6
2003 (22)

Three cell concrete girder
box
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32 Shanxi Fenhe Bridge
(i 22 PN
China
2003

33 JR Arakogawa Bridge
(RFTFINER)
Japan
2003 (15)

34 Himi Bridge
(H REKAE)

Japan

2004

295+492+295
118.1 (2x3)
NAx85.3

178+295+185
29.5 (2x2)
8.5x41.7
Concrete box girder

301+591+301
65 (2x2)
13.1x40.8
Single cell doubly
composite box girder with
corrugated steel webs

365 000

180 000

35 Korong Bridge
Hungary
2004

172+203
31.0 (1x2)
8.2x52.0
Three cell concrete box
girder stiffened with
transverse ribs
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36

37

38

39

Tatekoshi (Matakina)
Bridge
Japan
2004

Shin-Meisei Bridge
O & AEHE)
Japan
2004

Yinchuan Beierhuan I
Bridge

BT AL 3 — 567)

185+185
34.4 (1x2)
(5.9-9.5)x62.8
Concrete box girder

290+401+266
54.1 (2x1)
11.5x62.3
Three cell concrete

trapezoidal box girder.

2304230
95.1 (1x2)
7.9x196.2

Wide four cell concrete box

China ;
2004 (25) girder
B
Fi] n
m o R RALL106. 60 |
= = L
i
| |
Shugian Nanerhuan Bridge 217+361+217
(T8 T BT K i) 45.9 (2x1)

(7.2-11.5)x65.6

5 980/2

3

20072

Jpies u:-ms:‘al

s

196072

212.9
[ -v

anyl zer AJ

739.8

China
2005 (24) Three cell concrete box
girder
24 200
6600 11 000 6.600
1800 . 7x400 2000 L2000 7400 A400 Ta0 100(} 2000 7x400 1800

MZL-160 144

Z1-160 "W Ed{iefiat

& 150 11 L HF
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40

41

42

43

Brazil-Peru Integration
Bridge
Brazil/Peru
2005

213+361+213
49.2 (2x2)
(7.1-11.0)x55.1
Wide single cell concrete
box girder

Sannohe-Boukyo Bridge
(= F 2R
Japan
2005

Lishi Gaojia Bridge
(BEEEM)
China
2005

Yinchuan Lixinglu I
Bridge
(ERJTINN 48— S 177)
China
2006

328+656+328
82.0 (2x2)
(11.5-21.3)x44.1
Two cell concrete box girder

279+443+279
59.1 (2x1)
(7.9-13.8)x85.3
Three cell concrete box
girder

94.5
-x196.8
Two cell concrete box girder
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44 Pingdingshan Zhanhe [ 289+236

Bridge (FTRLLER—H7) 74.5 (1x1)
China (7.2-13.1)x98.4
2006 Concrete box girder

2650
L
45 Ritto (Rittoh, or 451+558+377+222 (Tokyo
Oumi-Ohtori) Bridge 501+5253322?295+238
- : ﬁ

GEIKRER) (Osaka Bound)
Japan 100.1 (1x2x2)
2005 (14.8-24.6)x64.3

Three cell doubly composite
box girder with corrugated
steel webs.

(Tokyo Bound)

46 Nanchiku Bridge 223+361+223

Japan 36.1 (2x2)
2006 (8.5-11.5)x67.4
Three cell concrete box
girder
- I A ) j
)0

0
75 7800 7300
22550

151



47

48

49

50

Rio Branco Third Bridge
Brazil
2006

177+295+177
39.7 (2x2)
(6.6-8.2)x69.2
Girder slab with L-shape
edge beams (appears as
single box girder with
incomplete bottom slab) that
taper to I beams at midspan.

| 54.00 90.00 1 5400 | l]‘"‘]
Liuzhou Sanmenjiang 328+525+328
72.2 (2x2)

Bridge (B = [ TS TKH7)
China
2006 (25)

Tagami Bridge
Japan
2006
Tokunoyamahattoku
Bridge (8.2 111\ {&#%)
Japan
2006 (22)

(8.2-22)x134
Separated concrete box
girder, two cell on each side.

FEREER .

T | g

e

G R L
263+263
47.6
(9.8-14.8)x58.4
458+722+458
73.8 (2x2)

(11.5-21.3)x31.5
Single cell concrete box
girder
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51 Yanagawa Bridge 429+429
Japan 78.7 (1x2)
2006 (34) (13.1-21.3)x57.1
Two cell concrete box girder

130700 130700
LN
\\ A o tg.
52 Huiqing Huanghe Bridge 436+722+439
(BFHEAMK) 99.4 (2x1)
China (13.1-24.6)x65.6
2006 (32) Three cell concrete box
girder
FinlPAERTRE ko2 inL U:ﬂiidl?i
53  Kaifeng Huanghe II Bridge 279+6x459+279
(FFEE| A ZH7) 118.1 (7x2)
China -x98.4
2006 (26)
54 Fuzhou Pushang Bridge 236+361+361+236
(f2 il £ KH7F) 88.6 (3x2)
China -x109.9
2006 (28)
55 Chaobaihe Bridge 236+394+394+236
(RABRE B A KT 70.5 (3x1)
China (7.2-13.8)x96.8
2006 Three cell concrete girder
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56

57

58

59

60

Homeland (Domovinski) 236+394+236

Bridge 54.1 (2x2)
Croatia 11.6x109.9
2007 Five cell concrete box girder

supported light rail between
cable planes

} ! == | |
! lF i o
|- 6000 | 72.00 | 20.00 | 72,00 |- 6000 |
Bridge of the European 197+262+197
Union 33.8 (2x2)
Poland -x82.3
2007
Hemaxi Bridge 410+755+410
(T RRIZ KA 128
China (9.8-21.3)x92.8
2007 Three cell concrete box
girder
12 S0 -;:(r:ﬂ:.: 2 500
T 151
Yudaihe Bridge 148+279+279+148
(EHAAM) 92.2 (3x2)
China -x109.9
2007
Ailan Bridge 262+459+262
(BELERREHIE) 65.6 (2x1)
Taiwan (9.8-16.7)x85.1
2007 Multi-cell concrete box

girder.
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61 Nymburk Bypass Bridge 135+443+135
Czech 52.5 (2x2)
2007 (7.5-)x54.6
Composite steel-concrete
structure built into the ends
of the concrete structure.

T4 e
1) 4 % w | wo | —= i o
62 Puh (Puhov) Bridge 231+328+328+328+213
Slovenia 27.9 (6x3)
2007 (19) 8.9x61.4
Single cell concrete box
girder
— LS ; ‘_.'___
63 Shindae Bridge 148+256+256+148
Korea 394
2007 -x70.8
64 Smuuli Bridge 138+279+138
Estonia - (2x2)
2007 -

Concrete box girder

65 Gum-Ga Grand (Kumga) 85.35+125+125+125+125+

Bridge 125+85.25

Korea 8.85 (6x2)

2007 -x23

Multiple cell concrete box
girder
66 Second Vivekananda 180+7x361+180

Bridge 45.9 (8x2)

India 11.2x95.1

2007 Concrete box girder
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67 Gack-Hwa First Bridge 377+328

Korea 75.5 (1x2)
2007 (33) (11.6-16.3x102
Multiple cell concrete box
girder

68 Pyung-Yeo II Bridge 213+394+213
Korea 34.4 (2x2)
2008 (11.5-13.1)x68.9
Four cell concrete box
girder

69  Dae-Ho Grand (Cho-Rack) 230+427+427+427+230

Bridge 54.1 (4x2)
Korea (8.2-11.5)x45.19
2008 Two cell concrete box girder
530.0

700 130.0 130.0 130.0 70.0
|

70 Hirano Bridge 207 (main span)
Japan -
2008 -
Concrete box girder
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71 Sannai-Maruyama Bypass
Bridge (= PN HLEIZEH7)
Japan
2008 (36)

72 Ma-Tsu Bridge
(B KAH)
Taiwan
2008

73 North Arm (Canada Line
Extradosed Transit) Bridge
Canada
2008

246+492+492+246
- (3x2)
Two cell concrete box
girder.

410+410
114.8 (1x1)
(8.2-19.7)x88.6
Concrete box girder

456+591+456
59.1 (2x1)
(9.2-19.0)x33.8
Single cell concrete box
girder

180m \ 139m

]
[
]

o

74 Sannai-Maruyama Bridge
Japan
2008

e e AR CUNREL ] Toim MITGHELL]
CHANNEL
— el 1 e —
— i —
i | —_—— =

FE [

m u

:I

YVR PREFERRED GLIDERATH

.L /_CLEARANCE ENVELOPE

N
2434+492+492+243
57.4 (3x2)
(12.5-24.2)x45.4
Four cell concrete box
girder
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75

76

77

78

79

Trois-Bassins Viaduct
Bridge
France
2008 (33)

4

413+343+248
32.8 & 62.3 (I1x1 &1x1)
(13.1-23.0)x72.2
Single cell concrete box
girder with steel struts
supporting long girder
cantilevers.

|
.
T r
I

T L/51

20 /29

| _
| 1

R I 10.00
n

gl
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18.60 126.00 : 104.40 75.60 43.20
Hidasie Bridge 476 (994 Total)
Ethiopia -(2x2)
2008
Riga South(ern) Bridge 361 (main)
Latvia 43.7 (6x1)
2008 (48) -x112.5
Golden Ear Bridge 397+794+794+794+397
Canada 136.2 (4x2)
2009 (8.9-14.8)x105.0
Steel box girders at edge of
girder with transverse floor
beams composite with
precast concrete girder.
§ BRIDGE :
SYMMETRICAL
41.50
: -wu’ao
- 121.00 242.00
Karnaphuli III (Shah 377+656x3+377
Amanat) Bridge 84.5 (4x1)
Bangladesh (13.1-22.1)x80.3
2009 Single cell concrete box
girder
_ Cnitagong Cox's Bazar _
£ £ £ A g i £
n;:,::m Pier & Pier 7 Pier B Pier 9 Dle.( 10 ubsu?"":‘m
X 120m . M5m 200 m 00 m e 200 m 4 MSm
Approach viaduct |
o e i . ._"“ﬁ'h‘h' 1 '%l.l | = T
e Ca——— T




80 Keong-An Bridge 230+427+230

Korea 53.5 (2x1)
2009 9.8x98.4
Four cell concrete box
girder
03

81 Husong Bridge 246+459+459+246
(BRI KA 61.7 (3x1)
China (9.2-14.3)x95.1
2009 Three cell concrete box
girder
82 Xianshen River Bridge 430+446
(il #s3RT K A7) 160.8 (1x1)
China -
2009 Concrete box girder
83 Ankang Qilihgou Bridge 238+410+238
(REEEBTUTA) 114.2 (3x1)
China -x98.4
2009 (33) Concrete box girder
84 Incheon Bridge 276+459+276
Korea - (2x2)
2009 (32) - X (56.1-62.5)

Concrete box girder
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85 Qishan Bridge (F& 1)

Taiwan
2010
86 Choqueyapu Bridge
87 Bolivia
88 2010

Kantutani Bridge Bolivia
2010

Orkojahuira Bridge Bolivia
2010

89 Povazska Bystrica D1
Motorway Viaduct
Slovakia

2010 (22)

TRENCIN

P

328+328
(1x1)
(9.2-16.4)x72.8

172+303+153
49.2 (2x1)
(6.9-11.5)x45.9
Single cell concrete box
girder

173+372+221
49.2 (2x1)
(6.9-11.5)x45.9
Single cell concrete box
girder

165+338+215
49.2 (2x1)
(6.9-11.5)x45.9
Single cell concrete box
girder

232+400x6+223
46.3 (7x1)
19.7x100.6
Single cell box girder with
large overhangs supported
by precast struts
2%

T

1 2

3 4
250 34,16, 4880 | 706

} 122,00

122,00

122,00

~ 1

+ o |ff

122,00

- - ZILINA
=

9 10 1
122,00 122,00 | 6800 ,205

90 Teror Viaduct
Spain
2010 (22)

203+476+177
52.5 (2x2)
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91

92

93

94

95

New Amarube Bridge 164+271+271+180
RHBE L O 4L 16.5 (3x2)
Single cell concrete box
girder
Immobility Bridge 410+509+509+290
ZN UPN -(3x2)
Japan -x42.7
2011 (84) Single cell concrete box
girder
L
F
I
Un-am Grand Bridge 246+427x4+246
Korea 26.2 (5x1)
2011 (86) (10.8-13.5)x75.5
Concrete box girder
[ sma. ﬂ;’?;ﬂm s I o - _mu.ﬂm |
}:*—“ _ e —— e —— 1 i Im____________TF?Eﬂ_1
= S=-2000%, HEUY
R = per e
ER) —— T
Panyu Shawan Bridge 451+814+451
(EBDBAH) 123.0 (2x1)
China (13.1-27.9)x111.5
2011 Three cell concrete box
girder
Jiayue (Nanping) Bridge 335+623+302
(RBEIERXIT, - (2x2)
=K -x90.2 .
China Concrete box girder
2011
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96

97

98

99

100

Tisza Bridge 312+591+312
Hungary 52.5 (2x1)
2011 (13.1-19.7)x98.2
Three cell box girder with
corrugated steel web

T 96.00 p 180.00 ¥
Hwangdo Grand Bridge 262+459+262
Korea 459 (2x2)
2011 (11) (8.2-13.5)x47.2
Two cell concrete box girder
Noksan Bridge 230+230
Korea -(1x1)
2011 -x73.3
Concrete box girder and
orthotropic steel girder
girder
Guemgang I Bridge 328+591x3+328
Korea 85.2 (4x2)
2012 (52) -x98.4
Three cell continuous
concrete beam
Qinxiu Bridge 384 Total
(BEREFH) - (2x1)
Taiwan -x39.4
2012 Concrete box girder
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101

102

103

104

105

106

Hualiantai Fengping
Bridge (fE = T 15)
Taiwan
2012 (30)

Dazhihe Bridge
(BRI
China
2012

Najin Bridge (444 K A7)
China
2012 (22)

La Massana Bridge
Andorra
2012

Naluchi Bridge
Pakistan
2012 (33)

Waschmuhl Viauct
Germany
2012

276+459+459+276
55.8 (3x1)
(8.7-15.7)x92.5
Five cell concrete box girder

262+459+262
67.3 (2x1)

Concrete box girder

230+361+361+230
-(3x1)
x108.3
Single cell concrete box
girder

-(1x-2x2)

400+400
78.7 (1x2)
(11.5-23)x51.2
Concrete box girder

- (2x2)
-x62.8
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107

108

109

110

111

112

New Pearl Harbor

Memorial (Quinnipiac)

Bridge
United States
2012/2015 (60)

.

249+515+249
69.9 (2x3)
(11.3-16.2)x110.6

Five cell concrete box girder

Three cell concrete box
girder
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| L/31
/s
! 75.85 | 157.00
Changshan Bridge 459+853+459
(E LKA 84.5 (2x2)
China -x75.5
2013 (24)
Ningjiang Shonghuajiang 312+3x492+312
Bridge - (4x1)
(TIIRTE IR K (9.8-18)x86.9
China Three cell concrete box
2013 (36) girder
Halfsky Overpass Bridge 1214 (Total)
(NEXSER) -(2x1)
Taiwan
2013 (20)
Yongjin Bridge 271+443+271
Korea 443 (2x2)
2014 (18) (8.2-14.8)x50.9
Three cell concrete box
girder
im_2.45m
I
Gangchon 2™ Bridge 272+459+272
Korea 59.1 (2x2)
2014 (32) (9-16.4)x64.6



113 Saint Croix River Bridge 290+6x480+290
United States 60 (7x2)
2014 16x110
Three cell concrete box
girder (each direction)

114 Sanguanjiang Bridge 394+623+394
(S %TKH) - (2x1)
China -x109.9
2015 (42)
115 Brazos River Bridge 185+185+185
United States 46 (2x2x2)
2015 - X 56.5 (each direction)

Continuous steel trapezoidal
box girders

116 Naerincheon Bridge 394+509
Korea -(1x1)
2015 -x100.1

Concrete box girder

117 Yaro Grand Bridge 591+623+591
Korea 89.2 (2x1)
2015 (54) (11.5-23.0)x88.6
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118  Pyung-Taik Grand Bridge 361+525x6+295
Korea 67.3 (7x1)
2016 (60) (11.5-18)x98.1
119 Beixi Hechuan Bridge 312+525+344
(FARALIZAIIAE) - (2x1)
Taiwan
2016
120 Kinmen Bridge 919 (4593 Total)
(&1 TAHR) - (5x1)
Taiwan
2016
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APPENDIX C:
INTERVIEW QUESTIONS AND RECORDS

Interview Questions

Research Questions Regarding Extradosed Bridge
Dear XXXX,

First of all, thanks for sharing the photos with us and thanks again for willing to participate in
our research. As I mentioned earlier, the study is associate with Texas Department of
Transportation Project 0-6729 (Synthesis on Cost Effectiveness of Extradosed Bridges). Since
extradosed bridge is still a fairly new concept, there is not much information out there regarding
extradosed bridge, practically to help making decision in selecting this kind of bridge. We are
seeking inputs from personnel with experiences on extradosed bridges. Our record shows that
you have been involving in the design and construction of XXXX Bridge and would like to
receive your inputs regarding this bridges and general concept of extradosed bridge.

Following are a series of questions related to the particular bridge and some general questions
related to extradosed bridges. We are estimating that the whole set of questions will take
approximately 15 to 20 minutes to complete. Should there be any question that you feel better to
communicate through phone call, or any other comments that you would like to share we will be
more than happy to do that as well.

Your responds will be summarized and included in our project report and we will be more than
happy to share it with you after we finalize the report, should you be interested. Once again, on
behalf of the research team, I will like to thank you for your time and support on this research.

Regards,
Jiong Hu

XXXX Bridge
1. Bridge Construction
a. What was the construction duration of the bridge?
b. What was the construction method of the extradosed part of the bridge? What were the
major reasons that this method was used?
c. Based on your experience, is there any challenge or advantage in adopting this
construction method during the construction of the bridge?

2. Reasons of selecting extradosed bridge
a. Can you list the major reasons that led to the decision of selecting extradosed design over
other bridge designs (i.e., cable-stayed bridge and girder bridge)? Among them, what
reason is the most critical one?
b. Among all the options during the bridge selection process, what type of bridge was the
second best option for this case?
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3. Cost of extradosed bridges construction (Please note that we understand that this information
might be sensitive, we can have the information remain anonymous if you request so.)

a.

b.

What was the total cost of the bridge? What was the total cost of extradosed section of
the bridge?

What was the proportion of the extradosed part (superstructure of the extradosed part,
including labor, material, and so forth) of this bridge in the total cost?

What was the unit cost (in $/m2 or any other units that you are using)?

Can you compare the cost this bridge to an alternate bridge type (the second best option
in this case)?

Comparing to the alternate bridge type (the second best option in this case), what part(s)
of the extradosed bridge increased/decreased the total cost most?

4. Advantages and disadvantages of extradosed bridges.

a.
b.
C.

Based on your experiences, what are the advantages of extradosed bridges?
Based on your experiences, what are the disadvantages of extradosed bridges?
Can you compare the following aspects of this bridge to an alternate bridge type (the
second best option of this case)?
1. Cost effectiveness:
ii.  Construction period and method:
iii.  Future maintenance and repair difficulties:

5. Maintenance and repair cost

a.

b.

Do you experience or expect higher or lower maintenance cost comparing to cable-stayed
bridge, by how much percentage?

Do you experience or expect higher or lower maintenance cost comparing to girder
bridge, by how much percentage?

Do you experience or expect higher or lower repair cost comparing to cable-stayed
bridge, by how much percentage?

Do you experience or expect higher or lower repair cost comparing to girder bridge, by
how much percentage?

Is there any special issue related to maintenance and repair of extradosed bridge
(comparing to cable-stayed bridge and girder bridge)?

Should there be any question list above that is not clear or need clarification, please let me know.
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Interview Record #1

Interviewee: Christopher Scollard
Bridge Name: North Arm Bridge

1. Bridge Construction

a.
b.

Approximately 2 years.

Balanced cantilever - that is the way these bridges are built. Other options are not
practical for bridges of moderate spans.

Many challenges as there always are, but none related to this construction method being
chosen over another.

2. Reasons of selecting extradosed bridge

a.

b.

The extradosed bridge was selected because it satisfied the span requirement and had
short pylons that were outside of the flight path leading up to the adjacent airport.

No other options met the span requirements and were consistent with the precast
segmental system being used throughout the project, which was much larger than just the
construction of the extradosed bridge.

3. Cost of extradosed bridges construction

Insufficient information available to answer.

4. Advantages and disadvantages of extradosed bridges.

a.
b.
C.

Moderate spans with short pylons and moderate superstructure weight.

Heavier and with all the added complications of a cable-stayed bridge.

1. Cost effectiveness: Unproven - cost effectiveness is not the primary driver for this type
of bridge; geometry is more influential;

ii. Construction period and method: No real difference;

ii1. Future maintenance and repair difficulties: No real difference.

5. Maintenance and repair cost

We don't have specific data to support answers to these questions, but don't expect

maintenance costs to be any higher than for other more common bridge types.

Bridge Name: Golden Ears Bridge

Answers for the North Arm Bridge are generally applicable to the Golden Ears Bridge. There are
very few differences between this bridge and a more conventional cable-stayed bridge other than
slightly shallower cable angles (and thus lower live load stress range in the cables) and a slightly
deeper and stiffer superstructure. Construction period was longer than the North Arm Bridge
because the bridge length is much longer.

Interview Record #2

Interviewee: Akio Kasuga
Bridge Name: Odawara Blueway Bridge
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1. Bridge Construction
a. 1992/12 to 1994/10
b. Free cantilevering method.
Most economical method for the bridge over the port.
c. Free cantilevering method for extradosed bridges is the same as conventional one.

2. Reasons of selecting extradosed bridge
a. Major reason is the cost. And another reason is aesthetics for harbor bridge.
b. Conventional box girder bridge.

3. Cost of extradosed bridges construction
a. Total cost : 2.4 Billion JY, Superstructure : 1.5 Billion JY

b. 63%

c. 390,000 JY/m2 (superstructure)

d. No information

e. Cheaper substructure cost because of lighter superstructure.

4. Advantages and disadvantages of extradosed bridges.

a. Easy construction (No stay cable force adjustment during construction, easy camber
control due to stiffer girder, cheaper stay cable system because of low fatigue stress due
to live load)

Shorter tower sometimes leads difficulties of elegant design of tower and pier.

c. 1. Cost effectiveness: Cheaper;
i1. Construction period and method: A little bit longer because of stay cable construction;
iii. Future maintenance and repair difficulties: Maintenance and possibility of stay cable
replacement are added.

5. Maintenance and repair cost

a. [ think the maintenance cost is almost the same as CSB. In Odawara Buleway bridge, we
did the detail inspection once for extradosed cables. One lane was shut down during the
night inspection. (One tower and one side took one night. Totally four nights)

b. No information of percentage.

c. [Ithink the maintenance cost is higher than girder bridge because of extradosed cables. No
information of percentage.

d. No experience and information.

e. I think there is no special issue.

Bridge Name: Tsukuhara Bridge
1. Bridge Construction
a. 1994/12 to 1998/7
b. Free cantilevering method.
Most economical method for the bridge over the lake.

c. Free cantilevering method for extradosed bridges is the same as conventional one.

2. Reasons of selecting extradosed bridge
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See Odawara Blueway Bridge

3. Cost of extradosed bridges construction

a.

°opo

Total cost : 6.5 Billion JY, Superstructure : 3.4 Billion JY
53%

573,000 JY/m2 (superstructure)

No information

Cheaper substructure cost because of lighter superstructure.

4. Advantages and disadvantages of extradosed bridges.

See Odawara Blueway Bridge

5. Maintenance and repair cost

See Odawara Blueway Bridge. But we have not inspected extradosed cables of

Tsukuhara Bridge yet.

Bridge Name: Ibi River Bridge

1. Bridge Construction

a.
b.

1997/3 to 2001/7

Free cantilevering method using 400 tons precast segments. 100m center part is steel
girder constructed by lifting method.

Most economical method for the bridge over the mouth of the wide river.

First application of 400-ton heavy segments.

Extradosed with composite girder (100m center part is steel box girder.)

2. Reasons of selecting extradosed bridge

See Odawara Blueway Bridge

3. Cost of extradosed bridges construction

a.

°opo o

Total cost : 83.7 Billion JY, Superstructure : 63.0 Billion JY (This cost includes Ibi and
Kiso River bridge. Kiso Bridge is 5-span type. Structure is the same as Ibi River Bridge.)
75%

780,000 JY/m2 (superstructure)

No information

Cheaper substructure cost because of lighter superstructure.

4. Advantages and disadvantages of extradosed bridges.

See Odawara Blueway Bridge

5. Maintenance and repair cost

See Odawara Blueway Bridge

Interview Record #3

Interviewee: Deong-Hwan Park
Bridge Name: NA
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1. Bridge Construction

a.

In general, the construction duration of the ED Bridge is similar to the duration of PSC
Box bridge added the duration of its main tower on the bridge; construction period for
main tower per each is 3 to 5 months, in case of Free Cantilever Method (FCM), the
duration of substructure is 1 to 2 months, and each segment which is upper girder is about
20days. (Y HF4 S & PSC BOXaL 9] & 7]} H| 23t F§HA| 3 7] ko] F=714
AN FRAE(713) 3~570 Y, FFFHECME Y A 8A]) 1~271 4,
FHAE(Seg ) 208 A=)
The construction method of ED Bridge is depended on site conditions which are the types
of foundations, substructures, and span length. Typically FCM method would be used at
ED Bridge for crossing the river and long span at sea bridge.( EDuL & S}-A] 8- 2271 9]
upet Al o] e, Ak o g sk g kol s gkl 485 = Gt
WFO R FCMe & Wol 483
It would be able to use for curved bridge. Also, when Form traveler can be applied for the
construction, it will improve the constructability and come out better quality of material
management by the repetitive task without site conditions under the bridge. (3} Z=71 ]
oA 923 FH o] 4§ 7bsokn, FITS o] 3 N A O 2 Al F 4ol
1 AR EAve} S5

2. Reasons of selecting extradosed bridge

a.

As you know, since cable-stayed bridge has to support the main structures using the
cable, the load imposed on the plate girder is relatively smaller than PSC Box bridge.
To ensure the stiffness of the cable, the height of the tower would be enhanced.
Therefore, economic feasibility and constructability is not as good as its ED Bridge. In
addition, cable stayed bridge is vulnerable to the dynamic behavior due to the low
structural rigidity. On the other hand, ED bridge is supported by both girder and cable
with lower tower so it has much better structural rigidity and excellent dynamic behavior
compared with cable stayed bridge. (AFg 2l & I 2 Ao Eo] F= AR FZ2E=Z
B7Gol A A she 30 vl Eo] A5, wekA Ao Bl A HRE 93} e
tz0]7] SobAof 831 o] 2918 A E4, 4 A4 o] EDaLel ] 4] eFon,
FEHOE o] A ot B AAF F e SHol & i EDw el 4,
T Ao) 5ol A A A sh= FrRE R FEO| 4] ot ¥ aL, A o] 7

A 3ol w8 % 4 A % 0] $-43h)

PSC BOX Bridge and Cable Stayed Bridge (PSC BOX 1, A}%al)

3. Cost of extradosed bridges construction

a.

Not sure exact number because detailed construction cost must include design cost as
well. The unit construction cost, including sub, superstructure and main tower, of the ED
Bridges that have already built is about $465 to $511 per ft*. (currency rate 1 dollar =
1000 won) (A 21 Q1 &AFR] = A A S S8l oF shar, § A A& EDaLe] WA
FAMH (A8 323 500~5507HY A Eel)
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b. It varies, but the construction cost of superstructure is about 75 to 80% of total
construction cost depending on site condition. (F 3 AH| 5 AH-3 A= 2F 75~80%
AEw Koy il mef S| B w Jg3t A5 dre e

c. Seeabove “a” ($] a FXx)

d. It varies, but in case of PSC BOX Bridge, The unit construction cost, including sub,
superstructure and main tower, applied FCM is about $372 to $418 per ft*. (PSC
BOX 1! 2] 7%, Al g ol whet 2] 7}k )l e FCM & ] 4 -8-A] 4
AR, 3HE 23T Ho5400~450719 4 =)

It is varies due to different types of materials such as steel, concrete, and composite
bridge, but the unit construction cost of Concrete Cable stayed bridge is $697 per ft*.
AP B 5 ALY, 2R E, B TR Sl uet th=n 29 E
AVAFaLe) 7 - A 750k A el

e. Since ED Bridge has main tower, ED Bridge has longer span than PSC BOX bridge so
that ED Bridge is lower construction cost of substructure. However ED bridge gets much
bigger eccentricity than its PSC BOX bridge so ED Bridge uses more strands that
increase construction cost than PSC BOX bridge. Finally, overall construction cost of ED
Bridge is little more. The construction cost of cable stayed bridge is very expensive due
to the cable and main tower. (PSC BOX1L2] 7 9-, EDIL= 5 o] F7FE 22 3F4-
SAM] 7} A o el EDa e A nlE o 2 el (7Fed A)3Fo] PSC BOX 1L E.th
Uh2s B whebA PSC BOX o] &AM 7k A | 8l A al= 7)) o] &3}
FEFAIE A3 A7} 317ke))

4. Advantages and disadvantages of extradosed bridges.

a. It can be possible to make the long span with low price compared to cable-stayed bridge
and can be secured due to the higher stiffness of the bridge. (4 & ¢t 72 (A nLo]
Hlef) o Ao uld 8o 7hs e, aEEAd o] A ek FRIF -

b. Since the installation of Cable outside would be dropped the constructability and brought
out safety issues, it has disadvantages over PSC BOX bridge. (&' 13] £ -0 A X & =
7ol &2l A& b (FAlol &S] F7Fe-H 5)°] LR PSC BOXal Bt}
= gh)

c. i. Cost effectiveness: See previous answers ($] 2] U-8-== tj]A));

ii. Construction period and method: See previous answers (¢ &] U-8-== ] A));

iil. Future maintenance and repair difficulties: In the Maintenance and repair PSC Box,
ED Bridge, and Cable —stayed Bridge is advantageous in order due to the cable and
fatigue at the anchorage (%] #2] 2} ol A = PSC BOX > EDXL > Aol -0 2
e ek, o= 2 AlolE B AT A2 Foll 3l Ay SHellA 2
Aol Eo] gl ago] B3

5. Maintenance and repair cost
It would be difficult that the maintenance aspect can be expressed as a certain portion of
total project (budget).

(FAE SUS HEZ YEl7 = F o8 e %)
a. N/A
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b. N/A
c. N/A
d. N/A
e.

I think it would be fatigue problem (& A] 3] 2ol tff 3t F-H-o] o}l d 7} A2+ )
Interview Record #4

Interviewee: Sun-Joo Choi
Bridge: Guemgang 1st Bridge

1. Bridge Construction
a. 5 Years (5%)
b. Free Cantilever Methods, Because the bridge cross the river (F.C.M, 3} E 3 ws}7|
uff o))
c. N/A
2. Reasons of selecting extradosed bridge
a. Construction method, Environment, Construction cost, Aesthetics, Etc... The most
important factor among all motioned above was aesthetic. (A &, 3HH A,
A, FR AR e 235 M Fedd S AuS 1wl )
b. PSC-Box Girder (PSC-BOX )
3. Cost of extradosed bridges construction
a. $53 Million (total length of ED bridge is 2,362.2 ft) (5309 ¥ (720m %1 A E/Di)
(Currency Rate $1 = 1,000won)
55%
$557.4/ft2 (6007 / m?)
$45 Million (PSC-Box Girder Bridge) (4502} €1( PSC-BOX 7] ] 1))
Main Tower and Cable (=%, 7 ©] &)

I

4. Advantages and disadvantages of extradosed bridges.

a. Can be reduced H/L ratio and increased span (1 T1 A 5= & 31 74, X 7H

b. Higher Construction cost (¥-AFH] 57}

c. 1. Cost effectiveness: bridge is higher than PSC BOX (E/D < PSC BOX ED);
ii. Construction period and method: Almost same construction period (E/D = PSC BOX
(71¢] Hl =gy
iii. Future maintenance and repair difficulties: Not able to answer the question, you
should contact a person who is a construction engineer (E/D > PSC BOX ¢} ] & &2
A ] v g o ® A okl A= ol e ZE YT AlE okl A 2=
T = Ao,

o|N

7hH

5. Maintenance and repair cost

a. N/A
b. N/A
c. N/A
d. N/A
e. N/A
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Interview Record #5

Interviewee: Steven L. Stroh
Bridge: New Pearl Harbor Memorial Bridge

1. Bridge Construction

a.

b.

C.

Project was bid summer of 2009 and completion is summer of 2015. 6 year duration.
First bridge (northbound) is opened summer 2012.

Balanced Cantilever erection, cast-in-place using form travelers. The large segment size,
poor access for lifting large segments, and lack of a nearby land with water access to set
up a casting yard led decision away from precast.

This erection method was a good choice for the PHMB.

2. Reasons of selecting extradosed bridge

a.

b.

Nearby airport clearances precluded tower height necessary for a cable stayed bridge.
Profile grade restrictions set by adjacent interchange precluded the necessary depth for a
girder bridge with a 515 foot main span. Therefore a girder bridge at this site would have
a shorter span and less favorable navigation conditions.

Extradosed bridge provided desired span length while allowing the required profile
grades to be compatible with adjacent interchange (primary reason)

Cost for extradosed bridge was within reasonable comparison with shorter span girder
bridge (about 15%)

Extradosed bridge provided the opportunity for a signature bridge, worthy of the
designation of a memorial bridge at this site.

A girder bridge, but with a shorter span.

3. Cost of extradosed bridges construction

a.

b.
C.

d.

.

Overall contract $517 million, including extradosed bridge, approach bridges and ramps,
at-grade roadway, retaining walls, maintenance of traffic, utilities, etc. Extradosed
portion — not available

Not available

Not Available

During the type study, the extradosed concept was compared with a girder bridge that had
a shorter span, and the cost delta was about 15% (extradosed being higher)

The stay cables, the more costly superstructure and the towers.

4. Advantages and disadvantages of extradosed bridges.

a.

For the span range between 300 and 700 feet they can be:

cost effective with other bridge types (Girder, cable stayed, arch, truss);

can accommodate four or more spans efficiently (no backstay cables required) (Cable
stayed bridge are not efficient under for multiple spans);

can provide some geometric advantages for some site conditions, such as shorter towers
than a cable stayed and shallower girders than a girder bridge;

Can provide a visually appealing bridge.

More complex to construct than a girder bridge. Under some conditions may not be more
costly than other bridge types.
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Can only accommodate limited width tapers of girder.

Extremely wide girders (over 100°) can be difficult to accommodate

1. Cost effectiveness: Comparable, or only slightly more costly;

i1. Construction period and method: Construction period slightly longer. Erection method
same (Balanced Cantilever);

i11. Future maintenance and repair difficulties: Added maintenance and repair to address
stay cables and dampers.

5. Maintenance and repair cost

a.

Extradosed and cable stayed have similar inspection items, but extradosed bridge has less
cables, lower tower and would therefore to have a slightly less inspection effort. Cost
delta unknown.

Higher inspection effort for an extradosed versus a girder bridge. Extradosed bridge
includes stay cables, anchorages, vibration dampers, towers, internal anchor boxes,
grounding system (lighting protection) aesthetic lighting that would not be expected on a
typical girder bridge. Cost percentage delta unknown.

Expect similar

Probably higher, due to stay cables.

Compared to cable stayed: similar. Compared to girder bridge: extradosed has additional
elements as noted in 5b.

Interview Record #6

Interviewee: Jiri Strasky
Bridge: Povazska Bystrica Bridge

1. Bridge Construction

a.
b.

C.

22 months

Cast-in-place segmental structure erected in 2x7 symmetrical cantilevers. This is a
common and economical technology. It allows simultaneous construction of all
cantilevers.

It is common technology.

2. Reasons of selecting extradosed bridge

a.

b.

City of Povazska Bystrica wanted to have a ‘Signature Bridge’. According to my opinion
a typical cantilever structure would be more appropriate. There is no reason for a cable-
stayed bridge — see Elevation.

A typical cantilever structure would be more appropriate.

3. Cost of extradosed bridges construction

a.
b.

@

$57millions.

Extradosed portion was 91% of the bridge. I am not able to determine the portion of the
cost.

$1,940/m2.

It would be cheaper; however, we have not done it. As I informed you, the reason for the
extradosed bridge was not economy.

Pylon and stay cables
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4. Advantages and disadvantages of extradosed bridges.

a.

b.
C.

It is a suitable solution where a tall pylons of the cable-stayed bridge are not appropriate
— in cities, mountains, etc.

Pylon and stay cables. Unfortunately, I have not seen any beautiful extradosed bridge.

i. Cost effectiveness: It is more expensive than cantilever structure;

i1. Construction period and method: The same as cantilever structure;

iii. Future maintenance and repair difficulties: Stay cables requires a special attention.

5. Maintenance and repair cost

° o o

I do not have this experience

Yes, but I am not able to estimate it.

Lower, since fatigue is smaller, but I am not able to estimate it.

Higher, due to the stay cables, but I am not able to estimate it.

Compare to girder structure there are stay cables that have to maintained.

Interview Record #7

Interviewee: Viktor Markelj
Bridge: Puhov Bridge

1. Bridge Construction

a.
b.
C.

November 2005 — May 2007
Free cantilevering, due to building over water (artificial accumulation lake)
Challenge: road axis in curvature; Advantage: other method was not possible

2. Reasons of selecting extradosed bridge

a.

b.

Very severe boundary conditions for bridge concept:

Severe restrictions on the support layout due to the slurry walls on the banks of the lake
and other obstacles dictated the longitudinal layout;

Low bridge elevation and requested waterway and shipping clearance of 4.0 m
underneath dictated the thickness of structure;

Road geometry in a sharp curvature of radius R =460 m (not allowing longer spans for
cable-stayed bridge);

Very strict limitations have been set due to the historical heritage, preserving of the old
city views, which limited the height of structures (pylons) on maximum 10 m.

Steel continuous girder of constant depth

3. Cost of extradosed bridges construction (Please note that we understand that this information
might be sensitive, we can have the information remain anonymous if you request so.)

a.

o a0

Total cost 8,8 mio Eur; Extradosed section 4,4 mio, Rest (foundation, substructure,
equipment, furniture etc) 4,4 mio Eur

50%

8,8mio/8097m2=1086 Eur/m2

N/A

N/A
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4. Advantages and disadvantages of extradosed bridges.
a. More slender structure than in case of girder, Active controlling of deformations in
construction stages; Sometimes more attractive appearance
b. Very complex construction; High cost, much higher than girder
c. Cost effectiveness: usually higher than other solutions; ii. Construction period and
method: construction period approximately the same; iii. Future maintenance and repair
difficulties: higher than girder, lower than Cable-stayed

5. Maintenance and repair cost

a. Lower - %NA

b. Higher

c. Lower

d. Higher

e. The maintenance concept is similar (changing of cables under the partially restricted

traffic), new element is maintenance of saddles in short pylons)
Interview Record #8

Interviewee: Aivar-Oskar Saar
Bridge: Smuuli Bridge

1. Bridge Construction
a. Piles, Structure about 6 Months, Superstructure about 9 Months
b. From one side the construction method was drop-down formwork, from another side
mostly due the time factor scaffolding. This viaduct is over 8 pair of railway park and it
was all the time filled with trains.
c. Yes

2. Reasons of selecting extradosed bridge
a. Impossible was to put scaffolding or pier in middle of Railway park (station)
b. Launching or precast beams, but same issue, we didn’t receive possibility or access to the
railways, especially for piling

3. Cost of extradosed bridges construction

a. Full bridge length was about 370 meters and more than 12 meters wide, the cost were
about 2,5 M€. What was the total cost of extradosed section of the bridge? About 1,3 M€
The superstructure part was probably some 70 %
It was probably about 700-900€/m2
More expensive than the bridge with launching or precast beams.
The total cost was increased due the design, which was late, also due the drop-down
formwork, also due the weak concrete subcontractor

°ope

4. Advantages and disadvantages of extradosed bridges.
a. Advantages are small amount of materials, especially concrete to the m2, possibility to
cover quite big openings without supports.
b. Probably weak designer and concrete contractor
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c. 1. Cost effectiveness: It depend completely about context, in some conditions it can be
even cheaper than the another solutions;
ii. Construction period and method: Extradosed bridge needs;
iii. Future maintenance and repair difficulties: More difficult will be the cables and
anchorages service probably

5. Maintenance and repair cost
a. Probably same
b. Higher maintenance cost than for girder bridges
c. Same
d. Higher
e. I think that the situation of cables should be checked at least once per year from side of
trained staff.
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