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0. Self-introduction

JICA Study Team

Some of my project experiences
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JICA Study Team 3

1. History of Concrete Bridges

2. What is “Prestressed Concrete”?

3. Planning of Prestressed Concrete Bridges

4. Structure Type of Prestressed Concrete Bridges

5. Basis of Design of Prestressed Concrete Bridges

Agenda
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1. History of Concrete Bridges

JICA Study Team

The two most important materials used in bridge design
before 19th century are …

- Stone and Timber

(since prehistoric times)

Pont du Gard, France

Resource : Wikipedia

1.1. Bridges from prehistoric times to 19th century
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1. History of Concrete Bridges

JICA Study Team

The forms used for stone bridges have been based on
arches, retaining walls and piers.

Kintai-kyo Bridge, Japan

Resource : Wikipedia

1.1. Bridges from prehistoric times to 19th century
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1. History of Concrete Bridges

JICA Study Team

The world’s 1st iron bridge was built in England in 1779 from cast iron

Iron Bridge, Coalbrookdale, UK

Resource : Wikipedia

1.2. Major Transformations in Bridge Building
during Industrial Revolution
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1. History of Concrete Bridges

JICA Study Team

… However, no further development of
cast-iron bridges, due to the brittleness of
the material

1.2. Major Transformations in Bridge Building
during Industrial Revolution

Dramatic growth of iron bridges were
brought by wrought iron and steel

(higher tensile strength and ductility)
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1. History of Concrete Bridges

JICA Study Team

By the early 19th century, bridges were …

- designed by engineers

- using newly developed theory of structures (graphic statics etc.)

- built from stronger, lighter, industrially produced materials
(industrialized iron)

1.2. Major Transformations in Bridge Building
during Industrial Revolution

From prehistoric times to 19th century, bridges had been …

- designed by master builders

- using empirical guidelines (= based on experiences)

- built with simple tools and from traditional materials (stones
and timbers)
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1. History of Concrete Bridges

JICA Study Team

Industrialized steel quickly became the pre-eminent material for railway
bridge construction - However, some disadvantages for railways

1.2. Major Transformations in Bridge Building
during Industrial Revolution (cont.)

Steel Concrete

Advantages • Strength
• Light weight
• Speed of construction

• Maintenance-free
• Lower ratio of live load

to dead load

Disadvantages • High maintenance cost
• Higher ratio of live load to

dead load
(cannot carry heavier,
faster trains)

• Lower strength
• Heavier weight
• Slower speed of

construction

Need for application of another new material – Portland cement concrete
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1. History of Concrete Bridges

JICA Study Team

1.3. Development of concrete structures / bridges

Year Name (Country) Event

1850 Thaddeus Hyatt
(U.S.A.)

• Investigation of reinforced concrete (RC)
beams

• Development of structural details

1855 A. Lambot (France) • A patent for RC boat

1860s (France & Spain) • 1st plain concrete bridges (arches) –
identical to masonry structures

1860 François Coignet
(France)

• A patent for concrete slabs w/ embedded
iron mesh

1867 Joseph Monier
(France)

• A patent for wire-reinforced concrete
flowerpot – the 1st to recognize the vast
potential of RC as a material for structures

1873 Joseph Monier
(France)

• The world’s 1st reinforced concrete bridge

Resource : JICA Study Team (based on “Prestressed Concrete Bridges” by Christian Menn)
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1. History of Concrete Bridges

JICA Study Team

1.3. Development of concrete structures / bridges

Joseph Monier’s patent for various reinforced concrete items (1867)
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1. History of Concrete Bridges

JICA Study Team

1.3. Development of concrete structures / bridges

The world’s 1st reinforced concrete bridge at Chazelet, France (1873)

by Joseph Monier

Resource : Wikipedia
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1. History of Concrete Bridges

JICA Study Team

2 engineers who significantly contributed to the expansion of design and
construction of reinforced concrete:

1.4. Development of reinforced concrete bridges

François Hennebique

(1842 – 1931, France)

• Took full advantages of the
monolithic behavior of
reinforced concrete

• Concrete members to fulfill
several different structural
functions

Emil Mörsch

(1872 – 1950, Germany)

• Contribution to the theory of
reinforced concrete guided by
practical knowledge

• Development of truss models
for reinforced concrete

14

1. History of Concrete Bridges

JICA Study Team

Design of reinforced concrete bridges until the early 20th century

 Strongly influenced by masonry or steel designs

With little or no structural interaction among the individual components

1.4. Development of reinforced concrete bridges (cont.)

Robert Maillart

(1872̃1940, Switzerland)

 Structural elements to carry out
more than one function
simultaneously

 Interactive structural behavior of
the entire system Resource : Wikipedia
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1. History of Concrete Bridges

JICA Study Team

Works of Robert Maillart

 Salginatobel Bridge (completed in 1930)

1.4. Development of reinforced concrete bridges (cont.)

Resource : Wikipedia

Resource : “Robert Maillart” by Max Bill
Resource : “Robert Maillart” by Max Bill
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1. History of Concrete Bridges

Deck-stiffened Arch

JICA Study Team

Works of Robert Maillart

 Val Tschiel Bridge (completed in 1925)

1.4. Development of reinforced concrete bridges (cont.)

Resource : “Robert Maillart” by Max Bill

Resource : David P. Billington

Structural behavior of unstiffened arches

Structural behavior of stiffened arches
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1. History of Concrete Bridges

JICA Study Team

Works of Robert Maillart

 Schwandbach Bridge (completed in 1933)

1.4. Development of reinforced concrete bridges (cont.)

Resource : David P. Billington Resource : “Robert Maillart” by Max Bill

Resource : M. Ohyama, 1999

Arch bridge applied on curved alignment
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1. History of Concrete Bridges

JICA Study Team

In 1888, a patent for prestresing system (for slabs, planks and beams)

by W. Döring (Germany)

… However, no further practical application for 40 years

 Insufficient study on creep & shrinkage of concrete and relaxation of steel

 Materials (high strength steel & concrete) still to be developed

 Prestressing anchors and jacks still to be developed

1.5. Development of prestressed concrete
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1. History of Concrete Bridges

JICA Study Team

Beginning of practical application of prestressed concrete

 Prestressed concrete was firstly developed in Germany and France,
and then spread over the world.

1.5. Development of prestressed concrete

 From 1928 to 1936, a French engineer Eugène Freyssinet
worked on the development of stressing systems with steel
wires and strands, and patented prestressing jacks and
anchors.

 In 1937, a German engineer Franz Dischinger built the
world’s 1st prestressed concrete bridge in Aue, using
unbonded prestressing bars (dia. 70mm, tensile strength ̃
500 N/mm2).

 After Dischinger, his student Ulrich Finsterwalder invented
Diwidag system (stressing system with steel bars smaller (dia.
26mm) and stronger (tensile strength ̃ 900 N/mm2), and
bonded to the concrete after stressing)

20

1. History of Concrete Bridges

JICA Study Team

The world’s 1st prestressed concrete bridge in Aue, Germany
(1873)

by Frantz Dischinger

1.5. Development of prestressed concrete

External
PC bars

… However, the bridge resulted in large cracks and vertical deflection of
200mm, as almost 75% of the initial prestress had been lost through
creep and shrinkage after 25 years.
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1. History of Concrete Bridges

JICA Study Team

Eugène Freyssinet (1879 ̃ 1962, France)

 A founder of prestressed concrete technologies,
and the 1st president of FIP (International
Federation for Prestressing, now changed to fib)

 Developed schemes both for pre-tensioned and
post-tensioned concrete

 Preferred to use thin precast components

 Accepted only full-prestressing (= no tensile stress
in the concrete under service load)

1.5. Development of prestressed concrete

Resource : structurae

Prougastel bridge, France
Resource : structurae (Photo by Philip Bourret)

Saint-Michel Bridge, France
Resource : structurae (photo by Nicolas Janberg)

22

1. History of Concrete Bridges

JICA Study Team

Marne 5 bridges (1947 ̃ 1950) by Eugène Freyssinet

1.5. Development of prestressed concrete

Ussy bridge, France Changis Bridge, France

Esbly bridge, France Trilbardou bridge, France Annet bridge, France
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Superstructure 1 (Concrete Bridges)

JICA Study Team

1

October 2017

JICA Study Team 2

1. History of Concrete Bridges

2. What is “Prestressed Concrete”?

3. Planning of Prestressed Concrete Bridges

4. Structure Type of Prestressed Concrete Bridges

5. Basis of Design of Prestressed Concrete Bridges

Agenda
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2. What is “Prestressed Concrete”?

JICA Study Team

Strong against compression Weak against tension

… How to resist against tension? →substitute concrete by steel

2.1. Characteristics of concrete as a construction material

4

2. What is “Prestressed Concrete”?

JICA Study Team

How to resist against tension in the concrete

2.1. Characteristics of concrete as a construction material

Plain concrete beam

 Cannot resist tension, as its
tensile strength is approx.
1/10 of compressive strength.



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 3

5

2. What is “Prestressed Concrete”?

JICA Study Team

How to resist against tension in the concrete

2.1. Characteristics of concrete as a construction material

Reinforced concrete beam

 Tension is carried by rebars.

 Some extent of cracks are
inevitable.

P P
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2. What is “Prestressed Concrete”?

JICA Study Team

How to resist against tension in the concrete

2.1. Characteristics of concrete as a construction material

Prestressed concrete beam

 Reinforced by prestressed
tendons.

 Cracks can be controlled.
(= state of stress can be
controlled)
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2. What is “Prestressed Concrete”?

JICA Study Team

How to resist against tension in the concrete

2.1. Characteristics of concrete as a construction material

Plain concrete beam

 Cannot resist tension, as its
tensile strength is approx.
1/10 of compressive strength.

Reinforced concrete beam

 Tension is carried by rebars.

 Some extent of cracks are
inevitable.

Prestressed concrete beam

 Reinforced by prestressed
tendons.

 Cracks can be controlled.
(= state of stress can be
controlled)
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2. What is “Prestressed Concrete”?

JICA Study Team

As a flexural member, tensile side of
concrete section shall be reinforced
by some measures.

2.2. Concept of prestressed concrete

Reinforced concrete : Passive reinforcement

Prestressed concrete : Positive reinforcement
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2. What is “Prestressed Concrete”?

JICA Study Team

Bending moment and stress due to uniform load

2.2. Concept of prestressed concrete (cont.)

Compressive Fiber

Tensile Fiber

Neutral Axis

Uniform Load

Bending Moment
M

Cross Section

σ'c

σc
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2. What is “Prestressed Concrete”?

JICA Study Team

Stress by prestressing at centroid of the section

2.2. Concept of prestressed concrete (cont.)

PP

Prestressing Force

(Compressive stress)
Neutral Axis

Cross Section

σ'ct

σct
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2. What is “Prestressed Concrete”?

JICA Study Team

Resultant Stress

2.2. Concept of prestressed concrete (cont.)

σ'c

σc

σ'ct

σct

Σσ'c

Σσc

+ =

Prestress Stress by Loads Resultant Stress

12

2. What is “Prestressed Concrete”?

JICA Study Team

Prestressing at centroid of section

2.2. Concept of prestressed concrete (cont.)

Prestressing with eccentricity

P = 300kN

Prestress

300mm

4
0
0
m

m

2.5N/mm2

P = 120kN

e
p

=
1
0
0
m

m

Prestress

-0.5N/mm2

4
0
0
m

m

300mm

2.5N/mm2
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Pre-tensioning

2.3. Method of Prestressing

1) Stressing of Tendons

Anchors

Abutment Abutment

Stressing by jacks Fabrication bed

Tendons (stressed)
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Pre-tensioning

2.3. Method of Prestressing

2) Casting & Curing of Concrete

Formworks

Rebar arrangement, formworks, casting / curing
of concrete
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Pre-tensioning

2.3. Method of Prestressing

3) Release of jacks

Release
jacks

Compression
introduced in

concrete

Tendons
are cut

Demolding, release of jacks &
cut of tendons

Cambered by
stressing

Anchorage of the tendons are achieved through
bond between steel & concrete
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Pre-tensioning

 Tendons are stressed
before casting concrete

 Prestressing forces are kept
by bond between steel and
concrete

 Normally fabricated in
factories

2.3. Method of Prestressing

1) Stressing of Tendons

2) Casting & Curing of Concrete

Anchors

Abutment Abutment

Stressing by jacks Fabrication bed

Tendons (stressed)

Formworks

Rebar arrangement, formworks,
casting / curing of concrete

3) Release of jacks

Release
jacks

Compression
introduced in

concrete

Tendons
are cut

Demolding, release of
jacks & cut of tendons

Cambered by
stressing

Anchorage of the tendons are achieved
through bond between steel & concrete
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Post-tensioning

2.3. Method of Prestressing

1) Arrangement of Rebars, Tendons & Formworks

Fabrication bed

Rebars Formwork Tendons

Duct sheaths
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Post-tensioning

2.3. Method of Prestressing

Concreting

2) Casting of Concrete, Curing & Demolding
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Post-tensioning

2.3. Method of Prestressing

Anchors

Grouting

Concrete itself works as
abutments Stressing jacks

Prestressing forces are transferred
mainly by anchor devices

Concrete

Duct

Tendon

Grout

3) Hardening of Concrete, Jacking of Tendons, & Grouting
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Post-tensioning

 Tendons are stressed after
concrete has been cast /
hardened

 Prestressing forces are kept
mainly by anchors at the
ends of tendons

 Suitable for construction on
site

2.3. Method of Prestressing

1) Arrangement of Rebars, Tendons & Formworks

Fabrication bed

Rebars Formwork Tendons

Duct sheaths

Concreting

2) Casting of Concrete, Curing & Demolding

Anchors

Grouting

Concrete itself works
as abutments Stressing jacks

Prestressing forces are transferred
mainly by anchor devices

3) Hardening of Concrete, Jacking of
Tendons, & Grouting

Concrete

Duct

Tendon

Grout
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Full prestressing

Concrete tensile stresses are eliminated under the action of design
service loads, prestressing, and restraint deformations.

(2) Limited prestressing

Tensile stresses in the concrete must not exceed a specified permissible
value.

(3) Partial prestressing

No restrictions on concrete tensile stresses under service conditions.

2.4. Classification by Degree of Prestressing

22

2. What is “Prestressed Concrete”?

JICA Study Team

(1) Durability, impermeability than RC structures

 No / limited cracks by prestressing

(2) Lighter and slender than RC structures

 Due to efficient use of cross section by controlling state of stress

(3) Connection of precast elements by prestressing

 Reduction of site work, mechanical erection, shortening of construction
period

(4) Applicable for segmental construction

 Free cantilever, movable scaffolding, span-by-span erection etc.

(5) Higher safety

 Confirmation of safety at the time of prestressing

(6) Higher capacity against fatigue

 Smaller increase of tensile stress in steel

(7) Smaller vibrations and noises

2.5. Characteristics of Prestressed Concrete Structures
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(2) Architectural Buildings

(3) Storage Container Structures

(4) Marine Structures

2.6. Field of Application of Prestressed Concrete

24

2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Manmunai Bridge, Sri Lanka
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Bridge Momoyama, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Miyagawa Bridge, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Usuyuki Bridge, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Incheon Grand Bridge, South Korea

(Viaducts: PC box girder, Approach bridges: PC rigid frame)
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Amerigo Vespucci Bridge, Italy
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Chillon Viaduct, Switzerland
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

1) Highway bridges

2.6. Field of Application of Prestressed Concrete

Sunniberg bridge, Switzerland
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

2) Railway bridges

2.6. Field of Application of Prestressed Concrete

Akkagawa Bridge, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

2) Railway bridges

2.6. Field of Application of Prestressed Concrete

Anegasaki Bridge, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

2) Railway bridges

2.6. Field of Application of Prestressed Concrete

Natorigawa Bridge, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

2) Railway bridges

2.6. Field of Application of Prestressed Concrete

Taiwan High Speed Rail Viaduct (Chiayi Station), Taiwan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

2) Railway bridges

2.6. Field of Application of Prestressed Concrete

Narusegawa Bridge, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

2) Railway bridges

2.6. Field of Application of Prestressed Concrete

Contreras Viaduct, Italy
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

3) Others

 pedestrian bridges, aqueduct bridges, monorails, MRTs, jetties … etc.

2.6. Field of Application of Prestressed Concrete

Tsuru-no-hashi Bridge (pedestrian bridge), Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

3) Others

 pedestrian bridges, aqueduct bridges, monorails, MRTs, jetties … etc.

2.6. Field of Application of Prestressed Concrete

Yume-tsuri-bashi Bridge (stress-ribbon bridge), Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

3) Others

 pedestrian bridges, aqueduct bridges, monorails, MRTs, jetties … etc.

2.6. Field of Application of Prestressed Concrete

Haneda Monorail, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(a) Bridges

3) Others

 pedestrian bridges, aqueduct bridges, monorails, MRTs, jetties … etc.

2.6. Field of Application of Prestressed Concrete

Taipei MRT Viaduct (Jiantan Station), Taiwan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

1) PC rail sleepers, airport pavement

2.6. Field of Application of Prestressed Concrete

Various railway sleepers, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

1) PC rail sleepers, airport pavement

2.6. Field of Application of Prestressed Concrete

Improvement of Fukuoka Airport Apron Pavement, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

2) Sheds / shelters (rock, snow)

2.6. Field of Application of Prestressed Concrete

Rebun Island Rock Shed, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

2) Sheds / shelters (rock, snow)

2.6. Field of Application of Prestressed Concrete

Kuroishi Snow Shelter, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

3) Earth anchors, artificial ground, culverts, sheet piles

2.6. Field of Application of Prestressed Concrete

Rock anchors at Ganter Bridge, Switzerland
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

3) Earth anchors, artificial ground, culverts, sheet piles

2.6. Field of Application of Prestressed Concrete

Kakegawa Tsunami Shelter (Artificial Ground), Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

3) Earth anchors, artificial ground, culverts, sheet piles

2.6. Field of Application of Prestressed Concrete

A Portal Frame Culvert in Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(1) Civil Engineering Structures

(b) Others

3) Earth anchors, artificial ground, culverts, sheet piles

2.6. Field of Application of Prestressed Concrete

PC sheet piles, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Architectural Buildings

 Schools, sports facilities, factories, warehouses, hangers, markets /
freight centers, stadiums

2.6. Field of Application of Prestressed Concrete

A School building, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Architectural Buildings

 Schools, sports facilities, factories, warehouses, hangers, markets /
freight centers, stadiums

2.6. Field of Application of Prestressed Concrete

A School Gymnasium, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Architectural Buildings

 Schools, sports facilities, factories, warehouses, hangers, markets /
freight centers, stadiums

2.6. Field of Application of Prestressed Concrete

A factory, Japan



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 27

53

2. What is “Prestressed Concrete”?

JICA Study Team

(2) Architectural Buildings

 Schools, sports facilities, factories, warehouses, hangers, markets /
freight centers, stadiums

2.6. Field of Application of Prestressed Concrete

A Hanger in Leonardo da Vinci Airport, Italy
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Architectural Buildings

 Schools, sports facilities, factories, warehouses, hangers, markets /
freight centers, stadiums

2.6. Field of Application of Prestressed Concrete

Oarai Fish Market / Freight Center, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(2) Architectural Buildings

 Schools, sports facilities, factories, warehouses, hangers, markets /
freight centers, stadiums

2.6. Field of Application of Prestressed Concrete

Niigata Stadium, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(3) Storage Container Structures

 Water tanks, sewage treatment tanks, silos, POL tanks, gasholders,
nuclear containment … etc.

2.6. Field of Application of Prestressed Concrete

Water tanks, Japan
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2. What is “Prestressed Concrete”?

JICA Study Team

(3) Storage Container Structures

 Water tanks, sewage treatment tanks, silos, POL tanks, gasholders,
nuclear containment … etc.

2.6. Field of Application of Prestressed Concrete

Sewage treatment tanks, Japan

58

2. What is “Prestressed Concrete”?

JICA Study Team

(4) Marine Structures

 Breakwaters, PC barges, artificial islands, concrete LNG storage barges
… etc.

2.6. Field of Application of Prestressed Concrete

Breakwaters in Jeju Port, South Corea
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2. What is “Prestressed Concrete”?

JICA Study Team

2.6. Field of Application of Prestressed Concrete

Haneda Airport D Runway, Japan

(4) Marine Structures

 Breakwaters, PC barges, artificial islands, concrete LNG storage barges
… etc.
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2. What is “Prestressed Concrete”?

JICA Study Team

(4) Marine Structures

 Breakwaters, PC barges, artificial islands, concrete LNG storage barges
… etc.

2.6. Field of Application of Prestressed Concrete

LNG Platform Barge Project, Southeast Asia
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Purpose of usage of the bridge

 Natural conditions of the project site

 Topography

 Geological features

 Meteorological conditions

 Hydrological conditions … etc.

 Environmental conditions (natural and social)

 Aesthetics

 Structural aesthetics of bridge itself

 Visual harmony with surrounding landscape

3.1. Items to be considered in the planning of bridges

4

3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Superstructure

 Support the loads such as vehicle and pedestrians directly

 Substructure

 Support the loads from superstructure and transfer the forces to
foundation

 Foundation

 Support the loads from substructure and transfer the forces to the ground

3.2. The elements to compose a bridge
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

Names of bridge elements

3.2. The elements to compose a bridge

Bridge Length

Girder Length Girder Length

Span Length (between supports) Span Length

Abutment Pier

Substructure

Substructure

Span Length
(between substructures)

Span Length
(between substructures)

Foundation

Foundation

Wall

Column

(between supports)
A

llo
w

a
n
c
e

H
e
ig

h
t
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Economy

 Structural feature

Workability / constructability

 Aesthetics

Maintenance

 Drive confort / ride confort

3.3. Selection of bridge type in bridge planning
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Economy

 In general, longer maximum span →higher construction cost

 Span length is controlled by the possible locations to place substructures.

 Greatly depends on topographic conditions of the site

3.3. Selection of type in bridge planning

Construction costs of superstructure by types and erection methods

Box girder Box girder
(Free cantilever)

PC I-girder

Hollow slab

Pre-tensioned T-girder

Pre-tensioned slab

Post-tensioned
T-girder

Span length [m]

C
o
n
st

ru
c
ti
o
n

c
o
st

p
e
r

b
ri

d
g
e

a
re

a
[J

P
Y

x
1
0

3
/
m

2
]

Resource : “Manual for Planning of Highway Bridges”, 2007,

Japan Prestressed Concrete Contractors Association
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Structural features

 Conditions from crossing obstacles

 Large span is required when crossing rivers, canals, valleys … etc.

 Navigational clearance shall be considered if vessel traffic is present.

 Bridges crossing over roads & railways with small headroom

 girder height might be limited

3.3. Selection of type in bridge planning
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

Workability / constructability

 Construction method

 determined by topographic / gerlogical conditions, structural types … etc.

 eg. Construction from the ground below, or construction from above … etc.

3.3. Selection of type in bridge planning

10

3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Aesthetics

 Geometric shape of the whole structure, shape of cross section,
relationship with surrounding landscape … etc.

3.3. Selection of type in bridge planning
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

Maintenance

 Relationship with environment (chloride damage … etc.)

 Durable materials against deterioration, detailing … etc.

 Fewer expansion joints / bearings

3.3. Selection of type in bridge planning

12

3. Planning of Prestressed Concrete Bridges

JICA Study Team

 Drive comfort / ride comfort

 Better ride comfort with fewer expansion joints

 Making the deck continuous by continuous girder, spliced girders, link slab etc.

3.3. Selection of type in bridge planning
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

(1) Structure types of prestressed concrete bridges

(2) General procedures of bridge planning

(3) Surveys to be carried out prior to bridge planning

3.4. Basics in planning of prestressed concrete bridges

14

3. Planning of Prestressed Concrete Bridges

JICA Study Team

(1) Structure types of prestressed concrete bridges

3.4. Basics in planning of prestressed concrete bridges

Structure type
Applicability

PCa CIP

Simple girder bridge ✔ ✔

Spliced girder bridge ✔ –

Continuous girder bridge ✔ ✔

Continuous rigid frame bridge ✔ ✔

Rigid frame bridge with hinge * ✔

T frame bridge * ✔

Cable stayed bridge * ✔

Arch bridge ✔ ✔

Truss bridge ✔ ✔

Stress ribbon bridge ✔ ✔
* : Applicability depends on the size of project etc.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

(2) General procedures of bridge planning

3.4. Basics in planning of prestressed concrete bridges

Preliminary survey

Determination of design conditions

Selection of type of superstructure

Selection of type of substructure

Evaluation

Finalization of Structure

Topography, geology, hydrology / meteorology,
environmental / social consideration, traffic volume,
procurement … etc.

Bridge length, bridge width, road alignment, live loads

Clearance under bridge, span length, location and
direction of piers

Other loads

Selection of structure type and cross section, study on
erection method, construction period, preliminary design,
preliminary cost estimation, procurement plan

Geological condition, selection of foundation type,
selection of type of piers and abutments, construction
planning, construction period, preliminary design,
preliminary cost estimation, procurement plan

Integrity with design conditions, safety, construction cost,
environmental and social consideration, flexibility for
possible future change of traffic demand etc., construction
period, maintenance (including maintenance cost),
aesthetics

Finalization of structure, detailed design, cost estimation,
procurement plan
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

(3) Surveys to be carried out prior to bridge planning

3.4. Basics in planning of prestressed concrete bridges

Item Description

Topographic survey Ground level, land use, faults, crossing obstacles etc.

Geological survey Soil properties, bearing layer, groundwater level, risk of land slide
etc.

Hydrological / meteorological
survey

Water level, flow volume/velocity, conditions on use of river etc.
Weather, climate (temperature), rainfall (rainy/dry seasons),
snowfall, earthquake etc.

Environmental / social survey Biota, air pollution, water contamination, noise, vibration, chloride
damage, landscape etc.
Land use, land owning, need for resettlement etc.

Traffic survey Type of vehicles, loads, road width etc.

Construction condition Access road, temporary roads, construction yards, neighboring
projects etc.

Procurement Construction materials / equipment (domestic / import),
transportation, costs

Others Electricity/water available for construction works, surrounding
facilities, public utilities (need for relocation) etc.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.1 Bridge length, bridge width, road alignment

3.5. Determination of design conditions

 Mainly determined according to the basic plan of the road.

 Based on the laws and regulations relevant to road geometry, river
management etc.

 In Japan, “Government Ordinance on Road Design Standards”, “Government
Ordinance for Structural Standard for River Administration Facilities” etc.

 Design conditions shall be determined taking into account the site conditions,
relevant laws / regulations, design standards and specifications to be applied.
 Standards on road geometry

 Standards on river management

 Standards on design & construction of bridges … etc.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5. Determination of design conditions

(1) Bridge length

 Bridge length is determined according to road plan, road alignment, location
of bridge and abutments.

 The location of abutments are determined by the relationship with control
points such as crossing obstacles (rivers, roads, railways, public utilities etc.),
height of abutments etc.

3.5.1 Bridge length, bridge width, road alignment
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.1 Bridge length, bridge width, road alignment

3.5. Determination of design conditions

(2) Bridge width

 Bridge width is determined basically by the width composition of
the road, based on the laws and regulations relevant to road
geometry.

 Width composition depends on road classification, hence
importance of the route (traffic demand etc.).

Bridge Width (Total Width)

Wheel Guard Bridge Width (Effective Width) Wheel Guard

Walkway Carriageway Median Carriageway Walkway
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.1 Bridge length, bridge width, road alignment

3.5. Determination of design conditions

(3) Road alignment

 Road alignment is determined by topographic features of the route etc., in
accordance with the laws and regulations relevant to road geometry.

 In Japan, “Government Ordinance on Road Design Standards” etc.

 Road alignment also depends on road classification, hence importance of
the route (traffic demand etc.).

 Road alignment might include horizontal / vertical curve, variation of
crossfall / superelevation etc.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.2 Span length, piers, clearance under bridge

3.5. Determination of design conditions

(1) Span length

 Center span: distance between center of piers

 Side span: distance between center of pier and parapet of abutment

 For river bridges, span length shall be determined to maintain smooth flow
of water (also to avoid debris to stuck between piers at the time of flood)

 Other factors shall also be taken into account, such as relationship with
center of flow, soil conditions, neighboring bridges, aesthetical consideration,
construction method etc.

22

3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.2 Span length, piers, clearance under bridge

3.5. Determination of design conditions

(2) Piers

 Pier thickness is determined firstly by structural requirement.

 For river bridges, pier thickness shall also be determined to maintain smooth
flow of water. It is desirable to choose direction and shape of cross section
(oval etc.) so as not to disturb river flow.

 Visual appearance (including relationship with surrounding landscape) is
also important.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.2 Span length, piers, clearance under bridge

3.5. Determination of design conditions

(3) Clearance under bridge

 For river bridges, “design high water level” + “allowance height” shall be
taken into account. Navigational clearance shall also be considered If vessel
traffic under bridge is expected.

 Clearance for roads and railways under bridge shall be considered if
necessary.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.3 Live loads

3.5. Determination of design conditions

(1) Vehicular live load

(1)-1 Design truck (HS20-44) (1)-2 Design tandem

(3) Two design trucks for negative moment(2) Design lane load

1. AASHTO HL-93

Transverse position

In Bago Bridge, Design Lane width is assumed
to be 3000mm to be on the safer side.

====
3000 mm

Transverse position of design tandem is
same as design truck.
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.3 Live loads

3.5. Determination of design conditions

(1) Vehicular live load

Where, (1)-1 : Design truck (HS20-44)
(1)-2 : Design tandem
(2) : Design lane load
(3) : Two design trucks for negative moment

Types of combination
1) (1)-1 + (2)
2) (1)-2 + (2)
3) (3) x 0.9 + (2) x 0.9

1. AASHTO HL-93 (cont.)

Note: Nominal lane width shall be 3.0m.

Multiple presence factor

26

3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.3 Live loads

3.5. Determination of design conditions

2. Special vehicular load (75t and 35t x 2 concentrated loads)

(1) Vehicular live load (cont.)
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3. Planning of Prestressed Concrete Bridges

JICA Study Team

3.5.3 Live loads

3.5. Determination of design conditions

(2) Pedestrian live load – N/A for Bago river bridge

(3) Railway live load – N/A for Bago river bridge

In JRA Specifications, 3.0 ̃ 3.5 kN/m2 for main girders

5.0 kN/m2 for deck slabs and floor systems

In AASHTO LRFD, 3.6 x 10-3 MPa for sidewalks of highway bridges

4.1 x 10-3 MPa for pedestrian/bicycle bridges
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Applicable structure type of bridge is studied based on the design
condition determined according to various survey.

In general, the followings are determined according to maximum span
length.

 Structure type

 Shape of cross section

 Construction method … etc.

4.1. Selection of Structure type

4

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(1) Structure types and applicable span lengths

4.1. Selection of Structure type
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(2) Ratio of girder depth to span length h/L (for reference)

4.1. Selection of Structure type

Cross section, structure type, construction method etc. h/L

PCa

Slab beam (JIS A5313 standard beam) 1/18 ̃ 1/28

Precast T-girder 1/16 ̃ 1/20

Precast I-girder 1/14 ̃ 1/18

CIP

Hollow slab 1/20 ̃ 1/25

Double-T (Triple-T) 1/16 ̃ 1/18

Box girder

Conventional falsework, uniform girder height 1/20 ̃ 1/22

Free cantilever, uniform girder height 1/16 ̃ 1/18

Incremental launching, uniform girder height 1/16 ̃ 1/18

Continuous girder
(haunched girder)

At pier 1/16 ̃ 1/20

At span center 1/30 ̃ 1/40

Hinged rigid frame
(haunched girder)

At pier 1/15 ̃ 1/18

At center 1/40 ̃ 1/60

6

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.2. Characteristics of typical structure types

General procedure of bridge planning

 Selection of possible span arrangement

 Selection of structure type (considering erection method)

 Selection of girder cross section

 Study on construction method … etc.
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(1) Simple girder type

4.2. Characteristics of typical structure types

(a) Precast girder bridges

1) Pre-tensioned slab / T-girder

a) General features

 Normally applied to spans L = 5 ̃ 24m (JIS A 5313)

 Easy erection.

 Most widely used.

 Low superstructure cost.

 Structurally simple and clear.

b) Points of consideration

 Short applicable span.

 Inferior in ride comfort due to expansion joints.

 Maintenance of expansion joints required.

 Unseating prevention connectors required against
earthquake.

Pre-tensioned hollow slab

Pre-tensioned T-girder
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(1) Simple girder type

4.2. Characteristics of typical structure types

(a) Precast girder bridges

2) Post-tensioned T-girder

a) General features

 Normally applied to spans L = 20 ̃ 45m (Japanese
Standard Design of MLIT).

 Easy erection.

 Widely used.

 Low superstructure cost.

 Structurally simple and clear.

 Segmental construction can be applied if fabrication
yard cannot be prepared.

b) Points of consideration

 Short applicable span.

 Inferior in ride comfort due to expansion joints.

 Maintenance of expansion joints required.

 Unseating prevention connectors required against
earthquake.

Post-tensioned T-girder
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(1) Simple girder type

4.2. Characteristics of typical structure types

(b) Cast-in-place girder bridges

a) General features

 Box or hollow slab are normally used for cross
section.

 Hollow slab : normally applied to L = 20 ̃ 30m

 Box girder : normally applied to L = 30 ̃ 60m

 Suitable to complicated alignment.

 Constructed by conventional falsework.

b) Points of consideration

 No standardized design.

 Inferior in ride comfort due to expansion joints.

 Maintenance of expansion joints required.

 Unseating prevention connectors required against
earthquake.

Types of box cross section

Single cell

Twin cell single box girder

Twin box girder

Cross section of hollow slab
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(2) Spliced girder type

4.2. Characteristics of typical structure types

Aimed to improve ride comfort and durability by splicing girders at intermediate
support and omitting expansion joints, while maintaining benefits of precast
girders

a) General features

 Same benefits with simple girders.

 Applicable to all types of precast girders.

 Good ride comfort as well as continuous
girder.

 Easier maintenance due to elimination of
expansion joints and unseating prevention
connectors.

b) Points of consideration

 Rubber bearings shall be used at
intermediate supports.

 Substructures shall be designed with similar
consideration to continuous girders.

Detail of Girder Splicing

Precast beam

CIP portion

Rubber bearing

Splice rebars

Main rebars
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(3) Continuous girder type

4.2. Characteristics of typical structure types

(a) Continuous girder bridges

a) General features

 Most normal type in cast-in-place PC bridges.

 Normally applied to spans L = 20 ̃ 120m.

 Good ride comfort and low vibration / noise due to
elimination of expansion joints.

 Various erection methods and cross section shapes
can be used.

 Maximum continuous length reaches up to approx.
500m when elastomeric rubber bearings are used to
distribute horizontal forces to each substructure.
(The maximum length also depends on effect of
earthquake.)

b) Points of consideration

 Bearings are required at supports.

 Periodic maintenance is required when steel
bearings are used.

Continuous girder
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(3) Continuous girder type

4.2. Characteristics of typical structure types

(b) Continuous rigid frame bridges

a) General features

 Similar features with continuous girder bridges.

 Superior in construction cost, maintenance and
distribution of horizontal forces to each substructure
as bearings are not installed at intermediate
supports.

 In case of T-frame bridge, applicable span length
corresponds to the side span of continuous rigid
frame bridges.

b) Points of consideration

 Difficulty in application when piers are very low (e.g
H < 10m etc.) due to the effect of restraint forces by
creep, shrinkage and temperature.

Continuous rigid frame

T-frame
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

(3) Continuous girder type

4.2. Characteristics of typical structure types

(c) Rigid frame bridges with midspan hinges

a) General features

 Longitudinal seismic forces are carried by each
piers. Restraint forces are released by hinges at
midspan.

 In general, haunched box girder is used, and
constructed by free cantilever method.

 Economical than monolithic connections since
redistribution of sectional forces is small.

 Applied to the spans L = 60 ̃ 180m.

 Girder erection can be started from any piers,
and construction period can be shortened.

b) Points of consideration

 Disadvantages with regard to serviceability
(discontinuities in roadway grade at midspan).

 Inferior in durability and ride comfort when
expansion joint is used.

Hinge Hinge

Rigid frame with midspan hinges
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.3. Categorization by Erection Method
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20~40m ◎ ◎ ◎ ◎ △ △

40~60m ○ ※ ○ ○ ※ ※

60~80m △ △ ※ ※ ◎ ◎

80~100m △ △ △ ※ ○ ◎

>100m △ △ △ ※ ※ ◎ ◎ ○

Variation of girder depth ○ ○ ○ ※ ◎ ◎ ※ ○

Horizontal curve ○ ○ ○ ○ ○ ◎ ○ ◎ ◎ ○

Widening of main girder ○ ○ ※ ※ ※ ※ ◎ ○

Space under girder ◎ ○ ※ ◎ ◎ ◎ △ ○ ◎ ※

Rapid construction ○ ○ ○ ◎ ◎ ◎

Advantage for multiple spans ◎ ◎ ※ ◎ ◎ ◎

Safetey under girder ○ ○ ○ ○ ○ ○

Advantage for weather condition ※ ※ ○ ◎ ◎ ◎ ◎ ※
Transportation of material &

equipment w/o using under girder ◎ △ △ ◎ ◎ ※ ◎ △ ※ ◎

Construction of high bridge ◎ ※ △ ◎ ◎ ◎ ※ ※ ◎ △
Legend

◎： Most applicable

○： Applicable

△： Not applicable

※： Careful study required for application

Precast Cast-in-Place

Erection method

Condition

S
p
a

n
le

n
g

th

Precast girder Precast segment
Conventional

falsework

Movable

falsework

Cantilever

erection

Incremental

launching

C
o
n

s
tr

u
c
ti
o

n
c
o
n

d
it
io

n

◎

◎

○

※

※

○

◎

◎

※

※

○

※

△

※

○

◎

○

△

○

◎

◎

◎

◎

◎

○

※

△

△

◎

◎

※

△

△

○

○

○

◎

◎

◎

◎

◎

◎

△

○

※

◎

○

◎
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Cast-in-place (by All-staging)

 Most conventional method for cast-in-place construction.

 The ground under bridge shall have sufficient capacity to support the loads
during construction.

4.3. Categorization by Erection Method

16

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Precast Girders (Erection by Cranes)

 Common method for erection of precast girders.

 Erection height is limited.

4.3. Categorization by Erection Method
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.3. Categorization by Erection Method

Hung below erection girder

Slid above erection girder Supported by 2 beams aside

Precast Girders (by Erection girders)

 Superstructure can be erected
without using space under bridge.

 Erection height is not limited.

18

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.3. Categorization by Erection Method

Cantilever erection (by form travelers or
erection girder)

 Superstructure can be erected without
using space under bridge.

 Tendon arrangement can be efficient as
the arrangement of cantilever tendon
closely balances the moment diagram.

 Both CIP and precast are applicable.

Cantilever erection with erection
girder (P & Z Method)

Free Cantilever Method (FCM)

with form travelers

Typical tendon arrangement for
free cantilever erection
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.3. Categorization by Erection Method

Incremental launching erection

 Superstructure can be erected without using space under bridge.

 Erection height is not limited.

 Horizontal alignment must be straight or of constant curvature

20

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.3. Categorization by Erection Method

Movable falsework erection

 Superstructure can be erected without using space under bridge.

 Erection height is not limited.

 Having advantages in projects of large size
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.3. Categorization by Erection Method

Span-by-span erection

 Superstructure can be erected without using space under bridge.

 Erection height is not limited.

 Horizontal alignment must be straight or of slight curvature

 Having advantages in projects of large size

 Construction period can be shortened in combination with
application of precast segments.

22

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

General Characteristics of Precast Segment Method

[Advantages]

 Shorter construction period than cast-in-place construction due to separation
of segment fabrication work and erection work

 Stable quality due to concentrated control and mechanized fabrication of
segments such as formworks etc.

 Upskilling effect due to regular repetition of identical fabrication / erection work,
and laborsaving due to mechanization

 Lower loss of prestress by smaller creep / shrinkage deformation of members
after erection, due to storage periods of segments after fabrication

[Disadvantages]

 No longitudinal tensile stress permitted, as the reinforcements is
discontinuous at the joints between segments

 Normally economical only for long bridges, due to the high cost of fabrication /
erection equipment

4.4. Construction Using Precast Segments



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 12

23

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Manufacture of Precast Segments

[Long-line casting]

 All segments to make up either half or a full cantilever are
manufactured on a fixed bed with the formwork moving along the bed
for the successive casting operations

[Short-line casting]

 Segments are manufactured in a step-by-step procedure with the
forms maintained at a stationary position

4.4. Construction Using Precast Segments
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Manufacture of Precast Segments

Typical long-line precast bed

4.4. Construction Using Precast Segments
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Manufacture of Precast Segments

Typical short-line precasting operation

4.4. Construction Using Precast Segments
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Characteristics of Long-line and Short-line method

4.4. Construction Using Precast Segments

Long-line casting Short-line casting

Accommodation
to complicated
alignment, variety
of cross section

• Easily applicable, as the bed is
prepared for final shape of the
girder

• Fabrication is complicated when
girder height etc. varies

Fabrication
equipment

• Simple and inexpensive
equipment

• Large and expensive equipment
• Laborsaving is possible by

mechanizing equipment

Fabrication cycle • Long fabrication cycle • Many segments can be
fabricated in short period due to
short cycle (1 segment / day)

Fabrication yards • Large yard is required due to the
long fabrication bed

• Smaller fabrication yard

Suitability Bridges with varying cross section,
or small bridges with few segments

Large / long bridges with many
segments of unified cross section
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Transfer of Precast Segments

 In large projects with large or many segments, loading /
unloading facilities such as gantry crane or transfer
crane shall be equipped.

 These cranes are used to transfer the segments from
fabrication yard to stock yard.

 From stock yard to construction site, the segments are
normally transported by trailers etc.

Storage of Precast Segments

 The ground of stock yards shall have sufficient bearing
capacity, and the soil shall be improved, if necessary, to
avoid settlement.

 Segments are normally placed on buffer material
(plywood etc.) supported by H-beam etc.

4.4. Construction Using Precast Segments

28

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.5. Span-by-Span Erection

Procedure of Span-by-span erection

[Step-1]

Placing the pier segments and installing the overhead truss on them.
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.5. Span-by-Span Erection

Procedure of Span-by-span erection

[Step-2]

Lifting all segments of one span to be assembled.

30

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Procedure of Span-by-span erection

[Step-3]

Placing and curing concrete at key segments (unreinforced closure joints).

4.5. Span-by-Span Erection
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Procedure of Span-by-span erection

[Step-4]

Post-tensioning the entire span.

4.5. Span-by-Span Erection

32

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Procedure of Span-by-span erection

[Step-5]

Launching the overhead truss forward and repeat new cycle.

4.5. Span-by-Span Erection
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Procedure of Span-by-span erection

Step Schematic View
[Step-1]
Placing the pier segments and installing
the overhead truss on them.

[Step-2]
Lifting all segments of one span to be
assembled.

[Step-3]
Placing and curing concrete at key
segments (unreinforced closure joints).

[Step-4]
Post-tensioning the entire span.

[Step-5]
Launching the overhead truss forward
and repeat new cycle.

4.5. Span-by-Span Erection
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Type of Erection Girders for SBS Method

4.5. Span-by-Span Erection

Derrick Crane

Trailer for Segment
Erection Girder (Support Type)

Transportation

Temporary

Bracket

Support Type

 Applicability depends on

 alignment (shall be basically straight or slight
curvature)

 shape and height of piers (temporary bracket are
required to support erection girder) … etc.

 Segments can be transported on completed
superstructure, without using space under girder.
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Type of Erection Girders for SBS Method

4.5. Span-by-Span Erection

Trailer for Segment
Transportation

Girder
Leg

Trailer for Segment
Transportation

Erection Girder (Hanger Type)

Hanger Type

 Higher flexibility on application to

 Curved alignment

 Change of bridge width … etc.

 Segments are basically transported from under
the bridge (In this case, access to the space
under the bridge is necessary).

 Transportation on completed girder (without
using space under bridge) is also possible if
special type of erection girder is used.

36

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Type of Erection Girders for SBS Method

4.5. Span-by-Span Erection

Derrick Crane

Trailer for Segment
Erection Girder (Support Type)

Transportation

Temporary

Bracket

Trailer for Segment
Transportation

Girder
Leg

Trailer for Segment
Transportation

Erection Girder (Hanger Type)

Support Type

Hanger Type
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4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

4.5. Span-by-Span Erection

Bending moment due to self weight

assuming all spans cast at once

Transition of bending moment

according to progress of erection

38

4. Structure Type of Prestressed Concrete Bridges

JICA Study Team

Points of Consideration on Planning

[Segment Length]

In case of insufficient fabrication / stock yard for segments adjacent to construction site:

 Segments must be transported via public road from factory or distant fabrication yards

 Segments length must thus be determined from the viewpoints of transportation (max.
̃ 3 m), as well as economy and structural aspects etc. (Too short segments are not
reasonable.)

[Pier Segments]

For pier segments, weight reduction must be studied:

 Splitting of segment, casting diaphragms in place after installation … etc.

[Prestressing of Deck Slabs]

 Both post-tensioning and pre-tensioning can be applied for deck slab prestressing.

 Pre-tensioning method

 Possible to save on-site work and advantageous for projects with many segments

 On the other hand, difficulties on geometry control of segments (matching at joints between
segments etc.).

 Post-tensioning method

 Needs more labor work than pre-tensioning method

 However, geometry control of segments is easier than pre-tensioning.

4.5. Span-by-Span Erection



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 1

Technical Transfer on
Bago River Bridge
Construction Project

Superstructure 1 (Concrete Bridges)

JICA Study Team

1

October 2017

JICA Study Team 2

1. History of Concrete Bridge

2. What is “Prestressed Concrete”?

3. Planning of Prestressed Concrete Bridges

4. Structure Type of Prestressed Concrete Bridges

5. Basis of Design of Prestressed Concrete Bridges

Agenda



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 2

3

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.1. General

In this section, basic points in the design of prestressed concrete
bridges are described.

 The description is basically based on PC box girder bridges using precast
segments erected by Span-by-Span (SBS) Method (Same type as Bago
River Bridge (approach section)).

 Reference design standards are “Specifications for Highway Bridges” by
Japan Road Association (“JRA Specifications”) and “AASHTO LRFD Bridge
Design Specifications” for HL-93 live loads.

5.1. Outline

4

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.1. General (cont.)

 This lecture is generally based on “Design of Prestressed Concrete Bridges
for Beginners (「やさしいPC橋の設計」)” from Japan.

 There are some more reference books / documents useful for studying
design and planning of prestressed concrete bridges in more detail.

5.1. Outline

“Design of Prestressed Concrete Bridges for Beginners”
by Japan Prestressed Concrete Contractors Association

A book on planning and design of prestressed
concrete bridges based on practical experiences
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.1. General (cont.)

 Some more reference books / documents useful for studying design and
planning of prestressed concrete bridges in more detail (cont.).

5.1. Outline

A book on planning, design and
construction of prestressed concrete
segmental bridges (both CIP and
precast) based on practical experiences

An issue in PCI Journal describing
“Strut-and-Tie model” useful for
design of “D-regions” (“D” stands for
discontinuity, disturbance or detail) of
RC / PC structures, as an expanded
concept of truss model.

6

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(1) Procedure of Detailed Design

[Assumption of Shape/Dimension and Calculation of Sectional Forces]
 Confirmation of design conditions (structural standards, site conditions, material

properties … etc.).

 Assumption of member shape / dimensions based on the design condition.

 Calculation of sectional forces based on the above-assumed members.

[Check of Stresses under Service Loads]
 JRA Specifications is based basically on allowable stress method.

 Member elements (reinforcement, PC tendons and concrete) are checked to satisfy
specified allowable values under most critical actions (bending moment, shear etc.)
due to specified combinations of service loads.

[Check of Safety against Failure]
 Member elements are also checked for safety of resistance against failure under

most critical actions due to specified combinations of ultimate loads as well.

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(1) Procedure of Detailed Design

5.1. Outline

Start

Set out Design Conditions

Set out Structural Dimensions

Calculation of Alignment

Design of Box Cross Section

Design of Main Girder

Design of Crossbeams

Study on Detailing

Design of Accessories

Preparation of Drawings

Quantity Calculation

Check & Documentation

End

a. Design load
b. Materials (concrete, tendons, rebars)

a. Bridge length, span arrangement, girder height,
roadway composition
b. Assumption of cross section shape

a. Arrangement of transverse tendons
b. Reinforcement of cross-section components

Design of Segment Joints

a. Arrangement of longitudinal tendons (external /
internal)
b. Reinforcement for shear

a. Check for full compression
b. Shear keys

a. Arrangement of transverse tendons
b. Reinforcement for external tendon anchorage

Deviators, anchorage blisters, web ribs etc.

Bearings, drainage, expansion joints, barriers, etc.

8

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

 Cross section of girder is determined according to the given conditions
(span arrangements, bridge width etc.)

 Girder Height

 Box width (number of boxes / cells, ratio of box width to bridge width)

 In general, the shape of cross section is selected to most efficiently resist
against bending moment, as flexure (= bending) is normally one of the
most dominant factors for girders.

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

1) Girder Height

 Desirable ratio of girder height (H) to span length (L) normally depends on
loads, type of cross section, structure type, erection method … etc.

 Desirable ratio of H/L for box girder bridges by SBS erection

= 1/17 ̃ 1/20 (for highway bridges)

 In the case of Bago River Bridge,

L = 50.0m, H = 2.7m, H/L = 1/18.5

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

2) Box Width

 Ratio of box width B to bridge width D (= deck slab width) is determined
taking into account the balance of bending moment in deck slab.

 In JRA Specifications, common deck span lengths are as follows:

5.1. Outline

 Desirable ratio of B/D is as follows:

RC 055 ~ 0.65

PC 0.50 ~ 0.60

RC 0.64 ~ 0.72

PC 0.64 ~ 0.72

Deck

Structure

1 cell box

Type of Cross Section

2 cells box

5 10 15

Desk Slab Width: D [m] Ratio of Box Width to

Deck Slab Width: B / D
Remarks

Category Structure Span length

RC 0 ≦L ≦4.0

PC 0 ≦L ≦6.0

RC 0 ≦L ≦1.5

PC 0 ≦L ≦3.0

Simple and

Continuous Slab

Cantilever Slab
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

3) Structural Function of Cross-Section Components

 Cross-section of box girder is composed of deck slab, webs and bottom
slab.

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

3) Structural Function of Cross-Section Components

5.1. Outline

(a) Deck Slab

Structural Function Structural Response

T
ra

n
sv

e
rs

e as a slab, to carry its self-
weight & live load to the webs

transverse bending,
longitudinal bending &
vertical shear

as a frame component, to resist
distortion of the section

transverse bending &
vertical shear

L
o
n
g
itu

d
in

a
l

as a tension or compression
chord, to resist bending of the
entire cross-section about its
horizontal axis

longitudinal axial force
& in-plane shear

as a shear wall, to resist torsion
of the entire cross-section

longitudinal axial force
& in-plane shear

as a web, to resist bending of
the entire cross-section about
its vertical axis (lateral bending)

longitudinal axial force
& in-plane shear

Reference value of deck slab thickness

 ≒270mm (at box center)

 ≒450mm (at webs)

 ≒250mm (at the tip of
cantilever, depending on the
transverse tendons)

 Installation of longitudinal internal
tendons shall be taken into account
if necessary.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

3) Structural Function of Cross-Section Components

5.1. Outline

(b) Webs

Structural Function Structural Response

L
o
n
g
itu

d
in

a
l

as a web, to resist bending of
the entire cross-section about
its horizontal axis

vertical shear &
longitudinal axial force
(+ vertical axial forces)

as a shear wall, to resist torsion
of the entire cross-section

longitudinal axial force
& vertical shear

as a tension or compression
chord, to resist bending of the
entire cross-section about its
vertical axis

longitudinal axial force
& in-plane shear

T
ra

n
sv

e
rs

e

as a frame component, to
provide rotational restraint to
the deck slab and (when
applicable) bottom slab, as well
as to resist distortion of the
section

transverse bending &
vertical shear

Minimum web thickness

(for reference)

 ≒300mm ̃ (with no or 1 row of
internal tendons)

 ≒350mm ̃ (with 2 rows of internal
tendons)

Space for
internal
vibrators
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

3) Structural Function of Cross-Section Components

5.1. Outline

(c) Bottom Slab

Structural Function Structural response

T
ra

n
sv

e
rs

e as a slab, to carry its self-
weight & any superimposed
loads to the webs

primarily transverse
bending, as well as
vertical shear

as a frame component, to resist
distortion of the section

transverse bending &
vertical shear

L
o
n
g
itu

d
in

a
l

as a tension or compression
chord, to resist bending of the
entire cross-section about its
horizontal axis

longitudinal axial force
& in-plane shear

as a shear wall, to resist torsion
of the entire cross-section

longitudinal axial force
& in-plane shear

as a web, to resist bending of
the entire cross-section about
its vertical axis (lateral bending)

longitudinal axial force
& in-plane shear

Minimum bottom slab thickness

 ≒200mm (without internal tendons)

 ≒250mm (with internal tendons)

 Thickness of bottom slabs at
intermediate supports are
determined considering
compressive stress.

 When tendons are anchored at
bottom slab, thickness shall be
carefully studied.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(2) Determination of Cross Section

3) Thickness of Cross-Section Components

In case of Bago River Approach Bridge (Standard section, for reference)

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(3) Flexure and Axial Force

 In RC members, some extent of cracks are allowed as long as they are
not harmful in the viewpoints of durability and serviceability under service
load state.

 On the other hand, cracks are not allowed under service load state in PC
members, excluding exceptional loads such as collision or earthquake etc.,
while tensile stress within allowable value are acceptable.

 For concrete members subjected to flexure and axial force, both of the
following shall be checked basically:

 Serviceability under service load state (stresses shall be within allowable value.)

 Safety against failure under ultimate load state (ultimate bending moment at a
cross section shall be smaller than the flexural resistance of the section.)

 In order to prevent brittle failure and to maintain ductile behavior of the
structure, tensile reinforcement provided in concrete members subjected
to flexure and axial force must be larger than “ultimate reinforcement ratio
of equilibrium” (See also (5) 2) (a)).

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(4) Shear

 Behavior of RC and PC members against shear are complicated
compared to behavior against flexure and axial force.

 In general, failure due to shear shows brittle behavior.

 Shear failure thus shall not take place prior to flexural failure. RC and PC
members shall hence be designed with sufficient shear reinforcement, in
order to maintain their ductility.

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(5) Check of Stress

1) Service Load State

(a) Allowable Stress

 In the design according to JRA Specifications, stresses are checked for
concrete, reinforcing steel and prestressing steel.

 In prestressed concrete bridges, high strength materials are used for
concrete and steel, in order to fully utilize the capacity of prestressing steel.

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(5) Check of Stress

1) Service Load State

5.1. Outline

(b) Stress of Prestressing Steel

 When loads act on a girder and
stress occurs, strain is produced in
concrete.

 The concrete strain causes same
strain in prestressing steel, which is
bonded to the concrete, and stress
in the prestressing steel changes
as well. This stress of prestressing
steel after change must be verified
to be within its allowable value.

Δℓ = ℓ1 – ℓ0

Prestressing steel is elongated as the
concrete fiber at the same height of
the steel is elongated by Δℓ.

This causes stress increase in the
prestressing steel.

Prestressing steel
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(5) Check of Stress

1) Service Load State

5.1. Outline

(c) Reinforcement

 In PC box girders, amount of prestressing force is determined according to
the tensile stress in the girder induced by loads, and resultant stress of
girder cross sections are verified.

 Reinforcement for detailing consideration, such as minimum reinforcement,
is specified which is not determined by calculation.

 Minimum reinforcement is specified aiming to:

 control shrinkage / thermal cracks within harmless range

 prevent sudden failure of concrete members by actions larger than design
assumptions.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(5) Check of Stress

2) Ultimate Load State

5.1. Outline

(a) Bending

 In prestressed concrete, structural behavior changes after cracking. Check
for safety under ultimate load is thus required.

 Failure at ultimate state occurs by

 Crushing of concrete

 Breaking of steel (after yielding)

 Or both of the above two at the same time (= ultimate reinforcement ratio of
equilibrium)

 As the failure by crushing of concrete occurs suddenly, such failure
behavior is brittle. In order to prevent such brittle failure and maintain
ductile behavior of the structure, tensile reinforcement to be provided must
be larger than “ultimate reinforcement ratio of equilibrium”, to induce failure
by breaking of steel, not by crushing of concrete.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(5) Check of Stress

2) Ultimate Load State

5.1. Outline

b) Shear

 As concrete is weak against tension,
reinforcement by prestressing or mild steel
is required to resist the tension.

 Tensile stress in concrete is induced also
by shear, as well as bending

→“Diagonal Tensile Stress”

 Shear reinforcement such as stirrups are
arranged in order to resist the tensile
stress due shear

 To adequately distribute cracks

 To increase shear resistance

 To prevent brittle failure

Type of cracks in PC members

(a) Web shear cracks

(b) Flexural shear cracks
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

 In JRA Specifications, design loads are categorized in 3 types:

 Principal Load : The loads that shall be considered to act at all times when
designing the major structural parts of a bridge.

 Secondary load (Subordinate load) : The loads that do not always or
frequently act but shall always be considered in combination of loads when
designing the major structural parts of a bridge.

 Special load : the loads that shall be specially considered when designing
the major structural parts of a bridge, depending on the conditions such as
bridge type, structure type, site condition etc.

5.1. Outline
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

5.1. Outline

Self-weight (Dead load)

Snow load

Impact (Dynamic allowance)

Live load

Vehicular load

Pedestrian load

Median

Walkway

Carriageway

Temperature
change

Wind load

Caused by vibration
due to unevenness of
carriageway

Uneven surface

Seismic load (Intensity depends on region)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

Type of Loads

1) Self-Weight (Dead Load)

5.1. Outline

Longitudinal tendons

Deck slab
tendons

Crossbeam
tendons

Main girder
self-weight

Crossbeam self-weight

CIP slab self-weight

Girder self-weight, CIP slab, crossbeam
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

Type of Loads

2) Superimposed Dead Loads, Live Loads

5.1. Outline

Live load, pavement, barriers, wheelguards

 Superimposed dead loads include
pavement, barriers (railings),
wheelguards etc.

 Live loads for highway bridges includes
vehicular live loads, pedestrian /
bicycle loads etc.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

Type of Loads

3) Temperature Loads

5.1. Outline

Temperature change: T [℃]

 Concrete structure extends / shortens
when it is warmed / cooled due to
temperature rise / fall.

 Temperature difference between members
/ cross-sectional components must be
taken into account in some type of
structures.

 In statically indeterminate structures,
temperature change induces redundant
forces.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

Type of Loads

4) Shrinkage

5.1. Outline

Shrinkage: SH

 Shrinkage in concrete is induced by

 Decrease in volume by chemical reaction
between water and cement (hydration). The
amount of decrease by the hydration is
approximately 10%.

 Drying of water in excess of the amount used
for above-mentioned hydration. The amount
of decrease by drying depends on the
amount of excess water etc.

 Shrinkage is a time-dependent long-term
effect as well as creep.

 In statically indeterminate structures,
shrinkage induces redundant forces.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

Type of Loads

5) Creep

5.1. Outline

Creep: CR

 Concrete undergoes time-dependent
elasto-plastic deformations under
sustained stress due to creep.

 In statically indeterminate structures, creep
induces redundant forces.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.1.2. Procedure of Design Calculation and Basic Concepts

(6) Design Loads

Type of Loads

6) Prestress

5.1. Outline

Prestressing force: PS

 In prestressed concrete
bridges, external loads are
resisted by prestressing
force (within allowable
tensile stress of concrete).

 In statically indeterminate
structures, prestressing
force induces redundant
forces (secondary
prestress).

Prestress Prestress
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.1. Design Condition

 Bridge Category : Prestressed concrete highway bridge

 Bridge type : Continuous PC box girder bridge

 Erection Method : Span-by-span (SBS) erection using precast elements

 Bridge length : 200 m

 Span arrangement : 50 m x 4 spans

 Bridge width :

 Skew angle : Beginning point 90deg, End point 90deg

5.2. Design Condition

10 200

600 6009 000
(Carriageway)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.1. Design Condition

 Design Live Loads : AASHTO HL-93,

Special Vehicular load (75t x 1 concentrated load)

(35t x 2 concentrated loads)

 Design Standards : “Specifications for Highway Bridges”, JRA

“AASHTO LRFD Design Specifications”

(for HL-93 load)

 Impact factor : i = 10 / (25 + ℓ) for main girder

i = 20 / (50 + ℓ) for deck slab

(where, ℓ = span length)

 Horizontal alignment: Straight

 Crossfall : Level (simplified for example)

 Profile : Level (simplified for example)

 Load combination under ultimate loads:

1) 1.3 x [Dead loads] + 2.5 x [Live loads + Impact]

2) 1.0 x [Dead loads] + 2.5 x [Live loads + Impact]

3) 1.7 x [Dead loads + Live loads + Impact]

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(1) Concrete

 Specified characteristic strength 50.0 N/mm2 (cylinder strength)

 Modulus of elasticity 3.30E+04 N/mm2

 Shear modulus 1.43E+04 N/mm2

 Coefficient of thermal expansion 1.00E–05 / ℃

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(1) Concrete (cont.)

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(2) Prestressing Steel (cont.)

[External tendons (longitudinal)]

 Tendon type SWPR7BL 19S15.2

(Low relaxation, ECF)

 Tensile strength 1850.0 N/mm2

 Yield strength 1600.0 N/mm2

 Modulus of elasticity 2.00E+05 N/mm2

[Internal tendons (longitudinal)]

 Tendon type SWPR7BL 12S15.2

(Low relaxation)

 Tensile strength 1850.0 N/mm2

 Yield strength 1600.0 N/mm2

 Modulus of elasticity 2.00E+05 N/mm2

5.2. Design Condition

ECF (Epoxy Coated
& Filled) strands

Bare strands
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(2) Prestressing Steel (cont.)

[Deck slab tendons (transverse)]

 Tendon type SWPR7BL 3S12.7 (Low relaxation)

 Tensile strength 1850.0 N/mm2

 Yield strength 1600.0 N/mm2

 Modulus of elasticity 2.00E+05 N/mm2

[Cross beam tendons (strands)]

 Tendon type SWPR7BL 4S15.2 (Low relaxation)

 Tensile strength 1850.0 N/mm2

 Yield strength 1600.0 N/mm2

 Modulus of elasticity 2.00E+05 N/mm2

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(2) Prestressing Steel (cont.)

[Cross beam tendons (PT bars)]

 Tendon type SBPR930/1080, φ32mm

 Tensile strength 1080.0 N/mm2

 Yield strength 930.0 N/mm2

 Modulus of elasticity 2.00E+05 N/mm2

5.2. Design Condition

PT bars
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(2) Prestressing Steel (cont.)

 In JRA specifications, allowable stress of tendons are specified at the
following states, based on specified tensile strength and yield strength.

 During prestressing

 Immediately after prestressing

 Under design load

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(2) Prestressing Steel (cont.)

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.2.2. Material Properties and Allowable Stress

(3) Reinforcing Steel

 Reinforcement type (class) SD345

 Yield strength 345.0 N/mm2

 Modulus of elasticity 2.00E+05 N/mm2

5.2. Design Condition
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

 Cross section of box girder is designed as transverse box frame composed of
deck slab, webs and bottom slab.

 Girder element is cut out in longitudinal unit length (1m).

 The element is substituted by a box frame model supported at the bottom of the
webs.

 The cross-section components (deck slab, webs, and bottom slab) are designed as
transverse plate elements.

 Deck slab is designed as PC structure, while webs and bottom slab are designed as
RC structure.

5.3. Design of Box Cross Section

Example of
Analysis Model
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

(1) Flow of Design

5.3. Design of Box Cross Section

Start

Set out shapes / dimensions

Calculation of sectional forces

Cross-section properties

Design of transverse direction

Design of longitudinal direction

End

a. Check for minimum deck slab thickness
b. Layout of tendons
c. Loading condition

a. Load strength
b. Type of loads
c. Confirmation of design specifications

a. At span center
b. Near support

Deck slab (RC structure)
• Assumption of rebar diameter and spacing
• Required amount of reinforcement
• Calculation of stress
• Check for safety against flexural failure
• Check for minimum reinforcement

Deck slab (PC structure)
• Selection of transverse tendon type
• Assumption of tendon spacing
• Calculation of prestress
• Calculation of resultant stress
• Check for safety against flexural failure
Webs & bottom slab (RC structure)
• Assumption of rebar diameter and spacing
• Required amount of reinforcement
• Calculation of stress
• Check for safety against flexural failure
• Check for minimum reinforcement
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

(2) Thickness of Deck Slab

 Deck slab thickness shall be determined
to be safe, durable and easy to construct.

 In JRA Specifications, minimum thickness
of deck slab is specified in Part III Clause
7.3.1 [Reinforced concrete (RC) slab] &
7.3.2 [Prestressed concrete (PC) slab].

 Thickness of deck slab is determined
considering

 Type and arrangement of transverse
tendons

 Dimension of anchors of transverse tendons

 Arrangement of longitudinal internal tendons

 Concrete cover … etc., as well as minimum
thickness

5.3. Design of Box Cross Section

Arrangement of transverse tendons and
reinforcement at span center of PC deck slab

(Example)

Transverse rebars D13mm Cover

E
c
c
e
n
tr

ic
ity

1
5
m

m

D
e
c
k

S
la

b
T

h
ic

k
n
e
s
s

Longitudinal rebars

D16mmTransverse Tendons 1S21.8mm

Duct Sheath φ35mm
Longitudinal

Section

Transverse
Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

(2) Thickness of Deck Slab (cont.)

[RC slab] (in JRA Specifications)

5.3. Design of Box Cross Section

Span direction of deck slab
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

(2) Thickness of Deck Slab (cont.)

[PC slab] (in JRA Specifications)

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

(3) Tendons for Transverse Prestressing of Deck Slab

5.3. Design of Box Cross Section

 In general, strands, wires and bars are
used for transverse deck prestressing.

 Type of tendons for transverse deck
prestressing is determined from the
viewpoints of economy, ease of
construction, prestressing force
(capacity), transportation etc.

 Although strands are popularly used,
PT bars are used for narrow decks for
its advantage in no loss of prestress
due to pull-in for short tendons.

 In Japan, high-capacity single strand
system has been developed and is
commonly used, while multi-strand
system is widely used in other
countries.

Wires & Strands (Wedge-Anchored)

Bars (Thread-Anchored)

Jacking
end

Fixed
end

Loss due to pull-in

Jacking
stress

Jacking
stress

Loss of prestress in
tendon due to wedge
pull-in

No change in
prestress as no pull-in
for thread anchor
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.1. General

(4) Direction of Deck Span and Vehicle Traffic

5.3. Design of Box Cross Section

 The span length of slabs shall be determined considering the stress transfer
from the slabs to their supporting girders and the position of wheel loads.

(55kN) (55kN)(1800mm)

(300mm)

(110kN)

Note:
- Values in () are for Tandem Loads in AASHTO LRFD Design Specifications
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.2. Analysis Model

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(1) Calculation Method

 Design bending moment is calculated per unit width in longitudinal
direction, considering load strength, position of loads, distance to design
section etc.

 In JRA Specifications, check of deck slab for shear can be omitted
according to Part III clause 7.2(2).

 Prestressed concrete slabs satisfying clause 7.3 “Slab thickness”, 7.4 “Design
Bending Moment of Slab” and 7.5 “Structural Details”

 Reinforced concrete slabs using a concrete with a design standard strength of
24N/mm2 or larger

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

1) Design Concept

 In JRA Specifications, design bending moment for deck slab due to live
load (T-load) is defined as the functions of deck span length.

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

1) Design Concept (cont.)

 In the case of Bago River Bridge, design live load is HL-93 from AASHTO
LRFD Specifications.

 Design bending moment of deck slab is thus obtained using “influence
surfaces” published by Pucher 1977.

5.3. Design of Box Cross Section

(1)-1 Design truck (HS20-44)

(1)-2 Design tandem

Nominal lane width shall be 3.0m.

Multiple presence factor

Transverse position of design tandem is
same as design truck.

Transverse position

In Bago Bridge, Design Lane width is assumed
to be 3000mm to be on the safer side.

====
3000 mm
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

1) Design Concept (cont.)

5.3. Design of Box Cross Section

Influence surface (for cantilever slab)
 Design tandem load is considered.

Tandem Load = 55.0 kN/wheel
Multiple Presence Factor = 1.2
Impact = 20 / (50 + 0.95) = 0.393
Coefficient (1.0 x 1.1) = 1.1
Influence Value = -13.2
Bending Moment = -53.1 kNm/m
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

1) Design Concept (cont.)

5.3. Design of Box Cross Section

Influence surface (for box slab at support)
 Design tandem load is considered.

1 Tandem 2 Tandems
Tandem Load = 55.0 55.0 kN/wheel
Multiple Presence Factor = 1.2 1.0
Impact = 20 / (50 + 4.8) = 0.365 0.365
Coefficient (1.0 x 1.1) = 1.1 1.1
Influence Value = -16.5 -20.2
Bending Moment = -65.1 -66.4 kNm/m
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

1) Design Concept (cont.)

5.3. Design of Box Cross Section

Influence surface (for box slab at span center)
 Design tandem load is considered.

1 Tandem 2 Tandems
Tandem Load = 55.0 55.0 kN/wheel
Multiple Presence Factor = 1.2 1.0
Impact = 20 / (50 + 4.8) = 0.365 0.365
Coefficient (0.8 x 1.1) = 0.88 0.88
Influence Value = 13.6 17.4
Bending Moment = 42.9 45.7 kNm/m
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

2) Loading

★ Practice : Calculate design bending moment at cantilever slab.

5.3. Design of Box Cross Section

(a) Self-Weight (Dead Load)
 Calculated from member properties.
 Md0 = kNm/m

(b) Superimposed Dead Load
 Pavement kNm/m
 Handrail kNm/m
 Wheelguard kNm/m
 Overlay kNm/m
_____________________________________________
 Total : Md1 = kNm/m

1 300
1 650

350 46
026

0

1 650
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

2) Loading

5.3. Design of Box Cross Section

(c) Prestress
 Tendon Arrangement
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

2) Loading

5.3. Design of Box Cross Section

(d) Temperature Gradient
 +5℃ is considered for deck slab only.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

3) Bending Moment

5.3. Design of Box Cross Section

(a) Self-Weight (Dead Load)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

3) Bending Moment

5.3. Design of Box Cross Section

(b) Superimposed Dead Load
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

3) Bending Moment

5.3. Design of Box Cross Section

(c) Prestress

Due to eccentricity Due to eccentricity + elastic shortening
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

3) Bending Moment

5.3. Design of Box Cross Section

(d) Live load

Loaded on left cantilever slab Loaded on right cantilever slab
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

3) Bending Moment

5.3. Design of Box Cross Section

(d) Live Load (cont.)

Loaded on box slab
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.3. Calculation of Bending Moment

(2) Design Bending Moment

3) Bending Moment

5.3. Design of Box Cross Section

(e) Temperature Gradient

64

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.4. Cross-Sectional Properties

5.3. Design of Box Cross Section

A : Cross-sectional area
I: Moment of Inertia
X, Y : dimension of member Shape

A : Cross sectional
area

y : Centroid
I : Moment of
inertia around x

W: Modulus of
section around x

r : Radius of
rotation around x

R
e

c
ta

n
g
le

A = bh y0 = h/2 I = bh 3/12 W = bh2/6 r = h/ √12

T
ri

a
n
g
le

A = bh/2
y1 = 2h/3
y2 = h/3

I = bh 3/36
W1 = I/y1 = bh2/24
W2 = I/y2 = bh2/12

r = h/ √18

C
ir

c
le

A = πd2 4/ y0 = d/2 I = πd4/64 W = πd3/32 r = d/4
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(1) Basis

1) Full Prestressing

 As deck slab is subject to vehicle wheel loads of significant frequency,
deck slab is designed as full-prestressed member, in order to maintain
serviceability & durability by avoiding deterioration such as corrosion of
steels due to penetration of hazardous factors from cracks, such as rain
water, incoming sea salt, deicing chemicals etc.

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(1) Basis

5.3. Design of Box Cross Section

௧ߪ =
+ଵᇱߪ ଶᇱߪ

2

2) Method of Prestressing

 Deck slab tendons are normally
jacked one side alternately, in order
to prestress the deck slab evenly.

Jacking
end

Fixed
endLoss due to pull-in

Loss due to pull-in

Fixed
end

Jacking
end
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(1) Basis

3) Eccentricity of Tendons

 Tendons are normally arranged with some eccentricities at support and at
span center, in order to compensate tensile stresses induced by bending
moment due to loads efficiently.

5.3. Design of Box Cross Section

A

A
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Tendons: 3S12.7
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(1) Basis

4) Points of Consideration on Tendon Arrangement

 The followings shall be taken into account in the determination of tendon
arrangement:

 The deck slab shall be evenly prestressed.

 Size of anchor devices and distribution width of prestress shall be considered.

 Prestress at each section shall not be excessively large nor small.

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(2) Stress due to Bending by Loads

5.3. Design of Box Cross Section

 Stress due to bending is obtained by dividing bending moment by modulus
of section.

ᇲߪ =
ெ

ᇲ
for top fiber of cross section

ߪ =
ெ


for bottom fiber of cross section

where M : Bending moment by loads
σc’ / σc : Stress due to bending at top / bottom fiber of the section

(positive when compressive, negative when tensile)
Zc’ / Zc : Modulus of section at top / bottom fiber of the section

(positive / negative for top / bottom fiber of the section)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(2) Stress due to Bending by Loads

★ Practice: Calculate stress due to bending by loads.

5.3. Design of Box Cross Section

Sec.3

0.00

0.00

-54.00

Max.

Min

Max.

Min

Section modulus Z = I / yc m
3
/m

top

bottom

top

bottom

top

bottom

top

bottom

top

bottom

top

bottom

Permanent load

immediately after anchor-set

at service load state

Max.

Min.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

1) Concept of Prestressing

Prestress varies due to the state of construction. For example, prestressing
force is decreased by various factors such as

 Friction

 pull-in of wedges

 elastic deformation of concrete

 Loss due to creep and shrinkage of concrete

 Loss due to relaxation of steel

Such factors shall be taken into account when determining required
prestressing force.

5.3. Design of Box Cross Section

Design Section

Concept of Prestressing
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

2) Loss of Prestress
1. Loss due to friction

 Friction in the jack and anchorage, and friction in the duct cause loss of prestress from
jacking point to a design section.

2. Loss due to pull-in of wedges

 At the setting of anchorages, tendons are pulled in with wedges by some extent. This causes
the reduction of prestressing force.

3. Loss due to elastic deformation of concrete

 Concrete is shortened by prestressing force. When multiple tendons are used, the prestress
of formerly jacked tendons is decreased due to the elastic shortening of the concrete by
newly jacked tendons.

4. Loss due to creep and shrinkage of concrete

 Long-term effects such as creep and shrinkage cause shortening of concrete.

5. Loss due to relaxation of steel

 When prestressing steel is kept with uniform tensile strain, its tensile stress will be
decreased with time.

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

Flow of calculation

5.3. Design of Box Cross Section

Calculation of loss of prestress due to
friction and change of angle

Calculation of loss of prestress due to
elastic deformation of concrete

Calculation of loss of prestress due to
creep and shrinkage of concrete

Calculation of loss of prestress due to
relaxation of prestressing steel

Check of stress in prestressing steel

σ'pt = σpi - Δσpt

Δσpt : Loss due to friction and change of angle

Calculation of loss of prestress due to
pull-in of wedges at anchor-setting

Δσp1 : Loss due to pull-in of wedges

Determination of initial prestress
σpi : Stress of steel at initial prestressing
(80 ̃ 90% of yield stress of prestressing steel)

Δσp2 : Loss due to elastic deformation of concrete

Prestress immediately after anchor-set :
σpt = σ’pt – Δσp1 – Δσp2

ΔσpΦ : Loss due to creep and shrinkage of concrete

Δσpr : Loss due to relaxation of prestressing steel

Effective prestress :
σpe = σpt – ΔσpΦ– Δσpr2

Calculation of effective coefficient η: Effective coefficient (η= σpe / σpt)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(a) Immediately after prestressing

5.3. Design of Box Cross Section

 Loss due to friction

࢚࣌ = ȉ࣌ ࢋ
(ℓࣅାࢻࣆ)ି

where σpt1 : Tensile stress of prestressing steel at a design section
σpi : Initial prestress at the jacking end

σpi < σpai = 1440 N/mm2 (allowable value)
λ : Wobble friction coefficient [/m]

(0.004 for bare steel strands)
ℓ : Distance from jacking end to the design section [m]
μ : Friction coefficient due to curvature of tendon [/rad]

(0.30 for bare steel strands)
α : Change of angle of tendon [rad]

PC girder
Duct sheath

Tendon

Friction occurs at
curves Large

Small
Center

Stress of
steel
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(a) Immediately after prestressing

5.3. Design of Box Cross Section

 Loss due to pull-in of anchor wedges

࣌ࢤ ȉ ℓ = κࢤ ȉ ࡱ

where Δσp1 : Loss of prestress due to pull-in of anchor wedges
ℓ : Length of tendon [m]
Δℓ : Amount of pull-in [mm]

(Depends on system and type of anchor devices)
Ep : Modulus of elasticity of prestressing steel [N/mm2]

(2.0 x 105 N/mm2)

Pull-inDuct
sheath

Tendon

Tension

Wedge

Pulled-in
when

released

Squeeze
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(a) Immediately after prestressing

5.3. Design of Box Cross Section

 Loss due to pull-in of anchor wedges
(cont.)
 Distribution of prestress in the steel

can be obtained by graphical method.
 Assuming that friction at jacking and at

pull-in are the same, the distribution of
prestress is as shown in right.

 The line a’-b-c’ and a”-b-c’ shows the
stress just before anchoring and just
after anchoring (wedge is pulled-in)
respectively.

 The lines a’-b and a”-b are symmetrical
about the horizontal line am-b.

Jacking
end

Fixed
end

Loss due to pull-in

Jacking
stress

Δℓ : Amount of pull-in [mm]
Ep : Modulus of elasticity of steel [N/mm2]
Asp : Area of triangle a’-b-a”

Find the point b on the line a’-c’ which gives Asp = Δℓ ȉEp,
and the line ba” is determined, which gives the stress in
steel considering loss due to pull-in.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(a) Immediately after prestressing

5.3. Design of Box Cross Section

 Loss due to elastic deformation of concrete

Squeeze
Squeeze

Tendons are shortened as the girder is
shortened by prestressing force.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(a) Immediately after prestressing

5.3. Design of Box Cross Section

 Prestress immediately after prestressing (after anchor-set)
 As the transvers tendons for deck slabs are jacked at one side alternately, the value

of prestress immediately after anchor-set are averaged for design use.

௧ߪ =
ᇲା మ

ଶ

where σpi’ : Tensile stress of prestressing steel
at jacking end

σpt2 : Tensile stress of prestressing steel
at fixed end
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(b) Effective Prestress

5.3. Design of Box Cross Section

 Loss of prestress due to creep and shrinkage of concrete

ȟߪ =
ȉ ȉା ாȉகೞ

ଵାȉ
ಚ࢚ࢉ

ಚ࢚
(ା

ಞ


)

where Δσpφ : Loss of prestress due to creep and shrinkage
φ : Creep coefficient of concrete
εs : Shrinkage coefficient
n : Ratio of modulus of elasticity Ep / Ec

Ep : Modulus of elasticity of prestressing steel
Ec : Modulus of elasticity of concrete
σcp : Concrete stress at the centroid of tendons due to long-term load

(prestress immediately after anchor-set, self-weight and
superimposed dead load)

σpt : Tensile stress in prestressing steel immediately after anchor-set
σcpt : Prestress in concrete at the centroid of tendons immediately after

anchor-set

The girder is shortened
due to shrinkage & creep.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(b) Effective Prestress

5.3. Design of Box Cross Section

 Loss of prestress due to relaxation of steel

ȟߪஓ = γ ȉ σ࢚

where Δσpγ : Loss of prestress in steel tensile stress due to relaxation of steel
γ : Relaxation coefficient of prestressing steel
σpt : Tensile stress in prestressing steel immediately after anchor-set
σcpt : Prestress in concrete at the centroid of tendons immediately after

anchor-set
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

3) Calculation of Prestressing

(b) Effective Prestress

5.3. Design of Box Cross Section

 Effective prestress in prestressing steel

ߪ = −௧ߪ Δߪ − Δߪ

where σpe : Effective prestress
σpt : Tensile stress in prestressing steel immediately after anchor-set
Δσpφ : Loss of prestress due to creep and shrinkage of concrete
Δσpr : Loss of prestress due to relaxation of prestressing steel

 Effective coefficient

η = ௧ߪ/ߪ

where η : Effective coefficient
where σpe : Effective prestress

σpt : Tensile stress in prestressing steel immediately after anchor-set
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

4) Stress in Concrete due to Prestressing

(a) Immediately after prestressing (after anchor-set)

5.3. Design of Box Cross Section

=௧ᇱߪ ௧ܲ/ܣ+ ௧ܲ ȉ ݁/ ܼᇱ

௧ߪ = ௧ܲ/ܣ+ ௧ܲ ȉ ݁/ ܼ

௧ߪ = ௧ܲ/ܣ+ ௧ܲ ȉ ݁/ ܼ

where
σct’, σct σcpt : Concrete stresses at the top, at bottom and at tendon centroid of

the cross section
Pt : Prestressing force immediately after anchor set

Pt = σpt ȉ Np ȉ Ap ȉ sinα
A : Cross-sectional area of concrete at a design section
ep : Eccentricity of tendon at the design section

Zc’, Zc : Modulus of section at top and bottom fiber of the design section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(3) Calculation of Prestressing

4) Stress in Concrete due to Prestressing

(b) due to effective prestress

5.3. Design of Box Cross Section

=ᇱߪ η ȉ σ௧ᇱ
ߪ = η ȉ σ௧

where
σct’, σct : Concrete stresses at the top and the bottom of the cross section

immediately after anchor-set
σce’, σce : Concrete stresses at the top and the bottom of the cross section

due to effective prestress
η : Effective coefficient

84

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.5. Calculation in Transverse Direction

(4) Resultant Stress

5.3. Design of Box Cross Section

(a) Immediately after anchor-set
=ᇱߪ σௗᇱ+ σ௧ᇱ, =ߪ σௗ + σ௧

(b) At service load state
=௦ᇱߪ σᇱ+ σᇱ, ௦ߪ = σ + σ

where
σcti, σci : Resultant stress at the top and the bottom of the cross section

immediately after anchor-set
σcd0, σcd0 : Concrete stress at the top and the bottom of the cross section

due to self-weight
σct’, σct : Concrete stresses at the top and the bottom of the cross section

immediately after anchor-set
σcs, σcs : Resultant stress at the top and the bottom of the cross section

at service load state
σc, σc : Concrete stress at the top and the bottom of the cross section

due to service loads
σce’, σce : Concrete stresses at the top and the bottom of the cross section

due to effective prestress
 Resultant stress shall be checked to satisfy allowable stress.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.6. Calculation in Longitudinal Direction

 In general, deck slab of box girder bridge in the longitudinal direction is
designed for live load (wheel load).

 In the case of PC box girder bridges using precast segments by SBS
erection, deck slab is not designed in the longitudinal direction, as the
longitudinal reinforcing steels are discontinuous at the joints between
segments.

 For reference, required area of reinforcement for RC deck slab in
longitudinal direction can be calculated using the following equation:

5.3. Design of Box Cross Section

௦ܣ =
ெ

ೞೌ ȉȉࢊ

where Asreq : Required area of reinforcing steel
σsa : Allowable tensile stress of reinforcing steel
j : Internal lever arm between resultant compressive force

and resultant tensile force (≒7/8 = 0.875 can be
used for pure flexure with empirical adequacy)

d : Distance from the extreme compressive fiber to the
centroid of tension reinforcement

1000

hd
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(1) Basis

 In concrete structure, safety against failure is not always obtained even
though the member is designed to satisfy allowable stress.

 Check for resistance under ultimate load state is thus required as well as
to satisfy allowable stress under service load state.

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

1) Reinforcement provided > ultimate reinforcement of equilibrium

(a) Ultimate reinforcement ratio of equilibrium

5.3. Design of Box Cross Section

ܲ = [(0.68 ȉ ௨ߝ)/(௨ߝ + [(௦௬ߝ ȉ σ/σ௦௬

where
Pb : Ultimate reinforcement ration of equilibrium
εcu : Ultimate compressive strain of concrete

εcu = 0.0035
εsy : Yield strain of tensile steel

εsy = 0.00973 for wires, strands and PT-bars class1
Es : Modulus of elasticity of tensile steel

Es = 2.0 x 105 N/mm2 for prestressing steel
σsy : Yield stress of tensile steel

0.93σpu for wires, strands and PT-bars class1
σck : Specified characteristic strength of concrete

σck = 50 N/mm2 (cylinder strength)
σpu : Tensile strength of prestressing steel

σpu = 1850.0 N/mm2 for SWPR7BL strands
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

1) Reinforcement provided > ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

(b) Ratio of tensile reinforcement
ܲ = ௦/ܾȉܣ ݀

where
P : Ratio of tensile reinforcement
As : Area of tensile reinforcement [mm2]
b : Effective width of compression flange [mm]
d : Distance from extreme compression fiber to centroid of tensile

reinforcement [mm]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

1) Reinforcement provided > ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

(c) Check for strain level of tensile reinforcement
 If Pb > P, tensile reinforcement has been yielded at the time of failure of the

member.
 In this case, tensile force in the tensile reinforcement and compressive force in

concrete are given by

T = σsy ･ As = 0.93 σpu ･ As

C = 0.68 ･ σck ･ b ･ x
where

σpu : Tensile strength of prestressing steel
As : Area of tensile reinforcement [mm2]
T : Tensile force in reinforcement
C : Compressive force in concrete
σck : Specified characteristic strength of concrete

 As C = T,

x = σsy ･ As / 0.68 ･ σck ･ b
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

(d) Flexural resistance

Mu = 0.68 ･ σck ･ b ･ x ･ (d – 0.4 x)

(e) Bending moment at ultimate load state

M1 = 1.3 Md + 2.5 Mℓ

M2 = 1.7 (Md + Mℓ)
where

Md : Bending moment due to dead loads
Mℓ : Bending moment due to live loads (including impact)

(f) Safety ratio against flexural failure

 It is checked that Mu > M1, Mu > M2

F1 = Mu / M1, F2 = Mu / M2

where
F1, F2 : Safety ratio against flexural failure for M1 and M2

5.3. Design of Box Cross Section

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

1) Reinforcement provided > ultimate reinforcement of equilibrium
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

2) Reinforcement provided < ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

ܲ = [(0.68 ȉ ௨ߝ)/(௨ߝ + [(௦௬ߝ ȉ σ/σ௦௬

where
Pb : Ultimate reinforcement ration of equilibrium
εcu : Ultimate compressive strain of concrete

εcu = 0.0035
εsy : Yield strain of tensile steel

εsy = 0.00973 for wires, strands and PT-bars class1
Es : Modulus of elasticity of tensile steel

Es = 2.0 x 105 N/mm2 for prestressing steel
σsy : Yield stress of tensile steel

0.93σpu for wires, strands and PT-bars class1
σck : Specified characteristic strength of concrete

σck = 50 N/mm2 (cylinder strength)
σpu : Tensile strength of prestressing steel

σpu = 1850.0 N/mm2 for SWPR7BL strands
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

2) Reinforcement provided < ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

(b) Ratio of tensile reinforcement

ܲ = ௦/ܾȉܣ ݀

where
P : Ratio of tensile reinforcement
As : Area of tensile reinforcement [mm2]
b : Effective width of compression flange [mm]
d : Distance from extreme compression fiber to centroid of tensile

reinforcement [mm]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

2) Reinforcement provided < ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

(c) Check for strain level of tensile reinforcement
 If Pb < P, tensile reinforcement has not been yielded at the time of failure of the

member.
 In this case, assuming the strain of tensile reinforcement as

εs = ε1 = 0.84 ･ σpu / Es

 Neutral axis x can be assumed as
x = 0.0035 / (ε1 - εpe + 0.0035) ･ d

 Compressive force in concrete is
C = 0.68 ･ σck ･ b ･ x

 Tensile force in tensile reinforcement is
T = ε1 ･ Es ･ As

where
x : Distance from extreme compression fiber to neutral axis
ε1 : Strain of tensile reinforcement = 0.84 ･ σpu / Es

σpu : Tensile strength of prestressing steel
Es : Modulus of elasticity of prestressing steel
As : Area of prestressing steel
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

2) Reinforcement provided < ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

(c) Check for strain level of tensile reinforcement (cont.)
 If C > T, tensile reinforcement (prestressing steel) is in region II.

D = (0.93 σpu – 0.84σpu ) / (0.015 – ε1)

=ݔ
ஒା ஒమାସಋ

ଶ

where
α = 0.68 ･ σck ･ b
β = (εpe – εcu – ε1) ･ As ･ D + ε1 ･ As ･ Es

γ = ε1 ･ As ･ D ･ d

T = ¦D ･ (εs – ε1) + ε1 ･ Es¦ ･ ΣAs
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(2) Calculation in Transverse Direction

2) Reinforcement provided < ultimate reinforcement of equilibrium

5.3. Design of Box Cross Section

(d) Flexural resistance

Mu = T ･ (d – 0.4 x)

(e) Bending moment at ultimate load state

M1 = 1.3 Md + 2.5 Mℓ

M2 = 1.7 (Md + Mℓ)
where

Md : Bending moment due to dead loads
Mℓ : Bending moment due to live loads (including impact)

(f) Safety ratio against flexural failure

 It is checked that Mu > M1, Mu > M2

F1 = Mu / M1, F2 = Mu / M2

where
F1, F2 : Safety ratio against flexural failure for M1 and M2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(3) Calculation in Longitudinal Direction

5.3. Design of Box Cross Section

(a) Ultimate reinforcement ratio of equilibrium

ܲ = [(0.68 ȉ ௨ߝ)/(௨ߝ + [(௦௬ߝ ȉ σ/σ௦௬

where
Pb : Ultimate reinforcement ration of equilibrium
εcu : Ultimate compressive strain of concrete

εcu = 0.0035
εsy : Yield strain of tensile steel

εsy = σsy / Es = 345.0 / (2.0 x 105) = 0.00148 for reinforcing steel
SD345

Es : Modulus of elasticity of tensile steel
Es = 2.0 x 105 N/mm2 for reinforcing steel

σsy : Yield stress of tensile steel
σsy = 345.0 N/mm2 for reinforcing steel SD345

σck : Specified characteristic strength of concrete
σck = 50 N/mm2 (cylinder strength)

★ Practice : Calculate ultimate reinforcement ration of equilibrium.

Pb = =
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(3) Calculation in Longitudinal Direction

5.3. Design of Box Cross Section

(b) Ratio of tensile reinforcement

ܲ = ௦/ܾȉܣ ݀

where
P : Ratio of tensile reinforcement
As : Area of tensile reinforcement [mm2]
b : Effective width of compression flange [mm]
d : Distance from extreme compression fiber to centroid of tensile

reinforcement [mm]

★ Practice : Calculate ratio of tensile reinforcement.

Assuming b = 1000mm
d = 200mm

When reinforcement is D16 ctc125
As = = mm2

P = =
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(3) Calculation in Longitudinal Direction

5.3. Design of Box Cross Section

(c) Check for strain level of tensile reinforcement
 If Pb > P, tensile reinforcement has been yielded at the time of failure of the

member.
 In this case, tensile force in the tensile reinforcement and compressive force in

concrete are given by

T = σsy ･ As

C = 0.68 ･ σck ･ b ･ x
where

σsy : Tensile strength of reinforcing steel
As : Area of tensile reinforcement [mm2]
T : Tensile force in reinforcement
C : Compressive force in concrete
σck : Specified characteristic strength of concrete

 As C = T,

x = σsy ･ As / 0.68 ･ σck ･ b
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.7. Safety against Bending Failure

(3) Calculation in Longitudinal Direction

5.3. Design of Box Cross Section

(d) Flexural resistance

Mu = 0.68 ･ σck ･ b ･ x ･ (d – 0.4 x)

(e) Bending moment at ultimate load state

M1 = 1.3 Md + 2.5 Mℓ

M2 = 1.7 (Md + Mℓ)
where

Md : Bending moment due to dead loads
Mℓ : Bending moment due to live loads (including impact)

(f) Safety ratio against flexural failure

 It is checked that Mu > M1, Mu > M2

F1 = Mu / M1, F2 = Mu / M2

where
F1, F2 : Safety ratio against flexural failure for M1 and M2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.3.8. Check for Minimum Reinforcement

 Minimum reinforcement shall be bonded steel of more than 0.15 % of
cross-sectional area of concrete

Asmin = 0.0015 ･ Ac

where
Asmin : Minimum reinforcement required for a concrete section
Ac : Area of the concrete cross section

5.3. Design of Box Cross Section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

 In the design of main girder, the followings shall be checked.

 Sufficient safety against possible loads during service

 Capability to fulfill its function for the purpose of long-term use

 Economy for construction and maintenance

 The shape of cross section, amount of prestress … etc. shall be
determined to be most effective against various actions on the structure,
considering the characteristics of member cross section, material
properties etc.

 The cross section shall be checked for safety as well.

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

(1) Flow of Design

5.4. Design of Main Girder

Start

Set out cross-sectional shapes /
dimensions of components

Calculation of sectional forces

Assumption of Prestress

Calculation of cross-sectional
properties (net concrete section,

tendon-transformed section)

Resultant Stress

End

a. Box width (ratio to bridge width)
b. Thickness of deck slab, webs, bottom

slabs
c. Initial assumption of tendon arrangement

a. Analysis method (plane frame model)
b. Modelling of the structure
c. Calculation of loads

a. Type and number of tendons (Jacking
force)

b. Anchor device and amount of pull-in

Calculation of cross-sectional
properties (gross concrete section)

a. Cross-sectional area, moment of inertia etc.
b. Effective flange width

Tendons
placable

Check of
stresses

Change
prestress

• Bending moment
• Shear

No

Yes

No

Yes

Change dimension
of cross section

Change
cross section
(if required)

a. Allowable stresses
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

(2) Preliminary Study

1) Shape of Box Girder

5.4. Design of Main Girder

a) Girder Height

L = 50.0m, H = 2.7m,

H/L = 1/18.5
(Desirable ratio of girder height H to span length
L: H/L = 1/17̃1/20)

b) Box Width

D = 9.8m, B = 6.5m,

B/D = 0.66
(Desirable ratio of box width B to deck slab width
D: B/D = 0.50 ̃ 0.60 for PC box.

The box width for Bago Bridge has been
determined considering the widening of bridge.)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

(2) Preliminary Study

2) Number of Tendons and Prestressing Force

 Number of tendons and prestressing force are determined considering
minimum number to be arranged, member dimensions etc. as well as
structural requirement (to obtain desirable state of stress at each section
etc.)

 In the case of Bago River Bridge, 2 internal tendons at least (1 tendon / web) are
arranged in order to obtain adequate deformability of the girder at ultimate load
state, as the girder is composed of precast segments and not connected by
reinforcing steels in the longitudinal direction.

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

(2) Preliminary Study

3) Analysis of Sectional Forces

 In general, PC box girders with single box and straight alignment are
analyzed using plane frame model (2-dimensional).

 In case of curved box girders, 3-dimensional frame model are sometimes
used. Application of 3-D or 2-D models depends of extent of curvature of
the bridge.

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

(3) Design Loads

5.4. Design of Main Girder

Self-weight (Dead load)

Snow load

Impact (Dynamic allowance)

Live load

Vehicular load

Pedestrian load

Median

Walkway

Carriageway

Temperature
change

Wind load

Caused by vibration
due to unevenness of
carriageway

Uneven surface

Seismic load (Intensity depends on region)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.1. General

(4) Material Properties

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(1) General

1) State of Cross Section

5.4. Design of Main Girder

Gross Concrete Section

Girder
concrete section

Net Concrete Section

Void of sheaths are
deducted from Gross
Concrete Section

Duct sheaths for
tendons

Tendon Transformed Section

Area of tendons are
transformed on the
basis of modular ratio
and added to Net
Concrete Section

Tendons
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(1) General

1) State of Cross Section (cont.)

(a) Tendon transformed section

5.4. Design of Main Girder

Tendon
Transformed to

concrete

Ep, Ap Ec, Ac
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(1) General

2) State of Cross Section used in Analysis of Sectional Forces and

in Calculation of Stress

 Sectional Forces : Gross Concrete Section

 Stresses

Self-weight and prestressing force : Net Concrete Section

 Tendons are not bonded to concrete section yet.

Superimposed dead load, live load and other loads

: Tendon Transformed Section

 Tendons are bonded to concrete section by grouting.

5.4. Design of Main Girder

Gross Concrete Section

Girder
concrete section

Net Concrete Section

Void of sheaths are
deducted from Gross
Concrete Section

Duct sheaths
for tendons

Tendon Transformed Section

Area of tendons are
transformed on the
basis of modular ratio
and added to Net
Concrete Section

Tendons



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 56

111

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(1) General

3) Design Steps and State of Cross-Sectional Properties to be used

5.4. Design of Main Girder

Check of Main Girder

Calculation of cross-sectional forces

Assumption of required amount of
prestress and number of tendons

Calculation of prestress (immediately
after anchor-set, & effective prestress)

Calculation stresses
due to loads and prestress

Check of Resultant stress

Gross Concrete Section
(Effective width not considered)

Net Concrete Section
Tendon Transformed Section
(Effective width considered)

Preliminary calculation of stresses
due to loads

Gross Concrete Section
(Effective width not considered)

Gross Concrete Section

Girder
concrete section

Net Concrete Section

Void of sheaths are
deducted from Gross
Concrete Section

Duct sheaths
for tendons

Tendon Transformed Section

Area of tendons are
transformed on the
basis of modular ratio
and added to Net
Concrete Section

Tendons

112

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(1) General

5.4. Design of Main Girder

4) Effective Flange Width

 For members subjected to
flexure and/or axial force,
effective flange width shall
be considered in order to
take shear lag into account.

Shear force : T

Effect of a flange
for bending (δB)

Effect of a flange as a
web element (δs) under
shear force T
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(1) General

5.4. Design of Main Girder

4) Effective Flange Width (cont.)

Stress at top
extreme fiber

Curved

Neutral axis
(Curved)

Actual distribution of
compressive stress and
variation of neutral axis

Straight

Neutral axis
(assumed as
straight)

Assumption of effective
flange width and idealized

stress distribution

Neutral axis

Comparison of actual
extreme fiber stress and

idealized stress considering
effective flange width
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(2) Calculation of Cross-Sectional Properties

1) Effective Flange Width

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(2) Calculation of Cross-Sectional Properties

1) Effective Flange Width (cont.)

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(2) Calculation of Cross-Sectional Properties

2) Calculation of Cross-Sectional Properties

5.4. Design of Main Girder

Flange width for calculation

Total flange width

 To obtain cross-sectional properties, cross section is
divided into several simple elements as shown in the
example below.

Sectional area : ܣ = ∑ ܣ

ୀଵ

Centroid of section : ′ݕ =
∑ (ȉ௬ᇱ)

సభ



Distance from centroid to bottom of the section :
ݕ = ܪ − ′ݕ

Moment of inertia : =ܫ ∑ ȉܣ ݕ
ᇱଶ

ୀଵ + ∑ ܫ

ୀଵ − ∑ ȉܣ ′ݕ

ଶ
ୀଵ

Section Modulus : ܼ′ =
ூ

௬ᇱ
for top, ܼ =

ூ

௬
for bottom fiber

where
y’ : Distance from top of section to centroid of each element
yc’ : Distance from top of section to centroid of section
Ai : Area of each element
Ici : Moment of inertia of each element
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(2) Calculation of Cross-Sectional Properties

3) Eccentricity of Tendons

5.4. Design of Main Girder

 Eccentricity of tendons means the distance from centroid of the section
to the centroid of tendons.

Eccentricity of tendons : ݁ = ∑ ܣ

ୀଵ

where
M : Number of tendons at each layer (k : Number of layers)
N : Total number of tendons
yp : Distance from bottom of section to centroid of tendons

ݕ =
∑ (ெ ȉ௬)

సభ

ே

Ici : Moment of inertia of each element
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(2) Calculation of Cross-Sectional Properties

4) Cross Sections for Check

5.4. Design of Main Girder

 Check of stress etc. shall be carried out for all the critical cross sections.
(eg. Span center, at support … etc.)

 Cross-sectional properties shall be calculated for standard section as
well as for the sections in which the thickness of elements (slabs, webs)
varies (near support etc.)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(3) Cross-Sectional Properties

★ Practice: Calculate cross-sectional properties

5.4. Design of Main Girder

 Gross concrete section

Cross-sectional area : ܣ = ܣ∑

Centroid of section : ′ݕ =
∑(ȉ௬ᇱ)

∑ 

From bottom to centroid of section : ݕ = − ܪ − ݕ
ᇱ

Moment of inertia : ܫ = ∑ ܣ ȉ ᇱݕ
ଶ

−ܫ∑＋ ܣ∑ ȉ ′ݕ
ଶ

Section modulus

at top fiber : ܼ′ =
ூ

௬ᇱ

at bottom fiber : ܼ =
ூ

௬

Width Height

b [m] h [m] A [m2] y' [m] I0 [m4]

① □ 1

② ▽ 2

③ □ 1

A・y' [m3] A・y'2 [m4]

Moment of

Inertia

Total

Cross-

sectional area

Dimension

Element

No.
Shape Nos.

Distance from

top of section

to centroid
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(3) Cross-Sectional Properties

★ Practice: Calculate cross-sectional properties

5.4. Design of Main Girder

 Net concrete section

Diameter of ducts : D = 0.068mm
Cross-sectional area : ܣ = ܣ∑

Centroid of section : ′ݕ =
∑(ȉ௬ᇱ)

∑ 

From bottom to centroid of section : ݕ = − ܪ − ݕ
ᇱ

Eccentricity of tendons : ݁ = ݕ − ݕ

Moment of inertia : ܫ = ∑ ܣ ȉ ᇱݕ
ଶ

ܫ∑＋ + ܣ∑ ȉ ′ݕ
ଶ

Section modulus

at top fiber : ܼ′ =
ூ

௬బᇱ
, at bottom fiber : ܼ =

ூబ

௬బ
, at centroid of tendons : ܼ =

ூబ

బ

Dimension

Diameter

D [m] A [m2] y' [m] I0 [m4]

Gross

section
1

Ducts ① ○ 2

Ducts ② ○ 2

Moment of

Inertia
A・y'

2
[m

4
]

Total

Cross-

sectional area
A・y' [m

3
]

Element

No.
Shape Nos.

Distance from

top of section

to centroid Centroid of
Tendons
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(3) Cross-Sectional Properties

★ Practice: Calculate cross-sectional properties

5.4. Design of Main Girder

 Tendon-transformed section
Modulus Ratio:

nP = EP/Ec = 2.0x105/3.1x104 = 6.452
Area of a tendon: Ap = 1184.52 mm2

Equivalent section of tendon
(transformed to Concrete) :
Acp = np ・ Ap

Cross-sectional area : ଵܣ = ܣ∑

Centroid of section : ′ଵݕ =
∑(ȉ௬ᇱ)

∑ 

From bottom to centroid of section : ଵݕ = − ܪ − ଵݕ
ᇱ

Eccentricity of tendons : ݁ଵ = ଵݕ − ݕ

Moment of inertia : ଵܫ = ∑ ܣ ȉ ᇱݕ
ଶ

−ܫ∑＋ ܣ∑ ȉ ′ଵݕ
ଶ

Section modulus

at top fiber : ܼଵ′ =
ூ

௬భᇱ
, at bottom fiber : ܼଵ =

ூభ

௬భ
, at centroid of tendons : ܼଵ =

ூభ

భ

A [m2] y' [m] I0 [m4]

Net

section
1

Tendon

s ①
2

Tendon

s ②
2

Total

Cross-

sectional area
A・y' [m3]

Moment of

InertiaElement

No.
Shape Nos.

Distance from

top of section

to centroid A・y'2 [m4]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(3) Cross-Sectional Properties

4) Summary

★ Practice : Tabulate cross sectional properties.

5.4. Design of Main Girder

m2 A

m y'

m y

m ep①

m ep②

m ep

m4 I

at top m3 Z'

at bottom m3 Z'

tendons

centroid
m3 Ze

Eccentricity of All

tendons

Moment of inertia

Section

modulus

Tendon-

transformed

section

Distance from

bottom to centroid
Eccentricity of

tendons ①
Eccentricity of

tendons ②

Distance from

top to centroid

Cross-sectional

area

symbol

Gross

concrete

section

Net concrete

section
unit
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.2. Calculation of Cross-Sectional Properties

(3) Cross-Sectional Properties

4) Summary

(a) Cross-sectional properties for box section

5.4. Design of Main Girder

at support

m2 A 6.963 6.963 6.963

m y' 1.035 1.038

m y -1.665 -1.662

m ep

m
4 I 6.7799 6.7799 6.7799

at top m3 Z' 6.551 6.551

at bottom m3 Z' -4.072 -4.072

tendons

centroid
m3 Ze

Moment of inertia

Section

modulus

Net concrete

section

Tendon-

transformed

section

Cross-sectional

area
Distance from

top to centroid
Distance from

bottom to centroid
Eccentricity of All

tendons

unit symbol

Gross

concrete

section

at span center

m2 A 6.303 6.252 6.352

m y' 1.001 0.988 1.013

m y -1.699 -1.712 -1.687

m ep -1.592 -1.567

m
4 I 6.4367 6.3103 6.5594

at top m3 Z' 6.430 6.385 6.473

at bottom m3 Z' -3.789 -3.687 -3.889

tendons

centroid
m3 Ze -3.964 -4.187

unit symbol

Gross

concrete

section

Net concrete

section

Tendon-

transformed

section

Cross-sectional area

Distance from

top to centroid
Distance from

bottom to centroid
Eccentricity of All

tendons

Moment of inertia

Section

modulus

124

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(1) Loads

1) Self Weight

5.4. Design of Main Girder

 Self-weight of main girder is calculated as

[cross-sectional area of member] x [unit weight of prestressed concrete]

 Crossbeams are normally loaded on the nodes at supports as
concentrated loads.

 Anchor blisters for internal tendons are normally loaded as uniform load
(xx kN/m.) based on assumption (Final confirmation required whether
actual value is within the assumed weight).
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80048000
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(1) Loads

1) Self Weight

★ Practice: Calculate the strength of self-weight

5.4. Design of Main Girder

 At span center
A = 6.303 m2

unit weight = 24.5 kN/m3

w = kN/m

 At pier
A = 6.963 m2

unit weight = 24.5 kN/m3

w = kN/m

 Deviators, ribs, anchor blisters
w = 8.0 kN/m (assumed)

 Crossbeams at supports
P = 700.0 kN/EA (assumed)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(1) Loads

2) Superimposed Dead Load

★ Practice: Calculate the strength of superimposed dead load

5.4. Design of Main Girder

Pavement : w = kN/m

Wheelguards: (per each) kN/m

w x 2 = kN/m

Handrails : w = kN/m

Overlay : w = kN/m

___________________________________________

Total w = kN/m
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(1) Loads

3) Live Load

★ Practice : Calculate strength of live load.

 Impact (dynamic allowance): i = 10 / (25 + L) =

(assume L = 48.0m)

 Design truck: P = (35 + 145 + 145) x 3 lanes x m x (1 + i) = kN

 Design lane load : w = 9.3 x 3 lanes x m x (1 + i) = kN

5.4. Design of Main Girder

(1)-1 Design truck (HS20-44)

Nominal lane width shall be 3.0m.

Multiple presence factor
Transverse position

In Bago Bridge, Design Lane width is assumed
to be 3000mm to be on the safer side.

====
3000 mm

(2) Design lane load
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(2) Sectional Forces

1) Self Weight

★ Practice : Calculate sectional forces (bending moment, shear) and
support reaction due to Self-weight.

5.4. Design of Main Girder

Loading

Bending
moment
diagram

Shear
diagram
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(2) Sectional Forces

2) Superimposed Dead Load

★ Practice : Calculate sectional forces (bending moment, shear) and
support reaction due to Superimposed Dead Load.

5.4. Design of Main Girder

Loading

Bending
moment
diagram

Shear
diagram
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(2) Sectional Forces

3) Live Load

★ Practice : Calculate sectional forces (bending moment, shear) and
support reaction due to Live Load.

5.4. Design of Main Girder

Loading

Bending
moment
diagram
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(2) Sectional Forces

3) Live Load

★ Practice : Calculate sectional forces (bending moment, shear) and
support reaction due to Live Load.

5.4. Design of Main Girder

Loading

Shear
diagram
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(2) Sectional Forces

4) Summary of Sectional Forces due to Loads

★ Practice : Tabulate sectional forces due to loads.

5.4. Design of Main Girder

at Span

center
at Support

Bending

moment
Shear

[kNm] [kN]

Self-weight

Superimposed

dead load

Live load

All dead loads

Dead loads +

live load
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.3. Calculation of Sectional Forces

(2) Sectional Forces

★ Check of Sectional Forces
 Adequacy of analysis can be roughly checked by simple methods. In the

case of PC box girder bridges, for example,

 For self-weight, compare cross-sectional area at standard section with

(total reaction due to self-weight) / (bridge length x unit weight (24.5 kN/m3 for PC))

 Live load is roughly 20% of total dead load (including superimposed dead load) for
highway bridges.

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(1) Sectional Forces and Stresses due to Loads

5.4. Design of Main Girder

 Stress due to bending and axial force is obtained by the following
equations.

ᇲߪ =
ெ

ᇱ
+

ே


for top fiber of cross section

ߪ =
ெ


+

ே


for bottom fiber of cross section

where M : Bending moment by loads
N : Axial force by loads
σc’ / σc : Stress due to bending moment and axial force by loads

at top / bottom fiber of the section
(positive when compressive, negative when tensile)

Zc’ / Zc : Modulus of section at top / bottom fiber of the section
(positive / negative for top / bottom fiber of the section)

Ac : Cross-sectional area of the section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(1) Sectional Forces and Stresses due to Loads

★ Practice : Calculate bending stresses due to loads.

5.4. Design of Main Girder

at top at bottom at top at bottom

Md [kNm] Zc' [mm3] Zc' [mm3] σd' [N/mm2] σd [N/mm2]

Self-weight

Superimposed

dead load

Live load

All dead loads

Dead loads +

live load

Stress due to loadsBending

moment

Section modulus
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

5.4. Design of Main Girder

1) Calculation of Required Prestress

 Required amount of prestress is calculated in order to adjust the stress
due to loads to be within allowable tensile stress.

σ =
ே


+

ெ


+ ܲ

ଵ


+





where σ : Resultant stress
ே


+

ெ


: Stress due to loads (axial force + flexure)

ܲ
ଵ


+




: Stress due to prestressing (total prestress x (axial force + flexure))

A : Cross-sectional area of the section
Z : Section modulus
N, M : Axial force and bending moment at the section
P : Total prestressing force
ep : Eccentricity of tendons from centroid of the section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

5.4. Design of Main Girder

1) Calculation of Required Prestress (cont.)

 For required prestress : Pe and allowable tensile stress of concrete : σca’,

Σσ+



+

ȉ


≧ σ′

where Σσc : Total stress due to loads at extreme tensile fiber
σca’ : Allowable tensile stress of concrete

 The above expression is transformed to obtain Pe,



1 +

ȉ



≧ −Σσ+ σ′ →



1 +

௬


మ ȉ ݁ ≧ −Σσ+ σ′

Hence, ܲ =
(ିஊାೌ ᇱ)ȉ

ଵା

ೝ
మȉ

where ep : Eccentricity of centroid of tendons from centroid of the section
Ic : Moment of inertia of the section
Ac : Cross-sectional area of the section
yc’ : Distance from centroid to extreme tensile fiber of the section
Z : Section modulus (= I/yc)

rc : Radius of gyration (= (ܣ/ܫ
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

5.4. Design of Main Girder

1) Calculation of Required Prestress (initial estimation)

 Required number of tendons can be initially estimated assuming

σ ≒ 0.5 σ௨ (for tendons using strands)
where σpe : Assumed effective prestress

σpu : Tensile strength of prestressing steel
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

5.4. Design of Main Girder

2) Tendon Arrangement

 Tendon arrangement is determined considering the followings as well as
requirements on state of stress:

 Concrete cover of tendons

 Minimum spacing between tendons (considering space for internal vibrator etc.)

 Minimum radius of curvature

 Spacing of anchor devices (depends on types and capacity)

 Concrete edge distance of anchor devices (depends on types and capacity)

 Detailed consideration (transverse tendons, reinforcement, bearings (anchor
bolts), anchor bars, cut-outs for expansion joints … etc.)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

3) Efective Prestress (Flow of calculation)

5.4. Design of Main Girder

Calculation of loss of prestress due to
friction and change of angle

Calculation of loss of prestress due to
elastic deformation of concrete

Calculation of loss of prestress due to
creep and shrinkage of concrete

Calculation of loss of prestress due to
relaxation of prestressing steel

Check of stress in prestressing steel

σ'pt = σpi - Δσpt

Δσpt : Loss due to friction and change of angle

Calculation of loss of prestress due to
pull-in of wedges at anchor-setting

Δσp1 : Loss due to pull-in of wedges

Determination of initial prestress
σpi : Stress of steel at initial prestressing
(80 ̃ 90% of yield stress of prestressing steel)

Δσp2 : Loss due to elastic deformation of concrete

Prestress immediately after anchor-set :
σpt = σ’pt – Δσp1 – Δσp2

ΔσpΦ : Loss due to creep and shrinkage of concrete

Δσpr : Loss due to relaxation of prestressing steel

Effective prestress :
σpe = σpt – ΔσpΦ– Δσpr2

Calculation of effective coefficient η: Effective coefficient (η= σpe / σpt)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

Span center
Jacking end (Girder end)

(a) Friction and (b) anchor-set

Case-1 Pull-in : 8mm
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

Span centerJacking end (Girder end)

(a) Friction and (b) anchor-set

Case-1 Pull-in : 8mm
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

(a) Friction and (b) anchor-set

Case-2

Span center
Jacking end (Girder end)

Pull-in : 8mm
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

(a) Friction and (b) anchor-set

Case-2
Span
centerJacking end (Girder end)

Pull-in : 8mm
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

(c) Loss of prestress due to elastic shortening

Δσ =
ଵ

ଶ
ȉ ݊ ȉ σ

ேିଵ

ே

Modulus ratio (assumed): N = Ep/Ec = 2.0x105/2.92x104 = 6.85

Average tendon stress : σpt' = 1142.2 N/mm2

Number of tendons : N = 4 tendons

Area of tendons : Ap = 1184.52 mm2/tendon

Total prestressing force : Pt’ = N x σpt’ x Ap = = kN

Concrete stress due to prestressing at the centroid of tendons :

σ௧ =
ᇱ


+

ᇱȉ


= N/mm

Concrete stress due to self-weight at the centroid of tendons : σdog = -9.107 N/mm2

(Assumed)

Total concrete stress at the centroid of tendons : σcpg = σctg + σdog = N/mm2

Hence, Δσ =
ଵ

ଶ
ȉ ݊ ȉ σ

ேିଵ

ே
= = N/mm2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

(d) Prestress in steel immediately after anchor-set
σpt = σpt’ – Δσp = = N/mm2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

(e) Concrete stress due to prestressing immediately after anchor-set

Δσ =
ଵ

ଶ
ȉ ݊ ȉ σ

ேିଵ

ே

Initial prestress (Total prestressing force immediately after anchor set) :

Pt = N x σpt’ x Ap = = kN

Eccentricity of tendons (assumed) : ep = -999 mm

Cross-sectional area of concrete : A = 0.855 m2

Section modulus at top : Zc’ = 0.4047 m3

at bottom : Zc = –0.2293 m3

at centroid of tendons : Ze = –0.2637 m3

Concrete stress due to prestressing

at top : σ௧′ =



+

ȉ

ᇱ
= N/mm2

at bottom : σ௧ =



+

ȉ


= N/mm2

at centroid of tendon : σ =



+

ȉ


= N/mm2

148

5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate initial prestress

5.4. Design of Main Girder

(f) Resultant stress immediately after anchor-set
Concrete stress due to load at top : σௗ′ = N/mm2

at bottom : σௗ = N/mm2

Concrete stress due to prestress immediately after anchor set

at top : σ௧′ = N/mm2

at bottom : σ௧ = N/mm2

Resultant stress at top : σ′ = σௗ′ + σ௧′ = N/mm2

at bottom : σ = σௗ + σ௧ = N/mm2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate effective prestress

5.4. Design of Main Girder

(a) Loss of prestress due to creep and shrinkage of concrete

Δσ =
݊ ȉ φ ȉ σ௧+ Σσௗ + ܧ ȉ ε௦

1 + ݊ ȉ
σ௧
σ௧

(1 +
φ
2

)

where σcpt : Concrete stress due to prestress at the height of tendon considered
σcpt = N/mm2

Σσdog : Concrete stress due to loads at the height of tendon considered
assumed as Σσdog = -15.225 N/mm2

Ep : Modulus of elasticity of prestressing steel = 2.0 x 105 N/mm2

Ec : Modulus of elasticity of concrete at 28 days = 3.1 x 104 N/mm2

A : Cross-sectional area of the section
n : Modular ratio = Ep/Ec = 6.45
σpt : Stress in prestressing steel immediately after anchor-set

σpt = N/mm2

Hence, Δσpφ= = N/mm2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate effective prestress

5.4. Design of Main Girder

(b) Loss of prestress due to relaxation of prestressing steel

Δσpr = 0.015 σpt = = N/mm2

(relaxation coefficient of prestressing steel is assumed as 1.5%)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(2) Calculation of Prestress

4) Loss of Prestress

★ Practice: Calculate effective prestress

5.4. Design of Main Girder

(c) Effective prestress in prestressing steel

σpe = σpt – Δσpφ– Δσpr = = N/mm2

Check σpe < σpa = 1110.0 N/mm2

Effective coefficient : η= σpe / σpt = =

(d) Concrete stress due to effective prestress

at top : σce’ = ηx σct’ = = N/mm2

at bottom : σce = ηx σct = = N/mm2
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(3) Resultant Stress

★ Practice: Calculate resultant stress
 At span center

5.4. Design of Main Girder

at top at bottom at top at bottom

σu [N/mm
2
] σℓ [N/mm

2
] σu [N/mm

2
] σℓ [N/mm

2
]

-1.70 11.24

-1.52 10.07

-1.15 12.72

-1.05 11.62

20.00 20.00 16.00 16.00

0.00 0.00 0.00 0.00

Allowable

stress σca

[N/mm
2
]

compression

tension

At service load state

immediately after

anchor-set

Effective prestress

immediately after

anchor-set

Effective prestress

Internal

prestress

External

prestress

All dead loads

Dead loads + Live load

Live load

Immediately after

anchor set

Immediately after anchor set

Self-weight

Superimposed dead load

immediately after

anchor-set

Effective prestress

Total

prestress
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.4. Calculation of Bending Stress

(4) Increase of Stress in Tendons

5.4. Design of Main Girder

 When loads are acting after all prestress losses (creep, shrinkage,
relaxation), tensile stress are increased due to the loads.

 The stress of tendons is proportional to the distance from centroid of the
section to each tendon, and the stress of tendons at the most outer layer
are largest, which is thus shall be checked for increased value.

 Maximum tensile stress of tendon Δσpmax is

Δσpmax = n (Σσdg + σℓg) + σpe < σpa

where n : modular ratio (Ep/Ec)
σpe : Effective prestress of tendon
Σσdg : Concrete stress at the centroid of the tendon due to dead loads

except self-weight
σℓg : Concrete stress at the centroid of the tendon due to live load
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(1) General

 Under service load state, tensile stress below allowable value might occur
in the concrete of the cross section.

 Tensile reinforcement is provided in the region in which the above tensile
stress occurs, aimed to maintain possible cracks within small range, and
to improve ductility of the member.

5.4. Design of Main Girder

Tensile
reinforcement
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of Calculation

5.4. Design of Main Girder

Calculation of tensile reinforcement

Calculate tensile reinforcement
As = Tc / σsa

Σσc < 0 N/mm2

Tensile
stress occur

at service
load state?

As ≧Asmin ?

No

Yes

No

Yes

Check of minimum tensile reinforcement

Calculation of tensile
reinforcement is not required

Reinforcement more than As

shall be provided
Reinforcement more than Asmin

shall be provided
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of calculation (cont.)

 There are 2 cases regarding tensile stress in concrete cross section.

1. Tensile stress is induced in the section

2. Tensile stress is not induced in the section

 In the case-1, tensile reinforcement needs to be calculated, and the larger
of required tensile reinforcement or minimum tensile reinforcement shall
be provided in the tensile region of the section.

 In the case-2, tensile reinforcement are not calculated.

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of Calculation

1) Required Tensile Reinforcement

5.4. Design of Main Girder

 Amount of required tensile reinforcement is calculated from the total
tensile force of tensile region in the concrete cross section.

௦ܣ = ்

ೞೌ
௦ܣ) =

ȉ௫ȉ

ଶೞೌ
for rectangular tensile region)

where Asreq : Required tensile reinforcement
Tc : Total tensile force in the concrete cross section
σsa : Allowable tensile stress of reinforcing steel (σsa = 180 N/mm2)
b : width of tensile region element(s)
x : height of tensile region element(s)

= distance from extreme tensile fiber to neutral axis of the section
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of Calculation

2) Minimum Tensile Reinforcement

5.4. Design of Main Girder

 Amount of minimum tensile reinforcement is calculated from the area of
tensile region in the concrete cross section.

௦ܣ  = 0.005Σ(ܾȉ (ݔ
where Asmin : minimum tensile reinforcement

b : width of tensile region element(s)
x : height of tensile region element(s)
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of Calculation

3) Arrangement of Tensile Reinforcement

 Spacing of rebars normally applied are ctc150mm (ctc 300mm) or
ctc125mm (ctc 250mm) (ctc = center to center)

 “Smaller diameter with smaller spacing” is better than “larger diameter with
larger spacing” in order to distribute stresses and cracks evenly and to
avoid stress concentration.

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of Calculation

3) Arrangement of Tensile Reinforcement (cont.)

 Size of deformed reinforcing steel bars typically used in Japan

(Specified in JIS: Japan Industrial Standards)

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(2) Flow of Calculation

3) Arrangement of Tensile Reinforcement (cont.)

 Mechanical properties of reinforcing steel bars typical in Japan

(Specified in JIS: Japan Industrial Standards)

5.4. Design of Main Girder
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.5. Calculation of Tensile Reinforcement

(3) Calculation

★ Practice: Determine tensile reinforcement to be provided.

5.4. Design of Main Girder

 Calculate required tensile reinforcement Asreq.

௦ܣ = ்

ೞೌ

 Calculate minimum tensile reinforcement Asmin.

௦ܣ  = 0.005Σ(ܾȉ (ݔ

 Determine tensile reinforcement to be provided.

 Size

 Number

Duct sheath
φ68mm
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(1) General

 In JRA Specifications, prestressed concrete members shall be verified
against both service load state and ultimate load state, in order to confirm
their serviceability as well as their safety against failure. (Many of other
international design specifications also have similar systems of state-
based design such as “service limit state”, “strength limit state”, “extreme
limit state”, “fatigue limit state” etc.)

 At ultimate load state, the members are verified by confirming that ultimate
moment due to ultimate loads (M) is within ultimate flexural resistance (Mu)
of the section.

 Safety ratio against bending failure : F = Mu/M > 1.0

5.4. Design of Main Girder

164JICA Study Team

5. Basis of Design of Prestressed Concrete Bridges

5.4.6. Safety against Bending Failure

(1) General

 Flow of verification

5.4. Design of Main Girder

Verification at ultimate load state

Calculate bending moment due
to ultimate loads : M

Determine zone of steel strain

Zone I

Zone II Zone III

Change cross-section
or amount of steel

Calculate neutral axis : x

Calculate k・x

Calculate ultimate flexural
resistance : Mu

Calculate safety ratio against
bending failure : (F = Mu/M >1.0)

Strain zones of prestressing steel

σpu : Tensile strength of
prestressing steel

σs : Stress in steel
Es : Modulus of elasticity

of steel
εs : Strain in steel
εcu : Ultimate strain of

concrete

Ultimate compressive strain of concrete is
assumed as εcu above.

[Strain zone I]
• Prestressing steel εs has reached its yield

strain (1.5%).
• Concrete has not reached its ultimate

strain εcu.
• Yield of prestressing steel precedes.

[Strain zone II & III]
• Prestressing steel εs has not reached its

yield strain (1.5%).
• Concrete has reached its ultimate strain

εcu.
• Crush of concrete precedes.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

1) Basic Conditions

5.4. Design of Main Girder

 Fiber strain is proportional to the distance from neutral axis.

 Tensile strength of concrete is ignored.

 Distribution of compressive stress in concrete is as shown below:
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

1) Basic Conditions (cont.)

5.4. Design of Main Girder

 Stress-strain diagram for PC steel is as shown below.

 Only PC tendons are considered as tensile steel, and effective depth is taken as the
distance from extreme compressive fiber to centroid of the tendons.

 Haunches on the top slab are omitted from compressive flange in the calculation.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

2) Flow of Study

5.4. Design of Main Girder

Determination of zone of steel strain

No

Yes

Calculate neutral axis x at ultimate steel of
equilibrium from compatibility condition

0.8x ≦t ?

C = 0.85 σck {B・t + (0.8x – t)b}
T = 0.93 σpu・As

C = 0.68 σck B・x
T = 0.93 σpu・As

Determine strain zone : εs

Yes

No
C ≧T ?

Zone I
Change cross-section or

amount of steel

Zone II or III

=ݔ
ܶ

0.8 × 0.85σ ȉ ܤ

Determine neutral axis : x

Yes

No
0.8x > t ?

=ݔ
ܶ− 0.85σ ȉ ܤ)ܶ − )ܾ

0.8 × 0.85σ ȉ ܾ

Calculate resistance moment : Mu

Calculate k・x

௨ܯ = ܶ(݀− ݇ȉ (ݔ

Calculate ultimate moment : M

Check safety ratio
against bending failure
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(a) Determination of zone of steel strain

a) Assumption of neutral axis : x

 Assume that amount of tensile steel is same as
ultimate steel of equilibrium.

 i.e. ultimate compressive stress of concrete (εcu =
0.0035) and yield stress of tensile steel at its centroid
(εs = εp = 0.015) occurs at the same time.

=ݔ
கೠ

கೞି கାகೠ

where x : Distance from extreme compression
fiber to neutral axis [mm]

εcu : Ultimate strain of concrete (0.0035)
εs : Yield strain of steel (0.015)
εpe : Strain of steel due to effective prestress

εpe = σpe / Ep

d : Effective depth of the section

Centroid of
tendons
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(a) Determination of zone of steel strain (cont.)

b) Determination of compressive zone

 Calculation of resultant compressive forces differs depending on the shape of
compressive zone (rectangular or T-shape).

(a) T-shape

Stress
distribution

(b) Rectangular

Cross section

Centroid of tensile steel

Centroid of
hatched zone

(Working point of C)

Point of Action of Resultant Force
due to Compressive Stress
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(a) Determination of zone of steel strain (cont.)

c) Calculation of Compressive / Tensile Resultant Forces

 Resultant tensile force of steel : T
ܶ = 0.93σ௨ ȉ ௦ܣ

where σpu : Tensile strength of prestressing steel [N/mm2]
As : Total area of tendons [mm2]

 Resultant compressive force of concrete : C
ܥ = 0.85σ{ܤ ȉ +ݐ 0.ͺ −ݔ ݐ }ܾ for T-shape compressive zone
ܥ = 0.85σܤ ȉ ݔ for rectangular compressive zone

where σck : Specified compressive strength of concrete [N/mm2]
B : Width of top flange [mm]
x : Distance from extreme compressive fiber to neutral axis [mm]
t : Thickness of top flange [mm]
b : Width of web(s) of the girder [mm]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(a) Determination of zone of steel strain : εs

a) When C ≧T

εs is in zone I. Yield of tensile steel precedes crush of concrete.

b) When C < T

εs is in zone II or III, and change of cross section or amount of steel is required.
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(c) Determination of neutral axis : x

a) Neutral axis x is calculated assuming that the compressive zone is

rectangular (within the thickness of top flange)

(when 0.8x ≦t)

=ݔ
்

.଼×.଼ହೖȉ

where T : Resultant tensile force of tendon (0.93σpu・As) [N]
σck : Specified compressive strength of concrete [N/mm2]

B : Width of top flange of the girder [mm]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(c) Determination of neutral axis : x

b) The shape of compressive zone is checked whether rectangular or not.

(If not, x is re-calculated)

(when 0.8x > t)

=ݔ
்ି.଼ହೖȉ௧(ି)

.଼×.଼ହೖȉ

where T : Resultant tensile force of tendons (0.93σpu・As) [N]
σck : Specified compressive strength of concrete [N/mm2]

t : Thickness of top flange [mm]
B : Width of top flange [mm]
b : Width of web(s) [mm]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(d) Calculation of resistance moment

a) Calculation of k・x

When compressive zone is rectangular,

݇ ȉ =ݔ 0.Ͷݔ

When compressive zone is T-shape,

݇ ȉ =ݔ
ȉ
మ

మ
ାȉ(.଼௫ି௧)ȉ(

బ.ఴೣష

ೣ
ା௧)

ȉ்ା(.଼௫ି௧)ȉ

where B : Width of top flange [mm]
t : Thickness of top flange [mm]
b : Width of web(s) [mm]
x : Distance from extreme compressive fiber to neutral axis [mm]
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5. Basis of Design of Prestressed Concrete Bridges

JICA Study Team

5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(d) Calculation of resistance moment

b) Calculation of resistance moment
௨ܯ = ܶ(݀− ݇ ȉ (ݔ

where Mu : Resistance moment against failure (flexural resistance) [N・mm]
T : Resultant tensile force of tendons [N]
d : Effective depth of the girder [mm]

Load combinations at ultimate load state are:

a. 1.3 x (Permanent Load) + 2.5 x (Live Load + Impact)

b. 1.0 x (Permanent Load) + 2.5 x (Live Load + Impact)

c. 1.7 x (Permanent Load + Live Load + Impact)
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5.4.6. Safety against Bending Failure

(2) Calculation of Resistance Moment

3) Study on Safety against Bending Failure

5.4. Design of Main Girder

(e) Verification of safety ratio against bending failure

ܨ =
ெ ೠ

ெ
> 1.0

where F : Safety ratio against bending failure
Mu : Resistance moment [kN・m]
M : Bending moment at ultimate load state [kN・m]



Superstructure 1 (Concrete Bridges) October / November, 2017

Technical Transfer on Bago River Bridge
Construction Project 89

177

5. Basis of Design of Prestressed Concrete Bridges
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5.4.6. Safety against Bending Failure

(2) Calculation of Safety Ratio against Bending Failure

★ Practice : Calculate safety ratio against bending failure.

5.4. Design of Main Girder

(a) Determine zone of steel strain εs.

(b) Determine neutral axis x.

(c) Calculate resistance moment/

(d) Calculate bending moment at ultimate load state/
Permanent load : Md = 4302.87 kN・m
Live load : Mℓ = 1499.98 kN・m (w/ impact)

M1 = 1.3 x Md + 2.5 x Mℓ

M3 = 1.7 x (Md + Mℓ)

(e) Calculate safety ratio against bending failure.
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5.4.7. Check for Shear

(1) General

5.4. Design of Main Girder

 As failure due to shear normally shows brittle
behavior, it is important to ensure shear failure
not to precede flexural failure. It is thus
required to provide sufficient shear
reinforcement in the member.

 There are 2 types of shear cracks:

Web shear cracks : Diagonal cracks which
occurs from center of webs in the region without
flexural cracks. This type of cracks tends to
occur when shear force is large while bending
moment is small.

 Bending shear cracks : Inclined cracks which
is developed from flexural cracks and induced
both by shear and bending. This type of cracks
tends to occur in the region where both shear
force and bending moment are large.

Type of cracks in PC members

(a) Web shear cracks

(b) Flexural shear cracks
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5.4.7. Check for Shear

(1) General (cont.)

5.4. Design of Main Girder

 There are 3 types of shear failure:

 Diagonal Tension Failure: This type of failure is cause due to inadequate
shear reinforcement. The diagonal shear crack forms in the member at 45
deg. and propagates rapidly causing failure.

 Shear Compression Failure: This is crushing of concrete near the tip of the
inclined crack in compression zone. This is caused by inadequate concrete
strength in combination with effect of bending.

Web Crushing Failure: This happens when concrete crushes in a
members with thin webs e.g. T-Beam. This is due to inadequate thickness of
web.

Type of Shear Failure in PC Beams

(a) Diagonal Tension Failure (b) Shear Compression Failure (c) Web Crushing Failure

Web Crushing

Crushing
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5.4.7. Check for Shear

(1) General (cont.)

5.4. Design of Main Girder

 Near the supports, verification for
shear shall be carried out at the
section h/2 away from bearings line
or from the surface of column for
rigid frames. Verification in the
zone within h/2 (the hatched zone)
is not required.
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

1) Flow of Check for Shear

5.4. Design of Main Girder

Design for Shear

Yes

No
Resistance against
Web Crush (Suc) ≧

Ultimate shear force

Mean shear stress at
service load state (τm)

Yes

No

Yes

No

Calculation of diagonal tensile steel against
shear force at ultimate load state (Aw)

Change
cross-section

Diagonal tensile stress
at service load state

(σI) ≦Allowable stress

Mean shear stress at
service load state (τm)
≧Mean shear stress
concrete can carry

Yes

Diagonal tensile steel
required (Aw) ≧

Minimum diagonal
tensile steel (Awmin)

Resistance against
diagonal tension failure
(Sus) ≧Ultimate shear

force

Yes

Calculation of longitudinal
reinforcement for shear (As)

Provide minimum diagonal
tensile steel (Awmin)

No

No
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

2) Verification of Stress against Crushing of Web Concrete

at Ultimate Load State

5.4. Design of Main Girder

 In JRA Specifications, shear force at ultimate load state shall be
smaller than resistance against crushing of web concrete.

௨ܵ = τ ௫ ȉ ௪ܾ ȉ ݀+ ܵ

where Suc : Resistance against crushing of web concrete [N]
τmax : Maximum mean shear stress in concrete [N/mm2]
bw : Thickness of web(s) of the member [mm]
d : Effective depth of the section [mm]
Sp : Vertical component of tensile force in prestressing tendons [N]

Sp = Ap・σpe・sinα
Ap : Area of prestressing tendons in the section [mm2]
σpe : Effective tensile stress of tendons in the section [N/mm2]
α : Angle between member axis and prestressing tendons
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

2) Verification of Stress against Crushing of Web Concrete

at Ultimate Load State (cont.)

5.4. Design of Main Girder

 When the ultimate shear force is greater than the resistance against
crushing of web concrete, cross-section needs to be changed.

Compression Fiber

E
ff
e
c
tiv

e
d
e
p
th

:
d

Longitudinal steel

Longitudinal
steel

Prestressing
tendons

Design section

How to obtain Sp

Longitudinal steel
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

3) Calculation of Diagonal Tensile Stress at Service Load State (σI)

5.4. Design of Main Girder

τ =
(ௌିௌ)ȉொ

ೢ ȉூ
, σூ=

ଵ

ଶ
(σ− σ

ଶ + 4τଶ)

where τ : Shear stress at service load state [N/mm2]
S : Shear force at the section [N]
Sp : Vertical component of tensile force in prestressing tendons [N]
Q : Geometrical moment of area [mm2]
τmax : Maximum mean shear stress in concrete [N/mm2]
bw : Thickness of web(s) of the member [mm]
I : Moment of inertia about the centroid of the section [mm4]
σI : Diagonal tensile stress at service load state [N/mm2]
σc : Compressive stress in concrete of the section [N/mm2]

Fracture
section

Mohr’s Stress Circle
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

4) Mean Shear Stress at Service Load State (τm)

5.4. Design of Main Girder

τ =
ௌିௌ

ೢ ȉௗ
where τm : Mean shear stress at service

load state [N/mm2]
Sh : Shear force considering the

effect of variation of effective
depth of the girder [N]

S : Shear force at the section [N]
Sp : Vertical component of tensile

force in prestressing tendons
[N]

bw : Thickness of web(s) of the
member [mm]

d : Effective depth of the section
[mm]

τc : Mean shear stress which
concrete can carry [N/mm2]

When τm > τc →5)

When τm ≦τc →6)
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

5) Check of Resistance against Diagonal Tensile Failure at Ultimate

Load State

5.4. Design of Main Girder

 In JRA Specifications, shear force at ultimate load state shall be
smaller than resistance against diagonal tensile failure.

௨ܵ௦ = ܵ + ௦ܵ+ ܵ

where Sus : Resistance against diagonal tensile failure [N]
Sc : Shear force which concrete can carry [N]
Ss : Shear force which diagonal tension steel can carry [N]
Sp : Vertical component of tensile force in prestressing tendons [N]
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

5) Check of Resistance against Diagonal Tensile Failure at Ultimate

Load State (cont.)

5.4. Design of Main Girder

(a) Shear force carried by concrete

ܵ = ݇ ȉ τ ȉ ௪ܾ ȉ ݀
but,

݇= 1 +
ெబ

ெ 
≦ 2.0

where k : Coefficient for shear force which concrete can carry
Sc : Shear force which concrete can carry [N]
Md : Bending moment at ultimate load state [N・mm]
M0 : Decompression moment (which compensate the stress due to prestress

and axial force at the extreme tensile fiber to be zero) [N・mm]
τc : Mean shear stress which concrete can carry [N/mm2]
bw : Thickness of web(s) of the member [mm]
d : Effective depth of the section [mm]
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

5) Check of Resistance against Diagonal Tensile Failure at Ultimate

Load State (cont.)

5.4. Design of Main Girder

(b) Shear force carried by diagonal tension steel

௦ܵ = Σ
ೢ ȉೞȉௗ(ୱ୧୬ఏାୡ୭ୱఏ)

ଵ.ଵହ
where Ss : Shear force which diagonal tension steel can carry [N]

Aw : Area of diagonal tension steel arranged with a spacing “a” and an angle “θ”
[mm2]

σsy : Yield stress of diagonal tension steel [N/mm2]
a : Spacing of diagonal tension steels in the longitudinal direction of the

member [mm]
θ : Angle between diagonal tension steel and the axis of the member
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

5) Check of Resistance against Diagonal Tensile Failure at Ultimate

Load State (cont.)

5.4. Design of Main Girder

(c) Vertical component of tensile force by prestressing tendons

ܵ = ܣ ȉ σ ȉ sinߙ

where Sp : Vertical component of tensile force by prestressing tendons [N]
Ap : Area of prestressing tendons at the section [mm2]
σpe : Effective prestress of the tendons [N/mm2]
α : Angle between prestressing tendon and the axis of the member
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

6) Minimum Diagonal Tension Reinforcement (Awmin)

5.4. Design of Main Girder

௪ܣ  = 0.ͲͲʹ ௪ܾ ȉ ܽ

where Awmin : Minimum diagonal tension reinforcement [mm2]
bw : Width of web(s) [mm]
a : Spacing of diagonal tension reinforcement in the longitudinal direction of the

member [mm]
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5.4.7. Check for Shear

(2) Procedure of Check for Shear

7) Longitudinal Reinforcement for Shear (As)

5.4. Design of Main Girder

௦ܣ =
ௌೞ

ଶೞ

where As : Longitudinal reinforcement for shear [mm2]
Ssi : Shear force carried by diagonal tension steel (= Ss) [mm2]
σsy : Yield strength of longitudinal reinforcement [N/mm2]

σsy = 345.0 N/mm2 for SD345
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5.4.8. Calculation of Deflection

(1) General

5.4. Design of Main Girder

 Deformations of member is categorized in

 longitudinal extension / shortening, and

 vertical deflection.

 These deformations are induced by prestress, self-weight, creep and
shrinkage of concrete etc.

 In prestressed concrete members, cambers for these deformations shall
be taken into account, as these deformations affect bridge alignment etc.

 Deflections calculated by engineers in design stage are for reference.
Actual camber value to be applied shall be calculated by contractors at the
construction stage upon their construction condition, construction schedule,
materials etc. in order to obtain targeted alignment / profile of the structure.

 Deflections due to live load shall be checked to satisfy allowable value.
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5.4.8. Calculation of Deflection

(1) General (cont.)

5.4. Design of Main Girder

 Typical deformations of PC girder
(in case of CIP)

 In the calculation of deflection,
modulus of elasticity of concrete
varies according to its strength
(concrete age).

Concrete age : 4 days

Concrete strength :

σc = 34 N/mm2

① Prestressing Force

② Self-Weight Concrete age : 4 days

Concrete strength :

σc = 34 N/mm2

③ Superimposed

Dead Load

④ Live Load

⑤ Creep

Concrete age : ≧28 days

Concrete strength :

σc = 40 N/mm2

Concrete age : ≧28 days

Concrete strength :

σc = 40 N/mm2

Concrete age : 4̃∞days

Concrete strength :

σc = 40 N/mm2
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5.4.8. Calculation of Deflection

(2) Deflection (In the case of CIP simple girder)

 Deflection for CIP simple girders can be approximated by the following
formulas. (+ (positive) when downward, – (negative) when upward)

1) Deflection due to Prestress

5.4. Design of Main Girder

For uniform cross-section with varying Mp :
(Tendons are curved up from span center toward support)

ߜ ≒
ିெȉℓ

మ

ଽாȉூబ
= −

ȉబȉℓ
మ

ଽாȉூబ

where Mp : Bending moment due to total prestress immediately after anchor-set [N・mm]
Pt : Total prestress immediately after anchor-set [N]
ℓ : Span length [mm]
epc0 : Eccentricity of tendons [mm]
Ec : Modulus of elasticity of concrete immediately after anchor-set [N/mm2]
Ic0 : Moment of inertia of the girder (net concrete section) [mm4]
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5.4.8. Calculation of Deflection

(2) Deflection (In the case of CIP simple girder)

2) Deflection due to Dead Load

5.4. Design of Main Girder

(a) Self-weight

ௗߜ ≒
ெ బȉℓ

మ

ଽ.ாȉூబ

where Md0 : Bending moment due to girder self-weight [N・mm]
Ec : Modulus of elasticity of concrete immediately after anchor-set [N/mm2]
Ic0 : Moment of inertia of the girder (net concrete section) [mm4]

(b) Superimposed dead load

ௗଵߜ ≒
ெ భȉℓ

మ

ଽ.ாభȉூభ

where Md1 : Bending moment due to superimposed dead load [N・mm]
Ec1 : Modulus of elasticity of concrete at service load state [N/mm2]
Ic1 : Moment of inertia of the girder (tendon-transformed section) [mm4]
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5.4.8. Calculation of Deflection

(2) Deflection (In the case of CIP simple girder)

3) Deflection due to Live Load

5.4. Design of Main Girder

(c) Live load

ℓߜ ≒
ெ ℓȉℓ

మ

ଽ.ாభȉூభ

where Mℓ : Bending moment due to live load (excluding impact) [N・mm]
Ec1 : Modulus of elasticity of concrete at service load state [N/mm2]
Ic1 : Moment of inertia of the girder (tendon-transformed section) [mm4]
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5.4.8. Calculation of Deflection

(2) Deflection (In the case of CIP simple girder)

4) Deflection due to Creep

5.4. Design of Main Girder

≓ఝ௧ߜ ߮௧ ȉ (
ଵାఎ

ଶ
ȉ ߜ + (ௗߜ

where φt : Creep coefficient
η : Effective coefficient of prestress
δp : Deflection due to prestress [mm]
δd : Deflection due to dead loads (self-weight and superimposed dead load) [mm]
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5.5.1. Design for Bending Moment

(1) General

 As reinforcement are not continuous at joints between segments, tensile
stress is not allowed under service load state.

 Even when live load or impact larger than assumed act on the deck slab,
tensile stress at joints shall be limited to avoid cracks at joints.

5.5. Design of Joint between Segments
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5.5.1. Design for Bending Moment

(2) Stress Check for Girder

 For girder : σ0 + 1.7σL < fbck

 For deck slab : σ0 + 1.7σLs + 0.5σg < fbck

where σ0 : Bending tensile stress in concrete due to primary loads
other than live loads and impact [N/mm2]

σL : Bending tensile stress in concrete due to live loads and
impact [N/mm2]

σLs : Bending tensile stress in concrete as a deck slab due to
live loads and impact [N/mm2]

σg : Bending tensile stress in concrete as a girder due to live
loads and impact [N/mm2]

fbck : Allowable bending tensile stress [N/mm2]
fbck = 3.0 N/mm2 for σck = 50 N/mm2

5.5. Design of Joint between Segments
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5.5.1. Design for Shear

(1) Design of Web Shear Keys

5.5. Design of Joint between Segments

Area of shear key : 1030 x (300-50) = 515 000 mm2

(Web thickness = 300mm)
Allowable shear stress : 2.00 N/mm2 for σck = 50 N/mm2
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5.5.1. Design for Shear

(2) Design of Slab Shear Keys

 Slab shear keys shall be designed to adequately transfer forces due to
wheel load(s) on deck slab to the webs.

 Example of slab shear key is shown below.

5.5. Design of Joint between Segments

● : Wheel loads
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5.6.1. General

(1) Structure of Crossbeam

5.6. Design of Crossbeam

 Crossbeams of PC box girders are provided in order to obtain transverse
stiffness of the main girder (against torsional deformation or differential
deflection etc.)

 The structure of crossbeams can be either reinforced or prestressed
concrete.

Typical Shape of Crossbeam
for PC box girder

End Crossbeam
Crossbeam at

Intermediate Support
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5.6.1. General

(2) Arrangement of Crossbeam

5.6. Design of Crossbeam

 Crossbeams of PC box girders are generally arranged at

 End support

 Intermediate support (at pier etc)

 Span center (intermediate diaphragm, if necessary)
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5.6.2. Shape and Properties of Cross Section

(1) Effective Flange Width

5.6. Design of Crossbeam
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5.6.2. Shape and Properties of Cross Section

(1) Effective Flange Width

5.6. Design of Crossbeam

 Effective width of compressive flange :

λ =
ℓ

଼
+ ௦ܾ (for directly supported beams)

where λ : Effective width of compressive flange (at one side)
ℓ : Span length for calculation of effective width
bs : Allowable tensile stress of reinforcing steel (σsa = 345 N/mm2)

When ℓ = 3600 mm & bs = 0 mm, λ= 450mm

End Crossbeam Crossbeam at
Intermediate Support
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5.6.3. Design Loads and Sectional Forces

(1) Design Loads

5.6. Design of Crossbeam

 Design loads are separated into the following 2 types :

 Direct load on the crossbeam

 Self-weight of crossbeam

 Superimposed dead load, and live load placed directly on the crossbeam

 Load from webs

 Total dead load (The above direct load due to self-weight and superimposed dead load
are deducted.)

 Live load (The above direct load due to live load is deducted.)
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5.6.4. Design for Bending

Crossbeams are designed against bending for

 Serviceability (Stresses under service load state)

 Safety (Safety against bending failure under ultimate load state)

same as main girder.

5.6. Design of Crossbeam

5.6.5. Design for Shear

Crossbeams are designed against shear for

 Serviceability (Stresses under service load state)

 Safety (Safety under ultimate load state)

same as main girder.
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5.6.6. Design for External Tendon Anchorages

(1) General

 As external tendons are anchored at end / intermediate crossbeams,
crossbeams are designed against these anchorage forces as well.

5.6. Design of Crossbeam
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5.6.6. Design for External Tendon Anchorages

(2) Load distribution

5.6. Design of Crossbeam

 Load distribution of anchorage forces to webs (transverse direction) and
vertical direction (top / bottom slabs) can be estimated by analysis such as
plane grid models.

Plane Grid Model
(at end crossbeam)
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5.6.6. Design for External Tendon Anchorages

(3) Calculation of Reinforcement

5.6. Design of Crossbeam

 Based on the load distribution
obtained from the plane grid
analysis etc., transverse / vertical
tensile force can be calculated
using “strut & tie” models.
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5.7.1. General

 Deviators for external tendons are designed to transfer tendon deviation
forces (vertical and transvers components) properly to the main girder.

 Reinforcement shall be arranged against vertical / horizontal tensile forces
at deviation block, and tensile force at deck slab.

5.7. Design of Deviators for External Tendons

λ

L
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5.8.1. General

 Anchorage blisters for internal tendons shall be designed to resist local
bursting force behind anchor plate and tendon radial force at curve.

 Slabs or webs adjacent to anchor device shall also be properly reinforced
against local bending / stress concentration.

 Blisters shall be placed at the corner of slab and web, not in the middle of
slabs.

5.8. Design of Anchorage Blisters for Internal Tendons
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5.9.1. General

 During assembling / adhesion work of segments in the span to be erected,
the segments shall be temporarily prestressed to maintain uniform
compressive stress (̃ 0.3 N/mm2) at the joints between segments until the
epoxy adhesive are sufficiently hardened. On this purpose, web ribs are
provided at all segments in Bago river bridge (approach bridge).

 These web ribs shall be designed to resist the force due to temporary
prestressing bars. The member is designed as a corbel.

5.9. Design of Web Ribs for Temporary Prestressing
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5.10.1 General

5.10. Support Reaction

 In general, support reactions of bridges are calculated for bearings (including
impact due to vehicles) and for substructures (excluding impact).

★ Check of Reaction
 Adequacy of analysis can be roughly checked by simple methods. In the

case of PC box girder bridges, for example,

 For self-weight, compare cross-sectional area at standard section with

(total reaction due to self-weight) / (bridge length x unit weight (24.5 kN/m3 for PC))

 Live load is roughly 20% of total dead load (including superimposed dead load) for
highway bridges.
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