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Figure 1-1  EQ2 compatible to target
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Figure 1-3  EQ4 compatible to target
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Figure 1-4  EQS5 compatible to target
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Figure 1-7  EQ8 compatible to target
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(2) Maximum acceleration, maximum displacement, maximum shear strain and maximum
shear stress at different layers
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Figure2-1 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Soft ground, site No.2)
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Figure 2-2 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Soft ground, site No.3)
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Figure 2-3 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Soft ground, site No.4)
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Figure 2-4 Maximum acceleration, maximum displacement, maximum shear strain and

maximum shear stress at different layers (Soft ground, site No.5)
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Figure 2-5 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Soft ground, site No.6)
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Figure 2-6 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Moderate firm ground, site No.2)
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Figure 2-7 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Moderate firm ground, site No.3)
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Figure 2-8 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Moderate firm ground, site No.4)
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Figure 2-10 Maximum acceleration, maximum displacement, maximum shear strain and
maximum shear stress at different layers (Moderate firm ground site No.6)
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Figure 3-5 Spectral amplification factor (Soft ground: No.5)
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Figure 3-7 Spectral amplification factor (Moderate firm ground: No.1)
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Figure 3-8 Spectral amplification factor (Moderate firm ground: No.2)
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Figure 3-9 Spectral amplification factor (Moderate firm ground: No.3)
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Figure 3-10  Spectral amplification factor (Moderate firm ground: No.4)
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Figure 3-11  Spectral amplification factor (Moderate firm ground: No.5)
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(4) Comparison on the Shapes of Acceleration Response Spectra between Analysis Results and
AASHTO Specifications
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Figure 4-1 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Soft ground: site No.2)
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Figure 4-2 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Soft ground: site No.3)
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Figure 4-3 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Soft ground: site No.4)
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Figure 4-4 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Soft ground: site No.5)
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Figure 4-5 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Soft ground: site No.6)
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Figure 4-6 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Moderate firm ground: site No.2)
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Figure 4-7 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Moderate firm ground: site No.3)
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Figure 4-8 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Moderate firm ground: site No.4)
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Figure 4-9 Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Moderate firm ground: site No.5)
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Figure 4-10  Comparison on the Shapes of Acceleration Response Spectra between Analysis
Results and AASHTO Specifications (Moderate firm ground: site No.6)
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CHAPTER1 SEISMIC LESSONS LEARNED FROM PAST
EARTHQUAKES

1.1 Example of Confinement Loss, Shear Failure of Pier Columns/Walls

- Type of damage:
- Confinement loss
- Shear failure
- Cause of damage:
- Lack of transverse hoop reinforcement
- Lack of shear resistance of columns/wall

......
........
----
.
e
‘.
‘e
e

ey o
] .
------

Confinement loss

"
-----------

(Source: Sixth National Seismic Conference, 2008)

Figure 1.1-1 Confinement Loss, Shear Failure of Columns/Walls

1.2 Example of Flexural Failure of Pier Columns

- Type of damage: Flexural failure
- Cause of damage: Lack of flexural resistance of columns/wall

Japan, 1995

Fall-down
Flexufe'a'l'i‘éilure
(Source: Sixth National Seismic Conference, 2008)

Figure 1.2-1 Flexural Failure of Columns
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1.3 Example of Unseating of Superstructures

- Type of damage: Unseating of superstructure
- Cause of damage:

- Low seismic capacity of bearings

- Non-existence of seismic restrainers

|
|
——

I Horizontal movement

Disconnected

(Source: Sixth National Seismic Conference, 2008)
Figure 1.3-1 Flexural Failure of Columns

1.4 Example of Liquefaction-Induced Lateral Spreading

- Type of damage: Liquefaction-induced lateral spreading
- Cause of damage:

- Low seismic capacity of foundations

- No countermeasures against liquefaction

Horizontal movement

Disconnected

(Source: Sixth National Seismic Conference, 2008)

Figure 1.4-1 Flexural Failure of Columns
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1.5 Summary of Seismic Vulnerability of Old Bridges & Basic Countermeasures

Seismic Vulnerabilities

| (1) Simply supported structure fssssssesses-

t*/Installation of seismic
| (2) Non-existence of seismic restrainers-{--»|restrainers

Basic Countermeasures

. | (3) Low seismic capacity of bearings _-J-4-»|Replacement of bearings |

-

L

17(5) Low seismic capacity of pier
columns/walls

.
A
.
..

e | (4) Short seat length -fsssssessssssnssassnnaes *{Installation of seat extender |

Wi Seismic retrofit of

Seismic retrofit of columns/
walls

foundations

___________________________

Figure 1.5-1 Summary of Seismic Vulnerability of Old Bridges

1-3



CHAPTER 2 Outline of Seismic Retr

2.1 Basic Concept of Seismic Retrofit Planning

ofit Schemes

| Basic Concept of Seismic Retrofit Planning for Piers on La

nd |

Profile of an existing bridge

Seismic retrofit plan
][

Seismic restrainer

Superstructure
A A

0
Q
0

Bearing®

Seismic

Pier retrofit

Replaced bearing

Column/wall retrofit by

o

jacketing
...... - -
---- Expansion of pile cap

0
de
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L

'beéiginoireid
sign | |

Additional piles for
reinforcement

| Basic Concept of Seismic Retrofit Planning for Piers in Water |

Profile of an existing bridge

Seismic retrofit plan

Seismic restrainer

Replaced bearing

Column/wall retrofit by
jacketing

Superstructure
AA | Al
o Seismic| 0000 MWW ¢
Bearing retrofit
¥ l ——

""""""" Expansion of pile cap
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et

To be ig
design | |

A

nored i/ r{\

Steel pipe sheet pile
(SPSP) foundation

(u
Figure 2.1-1 Basic Concept of Seismi

¢ Retrofit Planning




2.2 Additional Options for Seismic Retrofit Planning

2.2.1 Total Replacement of Piers Columns/Walls

Profile of an existing bridge Seismic retrofit plan
Superstructure g Seismic restraiqer
{.\ A\ :r : FAN &..--:..-E ............. Replaced bea”ng
Bearing"l Seismic i ' -E--------Temporary support
Pier retrofit ) R ===+ Replacement of column/wall
“lr s s e |l 7ree-Expansion of pile cap
jli‘o,be;hlg:gnoireid e Additional piles for
in design .
P reinforcement

Figure 2.2.1-1 Total Replacement of Piers Columns/Walls

2.2.2 Application of Seismic Devices

Seismic inertial force caused by total superstructure weight

F: Fixed
M: Movable

M M

Oﬁly fixed pier shoulders total superstructure weight under EQ.

Seismic retrofit * Control of seismic inertial force distribution
by the application of seismic devices

Application of seismic devices (ex. seismic dampers & base isolation bearings)

_____________________________________________________

Seismic inertial force caused by shared superstructure weight (controlled)

| |

F: Fixed
E: Elastic

F

E

E

Figure 2.2.2-1 Mechanism of Seismic Device Application
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2.2.3 Application of Soil/Ground Improvement

(1) Soil/Ground Improvement for Liquefaction Prevention

[Soil Improvement for Piers]

i Seismic force Seismic force '
Unstable Seismic ImeS%able !
. : settlemen !
: v Settlement retrafit v Settlement !
i Downdrag} } | Il +Downdrag :
| Force [ 1]} | ERRpIONREL | Force(blocked) !
[Soil Improvement for Abutmentsl ...
1 Seispic force Seismic force i
i v Settlement No settlement ¥ Settlement !
i Unstable Seismic Stable .
: retrofit i
| ; Lateral spreading :
| Soil — (blocked)
: improvement :

__________________________________________________________________________________

Figure 2.2.3-1 Mechanism of Soil Improvement Application (Liquefaction Prevention)

(2) Soil/Ground Improvement for Earth Pressure Reduction

Seismic force Seismic force
+—> —>
Earth pressure
Earth pressure  ggjgmic Stable (blocked)
_ retrofit :
» Soil improvement

Figure 2.2.3-2 Mechanism of Soil Improvement Application (Earth Pressure Reduction)
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CHAPTER 3 SEISMIC RETROFIT OF COLUMNS

3.1 Concrete Jacketing

3.1.1 Outline

- New RC section around piers Existing Pier--...c i

- Additional transverse hoop reinforcement for Additional Rebar-...... | i
improvement of shear strength and ductility | i

- Anchoring of additional longitudinal rebar for | |
improvement of flexural strength Concrete Jacket.......... - ‘

- Anchor bolts are to be inserted and grouted Anchoring of Rebar. ‘ji
with a cement mortar after chipping out of the o
covering concrete and drilling holes. | e

(Source: Japan Bridge Association)
Figure 3.1.1-1 Outline of Concrete Jacketing

3.1.2 Construction Step

1. Roughen Surface* 1. 5.

¢

2. Drill Anchor Hole

3. Place Re

o
QD
=

¢

4. Anchor Rebar

"

5. Weld Rebar
(build up reinforced frame)

¢

6. Set Formwork

¢

7. Pour Concrete

¢

8. Remove Formwork

(Source: Japan Bridge Association &

* includes repair of existing ! .
Construction Research Institute)

structure s’ damages.
Figure 3.1.2-1 Construction Steps of Concrete Jacketing
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3.2  Steel Plate Jacketing

3.2.1 Outline

. . Existing Pier
- Steel plate jacket around piers g e‘u.,.’

- Steel jacket is generally assembled by
welding at site.

- The gap is grouted with epoxy resin or pure
cement grout

- Improvement of shear strength and ductility
depending on a pier shape

- Option for improvement of flexural strength
with anchoring of rebar

(Source: Japan Bridge Association)
Figure 3.2.1-1 Outline of Steel Plate Jacketing

3.2.2 Construction Step

1. Measurement 2.

n

2. Smooth Surface*

¢

3. Fabricate Steel Plates

¢

4. Set Anchors

¢

5. Assemble Plates

¢

6. Weld Plates 5. 8.

¢

7. Inject Mortar between
Steel Plate and Existing
Structure

¢

8. Anti-corrosion

*includes;
- repair of existing structure s’

damages & . . -
- chamfering. (Source: Japan Bridge Association &

Construction Research Institute

Figure 3.2.2-1 Construction Steps of Steel Plate Jacketing
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3.3 Material Sheet Jacketing

3.3.1 Outline

- Mostly carbon fiber sheets (carbon strands Existing Pler‘%

which are impregnated with resin in the form

of sheet)
- Sheets are glued to a pier by resin. Glue -
- Enhancing flexural strength needs anchoring Sheet --. )

of sheets usually combination with RC )

jacket/lateral steel beams at bottom. A

(Source: Japan Bridge Association)
Figure 3.3.1-1 Outline of Material Sheet Jacketing

3.3.2 Construction Step

1. Smooth Surface* 1. 5.

¢

2. Apply Primer

¢

3. Apply Putty

¢

4. Apply Resin

¢

5. Glue Sheets

¢

6. Apply Resin 3.

¢

7. Apply Coating/Mortar

* includes repair of existing
structure s’ damages.

(Source: Japan Bridge Association)

Figure 3.3.2-1 Construction Steps of Material Sheet Jacketing

3-3



3.4 PC Panel Jacketing

3.4.1 Outline

PC strands

strands

- Encasing of piers in precast concrete panels
- Transversal reinforcement by high-strength

- Active confinement by spiral post-tensioning

- Great improvement of ductility
- Improvement of seismic energy absorption

(Source: Japan Bridge Association)

J

Existing Pier-...

S

SN
N

=

§““

Longitudinal rebar-{"

PC strands (Spiral)-{ H
PC Panel ........... - L

Anchoring of
Rebar

",

Figure 3.4.1-1 Outline of PC Panel Jacketing

3.4.2 Construction Step (for Piers in Water)

1. Study Riverbed

2.

¢

2. Dig Riverbed

¢

3. Assemble Falsework*

¢

4. Drill holes at Footing

¢

5. Set Longitudinal Rebar

¢

6. Set Precast Panels

¢

7. Pour 1st Concrete

¢

(To be continued)

* includes repair of existing

structure s” damages.

6.
%

Excavatiqn

Longitudinal Rebar

Precast
Panel ..,

Pouring of Ct)ncrete

(Source: Japan Bridge Association)

Figure 3.4.2-1 Construction Steps of PC Panel Jacketing (1)
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n

8.
8. Install and tension PC
Strands
9. Inject Grout into Panel
= 9.
10. Pour 2nd Concrete
11. Waterproof Top of
Concrete
’ 10.
12. Backfill
13. Finish
11.
12.
13.

z between precast panels

PC Strands,

Pour concrete for the joint

Backfi_‘ll

(Source: Japan Bridge Association)

Figure 3.4.2-2 Construction Steps of PC Panel Jacketing (2)
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3.5 Comparison of Seismic Retrofit Methods for Columns

3.5.1 Construction on Ground

Table 3.5.1-1 Comparison of Seismic Retrofit Methods for Columns on Ground

RC Jacket Steel Plate Jacket PC Confined Composite Material
. Round/Rectangular/Elliptical | Round/Rectangular/Elliptical | Round/Rectangular/Elliptical | Round/Rectangular/Elliptical
Applicable Shape otc otc ete etc
Shear
5 Passive confinement Passive confinement
“..‘J:’ Ductility O Passive confinement © Active confinement
L
Bendin Lateral beam/RC jacket Lateral beam/RC jacket
g at bottom Required at bottom Required
. . Minimum Space
Construct L d )
onstruction arger space require Required
O | Construction
c
8 Period X Longest Long Short © Shortest
O | Economical | O e)
)
< — - - -
= Dyrablllty/ O Good Negd anti-corrosion ® Confinement prevents Resin Deterioaration
o | Maintenance maintenance cracks
Impact to
Environment o o o
© : Very Good : Good : Moderate €: Poor (Source: Japan Bridge Association)

3.5.2 Construction in Water

Table 3.5.2-1 Comparison of Seismic Retrofit Methods for Columns in Water

RC Jacket Steel Plate Jacket PC Confined Composite Material
Applicable Shape Round/Rectangular/Elliptical | Round/Rectangular/Elliptical | Round/Rectangular/Elliptical | Round/Rectangular/Elliptical
etc etc etc etc
Shear
3 Passive confinement Passive confinement
g Ductility O Passive confinement © Active confinement
L
Bendin Lateral beam/RC jacket X Lateral beam/RC jacket
9 at bottom Required at bottom Required
Construction Larger space required O
© Constr_uctlon X Longest Long © Shortest
= Period
= . Temporary Temporary Underwater works by .
g Economical Cofferdams Cofferdams o divers Not Applicable
= | Durabilitys Possible Shrinkage X Anti-corrosion o High resistance to
= | Maintenance Cracks Required cracks
Impact to % Temporarry Cofferdams Temporarry o No cofferdams
Environment /Surface Preperation Cofferdams required
® : Very Good : Good : Moderate €: Poor (Source: Japan Bridge Association)
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CHAPTER 4 SEISMIC DEVICES

4.1 Base Isolation Bearings

4.1.1 Outline

- Reduction of seismic force to substructure
(absorption of seismic energy)

- Longer natural period by base isolation

- Avoidance of “Sympathetic Vibration” of
substructure and superstructure

Image of base isolation mechanism
Earthquake “
Large
Typical Damaged ' *°
bearing
Earthquake S ::all
e N &= force
Base
isolation No damage

_| High damping rubber type

Super-High
Damping

—| Rubber with lead type |

Damping
Rubber .

(Source: Japan Bridge Bearing Association)

Figure 4.1.1-1 Outline of Base Isolation Bearings

4.1.2 Construction Step (Seismic Retrofit)

1]

1. Existing Bearing

¢

2. Reinforce Superstructure

¢

-

Base Isolation Bearing

4. Remove Existing Bearings

3. Install Temporary Support 5.5
’ 2. Reinforcement of
Superstructurg:==s=s«u.

¢

5. Install Anchors

¢

6. Install New Bearing

3. Temporary
Support ---------

4. Removal of Existing**"
Bearings

<

b
H 5. Anchors

(Source: Japan Bridge Bearing Association)
Figure 4.1.2-1 Construction Steps of Bearing Replacement
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4.2  Seismic Dampers

421 Outline

- Absorb seismic energy and control seismic inertial force on substructures
- Mitigate the seismic force/impact to substructure

—| Hydraulic cylinder type | — Shear panel type |
Shear panel damper
Superstructure Deck
slab Additional beam
Girder
Substructure Bracket
Seismic damper Existing bearings

(hydraulic cylinder type)

— Longitudinal direction

i Cylinder Piston Head i i FOI’CG- ==+« Additional beam E
i | Shear panel damper
' Piston Rod Piston Rod : ! STEERIEIE |
Viscous Oil i e e e e

(Source: Japan Bridge Association)
Figure 4.2.1-1 Outline of Seismic Dampers

4.2.2 Application Example
[Application Example of Seismic Damper (Hydraulic Cylinder Type)]

[Application Example of Seismic Damper (Shear Panel Type)]

— Longitudinal dir. — Longitudinal dir. — Transverse dir.
1: [is ii) : | ]i
iy |
| Superstructire !
I i H ™ |
Le— == | RS — (-\{
’ ) | ‘ —Damper - W
i A i S e i D BB A D B
\\ // = | LW o | :
—-——— - — Py ,l:._ Ly i i |

|, Substructure |

20

mEw (AN

Figure 4.2.2-1 Application Example of Seismic Dampers
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CHAPTERS5 UNSEATING PREVENTION DEVICES

5.1 Unseating Prevention Cable/Belt/Chain/Stopper

5.1.1 Outline

- Restrain falling down of superstructures against large-scale earthquakes
- Mitigate the seismic force/impact to substructure

I““‘

*Earthquake

—»Force

Lo . ISF,

: Chain
Bracket

*Earthquake

—»Force

Connection of superstructures Connection of superstructures Installation of Stopper
M (cable/belt type) 1] & substructure (cable/chain type) [ ] (stopper type) B
Superstructure
Cable/Belts™™"™"""""*, Superstructure | ||| .. .
Superstructure "ttt * Stopper
Sub- 7 Sub- g
Substructure structure “*++-++=*"" Cable/Chain structure
Bracket I?elt Stopper

.
.
.
.
.
.
.
.
.

*Earthquake

—» Force

(Source: Japan Bridge Bearing Association & NETIS)

Figure 5.1.1-1 Outline of Unseating Prevention Cable/Belt/Chain/Stopper

5.1.2 Application Example

Belt type

Cable type

Chain type

Stopper type

(Source: Japan Bridge Association, NETIS, & Japan Bridge Bearing Association)
Figure 5.1.2-1 Application Example of Unseating Prevention Cable/Belt/Chain/Stopper
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5.2 Seat Extender

5.2.1 Outline

- Restrain fallina down of superstructures aaainst larae-scale earthquakes

—| Steel bracket type | —{ Concrete block type |
Extended seat length Extended seat length
— +—
»
5 5
Steel bracket e

‘Concrete block

- Easy and quick installation - Inefficient installation at higher locations
- Fabricated product; good quality - Structural reliability depends on construction quality
- Popular style - Not very popular for the above reasons

Figure 5.2.1-1 Outline of Seat Extender

5.2.2 Application Example

!  Connected with chain

~—_

Typical application of steel bracket Application of steel bracket with unseating prevention chain

Application of steel bracket with unseating prevention stopper
(Source: Japan Bridge Association & NETIS)

Figure 5.2.2-1 Application Example of Seat Extender
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CHAPTER 6 SEISMIC RETROFIT OF FOUNDATIONS

6.1 Additional Pile Foundation (Cast-in-place Concrete Pile; CCP)

6.1.1 Outline

- Improve the foundation stability of existing structures by additional piles
- Application of pile-driving machine under existing superstructure

. S 4.85m
- Required overhead clearance for construction: about 5.0m .

[Pile-driving machine] .,
Unit: (mm)

(Source: NETIS)
Figure 6.1.1-1 Outline of Additional Pile Foundation (Cast-in-place Concrete Pile)

6.1.2 Construction Steps
1. Installation of casing

2. Excavation using hammer glove Casing

""" Hammer glove 2.

| [
3. Installation of built-up rebar

R

11 Splice

: { (grip-connection type)

1

U .
4. Installation of tremie pipe "~ Built-up rebar

)

P

i : .......... Tremie p|pe 3
5. Concrete placement

Concrete
.placement

r= =y
| 1"

6. Removal of tremie pipe & casing___T'r-an’ie pipe
............. Casing

s

r-
I
1
1.

(Source: NETIS)
Figure 6.1.2-1 Construction Steps of Additional Pile Foundation (Cast-in-place Concrete Pile)



6.2 Additional Pile Foundation (Steel Pipe Pile; SPP)

6.2.1 Outline

- Improve the foundation stability of existing structures by additional piles
- Application of pile-driving machine under existing superstructure

- Required overhead clearance for construction: about 3.0-4.0m

[Pile-driving machine]

Pile

3.0m

Pile top

6.2.2 Construction Steps & Penetration Modes

| Construction Steps |

1. Setting of a pile
Steel pipe pile

Pile driving
machine

I

2. Pile driving
Steel pipe pile

I

L e e e

Pile-driving

3. Finishing pile-driving with pincer

1

-
I
I
1

-1

Pincer

Unit: (mm)
Type/ | GRAL1015 (SP6)/ | GRAL1520 (SP8)/
Power | 1500kN (153 ton) [2000kN (205 ton)
Stroke 700mm 800mm
1 4810mm 3620mm
2 2140mm 2280mm
3 2360mm 3170mm
4 3000mm 3620mm
5 1160mm 1560mm
6 300mm 470mm
7 POdegrees (side-side)[30degrees (side-side)
EU* | EU200 + EU300 EUS500
Weight| 28 ton (if ¢1000) [42.9 ton (if ¢1500)
() SPP ¢800-1000 SPP ¢1300-1500

*: Energy Unit
(Source: Japanese Association for Steel Pipe Piles)

Figure 6.2.1-1 Outline of Additional Pile Foundation (Steel Pipe Pile)

| Penetration Modes (Penetration Level 1-4) |

Leve-l. Standard Mode
(solo axial jacketing)

Leve-3. Super Crush Mode (Simultaneous Augering)

Bolder

?

F-———————————
1

Leve-2. Water

)

Augering

v
' Cioseup (underground)

Jetting Mode

Water

Press-in

Augering

Leve-4. Rock Coring with Gyro Piler

Press-in force

Gyro Piler

(Source: Japanese
Association for Steel
Pipe Piles)

Figure 6.2.2-1 Construction Steps of Additional Pile Foundation (Steel Pipe Pile)
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6.2.3 Comparison of SPP Penetration Modes

15mg\
i

X\

v, L] '\JFI PR

(L LR A A

L D,

(Source: Japanese Association for Steel Pipe Piles)

Figure 6.2.3-1 Comparison of SPP Penetration Modes (Pile Depth vs Ground Conditions)

6.3 Foundation Reinforcement for Piers in Water (Steel Pipe Sheet Pile; SPSP)

6.3.1 Outline

- Improve the foundation stability of existing structures by additional piles

- Application of pile-driving machine under existing superstructure without sheet piles

- Reauired overhead clearance for construction: about 3.0-4.0m

[Pile-driving machine (same as machines for SPP)]

Pile

3.0m

Pile top

6-3

Unit: (mm)
Type/ | GRAL1015 (SP6)/ | GRAL1520 (SP8)/
Power | 1500kN (153 ton) [2000kN (205 ton)
Stroke 700mm 800mm
1 4810mm
2 2140mm 2280mm
3 2360mm 3170mm
4 3000mm 3620mm
5 1160mm 1560mm
6 300mm 470mm
7  BOdegrees (side-side)[30degrees (side-side)
EU* | EU200 + EU300 EU500
Weight| 28 ton (if ¢1000) [42.9 ton (if ¢1500)
(0] SPP ¢800-1000 | SPP ¢1300-1500

*: Energy Unit
(Source: Japanese Association for Steel Pipe Piles)
Figure 6.3.1-1 Outline of Additional Pile Foundation (Steel Pipe Pile)




6.3.2 Construction Steps & SPSP Mechanism

| Construction Steps | r1 SPSP Mechanism f---------=---==---=----------oo-
1. Setting of a pile
Steel pipe sheet pile

Pile driving

machine ===SPSP (to be cut off at the pile

cap level after construction)

L e e e

Pile Pile
Water

2. Pile driving

Steel pipe sheet pile Inside of SPSP Cofferdam  Construction scene

W.L.

i 10m

' |11 Pile-driving

' | i (press-in)

B r--Type of Joint ------------------oooomoooo g
3. Finishing pile-driving with pincer ! i |

Pincer | :

== | - !

| 1 ] '

1 1 : 1

1 1 1 :

1 1 1 \

Pom—| !

Figure 6.3.2-1 Construction Steps of Additional Pile Foundation (Steel Pipe Pile)



CHAPTER 7 SOIL/GROUND IMPROVEMENT

7.1 Soil/Ground Improvement for Liquefaction Prevention

7.1.1 Outline
[Soil Improvement for Piers]

Seismic force
+—>

Unstable

| v Settlement
i Downdrag{ | |}

. Force I

_________________________________

Seispic force
v Settlement
Unstable

_________________________________

Seismic force

Seismic No settl S%able |
: o settlemen |
retrofit v Settlement !
}| Soil { Downdrag :
|[EreaprovEment | Force(blocked) !

Seismic force i

No settlement v Settlement !

SeismiC Stable i

retrofit |

: Lateral spreading :

_Son <— (blocked) !

improvement |

Figure 7.1.1-1 Outline of Soil/Ground Improvement for Liquefaction Prevention

7.1.2 Type of Soil Improvement for Liquefaction Prevention

| Sand Compaction/Densification |

Step-1 Step-2  Step-3  Step-4
Rod
Sand
Sand Pile
Pile ¢700
Sand Solidification
Step-1 Step-2  Step-3 Step-4
Rod
Sand
sand Pile
Pile 91000

Soil —» »

particle
Loose sand Well compacted sand
. . . Solidified material
Soil particle Void (cement etc.)

?

| Sand Piles for Drainage Promotion

Sand pile for drainagi

Step-1 Step-2  Step-3 Step-4
Rod
Sand
Pile
Sand  ¢400-500
Pile

ESESES)
= = | = | = =
Sand layer » T::T::T::T
== e o) e >

|L”E/J\ A\/ " Water flow

(Source: OCAJI)

Figure 7.1.2-1 Outline of Soil/Ground Improvement for Liquefaction Prevention
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7.1.3 Recommended Machine Size for Construction under Limited Space

40m
30m
Under limited
20m space
10m
Om
Applicability
Compaction/ | SCP ‘
Densification | SAVE @« & &—0 S SR N =
Method SAVE-SP @+——@—@—@ |
VF ! |
@¢—0 I
Solidification | I
Method DM-M ." ________ '()' """"" "() : :
DM-J Q----------- O O-------- D---r >.<—>. :
Drainage Recorrémended size under
Method GD “ """"""" >0 limited space
SCP: Vibratory Sand Compaction Pile Method @ Typical OApplicable

SAVE: SP: Silent, Advanced Vibration-Erasing (Non-vibratory Sand
Compaction Pile) Method
SAVE-SP: Silent, Advanced Vibration-Erasing — Sand Press Method
VF: Vibro Floatation Method
DM-M: Mechanical Mixing Type Deep Mixing Method
DM-J: Jetting Type Deep Mixing Method

Figure 7.1.3-2 Application Example of Soil Improvement Method under Existing Structures
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(Source: Japanese Association for Steel Pipe Piles)
Figure 7.1.3-1 Relationship between Soil Improvement Type and Machine Size

(Source: OCAJI)




7.2 Soil/Ground Improvement for Earth Pressure Reduction

7.2.1 Outline

Seismic force
+—>

-

Seismic force
+—>

arth pressure Seismic

retrofit

)

Earth pressure

Stable (blocked)

Soil improvement

Figure 7.2.1-1 Outline of Soil/Ground Improvement against Liquefaction

7.2.2 Type of Soil Improvement for Earth Pressure Reduction

[ Sand Solidification |

Step-1 Step-2  Step-3 Step-4
Rod
Sand
Sand Pile
Pile  ©1000

Soil particle

Solidified material

(cement etc.)

Void

(Source: OCAJI)

7.2.3 Type of Soil Improvement for Earth Pressure Reduction

30m
20m
Earth”bressure caused by construction
10m machine weight (small)
Om
_ Applicability _
Solidification DM-M ", ___________ .@_ __________ »0
Method e IS P
DM-J Q- --mmmmm oo Drmm oo oo Q- @ ------ r@+——>Q |

.Typic:al OAppIicabie

Recommended size under limited space
(Source: OCAJI)

Figure 7.2.3-1 Relationship between Soil Improvement Type and Machine Size
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APPENDIX 1-D

COMPARISON OF SEISMIC DESIGN
SPECIFICATIONS
(JRA, AASHTO AND NSCP/DPWH)






(1) COMPARISON TABLE OF BRIDGE
SEISMIC DESIGN SPECIFICATIONS
BETWEEN JRA AND AASHTO LRFD
BRIDGE DESIGN SPECIFICATIONS

(6TH Ed., 2012)






T-(T)a-T Xipueddy

The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items JRA (Part V; English Version, 2002) AASHTO LRFD Bridge Design Specifications (6 Edition, 2012)
1. Fundamentals | (1) It shall be ensured that the seismic performance according to the levels of design earthquake motion and the | (1) Bridges shall be designed for specified limit states to achieve the objectives of constructability, safety, and
%feigzm'c importance of a bridge. serviceability, with due regard to issues of inspectability, economy, and aesthetics.

(2) It is desirable to adopt a multi-span continuous structure, the type of which bearing supports is to be a
horizontal force distributed structure.

(3) It is generally better for a bridge with tall piers built in a mountainous region to resist seismic horizontal
forces by abutments rather than piers if the ground conditions at the abutments are sufficiently sound.(The
seismic performance of the whole bridge should be considered, and proper bearing supports in view of
bridge structural conditions and ground bearing properties should be selected.)

(4) On reclaimed land or alluvial ground where ground deformation such as sliding of a soft cohesive clayey
layer, liquefaction of sandy layer and liquefaction-induced ground flow may happen, a foundation with high
horizontal stiffness should be designed, and a structural system such as multi-fixed-point type and rigid
frame type, which has many contact points between the superstructure and substructure, should be selected.

(5) A seismically-isolated bridge should be adopted for a multi-span short-period continuous bridge on stiff
ground conditions.

(6) For a strong earthquake motion, a proper structural system shall be designed by clarifying structural
members with nonlinear behavior and those basically remaining in elastic states.

(7) A structure greatly affected by geometrical nonlinearity or a structure having extensive eccentricity of dead
loads, which have tends to become unstable during a strong earthquake motion, shall not be adopted.

(8) When ground conditions or structural conditions on a pier change remarkably, whether a case of two girder
ends or that of a continuous girder is more advantageous is carefully examined.

(2) Each component and connection shall satisfy Eq. 1-1 for each limit state, unless otherwise specified. For
service and extreme event limit states, resistance factors shall be taken as 1.0

InmiQi < oRn = R¢ (1-1)

where:  Q = force effect
n = load modifier/factor relating to ductility, redundancy and operational classification
R, = minimal resistance

¢oR,= factored resistance

(3) The extreme event limit state shall be taken to ensure the structural survival of a bridge during a major
earthquake.

(4) The structural system of a bridge shall be proportioned and detailed to ensure the development of significant
and visible inelastic deformations at the strength and extreme event limit states before failure. Energy
dissipating devices may be substituted for conventional ductile earthquake resisting systems.

In order to achieve adequate inelastic behavior, the system should have sufficient number of ductile members

and either:
. Joints and connections that are also ductile and can provide energy dissipation without loss of
capacity; or

. Joints and connections that have sufficient excess strength so as to assure that the inelastic response
occurs at the locations designed to provide ductile, energy absorbing response.
(5) Multiple-load-path and continuous structures should be used unless there are compelling reasons not to use
them.
(6) The possibility of partial live load with earthquakes, especially in urban areas, should be considered.
Application of Turkstra’s rule for combining uncorrelated loads indicates that a factor of 0.5 is reasonable for
a wide range of values of average daily truck traffic (ADTT).

2. Principles of
Seismic
Design

(1) Seismic Performance of Bridges

(1) For seismic design considerations, AASHTO focuses on the “Extreme Event Load Combination I” which is an
extreme event limit state that must ensure the structural survival of a bridge during a major earthquake.

*: “-*: Not covered

Seismic _— . - Seismic Reparability Design
- Seismic Serviceability P Y g @ Performance Le\{e_l . . .
Seismic Performance Safgty Design Emergerpy Permangr_ﬂ There is no specific performance level in AASHTO, however, in terms of earthquake effects “Bridges shall be
__ Design Reparability Reparability designed to have a low probability of collapse but may suffer significant damage and disruption to service
Seismic_Performance | prevent To ensure the normal | - repair work is ) when subject to earthquake ground motions that have a seven percent probability of exceedance in 75 years.
Level 1 . functions of bridges Only easy repair . P
- girders from e . 2" | needed to recover Partial or complete replacement may be required”.
Keeping the sound B (within elastic limit - works are needed
. . unseating the functions
functions of bridges states) - —
Barthquake Bridge Types Serviceability Performance Safety Performance
P . Capable of . Level
Seismic Performance Capable of recovering recovering Capable of easily Small/Moderate | COnventional and « Should resist earthquakes within the elastic range of | « No significant
Level 2 Same as | functions within a functions b undertaking regular bridge types the st_ructural components i i damage
Limited damages and | above short period after the Y| permanent  repair + Required to be open to all traffic once inspected after | «  May suffer damage
emergency  repair - . seismic event and usable by emergency vehicles for but with low
recovery event works works Critical bridges security, defense, economic or secondary life safety probability of
Seismic_Perf purposes immediately after the seismic event collapse.
elsmic_Performance « Should, as a minimum, be open to emergency vehicles
Level 3 Ssme as - * - - Large/Major Essential brid and for security, defense, or economic purposes after
N— above ssential bridges the seismic event and open to all traffic within days
No critical damages
after that event.

Conventional/ regular | «
bridge and less
important bridges

May suffer significant damage and disruption to
service
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The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items

JRA (Part V; English Version, 2002)

AASHTO LRFD Bridge Design Specifications (6" Edition, 2012)

(2) Relationship between Design Earthquake Ground Motions and Seismic Performance of Bridges

Levels of Earthquake Ground Motions Class A Bridges* \ Class B Bridges*

Level 1: Highly probable during the bridge

service life

Type I: An Plate Boundary Type
Earthquake with a Large
Magnitude

Type Il: An Inland Direct Strike
Type Earthquake

Seismic Performance Level 1 is required

Seismic Performance Level 2
is required

Seismic  Performance

Level 2 Level 3 is required

*: Class A Bridges: Standard Importance; Class B Bridges: High Importance (Class A and B are classified
according to such importance factors as road class, bridge functions and structural characteristics.)
When bridge importance is classified in view of roles expected in the regional disaster prevention plan and road
serviceability, the following should be considered.
(a) To what extent a bridge is necessitated for post-event rescue and recovery activities as emergency
transportation routes.
(b) To what extent damages to bridges (such as double-deck bridges and overbridges) affect other structures
and facilities.
(c) Present traffic volume of the bridge and availability of substitute in case of the bridges losing pre-event
functions.
(d) Difficulty (duration and cost) in recovering bridge function after the event.

3. Loads to be
considered in
Seismic
Design

(1) Loads and their Combinations
(a) Primary Loads: Dead load (D), Pre-stress force (PS), Effect of creep of concrete (CR), Effect of drying
shrinkage of concrete (SH), Earth pressure (E), Hydraulic pressure (HP), Buoyancy or Uplift (U)
(b) Secondary loads: Effects of earthquake (EQ)
(c) Combination of loads: Primary loads + Effects of earthquake (EQ)
(d) Loads and their combinations shall be determined in such manners that they cause the most adverse stress,
displacements and effects.
(2) Effects of Earthquake (EQ)
(a) Inertia force, (b) Earth pressure during an earthquake, (c) Hydrodynamic pressure during an earthquake, (d)
Effects of liquefaction and liquefaction-induced ground flow, (¢) Ground displacement during an earthquake

(1) Loads and Load Combinations
(a) Permanent Loads: Dead load of structural components and non-structural attachments (DC), Dead load of
wearing surfaces (DW), Down drag (DD), Horizontal earth pressure load (EH), Earth surcharge (ES), Vertical
pressure from dead load of earth fill (EV) Secondary force from post-tensioning (PS), Miscellaneous lock-in
force due to construction process (EL), Force effects due to shrinkage (SH), Force due to creep (CR).
(b) Transient Loads: Vehicular live load (LL), Water load and stream pressure (WA), Friction load (FR)
(c) Earthquake Load (EQ)
(d) Combination of Loads: Permanent Loads + Transient Loads + Earthquake Load
(e)The load factors shall be selected to produce the total extreme factored force effects. Both positive and
negative extremes shall be investigated. In load combinations where one force effect decreases another effect,
the minimum value shall be applied to the load reducing the force effect.

(2) Effects of Earthquake (EQ)
(a) Bridge inertia effect, (b) Earth pressure during and earthquake, (c) Hydrodynamic pressure during an
earthquake, (d) Live load inertia effect, (e) Potential for soil liquefaction, (f) Potential for slope movement
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4. Design (1) The general procedure to develop the design spectrum (Figure 4-1) is to use the peak ground acceleration
E?:;Src]]gake S = Cz*Cp*Sy (S: ARS for Level IEGM, SO: SARS (Fig.4-1)) coefficient (PGA) and the short and long period spectral acceleration coefficients (Ss and S;) based on the
" I Sl = C,*Cp*Sy (SI: Type | ARS for Level 2 EGM, SI0:SARS f e o
Motions for - ?FigD 4_2'53)( yp maps prepared in the specifications.
= .
Levelland |15 &, SI = C;*Co*Syp (SII: Type 1l ARS for Level 2 EGM, SII0: _ _ o _
Level 2 £ SARS(Fig.4-2)) The five-percent-damped-design response spectrum shall be taken as specified in Figure 4-1. This spectrum
= = h=0.05 (5% ) ) . . . .
8 3 L ( __) (SARS= Standard Acceleration Response Spectra, ARS= Acceleration shall be calculated using the mapped peak ground acceleration coefficients and the spectral acceleration
Q = i . . . . .
Iat Response Spectra, EGM = Earthquake Ground Mtion) coefficients scaled by zero- short-, and long-period site factors, Fygs, Fa and F, respectively.
g8 " — Co: Modification factor for d tio (h) of structures (Fig.4-3 n
88 e p— ! »: Modification factor for damping ratio (h) of structures (Fig.4-3)
3 § 1] 5 . Typellground | 1 Cz: Modification factor for zones (Fig.4-4)
@ & ) - Typellground )
T —or s ssar s 2 vAvhere.: eak seismic ground acceleration coefficient
Natural Period (Ts) of Structures s peax ¢ g A
i = modified by short-period site factor
Standard Acceleration Response Spectra So e Faa = site factor at zero-period on acceleration
Fig.4-1 Level 1 Earthquake Ground Motion SZLs response spectrum . .
T 5 L5 PGA = peak seismic ground acceleration coefficient on
3000 — T T % 8 Co=Torr1 T rock _
: 5 gk Sps = horizontal response spectral acceleration
2000 5 coefficient at 0.2-s period modified by
= " E short-period site factor
L 1000 E 8 F, = site factor for short-period range of
c P 00 g 0.5k acceleration response spectrum
2 % 500 = Sy = horizontal response spectral acceleration
£ s coefficient at 0.2-s period on rock
g g 300 o . L L Cen = elastic seismic response coefficient for the mt
z % 200 0.0 01 0.2 0.3 0.4 0.5 Spr = hmoor?zeo?]{a\{lbr?g:pnonse spectral  acceleration
5 Damping Ratio (h) of Struct oL =
§ ;)‘) i - - _amp_mg atio (h) of Structures - coefficient at 1.0-s period modified by
o r— Fig.4-3 Modification Factor (CD) for Damping long-period site factor
S ok Type T ground Ratio (h) of Structures F, = site factor for long-period range of acceleration
N Type 1l ground i response spectrum
N B T”?*T%“"?“‘ Si = horizontal response spectral acceleration
N S N I W I Figure 4-1 AASHTO Design Response Spectrum coefficient at 1.0-s period on rock
.1 0203 0507 1 z 3
Natural Period (Ts) of Structures
Standard Acceleration Response Spectra Sy (Type I) Zone Modification
000 — - - - — T Factor Cz . . . . . . . .
; A 10 . Each bridge is assigned to one of the four seismic zones in accordance with Table 4-1using the value of
= g %?75 Spy given by Equation 4-1.
g8
[=4 |2 . .
S = Table 4-1 Seismic Zones
© ©
k=1
% 5 Acceleration Coefficient, Sp; Seismic Zone
o
< £ Sp1<0.15 1
ER3
o
i3 o | 015 0500 2
5 8 Lo Zone C 0.30 < Sp; < 0.50 3
§ ———— Type I ground 0.50 < Spy 4
& "Ll - Type [ ground
1= Typelllground
N S I N I T Sp1=Fy Sy (4-1)
01 0.2 0.3 06507 1 2 3 il
standard A'\c‘is:er?;t?s:;‘is(?n:; gtt’cctt::gs Type 1) where: F, = site factor for long-period range of acceleration response spectrum
P P o {TYP S1 = horizontal response acceleration coefficient at 1.0s period on rock (Site Class B)

Fig 4-2 Level 2 Earthquake Ground Motions

Fig.4-4 Modification Factors for Zones, Cz
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5. Ground Type o (1) Site Class Definition
for Seismic ____ Table 5-1 Ground Types in Seismic Design Asite is classified as A through F in accordance with the site class definitions in Table 5-1.
Design Ground Type | Characteristic Value Descrintion
of Ground, T (s) P
Type | Ts<0.2 Good diluvial ground and rock Table 5-1 Site Class Definitions
Type Il 0.2<Ts<0.6 Diluvial and alluvial ground not belonging to Type | and Type Il e —
Type Il 0.6 <Tg Soft ground of alluvial ground Site :
Class Soll Type and Prodile
A Hurd mock with nyensored shear wave velosity, 7, > 5.000 s
H Rock with 2,500 fbsec < 7, < 5,000 f's
o c Woory dense woil asd soil ok with 1,200 ffses < K= 2,500 1is,
Te=4*Y Hi /1Vsi T = Characteristic value of ground (s) orwith cither ' = 30 blows/M, or 7, = 240 ksl
1= i —
Hi = Thickness of the i-th soil layer I» SAIAY soil with 600 fs < 7, < 1,200 Vs, or with either 15 < X < 50 blows'l,
Vsi = Average shear wave velocity of the i-th soil layer (m/s). If Vsi is not available, Vsi can be obtained from the or 0=, <20 ksl

following formula. = Temni e il e . . T r - .
Vsi =100 * Ni¥® (1 < Ni < 25): for cohesive soil layer (if N = 0, Vsi = 50 m/s; when N=25, V/si = 300m/s) ; Fob] o e, V<00 oo ok /5. ¢ 1) Mol i = L0 Jad ol ol i siaegy

Vsi = 80 * Ni® (1 < Ni < 50): for sandy soil layer (if N = 0, Vsi = 50 m/s; when N=50, V/si = 300m/s) I than 10 f UT_WL'IiIH:: J.i‘l'ﬁml s soll with = 30, w =40 pereent ﬂrh!. T_.. i S
Ni = Average N value of thei-th soil layer obtained from SPT F Sails reguiring sife-specilic cvaluntions, such as;
i = Number of the i-th layer from the ground surface when the ground is classified into “n” layers up to “the surface
of a base ground surface for seismic design” = Peals or highly arganic clays (/> 10 1l of peat or highly organie clay where [ = thickness af soil)
Note: “The surface of a base ground surface for seismic design” represents upper surface of a fully hard ground layer »  Very high plasticity clays (#f = 25 it wilh £ > 75)
that exists over a wide area in the construction site, and normally situated below a surface soil layer shaking ®  Very thick sofbmedium st¥ clays (=120 01}
with a ground motion during an earthquake. Where, the upper surface of a fully hard ground layer might be —
the upper sqrface of a highly_rigid soil layer V\_/ith a shear eIa_stic wave velocity of more than 300m/s (an N Exceplionss Where the sofl properiies arg nat known in saffisient detail 1o detenviine the site class, a site investigation
value of 25 in the cohesive soil layer and of 50 in the sandy soil layer) shall be underinken sulTicient o detenmine the site clns, Sive clasves E o F showhd mod be ssume:d weles (e
suthewity having jurisdiclion determines thal sile classes E or F could be peesent ol the slic or in theevent that
sile classes B or F are established by geobechnieal dala,
where:
If N value is not available, Ground types can be obtained following the flow chart shown in Fig 5-1. G
7 = gverage shear wave velocily for e upper 100 ff of the soil prafile
N = gverge Standard Penciration Test (SPT) blow count (blovwea/fl) (ASTM DM 586) for the upper 100 it of the
sapl |h||1i|;
L = gvempe undrined shear sirengih in ka (ASTM D2166 or ASTM D2830) For the wpper 100 1L ol the soil
HA = Alluvial Layer profile )
Thickness (m) ] = plasticity indes (ASTM DE318)

HD = Diluvial Layer w = modstune camtent (ASTM k22 16)

Thickness (m)

Yes

]7"1‘ype I grOundl |’['y|)el'l grouncll E‘ype[ﬂ ground

Fig.5-1 Flowchart for Determining Ground Types
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6. Procedure of
Seismic
Design

| Comparison Study on Bridge Types including Substructure Types |

v
| Selection of a Bridge Type |

4 Refer to Table 7-1

Complicated
Seismic Behavior
for Level 1 EGM

Seismic Coefficients and Inertia Forces Responses b?/ a Allowable
Dynamic Analysis Values
Calculation of Section Forces and Atr'é‘s’;"’ ae?g
Displacement by a Static Analysis !

v
| Verification of Level 1IEGM |

1

1

1

1

1

1

1

! A 4 A
: ‘Calculation of Design Horizontal Calculation of Calculation of
1

1

1

1

1

1

1

1

Verification of Seismic Performance for
Level 1Eathauake Ground Motion (EGM)

Figure 6-1 Seismic Design Procedure Flow Chart

( Omplicaw(f_ Refer to T$I:élse 7-1
Seismic Behavior
for Level 2 EGM

A4
Calculation of Allowable Values
(Ultimate Horizontal Strength,
Allowable Displacement, etc)

Calculation of

Design Horizontal No

Seismic Coefficients
and Inertia Forces

Considering Plastic or Yes

onlinear Behavior

A

A 4 A,

Calculation of Calculation of RC Columns, etc Abutment Foundations,
Section Forces and Responses b?/ a |—Q etc.

Displacement by a || Dynamic Analysis

Static Analysis |
T

| Verification of Level 2 EGM |

Ground Motion (EGM)

Verification of Seismic Performance for Level 2 Earthquake

| Design of Unseating Prevention System |

Figure 6-2 Seismic Detailing and Foundation Design Flow Chart
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7. Lirr_1it States of (1) Limit States of Bridges for Seismic Performance Level 1 (1) The Guide Specifications are intended to achieve minimal damage to bridges during moderate earthquake
Ea{éﬂgse:i?;:ic (a) The mechanical properties of the bridges including expansion joint are maintained within the elastic range. ground motions and to prevent collapse during rare earthquakes that results in high levels of ground shaking
Performance (b) Stress occurring in concrete of each structural member reaches its allowable stress multiplied by an increase at the bridge site.

Level factor of 1.5 for consideration of earthquake effects. (2) Bridges are designed to have life safety performance objective considering a seismic hazard corresponding to

(2) Limit State of Bridges for Seismic Performance Level 2 (Refer to table 7-1 and Fig. 7-1)

Table 7-1 Limit States of Each Member with Applicable Examples for Seismic
Performance Level 2 and Level 3 (Refer to Fig. 7-1 about Examples)

a seven percent probability of exceedance in 75 years. Life safety for the design event shall be taken to imply
that the bridge has low probability of collapse but may suffer significant damage and that significant
disruption to service is possible.

(3) The approach considers

“ductile substructure with essentially elastic superstructure”.

This includes

conventional plastic hinging in columns and walls and abutments that limits inertial forces by full

Members Consideriz e mobilization of passive soil resistance.
oy nem) I
Lomit States of Example-A Example-B Example-C Example-D Table 7-1 Limit States of Members for Performance Level
Sial;s tha:ﬂthc s I Members Limit States
i I — - - -
Piers Refer to note below | 1y corme as the teft Eﬁ;ﬂ:; could be | secondary plastic At the extreme event limit state, bearings which are designed to act as fuses or
eéﬁi::m;;:" behavior sustain irreparable damage may be permitted provided loss of span is
States that the mechanical ) prevgnt_ed. ) ) ) )
Abutments propertics comid be kep! The same a5 the left | Same as abave The same as the left Bearings For rigid bearings and deformable bearings, mechanical properties should be
States ensuring kept at elastic level
Bearing Support System | Same as above Same as above Same as above g;g‘r’p“:ig:‘;gﬁ'm smic For seismic isolation type bearing, reliable energy absorption mechanism
isolation bearings should be ensured.
States that the . . . . . .
States only allow H .
Superstructures Same a5 above States dary)’plasuc Same a5 abave mﬁ“g';ﬁ?; 5?&3:;? Piers Formation of plastic hinges are allowed without bridge collapse
behavior the elastic ranges Basically kept at the elastic range.
E;‘j;:;s;z:“""‘ States only allow Foundation When considering liquefaction induced effects, inelastic deformation is
Foundations States only allow secondary Same as above deformation or secondary plastic allowed.
plastic behavior damage to disturb behavior - - "
S — recovery works Footings Basically kept at elastic range.
Footings propertics could be kept The same as the left ;nt'.{c same as the The same as the left Abutments Basically kept at elastic range.
within the elastic ranges e - -
For piers with Superstructure Basically kept at elastic range.
sufficient strength

Application Examples

Deck bridges other than
Seismically-isolated bridges

Rigid-frame bridges

or cases with
unavoidable effects
of liguelaction

Seismicaliy-isclated
bridzes

Note: States within a range of easy functional recovering for Seismic Performance Level 2; States that horizontal strength of piers
start to get reduced rapidly for Seismic Performance Level 3.

Prlmary Plastic Behavior

Primary Plastic Behavior

K

Secondary Plastic Behavior

N dnth
Secondary Plastic Behavior

(a) Example A: Single Column Pier with Plastic Behavior (in longitudinal direction)
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!;.wr-g:m_.-r
P |
Primary Non-Linearity Primary Non-Linearity
Secondary Plastic Behavior Secondary Plastic Behavior
e I e B
BN AN ' N A1
Secondary Plastic Behavior Secondary Plastic Behavior
(b) Example D: Seismic Isolation Bearing with Consideration of Non-Linearity(in longitudinal direction)
Primary Plastic Behavior
Plastic Behavior
"™ Secondary
Plastic Behavior
(c) Example A: Single Column Pier with (d) Example C: Foundations with Plastic
Plastic Behavior (in Transverse direction) Behavior (Pier Wall, in Transverse direction)
~.Secondary )
Plastic Behavior
. wvior
Primary Plastic Behavior
(e) Example B: Plasticity in Piers and Superstructures (Rigid-Frame Bridges in Transverse direction)
Fig. 7-1 Limit States of Each Member with Applicable Examples for Seismic Performance Level 2 and Level 3

8. Design The bridge types and design methods applicable to seismic performance verification is summarized in Table 3. (1) 1t should be demonstrated that a clear, straightforward load path to the substructure exists and that all

Method . . . . . . - . components and connections are capable of resisting the imposed load effects consistent with the chosen

Applicable for | > Although dynamic analysis methods can be applied to bridges without complicated seismic behavior, it is load paths. A viable load path shall be established to transmit lateral loads to the foundation based on the

Seismic recommended to use static analysis methods because the verification in accordance with static method is stiffness characteristics of the deck, diaphragms, cross-frames, and lateral bracing.

Performance generally feasible for these bridges. ) ) o ) ) (2) The selection of the method of analysis depends on seismic zone, regularity, and operational classification

Verification »  Since the seismic behavior of bridges with predominant first mode of vibration and plural plastic behavior

or bridges in which investigation on application of Energy Conservation Principle remains unclear may
become complicated due to plasticity of members, their Seismic Performance Level 1should be verified by
the static analysis methods but Seismic Performance Level 2 or Level 3 be verified by dynamic methods.

of the bridge. Minimum analysis requirements for seismic effects are specified in Table 8-1, in which:
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Table 8-1 Minimum Analysis Requirements for Seismic Effects

Table 8-1 Relationship between Complexities of Seismic Behavior and Design Methods Applicable for Seismic Single Span Multi-span Bridges
Seismic Performance Verification Zone Bridges Other Bridges Essential Bridges Critical Bridges
raDymamic [ Bridges without | Bridges with plastic behavior & | Bridges of | Bridges nol applicable of the regular | irregular | regular | irregular | regular | irregular
of bridges | complicated yielded sections, and bridges | likely Static Analysis Methods 1 No detailed * * * * * *
seismic not applicable of the Energy | importance 2 2ei§r:ilce SM/UL SM SM/UL MM MM MM
Scismic behavior Conservation Principle of higher Ivsi
Performance 3 analysis SM/UL MM MM MM MM TH
to be verified modes required
Seismic Static analysis Static analysis Dynamic Dynamic analysis 4 SMIUL MM MM MM TH TH
Performance analysis o ) .
Level 1 * = no seismic analysis required
Seismic Static analysis Dynamic analysis Dynamic Dynamic analysis glbl ; lsjir;]g?;_n:nL%aed;!;stﬂ:cr;n:tthho%d
r‘e’ft"mazn“& analysis MM = multi-mode elastic method
eve TH = time history method
Level 3
Examples of | Other than | -Bridges with rubber bearings Bridges | - Cable-type bridges such as (3) The requirements to satisfy as regular bridges are given in Table 8-2, otherwise it shall be taken as
applicable bridges shown | to disperse seismic horizontal | with long | cable-stayed bridges  and “irregular” bridges.
bridges in the right | forces natural suspension bridges . .
columns -Seismically-isolated bridges periods -Deck-type & half through-type Table 8-2 Regular Bridge Requirements
+Rigid-frame bridges Bridges | arch bridges Parameter Value
- Bridges with steel piers likely | with high | -Curved bridges Number of Spans 2 3 4 5 6
to generate plasticity TS Maximum subtended angle for a curved bridge 90° 90° 90° 90° 90°
Maximum span length ratio from span to span 3 2 2 15 15
Maximum bent/pier stiffness ratio from span to span, ) 4 4 3 2
excluding abutment
9. Calculation of | (1) Natural periods shall be appropriately calculated with considering of the effects of deformations of structural | (1) Natural period calculation by Single Mode Spectral
Natural Period members and foundations. Method e,
(2) Natural Period of the Design Vibration Unit (s) (T (s)) ; ) Vs - y
. — The single-mode method of spectral analysis shall be based - ——— Vs(x)
T=201% 5 -mmememememeeee ©-1) on the fundamental mode of vibration in either the >
where, & can be calculated as follows. longitudinal or transverse direction. For regular bridges, the Pttt T Py

(a) in case of a design vibration unit consisting of substructure and its supporting superstructure part as shown

in Fig. 9-1
Position at which the
J— lnmlﬂwiiﬁi;}f‘g: Position at which the
Wy == X il inertiat force of the
superstructure acts
S 'Y
e "
= =
Ground surface =
0 be
consideredin | | |
0.8W> l— —l = seismic design T =

(a) Transverse Direction (b) Longitudinal Direction

Fig. 9-1 Calculation Model of Natural Period for A Design Vibration Unit Consisting of One Substructure and
its Supporting Superstructure Part

fundamental modes of vibration in the horizontal plane
coincide with the longitudinal and transverse axes of the
bridge structure. This mode shape may be found by applying
a uniform horizontal load to the structure and calculating the
corresponding deformed shape. The natural period may be
calculated by equating the maximum potential and kinetic
energies associated with the fundamental mode shape. The
amplitude of the displaced shape may be found from the
elastic seismic response coefficient, Cg,, and the
corresponding spectral displacement. This amplitude shall be
used to determine force effects.

PLAN VIEW, TRANSVERSE LOADING

X

Ve(x) b
9 %

— e e e

ELEVATION VIEW, LONGITUDINAL LOADING

Figure 9-1 Bridge Deck Subjected to Assumed
Transverse and Longitudinal Loading

. Calculate the static displacement v¢(x) due to an assumed uniform loading p, as shown in Figure 9-1.

. Calculate factors a and g as:
a = Jvg(x)dx (9-1)

v = WOV ()l (9-2)
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G = Gpt 8 Bghg oot (9-2)

where

§p:  Bending deformation of substructure body (m}

By Lateral displacement of foundation (in)

By:  Rotation angle of foundation (rad)

hg: Height from the ground surface to be considered in seismic design to the height of

superstructural inertia force (m)
When the bady of the substructure has a uniform section, the bending deformation 6 can be
calculated by Eq (9-3).

W, h? L 0.8 Woh
3ET 8ET

Sp =

where

Wur Weight of the superstructure portion supported by the substructure body concerned (KN}

W, : Weight of the substructure body (kIN}

El: Bending stiffness of the substructure body specified in the explanations of (1} above
(kN - m7).

h:  Height from the bottom of the substructure body to the height of the superstructural inertia
force (m)

he:  height of the substructure body (m)

Where, 80 and 60 are calculated from Eq.(9-4) (Refer to
Fig.9-2).
Ground Surface to be
HyA,, —MA, [y considered in seismic
8o = A desi
AssArr _AsrArs e M SHEN
_________ (9-4). = ST
9 — _HUAG—'_MOASS
P AuA,—AlAs
&
ki I3
Hy, = W,+0.8( W+ W.) Cr
, A . fy
M, = w,,.aﬁo_aw,,(?mr)w.smr?
-~ \3;
Where, 80 and 60 are calculated from Eq. (9-4) (Refer to

Fig.9-2). Arr, Asr, Ars and Ass are spring constants (kN/m,
kN/rad, kNm/m, kNm/rad) and calculated from the
following formula according to the foundation types.

Fig. 9-2 Load and Displacement at Ground
Surface for Seismic Design

where:

Po a uniform load arbitrarily set equal to 1.0 (N/mm)

vs(x) = deformation corresponding to p, (mm)

w(x) = nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

. Calculate the period of the bridge as:

Tp=2n | —— (©-3)
Pogo

where: g = acceleration of gravity (m/sec?)

(2) Natural period calculation by Uniform Load Method

The uniform load method shall be based on the fundamental mode of vibration in either the longitudinal or
transverse direction of the base structure. The period of this mode of vibration shall be taken as that of an
equivalent single-mass oscillator. The stiffness of this equivalent spring shall be calculated using the maximum
displacement that occurs when an arbitrary uniform lateral load is applied to the bridge. The elastic seismic
response coefficient, Cqy, shall be used to calculate the equivalent uniform seismic load from which force effects
are found.

This method is essentially an equivalent static method of analysis that uses the uniform lateral load to approximate
the effect of seismic loads. This method is suitable for regular bridges that respond principally in their fundamental
mode of vibration. Whereas all displacements and most member forces are calculated with good accuracy, the
method is known to overestimate the transverse shears at the abutments by up to 100 percent.

. Calculate the static displacement vy(x) due to an assumed uniform loading p, as shown in Figure 9-1. The
uniform load p, is applied over the length of the bridge; it has units of force per unit length and may be
arbitrarily set equal to 1.0. The static displacement v(x) has unit of length.

. Calculate the bridge lateral stiffness, K, and the total weight, W, from the following expressions:

_ Pl
K= -
Vsmax (©-4)
W = fw(x)dx (9-5)
where:
L = total length of the bridge (mm)

Vemax = Mmaximum value of vy(x) (mm)
w(x) nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

The weight should take into account structural elements and other relevant loads including, but not limited to, pier
caps, abutments, columns and footings. Other loads, such as live loads may be included.
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)] Spread foundation (@ Pile foundation with only vertical piles arranged symmetrically
_ A =nk,
Ass - Jk.‘jr.‘J'AB = !
— _ A=A . =—nK, | --------- (9-6)
A= p 20 s A=kt £ o
= Yi
A, = kyly TS,
where
kep: Coefficient of shear subgrade reaction in horizontal direction at the bottom of foundation (kN/m®)

ky: Coefficient of subgrade reaction in vertical direction at the bottom of foundation (kM/m™)
n: Total number of piles
yi: ¥ coordinate of the pile head of i-th pile (m)

K, Kz K5 Kyt Spring constants (kN/m, kN/rad, KIN'm/m, kN'm/rad) of the piles in the perpendicular direction
1o the pile axis in case of rigid connection at pile head

Kyp: Spring constant (kN/m) of the piles in the direction of the pile axis

Concrete calculation methods of K1, K2, K3, K4 and Kvp are provided in Part V. With the coefficients of
subgrade reaction for seismic design as shown in Eq. (9-7) and (9-8), K1, K2, K3, K4 and Kvp .can be obtained.

Kno =1/0.3 * Ep Kyw=103*Ep ---------- (9-8)

where,
Kno, Kvo = Reference values of the coefficient of subgrade reaction in horizontal direction and in vertical
direction, respectively (kN/m®) (for Level 1 and 2 EGMs)
Epb =2*(1+vp)* Gp (Ep: Dynamic modulus of deformation of the ground (kN/m?))

) = Dynamic Poisson’s ratio of the ground

Gp  =7t/g * Vs (Gp: Dynamic shear deformation modulus of the ground (kN/m?))
yt = Unit weight of the ground (kN/m?)

g = Acceleration of gravity (9.8 m/s?)

Vsp = Shear elastic wave velocity of the ground (m/s)

Vspi = CV * Vsi (Vgpi: the average shear elastic wave velocity of the i-th layer)

Cy  =0.8(Vsi<300mis), 1.0 (Vsi > 300 m/s) (CV: Modification factor based on degree of ground strain)
Vsi  =the average shear elastic wave velocity of thei-th soil layer described in Item 5 (m/s)

(b) in case of a design vibration unit consisting of multiple substructures and their supporting superstructure part

as shown in Fig. 9-3.

s
. P - rf g 'ﬁ"‘-s‘
"L“'_il {F) Qg @ 4‘(‘:;.'}}_]'}1 .i’: X i -;IJFIJ ;
i A— - [IET g 1 e B ﬂ
' i
N ’ (b) Transverse Direction
(a) Profile of the Bridge wis) s ;
Fig. 9-3 Calculation Model of Natural Period for a Design .'I '-'
Vibration Unit Consisting of Multiple Structures and ¢ '
their Supporting Superstructure Part (c) Longitudinal Direction

. Calculate the period of the bridge, T, using the expression:

w
Tn=2r | —— 9-6
" K (9-6)

where: g = acceleration of gravity (m/sec?)

(3) Natural Frequencies
For the elastic dynamic response analysis, all relevant damped modes and frequencies shall be considered.
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Jw{s) u(s)* ds

()‘ =
jw(s) w(s) ds

S Xe)}

where,

w(s ) :Weight of the superstructure or the substructure at position s (kN/m)

u(s ) : Lateral displacement of each structure at position s in the direction of the inertia force
when a lateral force corresponding to the weight of the superstructure and that of the

substructure above the design ground surface act in the direction of the inertia force (m)
When a bridge is modeled into a discrete skeleton structure, the & can be obtained from Eq. (9-10).
2( WN.-Z)
5= _E:;Tm ............................................................... (9-10)

where
Wi Weight of superstructure and substructure at node i (kN)
ui: Displacement of node i occurred in the acting direction of inertia force when a force
correspending to the weight of the superstructure and the substructure above the ground
surface to be considered in seismic design is acted in the acting direction of inertia force (m)
¥ represents the sum of all design vibration units.

When calculated with eigenvalue analysis, .the natural period (T) can be obtained directly.

(c) Stiffness Applied to Calculation of Natural Period for Level 2 EGM

During verification of seismic performance for Level 2 EGM, the natural period shall be calculated based on the
yield stiffness. The yield stiffness refers to the secant stiffness Ky at yield point due to bending deformation of

the pier and is obtained at the ratio of the yield strength Py to the yield displacement 8y of the pier (Ky = Py/dy)
as shown in Fig. 9-4.

Ky=3*E*ly/h® —=> ly=Ky*h®/3E
Ely = yield stiffness
E = elastic modulus of pier, ly = moment of section
inertia at the yield point
h = the height of pier
______ (ly should be used for every calculation of the natural

3y period for verification of seismic performance for Level 2
Horizontal Displacement 5 at the top of Pier EGM)

Yield Point

Ky = Py/dy

Fig. 9-4 Stiffness Applied to Calculation of Natural Period for Level 2 EGM
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10. Design (1) Design horizontal coefficient (k) for Level 1 EGM shall be calculated by Eq. (10-1). No provision
Horizontal
Seismic Kn=Cz*Ky (20.1)  =rmmmmmmmmmsomomoososomoocosoooooooooooos (10-1)
Coefficient where,
for Level 1 Ko = Standard value of the design horizontal seismic coefficient for Level 1 EGM, which is shown
EGM in Fig 10-1.(Fig. 10-1 is obtained from the Figure for Level 1 EGM shown in Item 4 by
dividing S, by gravity acceleration)
Cz = Modification factor for zones shown in Item 4.
(2) Design horizontal coefficient (Kyg) at ground level can be obtained from Eq. (10-2), which is used for
calculation of inertia force due to soil weight and seismic earth pressure in verifying seismic performance for
Level 1 EGM.
Kng=Cz*Kngg ~ "ommmmmmmmmmmmsmmsssssmosoeooooooooos (10-2)
where,
Khgo = Standard value of the design horizontal seismic coefficient at ground surface level for Level 1
EGM
=0.16 for Ground Type 1, 0.2 for Ground Type Il and 0.24 for Ground Type IlI
(3) Though a single value of the design horizontal seismic coefficient shall generally be adopted within the same
design vibration unit, different design horizontal seismic coefficient for each pier are given in case that the
ground type changes within the same design vibration unit.
0.4 T T ] 11 T T T
2 0.430*T¥ ¢ 03 | i1L15s8 0.393*T% !
¥ 0.3 —— \_a.’” . SR
= I A N R N~ JE O R DN VA B
3 T T i T 2 213
'S -4 s D 02 i [N ~. 0.298*T
E 0.2 - — s e 2 :
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Lo> 0.427*T# _| E E E N \ -~ \_‘
L : \ HE - =
1= t ' [ -~
3 [ ' . n
@ : i . ~
2wt ' : —t 3
2 Tipe 1 groynd i
8 ~==aaTypell gmi‘md C 7
S 6.7 e = e Ty 111 priund 1ls I0.213*T,'2/3 B
[} - ~— X IR . ] i i
g .05 L [ 034s § i [N ! [ T
B 01 0.2 03 05 07 1 N 2 3 5
Natural Period of Structures T (s) 135
Fig. 10-1Standard Design Seismic Coefficient for Level 1 EGM
11.3esjgn " 1) (Dlelsizg)n horizontal seismic coefficients for Level 2 EGM (Type I and 1) shall be calculated by Eq. (11-1) and | (1) Equivalent static earthquake loading by Single-Mode Spectral Method
orizonta -2).
Seismic . . . .
Coefficient Kiei = Cs * Cz * Kineor > 0.3 * Cs 0r 0.4 * C; (11-1) The equivalent static earthquake loading pe(x) is calculated as:
for Level 2 Khen =Cs * C2 * Kyco > 0.6 *Cs0r 0.4 *C;, (11-2) ﬁC
EGM ) ) o - ) Pe(x) = TS w(x)vs(X) (11-1)
Kner and Kycy = Design horizontal seismic coefficient for Type | and 11 of Level 2 EGM, respectively. Y
Kncor and Ky = Standard design horizontal seismic coefficients for Type | and Type Il of Level 2 B )
EGM, respectively, which are shown in Fig 11-1 and Fig. 11-12. v = WOV (x)dx (11-2)

Cs = Force Reduction Factor related to the extent of ductility of a pier, which is specified in Item 12.

B = Jw(x)vs(x)dx (11-3)




£T-(T)Q-T Xipueddy

The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items

JRA (Part V; English Version, 2002)

AASHTO LRFD Bridge Design Specifications (6" Edition, 2012)

(2) Design horizontal coefficients at ground surface level can be obtained from Eq. (11-3) and (11-4) for Type |
and Il of Level 2 EGM

(11-3)
(11-4)

Khgi = Cz * Kigio
Kigit = Cz * Kigiio

Khgl and Khgll = Design horizontal seismic coefficients at ground surface for Type | and Il of Level
2 EGM, respectively.
Khgio and Kigiio = Standard horizontal seismic coefficient at ground surface level for Type | and Il of
Level 2 EGM, respectively.
Khgio = 0.3 for Ground Type I, 0.35 for Ground Type 1l and 0.40 for Ground Type IIl
Khgio = 0.80 for Ground Type 1, 0.70 for Ground Type Il and 0.60 for Ground Type 111

(3) The highest value of design horizontal seismic coefficient shall generally be used in each design vibration
unit.

T T T 7T T T T
I i | i

P 3 ¥ T

| LEVEL2 TYPE Il

1

S LevEL2TYRE [

t

[RESSN S— d

gn Horizontal Seismic Coefficient (Knciio)

Standard Dsgsiqn Horizontal Seismic Coefficient (Kncin)

gy~ T Ground Type 1 :
a || e Il \
; s ——- Ul
H H [5+]
1 T 1 S R T A 1 1 -gﬂ.l i L T E I NN N
0.1 0.2 0.3 05 1 23 5 & 0. 0.2 03 05 i 23 5
Natural Periods of Structures T (s) o Natural Periods of Structures T (s)
Fig. 11- 1 Relationship between Kycio and T (s) Fig. 11- 2 Relationship between Kycio and T (s)
Table 11-1 Relationship between Kycio and T (s) Table 11-2 Relationship between Ky and T (s)
Ground Type Velues of Kica in Terms of Narural Period T (s) Ground Type Values of iy in Terms of Natural Period T (5)
TE14 l4=T
Typel =02 by 04T6T" r<03 D3ST 07 07<T
el ko q=dd67 k=20 o= 1247
<ods II8ETS16 | 1.6<T L - o
Typell | k=083 b g=Lasr | T<04 048712 12<T
S | . | Type Il 3 _ s
T f - ko= 3227 k=175 k=237
| e 02957 =20 10eT 7205 SET=
Type 111 o =1 6,10 L Type Tl s 0. Lz‘ £1.5 1.5< T“m
i 0 kR0 L k= 2387 k=150 k= 2577

where:
pe(x) =

Vs(x) =
w(x) =
CSITI

the intensity of the equivalent static seismic loading applied to represent the primary mode of
vibration (N/mm)

deformation corresponding to p, (mm)

nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

the dimensionless elastic seismic response coefficient given by:

Cam = As + (Sps - As)(Tr/ To) (11-4)

in which:

As = FpgaPGA (11-5)

Sps = FaSs (11-6)

where:

PGA = peak ground acceleration coefficient on rock (Site Class B)

Ss = horizontal response spectral acceleration coefficient at 0.2-sec period on rock (Site Class
B)

Tn = period of vibration of m™ mode (sec)

T, = reference period used to define spectral shape = 0.2 Ts (sec)

Ts = corner period at which spectrum changes from being independent of period to being

inversely proportional to period = Sp;/Sps (sec)

For periods greater than or equal to T, and less than or equal to Ts, the elastic seismic response shall
be taken as:
Csm = Spbs (11-7)

For periods greater than Ts, the elastic seismic response coefficient shall be taken as:

Csn = Sp1/Tm (11-8)

in which:

Sp1 = FuS1 (11-9)

where:

S; = horizontal response spectral acceleration coefficient at 1.0-sec period on rock (Site Class B)

. Apply loading pe(x) to the structure and determine the resulting member force effects
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(2) Equivalent static earthquake loading by Uniform Load Method

The equivalent static earthquake loading p. is calculated from the expression:

CemW
Pe= — (11-10)
W = Jw(x)dx (11-11)
where:
Csm = the dimensionless elastic seismic response coefficient (refer to Item 1 above)
pe = equivalent uniform static seismic loading per unit length of bridge applied to represent the primary
mode of vibration (N/mm)
L = total length of the bridge (mm)

w(x) = nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

. Calculate the displacements and member forces for use in design either by applying pe to the structure and
performing a second static analysis or by scaling the results of the first step above the ratio pe/po.

12. Force (1) Force reduction factor shall be calculated by Eq. (12-1) for a structural system that can be modeled as a one | (1) Seismic design force effects for substructures and the connection between parts of structures shall be
Reduction degree-of freedom vibration system having a plastic force- displacement relation. determined by dividing the force effects resulting from elastic analysis by the appropriate response modification
Factor factor, R, as specified in Tables 12-1 and 12-2.

Cs=1N2%p, - 1 (12-1) ) e . o
. . (2) As an alternative to the use of R-factors, specified in Table 13-2 for connections, monolithic joints between
Cs = Force reduction factor (refer to Fig. 12-1) structural members and/or structures, such as column-to-footing connection, may be designed to transmit the
1a = Allowable ductility ratio. pa can be obtained by Eq. (12-2) for the case of a RC column. maximltJm force effects that can be developed by the inelastic hinging of the column or multicolumn bent the
connect.
pa =1+ (8u - dy)/a*dy (refer to Fig. 12-2) (12-2)

(3) If an inelastic time history method of analysis is used, the response modification factor, R, shall be taken as 1.0

for all substructure and connections.
Horizonial Farce P Table 12-1 Response Modification Factors — Substructures
e A . . Substructure — Operation C.ategory
P. : Elastic response horizontal force Critical Essential Other
P, :Yield horizontal force Wall-type piers — larger dimension 15 15 2.0
&p ¢ Elasto - plastic response horizontal displacement Reinforced concrete pile bents
8, @ Elastic response horizontal displacement o Vertical piles only 15 2.0 3.0
&, ' Yield horizontal displacement . With batter piles 15 1.5 2.0
\ . . Single columns 15 2.0 3.0
P \.\\ Eq. (12-1) can be obtained by assuming that the areas of AOAB Steel or composite steel and concrete pile bents
and [JOCDE are equal. o Vertical piles only 15 35 5.0
L8 4 «  With batter piles 15 2.0 3.0
":‘E:%:E:ié:??i ! _ ‘ Multiple column bents 15 35 5.0
::3:::::}:3::::::: g Yield horizontal displacement §
2 ¥ de 2 Table 12-2 Response Modification Factors — Connections
Fig. 12-1 Elasto-Plastic Response Displacement of a Pier Connection All Operational Categories
Superstructure to abutment 0.8
Expansion joints within a span of the superstructure 0.8
Columns, piers, or pile bents to cap beam or superstructure 1.0
Columns or piers to foundation 1.0
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Herizontal Force 7
A

pa: Ductility capacity of the RC column

Yo [ du: Ultimate displacement of the RC column
| 85" Yield displacement of the RC column

a: Safety factor shown in Table 12-1

_ Horizontal
= Displacement §

&, 8, 1,6, a,

(5“—-5!)/2!

8,~ 8,

Fig. 12-2 Simplified Relationship between Lateral Strength and Ductility Capacity for Flexural Failure

Table 12-1 Safety Factor of RC Column resulting in Flexural Failure

. Safety Factor o in Calculation of | Safety Factor e in Calculation of
Seismic Performance - . e .

> 10 be Verified Ductility Capacity for Type [ Ductility Capacity for Type 11
o] Earthquake Ground Motion Earthquake Ground Motion
3 Seismic 0 -
=1 Performance Level 2 ’ ’
> —
= Seismic 2.4 12
@) Performance Level 3
c
G 13. Evaluation of | (1) Failure mode of a RC column shall be evaluated by Eq. (13-1) (1) RC column shall satisfy Equation 13-1 for the Extreme Event Load Combination I.

Failure Mode

of RC InyiQi < ¢Ra=R: (13-1)

Column P.< P, : Flexural (or bending) failure here.

P.<P, = Py Shear failure after flexural yielding S SRR (18-1) '
. Yi . load factor; statistically based multiplier applied to force effects
Pao < Pu Shear failure [0} : resistance factor; statistically based multiplier applied to nominal resistance
i :load modifier; a factor relating to ductility, redundancy, and operational classification
Qi : force effect
Pu = Lateral strength of a RC column R, : nominal resistance
Ps = Shear strength of a RC column R, : factored resistance; ¢R,

Ps0 = Shear strength of a RC column calculated by the modification factor on the effects of repeated
alternative loads is equal to 1.0.

When inelastic hinging is invoked as a basis for seismic design, the force effects resulting from plastic hinging
at the top and bottom of the column shall be calculated after the preliminary design of the column has been
completed utilizing the modified design forces (using R factors) as seismic loads.

(2) Shear Failure

The shear mode of failure in a column or pile bent will probably result in a partial or total collapse of the
bridge; therefore, the design shear force must be calculated conservatively. In calculating the column or
pile bent shear force, consideration must be given to the potential locations of plastic hinges — such that the

smallest potential column length be used with the plastic moments to calculate the largest potential shear
force for design.
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14. Calculation

(2) Failure mode for a RC column can be judged following the flow shown in Fig. 13-1.

Modification factor on the effect of
repeated alternating loads
{0.6 (Seismic Motion Type I)

.=

A
Caleulation of the ultimate
strength P,

0.8(Seismic Motion Type II)
1

[ Caleulation of shear strength P,

Yes |

Caleulation of shear strength Pgg
assuming the modification factor
on the effect of repeated alternating
loads ¢. = 1.0

Yes
Shear failure after -
|Flexura1 fatlure flexural yie]djng Shear failure
P.=P, .
5 _6 Pa= u Ps:PSO
Sl u.=1.0 #=1.0
ad,
v
End

Fig. 13-1 Evaluation of Failure Mode for a RC Column

(3) Lateral Strength

The lateral strength of the pier corresponds to the total of inelastic hinging shear force demands at the top

and bottom of the pier column/s formed by the column overstrength moment resistance (taken as the
plastic moment).

of Lateral
Strength and
Displaceme
ntofaRC
Column

(1) Relationships between stress and strain of a reinforcing bar and concrete are shown in Fig. 14-1 (1) and Fig.

14-1 (2), respectively.

(2) RC column is divided into m segments along its height and the section of each segment is divided into n
elements in the acting direction of the inertia force as shown in Fig. 14-2. With these relationships, Pu, Py, du

and Jy at the height of the superstructure inertia force shown in Fig.14-3 can be obtained.

(1) Reinforcing steel is modeled with a stress-strain relationship that exhibits an initial elastic portion, a yield
plateau, and a strain-hardening range in which the stress increases with strain as shown in Figure 14-1. On the

other hand, the stress-strain model for confined and unconfined concrete is used to determine section response as
shown in Figure 14-2.
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Stress in a. reinforcing bar o, Stress
o | Gl e 0= 0, By (e~ E.)
2= Oy 0.80,, A T =,
0 O =E s :

st

bl !
[_ Oy Eer Eeu

(1) Stress and Strain of Reinforcing Bar (2) Stress and Strain of Concrete

Strain

Fig 14-1 Relationships between Stress and Strain of Reinforcing Bar and Concrete

Lateral force (P) (at the height of the superstructure inertia Lateral force P

Lateral displacement & (at the height

o U Py, 8u)
of the superstructure inertia force)

neutral axis
n
elements

m segments

o0& & E

Lateral Displacement &

Fig 14-2 Lateral Force (P) at the Acting Position of the Inertia

Fig 14-3 Calculated Relationship
Force and Displacement (8), and Division of Column

between Lateral Force (P)
and Displacement (3)
(3) Descriptions

Pc = Lateral strength at cracking, Py = Yielding lateral strength, P, = Lateral strength, 8, = Yield displacement,
du = Ultimate displacement (a single -column RC column)

(a) Premises

e Fiber strain is proportional to the distance from the neutral axis.

o Skeleton curve hetween horizontal force and horizontal displacement shall be expressed by an

A
ideal elasto-plastic model shown in Fig. 14-4. » ¥
(b) Equations % “
p=To+X) (14-1) s
h A = P
M, ) = i
P== 14:2) £ Y, : Initial yield limit stabe
M z Y : Yield limit state
S=gr=to T (14-3) U7 : Ultimnate limit state
¥o H i -
M .
Pea=t s (14-9) 8y 6 8,  Horizo
i ** ™ Horizontal Displacement &
Su=0yt (™ P Ly (h—Ly/ 2} oo (14-5)

Fig.14-4 ldeal Elasto-Plastic Model

Figure 14-1 Reinforcing Steel Stress-Strain Model Figure 14-2 Concrete Stress-Strain Model

(2) Figure 14-3 illustrates the design based on the expected behavior of the bridge system which is the ductile
substructure with essentially elastic superstructure. This system includes conventional plastic hinging in columns
and walls and abutments that limits inertial forces by full mobilization of passive soil resistance.

where:
Fp  : plastic force
Feq : elastic force
Ay :idealized yield displacement
Ay idealized yield displacement

Ap displacement demand
A : displacement capacity

(3) Assumptions for Strength and Extreme Event Limit States
Factored resistance of concrete components shall be based on
the conditions of equilibrium and strain compatibility, the
resistance factor, and the following assumptions:

. If concrete is unconfined, the maximum usable strain
at the extreme concrete compression fiber is not
greater than 0.003.

. If concrete is confined, a maximum usable strain
exceeding 0.003 in the confined core may be utilized
and verified. Calculation of the factored resistance
shall consider that the concrete cover may be lost at
strains compatible with those in the confined concrete
core.

. Except in strut-and-tie model, the stress in the reinforcement is based on a stress-strain curve
representative of the steel or an approved mathematical representation.

. Tensile strength of concrete is neglected.

. The concrete compressive stress-strain distribution is assumed to be rectangular, parabolic, or any other
shape that results in a prediction of strength in substantial agreement with test results.

. Balanced strain conditions exist at a cross-section when tension reinforcement reaches the strain
corresponding to its specified yield strength fy just as the concrete compression reaches its assumed
ultimate strain of 0.003.

Figure 14-3 Design based on ductile
substructure  with  essentially  elastic
superstructure
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(c) Description of Symbols
W Section modulus of a column with consideration of axial reinforcement at the column’s

bottom section (mm®)

a : Flexural tensile strength of concrete (N!mrn3) to be calculated by Eq. (14-1-1)
oy =0.23 crf‘,{. :

N+ Axial force acting on the column’s bottom section (N)

A : Sectional area of a column, with consideration of axial reinforcement at the column’s bottom
section (mmz)

% Height of superstructural inertial force from the bottom of column. (mm)

o, » Design strength of concrete (meml)

dyp: Horizontal displacement at the time of yielding of axial tensile reinforcing bars at  the

‘outermost edge of the column’s bottom section (called “initial yield displacement”

hereafter) (mm)

M, : Ultimate bending moment at the column’s bottom section  (N- mm)

Mo Bending moment at the time of yielding of axial tensile reinforcing bars at  the outermost
edge of the column’s bottom section (M. mm)

H : Height of superstructural inertial force from the bottom of column. {mm)

L,: Plastic hinge length (mm) calculated by Eq. (14-5-1)

L,=02h-0.1D

in which 0.1D = £, =0.5D

D Sectional depth (mm) (D shall be the diameter of a circular section, or the length of a

rectangular section in the analytical direction)
@,z Yield curvature at the column’s bottom section (1/mm)

&, : Ultimate curvature at the column’s bottom section (1/mm}

(d) Detailed Procedure to Obtain Mechanical Values Referring to Fig. 14-2, Fig. 14-5 and Fig. 14-6

M= WGy N Ay) oo m oo (14-6)
A B A (14-7)

M.: Bending moment at cracking (N-mm)

@, Curvature of cracking (1/mim)

Wi Sectional modulus of pier having considered the axial reinforcement in the i-th section
from the height of the superstructural inertia force (mm®).

Ow: Bending tensile strength of concrete (N/mm?®) to be calculated by Eq. (14-1-1)

Ni: Axial force due to the weights of superstructure and substructure acting on the i-th
section from the height of the superstructural inertia force (N).
A;: Sectional area of pier having considered the axial reinforcement in the i-th section from

the height of the superstructural inertia force (imm®)

Sections are compression-controlled when the net tensile strain in the extreme tension steel is equal to or
less than the compression-controlled limit at the time the concrete in compression reaches its assumed
strain limit of 0.003. The compression-controlled strain limit is the net tensile strain in the reinforcement,
at balanced strain conditions. For Grade 60 (476 MPa) reinforcement, and for all Prestressed
reinforcement, the compression-controlled strain limit may be set equal to 0.002.

Sections are tension-controlled when the net tensile strain in the extreme tension steel is equal to or greater
than 0.005 just as the concrete in compression reaches its assumed strain limit of 0.003. Sections with net
tensile strain in the extreme tension steel between the compression-controlled strain limit and 0.005
constitute a transition region between compression-controlled and tension-controlled sections.

The net tensile strain in
the extreme tension steel
is determined from a
linear strain distribution
at nominal strength using
similar triangles.

Figure 14-4 Strain Distribution and Net Tensile Strain

(4) Design Forces

Single Columns

Axial Force : determined using Extreme Event Load Combination | with the unreduced maximum
and minimum seismic axial load
Moment . taken as the column overstrength moment resistance using a resistance factor of ¢ of

1.3 for reinforced concrete column and 1.25 for structural steel columns with the
maximum elastic column axial load at Extreme Event Load Combination I.

. calculated based on the column overstrength moment resistance and the appropriate
column height.

Shear Force

Piers with Two or More Columns

Axial Force : maximum and minimum axial loads determined using Extreme Event Load
Combination | with the axial loads determined by iterating the demand plastic shear
from the column overstrength moment and the axial forces developed due
tooverturning.

Moment : taken as the column overstrength moment resistance, using a resistance factor of ¢ of

1.3 for reinforced concrete column and 1.25 for structural steel columns, corresponding
to the maximum compressive axial load above.
Shear Force : the shear force corresponding to the column overstrength moment resistances specified
above.

Column and Pile Bent
Axial Force : maximum and minimum design forces determined using Extreme Event Load
Combination | with either the elastic design values determined from the analysis of the
two perpendicular directions or the values corresponding to plastic hinging of the
column.

: modified design moments determined for Extreme Event Limit State Load
Combination I.

: the lesser of either the elastic design value determined for Extreme Event Limit State
Load Combination | with the seismic loads combined for the two perpendicular
directions and using an R factor of 1 for the column, or the value corresponding to
plastic hinging of the column.

Moment

Shear Force
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E. Young's modulus of concrete (N/mm®)

Moment of inertia of pier having considered the axial reinforcement in the i-th section

from height of the superstructural inertia force (mm")

gy, Design standard strength of concrete (N.‘mrnl)

n L
M; :}}_::Ia“- T dA + }g}l oy x 44 (14-8)
hi=t,/1p (14-9)
Ogjs T Stress of concrete and reinforcement within the j-th infinitesimal part {Nf’mmz)

AAg, AAy: Sectional area of concrete and reinforcement within the j-th infinitesimal part (mm?)

M;: Bending moment acting on the i-th section from the height of the superstructural inertia

force (N'mm)
¢;: Curvature of the i-th section from the height of the superstructural inertia force (I/mm}
xi  Distance from concrete or reinforcement in the j-th infinitesimal part to the centroid

position of section (mm)
E: Compressed edge sirain of concrete
xg: Distance from the compressed edge of concrete to the neutral axis (mm)
'5y0=f pydy

m

:‘_;I (@iyi+ iy ¥i ) Ay, /2 (14-10)
(M,
6= ( M, )¢w (14-11)
&8 a8 08 30 Er\r? E ;Ecu
o L
: . fn Bt Pur
o L]
L] L]
L] -
® @ 8 ¢ O 0 8 & E”
Initial yield Ultimate limit state Ultirnate himit state
limit state {Type I} (Type II)

Fig 14-5 Strain Distribution within Initial Yielding and Ultimate Limit

Figure 14-5 Development of Approximate Overstrength Curves
from Nominal Strength Curves after Gajer and Wagh (1994)
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Initial yield limit state  Ultimate limit state
Yield limit state {Type T)

X

Ultimate himit state

(Type 1)

Fig 14-6 Curvature Distribution in the Direction of Height
(e) Stress-Strain Relation of Concrete (refer to Fig. 14-1(2))
The stress-strain curve of concrete shall be determined by Eq. (14-12) based on Fig.14.1(2))

=1
Eé, 1~§[j} (0=e 25.)

o

o, =

(14_12)
oumFules) (e <e5e,)

E g
N2 e et e ae et ere s amen s e e e P e e (14_13)
Ecgc: = Oy
e 0.00240.033 2572 o (14-15)
T
o 2
Edv.-x =11.2 ok oot et eRE e N b S b A4 £A4 e bR SR bR E Ak 4d b A o R R L4 R §h i e b o o e e et et (14-16)
pﬁo—.‘y
€, (For Type I Earthguake Ground Motion)
g, = 0.2c s A
"o le, + E s (For Type IT Barthguake Ground Motion) (14-17)
des
44,
pe= (14-18)

o : Stress of concrete (N/mm®)

0. : Strength of concrete restrained by lateral confining reinforcement (N/mm®)
o - Design strength of concrete (N/mm?)

£ : Strain of concrete

£cc: Strain of concrete under the maximum compressive stress

£, : Ultimate strain of concrete restrained by lateral confining reinforcement
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E. :Young's modulus of concrete (N/mm’)

E.tes : Descending gradient (N/mm?)

ps:  Volume ratio of lateral confining reinforcement

A, @ Sectional area of each lateral confining reinforcement (mm?)

5 : Spacings of lateral confining reinforcement (mmy}

4 : Effective length (mm) of lateral confining reinforcement. It shall be the longest length of
core concrete divided and restrained by lateral hoop ties or cross ties (refer to Fig. 14-7)

oy Yield point of lateral confining reinforcement (N/mm?)

.3 Modification factor on section, ¢=1.0,f=1.0 for a circular section, and «= 0.2, p= 0.4 for
rectangular, hollow circular and hollow rectangular sections.

n A constant defined by Eq. (14-13)

| : - d“?’
v &
-
b T
= h =%
b
h o
™ b ¥
d Direction of x - axis * ¢= the largest of o, ~d}

| | Direction of y - axis : 4= the largest of o, ~d;

(a) Circular Section (b) Rectangular Section

Direction of % - axia © ¢= the largest of 4, ~d,

_ . . Direction of y— axis - d=df
Direction of x - axis *
d=thelargest of ¢, ~d.

Dircetion of y axis : (@) Semi-rectangular Section
d=the largest of o ~d,,

(c) Hollow Section

Fig. 14-7 Effective Length of Lateral Confining Reinforcement
(in Both Longitudinal and Transverse Direction to the Bridge Axis)
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15. Shear Shear strength shall be calculated by Eq. (15-1) The column shear strength capacity within the plastic hinge region is calculated on the basis of the nominal
Strength material strength properties and satisfies:
Structure)
S, =o.0.0 chd i T )
¢ eCelpit (15-2) (15-1) *In the end regions, V¢ is taken
Ao, d(sind +cosé) as specified in Equation 15-3
= L b AL B EE AR R ERed PR E A RRR LRRA TR Enme e Sae R (15_3) (15_2) provided that the minimum
1.15a factored axial compression
exceeds 0.10f"A,. For
Py: Shear strength (N) compression members less than
. . 0.10f’; Ay, Vc is taken to
S¢:  Shear strength resisted by concrete (N) 0.083 (15-3%) decrease linearly from the value
1. : Average shear stress that can be borne by concrete (_‘memz). Values in Table 15-1 shall be calculated by the Equation 15-3
to zero at zero compression
used. (15-4) force.
¢,: Modification factor on the effects of alternating cyclic loading. c. shall be taken as 0.6 for
Type | Earthquake Ground Motion and 0.8 for Type I1. )
¢.: Modification factor in relation to the effective height (d) of a pier section. Values in Table where: o
b, = effective web width taken as the minimum web
15-2 shall be used. width within the depth o, as determined in
(b) Effective Height of a rectangular Section (mm)
. i i i i ial tensile reinforcement ratio p,. Values in Table . R
¢n - Modification factor in relation to the axial tensile rei Pe d - effeciive shear depth as dotermined in
15-3 shall be used. (mm)
b: Width of a pier section perpendicular to the direction in calculating shear strength (mm) ) _
. e . s = spacing of stirrups (mim)
Effective height of a pier section parallel to the direction in calculating shear strength (mm)
pi: Axial tensile reinforcement ratio. It is the value obtained by dividing the total sectional B = factor indicating ability of diagonally cracked
L . te fto transmit tension
areas of the main reinforcement on the tension side of the neutral axis by bd (%). conerete 1o
&S Shear strength borne by hoop ties (N}
. . . . 2 g = angle of inclination of diagonal compressive stresses
A, Sectional area of hoop ties arranged with an interval of ¢ and an angle of © (mm”) )
a,:  Yield point of hoop ties (N/ mm?) A, = area of shear reinforcement within a distance s
¢ : Angle formed between hoop ties and the vertical axis (degree) (mm")

a ; Spacings of hoop ties (mm})

Table 15-1 Average Shear Stress of Concrete ¢ (N/mm?)

Design Compressive Strength of Concretegy, (NAnm?) 21 24 27 30 40

Average Shear Stress of Concreter, (N/mm©) 033 | 035 | 036 | 037 | 041

Table 15-2 Modification Factor Ce in Relation to Effective Height of a Pier Section

Effective Height {mm} Below 1000 3000 5000 Above 10000
Ce 1.0 0.7 0.6 0.5

A simplified procedure would be to take , otherwise refer to Section 5.8.3.4.

* dv need not be taken less than
the greater of 0.90de or 0.72h

Figure 15-1 bv and dv for a circular section




£2-(1)a-T xipueddy

The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items

JRA (Part V; English Version, 2002)

AASHTO LRFD Bridge Design Specifications (6" Edition, 2012)

Table 15-3 Modification Factor Cpt in Relation to Axial tensile Reinforcement Ratio Pt

Tensile Reinforcement
. 0.2 0.3 0.5 Above 1.0
Ratio (%)
Cie 0.9 1.0 1.2 1.5

Evaluation method of effective height (d) for each column section shape is shown in Fig. 15-1.

Effective height d

% Center of gravity of the
I ™ reinforcement of this portion

eec bl ]

(a) Effective Height (d) of a Rectangular Section

Effective height &

- b
Width & : 9

gl

Square section with the :r“
same sectienal area |

\ Center of gravity of the

reinforcement of this portion
by Width & = bi+ bs by

(b) Effective Effective height d (c) Effective Height _(d) and Width (b) of a
Height  (d) Rectangular Section
and Width (b)
of a Circular E.2” S Center of gravity of the
Section

reinforcement of this portion

Fig. 15-1 Effective Height (d) and Width (b) of Each Section Shape

16. Structural (1) Incase that generation of plastic deformation of the column is expected, lapping of axial reinforcements shall | (1) Splices
Details for not generally be placed within the plastic zone (refer to Fig 16-1). (a) Lap splices in the longitudinal direction is not allowed.
Improving (b) However, full-welded or full-mechanical connection splices may be used provided that not more than
Ductility (2) Arrangement of Hoop Ties alternate bars in each layer of longitudinal reinforcement are spliced at a section, and the distance between
Performance | (a) To use deformed bars of at least 13mm in splices of adjacent bars is greater than 600mm.
diameter, and the intervals shall not (c) The spacing of the transverse reinforcement over the length of the splice shall not exceed 100mm or

generally be greater than 150mm in the
plastic zone.

(b) To be arranged so as to enclose the axial
reinforcement and be fixed in to the
concrete inside a column with the length
below.

i) Semi-circular hook = 8® or 120mm
whichever is the greater.
ii) Acute angle hook = 100
iii) Rectangular angle hook = 12@ : .
(®: the diameter of the hoop tie) Fig. 16-1 Plastic Zone

(c) Lapping of hoop ties shall be staggered along the column height.

(d) To have a lap length of at least 40® in case that hoop ties are lapped at any place other than the corners of a
rectangular section (refer to Fig 16-2).

(Refer to Eq. (14-5-1))

one-quarter of the minimum member dimension.

(2) Transverse Reinforcement for Confining Plastic Hinges
(a) Transverse reinforcement for confinement of plastic hinges shall be:
- provided at the top and bottom of column over a length not less than the greatest of the maximum
cross-sectional column dimensions, one-sixth of the clear height of the column or 450mm.
- extended into the top and bottom connections
- provided at top of piles in pile bents over the same length as the columns
- provided within pile bents over a length extending from 3 times the maximum cross-sectional
dimension below the calculated point of moment fixity to a distance not less than the maximum
cross-sectional dimension or 450mm above the mud line
spaced not to exceed one- quarter of the minimum member dimension or 100mm center to center.
(b) At the expected plastic hinge region, core of columns and pile bents shall be confined by transverse
reinforcement.
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40¢ or longer

D

40d or longer

7

Hoop tie
Hoop tie

Rectangular angle/'
hook (12®: length)

¢ : Diameter of hoop tie

Intermediate tie Intermediate tie

Fig. 16-2 Anchorage of Hoop Ties with Rectangular Angle Hook

(3) Arrangement of Intermediate Ties
(2) To be of the same material and the same diameter as the hoop ties.
(b) To be arranged in both the directions of the long side and the short side of a column section.
(c) Intervals within a column section shall not be greater than one meter.
(d) To be arranged in all sections with hoop ties arranged.
(e) To be hooked up to the hoop ties arranged in the perimeter directions of the section.
() To be fixed into the concrete inside a column (refer to Fig. 16-2 and 16-3).
(9) To go through a column section, with use of a continuous reinforcing bar or a pair of reinforcing bars with
a joint within the column section.

Rectangular Section Intermediate tie

sl ¥ LD

Semi-rectangular Section

(c) Joint Types of Intermediate Ties

(d) Arrangement Types of Intermediate Ties

Fig. 16-3 Arrangement of Hoop Ties and Intermediate Ties According to Column Types

(c) For circular columns, the volumetric ratio of spiral or seismic hoop reinforcement, ps, is given by:

o 20122 (16-1)
I,
where:
J% = specified compressive strength of concrete at

28 days, unless another age is specified (MPa)

fr = yield strength of reinforcing bars (MPa)
(c) For rectangular column, the total gross sectional area Ag, of rectangular hoop shall be either:
fli
>030sh, 4o [ 22 1 (16-2)
4, A
or
4, 20125k L= (16-3)
i
where:
s = vertical spacing of hoops, not exceeding
100 mm (mm)
A. = arcaof colurnn core (mm®)
A, = gross area of column (mm®)
Ag = total cross-sectional area of tic reinforcement,

including supplementary cross-tics having a
vertical spacing of s and crossing a section
having a core dimension of b, (mm®)

fv = yield strength of tie or spiral reinforcement
{(MPa)
h. = core dimension of tied column in the direction

under consideration {mm)

n
- — CROSSTIES ENGASE LONGIT.
7 REINFORCENENT
s T

| HOOPS ARG CROSSTIES
e olf | bmmnay  CONTREBUTE TO Ay
| |
- u o | et i
s | b
=
=
150 mm
WHERE ALTERNATE
RS AR TED

a. Single spiral

b. Column Tie Details
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r e by PORLA, CROSENG LI NS —-i
R F T L
Interlocking =§ s P ;E
£ -
!§ ] Ll
u I S e
Reiorcoment T e
¢. Column Interlocking Spiral Details d. Column Tie Details
Figure 16-1 Details of spirals, hoops, ties and cross-ties
17. Bearing (1) Bearing support shall be fundamentally designed for horizontal and vertical forces due to Level 1 and Level | (1) Bearings design shall be consistent with the intended seismic (or other extreme event) response of the whole
Support 2 EGMs (referred as “Type B bearing support™). bridge system. Where rigid-type bearings are used, the seismic (or other horizontal extreme event) forces from the
System

(2) However, in the case of superstructures which do not mainly vibrate due to the restraints of

abutments, or in the case that Type B bearing supports cannot be adopted, a bearing support
system together with structures limiting excessive displ

may be d

d in the following
manner: Functions of the bearing support system shall be ensured for horizontal and vertical
forces due to Level 1 Earthquake Ground Motion, and the bearing support system and the
structures limiting excessive displacement shall jointly resist the horizontal forces due to

y Level 2 Earthquake Ground Motion (referred as “Type A bearing supports™ hereafter).

(3) Fig. 17-1 shows the selection flow of bearing support.

| Start

Bridge with a girder shorter than 50m
ppotted by ab at both ends

Bridge with inevitable structural

limitations in bearin g support

General type
bridge

h.

Type B bearing support |

| Type A bearing support

Seismic isolation structure

Fixed and mobile type
is approprate

is approprite

Applicability of
bearing support

Astructure capable of
distributing horizontal
forces during an earthquake

is appropriate
Seismic i )
isolation Rubber bearing support| |Rubber bearing support| |Rubber bearing support
bearing (elastic fixed type) or steel bearing support

(fixed and mobile type) or
steel bearing support (fixed
and mobile type)

or steel bearing support
(multi point fixed type)

Fig. 17-1 General Consideration in Selection of Bearing Support

superstructure is assumed to be transmitted through diaphragms and cross-frames and their connections to the
bearings and then to the substructure without reduction due to local inelastic action along the load path.

(2) Based on the horizontal stiffness, bearings are divided into four categories:
- Rigid bearings that transmit seismic loads without any movement or deformations,

- Deformable bearings that transmit seismic loads limited by plastic deformations or restricted slippage of
bearing components

Seismic isolation type bearings that transmit reduced seismic loads, limited by energy dissipator
- Structural fuses that are designed to fail at a prescribed load.

(3) The bearing chosen for a particular application shall have appropriate load and movement capabilities. The
following table illustrates bearing suitability:

Table 17-1 Bearing Suitability

S = Suitable U = Unsuitable L = Suitable for limited applications
R = May be suitable but requires special considerations or additional elements such as sliders or guideways
Long. = Longitudinal axis Trans. = Transverse axis Vert. = Vertical axis

(4) Rockers should be avoided wherever practical and, when used, their movements and tendency to tip under
seismic actions shall be considered in the design details.
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Reinforcement

{(a)A pier having a truncated
portion in pier crown

(b) A pier with crowns being
unified in heights

Abutment

Fig. 17-2 Measures for Dealing with

Truncated Portion of a Pier Crown Fig. 17-3  Structure Excessive

Limiting
Displacement Connecting Superstructure
and Substructure

(5) Elastomeric expansion bearings shall be provided with adequate seismic and other extreme event resistant
anchorage to resist the horizontal forces in excess of those accommodated by shear in the pad unless the bearing is
intended to act as a fuse of irreparable damage is permitted. Elastomeric fixed bearing shall be provided with
horizontal restraint adequate for the full horizontal load.

18. Unseating
Prevention
System

18.1 Seating Length

(1) Ordinary Bridge

» Eq. (18-1) shows the required seating length of a girder at its support.

» The seat length shall be measured in the direction perpendicular to the front line of the bearing support
when the direction of soil pressure acting on the substructure differs from the bridge axis, as in case of
askew bridge or a curved bridge.

Sg = Ur +Ug = Sem (18-1)
Sem = 0.7 +0.005 * Ls (18-2)
Us=g*L (18-3)
where,

Sg: Refer to Fig. 18-1.
Ur: Maximum relative displacement between the superstructure and the edge of the top of the
substructure due to Level 2 EGM (m) (refer to description of Ug below)
Ug: Relative displacement of the ground caused by seismic ground strain (m)
Sem: Minimum seating length of a girder at the support
€ Seismic ground strain
=0.0025 for Ground Type I, 0.00375 for Ground Type I, 0.005 for Ground Type IlI
L: Distance between two substructures for determining the seating length (refer to description of L
below)
Ls: Length of the effective span (m). When two superstructures with different span length are
supported on one bridge pier, the longer one shall be used.

”Girder_ )

Girder |

Seating
Length on Pie: Length on Abutmlent

Seating

Beating I..engt$
S E . - SH - .._Si_~,.|

r(a) Girder End Support
Fig.18-1 Seating Length (Sg) (m)

b) Halving Joint

18.1 Seating Length

(a) Minimum Support Length Requirements (4.7.4.4)
Support lengths at expansion bearings without restrainers, shock transmission unit (STUs), or damper shall
either accommodate the greater of the:
- maximum displacement calculated in the inelastic dynamic response analysis (4.7.4.3)
- orapercentage of the empirical support length , N

Otherwise, longitudinal restrainers shall be provided (3.10.9.5). Bearings restrained for longitudinal
movements shall be design in accordance with the calculated seismic design forces (3.10.9)

The empirical support length is shown in Eq. 18-1 while the percentage of N applicable to each seismic zone in
given in Table 18-1:

N = (200 + 0.0017L + 0.0067H)(1 + 0.0001255?) (18-1)

where:

=
]

minimum support length measured normal to
the centerline of hearing (mm)

Table 18-1 Percentage N by Zone and

length of the bridge deck to the adjacent Acceleration Coefficient

expansion joint, or to the end of the bridge
deck; for hinges within a span, L shall be the
sum of the distances to either side of the hinge;
for single-span bridges, L equals the length of
the bridge deck (mm)

for abutments, average height of columns
supporting the bridge deck to the next
expansion joint (mun}

for columns and/or piers, colwmn, or pier height
(imm)

for hinges within a span, average height of the
adjacent two columns or plers (mm)

0.0 for single-span bridges (mm)

skew of support measured from line normal to
span (%)
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Description of Ug
(a) Rubber Bearing (refer to Fig 18-2)

HR=%::“‘ Y N (1))

P, : Horizontal force equivalent to lateral strength of a column when considering plastic
behavior of the column; or horizontal force equivalent to maximum response
displacement of a foundation when considering plastic behavior of the foundation (kN)

¢m ¢ Dynamic modification factor (Cm = 1.2)

kg : Spring constant of the bearing support (kN/m)
e G e e M S J

Design Vibration Unit

e e =]

Fig. 18-2

When the girder
end is supported
by rubber bearings

(b) Fixed Bearing

When fixed supports of Type B are used at the support concerned, one-half of the width of
the bearing suppert shall be taken as the relative displacement ., while the whale width
shall be used in case of fixed supports of Type A. This is for preventing unseating of the
bridge even though the bearing support system is unexpectedly damaged, although the fixed
supports of Type B are designed to be capable of transferring the superstructural inertia force
caused either by horizontal force equivalent to lateral strength of a column with plastic
behavior, or by horizontal force equivalent to maximum response displacement of a
foundation with plastic behavior, and there is no relative displacement generating at the
bearing support system under an assumed earthquake ground motion in the design. Providing
that the bearing support may be damaged in case of fixed supports of Type A, u, for Type A

is assumed to be greater than that of Type B.

in addition, the width of the bearing support shall be equal to width of the lower shoe in the
bridge axis in the case of metal bearings, and width of the bearing support in the same

direction for rubber bearings.

(c) Movable Bearing (refer to Fig 18-3)

Ur=VZUx? (=12 (18-5)
Uri = Upi + Ugi + Ui (18-6)
Upi = pRi * Byi (18-7)
Uri = 8 + O * hyi (18-8)

Usi = Ciy * Pyi /Ks; (18-9)

Figure 18-1 Support Length, N

18.2 Longitudinal Restrainers
. Restrainers shall be designed for a force calculated as the acceleration coefficient, As, times the permanent
load of the lighter of the two adjoining spans or parts of the structure.
. Sufficient slack shall be allowed in the restrainer so that the restrainer does not start to act until the design
displacement is exceeded.

18.3 Hold Down Device
. Hold down devices shall be provided at supports and at hinges in continuous structures for Seismic Zones
2, 3 and 4 where the vertical seismic force due to the longitudinal seismic load opposes and exceeds 50%,
but less than 100% of the reaction due to permanent loads.
. Ifthe vertical forces result in uplift, the hold down device shall be designed to resist the larger of:
0 120% of the difference between the vertical seismic force and the reaction due to permanent loads,
or
0 10% of the reaction due to permanent loads.
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u_: Displacement of the i-th design vibration unit shown in Fig. 18-3

u : Response displacement of the column representing the i-th design vibration unit (m)

u_ : Horizontal displacement at the height of superstructural inertia due to displacement of
the pier foundation representing the i-th design vibration unit (m). The calculation
shall include these effects when liquefaction and lateral spreading of the ground

U : Relative displacement at the bearing support system representing the i-th design
vibration unit {m}

I : Response ductility factor of the column representing the i-th design vibration unit
55“ : Yielding displacement of the column representing the i-th design vibration unit (m)
8., Responsc horizontal displacement of the pier foundation representing the i-th design

vibration unit (m)

6. : Response rotation angle of the pier foundation representing the i-th design vibration
unit (rad)

h_: Height from the ground surface of seismic design to the superstructural inertial force
in the column representing the i-th design vibration unit (m)

P : Horizontal force equivalent to lateral strength of a column with plastic behavior, or by

horizontal force equivalent to maximum response displacement of a foundation with
plastic behavior, representing the i-th design vibration unit (kN)

Cm: Dynamic modification factor (Cn=1.2)

kg Spring constant of the bearing support for the i-th design vibration unit (kN/m)

o

~Fixed Support :

Design Vibration ¢

Unit1 >

i Design vibration Design vibration
;. Design Vibration Uni ; unit.L.. 5 Lumit2
==
Design Vibraﬁon EH '
Unit 1 % Design Vibration Unit

=

Fig. 18-3 Inertia Forces Used in Calculating Seating Length
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Description of L

The length L between the substructures that may affect the seating length shall be the distance between the
substructure supporting the girder at the support where the seating length is to be calculated and one that may
primarily affect the vibration of the girder containing the support (refer to Fig. 18-4)

S 5 Se ﬂ 1
7T
L .
S L
x (c) Rigid-Frame Bridge
(a)Simple Glrder Bridge (d) Arch Brldge
S.E
. }
= : Rubber Bearings iy ,A_
A : Fixed Support ;l,;-
A : Movable Bearings L (b) Continuous Girder Bridge !
Sg: Calculation Points of "

|
Seating Length L (e) Cable-Stayed Bridge

Fig. 18-4 Measuring Methods of Distance (L) between Substructures as to Bridge Types

(2) A Bridge with Complicated Dynamic Structural Behavior by a Dynamic Analysis

» The maximum relative displacement (Ug) is to be obtained from the dynamic analysis.
(3) A Skew Bridge

» The seating length shall be calculated by Eq. (18-10) (refer to Fig. 18-5).

Sga 2 (Ll 2) (SIN G —8in (B —@g)) «rorremrrrersee s (18-10)
where

Sgo: Seating length for the skew bridge (m)

Ly : Length of a continuous superstructure (m)

B: Skew angle (degree)

a;;: Marginal unseating rotation angle (degree). o, can generally be taken as 5 degrees.
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Fig. 18-5 Seating Length of a Skew Bridge

(4) A Curved Bridge

» The seating length is to be calculated by Eq. (18-11) (refer to Fig. 18-6)
S_".b = 5{,&.& o T D LR T T PR T R PR T PR RN (18-11)
cos(g/2)
dg =0.005¢+0.7

............................................................. -+ (18-12)
where

S 4 Seating length for the curved bridge (m)

dr : Displacement of the superstructure toward the outside direction of the curve (m)

¢ : Fan-shaped angle by the two edges of a continuous girder of a curved bridge (degrees)

Fig. 18-6 Seating Length Corresponding
to the Movement of a Curved
Bridge

18.2 Unseating Prevention Structure

(1) Ultimate Strength of an Unseating Prevention Structure

» Ultimate strength of an unseating prevention structure is to be calculated by Eq. (18-13).

18-8), 3) joining two superstructures together (refer to Fig. 18-9).

» The unseating prevention structure is a structure of 1) connecting the superstructure and the substructure
(refer to Fig. 18-7), 2) providing protuberance either in superstructure and in the substructure (refer to Fig.

AASHTO LRFD Bridge Design Specifications (6" Edition, 2012)
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(18-13)
e e e e e e e a e (18-14)

Hp : Design seismic force of the unseating prevention structure (kN)

: Dead load reaction (kN}. In case the structure connects two adjacent girders, the larger
reaction shall be taken.

Sp: Maximum design allowance length of the unseating prevention structure {m)

S;: + Seating length specified in Section 16.2 (m).

¢r Design displacement coefficient of the unseating prevention structure. (Cg = 0.75)

Steel bracket
PC steel PC steel
o —
Pirnd ¥
[T DBearing plate

ral
Hi  Bearing plate

\Shock absorber = N\ Shock absorber
l Abutment Abutment

(a) Example of steel superstructure (b} Example of concrete superstructure

Fig. 18-7 Unseating Prevention Structures Connecting the Superstructure with the Substructure

(a) Example of Concrete Block (b) Example of Steel Bracket
Fig. 18-8 Unseating Prevention Structures Providing Protuberance on the Superstructure or the Substructure

Steel bracket
[ '5‘{‘"3‘%?'% i

Beanng ;;iam
Shock absorber
e PC steel

(a) Example of Steel Superstructure (b) Example of Concrete Superstructure
Fig. 18-9 Unseating Prevention Structures Connecting the Two Adjacent Superstructures

Pier
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18.3 Structure Limiting Excessive Displacement

(1) For the following bridges, structures limiting excessive displacement working in the direction perpendicular

to the bridge axis shall be installed in the terminal support, in addition to the unseating prevention system
working in the bridge axis.

(a) Skew bridges with a small skew angle satisfying Eq. (18-15) (refer to Fig. 18-10 and 18-11)

SIM 22 = B L coe e e (18-15)

L: Length of a continuous superstructure (m)
b: Whole width of the superstructure (in)
. Skew angle (degree}

(@) £ DBA>90° (a bridge can rotate) (b) £ DBA<90° (abridge can not rotate)

Fig. 18-10 Conditions in Which a Skew Bridge can Rotate Without Being
Affected by Adjoining Girders or Abutment

Cannot rotate

(2) Rotation around D
AR < AH,; Can rowmte

(b) Rotation arourd B

\‘ €D » CHy Cannot rotate
Can rotate

L

Fig. 18-11 Conditions in Which a Skew Bridge With Unparallel Bearing
Lines on Both Edges of the Superstructure can rotate

AASHTO LRFD Bridge Design Specifications (6" Edition, 2012)
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(b) Curved bridges satisfying Eq. (18-16) (refer to Fig. 18-12)
H3l-cosd )
¢ 1+cosp
L: Length of a continuous superstructure (m)
b: Whole width of the superstructure (m)

@: Intersection angle (degree)

(18-16)

AASHTO LRFD Bridge Design Specifications (6" Edition, 2012)

3 ¢

(i) D > DH: Cannot rotate

(iiy £D < DH: Can rotate

Fig. 18-12 Conditions in Which a Curved Bridge can rotate Without
being Affected by Adjoining Girders or Abutment

The relation of Eq. (18-15) and Eq. (18-16) is shown in Fig. 18-13 and Fig. 18-14, respectively.
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Fig. 18-13 Conditions in which a Skew Bridge Fig. 18-14 Conditions in which a Curved Bridge
Requires an Structure Limiting Excessive Requires an Structure Limiting Excessive
Displacement in the Transverse Direction Displacement in the Transverse Direction

(c) For the following bridges, the structures limiting excessive displacement shall be installed at intermediate
supports

»  Bridges with the superstructure being narrow at the top

»  Bridges with a small number of bearing supports on one bearing line

» Bridges probably to be subject to movement of the bridge piers in the direction perpendicular to the
bridge axis as a result of lateral spreading.

19. Effects of
Seismically
Unstable
Ground

19.1 Assessment of Extremely Soft Clayey Soil Layer in Seismic Design

(1) For a clayey layer or a silt layer lying within three meters from the ground surface, and having compressive
strength of 20KN/m or less obtained from an unconfined compression test or an in-situ test, the layer shall
be regarded as an extremely soft layer in the seismic design.

(2) In this case its geological parameters (shear modulus and strength) shall be assumed to be zero in the seismic
design.

19.2 Assessment of Soil Liquefaction
(1) Sandy Layer Requiring Liquefaction Assessment

»  Saturated soil layer having ground water level higher than 10m below the ground surface and lying at a
depth less than 20m below the ground surface.
» Soil layer containing a fine content (FC) of 35% or less, or soil layer having plasticity index Ip less than
15, even if FC is larger than 35%.
» Soil layer having a mean particle size (Dsp) less than 10mm and a particle size at 10% pass (on the
grading curve) (Dyo) is less than Imm.
(2) Assessment of Liquefaction
The liquefaction resistance factor FL calculated by Eq. (19-1) turns out to be less than 1.0, the layer shall be
regarded as a soil layer having liquefaction potential.

(1) For Seismic Zones 3 and 4, liquefaction assessment shall be conducted when both of the following
conditions are present:
= Groundwater Level. The groundwater level anticipated at the site is within 15.24m (50ft) of the existing
ground surface or the final ground surface, whichever is lower.
= Soil Characteristics. Low plasticity silts and sands within the upper 22.86m (75ft) are characterized by
one of the following conditions:
(1) the corrected standard penetration test (SPT) blow count, (N;)eo, is less than or equal to 25
blows/ft in sand and non-plastic silt layers,
(2) the corrected cone penetration test (CPT) tip resistance, gcin, is less than or equal to 150 in sand
and in non-plastic silt layers,
(3) the normalized shear wave velocity, Vg, is less than 660fps, or
(4) a geologic unit is present at the site that has been observed to liquefy in past earthquakes.

(2) For sites that require assessment of liquefaction, the potential effects of liquefaction on soils and
foundations shall be evaluated. The assessment shall consider the following effects of liquefaction:
= Loss in strength in the liquefied layer or layers,
= Liquefaction-induced ground settlement, and
= Flow failures, lateral spreading, and slope instability.

(3) For sites where liquefaction occurs around bridge foundations, bridges should be analyzed and designed in
two configurations as follows:
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L= rdk,!go'., fo,
Rqa=1.0—0.015x

0=y h,,."‘)"g (x —h)
g;:?,phww‘,} (x =h)

(For Type | Earthquake Ground Motion)

c.r:I_Q ................................
{For Type I Earthquake Ground Motion)
1.0 (R,=0.1)
e, = 4 3IR,H0.67 (0.1<R, =0.4)
2.0 (0.4<R,)

F, . Liquefaction resistance factor

R: Dynamic shear strength ratio

L: Seismic shear stress ratio

¢, . Modification factor on earthquake ground motion

R, : Cyclic triaxial shear stress ratio to be obtained by properties (3) below

Reduction factor of seismic shear stress ratio in terms of depth

k_: Design horizontal seismic coefficient at the ground surface for Level 2 Earthquake Ground
Maotion specified in Item 11

a,:  Total overburden pressure (KN/®)

¢'.: Effective overburden pressure {(kN/m?)

x:  Depth from the ground surface (m)

3o Unit weight of soil above the ground water level (&N/m)

p2: Unit weight of soil below the ground water level (kama)

12 Effective unit weight of soil below the ground water level (kN;‘mJ)

f,:  Depth of the ground water level ()

(3) Cyclic Tri-axial Shear Stress Ratio
Cyclic tri-axial shear stress ratio R, shall be calculated by Eq. (19-2).

=

0.0882,/N, /1.7 (N, <14)
0.0882,/N, /1.7 +1.6x107°{N, —14)°(14 < NV,)

<For Sandy Soil>
N,= clNl + [

= Non-liquefied Configuration. The structure should be analyzed and designed, assuming no liquefaction
occurs, using the ground response spectrum appropriate for the site soil conditions in a non-liquefied
state.

= Liquefied Configuration. The structure as designed in non-liquefied configuration above shall be
reanalyzed assuming that the layer has liquefied and the liquefied soil provides the appropriate residual
resistance for lateral and axial deep foundation response analyses consistent with liquefied soil
conditions (i.e., modified P-y curves, modulus of subgrade reaction, or t-z curves). The design spectrum
shall be that used in a non-liquefied configuration.

(4) As required by the Owner, a site-specific response spectrum that accounts for the modifications in spectral
content from the liquefying soil may be developed. Unless approved otherwise, the reduced response
spectrum resulting from the site-specific analyses shall not be less than two-thirds of the spectrum at the
ground surface developed using the general procedure modified by the site coefficients.

(5) The Designer should provide explicit detailing of plastic hinge zones for both cases mentioned above since
it is likely that the locations of plastic hinges for the liquefied configurations are different than the
locations of the plastic hinges for the non-liquefied configuration. Design requirements including shear
reinforcement should be met for the liquefied and the non-liquefied configuration. Where liquefaction is
identified, plastic hinging in he foundation may be permitted with the Owners approval provided that the
provisions of earthquake resisting systems are satisfied.

(6) The effects of liquefaction-related, permanent lateral ground displacements on bridge and retaining wall
performance should be considered separate from the inertial evaluation of the bridge structures. However,
if large magnitude earthquakes dominate the seismic hazards, the bridge response evaluation should
consider the potential simultaneous occurrence of:
= Inertial response of the bridge, and loss in ground response from liquefaction around the bridge

foundations, and
= Predicted amounts of permanent lateral displacement of the soil.

(7) During liquefaction, pore-water pressure build-up occurs, resulting in loss of strength and then settlement as
the excess pore-water pressures dissipate after the earthquake. The potential effects of strength loss and
settlement includes:
= Slope Failure, Flow Failure, or Lateral Spreading. The strength loss associated with pore-water
pressure build-up can lead to slope instability. Generally, if the factor of safety against liquefaction is
less than approximately 1.2 to 1.3, a potential for pore-water pressure build-up will occur, and the
effects of this build-up should be assessed. If the soil liquefies, the stability is determined by the
residual strength of the soil. The residual strength of liquefied soils can be determined using empirical
methods developed by Seed and Harder (1990), Olson and Stark (2002), and others. Loss of lateral
resistance can allow abutment soils to move laterally, resulting in bridge substructure distortion and
unacceptable deformations and moments in the superstructure.

= Reduced Foundation Bearing Resistance. Liquefied strength is often a fraction of non-liquefied
strength. This loss in strength can result in large displacements or bearing failure. For this reason,
spread footing foundations are not recommended where liquefiable soils occur unless the spread
footing is located below the maximum depth of liquefaction or soil improvement techniques are used to
mitigate the effects of liquefaction.

= Reduced Soil Stiffness and Loss of Lateral Support for Deep Foundation. This loss in strength can
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Ny=170N /(470 )

1 (0%=FC<10%)
¢ = {(FC+40)/50 (0% =FC<60%)

FC[20—1 (60%=FC)

0 (0% = FC <10%)
Cy =

(FC —10)/18 (1% = FC )

<For Gravelly Soil>
No=1{ 1—036 logio(Dso/ 2 ) }N;
R,: Cyclic triaxial shear stress ratio
N: N value obtained from the standard penetration test
Ny Equivalent N value corresponding to effective overburden pressure of 100 KN/m®
Ny : Modified N value taking inte account the effects of grain size
¢, ¢; Modification factors of N value on fine content

FC: Fine content (%) (percentage by mass of fine soil passing through the 75um mesh)
Dsy: Mean grain diameter (mm)
19.3 Reduction Factor (Dg) of Geotechnical Parameters due to Liquefaction

Geotechnical parameters of a sandy layer causing liquefaction affecting a bridge shall be obtained by
multiplying geotechnical parameters without liquefaction by reduction factor De shown in Table 19-1.

Table 19-1 Reduction Factor DE for Geotechnical Parameters

Dynamic shear strength ratio R
Depth from R =03 0.3<R
Present Verification | Verification | Verification | Verification
Range of F, Ground for Level 1 forLevel 2 | forLevell | forLevel2
Surface Earthquake Earthquake Earthquake Earthquake
x{m) Ground Ground Ground Ground
Motion Motion Motion Motion
0=x=210 176 0 1/3 /6
F,2153
’ 10<x=<20 213 1/3 2/3 1/3
0=x=10 213 113 1 23
113<F, £213
i 10=x520 I 2/3 1 213
05x=10 1 213 1 1
23<F, =1
i 10<x=20 1 1 1 1

change the lateral response characteristics of piles and shafts under lateral load.
Vertical Ground Settlement as Excess Pore-Water Pressures Induced by Liquefaction Dissipate,

Resulting in Downdrag Loads on Deep Foundations. If liquefaction-induced downdrag loads can occur,
the downdrag loads should be assessed.




(2) COMPARISON TABLE OF BRIDGE
SEISMIC DESIGN SPECIFICATIONS
BETWEEN JRA AND AASHTO GUIDE
SPECIFICATIONS LRFD FOR SEISMIC
BRIDGE DESIGN (2ND Ed., 2011)
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1 Funda_mer)tals (1) It shall be ensured that the seismic performance according to the levels of design earthquake motion and the | (1) The Guide Specifications are approved as an alternate to the seismic provisions in the AASHTO LRFD
gefieg;;m'c importance of a bridge. Design Specifications. These Guide Specifications differ from the current procedures in the LRFD

(2) It is desirable to adopt a multi-span continuous structure, the type of which bearing supports is to be a
horizontal force distributed structure.

(3) It is generally better for a bridge with tall piers built in a mountainous region to resist seismic horizontal forces
by abutments rather than piers if the ground conditions at the abutments are sufficiently sound.(The seismic
performance of the whole bridge should be considered, and proper bearing supports in view of bridge
structural conditions and ground bearing properties should be selected.)

(4) On reclaimed land or alluvial ground where ground deformation such as sliding of a soft cohesive clayey
layer, liquefaction of sandy layer and liquefaction-induced ground flow may happen, a foundation with high
horizontal stiffness should be designed, and a structural system such as multi-fixed-point type and rigid frame
type, which has many contact points between the superstructure and substructure, should be selected.

(5) A seismically-isolated bridge should be adopted for a multi-span short-period continuous bridge on stiff
ground conditions.

(6) For a strong earthquake motion, a proper structural system shall be designed by clarifying structural members
with nonlinear behavior and those basically remaining in elastic states.

(7) A structure greatly affected by geometrical nonlinearity or a structure having extensive eccentricity of dead
loads, which have tends to become unstable during a strong earthquake motion, shall not be adopted.

(8) When ground conditions or structural conditions on a pier change remarkably, whether a case of two girder
ends or that of a continuous girder is more advantageous is carefully examined.

Specifications in the use of “displacement-based” design procedures, instead of the traditional,
“force-based R-factor” method.

(2) The key features of these Guide Specifications follow:

. Adopt the seven percent in 75 year design event for development of a design spectrum.

. Adopt the NEHRP Site Classification system and include site factors in determining response
spectrum ordinates.

. Ensure sufficient conservatism (1.5 safety factor) for minimum support length requirement. This
conservatism is needed to accommodate the full capacity of the plastic hinging mechanism of the
bridge system.

. Establish four Seismic Design Categories (SDCs) A, B, C and D (refer to Table 8-2)

. Allow three types of bridge structural system:

o Type 1 - Design a ductile substructure with an essentially elastic superstructure.

o Type 2 — Design an essentially elastic substructure with a ductile superstructure.

0 Type 3 — Design an elastic superstructure and substructure with a fusing mechanism at the
interface between the superstructure and the substructure.

(3) Critical/essential bridges are not specifically addressed in these Guidelines. Classification of
critical/essential bridges includes:

. Bridges that are required to be open to all traffic once inspected after the design earthquake and usable
by emergency vehicles and for security, defense, economic, or secondary life safety purposes
immediately after the design earthquake.

. Bridges that should, as a minimum, be open to emergency vehicles and for security, defense or
economic purposes after the design earthquake and open to all traffic within days after the event.

. Bridges that are formally designated as critical for a defined local emergency plan.

(4) Seismic effects of box culverts and buried structures need not be considered except where failure of the
box culvert or buried structures will affect the bridge.

(5) Adjacent bents within a frame or adjacent columns within a bent shall have an effective stiffness ratio
equal to or greater than 0.75 while any two bents within a frame or any two columns within a bent shall
have an effective stiffness ratio equal to or greater than 0.5.

(6) The ratio of the fundamental periods of vibration (less flexible to more flexible) for adjacent frames in the
longitudinal and transverse direction shall be equal to or greater than 0.75.
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2. Principles of
Seismic Design

(1) Seismic Performance of Bridges

(1) Bridges shall be designed for the life safety performance objective considering a seismic hazard
corresponding to a seven percent probability of exceedance in 75 years.

Seismic Seismic Serviceability Seismic Reparability Design (2) Life safety for the design event shall be taken to imply that the bridge has a low probability of collapse but
Seismic Performance Safgty Design Emergency Permanent may suffer significant damage and that significant disruption to service is possible. Partial or complete
Design Reparability Reparability replacement may be required.
Seismic Performance To ensure the normal . .
==—~——————=1T0 prevent . . No repair work is . (3) Performance Level
Level 1 . functions of bridges Only easy repair
- girders from - . 2" | needed to recover hauak
Keeping the sound ; (within elastic  limit ; works are needed Barthquake | piqge Types Serviceability Performance Safety Performance
. . unseating the functions Level
functions of bridges states)
_— . Capable of . Conventional | « Should resist earthquakes within the .
Seismic _Performance Capable of recovering reczverin Capable of easily Moderate | '\\idoe types elastic range of the Strﬂctural components | © Minimal damage
Level 2 Same as | functions within a . 9 undertaking — -
— . functions by . « May suffer significant damage but with low
Limited damages and | above short period after the ~ | permanent  repair robability of collapse.
emergency  repair p ty pse.
recovery event works works « Significant damage shall be taken to include
permanent offsets and damage consisting
Seismic Performance of:
Level 3 Same as -* - - - Cracking,
—_—— above - Reinforcement yielding,
No critical damages - Major spalling of concrete,
2  Notcovered ¢ St dion o v sl | o
Conventional lanes, light emergency traffic) on the bGrlfcllil ;]ndd local buckling of steel
bridge types bridge. S .
i . i i o i . . Cracking in the bridge deck slab at
(2) Relationship between Design Earthquake Ground Motions and Seismic Performance of Bridges . '(;’i':;’lace'rrr‘;'n”t‘:e limited ~ offsets  and shear studs.
Levels of Earthquake Ground Motions Class A Bridges* Class B Bridges* ' . Pa“'?)' or Co_mgj'ete replacement of columns
- " " may be required.
Level 1: Highly probable during the bridge I . . i i i i
gnly p 9 98 | seismic Performance Level 1 is required + For o sites  with - liquefaction,
service life Large/Mai liquefaction-induced  lateral ~ flow, or
arge/Major i ion-i i
Type I: An Plate Boundary Type e lavtaton g e spre
Earthquake with a Large —— P piles and shafts. Partial and complete
Level 2 Magnitude ielsn:l::_ Perfon;jmance 'SEIsmI.C dPerformance Level 2 replacement of columns, piles or shafts may
- - - evel 3 is require is require be necessary.
Type II: An Inland Direct Strike « Required to be open to all traffic once | « Life safety with low probability of collapse
Type Earthquake inspected after seismic event and usable but may suffer damage that is readily
by emergency vehicles for security, accessible for repair.
. . . - defense, i dary life safet
*: Class A Bridges: Standard Importance; Class B Bridges: High Importance (Class A and B are classified pir:r;isecimﬁ?d'icatoerljez(;gra%e' i:,i,fng
according to such importance factors as road class, bridge functions and structural characteristics.) Efgicall event
When bridge importance is classified in view of roles expected in the regional disaster prevention plan and road Eesoiiy | * Should, s a minimum, be open to
. L i . > emergency vehicles and for security,
serviceability, the following should be considered. bridges defense, or economic purposes after the
(@) To what extent a bridge is necessitated for post-event rescue and recovery activities as emergency seismic event and open to all traffic within
transportation routes. g?gr?ieflifé::m:hatcj?;’rirgt.ion to service is
(b) To what extent damages to bridges (such as double-deck bridges and overbridges) affect other structures possible or closure to repair the damage.
and facilities.
(c) Present traffic volume of the bridge and availability of substitute in case of the bridges losing pre-event
functions.

(d) Difficulty (duration and cost) in recovering bridge function after the event.
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3. Loads to be
considered in
Seismic Design

(1) Loads and their Combinations
(a) Primary Loads: Dead load (D), Pre-stress force (PS), Effect of creep of concrete (CR), Effect of drying
shrinkage of concrete (SH), Earth pressure (E), Hydraulic pressure (HP), Buoyancy or Uplift (U)
(b) Secondary loads: Effects of earthquake (EQ)
(c) Combination of loads: Primary loads + Effects of earthquake (EQ)
(d) Loads and their combinations shall be determined in such manners that they cause the most adverse stress,

displacements and effects.

(2) Effects of Earthquake (EQ)
(a) Inertia force, (b) Earth pressure during an earthquake, (c) Hydrodynamic pressure during an earthquake, (d)
Effects of liquefaction and liquefaction-induced ground flow, (e) Ground displacement during an earthquake

(1) Loads and Load Combinations are similar to AASHTO LRFD Bridge Design Specifications

(a) Permanent Loads: Dead load of structural components and non-structural attachments (DC), Dead load of
wearing surfaces (DW), Down drag (DD), Horizontal earth pressure load (EH), Earth surcharge (ES),
Vertical pressure from dead load of earth fill (EV) Secondary force from post-tensioning (PS), Miscellaneous
lock-in force due to construction process (EL), Force effects due to shrinkage (SH), Force due to creep (CR).

(b) Transient Loads: Vehicular live load (LL), Water load and stream pressure (WA), Friction load (FR)
(c) Earthquake Load (EQ)
(d) Combination of Loads: Permanent Loads + Transient Loads + Earthquake Load

(e)The load factors shall be selected to produce the total extreme factored force effects. Both positive and
negative extremes shall be investigated. In load combinations where one force effect decreases another
effect, the minimum value shall be applied to the load reducing the force effect.

(2) Effects of Earthquake (EQ)

(a) Bridge inertia effect, (b) Earth pressure during and earthquake, (c) Hydrodynamic pressure during an
earthquake, (d) Live load inertia effect, (e) Potential for soil liquefaction, (f) Potential for slope movement
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4. Design ) (1) The general procedure to develop the design spectrum (Figure 4-1) is to use the peak ground acceleration
Earthquake S = Cz*Cp*Sy (S: ARS for Level 1EGM, SO: SARS (Fig.4-1) coefficient (PGA) and the short and long period response spectral acceleration coefficients (Ss and Sy)
Ground S i i o 1 e e s SI = C;*Cp*Sio(SI: Type | ARS for Level 2 EGM, SI0:SARS based on th din th ificati
Motions for b (Fig.4-2)) ased on the maps prepared in the specifications.

Level 1 and P SIl = Cz*Cp*Syo (SII: Type Il ARS for Level 2 EGM, SII0:
Level 2 SARS(Fig.4-2)) The five-percent-damped-design response spectrum shall be taken as specified in Figure 4-1. This spectrum

(SARS= Standard Acceleration Response Spectra, ARS= Acceleration
Response Spectra, EGM = Earthquake Ground Motion)

Cp: Modification factor for damping ratio (h) of structures (Fig.4-3)

Cz: Modification factor for zones (Fig.4-4)

!1_:9'05_?50@ shall be calculated using the mapped peak ground acceleration coefficients and the response spectral
acceleration coefficients scaled by zero-,short-, and long-period site factors, Fyga, Fa and F, respectively.

| — Type I ground 1
Ll o T Type Il ground !
- Typellground t

Standard Acceleration
Response Spectra So(gal)

o1 02 03 :I_I.‘x 07 .I 2 a 2
Natural Period (Ts) of Structures

Standard Acceleration Response Spectra So

L
Fig.4-1 Level 1 Earthquake Ground Motion Q‘i = L5 where:
e — g % Cp=.-l'.;lj;i7'l" 0.5 A; = peak seismic ground acceleration coefficient
f g e modified by short-period site factor

2o 5 2 1r Foga = site factor at zero-period on acceleration
= g response spectrum

1000/ E 8 PGA = peak seismic ground acceleration coefficient on
8
=

short-period site factor
?;10 0.1 0.2 0.3 04 0.5 F, = site factor for short-period range of

Damping Ratio (h) of Structures acceleration response spectrum

700 0.5 rock
Sps = horizontal response spectral acceleration
. b : coefficient at 0.2-s period modified by
" h=0.05

(5%)

Standard Acceleration
Response Spectra S10(gal)(Type 1)

S = horizontal response spectral acceleration
T o el Fig.4-3 Modification Factor (CD) for Damping coefficient at 0.2-s period on rock
Wil T EPE‘[IIETD““: Ratio (h) of Structures Can = elaztic ieislrjnic response coefficient for the m"
F| - lypellgroun mode of vibration
%0 —-— Typellground . . S, = horizontal response spectral acceleration
w1 ik Lo Figure 4-1 AASHTO Design Response Spectrum, > coefficient at 1.0-s period modified by
.1 0.2 0.3 0507 1 z 3 . . . H A
s B Construction Using Three=Point Method long-period site factor
Natural Period (Ts) of Structures 9 F, = site factor for long-period range of acceleration
Standard Acceleration Response Spectra Sy (Type 1) Zone Modification A = F.. PGA ( 4- 1) response spectrum
000 Factor Cz s T Tpea Sy = horizontal response spectral acceleration
A 10 . D
2000 5 05 Sps = FaSs (4-2) coefficient at 1.0-s period on rock
C 0.7

SDl = FV51 (4-3)

.05 (5% For periods less than or equal to T,, the design response spectral acceleration coefficient, S, is

calculated as:

Standard Acceleration
Response Spectra S10(gal)(Type 1)

300
2oy Sa = (Sos-Ag) T/ To+A (4-4)
| _
-——— Type 1 ground For periods greater than of equal to T,, and less than of equal to Ts, the design response spectral
------ Type [l ground |} . acceleration coefficient, S, is calculated as:
M- Typelllground [3 ]
P R A Sa = Sobs (4-5)
01 0.2 0.3 06507 1 2 3 il
Natural Period (Ts) of Structures

For periods greater than Ts, the design response spectral acceleration coefficient, S, is calculated
as:

Standard Acceleration Response Spectra Sy (Type I1)

Fig 4-2 Level 2 Earthquake Ground Motions Fig.4-4 Modification Factors for Zones, Cz _
Sa = SpdT (4-6)
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with a ground motion during an earthquake. Where, the upper surface of a fully hard ground layer might be
the upper surface of a highly rigid soil layer with a shear elastic wave velocity of more than 300m/s (an N
value of 25 in the cohesive soil layer and of 50 in the sandy soil layer)

If N value is not available, Ground types can be obtained following the flow chart shown in Fig 5-1.

HA = Alluvial Layer
Thickness (m)
Diluvial Layer
Thickness (m)

HD =

Yes

lrl‘ype I grOundl |’['y|)e I ground |’]‘ype[1] ground

Fig.5-1 Flowchart for Determining Ground Types

Items
5. Ground Type o (1) Site Class Definition
for Seismic _____Table 5-1 Ground Types in Seismic Design Asite is classified as A through F in accordance with the site class definitions in Table 5-1.
Design Ground Type | Characteristic Value Descrintion
of Ground, T (s) P
Type | Ts<0.2 Good diluvial ground and rock Table 5-1 Site Class Definitions
Type Il 0.2<Ts<0.6 Diluvial and alluvial ground not belonging to Type I and Type Il e —
Type Il 0.6 <Tg Soft ground of alluvial ground Site :
Class Soll Type and Profile
A Hiard mock with mensored shear wave velosity, 7, = 5,000 s
H Rock with 2,500 fUsec < 7, < 5,000 fu's
o C Very dense soil asd soil rock with 1,200 fi'ses < F, < 2,500 its,
Ta=4%Y I-I|11/ Vsi  Tg = Characteristic value of ground (s) orwith cliber ' = %0 blows/l, or 7, = 240 ksl
Hi = Thickness of the i-th soil layer U | SafT soil with 600 fbs < 7, < 1200 s, or with cither 15 = & < $0 blows/l,
Vsi = Average shear wave velocity of the i-th soil layer (m/s). If Vsi is not available, Vsi can be obtained from the ar i<, <300k
following formula. T - R T A AT - - I, T : = :
Vsi = 100 * Ni*® (1 < Ni < 25): for cohesive soil layer (if N = 0, Vsi = 50 m/s; when N=25, Vsi = 300m/s) Soil profile with ¥, < 600 fl/s or mlhflhh'tr ¥ < 15 blowsil or 5, < 1.0 kal, or sy profile with mere
Vsi =80 * Ni*® (1 < Ni < 50): for sandy soil layer (if N = 0, Vsi = 50 m/s; when N=50, Vsi = 300m/s) thani 10 A of solk clay defined i soll with £ 20, wi= 40 percent ond 3, <0388
Ni = Average N value of thei-th soil layer obtained from SPT ~F Sails roquiring sic-specilic cvaluntions, such s 2
i = Number of the i-th layer from the ground surface when the ground is classified into “n” layers up to “the surface
of a base ground surface for seismic design” = Peals or highly arganic clays (= 10 1l of peat or highly organie clay where ' = thickness of soil)
Note: “The surface of a base ground surface for seismic design” represents upper surface of a fully hard ground layer »  Very high plasticity clays (£ 25 it wilh £/ = 75)
that exists over a wide area in the construction site, and normally situated below a surface soil layer shaking o Wery thick sofbimedinm st clays (1 >120 i)

where:

7

N
E

"
w

Exceplionss  Where the sodl propenties are not known in safficient detail to detenine the sile class, a site investigation

shalll be underinken sullicient to determine the site clins, Sitve classes E or F showld ot be msume:d uedess (e
sulharity having jurisdiclion deternines thal sile classes E or F could be peesenst il the slic o in the evend thal
sile elasses E or F are establlsked by geobechnieal dala,

sverage shear wave velocity for the upper 100 0 of the soil prafile

average Standard Penciration Test (SPT) blow count (blowa'il) (ASTM DI5RE) for the wpper 100 ft of the
sl prodils

vernge undrained shear strengih in ksl (ASTM D266 or ASTM D2830) for the wpper 100 1L ol the ol
prodile

plasticity index (ASTM [4318)

moksture comtent (ASTM D22 16)
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6. Procedure of
Seismic Design

| Comparison Study on Bridge Types including Substructure Types |

v
| Selection of a Bridge Type |

4 Refer to Table 7-1

Complicated
Seismic Behavior
for Level 1 EGM

Seismic Coefficients and Inertia Forces Responses b?/ a Allowable
Dynamic Analysis Values
Calculation of Section Forces and ﬁ.\r'é‘s’;” %?5
Displacement by a Static Analysis !

v
| Verification of Level 1IEGM |

Verification of Seismic Performance for
Level 1Eathauake Ground Motion (EGM)

1
1

1

1

1

1

1

! A 4 A,

: ‘Calculation of Design Horizontal Calculation of Calculation of
1

1

1

1

1

1

1

1

( omplicamf_ Refer to T¢tél§. 7-1
Seismic Behavior
for Level 2 EGM

A 4
Calculation of Allowable Values
(Ultimate Horizontal Strength,
Allowable Displacement, etc)

Calculation of

Design Horizontal No

Seismic Coefficients
and Inertia Forces

Considering Plastic or Yes

onlinear Behavior

A A4
Calculation of Calculation of RC Columns, etc Abutment Foundations,
Section Forces and Responses b?/ a |—Q etc.
Displacement by a || Dynamic Analysis
Static Analysis |
T

| Verification of Level 2 EGM |

Verification of Seismic Performance for Level 2 Earthquake

Ground Motion (EGM)

| Design of Unseating Prevention System |

Figure 6-1a Seismic Design Procedure Flow Chart
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Figure 6-1b Seismic Design Procedure Flow Chart
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7. Lirr_1it States of (1) Limit States of Bridges for Seismic Performance Level 1 (1) For SDC C or D, all bridges and their foundations shall have a clearly identifiable earthquake-resisting
eBa{éﬂgSe:iz%ic (a) The mechanical properties of the bridges including expansion joint are maintained within the elastic range. system (ERS) selected to achieve the life safety criteria.
Performance (b) Stress occurring in concrete of each structural member reaches its allowable stress multiplied by an increase | (2) The ERS shall provide a reliable and uninterrupted lad path for transmitting seismically induced forces
Level factor of 1.5 for consideration of earthquake effects. |nt'o the sur_roundlng 'SOI| and sufficient means of energy dl_ssmatlon and/or restr_alnt to reliably control
seismically induced displacements. All structural and foundation elements of the bridge shall be capable of
(2) Limit State of Bridges for Seismic Performance Level 2 (Refer to table 7-1 and Fig. 7-1) ac_hmymg gntlmpated displacements con5|_stent with the requirements of the chosen design strategy of
seismic resistance and other structural requirements.
Table 7-1 Limit States of Each Member with Applicable Examples for Seismic (3) Design shall be based on the following three Global Seismic Design Strategies based on the expected
B Performance Level 2 and Level 3 (Refer to Fig. 7-1 about Examples) behavior characteristics of the bridge system (Table 7-1).
Members Cag:l’,id?ripg
astic . . . .
Non-linsarity} Piers cu pl;iresrtsma:“dlm Foundations g::f:; Isolation Tabl?) ZSIl nGlobal Seismic Design Strategies
Limit States of Example-A Example-B Example-C Example-D StrategygType Description
_ Refer to note below :‘,:5.,;::23"‘ States only allow « Ductile Substructure with Essentially Elastic Superstructure.
Piers The same as the left Er;;]lx‘mzsl:?;éd be zﬁ;:l?g'ry plastic This category includes conventional plastic hinging in columns and walls and abutments
elastic ranges Type 1 that limits inertial forces by full mobilization of passive soil resistance. Also included are
5 Tat 1 hanical i imit inerti i ingi i
PR I‘ale‘s i m‘;a:&; E:;«;cc f:.';f The same a8 the et | Same as abave The same as the left :‘stuer;(::}lzglsnrr\r?; :twsagr: |Fr)ri1||2 S|ner'[|a1| forces by in-ground hinging, such as pile bents and
wilhin the elastic ran; .
%ﬁﬁﬂ:{g& « Essentially Elastic Substructure with a Ductile Superstructure.
Bearing Support System | Same as above Same as above Same as above absorption by seistmic Type 2 This category applies only to steel superstructures, and ductility is achieved by ductile
isalaiion bearings elements in the pier cross-frames.
Superstructures Same as above e oy et | Same a5 above meohanical properties . Elastic Superstructure and Substructure with a Fusing Mechanism between the Two.
behavior ﬁ:‘;{,};&éi;ﬁ;;ﬁ““ Tvoe 3 This category includes seismically isolated structures and structures in which
States without s v al P supplemental energy-dissipation devices, such as dampers, are used to control inertial
Foundations States only allow secondary | spme a5 apove e m o ;:L"‘,f;;ﬂ'yyp?a';}’; forces transferred between the superstructure and substructure.
plastic behavior damage to diim'b behavior
I’EWV‘L'_[}' WOTKS
R E:zt:cs That él‘;::.i:‘\;ebcch::;c(al The same as the lefe | LS samie as the The same as the Left (4) Earthquake-resisting elements (EREs) are categorized as: (a) Permissible (Figure 7-1 and 7-2), (b)

within the elastic ranges

Application Examples

Deck bridges other than
Seismically-isolated bridges

Rigid-frame bridges

For piers with
sufficient strength
or cases with
unavoidable cffects
of liguelaction

Seismicaliy-isclated
bridzes

Note: States within a range of easy functional recovering for Seismic Performance Level 2; States that horizontal strength of piers

start to get reduced rapidly for Seismic Performance Level 3.

Prlmary Plastic Behavior

Primary Plastic Behavior

R

Secondary Plastic Behavior

N dnth
Secondary Plastic Behavior

(a) Example A: Single Column Pier with Plastic Behavior (in longitudinal direction)

Permissible with Owner’s approval (Figure 7-3), and (c) Not recommended for new bridges (Figure 7-4).

(5) Permissible systems and elements have the following characteristics:

All significant inelastic action shall be ductile and occur in locations with adequate access for
inspection and repair. Piles subject to lateral movement from lateral flow resulting from liquefaction
are permitted to hinge below the ground line provided the Owner is informed and does not require any
higher performance criteria for a specific objective. If all structural elements of a bridge are designed
elastically, then no inelastic deformation is anticipated and elastic elements are permissible, but
minimum detailing is required according to the bridge seismic design category.

Inelastic acti

on of a structural member does not jeopardize the gravity load support capability of the

structure (e.g., cap beam and superstructure hinging).

Longitudinsl Respanas

o f

e

. Flagt:
R Eld

Longitsdine Assponss

] —_— =
l=— =1

— i 2

hinges i inspociabio locations or
dosipn of columns

- T

. uadwlian Bear gl RoCcmimidals ftl
it placsranl

o Abderanl ressianos nol requined as pad

o ERS
s [Hnock

s Abulment rob required as pad of ERS

oll Bacimals permissblo

Figure 7-1a Permissible Earthquake-Resisting Systems (ERSs)
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[EE gm_ N
W | I

B A

Primary Non-Linearity

Secondary Plastic Behavior

Primary Non-Linearity

Secondary Plastic Behavior

| |

e

Secondary Plastic Behavior

A

Secondary Plastic Behavior

(b) Example D: Seismic Isolation Bearing with Consideration of Non-Linearity(in longitudinal direction)

"™ Secondary
Plastic Behavior

Plastic Behavior

/

(c) Example A: Single Column Pier with
Plastic Behavior (in Transverse direction)

(d) Example C: Foundations with Plastic
Behavior (Pier Wall, in Transverse direction)

~.Secondary .~
Plastic Behavior

Primary Plastic Behavior

(e) Example B: Plasticity in Piers and Superstructures (Rigid-Frame Bridges in Transverse direction)

Fig. 7-1 Limit States of Each Member with Applicable Examples for Seismic Performance Level 2 and Level 3

Traniverse Reaponis

Transwerse of Longfudinal Rasponte

I--'l

; 7]-— 7L ;
Puassa hisges in inapectal's incabons

N Absgdmund ol teguined in ERS, bronrssy shab
oy primibiaibin

Transvefso or

Py

Piasiic ingas in inapeclabl localicns
I aten Beatngs Wil o wilhool ssargy
dbuskpation i bkl sverall deplacemants

Losgiudinal Respones

Leongiludnsl Response lﬁ

5 HI

Abastrmaen, reuired fo resisd the desgn
et b wd b by

s Lomgiudingl pataivg boll praseuns shall bs Insa
than .70 of the wabss obtained uling ha
pracadurs gheea In Aricle 5.2.3

g W

Wl ple samply supponcd spans. with adeguaio
suppo lengths
Flaglic Hinged in ikpaclabla iocaions

Figure 7-1b Permissible Earthquake-Resisting Systems (ERSs)
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framas
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Ly
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S
=
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Figure 7-2a Permissible Earthquake-Resisting Elements (ERES)
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Figure 7-2b Permissible Earthquake-Resisting Elements (ERES)

Weall plars on pile Spardafions thal wo nol
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Erisna Iimfliad ducBlly maponss in plas scconding lo
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Ensuro lwilod ducliity responss in plos acoeeding 1o
Auticie 4,71

In-ground hingleg in shalts or pllas
Batiar pla sysome n which the
grofechnical capachies andior n-
ground hinging diefing the plastic
mechanisms

Ensura limiind ducsity response in pées nooonding b Ensure Hmilod duclity iesponso in ples
Arichy 4,71 mooording o Aricke 4.7.1

Figure 7-3 Permissible Earthquake-Resisting Elements Requiring Owner’s Approval
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A e Cap bearn plashs hinging
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Figure 7-3 Earthquake-Resisting Elements that are Not Recommended for New Bridges

8. Design Method
Applicable for
Seismic
Performance
Verification

The bridge types and design methods applicable to seismic performance verification is summarized in Table 3.

» Although dynamic analysis methods can be applied to bridges without complicated seismic behavior, it is
recommended to use static analysis methods because the verification in accordance with static method is
generally feasible for these bridges.

»  Since the seismic behavior of bridges with predominant first mode of vibration and plural plastic behavior
or bridges in which investigation on application of Energy Conservation Principle remains unclear may
become complicated due to plasticity of members, their Seismic Performance Level 1should be verified by
the static analysis methods but Seismic Performance Level 2 or Level 3 be verified by dynamic methods.

Table 8-1 Relationship between Complexities of Seismic Behavior and Design Methods Applicable for
Seismic Performance Verification

(1) Each bridge shall be assigned to one of four seismic design categories (SDCs), A through D, based on
1-sec period design spectral acceleration for the design earthquake (Sp) (refer to Table 8-1).

(2) If liquefaction-induced lateral spreading or slope failure that may impact the stability of the bridge could
occur, the bridge should be designed with SDC D, regardless of the magnitude Sp;.

Table 8-1 Seismic Design Categories

Value of Sp; = F\S; SDC
Sp; <0.15 A
0.15 < Sp; <0.30 B
0.30 < Sp; <0.50 C
0.50 < Spy. D

chr%g?;}‘g Bridges without | Bridges with plastic behavior & | Bridges of | Bridges not applicable of the (3) The requirements for each of the proposed SDCs shall be taken as shown in Figure 8-1 and described
of bridges complicated yielded sections, and bridges | likely Static Analysis Methods below.
seismic not applicable of the Energy | importance
Scismic behavior Conservation Principle of higher Table 8-2 SDC Requirements I
t:lia:@flig';?i mades Design Requirements yy Selsglc Design Category (?:DC) o)
Seismic Static analysis Static analysis Dynamic Dynamic analysis 1. Identification of
Performance analysis Earthquake Resisting Not required To be considered Required Required
Level 1 System (ERS)
Seismic Static analysis Dynamic analysis Dynamic Dynamic analysis 2. Demand Analysis Not required Required Required Required
Performance analysis
Level 2 & Implicit capacity check | Implicit capacity check Required
Level 3 - - - - — 3. Capacity Check Imp"ﬁgtcﬁezalfilgd(:he(:k (displgf:ilrj;;endt, P-A, (displzglri::aeri P-A, pus(t?c:\slzlra;r?z)elgitsf)g—&
Examples of | Other than | -Bridges with rubber bearings Bridges | - Cable-type bridges such as support length) support length) support length)
applicable bridges shown | to disperse seismic horizontal | with long | cable-stayed bridges  and
bridges in the right | forces natural suspension bridges To be considered for Lo :
. . . N X Required including
columns - Seismically-isolated bridges periods - Deck-type & half through-type 4. Capacity design Not required cql(;imndshear, id column shear Required

*Rigid-frame bridges Bridges | arch bridges Wi(;rlls:i:g ir}?haeVEIRS requirement

- Bridges with steel piers likely | with high | -Curved bridges

to generate plasticity piers Minimum detailing for

5. Detailing Level support length, SDC B level SDC C level SDC D level

superstructure/

substructure
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connection design
force, column and
transverse steel

To be considered for
certain conditions

6. Liquefaction

. Not required
Evaluation a

Required Required
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Figure 8-1 Seismic Design Category (SDC) Core Flowchart

Table 8-3 Analysis Procedures

Selérzggl?;;lgn Regular Bridges with 2 through 6 Spans Not Regular Bridges with 2 or More Spans
A Not required Not required
B,CorD Equivalent Static or Elastic Dynamic Analysis Elastic Dynamic Analysis

(4) Nonlinear time history procedure is generally not required unless:
. P-D effects are too large to be neglected,
. Damping provided by a base isolation system is large, and
. Requested by Owner.

9. Calculation of
Natural Period

(1) Natural periods shall be appropriately calculated with considering of the effects of deformations of structural
members and foundations.
(2) Natural Period of the Design Vibration Unit (s) (T (s))

T=201% 5

where, § can be calculated as follows.
(a) in case of a design vibration unit consisting of substructure and its supporting superstructure part as shown
in Fig. 9-1

Procedure 1:

The Equivalent Static Analysis (ESA) may be used to estimate displacement demands for structures or
individual frames with well-balanced spans and uniformly distributed stiffness where the response can be
captured by a predominant translational mode. Both uniform load method and the single-mode spectral analysis
method shall be considered acceptable equivalent static analysis procedures.

(1) Natural period calculation by Single Mode Spectral Method
The single-mode method of spectral analysis shall be based on the fundamental mode of vibration in either the
longitudinal or transverse direction. For regular bridges, the fundamental modes of vibration in the horizontal
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Position at which the
inertial force of the - .
— Position at which the
Wy == X Superstiucture acis inertial force of the
superstructure acts
e T Y
e "
=
0. SWP q" _é l!, é
Ground surface =
io b=
consideredin | ||
0.8W> | l— —l = seismic design =

(a) Transverse Direction (b) Longitudinal Direction

Fig. 9-1 Calculation Model of Natural Period for A Design Vibration Unit Consisting of One Substructure and

its Supporting Superstructure Part
&g = 5.P+60+BD hl} ,,,,,, [P e N T T T LS R TR LTI (9-2)

where

dp:  Bending deformation of substructure body (m}

8 Lateral displacement of foundation (in)

8p: Rotation angle of foundation (rad)

hg: Height from the ground surface to be considered in seismic design to the height of

superstructural inertia force (m)
When the body of the substructure has a uniform section, the bending deformation 8 can be
calculated by Eq (9-3).

W, n® L 0.8 Woh o
3ET 8EI

6p=

where

Wy Weight of the superstructure portion supported by the substructure body concerned (kKN)

Wi, : Weight of the substructure body (KN}

El: Bending stiffness of the substructure body specified in the explanations of (1} above
(kN - m).

h:  Height from the bottom of the substructure body to the heiglt of the superstructural inertia
force (m)

hp: height of the substructure body (m)

Where, 60 and 60 are calculated from Eq.(9-4) (Refer to
Fig.9-2).

plane coincide with the longitudinal and transverse axes of the bridge structure. This mode shape may be found
by applying a uniform horizontal load to the structure and calculating the corresponding deformed shape. The
natural period may be calculated by equating the maximum potential and Kinetic energies associated with the
fundamental mode shape. The amplitude of the displaced shape may be found from the elastic seismic response
coefficient, Csm, and the corresponding spectral displacement. This amplitude shall be used to determine force
effects.

. Calculate the static displacement v¢(x) due to an

assumed uniform loading p, as shown in Figure Vs STt B
9-1. b Vs(x)
. Calculate factors a and g as: X
P
o= e 1) ttttttis
PLAN VIEW, TRANSVERSE LOADING
¥ = Jw(x)vs2(x)dx 9-2)
| R
o7
where: N — —t»/._.m_._x._...
po = a uniform load arbitrarily set equal to 1.0
(N/mm)

vs(X) = deformation corresponding to p, (mm)
w(X) = nominal, unfactored dead load of the bridge Figure 9-1 Bridge Deck Subjected to Assumed

superstructure and tributary substructure  Transyerse and Longitudinal Loading
(N/mm)

ELEVATION VIEW, LONGITUDINAL LOADING

. Calculate the period of the bridge as:

Tp=2n | —— (©-3)
Pogo

where: g = acceleration of gravity (m/sec?)

(2) Natural period calculation by Uniform Load Method

The uniform load method shall be based on the fundamental mode of vibration in either the longitudinal or
transverse direction of the base structure. The period of this mode of vibration shall be taken as that of an
equivalent single-mass oscillator. The stiffness of this equivalent spring shall be calculated using the maximum
displacement that occurs when an arbitrary uniform lateral load is applied to the bridge. The elastic seismic
response coefficient, Cqy, shall be used to calculate the equivalent uniform seismic load from which force effects
are found.

This method is essentially an equivalent static method of analysis that uses the uniform lateral load to
approximate the effect of seismic loads. This method is suitable for regular bridges that respond principally in
their fundamental mode of vibration. Whereas all displacements and most member forces are calculated with
good accuracy, the method is known to overestimate the transverse shears at the abutments by up to 100 percent.

. Calculate the static displacement v(x) due to an assumed uniform loading p, as shown in Figure 9-1.
The uniform load p, is applied over the length of the bridge; it has units of force per unit length and may
be arbitrarily set equal to 1.0. The static displacement v¢(x) has unit of length.
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s o Hhg=MA,
’ AssArr_AsrArs

""""" (9-4). Ground Surface to be
8 = —H A M A, A considered in seismic
0 Apd,— Ayl . cfﬁ." design

Hy = Wy 0.8( Wyt W)

hy
My = Wy 08 I( 224 h) +0.8 W

Where, 30 and 600 are calculated from Eq. (9-4) (Refer to

Fig.9-2). Arr, Asr, Ars and Ass are spring constants (KN/m,

kN/rad, kKNm/m, kNm/rad) and calculated from the

following formula according to the foundation types.

@ Spread foundation (@ Pile foundation with only vertical piles arranged symmetrically
Ay = kspAs Aa=nk,
_ _ A=A, =—nK, | --------- (9-6)
A= An =0 o &9 A? m:; +K 22 ;
= Vi
A, =kl TS
where
kem Coefficient of shear subgrade reaction in horizontal direction at the bottom of foundation (KN/m®)

ky: Coefficient of subgrade reaction in wvertical direction at the bottom of foundation (kN/m')

n: Total number of piles
y;: ¥ coordinate of the pile head of i-th pile (m)

K, K; K5 Ky: Spring constants (kN/m, kNfrad, kN'm/m, kN'm/rad) of the piles in the perpendicular direction
to the pile axis in case of rigid connection at pile head

Kyp: Spring constant (kN/m) of the piles in the direction of the pile axis

Concrete calculation methods of K1, K2, K3, K4 and Kvp are provided in Part IV. With the coefficients of
subgrade reaction for seismic design as shown in Eq. (9-7) and (9-8), K1, K2, K3, K4 and Kvp .can be obtained.

Kpo =1/0.3 * Ep Kw=103*Ep ----------- (9-8)
where,

Kho, Kvo = Reference values of the coefficient of subgrade reaction in horizontal direction and in vertical
direction, respectively (kN/m®) (for Level 1 and 2 EGMs)

Ep =2* (1 + vp) * Gp (Ep: Dynamic modulus of deformation of the ground (kN/m?))
Vb = Dynamic Poisson’s ratio of the ground

Gp  =7t/g* V%p (Gp: Dynamic shear deformation modulus of the ground (kN/m?))

yt = Unit weight of the ground (kN/m°)

g = Acceleration of gravity (9.8 m/s?)

Vep = Shear elastic wave velocity of the ground (m/s)

Vepi  =CV * Vsi (Vspi: the average shear elastic wave velocity of the i-th layer)

Cv = 0.8 (Vsi <300 m/s), 1.0 (Vsi > 300 m/s) (CV: Modification factor based on degree of ground strain)
Vsi  =the average shear elastic wave velocity of thei-th soil layer described in Item 5 (m/s)

. Calculate the bridge lateral stiffness, K, and the total weight, W, from the following expressions:

_ Pl
K= -
Vsmax (©-4)
W = Jw(x)dx (9-5)
where:
L = total length of the bridge (mm)

Vsmax = Mmaximum value of vg(x) (mm)
w(x) = nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

The weight should take into account structural elements and other relevant loads including, but not limited to,
pier caps, abutments, columns and footings. Other loads, such as live loads may be included.

. Calculate the period of the bridge, Ty, using the expression:

w
Tm=27 | —— (9-6)
gK
where: g = acceleration of gravity (m/sec?)

Procedure 2: Elastic Dynamic Analysis (EDA)

For the elastic dynamic analysis, all relevant damped (5%) modes and frequencies shall be considered.
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(b) in case of a design vibration unit consisting of multiple substructures and their supporting superstructure part

as shown in Fig. 9-3.

uswsd
& ® ® & (rrrrerr et e
TEN — - - g f N . Ir-— wis) ;r ﬂ;
0 i
N . (b) Transverse Direction
(a) Profile of the Bridge wis) S ols)
Fig. 9-3 Calculation Model of Natural Period for a Design ." {-'
Vibration Unit Consisting of Multiple Structures and ‘ '
their Supporting Superstructure Part (c) Longitudinal Direction
w(s) u(s) ds
[wis) uis) ds
where,

w(s ) :Weight of the superstructure or the substructure at position s (kN/m)

u(s ) : Lateral displacement of each structure at position s in the direction of the inertia force
when a lateral force corresponding to the weight of the superstructure and that of the
substructure above the design ground surface act in the direction of the inertia force (m)

When a bridge is modeled into a discrete skeleton structure, the & can be obtained from Eq. (9-10).

Z( Wae .'2}
5=t
Ei; ( I"I’: uj)

where

W;: Weight of superstructure and substructure at node i (kN)

u;: Displacemeni of node i occurred in the acting direction of inertia force when a force
corresponding to the weight of the superstructure and the substructure above the ground

surface to be considered in seismic design is acted in the acting direction of inertia foree(m
> represents the sum of all design vibration units.

When calculated with eigenvalue analysis, .the natural period (T) can be obtained directly.

(c) Stiffness Applied to Calculation of Natural Period for Level 2 EGM

During verification of seismic performance for Level 2 EGM, the natural period shall be calculated based on the
yield stiffness. The yield stiffness refers to the secant stiffness Ky at yield point due to bending deformation of the
pier and is obtained at the ratio of the yield strength Py to the yield displacement 3y of the pier (Ky = Py/8y) as
shown in Fig. 9-4.
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Ky=3*E*ly/h® => ly=Ky*h®/3E
Ely = yield stiffness
E = elastic modulus of pier, ly = moment of section
inertia at the yield point
h = the height of pier
(ly should be used for every calculation of the natural
Y period for verification of seismic performance for Level 2
Horizontal Displacement 3 at the top of Pier EGM)
Fig. 9-4 Stiffness Applied to Calculation of Natural Period for Level 2 EGM
10. Design (1) Design horizontal coefficient (ky) for Level 1 EGM shall be calculated by Eq. (10-1). No provision
Horizontal
Seismic Ki=Cz*Kip (20.1)  =rmmmmmmmmmmmomomooooooooooooooo oo oo (10-1)
Coefficient for where,
Level 1 EGM Ko = Standard value of the design horizontal seismic coefficient for Level 1 EGM, which is shown

in Fig 10-1.(Fig. 10-1 is obtained from the Figure for Level 1 EGM shown in Item 4 by
dividing S, by gravity acceleration)
Cz = Modification factor for zones shown in Item 4.
(2) Design horizontal coefficient (Kyg) at ground level can be obtained from Eq. (10-2), which is used for

calculation of inertia force due to soil weight and seismic earth pressure in verifying seismic performance for
Level 1 EGM.

th = Cz * tho """""""""""""""""""""""""""" (10_2)
where,
Khgo = Standard value of the design horizontal seismic coefficient at ground surface level for Level 1
EGM

=0.16 for Ground Type 1, 0.2 for Ground Type Il and 0.24 for Ground Type IlI

(3) Though a single value of the design horizontal seismic coefficient shall generally be adopted within the same
design vibration unit, different design horizontal seismic coefficient for each pier are given in case that the
ground type changes within the same design vibration unit.

0.4 ! ! ] [ T T T
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Fig. 10-1Standard Design Seismic Coefficient for Level 1 EGM
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11. Design (1) Design horizontal seismic coefficients for Level 2 EGM (Type I and 11) shall be calculated by Eq. (11-1) and | (1) For regular bridges with 2 to 6 spans, an Equivalent Static Analysis (ESA) is allowed when the Seismic
g;g;q?gtal (11-2). Design Category (SDC) is classified as B, C or D.
Coefficient for Knc1 = Cs* Cz * Kico =>0.3*Csor 0.4 * C, (11-1)
Level 2 EGM Khen =Cs * Cz * Kicon > 0.6 *Cs or 0.4 * C; (11-2) (2) The Uniform Load Method can be used as an ESA to approximate the effect of seismic load. This method

Knecr and Kneyy = Design horizontal seismic coefficient for Type | and 11 of Level 2 EGM, respectively.

Knco and Kpeoy = Standard design horizontal seismic coefficients for Type | and Type Il of Level 2
EGM, respectively, which are shown in Fig 11-1 and Fig. 11-12.

Cs = Force Reduction Factor related to the extent of ductility of a pier, which is specified in Item 12.

(2) Design horizontal coefficients at ground surface level can be obtained from Eq. (11-3) and (11-4) for Type |
and Il of Level 2 EGM

Khgi = Cz * Kigio
thll =Cz* thuo

(11-3)
(11-4)

Khgl and Khgll = Design horizontal seismic coefficients at ground surface for Type | and 11 of Level 2
EGM, respectively.
Khgio and Kpgio = Standard horizontal seismic coefficient at ground surface level for Type I and Il of
Level 2 EGM, respectively.
Khgio = 0.3 for Ground Type 1, 0.35 for Ground Type Il and 0.40 for Ground Type IlI
Khgiio = 0.80 for Ground Type 1, 0.70 for Ground Type Il and 0.60 for Ground Type IlI

(3) The highest value of design horizontal seismic coefficient shall generally be used in each design vibration unit.
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Fig. 11- 1 Relationship between Kycio and T (s) Fig. 11- 2 Relationship between Kycijo and T (s)

shall be based on the fundamental mode of vibration in either the longitudinal or transverse direction. The
period of this mode of vibration shall be taken as that of an equivalent single mass-spring oscillator. The
stiffness of this equivalent spring shall be calculated using the maximum displacement that occurs when an
arbitrary uniform lateral load is applied to the bridge.

(3) The steps in the uniform load method are as follows:

1. Calculate the static displacement v¢(x) due to an assumed uniform load p, (applied over the length of the bridge set
equal to 1.0)

2. Calculate the bridge lateral stiffness, K, and the toal weight W, following the expressions:

PoL

VsmAX

(11-1) W = Jw(x)dx

.

3. Calculate the period of the bridge Ty, using the expression:
w

Kg

K= (11-2)

Tn=27 (1-3)

4. Calculate the equivalent static earthquake loading p, from the equation:
S.W

L

D= (11-4)

'

5. Calculate the displacement and member forces for use in the design either by applying p. to the structure and
performing a second static analysis or by scaling the results of the first step above by the ratio p, /p,

where:
Tm = period of vibration of m™ mode (sec)
S. = the design response spectral acceleration coefficient determined for T =T,
pe = equivalent uniform static lateral seismic load per unit length of bridge applied to represent the
primary mode of vibration (N/mm)
W = total weight of structure (N)

L = total length of the bridge (mm)
w(x) = nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

(4) However, the Elastic Displacement Analysis (EDA) is used to estimate the displacement demands for
structures where ESA does not provide an adequate level of sophistication to estimate the dynamic
behavior. A linear elastic multimodal spectral analysis using the appropriate response spectrum (5%
damping) shall be performed. The number of degrees of freedom and the number of modes considered in
the analysis shall be sufficient to capture at least 90 percent mass participation in both the longitudinal and
transverse directions. A minimum of three elements per flexible column and four elements per span shall be




The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

g1-(2)a-t

Items JRA Specifications for Highway Bridges, Part V-Seismic Design (English Version, 2002) AASHTO Guide Specifications for LRFD Seismic Bridge Design (2" Edition, 2011)
- : . . used in the linear elastic model.
Table 11-1 Relationship between Kycio and T (s) Table 11-2 Relationship between Kic and T (s)
Ground Type Values of ki in Terms of Natural Period T (5) Ground Type Values of kyes in Terms of Natural Period T (5)
TS14 l4=T
Tyl § k=07 b y=08767" " Typer _T<03 " D.Bk__<_T_2§0ll7 0.'1-=T7”3
r<os T | Leer ko= 46T (0= 2 ko= 1.24T
Type It Fuem 1301 k=083 ko =taer T<04 0457212 12<T
| bur ! o Type I a3 _ s
» i - - ‘ b o=3227 k=175 k=257
’ ) D9ST =20 207 T<03 DSSTS1S 15<T
Type 111 ko=l - N b Type HI
b 0207 ‘ £y | k1597 e bo=2387 7 L h=1s0 be=25717"
12. Force (1) Force reduction factor shall be calculated by Eq. (12-1) for a structural system that can be modeled as a one | (1) The force reduction factor is not explicitly given in the AASHTO Guide Specifications for LRFD Seismic
E:&g‘;“on degree-of freedom vibration system having a plastic force- displacement relation. Bridge Design, unlike the JRA Specifications which gives the force reduction factor based on the member

(12-1)

Cs=1N2*p,-1
Cs = Force reduction factor (refer to Fig. 12-1)
ua = Allowable ductility ratio. pa can be obtained by Eq. (12-2) for the case of a RC column.
ta = 1 + (8u - 8y)/a*3y (refer to Fig. 12-2) (12-2)

Horizontal Force P

____________ A
i P. : Elastic response horizontal force

P, : Yield horizontal force

&p * Elasto - plastic response horizontal displacement
8y : Elastic response horizontal displacement

4,  Yield horizontal displacement

Eq. (12-1) can be obtained by assuming that the areas of AOAB
and [JOCDE are equal.

Fig. 12-1 Elasto-Plastic Response Displacement of a Pier

Horizontal Force P
A

: pa: Ductility capacity of the RC column

B, |- Su: Ultimate displacement of the RC column
: 8y: Yield displacement of the RC column

o: Safety factor shown in Table 12-1

i Horizontal

3 * Displacement &
(6,~6)/a

6,~5,

allowable ductility ratio.
(2) The first principles in the AASHTO Guide would be to satisfy the relationship:

Ap- <At (12-1)

where: Ap" = displacement demand taken along the local principal axis of the ductile member. The
displacement demand may be conservatively taken as the bent displacement inclusive of
flexibility contribution from the foundations, superstructure, or both.

displacement capacity taken along the local principal axis corresponding to of the ductile

member as determined in accordance with SDC B, C and D.

ACL =

Figure 12-1 Force-Deflection Relation for a Single Column Bent
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Fig. 12-2 Simplified Relationship between Lateral Strength and Ductility Capacity for Flexural Failure

Table 12-1 Safety Factor of RC Column resulting in Flexural Failure

Seismic Performance

Safety Factor o in Calculation of
Ductility Capacity for Type [

Safety Factor o in Calculation of
Ductility Capacity for Type I

Performance Level 3

be Verified : i
fobe Veriie Earthquake Ground Motion Earthquake Ground Motion
Sefsmic
Performance Level 2 30 '
Seismic 2.4 1.2

Figure 12-2 Force-Deflection Relation for a Bent Frame

(3) For Type 1 structures, comprising reinforced concrete columns in SDCs B and C, the displacement
capacity may be approximated by:

For SDC B: Ac"= 0.12H, (-1.27In(x)-0.32) > 0.12 H,, in. (12-2)
For SDC C: Ac-= 0.12H, (-2.32In(x)-1.22) > 0.12 H,, in. (12-2)
Inwhich:  x = ABy/H, (12-3)
where: H, = clear height of column (ft)
B, = column diameter or width measured parallel to the direction of displacement under
consideration (ft.)
A = factor for column end restraint condition

= 1 for fixed-free (pinned on one end)
= 2 for fixed top and bottom

(4) For bridge bent or frames that do not satisfy Eq. (12-1), or are not Type 1 reinforced concrete structures, the
designer may either:

« Increase the allowable displacement capacity , by meeting detailing requirements of a higher SDC, or

. Adjust the dynamic characteristics of the bridge.
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(5) Member ductility demand shall satisfy:

Table 12-1 Ductility Demand

Member Uo

Single column bent

Inwhich:  pp =1+ Apd/Ayi

Multiple column bent

where:  Ayq = plastic displacement demand (in)
Ay; = idealized yield displacement corresponding to

Pier walls in weak direction

the idealized yield curvature, ¢y;

Pier walls in strong direction <1

*Reinforced concrete members such as drilled shafts, cast-in-place piles, and prestressed piles subject to inground hinging
shall have ductility limit satisfying pp < 4.

The member ductility demand may be determined using the M-¢ analysis as illustrated in Figure 12-3

Figure 12-3 Moment-Curvature Diagram

13. Evaluation of
Failure Mode
of RC Column

(1) Failure mode of a RC column shall be evaluated by Eq. (13-1)

P, =P, Flexural (or bending) failure
P.<P,= Py Shear failure after flexural yielding ceesbeeaeiees (1341)
Pa<P, Shear failure

Pu = Lateral strength of a RC column

Ps = Shear strength of a RC column

Ps0O = Shear strength of a RC column calculated by the modification factor on the effects of repeated
alternative loads is equal to 1.0.

()]

@

There is no specific and explicit AASHTO provision for column failure mode, but for design purposes,
each structure shall be categorized according to its intended structural seismic response in terms of
damage level (i.e. ductility demand, up as specified in Item 12).

For SDC B, C and D, the following design methods are further defined:

Conventional Ductile Response (i.e. Full-Ductility Structures):

For horizontal loading, a plastic mechanism is intended to develop. The plastic mechanism shall be
defined clearly as part of the design strategy. Yielding may occur in areas that are not readily
accessible for inspection depending on the Owner’s approval. Inelastic action is intended to be
restricted to flexural plastic hinges in columns an pier walls and inelastic soil deformation behind
abutment walls and wingwalls. Details and member proportions shall ensure large ductility capacity,
e, under load reversals without significant strength loss with ductility demands (4.0<pp<6.0). This
response is anticipated for a bridge in SDC D designed for the life safety criteria.

Limited Ductility Response:

For horizontal loading, a plastic mechanism as described above for full-ductility structures is
intended to develop, but in this case for limited-ductility response, ductility demands are reduced
(up<4.0). Intended yielding shall be restricted to locations that are readily accessible for inspection
following a design earthquake unless prohibited by structural configuration. Inelastic action is
intended to be restricted to flexural plastic hinges in columns and pier walls and inelastic soil
deformation behind abutment walls and wingwalls. Detailing and proportioning requirements are
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(2) Failure mode for a RC column can be judged following the flow shown in Fig. 13-1.

Modification factor on the effect of
repeated alternating loads
{0.6 (Seismic Motion Type I}

4 e =
Calculation of the ultimate
strength Py

0.8(Seismic Motion Type II}
1

f Calculation of shear strength P,
|

Yes No

Caleulation of shear strength Pgy
assuming the modification factor
on the effect of repeated alternating
loads ¢, = 1.0

Yes
Shear failure after
IFlexural failure flexural yielding
hd

PE=PI.1 -
5 -8 P=Py P.=Py
p=1+22"% =10 #0=1.0

ad,
v
End

Fig. 13-1 Evaluation of Failure Mode for a RC Column

less than those required for full ductility structures. This response is anticipated for a bridge in SDC
BorC.
. Limited-Ductility Response in Concert with Added Protective Systems:

In this case, a structure has limited ductility with the additional seismic isolation, passive
energy-dissipating devices and/or other mechanical devices to control seismic response. Using this
strategy, a plastic mechanism may or may not form. The occurrence of a plastic mechanism shall be
verified by analysis. This response may be used for a bridge in SDC C or D designed for an
enhanced performance. Nonlinear time history analysis may be required for this design strategy.

(3) The shear demand and capacity design for ductile concrete members is intended to avoid column shear
failure by using the principles of “capacity protection”. For SDCs C and D, the design shear force is
specified as a result of the overstrength plastic moment capacity, regardless of the elastic earthquake
design forces. This requirement is necessary because of the potential for superstructure collapse if a
column fails in shear.

14. Calculation of
Lateral
Strength and
Displacement
ofaRC
Column

(1) Relationships between stress and strain of a reinforcing bar and concrete are shown in Fig. 14-1 (1) and Fig.
14-1 (2), respectively.

(2) RC column is divided into m segments along its height and the section of each segment is divided into n
elements in the acting direction of the inertia force as shown in Fig. 14-2. With these relationships, Pu, Py, du
and Jy at the height of the superstructure inertia force shown in Fig.14-3 can be obtained.

(1) Reinforcing steel is modeled with a stress-strain relationship that exhibits an initial elastic portion, a yield
plateau, and a strain-hardening range in which the stress increases with strain as shown in Figure 14-1. On
the other hand, the stress-strain model for confined and unconfined concrete is used to determine section

response as shown in Figure 14-2.
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Stress in a reinforcing bar o, Stress
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(1) Stress and Strain of Reinforcing Bar (2) Stress and Strain of Concrete
Fig 14-1 Relationships between Stress and Strain of Reinforcing Bar and Concrete
I’_ater:all force (P) (at the height of the superstructure inertia Lateral force P
Lateral displacement & (at the height .
of the superstructure inertia force) A Ul Fu, dul
s
. Y{Py 8)
. neutral axis P,
= n
£ elements
[=2
8
£ C @b
P Yim fR
Ui B
0% & du
Lateral Displacement &

Fig 14-2 Lateral Force (P) at the Acting Position of the Inertia
Force and Displacement (3), and Division of Column

Fig 14-3 Calculated Relationship
between Lateral Force (P)
and Displacement (3)

(3) Descriptions

Pc = Lateral strength at cracking, Py = Yielding lateral strength, P, = Lateral strength, 8, = Yield displacement,
du = Ultimate displacement (a single -column RC column)
(a) Premises
e Fiber strain is proportional to the distance from the neutral axis.
o Skeleton curve between horizontal force and horizontal displacement shall be expressed by an

A
ideal elasto-plastic model shown in Fig. 14-4. » ¥ U
(b) Equations % "
2o +Xy (14-1) g
h A = |
M, ) = i
P= h (14-2) -§ ¥, * Initial ield Limit state
M z Y : Vield limit state
Sy=gr e T (14-3) 7 : Ultimale limit state
iy ! H .
I .
Pe=t s (14-4) by 4 8. Horize
i ** ™ Horizontal Displacement &
Su =0yt (™ P Ly (h—Ly/2) oo (14-5) Fig.14-4 Ideal Elasto-Plastic Model

Figure 14-1 Reinforcing Steel Stress-Strain Model Figure 14-2 Concrete Stress-Strain Model

(2) The plastic moment capacity of all ductile concrete members shall be calculated by moment-curvature
(M-¢) analysis on the basis of the expected material properties. The moment-curvature analysis shall
include axial forces due to dead load together with the axial forces due to overturning.

(3) The M-¢ curve should be idealized with an
elastic perfectly plastic response to estimate
the plastic moment capacity of a member’s
cross-section. The elastic portion of the
idealized curve shall pass thru the point
marking the first reinforcing bar yield. The
idealized plastic moment capacity shall be
obtained by equating the areas between the
actual and the idealized M-¢ curves beyond
the first reinforcing bar yield point.
Figure 14-3 Moment-Curvature Model
(4) The member ductility demand may be determined using the M-¢ which is based on the following
assumptions:
. The plastic rotation, 6, is concentrated at the center of the plastic hinge,
. The distribution of elastic curvature is linear along the column, and
. The plastic curvature is constant over the equivalent analytical plastic hinge length, L,.

Opa = (dpa) Lp (14-1)
Gpa = (ol - Gyi) (14-2)
A = (0yL?/3 (14-3)
At = 0 (L-L,/2) (14-2)
up = 1+ Ayl Ay (14-5)
o = 1+ 3(dearldyi-1)(Ly/L)(1-0.5L,/L) (14-6)
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(c) Description of Symbols
I Section modulus of a column with consideration of axial reinforcement at the column’s

bottom section (mm®)

as : Flexural tensile strength of concrete (N!mrn3) to be calculated by Eq. (14-1-1)
oy =0.23 O'f}i :

N+ Axial force acting on the column’s bottom section (N)

A : Sectional area of a column, with consideration of axial reinforcement at the column’s bottom
section (mmz)

% Height of superstructural inertial force from the bottom of column. (mm)

o, » Design strength of concrete (meml)

dyp: Horizontal displacement at the time of yielding of axial tensile reinforcing bars at  the
‘outermost edge of the column’s bottom section {called “initial yield displacement”
hereafter) (mm)

M, : Ultimate bending moment at the column’s bottom section  (N- mm)

Myo: Bending moment at the time of yielding of axial tensile reinforcing bars at  the outermost
edge of the column’s bottom section (N- mm)

H : Height of superstructural inertial force from the bottom of column. {mm)

L,: Plastic hinge length (mm) calculated by Eq. (14-5-1)

L,=02h-0.1D

in which 0.1D = £, =0.5D

D Sectional depth (mm) (D shall be the diameter of a circular section, or the length of a

rectangular section in the analytical direction)
@,z Yield curvature at the column’s bottom section (1/mm)

&, : Ultimate curvature at the column’s bottom section (1/mm}

(d) Detailed Procedure to Obtain Mechanical Values Referring to Fig. 14-2, Fig. 14-5 and Fig. 14-6

M= W0y NG A e (14-6)
BT MM S E Iy -oeeeoe (14-7)
M.: Bending moment at cracking (N-mm)
@, Curvature of cracking (1/mim)
Wi Sectional modulus of pier having considered the axial reinforcement in the i-th section
from the height of the superstructural inertia force (mm®).
ow: Bending tensile strength of concrete {N/mm?) to be calculated by Eq. (14-1-1)
Ni: Axial foree due to the weights of superstructure and substructure acting on the i-th
section from the height of the superstructural inertia force (N).
A;: Sectional area of pier having considered the axial reinforcement in the i-th section from

the height of the superstructural inertia force (mm?)

Wi

here:

deot = column curvature at maximum displacement demand (computed from push over analysis) (1/in)

¢yi = idealized yield curvature (1/in)

dpa = column plastic curvature demand (1/in)
L, = analytical plastic hinge length (in)

L

®)

(6)

= length of column from point of maximum moment to the point of moment contraflexure (in)
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Figure 14-4 Pier Deflected Shape and Curvature Diagram

The expected nominal moment capacity, M,., shall be based on the expected concrete and reinforcing
steel strengths when either the concrete strain reaches a magnitude of 0.003 or the reinforcing steel
reaches the reduced ultimate tensile strain. For SDC B, the expected nominal moment capacity, M., may
be used as M, in lieu of the development of a moment-curvature analysis.

Requirements for Ductile Member
Minimum Lateral Strength

The minimum lateral flexural capacity of each column is taken as:
Mne > 0.1Pyip [(Hn + 0.5D5)/A]

where:
Mne = nominal moment capacity of the column based on expected material properties (kip-ft)
Pwiv = greater of the dead load per column or force associated with the tributary seismic mass at the

bent (kips)




v2-(2)a-1

The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items

JRA Specifications for Highway Bridges, Part V-Seismic Design (English Version, 2002)

AASHTO Guide Specifications for LRFD Seismic Bridge Design (2" Edition, 2011)

E. Young's modulus of concrete (N/mm®)

Moment of inertia of pier having considered the axial reinforcement in the i-th section
from height of the superstructural inertia force (mm™")

ag, : Design standard strength of concrete (mernl)

i L
M, :i‘{:'.laﬂ- T dA ;+ E}l 0,74 A (14-8)
Pr=z,/1y (14-9)
Ogjs T Stress of concrete and reinforcement within the j-th infinitesimal part {Nf’mmz)

AAg, AAy: Sectional area of concrete and reinforcement within the j-th infinitesimal part (mm?)

M;: Bending moment acting on the i-th section from the height of the superstructural inertia
force (N'mm)

¢i: Curvature of the i-th section from the height of the superstructural inertia force (1/mm}

xi  Distance from concrete or reinforcement in the j-th infinitesimal part to the centroid
position of section (mm)

E: Compressed edge sirain of concrete

xg: Distance from the compressed edge of concrete to the neutral axis (mm)

'5y0=f¢ydy
:‘E (¢i3’i+¢1—i3?i--1)fﬁ.}'.’/2‘ (14-10)
@,= (MLW) Byp T - (14-11)

: a4 8 0 0a : Er .;:Eﬂl
L2 -
. . B Bt Pos
L] L
® e
o e
EEERERER K] £,
Initial yield Ultimate limit state Ultirnate limit state

limit state {Type I} (Type II)

Fig 14-5 Strain Distribution within Initial Yielding and Ultimate Limit

H, = the height from the top of the footing to the top of the column or the equivalent column

height for a pile extension column (ft)
Ds
A

depth of superstructure (ft)

fixity factor for the column
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W

Py

Initial yield limit state  Ultimate limit state
Yanld limit state (Type T)

Ultimate himit state

{Type 1)

Fig 14-6 Curvature Distribution in the Direction of Height

(e) Stress-Strain Relation of Concrete (refer to Fig. 14-1(2))

The stress-strain curve of concrete shall be determined by Eq. (14-12) based on Fig.14.1(2))

G.= e

=1
Eé, 1~§[j} (0=e 25.)

UDC - Edr'_\'(gc _scc) (scc < la.c: g Ecn)

E

—_—0 e e g e e g e e P T

Ecgc: ™

bee= 0.002+0.0335 222

T
o 2
pﬁo—.‘y
€, (For Type I Earthguake Ground Motion)
g, = 0.2
"o le, + E O (For Type IT Barthguake Ground Motion)
des
44,
Ps o

g, : Stress of concrete (N/mm®)

0. : Strength of concrete restrained by lateral confining reinforcement (N/mm®)
o - Design strength of concrete (N/mm?)

£ : Strain of concrete

£cc: Strain of concrete under the maximum compressive stress

£, : Ultimate strain of concrete restrained by lateral confining reinforcement

- (14-12)

.............. (14-13)

(14-14)

(14-16)

“(14-17)

- (14-18)
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E. :Young's modulus of concrete (N/mm’)

E.tes : Descending gradient (N/mm?)

ps:  Volume ratio of lateral confining reinforcement

A, + Sectional area of each lateral confining reinforcement (mm?)

5 : Spacings of lateral confining reinforcement (mm)

4 @ Effective length (mm) of lateral confining reinforcement. It shall be the longest length of
core concrete divided and restrained by lateral hoop ties or cross ties (refer to Fig. 14-7)

oy Yield point of lateral confining reinforcement (N/mm?)

a5 Modification factor on section, ¢=1.0,f=1.0 for a circular section, and «= 0.2, p= 0.4 for
rectangular, hollow circular and hollow rectangular sections.

n A constant defined by Eq. (14-13)

| e i d“?’
v &
-
b T
= h =%
b
h o
™ b ¥
d Direction of x - axis * ¢= the largest of o, ~d}

| | Direction of y - axis : 4= the largest of o, ~d;

(a) Circular Section (b) Rectangular Section

Direction of x — axis * &= the largest of o) ~ d,
_ . . Direction of y— axis - d=df;
Direction of x - axis *

d=thelargest of ¢, ~d.

Direction of y - axis * (d) Semi-rectangular Section
d=the largest of o ~d,,

(c) Hollow Section

Fig. 14-7 Effective Length of Lateral Confining Reinforcement
(in Both Longitudinal and Transverse Direction to the Bridge Axis)
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15. Shcearr1 Srtrtength Shear strength shall be calculated by Eq. (15-1) (1) The shear strength capacity within the plastic hinge region is calculated on the basis of nominal material
(Str?Jc‘t:uie‘; Po= 84§y s e s e (1651 strength properties and satisfies:
S, = Celolpile [,Y7 e—— . s (15 9) Vo> Vs (15-)
A o, d(siné +cosé)
5= oA T R 1< c )| in which:
P,: Shear strength (N) Vi =Ve+ Vs (15-2)
S¢:  Shear strength resisted by concrete (N) where:
1. : Average shear stress that can be borne by concrete (_memz). Values in Table 15-1 shall be ¢ = 0.90 for shear in reinforced concrete
used. V, = nominal shear capacity of member (Kips)
¢.: Modification factor on the effects of alternating cyclic loading. c. shall be taken as 0.6 for Ve = concrete contribution to shear capacity (kips)
Type I Earthquake Ground Motion and 0.8 for Type I1. Vs = reinforcing steel contribution to shea.r capacity (kips)
. ) . V. = shear demand of a column, wall or pile shaft
¢.: Modification factor in relation to the effective height (d) of a pier section, Values in Table
15-2 shall be used. (a) Concrete Shear Capacity
(b) Effective Height of a rectangular Section Ve VA (15-3)
. . . . A. = 0.8A 15-4
¢w © Modification factor in relation to the axial tensile reinforcement ratio p;. Values in Table ¢ 9 (15-4)
15-3 shall be used. If Py is compressive,
b: Width of a pier section perpendicular to the direction in calculating shear strength (mm)
Effective height of a pier section parallel to the direction in calculating shear strength (mm) (15-5)
p: Axial tensile reinforcement ratio. It is the value obtained by dividing the total sectional
areas of the main reinforcement on the tension side of the neutral axis by bd (%).
& Shear strength borne by hoop ties (N} otherwise:
ve=0 (15-6)

A, Sectional area of hoop ties arranged with an interval of ¢ and an angle of 0 (mm?)
o, Yield point of hoop ties (N/mm®)
¢ : Angle formed between hoop ties and the vertical axis (degree)

a ; Spacings of hoop ties (mm})

Table 15-1 Average Shear Stress of Concrete ¢ (N/mm?)

Design Compressive Strength of Concretegy, (NAnm?) 21 24 27 30 40

Average Shear Stress of Concreter, (N/mm©) 033 | 035 | 036 | 037 | 041

Table 15-2 Modification Factor Ce in Relation to Effective Height of a Pier Section

Effective Height {mm} Below 1000 3000 5000 Abgve 10000

Ce 1.0 0.7 0.6 0.5

for circular columns with spiral hoop or hoop reinforcing:

(15-7)
(15-8)
(15-9)
for rectangular columns with ties:
(15-10) The concrete shear stress adjustment factor, o, shall
not be taken as greater than 3 and need not be taken
(15-11) as less than 0.30.

(15-12)
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Table 15-3 Modification Factor Cpt in Relation to Axial tensile Reinforcement Ratio Pt

Tensile Reinforcement
. 0.2 0.3 0.5 Above 1.0
Ratio (%)
Cp 0.9 1.0 1.2 1.5

Evaluation method of effective height (d) for each column section shape is shown in Fig. 15-1.

Effective height d

% Center of gravity of the

e S B reinforcement of this pcrtinn

(a) Effective Height (d) of a Rectangular Section

eoaloadaol] ]

Effective height 4

I
[

Width & ; - o
E— O~
= Center of gravity of the
Square section with the - reinforcement of this portion

same sectional area b Widthd =bitbe b

(b) Effective
Height  (d)
and Width (b)
of a Circular
Section

(c) Effective Height (d) and Width (b) of a

Effective height & .
Rectangular Section

< - > Center of gravity of the
reinforcement of this portion

Fig. 15-1 Effective Height (d) and Width (b) of Each Section Shape

where:

(b) Shear Reinforcement Capacity

The nominal shear reinforcement strength, Vs, is taken as:

For members with circular hoops, spirals, or
interlocking hoops or spirals,

P 5_1[954:.'.&:"] (15-13)
]

¥

wehero:

n = pumber of individual interlocking, spiral or hoap
core sectivns

" aren of spirsl o baap reinforcing bar (in.)
S yiedd stress of spinl or hoop reinforcement {ksi)

0" = gore dismeter of column ncasered from comer
of spiral or hoop {in.)

I pitch of spiral or spacing of hoop cmborcement
{in}

The concrete shear capacity, V., at plastic hinge
section shall be determined using member ductility
demand, pp as follows:

SDC Up
B 2
C 3
D Ho = 1+ ApdlAyi

For members with rectangular ties or stirrups,

P A fuil (15-14)
3 i

where:

Ay = cross-sectional arca of shear reinforcement fn

the direction of loading (in.")

o effective depth of seetion in drection of leading
moasured from ihe compression face of the
mwomber bo the cenler of gravity of the tonsion
relnlorcensead (i)

j :.'i{lnt stress of tie reinforcement (ksi)

= spacing of lie reinfarcement (n.)
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Figure 15-1 Single Spiral

Figure 15-2 Column Tie Details

Figure 15-3 Column Interlocking Spiral and Hoop Figure 15-4 Column Tie Details

Details
16. Struct_ural (1) Incase that generation of pla_stic deforrr]ation of the column is expected, lapping of axial reinforcements shall (1) Splices
mﬁ:}l\sﬂfﬁé not generally be placed within the plastic zone (refer to Fig 16-1). (a) Splicing of longitudinal column reinforcement in SDC C or D shall be outside the plastic hinging
Ductility (2) Arrangement of Hoop Ties region.
Performance (b) For pile or shaft where liquefaction is anticipated and where splicing in the potential plastic hinge zone

(a) To use deformed bars of at least 13mm in
diameter, and the intervals shall not
generally be greater than 150mm in the
plastic zone.

(b) To be arranged so as to enclose the axial
reinforcement and be fixed in to the
concrete inside a column with the length
below.
(Refer to Eq. (14-5-1))
i) Semi-circular hook = 8® or 120mm
whichever is the greater.
ii) Acute angle hook = 10®
iii) Rectangular angle hook = 12®
(®: the diameter of the hoop tie)

Fig. 16-1 Plastic Zone

(c) Lapping of hoop ties shall be staggered along the column height.

(d) To have a lap length of at least 40® in case that hoop ties are lapped at any place other than the corners of a
rectangular section (refer to Fig 16-2).

cannot be avoided, mechanical couplers that are capable of developing the expected tensile strength of
bars shall be specified.
(c) Lapping longitudinal reinforcement with dowels at the column base is not allowed.

(2) Lateral Reinforcement
(a) Lateral Reinforcement Inside Plastic Hinge Region for SDCs C and D

- the volume of lateral reinforcement, ps (spiral or circular) or p,, (web), provided inside plastic hinge
region shall be sufficient to ensure that the column or pier wall has adequate shear capacity and
confinement level to achieve the required ductility capacity,

- for columns designed to achieve a displacement ductility demand greater than 4, the lateral
reinforcement shall be either butt-welded hoops or spirals,

- combination of hoops and spirals are not permitted in footing or bent cap,

- at spiral or hoop-to-spiral discontinuities, the spiral shall determine with one extra turn plus a tail
equal to the cage diameter.

(b) Lateral Reinforcement for SDCs B, C, and D

- all longitudinal bars in compression members shall be enclosed by lateral reinforcement,

- transverse hoop reinforcement may be provided by single or overlapping hoops,

- each end of cross-tie shall engage a peripheral longitudinal bar with cross-ties having seismic hook;
seismic hook shall consist of 135° bend, plus an extension of not less than the larger of 6 bar dia or
75mm.
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40¢ or longer

i

40d or longer

e

Hoop tie
Hoop tie

Rectangular angle/’
hook (12®: length)

¢ : Diameter of hoop tie

Intermediate tie Intermediate tie

Fig. 16-2 Anchorage of Hoop Ties with Rectangular Angle Hook

(3) Arrangement of Intermediate Ties
(a) To be of the same material and the same diameter as the hoop ties.
(b) To be arranged in both the directions of the long side and the short side of a column section.
(c) Intervals within a column section shall not be greater than one meter.
(d) To be arranged in all sections with hoop ties arranged.
(e) To be hooked up to the hoop ties arranged in the perimeter directions of the section.
(f) To be fixed into the concrete inside a column (refer to Fig. 16-2 and 16-3).

(9) To go through a column section, with use of a continuous reinforcing bar or a pair of reinforcing bars with a
joint within the column section.

Rectangular Section Intermediate tie

(Lol ¥ LD

Semi-rectangular Section

S

1\

e -

(c) Joint Types of Intermediate Ties

(d) Arrangement Types of Intermediate Ties

Fig. 16-3 Arrangement of Hoop Ties and Intermediate Ties According to Column Types

- for members reinforced with single circular hoops, the hoop weld splices shall be staggered around
the column a minimum distance of one-third of the hoop circumference,
- for members reinforced with interlocking hoops, the hoop weld splices shall be placed within the
interlocking area of the column section,
- the maximum spacing for lateral reinforcement in the plastic hinge regions shall not exceed the
smallest of:
o one-fifth of the least dimension of the cross-section for columns and one-half of the least
cross-section dimension of piers,
0 six times the nominal diameter of the longitudinal reinforcement,
150mm (6 in.) for single hoop or spiral reinforcement,
0 200mm (8 in.) for bundled hoop reinforcement.

o

5
- — CROSSTIES ENGASE LONGIT.
T REINFORCEMENT

-
HOOPS AND CROSETIES

e df| tmmua  CONTRERITE TO Ay,

| i

- L AE T
AL T

T
-

150 mn
WHERE ALTERUATE
DARS ARE TED

b. Column Tie Details

a. Single spiral

p— s i B —

TE s 3 7
Isterlocking L o | B
£ i
§9x 1
25 | 1
o L Aad 0
L——l-l[—ﬂi—mﬂvlﬂl—l;

Spiral
3 A
Reinforcament WHERE ALTERRATE
AL 1 TES

c. Column Interlocking Spiral Details d. Column Tie Details

Figure 16-1 Details of spirals, hoops, ties and cross-ties

(3) Joint Design for SDCs C and D

(a) Joint Performance
Moment-resisting connections shall be designed to transmit
the maximum force produced when the column has reached
its overstrength capacity, M.

(b) Joint Proportioning
Moment-resisting joints shall be proportioned so that the
principal stresses satisfy the requirements of:

« for principal compression, pe:

pc <0.25f7; (16-1) . . .
Figure 16-2 External Vertical Joint
Reinforcement for Joint Force Transfer
. for principal tension, p;:

p; < 0.38 f’, (16-2)
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(a) T Joint Shear Reinforcement Details (b) Knee Joint Shear Reinforcement Details

Figure 16-3 Typical Example of Integral Bent Cap Joint Details

Figure 16-4 Footing Joint Shear Reinforcement — Fixed Column

17. Bearing (1) Bearing support shall be fundamentally designed for horizontal and vertical forces due to Level 1 and Level 2 | (1) There is no specific Chapter on Bearings under this Guide Specifications except for the Article
g;gtgomn EGMs (referred as “Type B bearing support”). 7.8-Isolation Devices which just refer to the provisions of “AASHTO Guide Specifications for Seismic
(2) However, in the case of superstructures which do not mainly vibrate due to the restraints of Isolation Design” and Article 7.9 - Fixed and Expansion Bearing.

(2) Bearings design shall be consistent with the intended seismic (or other extreme event) response of the
whole bridge system. Where rigid-type bearings are used, the seismic (or other horizontal extreme event)
forces from the superstructure is assumed to be transmitted through diaphragms and cross-frames and their
connections to the bearings and then to the substructure without reduction due to local inelastic action

abutments, or in the case that Type B bearing supports cannot be adopted, a bearing support
system together with structures limiting excessive displacement may be designed in the following

manner: Functions of the bearing support system shall be ensured for horizontal and vertical

forces due to Level 1 Earthquake Ground Motion, and the bearing support system and the along the load path.
structures limiting excessive displacement shall jointly resist the horizontal forces due to (3) Based on the horizontal stiffness, bearings are divided into four categories:
» Level 2 Earthquake Ground Motion (referred as “Type A bearing supports™ hereafter). . Rigid bearings that transmit seismic loads without any movement or deformations,
. Deformable bearings that transmit seismic loads limited by plastic deformations or restricted
(3) Fig. 17-1 shows the selection flow of bearing support. slippage of bearing components,

. Seismic isolation type bearings that transmit reduced seismic loads, limited by energy dissipator,
. Structural fuses that are designed to fail at a prescribed load.
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| Start Bridge with a girder sharter than S0m
pported by at both ends
Bridge with incvitable structural
General Lype limitations in bearin g support
bridge
v
Type B bearing support | | Type A bearing support
Seismic isolation structure Fixed and mobile type
is apprup]_'aie Applicability of is approprite
bearing support
A structure capable of
distributing horizontal
forces during an earthquake
is appropriate
Seismic K -
isolation Rubber bearing support| |Rubber bearing support| [Rubber bearing suppart
bearing (elastic ﬁxec! type) (fixed and mobile type) or| |orsteel bearing support
or stegl bgarmg support steel bearing support (fixed
(multi point fixed type) and mobile type)

Fig. 17-1 General Consideration in Selection of Bearing Support

Reinforcement

(a)A pier having a truncated  (b) A pier with crowns being

portion in pier crown unified in heights Abutment
Fig. 17-2 Measures for Dealing with
Truncated Portion of a Pier Crown Fig. 17-3  Structure  Limiting  Excessive

Displacement Connecting Superstructure
and Substructure

(4) Roller bearings or rocker bearings shall not be used in new bridge construction.

(5) Expansion bearings and their supports shall be designed in such a manner that the structure can undergo

movements in the unrestrained direction not less than the seismic displacements determined from analysis

without collapse.

The frictional resistance of the bearing interface sliding surfaces shall be neglected when it contributes to

resisting seismic loads. Conversely, the frictional resistance shall be conservatively calculated (i.e

overestimated) when the friction resistance results I the application of greater force effects to the structural

components.

Elastomeric expansion bearings shall be provided with anchorage to adequately resist the seismically

induced horizontal forces in excess of those accommodated by shear in the pad. Elastomeric fixed

bearings, on the other hand, shall be provided with horizontal restraint adequate for the full horizontal

load.

Pot and disc bearings should not be used for seismic applications where significant vertical acceleration is

present. Where the use of pot and disc bearings is unavoidable, they shall be provided with an independent

seismically resistant anchorage system.

(9) Sufficient reinforcement shall be provided around anchor bolts to develop the horizontal forces and anchor

them into the mass of the substructure unit.

(10) The selection of bearings should also relate to the strength and stiffness characteristics of both the
superstructure and the substructure. Following the “AASHTO LRFD Bridge Design Specifications”, the
bearing chosen for a particular application shall have appropriate load and movement capabilities.

6

=

1t

~

@

-

The following table illustrates bearing suitability:
Table 17-1 Bearing Suitability

S = Suitable U = Unsuitable L = Suitable for limited applications
R = May be suitable but requires special considerations or additional elements such as sliders or guideways
Long. = Longitudinal axis ~ Trans. = Transverse axis Vert. = Vertical axis

18. Unseating
Prevention
System

18.1 Seating Length

(1) Ordinary Bridge

» Eq. (18-1) shows the required seating length of a girder at its support.
» The seat length shall be measured in the direction perpendicular to the front line of the bearing support when

18.1 Seating Length (Minimum Support Length Requirements)

(a) Seismic Design Categories A, B, and C (4.12)
Support lengths at expansion bearings without restrainers, shock transmission unit (STUs), or damper shall
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the direction of soil pressure acting on the substructure differs from the bridge axis, as in case of askew
bridge or a curved bridge.

Sg = Ur +Ug > Sem (18-1)
Sem =0.7 +0.005 * Ls (18-2)
Us=e*L (18-3)
where,

Se: Refer to Fig. 18-1.
Ug: Maximum relative displacement between the superstructure and the edge of the top of the
substructure due to Level 2 EGM (m) (refer to description of U below)
Ug: Relative displacement of the ground caused by seismic ground strain (m)
Sem: Minimum seating length of a girder at the support
g Seismic ground strain
=0.0025 for Ground Type 1, 0.00375 for Ground Type I, 0.005 for Ground Type Il
L: Distance between two substructures for determining the seating length (refer to description of L
below)
Ls: Length of the effective span (m). When two superstructures with different span length are
supported on one bridge pier, the longer one shall be used.

Girder ..
Vgl e Tl spad

”Girc:ier_ :

Girder |

Seating Seating i
Length on Pie: Length on Abutment Beating Lengtg
S E - 5 La—— .._g"._‘..|

{a) Girder Fnd Support
Fig.18-1 Seating Length (Sg) (m)

(b} Halving Joint

Description of Ug
(a) Rubber Bearing (refer to Fig 18-2)

wa=-Smla (18-4)
R

kg
P, : Horizontal force equivalent to lateral strength of a column when considering plastic
behavior of the column; or horizontal force equivalent to maximum response
displacement of a foundation when considering plastic behavior of the foundation (kN)
¢m ¢ Dynamic modification factor (Cm = 1.2)
Design Vibration Unit

kg : Spring constant of the bearing support (kN/m)
e e A / N F—

Fig. 18-2

When the girder
end is supported
by rubber bearings

either accommodate the greater of the:
- maximum displacement calculated in the inelastic dynamic response analysis
- ora percentage of the empirical support length , N

The empirical support length is shown in Eq. 18-1 while the percentage of N applicable to each seismic zone
in given in Table 18-1:

N = (200 + 0.0017L + 0.0067H)(1 + 0.0001255?) (18-1)
where:
N = minimum support length measured normal to the centerline of bearing (mm),
L = length of the bridge deck to the adjacent expansion joint, or to the end of the bridge deck; for

hinges within the span, L shall be the sum of the distances to either side of the hinge; for single
span bridges, L equals to the length of the bridge deck (mm),

H = for abutment, average height of columns supporting the bridge deck from the abutments to the next
expansion joint (mm),
S = angle of skew of support measured from a line normal to span (°).

Table 18-1 Percentage N by Zone and
Acceleration Coefficient

(b) Seismic Design Category D (4.12)

For SDC D, hinge seat or support length, N, shall be available to accommodate the relative longitudinal
earthquake displacement demand at the support or at the hinge within a span between two frames and shall
be determined as:

N = (4 + 1.65A¢)(1 + 0.000255°%) > 24 (18-2)
where:
Aeq = seismic displacement demand of the long period frame on one side of the expansion joint (in),
S = angle of skew of support measured from a line normal to span (°).
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(b) Fixed Bearing

When fixed supports of Type B are used at the support concerned, one-half of the width of
the bearing suppert shall be taken as the relative displacement u,, while the whole width
shall be used in case of fixed supports of Type A. This is for preventing unseating of the
bridge even though the bearing support system is unexpectedly damaged, although the fixed
supports of Type B are designed io be capable of transferring the superstructural inertia force
caused either by horizontal force equivalent to lateral strength of a column with plastic
behavior, or by horizontal force equivalent to maximum response displacement of a
foundation with plastic behavior, and there is no relative displacement generating at the
bearing support system under an assumed earthquake ground motion in the design. Providing
that the bearing support may be damaged in case of fixed supports of Type A, u, for Type A

is assumed to be greater than that of Type B.

In addition, the width of the bearing support shall be equal to width of the lower shoe in the
bridge axis in the case of metal bearings, and width of the bearing support in the same

direction for rubber bearings.

(c) Movable Bearing (refer to Fig 18-3)

Ur=V3Ur" (=12 (18-5)

Ugi = Upi + Ug; + Ug; (18-6)

Upi = pri * dyi (18-7)

Uri = 8ri + O * Noi (18-8)

Ugi = Ciy * Pyi IKg; (18-9)
where,

u_: Displacement of the i-th design vibration unit shown in Fig. 18-3

u_: Response displacement of the column representing the i-th design vibration unit (m})

u_: Horizontal displacement at the height of superstructural inertia due to displacement of
the pier foundation representing the i-th design vibration unit (m). The ecalculation
shall include these effects when liquefaction and lateral spreading of the ground

U  : Relative displacement at the bearing support system representing the i-th design

1o o NI o s [ s 55/
(35| ‘ o f e
f "] =y

|,_ ,'b..'.:.. = ”. by _I
[ = ff |
: L ow ] *

* Expansios Joint or Esd of Bridge Deck

Figure 18-1 Support Length, N

18.2 Longitudinal Restrainers
Support restraints, used to achieve an enhanced performance of the expansion joint, may be provided for
longitudinal linkage at expansion joints within the space and at adjacent sections of simply supported
superstructures.
. Friction shall not be considered to be an effective restrainer.
. Restrainers shall be detailed to allow for easy inspection and replacement.
. Restrainer layout shall be symmetrical about the centerline of the superstructure.
. Restrainer systems shall incorporate an adequate gap for service conditions.
. Yield indicators may be used on cable restrainers to facilitate post-earthquake investigations.

18.3 Superstructure Shear Keys
. For slender bents, shear keys on top of the bent cap may function elastically at the design hazard level.
. Inlieu of experimental test data, the overstrength shear key capacity, Vok, is taken as:
Vo = 1.5V, (18-3)
where:
Vo = overstrength shear key capacity used in assessing the load path to adjacent capacity-protected
members (kip)
V, = nominal interface shear capacity of shear key using nominal material properties and interface
surface conditions (kip)

. For shear keys at intermediate hinges within a span, the designer shall assess the possibility of shear key
fusing mechanism, which is highly dependent on out-of-phase frame movements.
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Cy »

ki

vibration unit {m)

Response ductility factor of the column representing the i-th design vibration unit
Yielding displacement of the column representing the i-th design vibration unit (m)
Respense horizontal displacement of the pier foundation representing the i-th design
vibration unit (m}

Response rotation angle of the pier foundation representing the i-th design vibration
unit (rad)

Height from the ground surface of seismic design to the superstructural inertial force
in the column representing the i-th design vibration unit (m)

Horizontal force equivalent to lateral strength of a column with plastic behavior, or by

horizontal force equivalent to maximum response displacement of a foundation with

plastic behavior, representing the i-th design vibration unit (kN)
Dynamic modification factor (Cpn=1.2)
Spring constant of the bearing support for the i-th design vibration unit (kN/m)

Fixed Support
Design i — pport ;
Vibration Unit i . L
B L i Design vibration Design vibration
: Design Vibration Uni Pounih L 5 Lunit2
Rubber
Design “
Vibration ll_:'Jni

Fig. 18-3 Inertia Forces Used in Calculating Seating Length

Description of L

The length L between the substructures that may affect the seating length shall be the distance between the
substructure supporting the girder at the support where the seating length is to be calculated and one that may

primarily affect the vibration of the girder containing the support (refer to Fig. 18-4)
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3 gid-Frame Bridge
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L (b) Continuous Girder Bridge

(a)Simple Girder Bridge

= : Rubber Bearings
A : Fixed Support
A : Movable Bearings

Sg: Calculation Points of
Seating Length

|
L (e) Cable-Stayed Bridge

Fig. 18-4 Measuring Methods of Distance (L) between Substructures as to Bridge Types

(2) A Bridge with Complicated Dynamic Structural Behavior by a Dynamic Analysis
» The maximum relative displacement (Ug) is to be obtained from the dynamic analysis.

(3) A Skew Bridge
» The seating length shall be calculated by Eq. (18-10) (refer to Fig. 18-5).

Sgn 2 (Ll 2) (SN B —in (B = @g)) ~-ovvrerrrmmmses e (18-10)
where
Seo: Seating length for the skew bridge (m)
Lg: Length of a continuous superstructure (m)
8: Skew angle (degree)
a;: Marginal unseating rotation angle (degree). o, can generally be taken as 5 degrees.
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Fig. 18-5 Seating Length of a Skew Bridge

(4) A Curved Bridge
» The seating length is to be calculated by Eq. (18-11) (refer to Fig. 18-6)
sing
cos(g/2)
G = 0005 G+ 0T orerrrrmrmrr et -+ (18-12)

where

Sﬁbg 5¢_ R I B TR R R TR T T T PR (18—11)

S 4 Seating length for the curved bridge (m)
dr : Displacement of the superstructure toward the outside direction of the curve (m)

¢ : Fan-shaped angle by the two edges of a continuous girder of a curved bridge (degrees)

Fig. 18-6 Seating Length Corresponding
to the Movement of a Curved
Bridge

18.2 Unseating Prevention Structure
(1) Ultimate Strength of an Unseating Prevention Structure
» Ultimate strength of an unseating prevention structure is to be calculated by Eq. (18-13).
» The unseating prevention structure is a structure of 1) connecting the superstructure and the substructure

(refer to Fig. 18-7), 2) providing protuberance either in superstructure and in the substructure (refer to Fig.
18-8), 3) joining two superstructures together (refer to Fig. 18-9).
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Him 1SRy weereertaresinsriontsttaattintran s et e r s rr e (18-13)
S EpSp wv vt e s e e (18-14)

Hy: : Design seismic force of the unseating prevention structure (kN)

Ry @ Dead load reaction (kN). In case the structure connects two adjacent girders, the larger
reaction shall be taken.

Sp: Maximum design allowance length of the unseating prevention structure {m)

S, Seating length specified in Section 16.2 (m).
¢r Design displacement coefficient of the unseating prevention structure. (Cg = 0.75)

Steel bracket
i Sy Rl
X’ PC steel PC steel
v a L
HT 7 i
=23 [T Bearing plate = i1 Bearing plate
\Shock absorber Shock absorber
l Abutment Abutment

(a) Example of steel superstructure (b} Example of concrete superstructure
Fig. 18-7 Unseating Prevention Structures Connecting the Superstructure with the Substructure

(a) Example of Concrete Block (b) Example of Steel Bracket
Fig. 18-8 Unseating Prevention Structures Providing Protuberance on the Superstructure or the Substructure

; . Bearing plaie
y Shock absorber
- : PC steel
Pier

(a) Example of Steel Superstructure (b) Example of Concrete Superstructure
Fig. 18-9 Unseating Prevention Structures Connecting the Two Adjacent Superstructures
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18.3 Structure Limiting Excessive Displacement

(1) For the following bridges, structures limiting excessive displacement working in the direction perpendicular
to the bridge axis shall be installed in the terminal support, in addition to the unseating prevention system
working in the bridge axis.

(a) Skew bridges with a small skew angle satisfying Eq. (18-15) (refer to Fig. 18-10 and 18-11)

SIM 22 = B/ L oo e e (18-15)

L: Length of a continuous superstructure {m)
b: Whole width of the superstructure (in)
& Skew angle (degree)

(@) £ DBA>90° (abridge can rotate) (b) £ DBA<90° (abridge can not rotate)

Fig. 18-10 Conditions in Which a Skew Bridge can Rotate Without Being
Affected by Adjoining Girders or Abutment

Cannot rotate

(2) Rotation around D
AR < AH,; Can rowmte
(b) Rotation arourd B
€D > CH;: Cannot rotate

\‘ Can rotate

Fig. 18-11 Conditions in Which a Skew Bridge With Unparallel Bearing
Lines on Both Edges of the Superstructure can rotate
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H3l-cosd )
¢ 1+cosgp

(b) Curved bridges satisfying Eq. (18-16) (refer to Fig. 18-12)

.................... e (18-16)

L: Length of a continuous superstructure (m)
b: Whole width of the superstructure (m)

@: Intersection angle (degree)

3 ¢

(i) CD > DH: Cannot rotate (iiy €D < DH: Can rotate

Fig. 18-12 Conditions in Which a Curved Bridge can rotate Without
being Affected by Adjoining Girders or Abutment

The relation of Eq. (18-15) and Eq. (18-16) is shown in Fig. 18-13 and Fig. 18-14, respectively.
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Fig. 18-13 Conditions in which a Skew Bridge
Requires an Structure Limiting Excessive
Displacement in the Transverse Direction

Fig. 18-14 Conditions in which a Curved Bridge
Requires an Structure Limiting Excessive
Displacement in the Transverse Direction

(c) For the following bridges, the structures limiting excessive displacement shall be installed at intermediate
supports

»  Bridges with the superstructure being narrow at the top

»  Bridges with a small number of bearing supports on one bearing line

» Bridges probably to be subject to movement of the bridge piers in the direction perpendicular to the
bridge axis as a result of lateral spreading.

19. Effects of
Seismically
Unstable
Ground

19.1 Assessment of Extremely Soft Clayey Soil Layer in Seismic Design

(1) For a clayey layer or a silt layer lying within three meters from the ground surface, and having compressive
strength of 20KN/m or less obtained from an unconfined compression test or an in-situ test, the layer shall be
regarded as an extremely soft layer in the seismic design.

(2) In this case its geological parameters (shear modulus and strength) shall be assumed to be zero in the seismic
design.

19.2 Assessment of Soil Liquefaction
(1) Sandy Layer Requiring Liquefaction Assessment

»  Saturated soil layer having ground water level higher than 10m below the ground surface and lying at a
depth less than 20m below the ground surface.
»  Soil layer containing a fine content (FC) of 35% or less, or soil layer having plasticity index Ip less than
15, even if FC is larger than 35%.
» Soil layer having a mean particle size (Dsp) less than 10mm and a particle size at 10% pass (on the
grading curve) (Dyo) is less than 1mm.
(2) Assessment of Liquefaction
The liquefaction resistance factor FL calculated by Eq. (19-1) turns out to be less than 1.0, the layer shall be
regarded as a soil layer having liquefaction potential.

(1) For SDC C and D, liquefaction assessment shall be conducted when both of the following conditions are
present:
= Groundwater Level. The groundwater level anticipated at the site is within 15.24m (50ft) of the
existing ground surface or the final ground surface, whichever is lower.
= Soil Characteristics. Low plasticity silts and sands within the upper 22.86m (75ft) are characterized
by one of the following conditions:
(1) the corrected standard penetration test (SPT) blow count, (N;)g, is less than or equal to 25
blows/ft in sand and non-plastic silt layers,
(2) the corrected cone penetration test (CPT) tip resistance, qe, is less than or equal to 150 in sand
and in non-plastic silt layers,
(3) the normalized shear wave velocity, Vg, is less than 660fps, or
(4) a geologic unit is present at the site that has been observed to liquefy in past earthquakes.

(2) For sites that require assessment of liquefaction, the potential effects of liquefaction on soils and
foundations shall be evaluated. The assessment shall consider the following effects of liquefaction:
= Loss in strength in the liquefied layer or layers,
= Liquefaction-induced ground settlement, and
= Flow failures, lateral spreading, and slope instability.

(3) For sites where liquefaction occurs around bridge foundations, bridges should be analyzed and designed
in two configurations as follows:
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L=r bl

Ry=1.0—0.015x

0=y hw"'?’,‘; (x —h)
g;:?,phww‘,} (x =h

(For Type | Earthquake Ground Motion)
€, =10 e
(For Type H Earthquake Ground Motion)
1.0 (R,20.1)
e, = 4 3IR+0.67 (0.1<R, =0.4)
2.0 (0.4<R,}

Liquefaction resistance factor

Dynamic shear strength ratio

=y

Seismic shear stress ratio

Modification factor on earthquake ground motion

R, : Cyclic triaxial shear stress ratio to be obtained by properties {3) below

Reduction factor of seismic shear stress ratio in terms of depth

k,_: Design horizontal seismic coefficient at the ground surface for Level 2 Earthquake Ground
Motion specified in Item 11

a,:  Toial overburden pressure (KN/m®)

¢'.: Effective overburden pressure (ki/m?)

x:  Depth from the ground surface (m)

70 Unit weight of soil above the ground water level (&Nfinh)

par Unit weight of soil below the ground water level (kN.r’ma)

%2 Effective unit weight of soil below the ground water level (kN}mJ)

h,:  Depth of the ground water level (m)

(3) Cyclic Tri-axial Shear Stress Ratio
Cyclic tri-axial shear stress ratio R, shall be calculated by Eq. (19-2).

0.0882,/N, /1.7 (N, <14)

Ry=q (19-2)
! {0‘0882 N, 1.7 +1.6x107N, —14)"(14 < N,)

<For Sandy Seil>
Ny= clNl + [

= Non-liquefied Configuration. The structure should be analyzed and designed, assuming no
liquefaction occurs, using the ground response spectrum appropriate for the site soil conditions in a
non-liquefied state.

= Liquefied Configuration. The structure as designed in non-liquefied configuration above shall be
reanalyzed assuming that the layer has liquefied and the liquefied soil provides the appropriate
residual resistance for lateral and axial deep foundation response analyses consistent with liquefied
soil conditions (i.e., modified P-y curves, modulus of subgrade reaction, or t-z curves). The design
spectrum shall be that used in a non-liquefied configuration.

(4) As required by the Owner, a site-specific response spectrum that accounts for the modifications in
spectral content from the liquefying soil may be developed. Unless approved otherwise, the reduced
response spectrum resulting from the site-specific analyses shall not be less than two-thirds of the
spectrum at the ground surface developed using the general procedure modified by the site coefficients.

(5) The Designer should provide explicit detailing of plastic hinge zones for both cases mentioned above
since it is likely that the locations of plastic hinges for the liquefied configurations are different than the
locations of the plastic hinges for the non-liquefied configuration. Design requirements including shear
reinforcement should be met for the liquefied and the non-liquefied configuration. Where liquefaction is
identified, plastic hinging in he foundation may be permitted with the Owners approval provided that
the provisions of earthquake resisting systems are satisfied.

(6) The effects of liquefaction-related, permanent lateral ground displacements on bridge and retaining wall
performance should be considered separate from the inertial evaluation of the bridge structures.
However, if large magnitude earthquakes dominate the seismic hazards, the bridge response evaluation
should consider the potential simultaneous occurrence of:
= Inertial response of the bridge, and loss in ground response from liquefaction around the bridge

foundations, and
= Predicted amounts of permanent lateral displacement of the soil.

(7) During liquefaction, pore-water pressure build-up occurs, resulting in loss of strength and then settlement
as the excess pore-water pressures dissipate after the earthquake. The potential effects of strength loss
and settlement includes:
= Slope Failure, Flow Failure, or Lateral Spreading. The strength loss associated with pore-water
pressure build-up can lead to slope instability. Generally, if the factor of safety against liquefaction is
less than approximately 1.2 to 1.3, a potential for pore-water pressure build-up will occur, and the
effects of this build-up should be assessed. If the soil liquefies, the stability is determined by the
residual strength of the soil. The residual strength of liquefied soils can be determined using
empirical methods developed by Seed and Harder (1990), Olson and Stark (2002), and others. Loss
of lateral resistance can allow abutment soils to move laterally, resulting in bridge substructure
distortion and unacceptable deformations and moments in the superstructure.

= Reduced Foundation Bearing Resistance. Liquefied strength is often a fraction of non-liquefied
strength. This loss in strength can result in large displacements or bearing failure. For this reason,
spread footing foundations are not recommended where liquefiable soils occur unless the spread
footing is located below the maximum depth of liquefaction or soil improvement techniques are used
to mitigate the effects of liquefaction.

= Reduced Soil Stiffness and Loss of Lateral Support for Deep Foundation. This loss in strength can
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Ny=170N /(470 )

1 (0%=FC < 10%)
¢ = {(FC+40)/50 (LO%=FC<60%)

FC[20—1 (60%=FC)

0 (0% = FC <10%)
Cy =

(FC —10)/18 (10%Z FC)

<For Gravelly Soil>
Ne=1{ 1036 log1o(Ds0/ 2) Iy
R,: Cyclic triaxial shear stress ratio

N: N value obtained from the standard penetration test

Ny Equivalent N value corresponding to effective overburden pressure of 100 KN/m®

Ny : Modified N value taking inte account the effects of grain size

¢, ¢; Modification factors of N value on fine content

FC: Fine content (%) (percentage by mass of fine soil passing through the 75um mesh)

Dsy: Mean grain diameter (mm)

19.3 Reduction Factor (Dg) of Geotechnical Parameters due to Liquefaction

Geotechnical parameters of a sandy layer causing liquefaction affecting a bridge shall be obtained by
multiplying geotechnical parameters without liquefaction by reduction factor De shown in Table 19-1.

Table 19-1 Reduction Factor DE for Geotechnical Parameters

Dynamic shear strength ratio R
Depth from R =03 0.3<R
Present Verification | Verification | Verification | Verification
Range of F, Ground for Level 1 forLevel 2 | forLevell | forLevel2
Surface Earthquake Earthquake Earthquake Earthquake
x{m) Ground Ground Ground Ground
Motion Motion Motion Motion
0=x=210 176 0 1/3 /6
F,2153
’ 10<x=<20 213 1/3 2/3 1/3
0=x=10 213 113 1 23
113<F, £213
i 10=x520 I 2/3 1 213
05x=10 1 213 1 1
23<F, =1
i 10<x=20 1 1 1 1

change the lateral response characteristics of piles and shafts under lateral load.

= \ertical Ground Settlement as Excess Pore-Water Pressures Induced by Liquefaction Dissipate,
Resulting in Downdrag Loads on Deep Foundations. If liquefaction-induced downdrag loads can
occur, the downdrag loads should be assessed.







(3) COMPARISON TABLE OF BRIDGE
SEISMIC SPECIFICATIONS BETWEEN
JRA AND NSCP Vol. Il Bridges ASD
(Allowable Stress Design),
2nd Ed., 1997 (Reprint Ed. 2005)
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1. Fundamentals | (1) It shall be ensured that the seismic performance according to the levels of design earthquake motion and the | (1) The design earthquake motions and forces specified in these provisions in the provisions are based on low
of Seismic importance of a bridge. probability of their being exceeded during the normal life expectancy of the bridge (probability of the
Design (2) It is desirable to adopt a multi-span continuous structure, the type of which bearing supports is to be a elastic forces not being exceeded in 50 years in the range of 80 to 95%).

horizontal force distributed structure.

(3) It is generally better for a bridge with tall piers built in a mountainous region to resist seismic horizontal
forces by abutments rather than piers if the ground conditions at the abutments are sufficiently sound.(The
seismic performance of the whole bridge should be considered, and proper bearing supports in view of bridge
structural conditions and ground bearing properties should be selected.)

(4) On reclaimed land or alluvial ground where ground deformation such as sliding of a soft cohesive clayey
layer, liquefaction of sandy layer and liquefaction-induced ground flow may happen, a foundation with high
horizontal stiffness should be designed, and a structural system such as multi-fixed-point type and rigid frame
type, which has many contact points between the superstructure and substructure, should be selected.

(5) A seismically-isolated bridge should be adopted for a multi-span short-period continuous bridge on stiff
ground conditions.

(6) For a strong earthquake motion, a proper structural system shall be designed by clarifying structural members
with nonlinear behavior and those basically remaining in elastic states.

(7) A structure greatly affected by geometrical nonlinearity or a structure having extensive eccentricity of dead
loads, which have tends to become unstable during a strong earthquake motion, shall not be adopted.

(8) When ground conditions or structural conditions on a pier change remarkably, whether a case of two girder
ends or that of a continuous girder is more advantageous is carefully examined.

(2) Bridges and their components that are designed to resist earthquake forces and that are constructed in
accordance with the design details contained in the provisions may suffer damage, but should have low
probability of collapse due to seismically induced ground shaking. Where possible, damage that does occur
should be readily detectable and accessible for inspection and repair.

(3) Development of the Standards has been predicated on the following basic concepts:

. Hazard to life be minimized,

. Bridges may suffer damage but have low probability of collapse due to earthquake motions,

. Function of essential bridges be maintained,

. Design ground motions have low probability of being exceeded during normal life of bridge,

. Provision be applicable to all parts of the Philippines, and

. Ingenuity of design not be restricted.

(4) The Standards are for the design and construction of new bridges to resist the effect of earthquake motions.
The provisions apply to bridges of conventional steel and concrete girder and box girder construction with
spans not exceeding 150m. Suspension bridges, cable-stayed bridges, arch type and movable bridges are
not covered by these Standards.

(5) The Department of Public Works and Highways (DPWH) issued a Department Order No. 75 (D.0.75), July
17, 1992 — “DPWH Advisory for Seismic Design of Bridges” which requires the following design concept to
be adopted:

. Continuous bridges with monolithic multi-column bents have a high degree of redundancy and are
preferred type of bridge structure to resist shaking. Deck discontinuities such as expansion joints and
hinges should be kept to an absolute minimum. Suspended spans, brackets, rockers, etc. are not
recommended.

. Where multi-span simple span bridges are justified, decks should be continuous.

. Restrainers (horizontal linkage device between adjacent spans) are required at all joints in accordance
with AASHTO provisions and generous seat widths at piers and abutments should be provided to prevent
loss-of-span type of failures.

. Transverse reinforcement in the zones of yielding is essential to the successful performance of reinforced
concrete columns during earthquakes. Transverse reinforcement serves to confine the main longitudinal
reinforcement and the concrete within the core of the column, thus presenting buckling of the main
reinforcement.

. Plastic hinging should be forced to occur in ductile column regions of the pier rather than in the
foundation unit. A scheme to protect the abutment piles from failure is often accomplished by designing
the backwall to shear off when subjected to the design seismic lateral force that would otherwise fail the
abutment piles.

. The stiffness of the bridge as a whole should be considered in the analysis. In regular structures, as
defined previously, it is particularly important to include the soil-structure interaction.

2. Principles of
Seismic
Design

(1) Seismic Performance of Bridges

Seismic _— . - Seismic Reparability Design
_ Seismic Serviceability
Seismic Performance Safety Desian Emergency Permanent
Design Y Reparability Reparability
Seismic_Performance | To  prevent | To ensure the normal | No repair work is | Only easy repair

(1) Performance Level

The performance levels for bridges after the occurrence of the design earthquake event is stated in the
Standards as summarized below:
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Level 1 girders from | functions of bridges | needed to recover | works are needed

Keeping the sound | unseating (within elastic limit | the functions

functions of bridges states)

Seismic Performance Capable of recovering Capablg of Capable of easily
- o recovering .

Level 2 Same as | functions within a . undertaking

— . functions by .

Limited damages and | above short period after the ” | permanent  repair

emergency  repair
recovery event works works

Seismic Performance
Same as -
Level 3 - - -
— above
No critical damages

*: “-*: Not covered

(2) Relationship between Design Earthquake Ground Motions and Seismic Performance of Bridges
Levels of Earthquake Ground Motions Class A Bridges* \ Class B Bridges*
Level 1: Highly probable during the bridge
service life
Type I: An Plate Boundary Type
Earthquake with a Large
Magnitude
Type II: An Inland Direct Strike
Type Earthquake

Seismic Performance Level 1 is required

Seismic  Performance | Seismic Performance Level 2

Level 2 Level 3 is required is required

*: Class A Bridges: Standard Importance; Class B Bridges: High Importance (Class A and B are classified
according to such importance factors as road class, bridge functions and structural characteristics.)
When bridge importance is classified in view of roles expected in the regional disaster prevention plan and road
serviceability, the following should be considered.
(a) To what extent a bridge is necessitated for post-event rescue and recovery activities as emergency
transportation routes.
(b) To what extent damages to bridges (such as double-deck bridges and overbridges) affect other structures
and facilities.
(c) Present traffic volume of the bridge and availability of substitute in case of the bridges losing pre-event
functions.
(d) Difficulty (duration and cost) in recovering bridge function after the event.

Earthquake
Level

Bridge Types

Serviceability Performance

Safety Performance

Small/Moderate

Conventional and
regular bridge
types

Small to moderate earthquakes should
be resisted within the elastic range of
the structural components without
significant damage.

No significant damage to members

Large/Major

Critical bridges/

Essential bridges/

Conventional and
regular bridges

No explicit performance criteria but
since collapse is not allowed and
damages can be repaired, bridges are
expected to function after the design
earthquake event.

May suffer damage but should not
cause collapse of all or any of its
parts.

Damage should be readily detectable
and accessible for inspection and
repair.
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3. Loads to be
considered in
Seismic
Design

(1) Loads and their Combinations
(a) Primary Loads: Dead load (D), Pre-stress force (PS), Effect of creep of concrete (CR), Effect of drying
shrinkage of concrete (SH), Earth pressure (E), Hydraulic pressure (HP), Buoyancy or Uplift (U)
(b) Secondary loads: Effects of earthquake (EQ)
(c) Combination of loads: Primary loads + Effects of earthquake (EQ)
(d) Loads and their combinations shall be determined in such manners that they cause the most adverse stress,
displacements and effects.
(2) Effects of Earthquake (EQ)
(a) Inertia force, (b) Earth pressure during an earthquake, (c) Hydrodynamic pressure during an earthquake, (d)
Effects of liquefaction and liquefaction-induced ground flow, (e) Ground displacement during an earthquake

(1) Design Forces
Seismic design forces shall apply to:
(a) the superstructure, its expansion joints and the connection between the superstructure and the
supporting substructure,
(b) the supporting substructure down to the base of the columns and piers but not including the footing,
pile cap or piles, and
(c) components connecting the superstructure to the abutment.
(2) Group Load Combination
The maximum loading for each component is calculated as:

Group Load =1.0 (D + B + SF + E + EQM)

where:
D

B

SF

E
EQM

@1

= dead load

= buoyancy

= stream-flow pressure

= earth pressure

= elastic seismic force for Load Case 1 or Load Case 2 divided by the appropriate R-Factor.
Note that seismic forces are reversible (positive and negative). Maximum and minimum
axial forces for columns, shall be calculated for each load case by taking the seismic axial
force as positive and negative.

(3) Combination of Orthogonal Seismic Forces

Load Case 1:

Load Case 2:

Combination of 100% of the absolute value of member elastic forces and moments resulting
from analysis in the first perpendicular direction (longitudinal) with 30% of the absolute value
of member elastic forces and moments resulting from analysis in the second perpendicular
direction (transverse).

Combination of 100% of the absolute value of member elastic forces and moments resulting
from analysis in the second perpendicular direction (transverse) with 30% of the absolute value
of member elastic forces and moments resulting from analysis in the first perpendicular
direction (longitudinal).
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4. Design
Earthquake S = Cz*Cp*So (S: ARS for Level IEGM, S0: SARS (Fig.4-1)) (1) The Standards assigns two (2) seismic zones in the Philippines as shown in Figure 4-1. Basically, the whole
Grot_Jnd St= CEF%DAFSZ'S’)(SI' Type I ARS for Level 2 EGM, SI0:SARS of the country is in zone 4, except Palawan which is in zone 2.
MO“‘I’”S f"dr SII = C*Cp*Syo (SII: Type Il ARS for Level 2 EGM, SIIO:
tevel ; an SARS(Fig.4-2)) (2) The design ground motion spectra for 5% damping is developed for 3 soil type conditions, as shown in
eve

Standard Acceleration
Response Spectra So(gal)

h=0.05 (5%) (SARS= Standard Acceleration Response Spectra, ARS= Acceleration
A Response Spectra, EGM = Earthquake Ground Motion)
Cp: Modification factor for damping ratio (h) of structures (Fig.4-3)

Cz: Modification factor for zones (Fig.4-4)

| — Type I ground 1
Ll o T Type Il ground !
- Typellground t

(] 0.2 03 :I_I.‘x 07 .I 2 a 2
Natural Period (Ts) of Structures

Standard Acceleration Response Spectra So

Fig.4-1 Level 1 Earthquake Ground Motion

-
tn

15

Standard Acceleration

Standard Acceleration

+0.5
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Damping Ratio (h)
-
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(=]
T

Modification Factor (Cp) for

2
g
=
=3
S
2] 0 L e ) -
£ .0 01 02 03 04 0.5
23 Damping Ratio (h) of Structures
D A o ;
AR o ; - 3 Fig.4-3 Modification Factor (CD) for Damping
S of Type I groun: Ratio (h) of Structures
2 L'| ----- Typellground
x | —-— Typellground

10 . ; i : ; I. .ki i L i

.1 0.2 0.3 0507 1 z 3

Natural Period (Ts) of Structures

Standard Acceleration Response Spectra Sy, (Type ) z Modification
ON€ | Factor Cz
A 1.0
- B 0.85
= C 0.7
[}
3
=
= T :
o
=1 =0.05 (5%)
7] '
2 RN
©
-
N Zone B
3 _. _
S wof
2 | -—— Type I ground
E L N Type I ground
50| —-— Typelllground [
P I N D O R
01 02 03 0607 1 2 8 8

Natural Period (Ts) of Structures
Standard Acceleration Response Spectra Sy (Type I1)

Fig 4-2 Level 2 Earthquake Ground Motions Fig.4-4 Modification Factors for Zones, Cz

Figure 4-2a (normalized) and Figure 4-2b with the effective peak acceleration (EPA) A=0.40.

(a) normalized

(b) for A=0.4
Figure 4-1 Seismic Zone Map in the Philippines
Figure 4-2 Response Spectra
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5. Ground Type (1) Site Effects
for Seismic _____Table 5-1 Ground Types in Seismic Design The effects of site condition on bridge response shall be determined from site coefficient (S) based on soil
Design Ground Type | Characteristic Value Description profile types defined as:

of Ground, T (s)

Type | Ts<0.2 Good diluvial ground and rock
Type Il 0.2<T;<0.6 Diluvial and alluvial ground not belonging to Type | and Type Il
Type Il 0.6 <Tg Soft ground of alluvial ground

Ta=4%Y H?ll Vsi T = Characteristic value of ground (s)

i=

Hi = Thickness of the i-th soil layer

Vsi = Average shear wave velocity of the i-th soil layer (m/s). If Vsi is not available, Vsi can be obtained from the
following formula.

Vsi = 100 * Ni** (1 < Ni < 25): for cohesive soil layer (if N = 0, Vsi = 50 m/s; when N=25, Vsi = 300m/s)
Vsi = 80 * Ni*® (1 < Ni < 50): for sandy soil layer (if N = 0, Vsi = 50 m/s; when N=50, Vsi = 300m/s)
Ni = Average N value of thei-th soil layer obtained from SPT

i = Number of the i-th layer from the ground surface when the ground is classified into “n” layers up to “the surface

of a base ground surface for seismic design”

Note: “The surface of a base ground surface for seismic design” represents upper surface of a fully hard ground layer
that exists over a wide area in the construction site, and normally situated below a surface soil layer shaking
with a ground motion during an earthquake. Where, the upper surface of a fully hard ground layer might be
the upper surface of a highly rigid soil layer with a shear elastic wave velocity of more than 300m/s (an N

value of 25 in the cohesive soil layer and of 50 in the sandy soil layer)

If N value is not available, Ground types can be obtained following the flow chart shown in Fig 5-1.

HA = Alluvial Layer
Thickness (m)
HD = Diluvial Layer

Thickness (m)

Yes

]7Type I grcundl |’['y|)el'l grourd E‘ype Il ground

Fig.5-1 Flowchart for Determining Ground Types

SOIL PROFILE TYPE I is a soil profile with either:
1. Rock of any characteristics, either shale-like or crystalline in nature (such material may be
characterized by a shear wave velocity greater than 760m/s, or by other appropriate means of

classification); or
2. Stiff soil conditions where the soil depth is less than 60m and the soil types overlying rock are stable

deposits of sands, gravels, or stiff clays.

SOIL PROFILE TYPE Il is a profile with stiff clay or deep cohesionless conditions where the soil depth
exceeds 60m and the soil types overlying rock are stable deposits of sands, gravels, or stiff clays.

SOIL PROFILE TYPE Ill is a profile with soft to medium-stiff clays and sands, characterized by 10m or
more of soft to medium-stiff clays with or without intervening layers of sand or other cohesionless soils.

Table 5-1 Site Coefficient (S)

Coeff. | SO|IPro|f||IeType -

S 1.0 1.2 1.5
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6. Procedure of
Seismic
Design | Comparison Study on Bridge Types including Substructure Types |
| Selection of a Bridge Type | [ DETERMINE .:‘.-I:.'.;s,;s:.'s ROCEOURE
5 r-—--=-=-="="===-"---"=-=-=-=--"- r-———F—F—=-"=-"-"-"-"---m-m-m==== 1 = =
= _ 1 1 r r — T
g= | 4 Refer to Table 7-1 . [ETERM q:;"f‘inm?u.”ﬂl : FOACEE
so ! No Complicated 1
ex ! Seismic Behavior 1
So ! for Level 1 EGM 1
55 | !
as |1 [}
o2 ! A 4 v !
£ 3 ! Calculation of Design Horizontal Calculation of Calculation of |!
2 % 1| Seismic Coefficients and Inertia Forces Responses by a Allowabl !
= ¥O) po! ?’ X owable L
Py : Dynamic Analysis Values !
1
TS Calculation of Section Forces and ?rlég;” %?5" 1
21 Displacement by a Static Analysis ! 1
2 w I 1
g LF||J | T + | |
g ! | Verification of Level IEGM | !
g5 ! |

Complicam Refer to T$%I§. 7-1

Seismic Behavior
for Level 2 EGM

A 4
Calculation of Allowable Values
(Ultimate Horizontal Strength,
Allowable Displacement, etc)

[ revese e |
| STROCTURE |

Calculation of SEISMALC DESIGN
Slgi(;?rlﬁg ggg#i%?églts NO_Considering Plastic o, Yes COMRLETE
and Inertia Forces onlinear Behavior B
(a) Design Flow Chart (b) Sub-flow chart for Seismic Performance

Categories C and D

y

A 4 A

Calculation of Calculation of RC Columns, etc Abutment Foundations,
Section Forces and Responses b?/ a |—Q etc.

Displacement by a || Dynamic Analysis

Static Analysis |
T

| Verification of Level 2 EGM |

Figure 6-1 Seismic Design Procedure Flow Chart

Verification of Seismic Performance for Level 2 Earthquake

Ground Motion (EGM)

| Design of Unseating Prevention System |
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7. Limit States of | (1) Limit States of Bridges for Seismic Performance Level 1 (1) Bridges and their components that are designed to resist these forces and that are constructed in accordance
Bridges for (a) The mechanical properties of the bridges including expansion joint are maintained within the elastic range. with the design details contained in the provisions may suffer damage, but should have low probability of
each Seismic | (b) Stress occurring in concrete of each structural member reaches its allowable stress multiplied by an increase collapse due to seismically induced ground shaking. - NSCP
Performance factor of 1.5 for consideration of earthquake effects. (2) In case of large earthquakes, a bridge may suffer damage but this should not cause collapse of all or any of
Level its parts and such damage should readily be detectable and accessible for inspection and repair. — DPWH

(2) Limit State of Bridges for Seismic Performance Level 2 (Refer to table 7-1 and Fig. 7-1)

Table 7-1 Limit States of Each Member with Applicable Examples for Seismic
Performance Level 2 and Level 3 (Refer to Fig. 7-1 about Examples)

Members Considering
Plasticity

Mon-linearity) . Piers and - Seismic Isolation
Piers Superstructuiras Foundations Bearings and Piers
Limit States of Member3 Example-A Example-B Example-C Example-D
States that the

‘mechanical Sumes only allow

Refer to note below

Piers The same as the left Empcrties could be | secondary plastic
epl within the behavior
elastic ranges
States that the mechanical
Abutments ics could be kept The same as the left | Samc as above The same as the left

within the elastic ran

States ensuring
reliable energy
absorption by seismic
isolation bearings

Bearing Support System Same as above Same as above Same as above

States that the

States only allow mechanical properties

Superseruciures Same as ahove ‘s;::hua:?:rry plastic Same as above could be kept within
the elastic ranges
States without s v al
excessive taies only allow
Foundations S:;lfiog‘é)lﬁ:g:v secondary Same as above deformation or s:cnnda:yyplasl ic
L damage to disturb behavior
recovery works
States that the mechanical The same as the
Footings propertics could be kept The samc as the lefi left The same as the left

within the elastic ranges

For piers with
sufficient strengih
or cases with
unavoidable cffects

Deck bridges other than
Seismically-isolated bridges

Seismicaliy-isclated

Applicaiion Examples Rigid-frame bridges bridges

of liguefaction

Note: States within a range of easy functional recovering for Seismic Performance Level 2; States that horizontal strength of piers
start to get reduced rapidly for Seismic Performance Level 3.

Prlmaw Plastic Behavior

K

Secondary Plastic Behavior

Primary Plastic Behavior

b ST
Secondary Plastic Behavior

(a) Example A: Single Column Pier with Plastic Behavior (in longitudinal direction)

D.0.75
(3) The design concept considers “ductile substructure with essentially elastic superstructure and foundation”.
This includes conventional plastic hinging in columns.

Table 7-1 Limit States of Members for Performance Level

Members Limit States
Beari « To resist the greater of the designated horizontal design load effects or 10% of
earings .
the vertical load.
Piers . Formation of plastic hinges are allowed without bridge collapse
Foundation - Basically kept at the elastic range.
Footings . Basically kept at elastic range.
. Basically kept at elastic range.
Abutments « To protect the abutment piles from failure, the backwall is designed to shear off
when subjected to the design seismic lateral force.
Superstructure . Basically kept at elastic range.
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[EE gm_ N
oW | I

B A

Primary Non-Linearity

Secondary Plastic Behavior Secondary Plastic Behavior
[ N o b

Primary Non-Linearity

A N ' N 1

Secondary Plastic Behavior Secondary Plastic Behavior

(b) Example D: Seismic Isolation Bearing with Consideration of Non-Linearity(in longitudinal direction)

Plastic Behavior

/

"™~ Secondary
Plastic Behavior

(c) Example A: Single Column Pier with

(d) Example C: Foundations with Plastic
Plastic Behavior (in Transverse direction)

Behavior (Pier Wall, in Transverse direction)

~.Secondary
Plastic Behavior

Primary Plastic Behavior

(e) Example B: Plasticity in Piers and Superstructures (Rigid-Frame Bridges in Transverse direction)

Fig. 7-1 Limit States of Each Member with Applicable Examples for Seismic Performance Level 2 and Level 3

8. Design Method
Applicable for
Seismic
Performance
Verification

The bridge types and design methods applicable to seismic performance verification is summarized in Table 3.

»  Although dynamic analysis methods can be applied to bridges without complicated seismic behavior, it is
recommended to use static analysis methods because the verification in accordance with static method is
generally feasible for these bridges.

»  Since the seismic behavior of bridges with predominant first mode of vibration and plural plastic behavior
or bridges in which investigation on application of Energy Conservation Principle remains unclear may
become complicated due to plasticity of members, their Seismic Performance Level 1should be verified by
the static analysis methods but Seismic Performance Level 2 or Level 3 be verified by dynamic methods.

(1) Two analysis procedures are recommended:
Procedure 1. Single-Mode Spectral Method
Procedure 2.  Multimode Spectral Method

(2) In both methods, all fixed column, pier or abutment supports are assumed to have the same ground motion
at the same instant of time. At movable supports, displacements determined from the analysis which
exceeded the minimum requirements shall be used in the design without reduction.

(3) Mathematical Model. The bridge should be modeled as a three-dimensional space frame with joints and
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Table 8-1 Relationship between Complexities of Seismic Behavior and Design Methods Applicable for
Seismic Performance Verification

char?c}trenr?s:‘ini:: Bridges without | Bridges with plastic behavior & | Bridges of | Bridges not applicable of the
of bridges complicated yielded sections, and bridges | likely Static Analysis Methods
seismic not applicable of the Energy | importance
Scismic behavior Conservation Principle of higher
Performance
to be verified modes
Selsmic Static analysis Static analysis Drynamic Diynamic analysis
Performance analysis
Level |
Seismic Static analysis Dynamic analysis Dynamic Dynamic analysis
Performance analysis
Level 2 &
Level 3
Examples of | Other than | -Bridges with rabber bearings Bridges | - Cable-type bridges such as
applicable bridges shown | to disperse seismic horizontal | with long | cable-stayed bridges  and
bridges in the right | forces natural suspension bridges
columns - Seismically-isolated bridges periods Deck-type & half through-type
+Ripid-frame bridges Bridges | arch bridges
- Bridges with steel piers likely | with high | -Curved bridges
to generate plasticity piers

nodes selected to realistically model the stiffness and inertia effects of the structure. The mass should
take into account structural elements and other relevant loads including, but not limited to, pier caps,
abutments, columns and footings. Other loads such as live loads may be included (Generally, the inertia
effects of live loads are not included in the analysis; however, the design of bridges having high live to
dead load ratios located in metropolitan areas where traffic congestion is likely to occur should consider
the probability of large live load being on the bridge during an earthquake).

(4) Superstructure. The superstructure should, as a minimum, be modeled as a series of space frame members
with nodes at such points as the span quarter points in addition to the joints at the ends of each span. The
effects of earthquake restrainers at expansion joints may be approximated by superimposing one or more
linearly elastic members having the stiffness properties of the engaged restrainer units.

(5) Substructure. The intermediate columns or piers should also be modeled as space frame members. The
model should consider the eccentricity of the columns with respect to superstructure. Foundation
conditions at the base of the columns and at the abutments may be modeled using equivalent linear spring
coefficients.

(6) Mode Shapes and Periods. The required periods and mode shapes of the bridge in the direction under
consideration shall be calculated by established methods for the fixed base condition using the mass and
elastic stiffness of the entire seismic resisting system. The response should, as a minimum, include the
effects of a number of modes equivalent to three times the number of spans up to a maximum of 25
modes.

(7) The member forces and displacement can be estimated by combining the respective response quantities
(e.g. force, displacement or relative displacement) from the individual modes by the Square Root of the
Sum of the Squares (SRSS) method. For bridges with closely spaced modes (within 10%), other more
appropriate methods of combining or weighting the individual contributions should be considered to
obtain the total final response.

9. Calculation of
Natural Period

(1) Natural periods shall be appropriately calculated with considering of the effects of deformations of structural
members and foundations.
(2) Natural Period of the Design Vibration Unit (s) (T (s))
T=201*5
where, 8 can be calculated as follows.
(a) in case of a design vibration unit consisting of substructure and its supporting superstructure part as shown
in Fig. 9-1

Position at which the
inertial force of the L .
P— Position at which the
we = T HipeprneTme s inertial force of the
superstructure acts
oy T
g "
= =
0,.8W- ) & & ]
Ground surface =
10 be
considered in R
0.8W» i— —l = seismic design - _é[

() Transverse Direction SRS (b) Longitudinal Direction

Fig. 9-1 Calculation Model of Natural Period for A Design Vibration Unit Consisting of One Substructure and
its Supporting Superstructure Part

(1) Natural period calculation by Single Mode Spectral
Method

The single-mode method of spectral analysis shall be based
on the fundamental mode of vibration in either the
longitudinal or transverse direction. For regular bridges, the
fundamental modes of vibration in the horizontal plane
coincide with the longitudinal and transverse axes of the
bridge structure. This mode shape may be found by
applying a uniform horizontal load to the structure and
calculating the corresponding deformed shape. The natural
period may be calculated by equating the maximum
potential and kinetic energies associated with the
fundamental mode shape.

VS /"'-‘— .
e Vi(x)

G O A A

PLAN VIEW, TRANSVERSE LOADING

ELEVATION VIEW, LONGITUDINAL LOADING

Figure 9-1 Bridge Deck Subjected to Assumed

. Calculate the static displacement vy(x) due to an Iransverseand Longitudinal Loading

assumed uniform loading p, as shown in Figure 9-1.
. Calculate factors a and g as:
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&= 5P+60+60 hn ................................................................. 9-2)

where

dp:  Bending deformation of substructure body (m)

8p: Lateral displacement of foundation (in)

By:  Rotation angle of foundation (rad)

hg: Height from the ground surface to be considered in seismic design to the height of

superstructural inertia force (m)

When the body of the substructure has a uniform section, the bending deformation 8 can be

calculated by Eq (9-3).

— Wuh3 G'Bmh!’a T RN )]
% = 3pr T gEr

where

Wi Weight of the superstructure portion supported by the substructure body concerned (kN})

W, : Weight of the substructure body (kN}

El: Bending stiffness of the substructure body specified in the explanations of (1) above
(kN - m).

h:  Height from the botiom of the substructure body to the height of the superstructural inertia
force (m)

hp:  height of the substructure body (m}

Where, 0 and 60 are calculated from Eq.(9-4) (Refer to

Fig.9-2).
Ground Burface to be
5 = Hyhp— My A '{‘. considered in seismic
© As!An‘ _AsrArs C.— Ha design
_________ (9-4). 3 ST
8 = _HBAG_FMA:S
T A A, —AgA,

Hy= Wit 0.80 Wot W)

e LIS

C 6
I
) +hr)+0.8w}2

Where, 30 and 60 are calculated from Eq. (9-4) (Refer to Al =G

My = Wy, +0.8W,(

Fig.9-2). Arr, Asr, Ars and Ass are spring constants (KN/m,

kN/rad, kNm/m, kNm/rad) and calculated from the

) ) . Fig. 9-2 Load and Displacement at Ground
following formula according to the foundation types.

Surface for Seismic Design

a = Jug(x)dx 9-1)
¥ = w(x)ve(x)dx (9-2)
where:
po = auniform load arbitrarily set equal to 1.0 (N/mm)
vs(x) = deformation corresponding to p, (mm)
w(x) = nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)

. Calculate the period of the bridge as:

To=2n | ©-3)
Pogar
where: g = acceleration of gravity (m/sec?)
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§)] Spread foundation (@ Pile foundation with only vertical piles arranged symmetrically
Ay = kspAp A=k
A, =A, =0 |- (9-5) AFAH:—HK;E N (9-6)
A =nk, K A
A,-r:kng " 4 VP!_=1y
where
[ Coefficient of shear subgrade reaction in horizontal direction at the bottom of foundation (KN/m®)

ky: Coefficient of subgrade reaction in vertical direction at the bottom of foundation (kN/m")
n: Total number of piles
¥i: ¥y coordinate of the pile head of i-th pile (m)

K, Kz K3 Ky Spring constants (kN/m, kN/rad, kN'm/m, kN'm/rad) of the piles in the perpendicular direction
to the pile axis in case of rigid connection at pile head

Kyp: Spring constant (kN/m) of the piles in the direction of the pile axis

Concrete calculation methods of K1, K2, K3, K4 and Kvp are provided in Part IV. With the coefficients of
subgrade reaction for seismic design as shown in Eq. (9-7) and (9-8), K1, K2, K3, K4 and Kvp .can be obtained.

Kup= 103 *Ep  ---------- 9-7) Kyo=1/03*Ep  ---------- (9-8)

where,

Kuo, Kvo = Reference values of the coefficient of subgrade reaction in horizontal direction and in vertical
direction, respectively (kN/m®) (for Level 1 and 2 EGMs)

Eb =2*(1+vp)* Gp (Ep: Dynamic modulus of deformation of the ground (kN/m?))
Vo = Dynamic Poisson’s ratio of the ground

Gp  =yt/g * Vs (Gp: Dynamic shear deformation modulus of the ground (kN/m?))

yt = Unit weight of the ground (kN/m?)

g = Acceleration of gravity (9.8 m/s?%)

Vsp = Shear elastic wave velocity of the ground (m/s)

Vspi = CV * Vsi (Vspi: the average shear elastic wave velocity of the i-th layer)

Cv  =0.8(Vsi <300 m/s), 1.0 (Vsi > 300 m/s) (CV: Modification factor based on degree of ground strain)
Vsi  =the average shear elastic wave velocity of thei-th soil layer described in Item 5 (m/s)

(b) in case of a design vibration unit consisting of multiple substructures and their supporting superstructure part
as shown in Fig. 9-3.

ussi o
'&'_i' {F) ﬂb @ ﬂ"‘]’;;}_{d’{" .-.u; S _:’.’;_r_r r.
ot — - - E—E-@ a ’,: wis) ' j,
ﬂx\ 1 7 :
’ 40
! 2 ’
’ ’ (b) Transverse Direction
i i L, e
(a) Profile of the Bridge wiy) Jads) ;
Fig. 9-3 Calculation Model of Natural Period for a Design ." .'.
Vibration Unit Consisting of Multiple Structures and ¢ '
their Supporting Superstructure Part (c) Longitudinal Direction
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.{w{s) ulsy ds
[ws) us) ds

d= SE— (+ o)}

where,
w(s ) :Weight of the superstructure or the substructure at position s (kN/m)

u(s ) : Lateral displacement of each structure at position s in the direction of the inertia force
when a lateral foree corresponding to the weight of the superstructure and that of the

substructure above the design ground surface act in the direction of the inertia force (m)
When a bridge is modeled into a discrete skeleton structure, the & can be obtained from Eq. (9-10).

I WP 9.10
5= E‘: ( mui) ............................................................... ( - )
where

Wiz Weight of superstructure and substructure at node i (kIN)
u;: Displacement of node i occurred in the acting direction of inertia force when a force
corresponding to the weight of the superstructure and the substructure above the ground

surface to be considered in secismic design is acted in the acting direction of inertia force(m)
> represents the sum of all design vibration units.

When calculated with eigenvalue analysis, .the natural period (T) can be obtained directly.

(c) Stiffness Applied to Calculation of Natural Period for Level 2 EGM

During verification of seismic performance for Level 2 EGM, the natural period shall be calculated based on the
yield stiffness. The yield stiffness refers to the secant stiffness Ky at yield point due to bending deformation of
the pier and is obtained at the ratio of the yield strength Py to the yield displacement 8y of the pier (Ky = Py/dy)
as shown in Fig. 9-4.

Ky=3*E*ly/h® => ly=Ky*h®/3E
Ely = yield stiffness

Yield Point

o

PyF--3 E = elastic modulus of pier, ly = moment of section
inertia at the yield point
Ky = Py/& —>
Y=y h = the height of pier
(ly should be used for every calculation of the natural
3y period for verification of seismic performance for Level 2
Horizontal Displacement § at the top of Pier EGM)

Fig. 9-4 Stiffness Applied to Calculation of Natural Period for Level 2 EGM
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10. Design (1) Design horizontal coefficient (kp) for Level 1 EGM shall be calculated by Eq. (10-1). No provision
Horizontal .
ZCyr* Ko (5 0.1)  mmmeemmmmmm e 10-1
Seismic Kn = Cz* Ko (2 0.1) (10-1)
Coefficient for where, . : —_ s s
Ko = Standard value of the design horizontal seismic coefficient for Level 1 EGM, which is shown
Level LEGM in Fig 10-1.(Fig. 10-1 is obtained from the Figure for Level 1 EGM shown in Item 4 by
dividing S, by gravity acceleration)
Cz = Modification factor for zones shown in Item 4.
(2) Design horizontal coefficient (Kyg) at ground level can be obtained from Eq. (10-2), which is used for
calculation of inertia force due to soil weight and seismic earth pressure in verifying seismic performance
for Level 1 EGM.
Kng=Cz* Kngg ~ "mmmmmemmmmmmmmsmmssssssmosoooooooooooos (10-2)
where,
Kngo = Standard value of the design horizontal seismic coefficient at ground surface level for Level 1
EGM
=0.16 for Ground Type 1, 0.2 for Ground Type Il and 0.24 for Ground Type III
(3) Though a single value of the design horizontal seismic coefficient shall generally be adopted within the same
design vibration unit, different design horizontal seismic coefficient for each pier are given in case that the
ground type changes within the same design vibration unit.
0.4 T T ] T 11 T T T
2 0.430*T ¢ 03 | 11158 0.393*T%% !
¥ 0.3 : \_i-"' TR S
A IV SR R NV
ke -1 2 02| YN N 0208 T
E 0.2 : — - e 2 :
: M I NG T,
(‘-)) 0‘427*1—1/3 i E E E \‘\" ~ et .
= I ' o . st
1= t ' [ ~
3 [ ' . n
oo} H \ o ™~
2 w1 ' : — 3
2 Type I gropnd =
8 ~==aaTypell E“‘:‘m” C 7
s 07 e+ — Type TIT grbund 11s T i0.213*T,'2’3 i
[} - ~— X (B . I 1
2 .05 P [ 0345 b i (1% 1 L
B 0.1 0.2 03 05 07 1 N 2 3 5
Natural Period of Structures T (s) 135
Fig. 10-1Standard Design Seismic Coefficient for Level 1 EGM
11. Design (1) Design horizontal seismic coefficients for Level 2 EGM (Type I and I1) shall be calculated by Eq. (11-1) and | (1) Equivalent static earthquake loading by Single-Mode Spectral Method
Horizontal (11-2).
Seisfn;ic. . Kpet = Cs * Cz * Kncor > 0.3 * Cs or 0.4 * Cy (11-1) The equivalent static earthquake loading pe(x) is calculated as:
Coefficient for Khen = Cs * Cz * Kncon > 0.6 * Cs or 0.4 * C; (11-2) c
Level 2 EGM Pe(x) = PC wigvi0 (11-1)
Kner and Kicy = Design horizontal seismic coefficient for Type | and Il of Level 2 EGM, respectively. Y
Kicor and Kyeon = Standard design horizontal seismic coefficients for Type | and Type 1l of Level 2 _ )
EGM, respectively, which are shown in Fig 11-1 and Fig. 11-12. v = W)V (x)x (11-2)
Cs = Force Reduction Factor related to the extent of ductility of a pier, which is specified in Item 12.
) ) o ) B = Jw(x)vs(x)dx (11-3)
(2) Design horizontal coefficients at ground surface level can be obtained from Eq. (11-3) and (11-4) for Type |
and Il of Level 2 EGM
where:
Khat = Cz * Khgio (11-3) pe(x) = the intensity of the equivalent static seismic loading applied to represent the primary mode of
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Khgi = Cz* Khgiio (11-4)

Khgl and Khgll = Design horizontal seismic coefficients at ground surface for Type | and Il of Level
2 EGM, respectively.
Khgio and Ko = Standard horizontal seismic coefficient at ground surface level for Type | and Il of
Level 2 EGM, respectively.
Khgio = 0.3 for Ground Type I, 0.35 for Ground Type Il and 0.40 for Ground Type III
Khgiio = 0.80 for Ground Type 1, 0.70 for Ground Type Il and 0.60 for Ground Type IlI

(3) The highest value of design horizontal seismic coefficient shall generally be used in each design vibration
unit.

TTT11 T T
H

H H
7| LeveLaTypE ]

5 : T R

LEVEL 2 TYPE | |

-
e

/)

Standard Desiagn Horizontal Seismic Coefficient (Kncuin)

Natural Periods of Structures T (s)
Fig. 11- 1 Relationship between Kycio and T (s)

Natural Periods of Structures T (s)
Fig. 11- 2 Relationship between Kycio and T (S)

Standard Desian Horizontal Seismic Coefficient (Kncio)

Table 11-1 Relationship between Kncio and T (s) Table 11-2 Relationship between Kic and T (s)

Giround Type

Values c;f‘ Kio in Terms of Narural Period T WT Ground Type Values of Kyeo in Terms of Natural Period T (5)
TS14 1.4
Tape | b =07 by = 0767 Typel T<03 0I=T 207 0.7<T
23 -4#/3
oD, k= 4467 £,=20 k= L2AT
) i e 01857516 | 1.6<T i 0 i
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| bur Riez0? | i Type Il & =327 2} £ =175 443
| ! . 1 - o™ 3 = 1- k=223
02957520 20T el T<05 05ST=15 15<T
=1 . =597 ype o
10 | koo=1.59T p k=237 L k=150 hyy=2577""

5| w
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----- I e Il \
S I g ) f— il

] ey i ok e

0.1 0.2 0.3 0.5 1 23 5 0. 0.2 03 0.8 i 23 5

vibration (N/mm)
vs(x) = deformation corresponding to p, (mm)
w(x) nominal, unfactored dead load of the bridge superstructure and tributary substructure (N/mm)
Cs = the dimensionless elastic seismic response coefficient.

(2) Elastic Seismic Response Coefficient:

Procedure 1
The elastic seismic coefficient Csused to determine the design forces is given by the dimensionless formula:

Cs = 1.2AS/T?? (11-4)
where
A = the Acceleration Coefficient based on the Seismic Zone Map
S = the dimensionless coefficient for the profile characteristics of the site given in Table 5-1.
T = period of the bridge

The value C, need not exceed 2.5A. For Soil Profile Type Il soils in areas where A > 0.30, Cs need not
exceed 2.0A.
(3) Elastic Seismic Response Spectrum:
Procedure 2
The elastic seismic coefficient for mode “m”, Cqp, shall be determined in accordance with the following
formula:
Con = 1.2AS/T,,2? (11-5)
where:

Tm = period of the mth mode of vibration

The value Cq, need not exceed 2.5A. For Soil Profile Type Il soils in areas where A > 0.30, Cgy, need not
exceed 2.0A.

EXCEPTIONS:

1. For Soil Profile Type Il Cy, for modes other than the fundamental mode, which have periods less than 0.3
sec. may be determined in accordance with the following formula:

Com = A(0.8+4.0Ty) (11-6)
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2. For structures in which any Ty, exceeds 4.0 sec., the value of Cg, for that mode may be determined in
accordance with the following formula:
Cem = 3AS/T, (11-6)
12. Force (1) Force reduction factor shall be calculated by Eq. (12-1) for a structural system that can be modeled as a one | (1) Seismic design forces for individual members and connections of bridges classified as SPC C and D are
Reduction degree-of freedom vibration system having a plastic force- displacement relation. determined by dividing the elastic forces by the appropriate Response Modification Factor (R).
Factor

(12-1)

Cs=1\2%p, -1
Cs = Force reduction factor (refer to Fig. 12-1)
ta = Allowable ductility ratio. pa can be obtained by Eq. (12-2) for the case of a RC column.
Ha =1 + (8u - 8y)/a*dy (refer to Fig. 12-2) (12-2)

Horizontal Force P

Belmmmmmaeennn . .
£ P. : Elastic response horizontal force

P, :Yield horizontal force

&p ¢ Elasto - plastic response horizontal displacement
8, @ Elastic response horizontal displacement

&,  Yield horizontal displacement

Eq. (12-1) can be obtained by assuming that the areas of AOAB
and JOCDE are equal.

0 . de  Op
Fig. 12-1 Elasto-Plastic Response Displacement of a Pier

Horizontal Force P
'y

ua® Ductility capacity of the RC column

! 8u: Ultimate displacement of the RC column
3y* Yield displacement of the RC column

a: Safety factor shown in Table 12-1

_ Horizontal
= Displacement §

& 4,5, &,

3o Xy

(6,~68,)/a

6,~6,

Fig. 12-2 Simplified Relationship between Lateral Strength and Ductility Capacity for Flexural Failure

(2) The Response Modification Factors for various components are given in Table 12-1.

Table 12-1 Response Modification Factor (R)

(3) The force resulting from plastic hinging at the top and/or bottom of the column shall be calculated after the
preliminary design of the column is complete. The forces resulting from plastic hinging are recommended for
determining design forces for most components.

(4) The recommended connection design forces between the superstructure and columns, columns and cap
beams, and columns and spread footings or pile caps are the forces developed at the top and bottom of the
columns due to plastic hinging.

(5) The design forces for foundations including footings, pile caps and piles may be either those forces
determined from elastic seismic forces divided by the corresponding response modification factors or the
forces at the bottom of the columns corresponding to column hinging, whichever values are smaller.
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Table 12-1 Safety Factor of RC Column resulting in Flexural Failure
. Safety Factor o in Calculation of | Safety Factor e in Calculation of
Seismic Performance - . e .
0 be Verified Duetility Capacity for Type [ Ductility Capacity for Type 11
Earthquake Ground Motion Earthquake Ground Motion
Seismic
Performance Level 2 0 13
Seismic 24 12
Performance Level 3
13. Evaluation of | (1) Failure mode of a RC column shall be evaluated by Eq. (13-1) (1) Since the Standards utilize the force-base approach method, the column failure mode is not investigated
Failure Mode P, < P, : Flexural (or bending) failure but r_athef fo.r the prellmlnary _d§5|gn, the initial column s_e_lsm_lc design forces ar? determined by. the
of RC Column - ) . fer 1 | vield! s (3D elastic seismic design forces divided by the response modification factor. Appropriate column sections
Pi<Py=Po : Shear failure after flexural yielding and reinforcements are then decided based on the demand forces.
Pa<P, : Shear failure

Pu = Lateral strength of a RC column (2) Once the preliminary design of the column is complete, the forces resulting from plastic hinging are

Ps = Shear strength of a RC column calculated and used to determine the design forces for most components.
PsO = Shear strength of a RC column calculated by the modification factor on the effects of repeated
alternative loads is equal to 1.0. (3) Shear Failure

The shear mode of failure in a column or pile bent will probably result in a partial or total collapse of the

(2) Failure mode for a RC column can be judged following the flow shown in Fig. 13-1. . . A . .
bridge; therefore, the design shear force must be calculated conservatively. In calculating the column or pile

Stare bent shear force, consideration must be given to the potential locations of plastic hinges — such that the
7 smallest potential column length be used with the plastic moments to calculate the largest potential shear
Modification factor on the effect of | force for design.

repealed alternating loads |
{o.s (Seismic Motion Type I} |

LCalc ulntllcm of ti:n;ultimatc 0.8(Seismic Motion Type 11} [ (4) Lateral Strength
strengti u S— — - - - . -
— e 1 The lateral strength of the pier corresponds to the total of inelastic hinging shear force demands at the top
| Galeutation “f"hlﬂ"' strength Py and bottom of the pier column/s formed by the column overstrength moment resistance (taken as the plastic
moment).

A
Yes < rsp > Mo

Caleulation of shear strength P
agsuming the modification Factor
on the effect of repeated alternating
loads c. = 1.0

(5) The lateral force demand from the overstrength plastic moments is calculated and corresponds to
the column shear force. The procedure for column shear demand force is calculated for two
types of piers — (a) single columns and piers and (b) bents with two or more columns. Table 13-1
presents the design forces corresponding to both pier types.

Yos | - FeS P

Table 13-1 Design Forces

-~
— Ne
- Shear failure after| - - B
Flexural failure flexural yielding |Eia=m- failure Design Single Columns and Piers Bents with Two or More Columns

Forces

I

Axial « Unreduced maximum and minimum « The maximum and minimum axial load is the dead

r‘.,-r.z 5 PP, | P=Pu seismic axial loads plus dead load load, plus, or minus, the axial load determined from

pramle S #a=10 Lr=re the final iteration due to overturning when applying
ad,

| the calculated bent shear force to the top of the bent
(center of mass of the superstructure)

EE | « The column overstrength plastic moment is determined
based on the calculated column axial forces.
Moments | « Column overstrength plastic moment | . The column overstrength  plastic  moments

Fig. 13-1 Evaluation of Failure Mode for a RC Column capacity using strength reduction factor corresponding to the maximum compressive axial load
(9) of 1.3 for concrete and 1.25 for steel calculated above, multiplied by the strength reduction
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and the maximum elastic column axial
load.

« Corresponding shear force using the
column overstrength plastic moments
and the appropriate column height.

factor (¢) of 1.3 for concrete and 1.25 for steel.

Shear « The shear force corresponding to the column

overstrength plastic moments above.

14. Calculation of
Lateral
Strength and
Displacement
ofaRC
Column

(1) Relationships between stress and strain of a reinforcing bar and concrete are shown in Fig. 14-1 (1) and Fig.
14-1 (2), respectively.

(2) RC column is divided into m segments along its height and the section of each segment is divided into n
elements in the acting direction of the inertia force as shown in Fig. 14-2. With these relationships, Pu, Py, du
and 8y at the height of the superstructure inertia force shown in Fig.14-3 can be obtained.

Stress in a reinforcing bar o, Stress
-2 G | o s 0, =0, Esle.~.)
g =,
O 080 S =,
o = EE l

a.= E,e,{l H%(—‘-

[—gw Eer

(2) Stress and Strain of Concrete

Strain

Eou

(1) Stress and Strain of Reinforcing Bar

Fig 14-1 Relationships between Stress and Strain of Reinforcing Bar and Concrete

Lateral force (P) (at the height of the superstructure inertia Lateral force P

Lateral displacement & (at the height

A U P, )
of the superstructure inertia force) B

neutral axis Py
n
elements

m segments

P.

&

&y
Lateral Displacement &

Fig 14-2 Lateral Force (P) at the Acting Position of the Inertia

Fig 14-3 Calculated Relationship
Force and Displacement (3), and Division of Column

between Lateral Force (P)
and Displacement (3)

(3) Descriptions

Pc = Lateral strength at cracking, Py = Yielding lateral strength, P, = Lateral strength, 8, = Yield displacement,
du = Ultimate displacement (a single -column RC column)

(1) Reinforcing steel is modeled with a stress-strain relationship that exhibits an initial elastic portion, a yield
plateau, and a strain-hardening range in which the stress increases with strain as shown in Figure 14-1. On
the other hand, the stress-strain model for confined and unconfined concrete is used to determine section
response as shown in Figure 14-2.

Figure 14-1 Reinforcing Steel Stress-Strain Model Figure 14-2 Concrete Stress-Strain Model

The net tensile strain in
the extreme tension steel
is determined from a
linear strain distribution
at nominal strength using
similar triangles.

Figure 14-3 Strain Distribution and Net Tensile Strain

(2) The design based on the expected behavior of the bridge system which is the ductile substructure
(columns) with essentially elastic superstructure and foundation. This system includes conventional plastic
hinging in columns and walls and abutments that limits inertial forces by full mobilization of passive soil
resistance.

(3) Lateral Strength
The lateral strength of the pier corresponds to the total of inelastic hinging shear force demands at the top
and bottom of the pier column/s formed by the column overstrength moment resistance (taken as the
plastic moment, Figure 14-4).
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(a) Premises
® Fiber strain is proportional to the distance from the neutral axis.

o Skeleton curve between horizontal force and horizontal displacement shall be expressed by an

. Iy
ideal elasto-plastic medel shown in Fig. 14-4. » ¥ U
(b) Equations % “
A (14-1) 2
h A = |
M, i IS t
h=3 (14-2) g ¥, * Initial yield limit state
M 2 Y : Yield limit state
vt (14-3) U : Ultimase limit state
o ! 3 .
F,= J‘:,I‘ ------------------------ (14-4) 8y Oy _ ) J, Horiza
Horizontal Displacement &
8. =0,+ (Bu— @) Ly (h=Ly/2) oo (14-5) Fig.14-4 Ideal Elasto-Plastic Model

(c) Description of Symbols
B Section modulus of a column with consideration of axial reinforcement at the column’s
bottom section (mm®)
&4, : Flexural tensile strength of concrete (N/mm®) to be calculated by Eq. (14-1-1)

Ty =023 O'ﬁ‘.s

N : Axial force acting on the column’s bottom section (N)

A : Sectional area of a column, with consideration of axial reinforcement at the column’s bottom
section (rnrng)

h : Height of superstructural inertial force from the bottom of column. (mm)

a.r : Design strength of concrete (meml)

dyp: Horizontal displacement at the time of yielding of axial tensile reinforcing bars at the
‘outermost edge of the column’s boutom section (called *“initial yield displacement™
hereafier) (mm)

M, : Ultimate bending moment at the column’s bottom section (M- mm)

Myo: Bending moment at the time of yielding of axial tensile reinforcing bars at  the outermost
edge of the column’s bottom section (N mim)

I : Height of superstructural inertial force from the bottom of column. {mm)

L, Plastic hinge length (mm) calculated by Eq. (14-5-1)

L,=02h-0.1D

in which0.1D = L, =0.5D

I Sectional depth (mm) (D shall be the diameter of a circular section, or the length of a
rectangniar section in the analytical direction)

@,: Yield curvature at the column’s bottom section (1/mm)

&, : Ultimate curvature at the column’s bottom section (1/mm}

Figure 14-4 Development of Approximate Overstrength Curves
from Nominal Strength Curves after Gajer and Wagh (1994)

(6) Column and Pier Flexural Strength Requirements
In the Standards, a vertical support is considered to be a column if the ration of the clear height to
maximum plan dimensions of the supports is equal to or greater than 2.5. Note that the maximum plan
dimension is taken at the maximum section of the flare for a flared column. For supports with a ratio less
than 2.5, the provisions of the piers will apply. Note that a pier may be designed as a pier in the strong
direction and column in the weak direction.

(a) Column Requirements

The biaxial strength of columns shall not be less than that required for the design moments determined in
Section 13. The design of column shall be checked for both minimum and maximum axial loads. The
strength reduction factors shall be replaced for both spirally and tied reinforced columns by the value of 0.50
when the stress due to maximum axial load for the column exceed 0.20f’;. The value ¢ may be increased
linearly from 0.5 to the value for flexure (0.90) when the stress due to the maximum axial load is between
0.20f’; and 0. Moment magnification and slenderness effects shall be considered in the design of columns.

(b) Pier Requirements
The minimum reinforcement ratio both horizontally, py, and vertically, p,, in any pier shall not be less than
0.0025. Reinforcement (horizontally and vertically) shall be distributed uniformly.

the ratio of horizontal shear reinforcement area to gross concrete area of a vertical section.
the ratio of vertical shear reinforcement area to the gross concrete area of a horizontal section.

Ph
Pn
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(d) Detailed Procedure to Obtain Mechanical Values Referring to Fig. 14-2, Fig. 14-5 and Fig. 14-6

M, = u.;(am..q. N{/Af) .............................................................. (14-6)
d.=M, /chl_ ....................................................................... (14-7)

M.: Bending moment at cracking (N-mm)

g Curvature of eracking (1/min)

Wi Sectional modulus of pier having considered the axial reinforcement in the i-th section
from the height of the superstructural inertia force (mm’),

ow: Bending tensile strength of concrete {N/mm®) to be calculated by Eq. (14-1-1)

Ni: Axial foree due to the weights of superstructure and substructure acting on the i-th
section from the height of the superstructural inertia force (N).
A;: Sectional area of pier having considered the axial reinforcement in the i-th section from

the height of the superstructural inertia force (mm®)

E.: Young's modulus of concrete (N/mm?)
Iz  Moment of inertia of pier having considered the axial reinforcement in the i-th section
from height of the superstructural inertia force (mm*)

o, © Design standard strength of concrete (N/mm?)

n L
M=2ogzdAy+ 2 ogrdA, (14-8)
i- i=
¢;:5d, /1‘0 (14-9)
Oja G Stress of concrete and reinforcement within the j-th infinitesimal part (Nfmm®)

AAg, AAg: Sectional area of concrete and reinforcement within the j-th infinitesimal part (mm?)

M;: Bending moment acting on the i-th section from the height of the superstructural inertia
force (N'mm)

¢i: Curvature of the i-th section from the height of the superstructural inertia force (1/mm}

xi:  Distance from concrete or reinforcement in the j-th infinitesimal part to the centroid
position of section (mm)

£ Compressed edge strain of concrete

xg: Distance from the compressed edge of concrete to the neutral axis (mm)

6y0=f¢'ydy
#i§(¢53’i+¢z—iJ’i--x)fﬁyi/‘?' (14-10)

&,= (ﬁ—w) Dy (14-11)
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T e 080800 . 7 7
Ll L] o
. . B Bar Pus
L] L]
L] L]
L] L ]
EEER RN K £y
Initial yield Ultimate limit state Ultirnate limit state
limit state {Type I} (Type 1)

Fig 14-5 Strain Distribution within Initial Yielding and Ultimate Limit

8. | | Pt

| =

|
.|
Lnitial yield limit state  Ultimate limit state Ultimate limit state
Yield limit state (TypeI) (Type 1)
Fig 14-6 Curvature Distribution in the Direction of Height
(e) Stress-Strain Relation of Concrete (refer to Fig. 14-1(2))
The stress-strain curve of concrete shall be determined by Eq. (14-12) based on Fig. 14-1(2)
I n-1
£
Egql-—| = (0ce 22.)
o, = n\ £, - (14-12)
O’EC - Eﬂ'ﬁ'(g-c - ‘g.':c) (‘gr:c < la.c: g 5‘cn‘)
E
= _ﬁ“_ .............. e mr e s e g B, T v (14_13)
Etgca‘ T
Goe =0+ 3. 8ap,0,, - - (14-14)
a,,
5e=10.002+0.0335 L PSR S——— VS 1)
T
o i

P J.;y
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€, (For Type I Earthguake Ground Motion)
By = 0.2c evneneen:(14-17)
S - E & (For Type 11 BEarthguake Ground Motion)
des
Ps= ﬂ oy 1 [ R et et e (14-18)
sd

G, : Stress of concrete (N/mm-)

0e. : Strength of concrete restrained by lateral confining reinforcement (N/mm”)
o4 - Design strength of concrete (N.-’mmz}

£, +Strain of concrete

£cc 1 Strain of concrete under the maximum compressive stress

£, : Ultimate strain of concrete restrained by lateral confining reinforcement

E. :Young's modulus of concrete (N/mm’)

E. : Descending gradient (N/m m’)

ps:  Volume ratio of lateral confining reinforcement

A, : Sectional area of each lateral confining reinforcement (mm®)

s : Spacings of lateral confining reinforcement (mmj}

4 : Effective length (mm) of lateral confining reinforcement. It shall be the longest length of
core concrete divided and restrained by lateral hoop ties or cross ties (refer to Fig. 14-7)

Yield point of lateral confining reinforcement (N/mm™)

Ty
a5 Modification factor on section, ¢=1.0,3=1.0 for a circular section, and «= 0.2, p= 0.4 for
rectangular, hollow circular and hollow rectangular sections.

n 1 A constant defined by Eq. (14-13)

DA
T
o
"
=
d Dh:e;on of x - axis * d= the largest of o, ~d,

| | Direction of ¥~ axis * 4 = the largest of d, ~d};

(a) Circular Section (b) Rectangular Section
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Direction of x - axis | d= the largest of d, ~d,
Direction of y - axis . d=df;

(d) Semi-rectangular Section

Direction of x - axis :
o =the largest of o, ~d.

Direction of y - axis *
a=the largestof d; ~d,;

(c) Hollow Section

Fig. 14-7 Effective Length of Lateral Confining Reinforcement
(in Both Longitudinal and Transverse Direction to the Bridge Axis)
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15. Shear Strength
(Concrete
Structure)

Shear strength shall be calculated by Eq. (15-1)

_Ps - Sc s S,, I ern e s bR ENL FeRe s pRA P PR (15_1)
A o, d(sin® +cosd
1.15a

Py: Shear strength (N)

S.: Shear strength resisted by concrete (N)

1. : Average shear stress that can be borne by concrete (_“N}’mmz), Values in Teble 15-1 shall be
used.

¢,: Modification factor on the effects of alternating cyclic loading. c. shall be taken as 0.6 for
Type | Earthquake Ground Motion and 0.8 for Type I1.

¢.: Modification factor in relation to the effective height {d) of a pier section. Values in Table

15-2 shall be used.

(b) Effective Height of a rectangular Section
¢p :© Modification factor in relation to the axial tensile reinforcement ratio p,. Values in Table
15-3 shall be used.
b: Width of a pier section perpendicular to the direction in calculating shear strength (mm)
d: Effective height of a pier section parallel to the direction in calculating shear strength (mm)
p: Axial tensile reinforcement ratio. It is the value obtained by dividing the total sectional

areas of the main reinforcement on the tension side of the neutral axis by bd (%).

(1) The design of cross-sections subject to shear is based on:

V, < ¢V, (15-1)
where:
V., = factored shear force at the section considered (N)
V, = nominal shear strength (N)
¢ = strength reduction factor (0.85)

The nominal shear strength is determined by:

Vo=V, + Vs (15-2)
where:

V., =
Vs =

nominal shear strength provided by concrete (N)
nominal shear strength provided by shear reinforcement (N)

(2) In the end regions the quantity of shear stress taken by the concrete V. is assumed zero unless the
minimum design axial compression force produces an average stress in excess of 0.10f’ of gross concrete
area.

(3) When the average compression stress in the member exceeds 0.10f’ the value V; is compute as:
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Shear strength borne by hoop ties (N}

,
Sectional area of hoop ties arranged with an interval of ¢ and an angle of ® (mm”)

Yield point of hoop ties (N/mm?)

Angle formed between hoop ties and the vertical axis (degree)

Spacings of hoop ties (mm})

Table 15-1 Average Shear Stress of Concrete tc (N/mm?)

Design Compressive Strength of Concreteay, (N/mm?)

21 24

27 30 40

Average Shear Stress of Concreter, (N/mm?)

033 | 035

036 | 037 | 04

Table 15-2 Modification Factor Ce in Relation to Effective Height of a Pier Section

Effective Height (mm) Below 1000

3000

5000

Abeove 10000

Ce 1.0

0.7

0.6

0.5

Table 15-3 Modification Factor Cpt in Relation to Axial tensile Reinforcement Ratio Pt

Tensile Reinforcement
. 0.2 0.3 0.5 Above 1.0
Ratio (%)
Cpe 0.9 1.0 1.2 1.5

Evaluation method of effective height (d) for each column section shape is shown in Fig. 15-1.

Effective height d

e

____.___‘_J :__ .. Center of gravity of the

—— e T yeinforcement of this portion

(b)

(a) Effective Height (d) of a Rectangular Section

Square section with the
same sectional area

Height  (d)
and Width (b)
of a Circular
Section

b,

Effective Effective height &

< -~ Center of gravity of the
reinforcement of this portion

Width & =

bbby

Effective height &

Center of gravity of the
reinforcement of this portion

(c) Effective Height (d) and Width (b) of a

Rectangular Section

Fig. 15-1 Effective Height (d) and Width (b) of Each Section Shape

For members subject to axial compression:

(15-3)

or

(15-4)

N, = factored axial load normal to the cross-section occurring simultaneously with V, to be taken
positive for compression and negative for tension (N)

A, = gross area of section (mm?)

M, = factored moment (N-m)

d = distance from the extreme compression fiber to the centroid of the longitudinal reinforcement (mm)

by = width of web (mm)

f'c = specified compressive strength of concrete (MPa)

The quantity N./Aq shall be expressed in MPa.

For members subject to axial tension, shear reinforcement shall be designed to carry total shear, unless a
more detailed calculation is made using:

(15-5)

Note:
(@) Ny is negative for tension
(b) The quantity N./Ag shall be expressed in MPa.

(4) The allowable shear stress, v,, in the pier shall be determined in accordance with the following equation:

v =2VF. + pf, (15-6)

where:

pn = the ratio of horizontal shear reinforcement area to gross concrete area of a vertical section.
f, = specified yield strength of reinforcement (MPa)

The allowable shear stress shall not exceed 8V f’..

(5) When shear reinforcement is perpendicular to the axis of the member,
Vs=A,f,d/s (15-7)

Where A, is the area of shear reinforcement within the distance s.
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16. Structural (1) Incase that generation of plastic deformation of the column is expected, lapping of axial reinforcements | (1) Splices
Details for shall not generally be placed within the plastic zone (refer to Fig 16-1). (a) Lap splices is permitted only within the center half of the column height, and the splice length shall not
Improving be less than 400mm or 60 bar diameters whichever is greater.
Ductility (2) Arrangement of Hoop Ties (b) The maximum spacing of the transverse reinforcement over the length of the splice shall not exceed the
Performance smaller of 100mm or one-quarter of the minimum number of dimension.

(a) To use deformed bars of at least 13mm in

diameter, and the intervals shall not
generally be greater than 150mm in the
plastic zone.

(b) To be arranged so as to enclose the axial
reinforcement and be fixed in to the concrete
inside a column with the length below.
(Refer to Eq. (14-5-1))
i) Semi-circular hook = 8® or 120mm
whichever is the greater.
ii) Acute angle hook = 100
iii) Rectangular angle hook = 12®
(®@: the diameter of the hoop tie)
(c) Lapping of hoop ties shall be staggered along the column height.
(d) To have a lap length of at least 40® in case that hoop ties are lapped at any place other than the corners of
a rectangular section (refer to Fig 16-2).

Fig. 16-1 Plastic Zone

409 orlonger

[

40¢ or longer

T

Hoop tie
Hoop tie

Rectangular angle/'
hook (12®: length)

¢ Diameter of hoop tie

Intermediate tie Intermediate tie

Fig. 16-2 Anchorage of Hoop Ties with Rectangular Angle Hook

(3) Arrangement of Intermediate Ties
(a) To be of the same material and the same diameter as the hoop ties.
(b) To be arranged in both the directions of the long side and the short side of a column section.
(c) Intervals within a column section shall not be greater than one meter.
(d) To be arranged in all sections with hoop ties arranged.
(e) To be hooked up to the hoop ties arranged in the perimeter directions of the section.
() To be fixed into the concrete inside a column (refer to Fig. 16-2 and 16-3).
(9) To go through a column section, with use of a continuous reinforcing bar or a pair of reinforcing bars with a
joint within the column section.

(c) Welded splices may be used for splicing provided not more than alternate bars in each layer of
longitudinal reinforcement are spliced at a section and the distance between splices of adjacent bars is
greater than 610mm as measured along the longitudinal axis of the column.

(2) Transverse Reinforcement for Confining Plastic Hinges
(a) Transverse reinforcement for confinement of plastic hinges shall be:

- provided at the top and bottom of column over a length equal to the maximum cross-sectional
column dimensions, one-sixth of the clear height of the column or 450mm,

- extended into the top and bottom connections,

- provided at top of piles in pile bents over the same length as the columns,

- provided within pile bents over a length extending from 3 pile diameters below the calculated point
of moment fixity to one pile diameter but not less than 450mm above the mud line,

- spaced not exceed the smaller of one-quarter of the minimum member dimension or 100mm.

Lapping of the spiral reinforcement in the specified transverse confinement regions is not permitted.
Connections of spiral reinforcement in this region must be full strength lap welds.

(b)

(c) The end region shall be assumed to extend from the soffit of girders or cap beams at the top of the
columns, or the top of the foundations at the bottom of the columns, a distance not less than (a)
maximum cross-sectional dimension of the column, (b) one sixth of the clear height of the column, (c)
450mm.

(d) The end region of a pile bent shall be the same as specified for columns at the top of the pile bent, and
three pile diameters below the calculated point of moment fixity to one pile diameter but not less than
450mm above the mud line at the bottom of the pile bent.

(e) The cores of columns and pile bents shall be confined by transverse reinforcement in the expected plastic
hinge regions, generally located at the top and bottom of columns and pile bents wit the largest
confinement governed by the provisions given above.

(f) The transverse reinforcement for confinement shall have yield strength not more than that of the
longitudinal reinforcement.

(9) The volumetric ratio of spiral reinforcement, ps, for a circular column shall be:

. 0.45[AJA. -1](f) (16-1)
or

ps =0.12(f"/fyn) (16-2)

For rectangular column, the total gross sectional area Ag, of rectangular hoop shall be either:
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Rectangular Section Intermediate tie

(ol ¥ LD

(c) Joint Types of Intermediate Ties (d) Arrangement Types of Intermediate Ties

Fig. 16-3 Arrangement of Hoop Ties and Intermediate Ties According to Column Types

A =0.30ah, [Ag/Ac -1](f/fyn) (16-3)
or
A =0.12ah, (f*o/fyn) (16-4)
where:
a = vertical spacing of hoops with a maximum of 100 (mm)
A, = areaof column core (mm?)

Ay = gross area of column (mm?)

As, = total cross-sectional area of hoop reinforcement including supplementary cross ties having a
vertical spacing in mm and crossing a section having a core dimension of h, mm (mm?)

f’c = specified compressive strength of concrete (MPa)

fyn = specified yield strength of hoop or spiral reinforcement (MPa)

he = core dimension of tied column in the direction under consideration (mm)

ps = ratio of volume of spiral reinforcement to total volume of concrete core (out-to-out of spirals)

(h) Transverse hoop reinforcement may be provided by single or overlapping hoops. Cross-ties having the
same bar size as the hoop may be used. Each end of the cross-tie shall engage a peripheral longitudinal
reinforcing bar. All ties shall have 135 deg hooks with extensions not less than the larger of ten tie
diameter or 150mm.

(3) Column Connection
Column connection is referred to as the vertical extension of the column area into the adjoining member.

(a) The design force for the connection between the column and the cap beam superstructure, pile cap or
spread footing shall be the group load combination in Section 3 or the forces developed due to column
hinging.

(b) The development length for all longitudinal steel shall be that required for steel stress of 1.25Vf’. for
normal-weight aggregate concrete or 9Vf’. for light-weight aggregate concrete.

(c) The required column transverse reinforcement shall be continued for a distance equal to one-half the
maximum column dimension but not less than 380mm from the face of the column connection into the
adjoining member.

(d) The shear stress in the joint of a frame or bent, in the direction under consideration, shall not exceed 12

I‘ - S CROSSTIES ENGASE LONGIT.
r—'ﬁ—/_.l_k. REINFORCEMENT

L I T
a3

| HOOE AND CROSETIES
e ol | tmmua  coNTREUTE TO Ay,

o8 .-.!.L_m

150 mm
WHERE ALTERNATE
DARS AR THD

a. Single spiral b. Column Tie Details




The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items

JRA (Part V; English Version, 2002)

NSCP Vol. I1 Bridges ASD (Allowable Stress Design), 2" Ed., 1997 (Reprint Ed. 2005) - ASEP

[l e Ry |
v )

5

Interlocking

I L p—
CROBENG Yo AR

4]
-

| — '
. 1
iral —
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S 1 AL e

c. Column Interlocking Spiral Details d. Column Tie Details

Figure 16-1 Details of spirals, hoops, ties and cross-ties

(4) Construction Joints in Piers and Columns

(a) Where shear is resisted at a construction joint solely by dowel action and friction on a roughened
concrete surface, the total shear force across the joint shall not exceed V; determined from the following
formula:

Vj= ¢ (Axfy + 0.75P,) (16-5)
where:

A = total area of reinforcement, including flexural reinforcement (mm?)
P, = minimum axial load (N)

oz-(€)a-t

17. Bearing
Support
System

(1) Bearing support shall be fundamentally designed for horizontal and vertical forces due to Level 1 and Level 2
EGMs (referred as “Type B bearing support”).

(2) However, in the case of superstructures which do not mainly vibrate due to the restraints of
abutments, or in the case that Type B bearing supports cannot be adopted, a bearing support
system together with structures limiting excessive displacement may be designed in the following
manner: Functions of the bearing support system shall be ensured for horizontal and vertical
forces due to Level 1 Earthquake Ground Motion, and the bearing support system and the
structures limiting excessive displacement shall jointly resist the horizental forces due to

» Level 2 Earthquake Ground Motion (referred as “Type A bearing supports™ hereafter),

(1) Although joint connection design forces are stipulated as either the elastic forces divided by the response
modification factor or the force effects resulting from the plastic hinging moments of the columns, there is no
seismic design provisions for bearings in the NSCP Standards (1997/2005).

(2) However, in order for the bearings to transmit the forces of the superstructure to the substructure, it is taken
that the bearings shall behave elastically to transmit the seismic forces from the superstructure.

(3) The NSCP Standards (1997/2005) recommends four types of bearings, although no seismic provision is
explicitly stated, as follows:

- Elastomeric Bearing
- TFE Bearing Surface
- Pot Bearings

- Disc Bearings
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(3) Fig. 17-1 shows the selection flow of bearing support.

l2-(€)a-1

Start Bridge with a girder shorter than S0m
pporied by ab at both ends
Bridge with incvitable structural
General lype limitations in bearin g support
bridge
Type B bearing support | |__Type A bearing support
Seismic isolation structure Fixed and mobile type
is approprate Applicability of is approprite
bearing support
A structure capable of
distributing horizontal
forces during an earthquake
is appropriate
Seismic ) -
isolation Rubber bearing suppert| |Rubber bearing support| |Rubber bearing support
bearing (elastic ﬁxec! type) (fixed and mobile type) or| |oFsteel bearing support
or stegl b?ﬁl‘ﬂ'% support steel bearing support (fixed
(multi point fixed type) and mobile type)

Fig. 17-1 General Consideration in Selection of Bearing Support

Reinforcement

(a)A pier having a truncated
portion in pier crown

Fig. 17-2 Measures for

{b) A pier with crowns being
unified in heights

Dealing  with Fig. 17-3

Abutment

Structure Excessive

Limiting

Truncated Portion of a Pier Crown

Displacement Connecting Superstructure

and Substructure

18. Unseating
Prevention
System

18.1 Seating Length

(1) Ordinary Bridge
» Eq. (18-1) shows the required seating length of a girder at its support.
» The seat length shall be measured in the direction perpendicular to the front line of the bearing support when
the direction of soil pressure acting on the substructure differs from the bridge axis, as in case of askew
bridge or a curved bridge.

18.1 Seating Length

(a) Minimum Support Length Requirements
Bearing seats supporting the expansion end of girders shall be designed to provide a minimum support
length N (mm) not less than:

N = 305 + 2.5L + 10H (18-1)
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Sg = Ur +Ug = Sem (18-1)

Sem = 0.7 +0.005 * Ls (18-2)

Us=¢*L (18-3)
where,

Se: Refer to Fig. 18-1.
Ur: Maximum relative displacement between the superstructure and the edge of the top of the
substructure due to Level 2 EGM (m) (refer to description of U below)
Ug: Relative displacement of the ground caused by seismic ground strain (m)
Sem: Minimum seating length of a girder at the support
&c: Seismic ground strain
=0.0025 for Ground Type I, 0.00375 for Ground Type Il, 0.005 for Ground Type I11
L: Distance between two substructures for determining the seating length (refer to description of L
below)
Ls: Length of the effective span (m). When two superstructures with different span length are
supported on one bridge pier, the longer one shall be used.

A G|rder . :
Seating J Seating i
Length on Pie Ldngth on Abutment Reating Lengtg
Se PELT I q—gi--|
7(&) Girder End Support (b) Halving Joint
Fig.18-1 Seating Length (Sg) (m)
Description of Ug
(a) Rubber Bearing (refer to Fig 18-2)
HR=£}:;5_ S e (1844)

P,: Horizontal force equivalent to lateral strength of a column when considering plastic
behavior of the column; or horizontal force equivalent to maximum response
displacement of a foundation when considering plastic behavior of the foundation (kN)

¢n ¢ Dynamic modification factor (Cm = 1.2)

kg : Spring constant of the bearing support (kN/m) Design Vibration Unit

Fig. 18-2

When the girder
end is supported
by rubber bearings

where:

L = length of the bridge deck to the adjacent expansion joint, or to the end of the bridge deck. For
hinges within a span, L shall be the sum of L; and L, the distances to either side of the hinge (m)
H = average height of columns supporting the bridge deck to the next expansion joint (m)

- For columns and Piers: H = column or pier height (m)
- For hinges within a span: H = average height of the adjacent two columns or piers (m)

Figure 18-1 Dimension for minimum support length

18.2 Horizontal Linkage/Longitudinal Restrainers

. Positive horizontal linkage shall be provided between adjacent sections of the superstructure at
supports and expansion joints within a span. The linkage shall be designed for a minimum force of the
Acceleration Coefficient times the weight of the lighter of the two adjoining spans or parts of the
structure.

. If the linkage is at a point where relative displacement of the sections of superstructure is designed to
occur during seismic motion, sufficient slack must be allowed in the linkage so that the linkage force
does not start to act until the design displacement is exceeded.

. Where linkage is to be provided at columns or piers, the linkage of each span may be attached to the
column or pier rather than between adjacent spans.

. Positive linkage shall be provided by ties, cables, dampers or equivalent mechanism. Friction shall not
be considered a positive linkage.

18.3 Hold Down Device
. Hold down devices shall be provided at supports and at hinges in continuous structures, where the
vertical seismic force due to the longitudinal horizontal seismic load opposes and exceeds 50%, but is
less than 100% of the dead load reaction.
. If the vertical forces result in uplift, the hold down device shall be designed to resist the larger of the
following net upward force:
0 120% of the difference between the vertical seismic force (Q) due to longitudinal horizontal
seismic load and the dead load reaction (DR), or
0 10% of the dead load downward force that would be exerted if the span were simply supported.
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(b) Fixed Bearing

When fixed supports of Type B are used at the support concerned, one-half of the width of
the bearing support shall be taken as the relative displacement u_, while the whole width
shall be used in case of fixed supports of Type A. This is for preventing unseating of the
bridge even though the bearing support system is unexpectedly damaged, although the fixed
supports of Type B are designed to be capable of transferring the superstructural inertia force
caused either by horizontal force equivalent to lateral strength of a column with plastic
behavior, or by horizontal force equivalent to maximum response displacement of a
foundation with plastic behavior, and there is no relative displacement generating at the
bearing support system under an assumed earthquake ground motion in the design. Providing
that the bearing support may be damaged in case of fixed supports of Type A, u, for Type A

is assumed to be greater than that of Type B.

In addition, the width of the bearing support shall be equal to width of the lower shoe in the
bridge axis in the case of metal bearings, and width of the bearing support in the same

direction for rubber bearings.

(c) Movable Bearing (refer to Fig 18-3)

Ur=V3Ur’ (i=12) (18-5)

Uri = Upi + Ugi + Ug; (18-6)

Upi = pri * yi (18-7)

Uri = 8Fi + O * Noj (18-8)

Ugi = Con * Py /Kei (18-9)
where,

u,o Displacement of the i-th design vibration unit shown in Fig. 18-3

u,: Response displacement of the cofumn representing the i-th design vibration unit (m)

u_: Horizontal displacement at the height of superstructural inertia due to displacement of

the pier foundation representing the i-th design vibration unit (m). The calculation
shall include these effects when liquefaction and lateral spreading of the ground

U_ : Relative displacement at the bearing support system representing the i-th design

vibration unit {m)

Response ductility factor of the column representing the i-th design vibration unit

8 @ Yielding displacement of the column representing the i-th design vibration unit (m)

&.: Response horizontal displacement of the pier foundation representing the i-th design
vibration unit (m)

8. : Response rotation angle of the pier foundation representing the i-th design vibration
unit (rad)

h_: Height from the ground surface of seismic design to the superstructural inertial force
in the column representing the i-th design vibration unit (m)

P : Horizontal {orce equivalent to lateral strength of a column with plastic behavior, or by

Figure 18-2 Horizontal Linkage
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horizontal force equivalent to maximum response displacement of a foundation with
plastic behavior, representing the i-th design vibration unit (kIN}

Cm: Dynamic modification factor (Cpn=1.2)

kg, + Spring constant of the bearing support for the i-th design vibration unit (kN/m)

)
R

ﬁf .

" Fixed Support :

3 ""-,'Design Vibration Uni
E Design vibration Design vibration
. ; 5 LumitZo

Design ;
Vibration Unit

.'pesign Vibration Unit|

Design ;
Vibration ll_:'Jni

Fig. 18-3 Inertia Forces Used in Calculating Seating Length

Description of L

The length L between the substructures that may affect the seating length shall be the distance between the
substructure supporting the girder at the support where the seating length is to be calculated and one that may
primarily affect the vibration of the girder containing the support (refer to Fig. 18-4)
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(c) Rigid-Frame Bridge

S N
-

L;———-i u ;Ll:m— (@ Arch si

Hlls,: £

(b) Continuous Girder Bridg. L (e) Cable-Stayed Bridge

(a)Simple Girder Bridge

= : Rubber Bearings
A : Fixed Support
A : Movable Bearings

Sg: Calculation Points of
Seating Length

Fig. 18-4 Measuring Methods of Distance (L) between Substructures as to Bridge Types

(2) A Bridge with Complicated Dynamic Structural Behavior by a Dynamic Analysis
» The maximum relative displacement (Ug) is to be obtained from the dynamic analysis.

(3) A Skew Bridge
» The seating length shall be calculated by Eq. (18-10) (refer to Fig. 18-5).

Sgo 2 (Ll 2) (SIN B —8in (B = @) ~revvrerrrrmmsemss s e st (18-10)
where
Sgo: Seating length for the skew bridge (m)
Lg: Length of a continuous superstructure (m)
B: Skew angle (degree)
a;: Marginal unseating rotation angle (degree). o can generally be taken as 5 degrees.
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Fig. 18-5 Seating Length of a Skew Bridge

(4) A Curved Bridge
» The seating length is to be calculated by Eq. (18-11) (refer to Fig. 18-6)

sing
Sre = G (1,3 rererreireecateaeeie e aa i ae sy 18-11
O 08 cos(g/2) ( )
S = 0005 B+ 0.7+ rreenrermna -+ (18-12)
where

Sp 4 Seating length for the curved bridge (m)
dx : Displacement of the superstructure toward the outside direction of the curve (m)

¢ : Fan-shaped angle by the two edges of a continuous girder of a curved bridge (degrees)

Fig. 18-6 Seating Length Corresponding
to the Movement of a Curved
Bridge

18.2 Unseating Prevention Structure
(1) Ultimate Strength of an Unseating Prevention Structure

» Ultimate strength of an unseating prevention structure is to be calculated by Eq. (18-13).

» The unseating prevention structure is a structure of 1) connecting the superstructure and the substructure
(refer to Fig. 18-7), 2) providing protuberance either in superstructure and in the substructure (refer to Fig.
18-8), 3) joining two superstructures together (refer to Fig. 18-9).




ge-(e)a-t

The Project for the Study on Improvement of the Bridges Through Disaster Mitigating Measures for Large Scale Earthquakes in the Republic of the Philippines

Items

JRA (Part V; English Version, 2002)

NSCP Vol. I1 Bridges ASD (Allowable Stress Design), 2" Ed., 1997 (Reprint Ed. 2005) - ASEP

2 3 - (18-13)
SE=CpSE +rtver et r et et e e e (18-14)

where
Hpy : Design seismic force of the unseating prevention structure (kN)
Ry @ Dead load reaction (kN). In case the structure connects two adjacent girders, the larger
reaction shall be taken.
Sp: Maximum design allowance length of the unseating prevention structure {m)

S;: + Seating length specified in Section 16.2 (m).
¢r :Design displacement coefficient of the unseating prevention structure. (Cg=0.75)

Steel brackert

PC stesl PC steel
Vo Vo

B Bearing plate
Shock absorber

LL Bearing plate
“Shock absorber

l Abutment

(a) Example of steel superstructure (b} Example of concrete superstructure
Fig. 18-7 Unseating Prevention Structures Connecting the Superstructure with the Substructure

(a) Example of Concrete Block (b) Example of Steel Bracket
Fig. 18-8 Unseating Prevention Structures Providing Protuberance on the Superstructure or the Substructure

Steel bracket

IR

; Bearing plate
1 Shock absorber
: PC steel

Pier

(a) Example of Steel Superstructure (b) Example of Concrete Superstructure
Fig. 18-9 Unseating Prevention Structures Connecting the Two Adjacent Superstructures
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18.3 Structure Limiting Excessive Displacement

(1) For the following bridges, structures limiting excessive displacement working in the direction perpendicular
to the bridge axis shall be installed in the terminal support, in addition to the unseating prevention system

working in the bridge axis.

(a) Skew bridges with a small skew angle satisfying Eq. (18-15) (refer to Fig. 18-10 and 18-11)

SIM 22 = B L e (18-15)

L: Length of a continuous superstructure {m)
b: Whole width of the superstructure (m)
#: Skew angle {degree)

(@) £ DBA>90° ( abridge can rotate) (b) £ DBA<90° (abridge can not rotate)

Fig. 18-10 Conditions in Which a Skew Bridge can Rotate Without Being
Affected by Adjoining Girders or Abutment

Cannol rotate

(a) Rotation around D
AB < AH,: Can rotate
(b) Rotation arcund B
CD » CHy: Cannot rotate

k Can rotale

Fig. 18-11 Conditions in Which a Skew Bridge With Unparallel Bearing
Lines on Both Edges of the Superstructure can rotate
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(b) Curved bridges satisfying Eq. (18-16) (refer to Fig. 18-12)

H5l-cosd )y
¢ 1+cosg

L: Length of a continuous superstructure (m)
b: Whole width of the superstructure (m)

@: Intersection angle (degree)

(18-16)

s &

(i) CD » DH: Cannot rotate (iiy €D < DH: Can rotate

Fig. 18-12 Conditions in Which a Curved Bridge can rotate Without

being Affected by Adjoining Girders or Abutment

The relation of Eq. (18-15) and Eq. (18-16) is shown in Fig. 18-13 and Fig. 18-14, respectively.
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Fig. 18-14 Conditions in which a Curved Bridge
Requires an Structure Limiting Excessive
Displacement in the Transverse Direction

Fig. 18-13 Conditions in which a Skew Bridge
Requires an Structure Limiting Excessive
Displacement in the Transverse Direction

(c) For the following bridges, the structures limiting excessive displacement shall be installed at intermediate
supports

»  Bridges with the superstructure being narrow at the top

»  Bridges with a small number of bearing supports on one bearing line

» Bridges probably to be subject to movement of the bridge piers in the direction perpendicular to the
bridge axis as a result of lateral spreading.

19. Effects of
Seismically
Unstable
Ground

19.1 Assessment of Extremely Soft Clayey Soil Layer in Seismic Design

(1) For a clayey layer or a silt layer lying within three meters from the ground surface, and having compressive
strength of 20KN/m or less obtained from an unconfined compression test or an in-situ test, the layer shall be
regarded as an extremely soft layer in the seismic design.

(2) In this case its geological parameters (shear modulus and strength) shall be assumed to be zero in the seismic
design.

19.2 Assessment of Soil Liquefaction
(1) Sandy Layer Requiring Liquefaction Assessment

»  Saturated soil layer having ground water level higher than 10m below the ground surface and lying at a
depth less than 20m below the ground surface.

»  Soil layer containing a fine content (FC) of 35% or less, or soil layer having plasticity index Ip less than
15, even if FC is larger than 35%.

(1) Two basic approaches to evaluate the cyclic liquefaction potential of a deposit of saturated sand subject to
earthquake shaking includes:
= Empirical methods based on field observations of the performance of sand deposits in previous
earthquakes, and correlations between sites which have and have not liquefied and Relative Density
of Standard Penetration Test (SPT) blow counts.
= Analytical methods based on laboratory determination of liquefaction strength characteristics of
undisturbed samples and the use of dynamic site response analysis to determine the magnitude of
earthquake-induced shearing stresses.

(2) For conventional evaluations using a “total stress” approach the two methods are similar, but differ only in
the manner in which the field liquefaction strength is determined. In the “total stress” approach,
liquefaction strength are normally expressed as the ratio of an equivalent uniform or average cyclic
shearing stress T, acting on horizontal surfaces of the sand to the initial vertical effective stress o’. As the
first approximation, the cyclic stress ratio developed in the field because of earthquake ground shaking
may be computed from an equation given by Seed and Idriss, namely:

» Soil layer having a mean particle size (Dsp) less than 10mm and a particle size at 10% pass (on the (th)av/o”6 = 0.65r4(amax/9) (00/070) (19-1)
grading curve) (Dyo) is less than 1mm.
(2) Assessment of Liquefaction where:
The liquefaction resistance factor FL calculated by Eq. (19-1) turns out to be less than 1.0, the layer shall be amax = Maximum or effective peak ground acceleration at the ground surface
regarded as a soil layer having liquefaction potential. o, = total overburden pressure on sand layer under consideration
o', = initial effective overburden pressure on sand layer under consideration
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L=rky g 1o,

Ry=1.0—0.015x

5= hw"‘?’ﬁ. (x —h)
GL:H;)]W"'T‘& (x =h)

(For Type | Earthquake Ground Motion)
€, =10 e
{For Type I Earthquake Ground Motion)
1.0 (R,=0.1)
e, = 4 3IR,H0.67 (0.1<R, =0.4)
2.0 (0.4<R,)

F, . Liquefaction resistance factor

R: Dynamic shear strength ratio

L: Seismic shear stress ratio

¢, . Modification factor on earthquake ground motion

R, : Cyclic triaxial shear stress ratio to be obtained by properties (3) below

Reduction factor of seismic shear stress ratio in terms of depth

k_: Design horizontal seismic coefficient at the ground surface for Level 2 Earthquake Ground

Maotion specified in Item 11
a,:  Total overburden pressure (KN/®)
¢'.: Effective overburden pressure {(kN/m?)
x:  Depth from the ground surface (m)
3o Unit weight of soil above the ground water level (&N/m)
p2: Unit weight of soil below the ground water level (kama)
12 Effective unit weight of soil below the ground water level (kN;‘mJ)

f,:  Depth of the ground water level ()

(3) Cyclic Tri-axial Shear Stress Ratio
Cyclic tri-axial shear stress ratio R, shall be calculated by Eq. (19-2).

0.0882,/N, /1.7 (N, <14) 192
" o.0882 N, LT +1.6x107°(N, —14) (14 < N,)

<For Sandy Soil>
N,= clNl + e

4

=

Iy = stress reduction factor varying from a value of 1 at the ground surface to 0.9 at a depth of about
9.1m

(3) Empirical Method

Values of cyclic stress ratio defined by Equation 19-1 have been correlated with parameters such as relative

density based on SPT. The latest form of this correlation is shown in Figures 19-1 and 19-2. N; is the

measured standard penetration resistance of the sand corrected to an effective overburden pressure of 95.8

kN/m? using the relationship:
N1 = NCN (19-2)

Thus for a given site and a given maximum ground surface acceleration, the average stress ratio developed

during the earthquake, (th)a/c’o, at which liquefaction may be expected to occur, is expressed by the

empirical correlations shown in Figure 19-1. It is suggested that a factor of safety of 1.5 is desirable to
establish a reasonable measure of safety against liquefaction in the case of important bridge sites.

Figure 19-2 Relationship Between Cy and
Effective Overburden Pressure

Figure 19-1 Correlation Between Field Liquefaction
Behavior and Penetration Resistance

Analytical Method

The analytical approach for evaluating liquefaction potential is based on a comparison between field
liquefaction strengths established from cyclic laboratory tests on undisturbed samples and
earthquake-induced shearing stresses. In this approach, liquefaction strength curve from laboratory test
results requires data adjustment to account for factors such as correct cyclic stress simulation, sample
disturbance, aging effects, field cyclic stress history, and magnitude of in situ lateral stresses.

Once liquefaction strength curve has been established, if a total stress analysis is used, liquefaction
potential is evaluated from comparisons with earthquake-induced shear stresses (see Figure 19-3).

An improved representation of the progressive development of liquefaction is provided by the use of an
effective stress approach where pore water pressure increases are coupled to nonlinear dynamic response
solutions and the influence of potential pore water pressure dissipation during an earthquake, which
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Ny=170N /(470 )

1 (0%=FC<10%)
¢ = {(FC+40)/50 (0% =FC<60%)

FC[20—1 (60%=FC)

0 (0% = FC <10%)
Cy =

(FC —10)/18 (1% = FC )

<For Gravelly Soil>
No=1{ 1—036 logio(Dso/ 2 ) }N;
R,: Cyclic triaxial shear stress ratio
N: N value obtained from the standard penetration test
Ny i Equivalent N value corresponding to effective overburden pressure of 100 KN/m®
Ne : Modified N value taking inte account the effects of grain size
¢, ¢; Modification factors of N value on fine content
FC: Fine content (%) (percentage by mass of fine soil passing through the 75pm mesh)

Dsy: Mean grain diameter (mmy)

19.3 Reduction Factor (Dg) of Geotechnical Parameters due to Liquefaction

Geotechnical parameters of a sandy layer causing liquefaction affecting a bridge shall be obtained by
multiplying geotechnical parameters without liquefaction by reduction factor De shown in Table 19-1.

Table 19-1 Reduction Factor DE for Geotechnical Parameters

Dynamic shear strength ratio R
Depth from R =03 0.3<R
Present Verification | Verification | Verification | Verification
Range of F, Ground for Level 1 for Level 2 | forLevel | for Level 2
Surface Earthquake | Earthquake | Earthquake | Earthquake
x (m) Ground Ground Ground Ground
Motion Motion Motion Motion
0=x=10 /6 0 1/3 1/6
F,=103
) 10<x=20 2/3 1/3 23 173
0=x=10 2/3 113 1 PIE]
13<F, <213
: 10<x =20 1 23 1 2/3
0=x=10 1 213 1 1
2/3<F, =1
) 10<x =20 1 1 1 1

provides data on the time history of pore water pressure increase.

Figure 19-3 Principles of Analytical Approach (Total Stress) to Liquefaction Potential Evaluation
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Figure 19-4 Effective Stress Approach to Figure 19-5 Maximum Distance to Significant
Liquefaction Evaluation Showing Liquefaction as a Function of
Effect of Permeability Earthquake Magnitude

It is of interest to note that a rough indication of the potential for liquefaction may be obtained by making
use of empirical correlations established between earthquake magnitude and the epicentral distance to the
most distant field manifestation of liquefaction.
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APPENDIX 2-B

DETERMINATION OF SITE SPECIFIC
DESIGN SEISMIC RESPONSE
SPECTRA FOR SEVEN (7) BRIDGES






Site-specific design spectra are obtained for 7 bridge sites (2 bridges in Package B and 5 bridges in
Package C) as shown in Figure 2B-3 and 2B-4. The results shall be used in the outline design of
the selected bridges.

Site-specific design spectra at a location are obtained using the procedure shown in Figure 2B-1
and Figure 2B-2. It basically consists of conducting a probabilistic seismic hazard analysis and a
dynamic site response analysis.

Active faults as presently identified by Phivolcs (Philippine Institute of Volcanology and
Seismology) are shown plotted in Figure 2B-3. Also shown plotted are instrumentally recorded
earthquake events from 1907 to 2012 with magnitude greater than 4 and focal depth of less than
100 kms. which are compiled (consisting of about 26,000+ events) from Phivolcs and ISC
(International Seismological Centre) websites into an earthquake catalog. The magnitude scale is
homogenized in a common moment magnitude scale, moment magnitude scale in this study for the
reasons that moment magnitude does not suffer from saturation during large earthquakes and it is
now most commonly adopted in most ground motion predictive models that are presently being
proposed. Declustering algorithm based on Gardner and Knopoff (1974) is applied to retain only
independent main shocks (into 7000+ events as shown plotted in Figure 2B-4), removing
aftershocks and foreshocks. Completeness analysis based on the method of Stepp (1972) is applied
to the catalog to remove possible biases towards bigger events in subsequent regression analysis
for temporal characterization of earthquake occurrences for each defined seismic source model
since it is known that lower magnitude earthquake events had been under-reported in the early part
of the instrumental era; and become less so with progressively improved instruments.

Seismic source modeling consisting of fault models and background seismicity models are shown
in Figure 2B-4. Background seismicity modeling is used to model seismic occurrences into areal
zones where the observed seismicity exhibits a more or less diffused pattern that cannot be clearly
identified with a specific fault. This may include earthquake occurrences in the future that could be
attributable to blind thrusts or faults with no previous ground surface fault manifestations. Each
earthquake event in the declustered set is identified to be associated with one of the fault models or
background seismicity seismogenic areal zones. Bigger events are preferably made to be
associated with the fault models.

For source-to-site distance uncertainty modeling, earthquakes in this study are assumed to be
uniformly distributed within a particular source zone (i.e., earthquakes are considered equally
likely to occur at any location within a source). Rupture may occur with equal likelihood anywhere
in the fault plane in the fault zone and anywhere in the seismogenic areal zone. The spatial
(source-tosite distance) uncertainty can be described by a probability density function P(R) which
may be approximated by a normalized frequency distribution histogram.

For fault models characterizing crustal earthquakes, maximum potential earthquake size capable to
be produced within the source is computed using the empirical method of Wells and Coppersmith
(1994). On the other hand, the method of Papazachos et al (2004) is used to compute maximum
potential earthquake size for sources due to trenches. For seismogenic areal zones modeling back-
ground seismicity, the highest recorded or documented magnitude plus 0.5 is used. List of histori-
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cally documented earthquakes from 1589 to 1895 is based on the study by Bautista and Oike (2000).

Two types of earthquake recurrence models are used in this study: bounded Gutenberg-Richter re-
currence model and characteristic earthquake recurrence model. The more commonly used bounded
Gutenberg-Richter recurrence model in most PSHA implementation is expressed as:

exp[—B(m — mg)| — exp[—B(Mmax — m0)]
1 — exp[—B(Mmax — mMo)]

)\m:V for mOSmSmmax

where m is the lowest magnitude considered to be of engineering significance and M, is the
maximum magnitude based on seismological and geological considerations as discussed earlier.
Characteristic earthquake recurrence model using data based on paleoseimological observation is
preferred (but limited in use in this study due to the scarcity of data) due to the short history of
instrumental recording in the world relative to geological period over which earthquakes recurred.

Probabilistic seismic hazard analysis (PSHA) provides a framework in which uncertainties in the
size, location, and rate of recurrence of earthquakes and in the variation of ground motion charac-
teristics with earthquake size and location can be identified, quantified, and combined in a rational
manner (Thenhaus and Campbell, 2003).

The probability that an observed ground motion parameter X (spectral acceleration, in this study)
will be greater than or equal to the value z in the next ¢ years (the exposure period) given the annual
exceedance rate \ [X > x| is computed as:

PX>zxz]=1—exp(—tA[X > 2x])

AMX >z~ Y Ui/m

sources 4 mo

T PIX = w| MR fa(m) fai(rlm) dr dm
RIM

where AX > x] the annual frequency that ground motion at
a site exceeds the chosen level X = z;

V; the annual rate of occurrence of earthquakes
on seismic source ¢ having magnitudes
between mg and M.y,

mo the minimum magnitude of engineering
significance (taken to be 5.0 in this study);

Mimax the maximum magnitude assumed to occur
on the source;

P[X > z|M,R] the conditional probability that the chosen
ground motion level is exceeded for a given
magnitude M and distance R?;

far(m) probability density function of
earthquake magnitude;

Jrim(r|m) probability density function of distance from
the earthquake source to the site of interest.
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Ground motion estimation models used in this study are based on Boore-Atkinson NGA (2007)
applied to crustal earthquake sources, Young et al model (1997) applied to subduction sources; and
Zhao et al (2006) applied to both crustal and subduction sources.

Four locations at Guadalupe Bridge (see Figure 2B-5) are considered. For Guadalupe bridge site,
probability distribution functions for source-to-site distances and magnitudes for four example sources
are shown in Figure 2B-6. Computed total seismic hazard curves at several key periods from 0. to
3. seconds are shown in Figure 2B-7. Also shown in Figures 2B-9 to 2B-12 are the major contribut-
ing sources to the total hazard at four shown periods (0., 0.2, 1., 3. sec) at Guadalupe Bridge site.
Exceedance rates corresponding to 50-year, 100-year, 500-year and 1000-year return periods at each
key periods used in the computation are calculated (shown in Figure 2B-12 for 0., 0.2, 1., 3. sec.
and in Figure 2B-13 for 0. to 3. sec.). Uniform hazard spectral curves for the basement rock at
Guadalupe Bridge corresponding to return periods of 1000 years, 500 years, 100 years, and 50 years
are shown in Figure 2B-14.

The seismic hazard curve for 50-year return period is deaggregated as shown for your key periods (0.,
0.2, 1., 3. sec) in Figures 2B-15 to 2B-18. Based on this information, seven seed records obtained
from earthquake recording database available are selected considering similar tectonic regimes as
close as possible. Spectral matching based on Rspmatch (Bommer 2007) are performed on the 7
pairs of seed records to match the uniform hazard curve at 50-year return period as shown in Figure
2B-19. The mean of the response spectra of the 7 x 2 spectrally matched earthquake time histories
is shown in Figure 2B-20 to match the uniform hazard curve at 50-year return period.

Site-specific design spectra are generated for four locations at the Guadalupe Bridge site in which 7
pairs of spectrally matched earthquake ground motion time histories are applied at the basement-rock
level (assumed at 30 to 45 meters deep) and propagated up to the ground surface level by nonlinear
site response analysis procedure as shown in Figures 2B-21 to 2B-35. Site-specific design spectrum
for Guadalupe Bridge at location A1l for 50-year return period is constructed based on the mean of
the nonlinear site response analyses due to 7 x 2 earthquake time histories as shown in Figure 2B-36
and in standard code form in Figure 2B-37.

Similar procedure (deaggregation, selection of 7 seed records, spectral matching, nonlinear site re-
sponse analyses) is done to obtained site-specific design spectra at 100-year (Figure 2B-43), 500-
year (Figure 2B-46), 1,000-year (Figure 2B-49) return periods for Guadalupe Bridge Al site.

Nonlinear site response analyses are conducted for C2 (Figures 2B-51 to 2B-58), B2 (Figures 2B-60
to 2B-67), and D2 (Figures 2B-69 to 2B-76).

Site-specific design spectra at each location corresponding to the four return periods are shown in
Figure 2B-50 (for A1), Figure 2B-59 (for C2), Figure 2B-68 (for B2), and Figure 2B-77 (for D2).
Further, site-specific design spectra at the 4 locations are compared at each return period, as shown
in Figure 2B-78 (for 50-year return period), Figure 2B-79 (for 100-year return period), Figure 2B-80
(for 500-year return period), and Figure 2B-81 (for 1000-year return period).

Uniform hazard spectral curves for the basement rock at Lambingan Bridge (see Figures 2B-82 and
2B-83) corresponding to return periods of 1000 years, 500 years, 100 years, and 50 years are shown
in Figure 2B-84. Site-specific design spectra are generated for two locations at the Lambingan
Bridge site in which 7 pairs of spectrally matched earthquake ground motion time histories are
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applied at the basement-rock level and propagated up to the ground surface level by nonlinear site
response analysis procedure. Site-specific design spectra at each location corresponding to the four
return periods are shown in Figure 2B-97 (for A1), and Figure 2B-106 (for B2).

Uniform hazard spectral curves for the basement rock at Palanit Bridge (see Figure 2B-107) cor-
responding to return periods of 1000 years, 500 years, 100 years, and 50 years are shown in Fig-
ure 2B-108. Site-specific design spectra are generated for location Al at the Palanit Bridge site
in which 7 pairs of spectrally matched earthquake ground motion time histories are applied at the
basement-rock level and propagated up to the ground surface level by nonlinear site response analy-
sis procedure. Site-specific design spectra at each location corresponding to the four return periods
are shown in Figure 2B-121.

Uniform hazard spectral curves for the basement rock at Mawo Bridge (see Figure 2B-122) cor-
responding to return periods of 1000 years, 500 years, 100 years, and 50 years are shown in Fig-
ure 2B-123. Site-specific design spectra are generated for two locations at the Mawo Bridge site
in which 7 pairs of spectrally matched earthquake ground motion time histories are applied at the
basement-rock level and propagated up to the ground surface level by nonlinear site response analy-
sis procedure. Site-specific design spectra at each location corresponding to the four return periods
are shown in Figure 2B-136 (for A1), and Figure 2B-145 (for B2).

Uniform hazard spectral curves for the basement rock at Liloan Bridge (see Figure 2B-146) cor-
responding to return periods of 1000 years, 500 years, 100 years, and 50 years are shown in Fig-
ure 2B-147. Site-specific design spectra are generated for Al at Liloan Bridge site in which 7 pairs
of spectrally matched earthquake ground motion time histories are applied at the basement-rock
level and propagated up to the ground surface level by nonlinear site response analysis procedure.
Site-specific design spectra at each location corresponding to the four return periods are shown in
Figure 2B-160.

Uniform hazard spectral curves for the basement rock at 1st Mactan-Mandaue Bridge (see Figure 2B-
161) corresponding to return periods of 1000 years, 500 years, 100 years, and 50 years are shown
in Figure 2B-162. Site-specific design spectra are generated for two locations at the 1st Mactan-
Mandaue Bridge site in which 7 pairs of spectrally matched earthquake ground motion time histories
are applied at the basement-rock level and propagated up to the ground surface level by nonlinear
site response analysis procedure. Site-specific design spectra at each location corresponding to the
four return periods are shown in Figure 2B-173 (for A1), and Figure 2B-182 (for B2).

Last but not the least, uniform hazard spectral curves for the basement rock at Wawa Bridge (see
Figure 2B-183) corresponding to return periods of 1000 years, 500 years, 100 years, and 50 years
are shown in Figure 2B-184. Site-specific design spectra are generated for A1 at Wawa Bridge
site in which 7 pairs of spectrally matched earthquake ground motion time histories are applied at
the basement-rock level and propagated up to the ground surface level by nonlinear site response
analysis procedure. Site-specific design spectra at each location corresponding to the four return
periods are shown in Figure 2B-197.

2-B-4



References:

D. M. Boore and G. M. Atkinson, “Boore-Atkinson NGA ground motion relations for the geomet-
ric mean horizontal component of peak and spectral ground motion parameters,” Technical Report
PEER 2007/01, Pacific Earthquake Engineering Research Center, 2007.

Maria Leonila P. Bautista and Kazuo Oike, “Estimation of the magnitudes and epicenters of Philip-
pine historical earthquakes,” Tectonophysics, 317(12):137-169, 2000.

Maria Leonila P. Bautista and Bartolome C. Bautista, “The Philippine historical earthquake catalog:
its development, current state and future directions,” Annals of Geophysics, 47(2/3), April/June 2004.

J. K. Gardner and L. Knopoff, “Is the sequence of earthquakes in Southern California, with after-
shocks removed, poissonian?” Bulletin of the Seismological Society of America, 64(5), 1974.

Thomas H. Heaton, Fumiko Tajima, and Ann Wildenstein Mori, “Estimating ground motions using
recorded accelerograms,” Surveys in Geophysics, 8:2583, 1986.

A. R. Nelson, S. F. Personius, R. E. Rimando, R. S. Punongbayan, N. Tufigol, H. Mirabueno, and
A. Rasdas. “Multiple large earthquakes in the past 1500 years on a fault in Metropolitan Manila, the
Philippines.”Bulletin of Seismological Society of America, 90:7385, 2000.

B. C. Papazachos, E. M. Scordilis, D. G. Panagiotopoulos, C. B. Papazachos, and G. F. Karakaisis,
“Global relations between seismic fault parameters and moment magnitude of earthquakes,” Bulletin
of the Geological Society of Greece, XXXVI, 2004.

L. Reiter. Earthquake Hazard Analysis: Issues and Insights. Columbia University Press, 1990.

Carl J. Stepp, “Analysis of completeness of the earthquake sample in the Puget Sound area and its
effects on statistical estimates of earthquake hazard,” In Proceedings of the International Conference
on Microzonation for Safer Construction Research and Application, Seattle, Oct 30 to Nov 3, 1972,
vol. 2, 1972.

P. C. Thenhaus and K. W. Campbell. “Seismic Hazard Analysis,” in Earthquake Engineering Hand-
book, edited by W.-F. Chen and C. Scawthorn, CRC Press, 2003.

D. L. Wells and K. J. Coppersmith, “New empirical relationships among magnitude, rupture length,
rupture width, rupture area, and surface displacement,” Bulletin of the Seismological Society of
America, 84(4):974-1002, August 1994.

R. R. Youngs, S.-J. Chiou, W. J. Silva, and J. R. Humphrey, “Strong ground motion attenuation rela-
tionships for subduction zone earthquakes,” Seismological Research Letters, 68(1), January/February
1997.

J. X. Zhao, J. Zhang, A. Asano, Y. Ohno, T. Oouchi, T. Takahashi, H. Ogawa, K. Irikura, H. K. Thio,
P. G. Somerville, Y. Fukushima, and Y. Fukushima, “Attenuation relations of strong ground motion
in Japan using site classification based on predominant period,” Bulletin of the Seismological Society
of America, 96(3):898913, June 2006.

2-B-5



9-9-¢

Table 2B-1

Seed earthquake records selected as base rock motion of 50-year return period

Recor ded PGA (g)

Description of Event Magnitude | Distanceto Station (km) Fault Mechanism X y
IMPERIAL VALLEY 1940 p . .
RP0050_eql Stn: USGS Station 0117 6.9 12.2 Strike-Slip 0.35 0.21
RPO0S0_eqz | (OCAELL TURKEY1999 p 75 106 Strike-Slip 022 | 0.15
Stn: Arcelik
RP0O050_eq3 CHI_CHI. 1999 ¢ 7.6 60.9 Reverse Oblique 0.11 0.11
Stn: Taichung
RP0050_eq4 TABAS, IRAN 1978 p 7.4 13.9 Reverse 0.41 0.38
Stn: Dayhook
CAPE MENDOCINO 1992 p
RP0050_eq5 Stn: CDMG Station 89509 7 42 Reverse 0.09 0.18
KOBE, JAPAN 1995 p . .
RP0050_eq6 Stn: Takatori 6.9 15 Strike-Slip 0.61 0.62
VALPARAISO 1985 ¢
RP0O050_eq7 Stn: DGG Station 4407 7.8 129.2 Reverse 0.17 0.17

p — As given in the Pacific Earthquake Engineering Research Center (PEER) Ground Motion Database

¢ — As given in the Consortium of Organizations for Strong Motion Observation Systems (COSMOS) Virtual Data Center
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Figure 2B-3  Philippine seismological and tectonic setting
(earthquakes 1907-2012 with depth < 100 kms;
fault traces after PHIVOLCS)
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Figure 2B-4  Seismic source modeling used in this study
— fault models and background seismicity models
(also plotted are declustered earthquakes from 1907 to 2012)
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Figure 2B-5 Guadalupe Bridge site location and data
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Seismic Source: MANILA TRENCH 1

120 180 240 300 360 420 480 540 600 660 720

Source-to-Site (Hypocentral) Distance R (km)

=m]
o

n 9
a w

P[M
o
-1
o N

Probability

o
o ©

(=

5 5.5 6 6.5 7 7.5 8 8.5
Moment Magnitude MW

Seismic Source: PHIL. FAULT ZONE: DIGDIG

100 110 120 130 140 150 160 170 180 190
Source-to-Site (Hypocentral) Distance R (km)

P[M=m]

o o
S99 N
R ]

Probability

e
o ©

a

o
3
o
)

6 6.5 7 7.5
Moment Magnitude MW

o]

Seismic Source: LAGUNA-BANAHAW FAULT

44 46 48 50 52 54 56 58 60 62 64 66 68
Source-to-Site (Hypocentral) Distance R (km)

0.15

=m]

0.05

Probability P[M

0
5 5.5 6 6.5 7 7.5 8 8.5

Moment Magnitude MW

Seismic Source: Background Seismicity SAZ-10A

0.06

]

Probability P[R

0 10 20 30 40 50 60 70 80 90 100 110 120
Source-to-Site (Hypocentral) Distance R (km)

=m]
o
o

o
o

Probability P[M
o
o
[§]

5 55 6 6.5
Moment Magnitude MW

Figure 2B-6  Probability distribution functions for source-to-site distances and magnitudes of major seismic sources
that potentially could produce significant ground shaking at Guadalupe Bridge site
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Mean Annual Rate of Exceedance of PSA

Figure 2B-7

Mean Annual Rate of Exceedance of PSA
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Computations of total seismic hazard curves at several key periods (PGA, 0.02, 1., 3. sec) for Guadalupe Bridge site
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Source Contributions to Total Seismic Hazard at GUADALUPE for PGA (5% Damped)
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Figure 2B-8  Total seismic hazard curve for PGA showing major contributing sources
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Source Contributions to Total Seismic Hazard at GUADALUPE for Sa at 0.2s (5% Damped)
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Figure 2B-9  Total seismic hazard curve for S, at 0.2 sec showing major contributing sources
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Mean Annual Rate of Exceedance
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Figure 2B-10  Total seismic hazard curve for S, at 1. sec showing major contributing sources
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Mean Annual Rate of Exceedance
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GUADALUPE Bridge: Total Seismic Hazard Curve T =0 sec (5% damped)
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Figure 2B-12 (1/2)  Exceedance rates at 50-year, 100-year, 500-year, and 1000-year return periods
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GUADALUPE Bridge: Total Seismic Hazard Curve T =1 sec (5% damped)
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Figure 2B-12 (2/2)  Exceedance rates at 50-year, 100-year, 500-year, and 1000-year return periods
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Mean Annual Rate of Exceedance of PSA
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Figure 2B-13  Generating uniform-hazard (at return periods of 50, 100, 500, and 1000 years) spectral values for Guadalupe site
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Figure 2B-15  Seismic hazard deaggregation for PGA (50-year return period): Guadalupe Bridge site
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Figure 2B-16  Seismic hazard deaggregation for S, at 0.2 sec (50-year return period): Guadalupe Bridge site
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Spectral Matching of Seed Earthquake Records to Target Spectrum UHS-50 for GUADALUPE Bridge Site
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Figure 2B-25 Nonlinear site response analysis of Guadalupe bridge site subjected to input base motion RP0050-EqlY
— maximum strain profile; strain time-histories; stress-strain hystereses —
(a) at ground surface; (b) at about 30m depth; (c) at the layer atop base-rock
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Figure 2B-27 Response spectra at ground surface and base-rock and spectral amplification factor:
Guadalupe bridge site subjected to RPO050-EqlY
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Figure 2B-29  Nonlinear site response analysis of Guadalupe bridge site subjected to input base motion RP0O050-Eq2X
— maximum strain profile; strain time-histories; stress-strain hystereses —
(a) at ground surface; (b) at about 30m depth; (c) at the layer atop base-rock
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— PGA profile; ground acceleration time-histories; Fourier amplitude spectra —
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RESPONSE SPECTRA at Ground-Surface and Basement-Rock
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Figure 2B-31 Response spectra at ground surface and base-rock and spectral amplification factor:
Guadalupe bridge site subjected to RPO050-Eq2X
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Figure 2B-34  Nonlinear site response analysis of Guadalupe bridge site subjected to input base motion RP0050-Eq2Y
— PGA profile; ground acceleration time-histories; Fourier amplitude spectra —
(a) at ground surface; (b) at about 30m depth; (c) at the layer atop base-rock
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RESPONSE SPECTRA at Ground-Surface and Basement-Rock
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Figure 2B-35 Response spectra at ground surface and base-rock and spectral amplification factor:
Guadalupe bridge site subjected to RPO050-Eq2Y
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Spectral Matching of Seed Earthquake Records to Target Spectrum UHS-100
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Figure 2B-40 (1/2)  Nonlinear site response analysis of Guadalupe bridge site subjected to input base motion RPO100-Eq1X
— maximum strain profile; strain time-histories; stress-strain hystereses —
(a) at ground surface; (b) at about 30m depth; (c) at the layer atop base-rock
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Figure 2B-40 (2/2)  Nonlinear site response analysis of Guadalupe bridge site subjected to input base motion RPO100-Eq1X
— PGA profile; ground acceleration time-histories; Fourier amplitude spectra —
(a) at ground surface; (b) at about 30m depth; (c) at the layer atop base-rock
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Figure 2B-51  Construction of site-specific design spectrum at 50-year return period for Guadalupe Bridge C2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-53  Construction of site-specific design spectrum at 100-year return period for Guadalupe Bridge C2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-59  Site-specific design spectra at 50-, 100-, 500-, 1000-year return periods
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based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-62  Construction of site-specific design spectrum at 100-year return period for Guadalupe Bridge B2
based on mean of 14 response spectra from nonlinear site response analysis
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based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-65  Site-specific design spectrum at 500-year return period
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Figure 2B-68  Site-specific design spectra at 50-, 100-, 500-, 1000-year return periods
for Guadalupe Bridge B2 site vs. NSCP-Bridges-1997
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Figure 2B-69  Construction of site-specific design spectrum at 50-year return period for Guadalupe Bridge D2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-70  Site-specific design spectrum at 50-year return period
for Guadalupe Bridge at D2 site
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based on mean of 14 response spectra from nonlinear site response analysis



SPECTRAL ACCELERATION (g)

0.8

0.7

o
o2}

o
o

o
N

o
w

o
o

0.1

Site—Specific Design Spectrum (100-year Return Period) for GUADALUPE Bridge at D2

T T T T T T T T T

‘ ...S =051
sO - 0.20

: S =0.35T

T =069
. .S
TO - OI14 : | | | | | | | |
0 0.5 1 15 2 25 3 35 4 45

PERIOD (sec)

Figure 2B-72  Site-specific design spectrum at 100-year return period
for Guadalupe Bridge at D2 site
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Figure 2B-73  Construction of site-specific design spectrum at 500-year return period for Guadalupe Bridge D2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-74  Site-specific design spectrum at 500-year return period
for Guadalupe Bridge at D2 site
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based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-76  Site-specific design spectrum at 1000-year return period
for Guadalupe Bridge at D2 site
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Figure 2B-77  Site-specific design spectra at 50-, 100-, 500-, 1000-year return periods
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Figure 2B-78  Site-specific design spectra at 50-year return period
for Guadalupe Bridge site
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Figure 2B-79  Site-specific design spectra at 100-year return period
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Figure 2B-82 Lambingan Bridge site location and data
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(c) soil profile

Figure 2B-83  Lambingan Bridge site location and data
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Figure 2B-84  Uniform hazard spectral curve for Lambingan Bridge site at basement-rock
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Figure 2B-85 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 50-year return period
as compared to the target spectrum UHS-50 at Lambingan Bridge
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Figure 2B-86  Construction of site-specific design spectrum at 50-year return period for Lambingan A1
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-87  Site-specific design spectrum at 50-year return period
for Lambingan Bridge at Al site
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Figure 2B-88 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 100-year return period
as compared to the target spectrum UHS-100 at Lambingan Bridge
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Figure 2B-89  Construction of site-specific design spectrum at 100-year return period for Lambingan Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-90  Site-specific design spectrum at 100-year return period
for Lambingan Bridge at Al site
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Mean of 7 x2 = 14 spectrally matched earthquake time histories for 500-year return period
as compared to the target spectrum UHS-500 at Lambingan Bridge
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Figure 2B-92  Construction of site-specific design spectrum at 500-year return period for Lambingan Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-93  Site-specific design spectrum at 500-year return period
for Lambingan Bridge at Al site
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Figure 2B-94  Mean of 7x 2 = 14 spectrally matched earthquake time histories for 1000-year return period
as compared to the target spectrum UHS-1000 at Lambingan Bridge
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Figure 2B-95  Construction of site-specific design spectrum at 1000-year return period for Lambingan Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-96  Site-specific design spectrum at 1000-year return period
for Lambingan Bridge at Al site
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Construction of site-specific design spectrum at 50-year return period for Lambingan B2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-99  Site-specific design spectrum at 50-year return period
for Lambingan Bridge at B2 site
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Figure 2B-100  Construction of site-specific design spectrum at 100-year return period for Lambingan B2
based on mean of 14 response spectra from nonlinear site response analysis



SPECTRAL ACCELERATION (g)

0.5

o
~

o
w

o
o

0.1

Site—Specific Design Spectrum (100-year Return Period) for LAMBINGAN Bridge at B2

S =0.29T

Figure 2B-101

25 3 3.5 4 4.5
PERIOD (sec)

Site-specific design spectrum at 100-year return period
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Figure 2B-102  Construction of site-specific design spectrum at 500-year return period for Lambingan B2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-103  Site-specific design spectrum at 500-year return period
for Lambingan Bridge at B2 site
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Figure 2B-104  Construction of site-specific design spectrum at 1000-year return period for Lambingan B2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-105  Site-specific design spectrum at 1000-year return period
for Lambingan Bridge at B2 site
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Figure 2B-106  Site-specific design spectra at 50-, 100-, 500-, 1000-year return periods
for Lambingan Bridge B2 site vs. NSCP-Bridges-1997
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(c) soil profile

Figure 2B-107  Palanit Bridge site data
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Pseudo-Spectral Acceleration PSA (g)

Uniform Hazard Spectral Curves (5% damped) at PALANIT Bridge Site Basement—Rock
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Figure 2B-108  Uniform hazard spectral curve for Palanit Bridge site at basement-rock
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Figure 2B-109 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 50-year return period
as compared to the target spectrum UHS-50 at Palanit Bridge
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Figure 2B-110  Construction of site-specific design spectrum at 50-year return period for Palanit A1l
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-111  Site-specific design spectrum at 50-year return period
for Palanit Bridge at A1 site
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Figure 2B-113  Construction of site-specific design spectrum at 100-year return period for Palanit A1l

based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-114  Site-specific design spectrum at 100-year return period
for Palanit Bridge at A1 site
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Figure 2B-115 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 500-year return period
as compared to the target spectrum UHS-500 at Palanit Bridge
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Figure 2B-116  Construction of site-specific design spectrum at 500-year return period for Palanit Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-117  Site-specific design spectrum at 500-year return period
for Palanit Bridge at A1 site
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Figure 2B-118 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 1000-year return period
as compared to the target spectrum UHS-1000 at Palanit Bridge
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Construction of site-specific design spectrum at 1000-year return period for Palanit A1l
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-120  Site-specific design spectrum at 1000-year return period
for Palanit Bridge at A1 site
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Figure 2B-121  Site-specific design spectra for Palanit Bridge at A1l
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(c) soil profile

Figure 2B-122 Mawo Bridge site data
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Uniform Hazard Spectral Curves (5% damped) at MAWO Bridge Site Basement—Rock
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Figure 2B-123  Uniform hazard spectral curve for Mawo Bridge site at basement-rock
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based on mean of 14 response spectra from nonlinear site response analysis
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based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-137  Construction of site-specific design spectrum at 50-year return period for Mawo B2
based on mean of 14 response spectra from nonlinear site response analysis

10



SPECTRAL ACCELERATION (g)

0.8

0.7

o
o2}

o
o

o
N

o
w

0.2

0.1

Site—Specific Design Spectrum (50-year Return Period) for MAWO Bridge at B2

2
5 1 1.5 2 2.5 3 3.5 4 4.5 5

PERIOD (sec)
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based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-145  Site-specific design spectra for Mawo Bridge at B2
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(c) soil profile

Figure 2B-146  Liloan Bridge site data
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Figure 2B-147  Uniform hazard spectral curve for Liloan Bridge site at basement-rock
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based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-155  Construction of site-specific design spectrum at 500-year return period for Liloan A1l
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-158  Construction of site-specific design spectrum at 1000-year return period for Liloan A1
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-159  Site-specific design spectrum at 1000-year return period
for Liloan Bridge at Al site

2-B-174



SPECTRAL ACCELERATION (g)

Site—Specific Design Spectra LILOAN Bridge at A1

T T

50-year Return Period
100-year Return Period
500-year Return Period
1000-year Return Period
' NSCP vol.lI-1997 A=0.4 SoilType-I H
= NSCP vol.l1I-1997 A=0.4 SoilType-ll
= = NSCP vol.lI-1997 A=0.4 SoilType-lll

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
PERIOD (sec)

Figure 2B-160  Site-specific design spectra for Liloan Bridge at Al
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(c) soil profile

Figure 2B-161  1st Mactan-Mandaue Bridge site data
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Figure 2B-163  Mean of 7 x 2 = 14 spectrally matched earthquake time histories for 50-year return period
as compared to the target spectrum UHS-50 at 1st Mactan-Mandaue Bridge
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Figure 2B-164  Construction of site-specific design spectrum at 50-year return period for 1st Mactan-Mandaue Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-166 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 100-year return period
as compared to the target spectrum UHS-100 at 1st Mactan-Mandaue Bridge
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Figure 2B-165  Construction of site-specific design spectrum at 100-year return period for 1st Mactan-Mandaue A1
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-167 Mean of 7 x 2 = 14 spectrally matched earthquake time histories for 500-year return period
as compared to the target spectrum UHS-500 at 1st Mactan-Mandaue Bridge
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Construction of site-specific design spectrum at 500-year return period for 1st Mactan-Mandaue Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-169  Site-specific design spectrum at 500-year return period
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Figure 2B-170  Mean of 7 x 2 = 14 spectrally matched earthquake time histories for 1000-year return period

as compared to the target spectrum UHS-1000 at 1st Mactan-Mandaue Bridge
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Figure 2B-171  Construction of site-specific design spectrum at 1000-year return period for 1st Mactan-Mandaue A1l
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-172  Site-specific design spectrum at 1000-year return period
for 1st Mactan-Mandaue Bridge at A1 site
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Figure 2B-173  Site-specific design spectra for 1st Mactan-Mandaue Bridge at Al
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Figure 2B-174  Construction of site-specific design spectrum at 50-year return period for 1st Mactan-Mandaue B2
based on mean of 14 response spectra from nonlinear site response analysis
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Site-specific design spectrum at 50-year return period
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Figure 2B-176  Construction of site-specific design spectrum at 100-year return period for 1st Mactan-Mandaue B2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-178  Construction of site-specific design spectrum at 500-year return period for 1st Mactan-Mandaue B2

based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-179  Site-specific design spectrum at 500-year return period
for 1st Mactan-Mandaue Bridge at B2 site
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Figure 2B-180  Construction of site-specific design spectrum at 1000-year return period for 1st Mactan-Mandaue B2
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-181  Site-specific design spectrum at 1000-year return period
for 1st Mactan-Mandaue Bridge at B2 site
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Figure 2B-182  Site-specific design spectra for 1st Mactan-Mandaue Bridge at B2
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Figure 2B-184  Uniform hazard spectral curve for Wawa Bridge site at basement-rock
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Figure 2B-185 Mean of 7 x 2 = 14 spectrally matched earthquake time histories for 50-year return period
as compared to the target spectrum UHS-50 at Wawa Bridge
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Figure 2B-186  Construction of site-specific design spectrum at 50-year return period for Wawa A1l
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-187  Site-specific design spectrum at 50-year return period
for Wawa Bridge at Al site
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Figure 2B-188 Mean of 7 x 2 = 14 spectrally matched earthquake time histories for 100-year return period
as compared to the target spectrum UHS-100 at Wawa Bridge
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Site-specific design spectrum at 100-year return period
for Wawa Bridge at A1 site
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Mean of 7 x2 = 14 spectrally matched earthquake time histories for 500-year return period
as compared to the target spectrum UHS-500 at Wawa Bridge
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Figure 2B-192  Construction of site-specific design spectrum at 500-year return period for Wawa Al
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-193  Site-specific design spectrum at 500-year return period
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Figure 2B-194 Mean of 7x 2 = 14 spectrally matched earthquake time histories for 1000-year return period
as compared to the target spectrum UHS-1000 at Wawa Bridge
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Figure 2B-195  Construction of site-specific design spectrum at 1000-year return period for Wawa A1
based on mean of 14 response spectra from nonlinear site response analysis
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Figure 2B-196  Site-specific design spectrum at 1000-year return period
for Wawa Bridge at Al site
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Figure 2B-197  Site-specific design spectra for Wawa Bridge at Al
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