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Seismic Design of nghW'

Lian Duan, Ph.D., P.E.

Califior nia. Department of Transportatlon_,,,_k

Evolution of Seismic Design

Recent Significant Earthquakes in USA

e 1971 San Fernando (Mw®6.7)
— 53 Death, $1 Billion L ose
e 1989 Loma Prieta (Mw =7.0)

e 1994 Northridge (Mw = 6.7)

— 56 Death, $15 ~30 Billion
Lose

Evolution of Seismic Design
1989 Loma Prieta Earthquake

e Most Damagein 20" -.,,_"
Century

e Major Improvement for
Ductility Design
> MTD 12-4

» Caltrans BDS 1990
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PRESENTATION OUTL INE

e Evolution of Seismic Design

e Seismic Performance Criteria
e Current Seismic Design

e Concrete Bridges

e Steel Bridges

e Summary

Evolution of Seismic Design
1971 San Fernando Earthquake

Retrofit Practice ;/‘
e Strength o
e Ductility — Ductile Details
e Continuity - Restrainers

e Milestone—Modern
Seismic Design and

Evolution of Seismic Design
1994 Northridge Earthquake

e Short Seat Width
e High Vertical Accelerati
e Retrofitted Bridges
— Minor Damage
e Seismic Performance C

e Displacement-Based
Approach




Evolution of Seismic Design Evolution of Seismic Design

Provide Public Safety No-Collapse Design — ARS
— 37,060,000 Residents

" . Linear Analysis
— 25,000 Highway Brid ol
Prior to 19I%1Way o Z- factors, Force-Based Designiitt——|

— Lateral Load = 2~6% DL Properly Designed Details
1972-1989 Criteria Simple/Easy

— Site, Soil Response And Bid ;
1990-1994 Does Not Directly Address

— Force-Based Seismic Design Inelastic Nature

1994-present . ; Does Not Provide - A Reliable
— Performance And Displacement-Based I ndication of Damage Potential

Caltrans Seismic Caltrans Seismic
Performance Criteria Performance Criteria

Important Bridge Standard Bridges
— Required For Post Earthquake — Any Structure Not Designated

Immediate to Open i as I mportant E
— Closure Would Create Major Econalggils Jrﬂgaf‘ﬁ — One-Level Design - No Collapse

— Critical To A Local Emergency Pla
— Project Specific Criteria a1 Seismic Design Criteria 2010
— Two-Level Design Seismic Design Guideline 2001
— Functionality - Minimum Damage — Nonstandard Bridges Q
ey - vl el g Pr oj ect-Specific Criteria

— Standard Bridges

Current Seismic Design Current Seismic Design
General Earthquake Ground Motion

Performance-Based Concept e Safety-Evaluation Ground
Displacement-based Design Approach Motion -Deterministic
Strong -Beam Weak -Column Preferenc e ATC 32 Response Spectra
Capacity Design g e Vertical Acceleration -

— For Essentially Elastic Components Henzzendand

Ductile Details

— For Ductile Components

— Predetermined L ocations
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Current Seismic Design Current Seismic Design
Primary Design Criteria - Displacements Capacity Design Concept - Forces
] Capacity-Protected Components
Glogel D glzleanizns Adjacent to Ductile Components
F, < F.

F, - Force Demand Obtained

and Local Ductile M embers
4, < A

A, - bisplacement Demand Obtained from Joint Equilibrium by
by Elastic Response Spectra Considering Over-strength Factor
Analysis for Ductile Components

i i ; F. - Force Capacity Deter mined
A - Displacement Capacity Obtain P o
by Push-Over Analysis N
Specifications

Current Seismic Design Current Seismic Design
Seismic Demands - Displacement Seismic Capacity - Displacement
e Equivalent Static Analysis . . .
e Elastic Dynamic Analysis e Inelastic static analysis (IAS)
— Effective component stiffness
o Concrete cracking

o Axial loads o Elastic-plastic hinge
e Steel residual stress

- push-over analysis

]  Refined plastic hinge
e Target fundamental period

o Multi-direction effects (30% | . R el lasticity

Current Seismic Design
Seismic Capacity - Displacement

Current Seismic Design
Displacement Limit

Displacement Demand Minimum'is placement

e Mainly Dependent on Capacity

Plastic Hinge Behavior

Limit g, =A4,/4,
Single Column Bents  u, <4

Multi-Column Bents x4, <5

and Structure Configuration
e Structural Stability (P-A4)

Pier Walls (weak axis) <5

Pile Shafts (prismatic) up = *

Pile Shafts (enlarged) up < 1

Piles (driven & drilled) g, < 1

seismicidemant

* Same as supported column
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Concrete Bridges Concrete Bridges
Flexural Capacity
e Flexural Capacity

. L]
e Shear Capacity Du,\jtl||36¢M earjnb_ers w :
. . — M-P-ganalysis S
e Design Practice _
— Proportioning Capacity-Protected M enjlBES= ]

. 1 — M-P-gor strength analys SEXCodeT @iy
— Column Reinfor cement (e, limited to 0.003 for coljrete
— Superstructures i |

— Hinge Seats

Concrete Bridges Concrete Bridges
Shear Capacity — Inside Plastic Hinge Design Practice - Proportioning
e Shear Capacity e Periods of adjacent frames
V=V AV ' . T,/T,>0.7
° C:)nc;etes v =0t e Bent stiffnesswithin a frame

kK.¥k,2> 0.
TGN S

e Adjacent column stiffn
— Ductilit
— Axial cginprveares ) klelkze2 0.75
e Steel Reinforcement V, e P-A Effects
— Nominal material properties Pgdp < 0.20M

Concrete Bridges _Concrete Bridges
Design Practice - Column Reinforcement Design Practice - Superstructure

e L ateral Confinement Based on e Vertical Acceleration
— Displacement Demand — Equivalent Static L oad

— Minimum Ductility e Mild Steel Requiremen
e Joint Shear Consideration
— Limit Principal Stresses
— Additional Reinfor cementi
Column - Superstructure
Connections

— Nominal Flexural

Super structure Capacit
— Shear Capacity at Bent [#,
Cap Girder Interface
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Concrete Bridges Steel Bridges

Design Practice - Hinge Seats

e Redundancy Earthquake Damage
— Restrainers Design Requirements

— Extenders . Ductile Seismic Resisting

e Balanced Frames Tl Systems
— 60cm Min. Seat Ductile Components

— SRSS Displacements Capacity-Protected
e Unbalanced Frames = |y T Components
— Rigorous Analysis

Steel Bridges Steel Bridges

Earthquake Damage Design Requirements

e Steel Bridges Perfor med Better 1,;1 ’ — Proportions — Limiting,Slender ness
than Concrete Bridges ., T — Materials Parameters

e Unseating of Superstructures % — Effective Net — Built-up Members
e Brittle Failurein Concrete ! . Sections — Shear Connectors
Columns - — EffectiveLength  _ Restraining Systems ,1-]‘

e Anchorage Failure and Buckling _— . )
of End Cross Frames — Limiting b/t Ratios _ welding -
N

Steel Bridges Steel Bridges
Design Requirements - Proportions Design Requirements - Materials

e Ductile Components
- Grade 345 (F, = 345 M pa) and CompatibleSteds
- Grade 250 (F, = 250 Mpa) Shall Not Be Used'dueito Its
Wide Range Between F,. and F,

e Provide Effective Load Paths and Centinuity

e Reduce Seismic Demands and Effects

e Achieve Desired Performance

e DuctileMembers- at Transition and Splice i
L ocations - Changesin Stiffnessand Strength e Expected Yield Strength Fye = RF,
Shall Not Exceed 50% 4

Application
Plate and all other products
Hot-rolled structural shapes and bars
ASTM A36

- A572 Grade 42
All other grades
Hollow Structural Section

ASTM A500, A501, A618 and A84
Steel Pipe - ASTM A53
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Steel Bridges
Design Requirements

- Limiting Slender ness'Ratios -

Avoid Early Reduction of Strength and

Ductility dueto Local/Global Buckling
e Ductile Components- Inelastic

Capacity-Protected Components-Elastic

Limiting Slender ness Parameters

— Compression Member 4,

— Flexural Member 4,

Limiting Width-Thickness Ratios

— Ductile Component - 4,

— Capacity-Protected Component - 4,

Steel Bridges
Design Requirements - Shear Connectors

Effective Web
Effective ShearConnectors for
Transverse Seismic Loads -
Effective Bearing'Supporting
Length

Steel Bridges
Design Requirements - Welding

e Prefer CJP to Develop Strength
of Member in Inelastic Region

e Not Recommend PJP

e Fillet Welds- Follow FCM
QA/QC Procedure

e Recent Shear Link Tests Shown
that Fillet Weldsin Inelastic
Region Performed Well
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Steel Bridges

Design Requirements = Built-up Members

ToAvoid
Significant
Effects of
Compound
Buckling

I/r <3/4 (KLIr)

Steel Bridges

Design Requirements - Restraining Systems

e No Rocker Bearings
e Prefer Continuous Girders
— Elastomeric Bearings
— PTFE Spherical Bearings
— Isolation Bearings
e Restraining Systems
— Shear Keys- Pipe,
Concrete Blocks

Steel Bridges

Ductile Substructure Systems

e Moment Resisting Frames

— Steel Columns - Ductile-Inéastic
— All Other Components
Capacity-Protected - Essentially Elastic

e Concentrically Braced Frames Sl
— Bracing Members- Yielding in Tension
and Inelastic Buckling in Compression
e Eccentrically Braced Frames
— Shear Links- Ductile- Inelastic
— All Other Components
Capacity-Protected - Essentially Elastic




Steel Bridges

Moment Resisting Frames

e EnsureaWeak-Column and
Strong-Girder Design

e Beam-to-Column Strength

M, 2 M

Steel Bridges

Eccentrically Braced Frames

=

0
i

14 E_

i

'f = SFOBB Full-scale Shear Links Test
|

(UCSD)

Steel Girder Bridges

Typel- Ductile Substructure
with elastic Superstructure

Type2 - Ductile End Cross

Frame with elastic Substructure :

Type3 - Elastic
Sub/Super structure with Base
I solation/Fusing M echanism
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Steel Bridges
Eccentrically Braced Frames
e Shear Links-
Inelastic
e Tower Legs-

Essentially
Elastic

SFOBB East Main Towes

Steel Girder Bridges

Steel Girder Bridges
Ductile End Cross Frames

Better | nelastic Performance and Energy Dissipation
Capacity to Limit the Seismic Forces Transferred to
the structurein Transver se Direction




Steel Girder Bridges

Ductile End Cross Frames

e Prefer in High Seismic to Reduce Seismic
Effectsin Transver se Dir ections fop,Stiff
Substructures, Stiffnessof Cross Frameto
Substructure< 2.0

e Expect Ductility
Larger Than 4

e UNR 0.4 Scale Test
-18.3mLong

Steel Girder Bridges

Integral Bent Connections

e Two research teams
UCSD, Modjeski and Master g/l owa State -
Develop Seismic Details, Design
M ethodologies and Specifications
UCSD component tests

— Stiffeners on the Girder Web in p=
the Cap Beam

— Post-tensioning the Cap Beam

Steel Girder Bridges

Integral Bent Connections

UCSD System Test - 0.4 Scale

— Column - Full Plastic Hinging

— Bent Cap and Superstructure
- Essentially Elastic - Hairline
Cracking during the Initial
Stages of Loading, and Did
Not Develop Any Further

— A New Design Alternative
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Steel Girder Bridges
Integral Bent Connections

e Provide Continuity and Frame Actien.in the
Longitudinal Direction - Steel Girder Moment

Capacity > Over strength Plastic MomentiCapacity of

Concrete Columns
e Reduce Overall Weight

- Smaller Foundation
e |ncrease Overhead Clearance
e Eliminate Bearings

Steel Girder Bridges
Integral Bent Connections

UCSD System Test - PrototypeBridge

. 1600
e T 1

1600 ; "

iy _Aeuts

BENT4

BENT3

Elevation

Bent Three Section A-A

Steel Girder Bridges

Concrete End Diaphragms

e Preferred Over Steel End Cross Frame atiSeat Type Abutment

e |mprove Mobilization of the Soil Behind the Abutmentsto
Reduce Seismic L oadsto Columns
— Continuouswith Deck and

Extended as Close as

Possible to Bottom Flange of

the Girder

Connection with Steel Webs

Shall Be Carefully Designed




Steel Bridges Steel Bridges
Ductile Components Capacity-Protected Components

e Tension Members- Yielding in GroSsSection and Connectionsand “CGS_..'._

Prevented from Fracture and Block Shean,Rupture e Design to Resist Capacities

e Compression Members - Inelastic Flexur al of Members Spliced/Connected
Buckling - Ductile Member - Overstrengt

e Flexural Members/Beam-Columns - Capacity-Protected Members -
- Moment -Curvature Analysis Design Strength

- Expected Material Properties e Yielding in Gross Section -
- Residual Stress Governing Failure Mode

- Out-of-Straightness e No Fracture and Block Shear Ruptur

Steel Bridges San Francisco-Oakland Bay

Capacity-Protected Components Bridge West Span Retrofit
Gusset Plate Connestions

Shear-Moment-Axial Load | nteraetion

e Total Length = 3,085 m — Double Deck - 5Traffic
Lanes, Completed in 1937

e Continuous Truss Spans= 262 m

e Two Suspension Spans= 2,823 m

e Main Span = 704 m, Side Span = 353.6 m

San Francisco-Oakland Bay San Francisco-Oakland Bay
Bridge West Span Retrofit Bridge West Span Retrofit

e ProjectSpecific Criteria

e Two Level'Design

e Safety and Funetionality

e 3-D TimeHistory Ahalysis
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San Francisco-Oakland Bay
Bridge West Span Retrofit

Super structur e Retr ofit

San Francisco-Oakland Bay
Bridge West Span Retrofit
Tower Retrofit

San Francisco-Oakland Bay
Bridge West Span Retrofit

Pier Pedestals Retrofit
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San Francisco-Oakland Bay
Bridge West Span Retrofit

Super structure Dampeérs

San Francisco-Oakland Bay
Bridge West Span Retrofit
Central Anchorage Pier 4 "Retr ofit

ErSespic Design £ L
I Siﬂ E

. d}t l
e Concrete Bridges
_,-l,_ e Steel Bridges

10



