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The Bridges Lessons
Learned from
Devastated Large
Earthquakes



WHAT 47 YEARS DAMAGING
EARTHQUAKES HAVE TAUGHT US

+

* 1964 Alaska (Prince William Sound), AK
¢« 1971 San Fernando, CA

e 1989 Loma Prieta, CA

JRe eVl Northbridge, CA

¢ 1995 Kobe, Japan

¢ 1999 Kocaeli & Bolu, Turkey
¢ 1999 Chi-chi Taiwan

« 2001 Nishiqually, WA

« 2008 Wunchuan, China

« 2010 Maule Offshore, Chile
e 2011 Tohoku, Japan
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PRINCE WILLIAM SOUND, ALASKA

Earthquake parameters:
Prince William Sound, Alaska
1964 March 27 05:36 p.m. --
local time

Magnitude 9.2




ALASKA EQ.
13-15 M Vertica
Displacement




LESSONS LEARNED from
1964 ALASKA EARTHQUAKE

+

Ildentify Liquefiable Solls

Accommodate Relative Displacements



SAN FERNANDO, CA 1971
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SAN FERNANDO




SAN FERNANDO




LESSONS LEARNED EARTHQUAKE DISASTERS
1971 SAN FERNANDO, CA

» Increase Seat Width

» Provide Continuity at Bearings and Joints
» Design Columns for Shear and Moment

» Develop Column to Footing/Cap Anchorage




LOMA PRIETA, 1989
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LOMA PRIETA




LESSONS LEARNED
EARTHQUAKE DISASTERS
—+ 1989 LOMA PRIETA

» Simple retrofit helps

» Evaluate Soil/Foundation Stability
» Account for Forces/Displacements
» Evaluate Existing Inventory



NORTHRIDGE,1994




Fault guestion -

_|_
mHow many unknown

faults that we still
don’'t know?



NORTHRIDGE
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NORTHRIDGE
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LESSONS LEARNED EARTHQUAKE
DISASTERS 1994 NORTHRIDGE

> Complex Geometry Redistributes Forces
»- Skew
»- Varied Column Heights
Accommodate Shear & Flexure
Post ‘89 Designs Reduced Damage
Retrofit Improves Resistance
- Joint Restrainers
- Column Jacketing
Preparedness Facilitates Recovery

VVVVVY



KOBE, Japan 1995







LESSONS LEARNED EARTHQUAKE DISASTERS
1995 HANSHIN AWAJI (KOBE)

» Consider Structural Filters / Fuses
- Isolation
- Energy Dissipation
- Displacement Control



The 1999 Turkish Earthquakes: Post-Earthguake Investigation

Aug. 17, 1999
Kocaeli EQ
M, =7.4
T =45 sec.

-_17000 Casualties|’

BELDadl /
7 Maollafeneri
" .

SEA

WL
]'_J:-<_j||'n\r-"||]e'r"' 2

J,J.a.r:c::!@

l:.;nﬁ.:-:lisl . YA-L_IlI'!i ®

Kiic

o LT e DAGLARI

&l

vel D
34 DUMANLI DRGI N?.Lgtutct

RO - 7 e
_Er:thulié “URHANGAZI 1t
0

srtimbagL)

avoan/pad

@

/YENISEHIR

Epicenters and PGAs

Black Sea

Perarbay Br

kg
 CRAYNARCA
L Toriakondl 2=y

£ Kaymaz BT O
Oy-8000mg /=

SAKARYA

G

L
Alkcaova

-~

& v s, d :
. SAPANGE T,
16T

PAMUKOVA

TARAKLI

qr { GOLPAZARL®

Lan

Nov. 12, 1999
Duzce EQ
M, =7.2
T =30 sec.

KARASDYED) 17

KOCAALIGE
ya
OrakBy ¢

MEN(
ga. L Y

EEkr,:sm';'.' 1]
14k



GENERAL VIEW OF THE VIADUCT #'1
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EXCESSIVE MOVEMENT IN LONGITUDINAL DIRECTION

_‘




EDU Failure




Chi-Chi
Earthquake,
Talwan, 9721,
1999

Local Magnitude

Reverse Fault



I-Jiang Bridge
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Failure of shear-critical columns in Tong-tou bridge, Chi-chi Earthquake,

Taiwan, September 1999



 USGS

science for a changing world

M 7.9, EASTERN SICHUAN, CHINA
Origin Time: Mon 2008-05-12 06:28:01 UTC
Location: 31.02°N 103.37°'E Depth: 19 km

PAGER
Version 8

Created: 1 days, 8 hrs after earthquake

Wunchuan

Estimated Po oulatlon Exposed to Earthquake Shaking
R RPOSORE (kmcoony | -- | - |1ssseac|89,143k [15,400k| 12,673k | 3,897k | 707k | 610k | I a rt h a k e
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Estimated exposure only includes population within the map area.

population per ~1 sq. km from Landscan 2005 Selected City Exposure

0 \ 5 [ 50 100 500 1000 5000 g0 [V MM City Population
3 W R ; SR VIl Jiangyou 127k
e s (vl Tianpeng 60k
Linfen®. || vil Deyang 152k
7 7| v Lingiong 55k
e 5° [ Vil Chengdu 3,950k
VIl Mianyang 264k
VIl Guangyuan 213k
V Nanchong 7,150k
?Hanzhong : V Chongging 3,967k
vl - V Lanzhou 3,200k
A4 Guangyuan IV Shiyan 3,460k
: bold cities appear on map (k =x1000)
} Shaking Intensuy MMI
3 1 - v v Vi

B ing oS

“Lanzhou
e

Kianyang®

wcrang

“Panzhhia 'Guiyang

‘bal Eafin
g

Changzhias

peinar

Shiyan

Guiln

Overall, structures in this region are vulnerable to earthquake shaking, though some resistant structures exist. A

magnitude 6.4 earthquake struck the Sichuan, China region on August 23, 1976 (UTC), with estimated population
exposures of 1,500 at intensity IX or greater and 5,700 at intensity VIII, resulting in 41 deaths. Additionally, a
magnitude 7.3 struck this region in 1933 killing 6,800 people. Recent earthquakes in this area have also triggered
landslide hazards that have contributed to losses. Users should consider the preliminary nature of this information
and check for updates as additional data becomes available.

This information was automatically generated and has not been reviewed by a seismologist.

http://earthquake.usgs.gov/pager

Event ID: us2008ryan

-l
U.S. Geological Survey

National Selsmic Hazard Mapping Project




Wunchuan Earthquake, China on
May 12, 2008

Constructed in 2004

18 spans and L=450m

Piers, bearings and tie beams failures
5 spans totally collapsed

Demolished after the earthquake
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USGS Data
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Skewed Vs Straight Bridges

Two overpass bridges across a railway: one is skewed and the other is straight



Skewed Bridges




Performance w/ and w/0o
Concrete Diaphragm




Girder Damaged




Performance Criteria -
Bridge Seismic Design Strategy

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

m Type 2 - Design an essentially elastic sub-
structure with a ductile superstructure.

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



Seismic Load Path and
Affected Components

\
Earthquake o> S Earthquake s>

Cross Frame :  Bearing lsolation Cross Frame ||| Bearing Isolation
Yielding and/or p” /-" Sliding or Restraint Yielding and/or / Sliding or Restraint
Energy Dissipation . )94 ,
Device L M il " Shear Key
' *Restraint or

Restraint or Fusing

Fusing

Plastic Hinging/

- Yielding or
” Racking

| ".._‘.

Soi Yielding

S} Pile Pullout

\ "
/

Soil Yielding

Steel Superstructure Design Option —
Type 2



March 11, 2011

M 9.0 Tohoku Earthguake,
Japan

Bridge Damage

Reconnaissance
June 2 — 6, 2011

US - Federal Highway Administration
Bridge Reconnaissance Team

Hosted by Japan’s Public Works Research
Institute



March 11, 2011 Magnitude 9.0 Tohoku Subduction Earthquake
-

. \'

Fault Rupture Zone

500km X 200km

Tsunami Heights
6.2t011.8 m

Image & 2011 TerraMetrics

Data 510, NOAA, U.S. Navy, NGA, GEBCO mu.uGOOSlQ'

Data @ 2011 MIRC/JHA
£2011 Cnes/Spot Image
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Strong Motion Acceleration Records
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Tsunami Height measured by JMA

bm, Maximum at Soma: 7.3m

®local tsunami height is being investigated.
It is reported that tsunami run up 23 m at a
site in Ofunato City.
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Most Probable Failure Mechanism
of Bridges due to Tsunami




LESSONS LEARNED
EARTHQUAKE DISASTERS

—'—- Accommodate Forces & Displacements
e Evaluate Ground Motion
Amplification/Attenuation & Long Duration
» Consider “Near Field” Effects
 Skew/ Curved Bridges
- Vertical Acceleration Component
« |dentify Liquefaction Potential
« Retrofit Improves Performance
 Newer Designs Improve Seismic Resistance
* Preparedness Faclilitates Recovery
* Nothing is “Earthquake Proof”



m Newer Designs Improve Performance
m Retrofit Helps...but...........
_|_- US Seismicity is not well understood

m Cannot Reduce Natural Hazards

— Natural Hazards Can Damage Transportation
Infrastructure System Entirely Even Within
Seconds

m Can Reduce the Loss if We Are WELL
Prepared

— Past Performance Experience

— Advanced Research Experiments
— IMPLEMENTATION the Preparations



—Mitigation Seismic
Hazard through
Designing



T|_Pre—San Fernando (1971)
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e NoO Consideration For
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e Today

e Seismic Performance Criteria Identified
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m SECTION 3: GENERAL REQUIREMENTS
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m SECTION 5: ANALYTICAL MODELS AND
PROCEDURES
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TRANSPORTATION OFFICIALS

m SECTION 8: REINFORCED CONCRETE
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m  APPENDIX A: FOUNDATION-ROCKING
ANALYSIS



PERFORMANCE CRITERIA
+

= Bridges shall be designed for the life safety
performance objective considering a seismic hazard

corresponding to a /%0 probabllity of
exceedance in 75 years. I.e. — 1000 Yr.
for “Normal Bridges”.

m Higher levels of performance, such as the
operational objective, may be established and
authorized by of the bridge owner.



Life safety

m Low probability of collapse but, may
suffer significant damage and
significant disruption to service Is
possible.

— cracking,
— reinforcement yielding,
— major spalling of concrete

— extensive yielding and local buckling of steel
columns,

— global and local buckling of steel braces, and
— cracking in the bridge deck slab at shear studs.



SEISMIC DESIGN CATEGORY (SDC)

m Partitions for Seismic Design Categories A, B, C & D

Value of SD, = F S, SDC
SD, <0.15 A
0.15< SD; <0.30 B
0.30 < SD, < 0.50 C
0.50 < SD, D




IMPLEMENTING SPECIFICATION
CHANGE

PAST
RFORMANCE




No Detailed Analysis Required

+

m Bridges Located in SDC — A

— Minimum horizontal connection force >0.25

Wy

m Single Span Bridges —
— Minimum support length
— Liguefaction — Geotech. Analysis by Owner



EARTHQUAKE RESISTING SYSTEMS
(ERS)

+

m REQUIREMENTS FOR SDC C & D

m ERS and ERE
— Permissible,
— Permissible with Owner’s Approval, and
— Not Recommended for New Bridges.




EARTHQUAKE RESISTING
SYSTEMS (ERS)

+

m REQUIREMENTS FOR SDC C & D

m ERS and ERE

— Permissible,

— Permissible with Owner’s Approval,
and

— Not Recommended for New Bridges.



Permissible ERS

Longitudinal Longitudinal

Abutment resistance not

required as part of ERS Abutment not required as part of ERS

Plastic hinges in inspectable locations Igolallon bearings accomodate full
or elastic design of columns. displacement

Knock-off backwalls permissible
Longitudinal and Transverse

Transverse

) w—2

Isolation bearings with significant energy

Abutment not required in ERS, breakaway dissipation capacity or energy dissipators are
shear keys permissible used at the abutment to limit overall

Plastic hinges in inspectable locations displacements.
| . . _ .
or elastic design of columns. Plastic hinges in inspectable locations

or elastic design of columns.
Transverse or
Longitudinal

Vo

Abutment resistance required, but abutment

able to resist 3% in 75-year earthquake elastically Multiple simply-supported spans with adequate

and passive soil pressure in longitudinal directiion seat widths. Plastic hinges in inspectable locations
is less than 0.70 x presumptive value given in or elastic design of columns.

7.5.2

Longitudinal




Not Permissible ERE

IIIIII]

Cap beam plastic hinging

(particularly hinging that

leads to vertical girder

movement) also includes
Plastic hinges eccentric braced frames with
in superstructure girders supported by cap beam

Battered-pile systems that
are not designed to fuse
geotechnically or structurally
by elements with adequate

Bearing systems that do not provide ductility capacity

for the expected displacements and/or
forces (e.g. rocker bearings)




Permissibl
e ERE —

Require Owner’s

Approval

— Passive abutment resistance
required as part of ERS
Passive Strength = Presumptive

value givenin 7.5.2

- OANR: Use 70% of presumptive strength

—_ ——

Ductile diaphrams in superstructure

OANR: Yielding restricted to substructure

Seat abutments whose backwall
is not designed to fuse, whose
gap is not sufficient to accomodate

the seismic movement, and which is
not designed for the expected impact

’ force
OANR: Design to fuse or design for the appropriate
design forces and displacements

Wall piers on pile foundations that
are not strong enough to force
plastic hinging into the wall, and are
not designed for the 3% in 75-year
elastic forces

OANR: Force hinging into the wall with multiple
pile lines and pile cap

In-ground hinging in shafts or piles
(Deformation limits in Section 5)

OANR: Force hinging to occur above ground
with larger in-ground shaft

Sliding of spread footing
abutment allowed to limit
force transferred

OANR: Design for no sliding

e

Foundations permitted to rock

beyond 1/2 uplift limit or exceed

ultimate bearing stress and a linear

stress distribution

OANR: Use 1/2 uplift and linear stress
distribution

)

More than the outer line of
piles in group systems allowed to
plunge or uplift under seismic
loadings

OANR: Only outer line is permitted to reach
tension capacity

Plumb piles that are not capacity-protected

T (e.g. integral abutment piles or pile-supported
seat abutments that are not fused
transversely)

OANR: Use seat abutment or a detail that
allows movement

Batter pile systems in which

the geotechnical capacities

and/or in-ground hinging define
\ the plastic mechanisms

\

OANR: Plastic hinging forced to occur above
ground in column

! / 1
isolation gap
opfional

Columns with Architectural
Flares - with or without
an isolation gap




Maps
_l_

m The maps package included a series of
maps that provide:

— the peak horizontal ground acceleration
coefficient, PGA

— a short period (0.2 sec) value of spectral
acceleration coefficient, Ss

—a longer period (1.0 sec) value of spectral
acceleration coefficient, S1



Maps

m Maps of the conterminous 48 states were

based on USGS
maps for a 2002

data used to prepare
update.

— Alaska was based on USGS data used to

orepare a map for a 2006 update.

— Hawaill was based on USGS data used to

orepare 1998 ma

— Puerto Rico was
orepare 2003 ma

0S.
nased on USGS data used to

0S.



Peak Horizontal Ground
Acceleration

PEAK HORIZONTAL ACCELERATION FOR THE
CONTERMINOUS UNITED STATES
WITH 7 PERCENT PROBABILITY OF EXCEEDANCE IN 75 YEARS

-‘|(Western)
/ Percent
In 75 Years
(Approx.

1000 Year
Return
Period)
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PEAK HORIZONIAL ACCELERATION FOR THE

Peak Horizontal Ground CONTERMINOUS UNITED STATES 75 vears
Acceleration
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Percent In
/5 Years

EXPLANATION
Contour intervals, % ¢

—— —

— i —

(Approx. s e

JR—Y

3

1000 Year [ I
Return
Period).

U HILOMOTERS




Period, T (seconds)

©
O
=
-
(D)
=
=
S
m%
S 32
e
%_
o C
h G

.
W
= 2
O
O
wn C
O O
XY O

BS ‘UoNIa[a22y [eljoedg asuodsay




Site Classification

+

Site Class Vs N Su

A > 5000 ft/sec _ -

B 2500 to 5000 _ N
ft/sec

C 1200 to 2500 > 50 > 2000 psf
ft/sec

» R 15 to 50 1000 to 2000 psf
ft/sec

E <600 ft/sec <15 blows/ft <1000 psf

= Soils requiring site-specific evaluations

Table note: If the s, method is used and the Nch and s, criteria differ, select the
category with the softer soils (for example, use Site Class E instead of D).



Site Coefficient Fa

Values of Fa as a Function of Site Class and Mapped Peak Ground Acceleration
or Short-Period Spectral Acceleration Coefficient.

|
—'1— Mapped Peak Ground Acceleration or Spectral Response
Acceleration Coefficient at Short Periods

PGA<0.10 PGA=020 PGA=030 PGA=040 PGA>0.50
Site Class 5,025  S$,=050 S.=075  S.=100  S,>1.25

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
= 2.5 1.7 1.2 0.9 0.9
F a a a a a

Table notes:Use straight line interpolation for intermediate values of PGA and S
where PGA is the peak ground acceleration and S, is the spectral acceleration
coefficient at 0.2 sec. obtained from the ground motion maps.

a: Site-specific geotechnical investigation and dynamic site response analyses shall be
performed



—Mitigation Seismic
Hazard through
Retrofitting



NEW FHWA Seismic Retrofitting Manuals




Content

_l_

m Philosophy and process

m Screening a bridge inventory

m Evaluation of bridge performance

m Retrofit strategies for deficient bridges



Yes

Screen / prioritize

Pass
<
Pass
<
\ 4
Next bridge

Evaluate

Review

Retrofit




Performance-based retrofit

+

repairs

Earthquake
Performance
Small Intermediate Large
No interruption v \
Limited access \ V
Closed for N




Performance-based retrofit

_'_

m Application of performance-based
design to bridge retrofitting

— two earthquake levels (Lower Level, Upper
Level)

— two bridge types (standard, essential)
— three service life categories (ASL1,-2,-3)

— two performance levels (life safety,
operational)



Seismic retrofit categories

+

m Seismic Retrofit Categories, SRC, are used to
recommend minimum levels of

— screening
— evaluation, and
— retrofitting

If these minima are satisfied, the required
performance levels will be satisfied.

m SRCs are similar to Se/smic Performance Categories
(SPC) used Iin new design



Spectral
Accelerations,
Ss and S1

Soil Factors,
Fa and Fv

Bridge Anticipated
Importance Service Life, ASL

PERFORMANCE SEISMIC HAZARD
LEVEL, PL LEVEL, SHL

SEISMIC RETROFIT
CATEGORY, SRC




Upper and lower level
-earthquakes

m Lower Level earthquake (LL):
100-year return period
(50% probability of exceedance in 75
years)

m Upper Level earthquake (UL):
1000-year return period
(7% probability of exceedance in 75
years)



Seismic hazard levels: I - 1V

HAZARD LEVEL Using Sp, = F,§, Using Sps = F.S;
| Sp<0.15 Sps< 0.15
[l 0.15<85p=0.25 0.15<5p5<0.35
1l 0.25<5p<0.40 0.35 < Sps < 0.60
1V 0.40 < Sp, 0.60 < Spg
Notes:

1. Forthe purposes of determining the Seismic Hazard Level for Site Class E soils, the
value of F, and F, need not be taken larger than 2.4 and 1.6 respectively, when §, is less
than or equal to 0.10 and S; is less than 0.25.

2. For the purposes of determining the Seismic Hazard Level for Site Class F soils, F, and
Fa values for Site Class E soils may be used with the adjustment described in Note 1
above.




Seismic retrofit category

PERFORMANCE LEVEL
AVANRD)
L EVEL PLO: PL1: PL2:
No min. Life-safety Operational
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REDARS 2: Methodology and
Software for Seismic Risk Analysis [y

of Hl' ighway Systems REDARS 2 METHODOLOGY
AND
= S|D. Werner, C.E. Taylor, S. Cho, J-P. SOFTWARE ror SEISMIC
Lavoie, C. Huyck, Risk ANALYSIS
C. Eitzel, H. Chung and R.T. Eguchi or HIGHWAY SYSTEMS
m The REDARS 2 report provides the By

basic framework and a demonstration Stuart D. Werner, Craig E. Taylor, Sungbin Cho,

Jean-Paul Lavoie, Charles Huyck, Chip Eitzel,
Howard Chung and Ronald T. Eguchi

application of the Seismic Risk
Analysis (SRA) methodology and its
modules. The main modules of the
REDARS 2 SRA methodology include
hazards, components, system and
economic. The northern Los Angeles,
California highway system is used as
a demonstration application of the
SRA methodology.
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REDARS SOFTWARE:
DESCRIPTION

+

m A Systematic Approach based on Loss Estimation
m Pre-EQ.

— Loss Estimation

— Emergency Planning

m Post-EQ.
— Emergency Dissemination
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Better Design
Code = Better
Performance

Well
Preparedness =
Reduce Loss
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Thank you!

For further information, please contact Dr. W. Phillip Yen at
Wen-huei.Yen@fhwa.dot.gov
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