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Exd Chi-Chi Earthquake

B Chi-Chi Earthquake,
Taiwan, 9/21, 1999

B Local Magnitude =7.3

Eurasia Philippine
Plate Plate

Exd Chi-Chi Earthquake

Geological Map
of
West Central Taiwan

LEGEND

[[] Altuvium B kueichulin F.
2 Terrace Deposits B3 nanchuan £,
% Lateritic Terrace D § . Nankang Formation
s 5 Toukoshan F §< [ shiti Formation
§ Cholan Formation M raiiao Formation
z Chinshui Shale [ Mushan Formation
O§- B shuichangliu F. ,@,/ Changhua Fault
Paileng Formation ,@,/ Chelungpu Fault
Chiayang Formation Y Hsuangtung Fault
% Yuhshan Chufeng F. = Shuili_keng Fax
o | .‘@rl Sanyi Fault

[ pachian sandstone Tuntzechiao Fault
B shibachungsi F " Highway
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Exd Chi-Chi Earthquake

Pleistocene

Pleistocene

Pleistocene
and Pliocene

Miocene

Miocene to
Eocene
(slate belt)

=] Chi-Chi Earthquake : Lessons Learned

Summary of damaged highway bridge in Chi-Chi earthquake

C Number
. bridges Non damaged  Minor-to-moderate damaged Major damaged

Taichung 196 131 52 (26.5%) 13 (6.6%)
Changhua 199 182 17 (8.5%) 0

Nantou 410 315 82 (20.0) 13 (6.6%)

Tyunlin 176 158 18 (10.2) 0
Summary 981 (100%) 786 (80.1%) 169 (17.2%) 26 (2.7%)

* the percentage is based on the total inspected bridges in each county.

11 different damage modes

Source: NCREE-99-055 Reconnaissance Report

Mode Item Number _ Percentage (%)
1 collapse 9 4.6 “ . 52 24 LEm
2 deck 51 262 _° S ER 6
: gider 1o 82 B o
4 bearing 18 9.2 E 3 6. K HE 10.3%
5 pier cap 12 6.2 z 20 v : L-.;E.e %
6 column / pier 21 10.8 20 , R 15 1§ 9. W 2%
. s g 30 1 9.89%
7 foundation 14 12 10 ot Erg"}f‘s 2N
8 abutment 63 323 o
9 approaching slab 41 21.0 I 2 3 4 5 6 7 8 9 10 1l
:(]) land slide 19 9.7 -Damage mode

Ancillary facilities 69 354
INTERNATIONAL TAIWAN 7




=] Chi-Chi Earthquake : Lessons Learned
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=] Chi-Chi Earthquake : Lessons Learned

Name Route Year Span (m) Length (m) Damaged mode
Shi-wei Provincial 3 1994 25 75 collapse
Chang-geng local 1987 25 300 collapse
Dong-feng  Provincial 3 1962/1988 26 572 girder/column
Pi-feng local 1991 25 300 collapse
E-jian County 129 1972 11 264 collapse
Wu-shi Provincial 3 1981/1983 347 624 collapse/column
Mao-loh-shi  Provincial 3 1999 40~70 500 column
26 M a : 0 r Ming-tsu Provincial 3 1990 25 700 collapse
J Ji-lu local 1999 150 300 pylon/bearing
Tong-tou County 149 1980 40 160 collapse
d a m ag ed Guang-long local 1986 28 56 deck/abutment
< Guan-de local 1977 20 60 collapse
h |g hway Bei-keng  County 129 1959 5.7 5.7 deck/abutment
Long-an County 129 1986 35 280 column
brid es Cheng-feng  County 136 1986 25.6 184 column/abutment
g Yan-feng  Provincial 14 1984 35 455 column
Pu-ji Provincial 16 1979 35 105 pier cap
Hsing-shi-nan  County 127 1994 50 500 column/bearing
Source: Yan-ping Provincial 3 1986 13 78 abutment
NCREE-99-055 Report Hsin-yi Provincial 21 1981 29 180 column
Long-men Tou 53 1982 40 480 collapse
Li-yu Tou 53 1988 39 546 bearing
Ping-lin Tou 6 1969 25 500 collapse/column
Mo-keng No.l Provincial 16 1996 14.6 14.6 abutment
Mo-keng No.2 Provincial 16 1996 40 40 abutment
Da-feng Chung 105 1992 - - deck
INTERNATIONAL TAIWAN




=] Chi-Chi Earthquake : Lessons Learned

Shear failure in piér- of Wu-Si bridge, Chi.;Chi :;rthquae, .
Taiwan, September 1999
4
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=] Chi-Chi Earthquake : Lessons Learned

= /% ungpu fault rupture S .~

Settlement, Unseating and Shear failure of Ming-Tsu bridge,
Chi-Chi Earthquake, Taiwan, September 1999

S i S

INTERNATIONAL TAIWAN

=] US & Japan Earthquake : Lessons Learned

® Complex Geometry Redistributes Forces
~» Skew, Varied Column Heights
® Accommodate Shear & Flexure
® Post 1989 Designs Reduced Damage
m Retrofit Improves Resistance
» Joint Restrainers
» Column Jacketing
Consider Structural Filters / Fuses
Isolation, Energy Dissipation
Displacement Control
Accommodate Forces & Displacements

Evaluate Ground Motion
Amplification/Attenuation

1995 Kobe

Consider “Near Field” Effects
Identify Liquefaction Potential
Retrofit Improves Performance
Current Designs Improve Resistance

INTERNATIONAL TAIWAN




=] Chi-Chi Earthquake : Lessons Learned

Fault rupture
Near-field ground motions
Ground failures precipitate structural failure

Abutment back-walls and back-fills are essential for
continuous bridges

Shear failures must be avoided in piers

Shear keys are required to prevent spans falling
transversely

Taiwan Freeway Bureau (TANFB):
Develop the comprehensive Bridge Retrofit Program

INTERNATIONAL TAIWAN

%] Freeway Bridge Seismic Retrofit Program

Risk management concepts for disaster prevention

Mitigation B Upgrade ONE Iift_eline _
s freeway connecting major

response and business

centers before 2009

B Retrofit is a proven method to
preserve bridges, slopes, and
landslides

Preparedness
(444
fim S

B Route selection is critical to
success

B Significant reduction in
secondary loss of life and
long term economic losses
can be achieved

INTERNATIONAL TAIWAN 15




X Freeway Bridge Seismic Retrofit Program

. To reduce damage and to avoid casualties of
future large earthquakes is the primary
objective

To construct Taiwan’s high-efficiency lifeline

for earthquake disaster relief road network

system

To ensure high-safety critical transportation

infrastructures for Taiwan's economic

sustainable development

To achieve the overall goal of disaster prevention
by adopting the seismic performance concepts

- Zero damage for frequent earthquakes

- Reparable damages under moderate earthquakes
- No collapse in the case of extreme earthquakes

INTERNATIONAL TAIWAN 16

£ Freeway Bridge Seismic Retrofit Program

® TANFB reviewed the seismic
vulnerability of all freeway Ve .
bridges after the Chi-Chi
Earthquake, with the technical
support by T.Y. Lin & NCREE

B Bridges inventories are
screened to identify structures
that are seismically deficient
and evaluated for the severity
of expected damage and
losses by using TELES RO T

m to prioritize in the order of - Phase | Program:-
needs for retrofitting Free‘wgy No. 1 a“d :

INTERNATIONAL TAIWAN




=] Freeway Bridge Seismic Retrofit Program

Legend :
Phase | ﬁ% Keelung

Tai :
=== Phasell Taoyuan@ ” pel "
=mm= Phaselll .

Phase i Program South
Freeway No. 3
Taiwan Straits (Northern Section)

_Taitung Pacific Ocean
4

 Miaoli County

INTERNATIONAL TAIWAN

%] Freeway Bridge Seismic Retrofit Program

Number of | Number of
Project Scope bridges bridges Description
evaluated | retrofitted

Freeway No.1 and Freeway No.1:

0.2 completion in
(including the widening
Phase I projects of freeway No.1 490 412 LSl L

Freeway No.2:
completion in
December 2011

Yuanlin-Kaohsiung
section and freeway

No.2)
Phase Freeway No.3 Completion in June
II  (northern section) LA 280 2016
Freeway No.3 In seismic evaluation
Phase (central & southern 769 Note 1 and retrofit design
III sections) and freeway stage, scheduled for
No.4, 5, 6, 8, 10 2016~2025

Note 1: according to seismic assessment results to determine the number of bridge retrofitted
INTERNATIONAL TAIWAN 19




=] Freeway Bridge Seismic Retrofit Program

Legend :

—— Phase | _Keelung . .

— Phasell  Taoper(2) pre Y B Dedicate New Funding to
=== Phaselll e /P ﬁ

Phase lll Program

m To avoid NT$144 Billion in
economic losses and

minimize loss of life:

Phase lll Program % To complete all 3

prioritized sections in
10-years plan
< Recommended to

J implement during
‘} 2016~2025

Taiwan Straits

_Taitung Pacific Ocean
4
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Disaster Resilient Lifelines
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Seismic Resilient Bridge
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B iz RE#ER]| (Seismic Performance Criteria)
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EX] Freeway Bridge Seismic Evaluation

Lateral Force

FT. O

M3-hinge model in SAP2000

C

M

Characteristics of De___E
X plastic hinge for ‘ ‘
Lateral displacement Rc member i A’
(a) Shear failure (b) Flexure-Shear failure (c) Flexure failure

INTERNATIONAL TAIWAN

Ex] Freeway Bridge Seismic Evaluation

(Sa)inelastic

Modified ATC-40 (sd)inelastic Sd
Capacity Spectrum Method

Solving the PGA or
A, corresponding to ﬂ Output
performance point

(Sa)elastic::CAxpGA

C
(Sa)elastic=.I._wa.xPGA
z Elastic Demand
------ / Spectrum

g8 |nelastic Demand
/ -._____ / Spectrum
|

" Performance point (dyi, ay) ‘= Input

INTERNATIONAL TAIWAN 37




E] Freeway Bridge Seismic Evaluation

Seismic check for qualification requirement
I:’G'ADemand < PGACapacity ADemamd < AC:;!pacity
- PGA Check " Displacement Check
ol PGA, m|pLA, PLB , PLC |
o], i I I i
.0 | PO 3 I | B r
) Sa I
Z 0.600 :
Qo0 | RASERR MCE: 0.4Sys — ! ! <
;0.0 | m;‘__t/ ! : 1 28,
— DLE: 0.4S5ps — : ! .
0.300 I [
020 | PGA, | i Aw S A
010 F MLE: 0.4S/3.25 : :
- e i i ;
0'0000.00 005 010 015 020 025 030 Aa=Ay Ry Re HAFESy
AASHTOI/Caltrans : /\pemand= £\ElasticXRq
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5] Freeway Bridge Seismic Retrofit

B Retrofit Strategy

A

+* One or more approaches used together to achieve desired level
of improvement in performance

+» Partial or full replacement

“* Do-nothing (retrofitting not justified)

B Retrofit Approaches

Strengthening

ol

*» Displacement capacity enhancement -
: i T Pesty Screen / prioritize
** Force limitation l

“*» Response modification

. : 0 =4 Evaluate
% Site remediation i

«» Partial replacement

*» Damage acceptance or control AL

INTERNATIONAL TAIWAN 44

2] Bearing seat extension, restrainer and shear key
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E=] Concrete, Steel and FRP jacketing for columns

"__“"‘

e :
' 'Hl‘ll e

Concrete jacketing (rectangular/qrcular column) CFRP jacketmg

.Em Ry

Steel jacketing and welding inspection Steel jacketing construction

INTERNATIONAL TAIWAN
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5] Fluid Viscous Damper & Shock Transmission Unit

" Fluid Viscous Dampefs and . Prototypé and
abutment shear keys 201 02 2 ' <+ Production Tests

“\//:;‘ I ‘ \ <\

/Packaglng, Handling;) and Storage
\ 4 P Lo

'Lubrication Points |
.(bolt,;bearing, piston)

S Inspection” &
Malntenance*Catwalk

# No Bird Nest oniSTUSS . No Fluid Leakage  No Dust Jacket Damage®%
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%] Footing retrofit and replacement

.' ;

———

Footing replacement -

INTERNATIONAL TAIWAN
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(Fluid Viscous Damper)
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— With damper

150 ¢ T T
: :
100
— =
— T
i ]
£ i y
o °© i
o
A\
Q. " 7
T8 . = =
-150
0.1 0075 D05 0025 0 0025 005 0075 Q1
Stroke (m)

BIEEEL D P1 P2

& =/ o
1%02@?% 52%  A7%

SN

TAP033

TAP034

TAPO053 55% 45%

=R L251A2)703E ([D3E6) il - BBl DTSSR

EEERE

Base shear (tf)

0 10 20 30 40 30 6 70 80 KD
Time (sec)

= RN |

o (=]
o
&3 ¢e

=)
B o &

Displacement (m)

=]
& § 8

0 10 20 0 40 D 0 0 0V D

1T Max=0.090m |

Time (sec)

INTERNATIONAL TAIWAN

— Without damper
— With damper

150 = T T T
—

100 = — ——T
e 7 S —\
s © .
—

@ 0

(5]

=4

Q -0 v

m \\ A 4
ra

-100 -~

=

-150 '

01 0075 D05 005 0 00235 005 0075 ol
Stroke (m)

BN P1

1R 5RH B2
BRIEFERE

1833FE/E28
FRIGHERE
1833pH B8

S

TAP033 66%

TAPO034 56%

TAP053




BN 200 eE e isiiing - B DTG

— With damper

] ﬁgﬂﬁ — Without damper

=il 190 ¢
E‘ 100 —= =
5 £ - e
2 Q7 -
d b

aspp Lok P -

0 10 20 0 40 50 & 0 80 D] Stroke (m)
Time (sec)

e BishH P1
E o [ = =
€ oos | TAPO033 % 57% 76%
£
o 07
Q =n, og
:g;_ﬂos r i ! TAP034 % 35% 79%
O 01 HHHHHHHHH -------Mfax-=0.13-1m--i ZAAOHO

: LT [ Max 200711 im || | = sg

B I TAP0s3s  ZEIHESS g0y gy

FRIGHERE

; Time (sec)
INTERNATIONAL TAIWAN 6

plll

B EAR M S PG 2 fig

INTERNATIONAL TAIWAN 7




B SRR MG Rl

ERIEA IS

ﬂiﬁﬁ%ﬁ%
Tﬁﬁﬁ%ﬁi&g

e
...

INTERNATIONAL TAIWAN

=5 R34 (3=41)

FEFRMBEER - JIEER K EEER

o [RILLGETT) K8

TNCEg - g =W W W FF BF PF PF PEe-TH WP

NS (2 1 ) Fe P50k 20 Sk)
1 = FRMEH K 0 RS S DT - 138

06256 W FABESHS - BHNT OB B
! 1R~ DTAORLER

INTERNATIONAL TAIWAN BRANCH

INTERNATIONAL TAIWAN BRANCH

INTERNATIONAL TAIWAN




B BT I#5 (5=651)
EERRUHEDHTRE

ol M= RE/JGHGIGR-BEEINEDAT (EEITE[R)
£ P10 49050

P6

| memr | mees |
R T (exl | (MXNE | oo
| mEo | Ho |

.*t'smm | el (] 01 j 14 I e sSp2 SP3
aral s i ; (L1 a4l L I
gé*m :,,.‘i 04 : e ‘ SP1 ‘ - .
| MRER | MEEE |
5 YEsFSP-Delta Effect A=0.2MUWP=2.01m nRHEr obEN | GRENEW | oo

| sme | &o |
[omemse |w | ue | w0 |

!mmm ‘m. 0382 | (L | Ls6 I
(x| [ | e |
B HVP-DeltaEffect A=0.2"MWP=3.39m

INTERNATIONAL TAIWAN

INTERNATIONAL TAIWAN

INTERNATIONAL TAIWAN

X BUSZE)I I (2241)
BREMIEME —

o
'

| ;,/"""‘ - e |
Ir= | moae b
1 H|
} ik |

AR A
4“‘."

Il MR EEDSHSHER

" BEEBREENIS & 7 )
E>TER=>0.K

e = HE DGR
B IFER R EMNDS (>06ANG)

ARG 76 P7 Fg =) P10 P11
REIINAL | 0ss 082 0.82 082 058
BB | o7 071 om 065 038 045

fERe NG NG NG N.G. 0K 0K

INTERNATIONAL TAIMN

1% 5 P6~P953
 BEM

INTERNATIONAL TAIWAN




R (2=H51)
BRI RS
» " ERAERRILIEEEE | BRURT EERE R AL

u RBEAE : VIR PRI + Bl BB

e DR T S — e v A ! J?;'-.—P:v- P_f S T U T S—
e i S 3 = y - e “n ‘_'N T PR

= -l

- —_ RS IaE e
NHBEFE BN

R = i
- anman I,

- - ﬁ sl wnan L

T h \W e

4 o g e

i - - ~ 3 - Fi-ps

| .| Pi12%

B 1 _\ Ll MR

[ =g PE~P10OM M {000 oo
= == Al e
I

INTERNATIONAL TAIWAN 62

INTERNATIONAL TAIWAN




2] S8a0%0) | |# (Z£451)

rxd SREDIET)|IKS — AE AL SRS
" DHERVRETTEEE2T)

p1o P11 P13/ P13

“Eanas it Wi P
—— I
...... - i e
daideauss

=0.2*MuP=1.74m

-

4 [§45P-Delta Effect |

= eI

INTERNATIONAL TAWEN

= RESER
< F28T

mEFEN
A T S
L Mode1 a0

_

INTERNATIONAL TAIWAN

1iFd L]

S —ETRHA

SRR ||H8 — M AL RS

m PRGOS 28 T)
N

ERRS aAmAlg ErrT L
[T T 0
aeages | w9 ) waw [
Brtjensa 2 sas =

BErt iR sP-Delta Effect [.=02°"MuWP=2.39m

L 4 MeaEsES

d

ul 108 5 .

432 M| 87 5

F 8 oK T8O | &m &

F P11 a8 M 2 & 1R oK Cl % B3| 142| OK
F |2 | wa| | es2] 18] ox 765 esa| e8| 75| 108 o
F H.!__ 37| M2 3| &0 188 oK 82| &0 4T TE3| 123| OK
F | P s3] 3s ao] ess| 172] ok | s3] se| 2] aos]| 135] oK
EOlEss a7 s 55| | 15| o 04| 62| 6 T3] 112] oK

" AR St
B *J’tﬂﬁl’]{ZSUOEE&l&?JI)

4.3M
7.5M

e

AR

#mﬂllfﬂl’?l

INTERNATIONAL TAIWAN

2| 1184 aa| 204 oK

] 1 49‘ B!‘ ﬂl’."‘ w,h.r 'Ifd:- '-:!I ‘.II HB- :}ll ox
wz| 20| %] 63| o |woommm| -116z| 17| 16| esd| 140] oK
wa3| %3] 23] 10| 113] oK | -1124] «as| 121] e11| 134] ok
564| 489 61 539] 115] oK | 29| 297| 10| 87| 223] oK
€20] 90| 39 82| O [Nmmmm 1301 | 816 48| 2| 173] oK
™ L2z ] 5T a8 006 | NC(RPE)| -141) 485 169 80| 184 OK
68| 3| 43| 621| om0 |mummmn 1337 | 482 14|  ws| 183] ox
%2| a2 1| sar| 19| oM [om| am| €3] ses| 183] oK
15| 18| sa| 28| 28| oK 6| 85| 88| 40| 509] oK
24| e8| 32| 22| ani] ok | e8| e| 32| 2| 470] o

P7~P9 s P12-P14KIFG MIBIENG | mmlp  FiSIRENS |

V. <E sl s v
mEE HBBEER

L) B

&t
oK. | P7 e
(A1~P7) -
| | WA
72 PT~P9 —
g OK. N
(PT~A2) P12~P14




CFRPBZE g

INTERNATIONAL TAIWAN 66

(5] CFRPBEZEMEE#HE

m M31EE : H181

UD BIESEEN | 17K+502 8 57

IR BHEEIBS | 17K+528 2 57
ZIEBN 32K+138 7 B
LIEBS 32K+145 6 51

INTERNATIONAL TAIWAN




(5] CFRPBZEM =

anaREm

RS SRR 5 MG T B
ERIER - ZER1E T BN RN SR AR =)

INTERNATIONAL TAIWAN

5 ErRFEBESHAE (Z=RD)

il 1=

Diegegae

ﬁﬂﬁlqlﬂi‘—-\@ 1,
) e
A\ A :
L |

INTERNATIONAL TAIWAN




(5] CFRPBZEM =

[ R e

AR RIE 0 28

5t LIRS

PR AR A BT B TD

%] CFRPEEMEFZAIET

52T aem P

e =

i H &

INTERNATIONAL TAIWAN




] FRPE & #1522 EReY

E glass fiber Flber Wrapplng-

£

INTERNATIONAL TAIWAN

] FRPEZEAE TIAZERE

B |+535&/2(Cruciformu shape)#&1EFRP Anchor@ie 2 T

xt
& 2
s
"
B
§ 3
& & Tag .t
4 S
5 «"'"l-. -,-—-j
4 3 & Y e e
s Ao
S| .
i)
., —
Tou 0 i
=~ { GROER
_— WG A TLRE \/

TYPICAL SECTION

WSDOT Auro
TYPICAL SPLIT COLUMN ELEVATION

INTERNATIONAL TAIWAN 3




] FRPEZE A TIAZERE

INTERNATIONAL TAIWAN

RS R

il
Eh

INTERNATIONAL TAIWAN




5 SR A S E il A s A T 2 i

ﬁﬁrﬂ‘#&iﬁ (High-Capacity Micropile)
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~ ZEEBJFHWA Micropile Design and Construction Guidelines
Implementation Manual, 2000

» EBJFHWA Micropile Design and Construction-Reference
Manual, 2005
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Table 11.2 Cost evaluation of retrofit using micro piles

SN

Properties and cost Cast-in-place | Straight Inclined
piles micro piles | micro piles
Radius of piles 1000mm 178mm 178mm
Number of piles 8 26 14
Length of piles 16m 21m 21m
Cost of piles relative to cast-in-place 100% 90% 80%
piles
Total cost of retrofit including dry-up 100% 81% 72%
and footing retrofit
Construction period relative to 100% 80% 65%
cast-in-place piles

FIB TG 7.4 Seismic Design and Assessment Procedure for Bridges 2005
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%] Competing Against Time
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The Race To Seismic Safety

The Continuing Challenge ﬁ ﬂ.] aE ‘fi-- -ﬁi‘ ﬂzf l'rﬂ % .5@

Competing Against Time

Prof. Joseph Penzien, Chairman, Caltrans Seismic Advisory Board
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For further information,

please contact Kang-yu Peng at
kypeng@tylin.com.tw
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