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Displacement Coefficient Method

B Most, if not all, of the well-known displacement coefficient formulae

were constructed based on some polygonal hysteretic models.
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B These displacement ratios lack direct connection with design
parameters of bridges and can not tell information about the
damage state corresponding to the calculated displacement. 5
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To construct inelastic displacement spectra
associated with the corresponding damage
states (capacity-based inelastic disp. spectra) for

RC bridges using a newly developed smooth
hysteretic model to better evaluate the seismic
performance of bridges subjected to far-field
and near-fault ground motions.
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New Smooth Hysteresis Model (i i
B The model is based on the well-known Bouc-Wen model with

significant modification to consider hysteretic rules for damage
accumulation and path dependence of RC bridge columns.
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B The damage index proposed by Park and Ang (1985) was used

to predict the onset of strength deterioration.

®m Strength deterioration can be well predicted via damage
index regardless of different types of loading history.
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Path Dependence Rule
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B Reloading paths can be classified into two categories, Primary Path and Associate Path.
B Associate Path is always directed toward certain point corresponding to Primary Path.
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Verification with Cyclic Loading Test Y
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- Pseudo Test
— Cyclic Test

hding test
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Damage Index vs. Actual Damage St
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Effect of p,

p,=0.75 - 3.0%
[Leman and Moehle, 2000]
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p=1.26 + 1.79%
[Ou et al., 2014, 2015]

Effect of p;
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Capacity-based inelastic dlsplacementspe 3
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B To construct inelastic displacement ratio (Cg) spectrum associated
with corresponding damage state (DI) spectrum, which can account
for various column design parameters.

B To evaluate the well-known C; formulae that were developed based

on PHMs.

®m To propose Crand DI formulae not only for far-field earthquake but
also for pulse-like near-fault earthquake.

Capaaty based disp. spectra #
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Spectral parameters

1) Fundamental period, T,

T,=0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85,
1.0,1.2,1.4,1.6,1.8,2.0,2.2,2.4,2.6,2.8,3.0
2) Strength coefficient, R

R=1.5,2.0,3.0,4.0,5.0
3) Hysteresis model, M

{EPP

1a/D= 10, 4 (b= 1.5%, p,= 0.72%, P=0.07f A )
10=0.753.0%  (p=0.72%, P=0.07f' A , a/d=4)
10,=1.26,1.79%  (p=2.1%, P=0.1f' A , a/d = 3.3)

1P=0.09, 0.23F" A, (pj= 2.2%, p, =0.94%, a/d = 3.8)

4) Ground excitation, FF & NF
Far-Field : FFC (Site Class C)

NEHRP 2000

Site Class V3o (M/sec) FFD (S|te Class D)
B 760-1525 Near-Fault : NF1 (T =0.5~2.5s)
C 360-760 P
D 180-360 NF2 (T,=2.5~5.55s)
E <180

NF3 (T,=5.5~10.5's)
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Ground motion records ' 6 B

0

Far-field (FFC) (PEER Ground Motion Database NGA West2)
m-

FFCO1 San Fernando Castaic-Old Ridge Route 1971 22.63
FFCO2 164 Imperial Valley Cerro Prieto 1979 6.5 15.19 - c N G
FFCO3 265 Victoria_Mexico Cerro Prieto 1980 6.3 14.37 - C
FFC04 610 Whittier Narrows Castaic-Old Ridge Route 1987 6.0 72.20 - C mz
FFCO5 771 Loma Prieta Golden Gate Bridge 1989 6.9 79.81 - C
FFCO6 787 Loma Prieta Palo Alto-SLAC Lab 1989 6.9 30.86 - C
FFCO7 875 Landers La Crescenta-New York 1992 7.3 148.47 - C
FFCO8 1019 Northridge Lake hughes 1994 6.7 35.81 - C
FFC09 1072 Northridge San Marino 1994 6.7 35.02 - C
FFC10 1073 Northridge San Pedro-Palos Verdes 1994 6.7 57.03 - C
FFC11 1172 Kocaeli Tekirdag 1999 7.5 165.02 - C
FFC12 1295 Chi-Chi HWAO049 1999 7.6 50.76 - C
FFC13 1315 Chi-Chi ILAO10 1999 7.6 80.18 - C
FFC14 1471 Chi-Chi TCUO015 1999 7.6 49.81 - C
FFC15 1837 Hector Mine Valyermo Forest Fire Station 1999 7.1 135.77 : C
0 D) Jeriagietome | swionnane L e Lt L sieci
FFDO1 66 San Fernando Hemet Fire 1971 6.6 139.14
FFDO2 93 San Fernando Whittier Dam 1971 6.6 39.45 - D
FFDO3 169 Imperial Valley Delta 1979 6.5 22.03 - D
FFDO4 316 Westmorland Parachute Test Site 1981 5.9 16.54 - D
FFDO5 652 Whittier Narrows Lakewood-Del Amo Blvd 1987 6.0 26.68 - D
FFDO6 653 Whittier Narrows Lancaster-Med Off FF 1987 6.0 67.62 - D
FFDO7 777 Loma Prieta Hollister City Hall 1989 6.9 27.60 - D
FFDO8 790 Loma Prieta Richmond 1989 6.9 87.87 - D
FFDO9 800 Loma Prieta salinas 1989 6.9 32.78 - D
FFD10 836 Landers Baker Fire Station 1992 7.3 87.94 - D
FFD11 965 Northridge Covina-S Grand Ave 1994 6.7 57.51 - D
FFD12 1094 Northridge West Covina-S Orange Ave 1994 6.7 51.70 - D
FFD13 1237 Chi-Chi CHY090 1999 7.6 58.42 - D
FFD14 1304 Chi-Chi HWAO059 1999 7.6 49.15 - D
FFD15 1540 Chi-Chi TCU115 1999 7.6 21.76 - D

22



Near'fa“'t(NFl) -_

Nea"fa”|t(NF3) “

NF301
NF302
NF303
NF304
NF305
NF306
NF307
NF308
NF309
NF310
NF311
NF312
NF313
NF314
NF315

803
838
900
1148
1161
1491
1498
1501
1503
1515
1519
1528
1531
6975

San Fernando
Coyote Lake
Imperial Valley
San Salvador
Loma Prieta
Loma Prieta
Northridge
Northridge
Northridge
Northridge
Kobe
Kobe
Kobe
Duzce_ Turkey
Cape Mendocino

arthquake Name “

Imperial Valley
Imperial Valley
Imperial Valley
Loma Prieta
Loma Prieta
Cape Mendocino
Landers
Northridge
Northridge
Northridge
Northridge
Kobe
Chi-Chi
Chi-Chi
Chi-Chi

NF101
NF102 150
NF103 159
s NF104 568
NF105 764
NF106 766
NF107 1004
NF108 1044
NF109 1050
NF110 1086
NF111 1106
NF112 1119
NF113 1120
NF114 1602
NF115 3746
Near-fault (NF2
 —1 = | —. =75\ S
NF201 161
NF202 179
NF203 181
NF204 767
NF205 802
NF206 828
NF207 879
NF208 982
NF209 983
NF210 1045
NF211 1084
NF212 1114
NF213 1182
NF214 1510
NF215 3473

Imperial Valley
Loma Prieta
Landers
Landers
Kocaeli
Kocaeli
Chi-Chi
Chi-Chi
Chi-Chi
Chi-Chi
Chi-Chi
Chi-Chi
Chi-Chi
Chi-Chi
Darfield

Pacoima Dam (upper left abut)
Gilroy Array #6
Agrarias
Geotech Investig Center
Gilroy - Historic Bldg.
Gilroy Array #2
LA-Sepulveda VA Hospital
Newhall - Fire Station
Pacoima Dam
Sylmar-Olive View Med FF
KIMA
Takarazuka
Takatori
Bolu
Centerville Beach, Naval Fac

Brawley Airport
El Centro Array #4
El Centro Array #6
Gilroy Array #3
Saratoga - Aloha Ave
Petrolia
Lucerne
Jensen Filter Plant Admin. Bldg.

Jensen Filter Plant Generator Bldg.

Newhall-W Pico Canyon Rd.
Sylmar-Converter Sta
Port Island
CHY006
TCUO75
TCUO078

El Centro Differential Array
Saratoga-W Valley Coll.
Barstow
Yermo Fire Station
Arcelik
Gebze
TCUO051
TCUO59
TCUO063
TCUO065
TCUO082
TCUO087
TCU101
TCUO0104
TPLC

1971
1979
1979
1986
1989
1989
1994
1994
1994
1994
1995
1995
1995
1999
1992

1979
1979
1979
1989
1989
1992
1992
1994
1994
1994
1994
1995
1999
1999
1999

1979
1989
1992
1992
1999
1999
1999
1999
1999
1999
1999
1999
1999
1999
2010

5.7
6.5
5.8
6.9
6.9
6.7
6.7
6.7
6.7
6.9
6.9
6.9
7.1
7.0

6.5
6.5
6.9
6.9
7
7.3
6.7
6.7
6.7
6.7
6.9
7.6
7.6
6.3

6.9
7.3
7.3
7.5
7.5
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7

1.81
3.11
0.65
6.30
10.97
11.07
8.44
5.92
7.01
5.30
0.96
0.27
1.47
12.04
18.31

10. 42
7.05
1.35
12.82
8.5
8.18
2.19
5.43
5.43
5.48
5.35
331
9.76
0.89
11.52

5.09
9.31
34.86
23.62
13.49
10.92
7.64
17.11
9.78
0.57
5.16
6.98
211
12.87
6.11

1 64
1.23
2.34
0.81
1.64
1.73
0.93
1.37
0.59
2.44
1.09
1.81
1.55
0.88
1.97

4 89,
4.79
3.77
2.64
4.57
3.00
5.12
3.16
3.54
2.98
2.98
2.83
2.57
4.99
4.15

6 27
5.65
9.13
7.5
7.79
5.99
10.38
7.78
6.55
5.74
8.10
10.39
10.32
7.19
8.93
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Ground acceleration (m/s?)
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Ground acceleration (m/s?)

Ground acceleration (m/s?)

'
=

N

o

'
N

'
N

Comparison between FFC and NF3
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Proposed C; and DI formulae * ' ¢

4
Far-field ground motions |
3
T LS T, <T;
CR — R Tn R = “R_min n—"1 Oﬂ: 2
Cr min- T < T, < 3.0s
1l
T = 1.25T; (Site Class C) |
17 |1.45T,  (SiteClass D) ‘
0
c {10 (Site Class C)
Rmin =111  (Site Class D) 1
o oo\ (% " Cpy S 0.8
pr={\"""®)\T,) TR n=h -
Cor, Ty < T, < 3.0s _ |
T, ={0.37 In(R) + 1.3}T; 0.4
- _ [{0.065~0.010In(AD) + 0.017LR ~ 0.013 In(TR)}R (Site Class C)
PI' = 1{0.077 — 0.006 In(AD) + 0.015LR — 0.017 In(TR)}R (Site Class D) 92| “~~————
n=0.1R+ 1.1 O .

T, (sec) ' 27
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( Cor\ (TT\"" | Cor | M
(CBR - T) <—n> + R + ?Tn, T, <3.0s (T, = 0.5~ 5.55)
2
Cer\ (T1 " Cpr O
o (CBR - T) <—n> +— T, < 1.5s (T, = 5.5~10.5s)
g Cor\ (TP \" | Con T,
(CBR - T) <15> + ? + k1 X ln <E>, 1.55 < Tn < 2.5s (Tp = 55~105$)
k(CBR - T) (1 5) + T + k1 X Iln (1—5>, 2.5s5 < Tn < 3.0s (Tp = 55~1055)
0
oot (T, = 0.5 ~ 2.55)
PR | -0.069R? + 0.473R +0.546 (T, = 2.5~10.55)
1
( Con\ (Ts\"2 Cp A
(Cm - ﬂ) (—2) + 2+, T, < 3.0s (T, = 05 ~ 2.55)
R/\T, R "3
* N 0.8
(c _@)(T2)2+@+ET T, < 3.0s (T, = 2.5 ~ 5.55)
br—45)\T, 15 3™ n= 2l Up T :
Con\ (T5\"? C 0.6
DI =4 ( _ﬂ)(_) ot < . _
Cor 15)\T, + 15’ T, < 1.5s (T, = 5.5~10.5s) a
Con\ (T5\" . Coi T, 04
- = — — . < 2. = 0.0~10. '
(CD, 1-5) (1.5> + G +k, X In (15), 1.5s < T, < 2.5s5 (T, = 5.5~10.5s)
(c CD’)(T;)n2+CD’+k X | (2'5) 255 < T, <3.0s (T, = 5.5~10.5
\"> " 15)\15 15 2 MM\1s) 58 <Tp 305 (T, = 55~1055) 0.2
{0.056 — 0.010 In(AD) + 0.028LR — 0.029 In(TR)}R (T, = 0.5 ~ 2.55) olb— 1t . 1 11,1
= 0 0.5 1 15 2 2.5 3
P17 1{0.075 — 0.009 In(AD) + 0.021LR — 0.027 In(TR)}R (T, = 2.5~10.55)



Application to Performance-Based Selsm G
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1. Preliminary bridge design
Determine preliminarily the main design parameters
of bridge (T;,, AD, LR, TR) to construct the Cg and

DI spectra

Near-fault

Far-field

v

2. Performance objective
Define the anticipated damage state and the
corresponding damage index under design

earthquake

NF_M6
— R=1.5
— R=2.0
— R=3.0

Y

— R=4.0

3. Strength reduction factor
Obtain the strength reduction factor from the DI
spectrum and perform the detailed bridge design

4. Check
If the updated R based on the detailed
design is within the tolerance compared
to the previous R

5. Expected displacement demand
Obtain the inelastic displacement ratio from the Cg
spectrum, check P-A effects, and perform capacity

design
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Outline

Demonstrative Example Bridge

5) Carnielisior)
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Example Bridge
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B Three-span prestressed reinforced concrete box girder bridge
with regular configuration

L=45m

&
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L=45m

L=45m .
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fy=4200kg/cm?

Column Section
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B Three analytical models,
two MDOF models and
one SDOF model, are
used to demonstrate
the proposed capacity-
based spectra by using
nonlinear time history
analysis.

31
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SAP model

T,=0.82s (Longitudinal direction ) .
Takeda hysteretic

model

Elastic
Column

T,=0.46s (Transverse direction ) /

-/
Nonlinear

,§ Link
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OpenSees Model

| / e~
‘. @ﬂg‘ - T, 3648 h
\ ; —7%& R 3 - - -
| | 1’
[ o |e2®™ 5
g
Bent 1 S ) Longitudinal bars: 96-D36 ( SD420)
(P Hoops and Ties: D16@100 (SD420) unit: mm
. cover patch COI‘e COVGI’
m Column: force-based /e Steel concrete concrete
fiber section beam- —
column element /] A7

B Box Girder: elastic
beam-column element

material streas-strain

Material hysteresis models
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R=5 for FFC /iy ¥
i A -—»—RSNS?
RSiv5Z % iNags

Normalized Records

No | RSN | C_mag. = 15 | ! 7=SayX 5 No | RSN | C_mag.
FFCO1 57 3.5267 A NF301 | 184 | 1.5484
FFC02 | 164 | 3.7323 X € mag. NF302 | 803 | 13578
FFCO3 265 2.958 0.5 - NF303 | 838 4.0362
FFC04 | 610 18.1624 ' NF304 | 900 2.18
FFCO5 | 771 | 4.4509 . I 1 = i NF305 | 1148 | 5.3754
FFCO6 787 45567 ' T. (s) NF306 | 1161 2.7892
FFCO7 875 37.5493 25 _ NF307 | 1491 2.8673
FFCO8 | 1019 | 7.171 , R=3 for NE3_ouia NF308 | 1498 | 2.6265
FFC09 | 1072 12.616 / ) -RSN184*C_mag. NF309 | 1501 1.8328
FFC10 | 1073 | 16.8386 o 15 a'a NF310 | 1503 1.0018
FFC11 | 1172 | 33.2767 E ) NF311| 1515 2.141
FFC12 | 1295 | 6.7381 . =Sag%3 NF312| 1519 | 6.1537
FFC13 | 1315 | 36.2499 0.5 N\ NF313| 1528 | 2.5655
FFC14 | 1471 7 4646 mag. : NF314 | 1531 6.7076
FFC15 | 1837 | 16.9387 0 NF315 | 6975 | 4.3822
0 0.5 1 1.5 2
1 | Ta(s) ? RSN-184 Horizontal-2 pSa (g)
—RSN- orizontal-2 pSa | ~==RSN- orizontal-2 pSa
09 | FFC RSN 164 torontal 2 5o ) 18 | NF3  —FSNa0Horon 25009
! RSN-265 Horizontal-2 pSa (g) | ——RSN-838 Horizontal-1 pSa (9)
0.8 1 ——RSN-610 Horizontal-2 pSa (g) 16 | RSN-900 Hor|zlontal—1 pSa (g)
! ——RSN-771 Horizontal-2 pSa (g) == RSN-1161 Horizontal-1 pSa (g)
0.7 ! RSN-787 Horizontal-2 pSa (g) 14 | ——RSN-1491 Horizontal-1 pSa (g)
: ——RSN-875 Horizontal-1 pSa (g) | RSN-1503 Horizontal-1 pSa (g)
0.6 . ——RSN-1019 Horizontal-1 pSa (g) 1.2 1 RSN-1519 Horizontal-1 pSa (g)
. | ——RSN-1072 Horizontal-2 pSa (g) - H ” ) RSN-1528 Horizontal-1 pSa (g)
o 0.5 1 ——RSN-1073 Horizontal-1 pSa (g) 2 1 N RSN-6975 Horizontal-1 pSa (g)
o ‘ k —RSN-1172 Horizontal-2 pSa (g) © / [‘ ‘ ! ——RSN-1148 Horizontal-2 pSa (g)
wv 04 | —— RSN-1295 Horizontal-2 pSa () v 08 | ——RSN-1498 Horizontal-1 pSa (g)
——RSN-1315 Horizontal-2 pSa (g) ' | RSN=1501 Horizontal-1 pSa (g)
03 ——RSN-1471 Horizontal-1 pSa (g) 06 ~<#RSN-1515 Horizontal-1 pSa (g)
RSN-1837 Horizontal-1 pSa (g) . ——RSN-1531 Harizontal-2 pSa (g)
04 | MWL
02
0




Base Shear (N)

Base Shear (N)

Base Shear (N)

10000000 10000000 10000000 5z,
3 z 3 Z 3
5 5 5 5
@ -2p0 2p o -2po 3p o -3p0 // 300 @ -150 100
&S 2 i &
a ] - y/ ]
——SHM_RSN57 // SHM_RSN265 ——SHM_RSN610
——SAP_RSN57 —— SHMRSN164 ——SAP_RSN265 ——SAP_RSN610
——SAP_RSN164
——OPN_RSN57 —— OPN_RSN164 ——OPN_RSN265 ——OPN_RSN610
Displacement (mm) Displacement (mm) Displacement (mm) Displacement (mm)
z z z
s & ©
2 £ 2
2po 300 4 D -apo 49 D -apo 4 9 3po 200 200 3
o o @
——SHM_RSN771 @ @ _RSN875 L SHM_RSN1019
——SAP_RSN771 ——SAP_RSN1019
——OPN_RSN771 ——OPN_RSN875 ——OPN_RSN1019
Displacement (mm) Displacement (mm) Displacement (mm)
oo 1650 15000686 20659655
15000000
z z z
i g j:
250 -200 1 3 2o -150 2 E o 3 g / /
-6po f ? 0 7 600 0 1
@ —SHM_RSN1073 | @ @ / . i Ksn1 38
——SAP_RSN1072 ——SAP_RSN1073 4 ——SAP_RSN1295
000—0PN7RSN1072 ——OPN_RSN1073 ——OPN_RSN1295
45 e e
Displacement (mm) Displacement (mm) Displacement (mm) Displacement (mm)
15000000
C I
3 z p .
© &
£ 1foo o 2 O ystereslis
s % -3po 200 2po
-6p0 8p @ 3
Z @ ——SHM_RSN1471 ] OO S
“—SAP_RSN1315 ~——SAP_RSN1471 ——SAP_RSN1837
00
——OPN_RSN1315 ——OPN_RSN1471 ——OPN_RSN1837 35
\_

Displacement (mm) Displacement (mm) Displacement (mm)



(U TR N
S u 9
s & ©&

[
o

Displacement (mm)
g o

i
o
o

o
S o

-100
-150
-200

150

-
% Q
o S

o

Displacement (mm)
g &

|
i
w
=]

-200

-250

N ) N o 0
=1 o =3 =]
o S S S S

Displacement (mm)
N
o
o

250 300 150
200
200 100
_ 150 . .
€ £ £
g 100 £ 100 g 50
t 50 e =
Q [} [
£ g 0 g 0
ac 8 0 8 25 E 8 40
s 4 & L]
——SHM_RSN57 2 -50 _RSN164 2-100 — SHM_RSN265 g =0
a A - A ——SHM_RSN610
——SAP_RSN57 B 100 ——SAP_RSN164 e —SAP_RSN265 ° SAP_RSN610
-200 -100 -_—
——OPN_RSN57 150 ——OPN_RSN164 —— OPN_RSN265 -
——OPN_RSN610
-200 -300 -150
Time (s) Time () Tima (<) Time (<)
400 400 250
300 300 200
150
= 200 = 200 =
€ £ € 100
£ £ £
E 100 :E’ 100 E 50
[} [} [}
g 0 E 0 g 0
8 40 40 8 qo 8 50 40
£-100 ©-100 )
o o o
30 49 q .0 K2 .»0-100
“—SHM_RSN771 | & -200 ——SHM_RSN787 & 200 a ——SHM_RSN1019
——SAP_RSN771 0 ——SAP_RSN787 . 150 ——SAP_RSN1019
——OPN_RSN771 ——OPN_RSN787 ——OPN_RSN875 200 ——OPN_RSN1019
-400 -400 -250
Time (s) Time (s) Tima () Timan fe)
200 300 1000
150 200 800
— — 600
g 10 £ 100 S
IS 5 £ 400
= 50 = =
0 | c
45 S 9]
2 o g o £ 200
g 40 Y-100 o
S 50 o L 0
o & 200 g 20 1po
——SHM_RSN1072 | &-100 HM_RSN1073 | & —FBHM_RSN1172 B 200 SHM_RSN1295
——SAP_RSN1072 ——SAP_RSN1073 300 ——kAP_RSN1172 o ——SAP_RSN1295
- -150
——OPN_RSN1072 ——OPN_RSN1073 ——OPN_RSN1172 ——OPN_RSN1295
_ 200 400 600
Time (s) Time (s) Time (s) Time (s)
800 200
600 150
[ ]
—~ 400 —~ 100
2 £ omparisons o
£ 200 £ 50
£ £ M
N peo ' Displacement
87200 g -50
h 8 ® . .
Histories (FFC)
HM_RSN1315 | & HM_RSN1471 | 2
i 8 o0 _ 8 1o SHM_RSN1837
SAP_RSN1315 SAP_RSN1471 ——SAP_RSN1837
-800 -
——OPN_RSN1315 ——OPN_RSN1471 200 ——OPN_RSN1837 36
-1000 -250

Time (s)

Time (s)

Time (s)



1 g Y | ﬂQ\ Department of Civil Engineerin
Comparisons of analytical results (FFC) (1) Naore T iy
SHM FFC SHM OPN SAP
RSN Ai/Ae DI RSN D, . (mm)D_. (mm) A ,(mm) D__ (mm)D_. (mm) A ,(mm) |D__ (mm)D,_. (mm) A (mm)
57 | 0.69283 |0.2574 57 171.26 [-177.86] 177.86 [ 155.01 [-177.99][ 177.99 [ 120.64 |-176.81] 176.81
164 | 0.79118 |0.3782 164 203.11 [-153.95] 203.11 [ 185.76 |-156.72] 185.76 | 225.23 | -81.75 | 225.23
265 | 1.02119 |04114 265 178.14 | -262.16| 262.16 | 181.65 |-216.49] 216.49 [ 216.87 | -173.2 | 216.87
610 | 05065 [0.1852 610 89.519 [-130.03| 130.03 [ 102.59 [-112.09] 112.09 | 70.26 [-127.43] 127.43
771 | 1.12781 |0.4072 771 289.53 |-107.88] 289.53 | 287.04 [-146.27 287.04 | 256.08 [-107.85| 256.08
787 | 130906 |0.5422 787 336.06 | -297.7 | 336.06 | 308.58 [-293.77 ] 308.58 | 339.35 [-256.66 | 339.35
875 | 1.35626 |0.7213 875 246.56 |-348.17| 348.17 | 280.68 | -287.56| 287.56 | 306 [-160.78| 306
1019 | 0.74338 | 0.2886 1019 172.27 |-190.84 [ 190.84 | 180.29 |-172.59] 180.29 | 184.08 |-159.06 | 184.08
1072 | 0.6529 |0.2607 1072 121.24 |-167.61] 167.61 | 88.358 |-188.07] 188.07 | 89.73 [-167.91] 167.91
1073 | 0.65488 [ 0.2651 1073 168.12 |-142.63] 168.12 [ 144.18 [-133.34| 144.18 | 112.12 [-133.46| 133.46
1172 | 1.14795 | 0.4396 1172 185.36 | -294.7 | 294.7 [ 157.04 [-254.78] 254.78 | 134.58 |-234.81] 234.81
1295 | 3.02506 |1.3811 1295 776.58 [-500.05] 776.58 | 603.27 [-420.72| 603.27 | 625.26 |-317.88] 625.26
1315 | 1.94705 [1.1147 1315 472.71 [-499.84 | 499.84 | 429.08 [-485.71] 485.71 | 560.27 |-398.74 | 560.27
1471 [3.09163 | 1.462 1471 636.65 | -793.67 | 793.67 | 365.98 |-743.57 | 743.57 [ 307.61 [-724.33] 724.33
1837 | 0.71133 [0.3452 1837 181.46 |-182.61] 182.61 [ 158.63 [-148.39]| 158.63 | 144.6 |-138.26] 144.6
AVG= | 0.97402 |0.4321| | AVG(mm)= | 216.56 |-227.38] 250.05 [ 204.53 [-213.37] 229.78 | 212.29 [-178.21] 236.38
Formula=| 1 [0.5001| | Error(%)= | 0.0 0.0 0.0 59 | -66 | -88 | -20 | -276 | -5.8
‘ ; —— 1 ; —— W It was suggegted th.at the
; ! —R=20 08 ! —R=20 calculated maximum inelastic

! N ! —_R=s0 displacements from OpenSees and
—R=4.0 06 I —R=4.0 .
S > ! —reso | B R=5 —R=5.0 SAP models be magnified by 7%
1 't R=5 " and 12%, respectively, for far-field
! o : ground motions recorded on site
Oo 05 : 1 15 2 25 3 OO 05 |1 L 5 . ; class C.
T]. T, (sec) . Tl T, (sec) 37
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Comparisons of analytical results (N F3) 1) Nt T B
SHM NF3 SHM OPN SAP

RSN A i/Ae DI RSN D, . (mm)D_. (mm)| A ,(mm) |D__ (mm)D_. (mm) A ,(mm) |D__ (mm)D_. (mm) A (mm)
184 1.35159|0.3042 184 154.8 | -208.2 | 208.2 124.2 | -178.4 178.4 54.2 -200.5 | 200.5
803 1.521620.3299 803 2344 | -1074 | 2344 215.2 -94.7 215.2 222.7 -90.8 222.7
838 1.19307 | 0.2481 838 87.5 -183.8 183.8 91.4 -170.9 170.9 74.6 -156.9 156.9
900 2.18887 [0.4775 200 337.1 -138.0 | 337.1 2099 | -115.1 209.9 199.2 -95.3 199.2
1148 1.08796 | 0.2316 1148 1519 | -167.6 167.6 122.0 | -166.0 166.0 128.6 | -196.8 196.8
1161 0.81952 [0.1645 1161 1149 | -126.2 126.2 84.9 -189.2 189.2 934 -176.8 176.8
1491 1.5733 [0.3663 1491 150.3 | -242.3 242.3 123.0 | -221.0 | 221.0 146.4 | -172.3 172.3
1498 1.88205|0.5315 1498 2899 |-217.2 | 2899 2654 | -193.7 | 2654 2659 | -161.7 | 2659
1501 1.09892 | 0.2584 1501 132.1 -169.3 169.3 122.7 | -1394 1394 128.3 | -120.5 128.3
1503 1.5881910.4731 1503 2235 | -2446 | 244.6 1959 |-213.8 | 213.8 2284 | -163.4 | 2284
1515 1.04437 10.2413 1515 160.9 | -155.0 160.9 1354 | -134.2 1354 133.8 | -102.4 133.8
1519 2.93393(0.8116 1519 4519 | -301.6 | 451.9 382.5 | -234.3 382.5 321.8 | -237.2 321.8
1528 1.78522 10.3782 1528 116.2 | -275.0 | 275.0 110.5 | -2219 | 221.9 1148 | -233.6 | 2336
1531 NG NG 1531 NG NG NG 4497 | -597.6 597.6 530.6 | -528.8 530.6
6975 NG NG 6975 NG NG NG 634.8 | -573.2 | 634.8 661.2 | -572.4 | 661.2
AVG= 1.5437410.3705 AVG(mm)=| 2004 | -195.1 237.8 1679 | -174.8 | 208.4 162.5 -162.1 202.8
Formula= | 1.66141 | 0.3939 Error(%)= 0.0 0.0 0.0 -19.3 -11.6 -14.1 -23.4 -20.3 -17.2

It was suggested that the
calculated maximum inelastic
displacements from OpenSees
and SAP models be magnified by
15% and 20%, respectively, for
near-fault ground motions with
pulse-periods ranging from 5.5s

0 05 1 15 2 25 3 0 15 2 25 3
Tl T, (sec) T]_ T, (sec) to 1055 40

4

0.8

0.6

DI

04
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Evaluation of C; (or Ry) Formulae @} L
Guide Specification for LRFD Seismic Bridge Design, AASHTO, 2011

*

Rd = 1—,_]:\ ! +/,E]-—\ forT <T~ ™ = 1'25Ts = 1'25Fvsl/FaSs
(Mo ) T (Mo Hp = maximum local member disp. ductility demand
- 10 forT>T" = 6 in lieu of a detailed analysis for SDC D
SHM (FFC) SHM (NF3)
RSN Ai/be DI RSN Ai/be DI
57 0.69 0.26 184 1.35 0.30
164 0.79 0.38 803 1.52 0.33
265 1.02 0.41 838 1.19 0.25
610 0.51 0.19 900 2.19 0.48
771 1.13 0.41 1148 1.09 0.23
787 131 0.54 1161 0.82 0.16
875 1.36 0.72 1491 1.57 0.37
1019 0.74 0.29 1498 1.88 0.53
1072 0.65 0.26 1501 1.10 0.26
1073 0.65 0.27 1503 1.59 0.47
1172 1.15 0.44 1515 1.04 0.24
1295 3.03 1.38 1519 2.93 0.81
1315 1.95 1.11 1528 1.79 0.38
1471 3.09 1.46 1531 NG NG
1837 0.71 0.35 6975 NG NG
Calculated AVG.= 0.97 0.43 Calculated AVG.= 7154 | 037
Capacity-Based Spectra= 1.00 0.50 Capacity-Based Spectra= || 1.66 1| 0.39
AASHTO R, Formula= 1.00 — AASHTO R, Formula= | \1.00," | —
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@ It is demonstrated that the Park and Ang’ s damage index
(DI) can be a good indicator for assessing the actual visible
damage condition of column regardless of its loading
history, providing a better insight into the seismic
performance of bridges.

@ Capacity-based inelastic displacement spectra that
comprise an inelastic displacement ratio (Cy) spectrum and
the corresponding damage index (DI) spectrum are
proposed in this study.

® The computed spectra show that the inelastic response of
a structural system increases as the pulse period (T;) of a
near-fault ground motion increases.

@ It is demonstrated by an example bridge that the
proposed spectral formula can predict well the inelastic
displacement and the corresponding damage index of the
bridge, and both the SAP and OpenSees models could
underestimate the inelastic responses of the bridge. 43
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@ To complete the damage index database of RC bridge

columns including a wide range of practical design
scenarios.

®@ To verify the proposed smooth hysteresis model and
capacity-based inelastic displacement spectra via
experimental efforts conducted by the new shaking
table of NCREE Tainan Lab. specific for near-fault
characteristics.

® To carry out a design example of RC bridge using the
damage index as its seismic performance objective.

44
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