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/] ABSTRACT /

The number of aged bridges is increasing so that bridges over 30 years old account for about 11% of all bridges. Consequently, the
development of a seismic performance evaluation method that considers the effects of ageing is essential for a seismic retrofitting process
for improvement of the seismic safety of existing old bridges. Assessment of the damage situation of bridges after the recent earthquakes
in Korea has been limited to the bearings, anchor, and concrete mortar on piers. The purpose of this study is to evaluate the seismic
responses of PSC box girder bridges by considering the ageing effect of rubber bearings (RBs) and lead-rubber bearings (LRBs). The
modification factor proposed by AASHTO is used to take into account the ageing effect in the bearings. PSC box girder bridges with RBs
and LRBs were 3D modeled and analyzed with the OpenSEES program. In order to evaluate the ageing effect of RBs and LRBs, 40 near
fault and 40 far field records were used as the input earthquakes. When considering the effect of ageing, the displacement responses and
shear forces of bridge bearings (RBs and LRBs) were found to increase mostly under the analytical conditions. It was shown that the effect
of ageing is greater in the case of RBs than in the case of LRBs.

Key words: PSC box girder bridge, Rubber bearing, Lead-rubber bearing, Modification factor, Ageing effect
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Table 1. System Property Modification Factor for Effect Ageing (Amaxa)
on the Properties of Elastomeric Bearings [5]
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Fig. 1. Example bridge used in this study
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Fig. 3. Analytical modeling of RB and LRB; (a) RB, (b) LRB

Table 3. Material Properties of Rubber Bearing (RB) with Steel

Plates
Size of Bearing G=1.15 MPa
Effecti Horizontal sh
ective ear
i Force
ApA?(Ii;eld Height, | Rubber Spring
Foce | H | Thick=| Always Barth= 1| coeffi—
(kN) (mm) ness 70% ?;g;e cient, K
(mm) ° | (kN/m)
(kN) (kN)
Abutment | 2,800 100 48 193 414 5,750
Pier 6,000 119 64 934.5 845.3 8,805

* Ageing shear spring cofficient K= 7,475 kN/m (abutment)
11,447 kKN/m (pier)

Table 4. Material Properties of Lead-Rubber Bearing (LRB)

Applied Post=
pA?(iaI Diameter, | Height, Yield Stiffness,
Force D H Stiffness, Ky
(kN) (mm) (mm) Ka (kN/m)
(kN/m)
Abutment| 3,000 650 367 1,303 13,079
Pier 6,000 900 372 2,593 25,716

* Ageing post-yield stiffness Kd = 1,694 kN/m (abutment)
3,371 kN/m (pier)
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Table 5. Near Fault (NF) Earthquake Records [8, 9]

No SAC Record Earthquake | Distance| PGA
*|Name Magnitude | (km) (9)
1 | BOO7 Nahanni, 1985 6.9 9.6 0.088
2 | BO08 Nahanni, 1985 6.9 9.6 0.083
3 | BO09 Nahanni, 1985 6.9 6.1 0.061
4 | BO10 Nahanni, 1985 6.9 6.1 0.074
5 | BO27 Nahanni, 1985 6.9 9.6 0.252
6 | BO28 Nahanni, 1985 6.9 9.6 0.237
7 | BO29 Nahanni, 1985 6.9 6.1 0.173
8 | BO30 Nahanni, 1985 6.9 6.1 0.211
Imperial Valley, 1940,
9 | LAO1 ElCentro 6.9 10 0.461
Imperial Valley, 1940,
10 | LAO2 ElCentro 6.9 10 0.676
Imperial Valley, 1979,
11 | LAO3 Aray #05 6.5 41 0.3%4
Imperial Valley, 1979,
12 | LAO4 Array #05 6.5 41 0.488
Imperial Valley, 1979,
13 | LAOS Array #06 6.5 1.2 0.301
Imperial Valley, 1979,
14 | LAO6 Aray #06 6.5 12 0.235
15 | LA13 | Northridge, 1994, Newhall 6.7 6.7 0.678
16 | LA14 | Northridge, 1994, Newhall 6.7 6.7 0.657
Northridge, 1994,
17 | LA15 Rinaldi RS 6.7 75 0.533
Northridge, 1994,
18 | LA16 Rinaldi RS 6.7 75 0.580
19 | LA17 | Northridge, 1994, Sylmar 6.7 6.4 0.569
20 | LA18 | Northridge, 1994, Sylmar 6.7 6.4 0.817
21 | LA21 1995 Kobe 6.9 34 1.282
22 | LA22 1995 Kobe 6.9 34 0.920
23 | LA23 1989 Loma Prieta 7 3.5 0.418
24 | LA24 1989 Loma Prieta 7 35 0473
25 | LA25 1994 Northridge 6.7 7.5 0.868
26 | LA26 1994 Northridge 6.7 7.5 0.943
27 | LA27 1994 Northridge 6.7 6.4 0.926
28 | LA28 1994 Northridge 6.7 6.4 1.329
29 | LA37 | Palos Berdes (Simulated) 71 1.5 0.711
30 | LA38 | Palos Berdes (Simulated) 71 1.5 0.776
31 | LA39 | Palos Berdes (Simulated) 71 15 0.500
32 | LA40 | Palos Berdes (Simulated) 71 1.5 0.625
Parkfield, 1966,
33 | LA51 Cholame 5W 6.1 37 0.780
Parkfield, 1966,
34 | LA52 Cholame 5W 6.1 37 0.631
35 | LA55 | North Palm Springs, 1986 6 9.6 0.517
36 | LA58 San Fernando, 1971 6.5 1 0.231
Long Beach,
37 | SEO1 VernonCNDBIdg. 6.5 1.2 0.174
Long Beach,
38 | SE02 VernonCNDBIdg. 6.5 12 0.135
39 | SE23 Erzincan 1992 6.5 2 0.605
40 | SE24 Erzincan 1992 6.5 2 0.539




Table 6. Far Field (FF) Earthquake Records [8, 9]

PSC-Box @0 Xg =

No. SAC Record Earthquake | Distance| PGA

Name Magnitude | (km) (9)
41 (BOO1 Simulation, Hanging Wall 6.5 30 0.124
42 |BO02 Simulation, Hanging Wall 6.5 30 0.074
43 (BO03 Simulation, Foot Wall 6.5 30 0.144
44 (BO04 Simulation, Foot Wall 6.5 30 0.112
45 |BO17 Saguenay, 1988 59 118 [0.183
46 |BO18 Saguenay, 1988 59 118 |0.227
47 |BO19 Saguenay, 1988 59 132 |0.176
48 |BO20 Saguenay, 1988 59 132 |0.272
49 |BO33 Saguenay, 1988 59 9% |0.573
50 |BO34 Saguenay, 1988 59 9% |0.783
51 |BO35 Saguenay, 1988 59 98 |1.504
52 |BO36 Saguenay, 1988 59 98 |0.713
53 |BO37 Saguenay, 1988 59 118 |0.524
54 |BO38 Saguenay, 1988 59 118 |0.651
55 |BO39 Saguenay, 1988 59 132 | 0.505
56 |BO40 Saguenay, 1988 59 132 |0.780
57 | LAO7 Landers, 1992, Barstow 73 36 0.421
58 | LAO8 Landers, 1992, Barstow 73 36 0.426
59 | LA09 Landers, 1992, Yermo 7.3 25 0.520
60 |LA10 Landers, 1992, Yermo 7.3 25 0.360
61 |LA45 Kern, 1952 77 107 |0.144
62 |LA46 Kern, 1952 7.7 107 |0.159
63 | LA47 Landers, 1992 7.3 64 |0.338
64 | LA48 Landers, 1992 7.3 64 |0.308
65 | SE07 g;’:;tléx\:;s;ﬁﬁé 65 80 |0.295

West. Washington,
66 | SE08 Seatt eArmyB,i949 6.5 80 |0.389
67 |SE11 P“gf;mssi’:‘féxga” 7.1 80 |0.752
68 | SE12 P”gf;r:;:‘"féxga” 7.4 80 |0.59%
ofsers pomsmmie 1 | e o
70 | SE14 F::sr: gi?(é.wzig 7.1 61 |0.303
Eastern Wa.,

71 | SE15 TacomaCounty, 1949 7.1 60 |0.290
72 | SE16 TacoEr:‘ZEDe;TJrthy?q o9 7.1 60 |0574
73 | SE17 Llolleo, Chile, 1985 42 0.698
74 | SE18 Llolleo, Chile, 1985 42 | 0.671
75 | SE27 1965 Seattle 7.1 80 |1.756
76 | SE28 1965 Seattle 7.1 80 |1.391
77 | SE29 1985 Valpariso 42 1.637
78 | SE30 1985 Valpariso 42 1.573
79 |SE33| Deep Interplate (Simulation) 79 65 0.796
80 |SE34| Deep Interplate (Simulation) 79 65 0.647
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Fig. 4. Elastic response spectra of pseudo-acceleration (S,) and
relative displacement (Sy) for near-fault and far-field earth-
quake ground motions.
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Table 7. Comparison of mean value of displacement ratio (D,

) and force ratio (.

) for RB and LRB according to ageing effect

[ol-}
Y]

ratio atio
Bearing Location Bearing Types EQ. Types Mean Value of D, ... Mean Value of £ .,
NF 0.853 1.109
RB
FF 0.994 1.310
on Abutment
NF 0.979 1.275
LRB
FF 1.005 1.150
NF 0.792 1.030
RB
_ FF 0.892 1.191
on 14 m Pier
NF 1.008 1.045
LRB
FF 1.021 1.009
NF 0.785 1.021
RB
. FF 0.870 1.128
on 21 m Pier
NF 1.044 1.041
LRB
FF 1.064 1.032
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Table 8. Comparison of standard deviation value of displacement ratio (D,
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Fig. 7. Comparison of force ratio (Fageing/Forigina) of RB and LRB on abutment, 14 m pier and 21 m pier

) and force ratio (£,

) for RB and LRB according to ageing

atio atio
effect
Bearing Location Bearing Types EQ. Types Standard Deviation of D, .. |Standard Deviation of F, ,.,
NF 0.116 0.151
RB
FF 0.225 0.234
on Abutment
NF 0.043 0.176
LRB
FF 0.030 0.063
NF 0.089 0.115
RB
_ FF 0.167 0.214
on 14 m Pier
NF 0.037 0.082
LRB
FF 0.034 0.017
NF 0.101 0.131
RB
] FF 0.179 0.198
on 21 m Pier
NF 0.049 0.066
LRB
FF 0.072 0.020

318



PSC-Box 0 HE EHNDS WAH Y-ne WAl LS5 ENS DA XZSYl W}

g0z WRIRI(D, 1,7t 2F 2% FABEAL ¢k 6% F7Fske H-E U
Ehfi=tl =Ssfo] whE MeS ol oKt S718he 457t Hi-2olth &
AR - 21 R O] BRI A e 95to] ko] uhE kS
7V A AR fA 2] A-efA B S vt

A2 AZINF)of| gt FEJRR(RB) ] A5 749 4] 914
7}, 14 m 27} 21 m W7k 2 A2 Agel(D,,,,, )7k 217 0.853,
0.792, 0.785 2 2o 2k 4= 9] O o= LB 5lof| wh2 H ¢S o] =B
315 3R] 2 7ol vIste] Z2F15%, 20%, 22% A2 TAashe:
ofmgic. ofi= el Mek mZgle] $IX/3E TRERALRo] ket )
W97 ANIA O % S| ¥31 a3k i12te] o7} ol U4 X 7o] ofat
M) WISk Eo] AtNA 0.2 54 Z7FHA| Hiy LTEWBM il
Shgo] F7FE4E ] fgw =7 A g5p7) w0z gt

Table 70| Viehdl ARI(£,,,,) 2 HE] wFfe] JS
-of| aefR]of] Fake= ek E% Al s7RE g
Hrh= artfjo]] Y1X3 w3l o] 18|17 U A] s z410]
-ol| u]5tod 28 oo A LS & 4= Atk ©]x= Table 32H4 o] Lie}
uie} o] miehof] A2 o] mze] wefihy Hrf 27| 71/4do]
EB 71Xo] 9F 1/3~1/2 AE2E Ao nith= X|Hlko| 1A= o] 9]
ol A nzbE e weh 7t e

f'

&

. 2l
2k

ok
N od

o]-rl 2 K

oo J

<

o

2 wEF AR ol AA A 3)HksF Aote] o] 2 5]
= o ugo] 27) it o & Tkt =93} v ajof w2 HelSH
B AR SRS e MI(D,,,, 2 HEEI(F,,,) 9]

X

TS aL o] AR 917, W o] FRet e A xlof whebA] wla
1] Table 8¢ Uepi et g/ bzl o) gt #M9lHl(D, ., )2 H
HAf= AR ZFF) ] 97t A ] 21 X19] 790 u]3] 1.78~1.941)
A Yehd= & = AL A=l £, ) o] EEEAE Y7 2|ARI(FF)
O] A7t A2 A1%18) Ao vlaf oF 1.51~ 186HHEL7111+E}%§ ‘é#
et o2t Ak Wi W o] 7 OﬂL Hhh & A2 X]%19] 4
S5 oL TR0 01]*1

7} 1712] 2] 710) A% Wirt BEE7} o7
OF 1.1~4.88) A= =7 LbERS oF 4 9Jck.
4. 2 E

o] ke mefo] 747 oF20~3019-S ATFHHA =5 mako] of
31229 0] 927} iR E] a1 QI & AT A Wk o] fi= ol

o
oAl w0 5ok aee A s & st the

1) W AHRND, )7 H HF TAY 2505 i Fsfof vt <
o] A ebehE ojnIah=t] -l W €] -9 Kk ALk gy
0} 7357t ke pgte] o] AA EhdS o < Aok LRI
RHI(D, 415,)7H HO Ao} e po) Foba Aefalola o, HeA7HeE
Sh=2le o Qlek Rk - ey |

OHK mtm)v\L‘__ I”]—Hl—j\_\_
A 3A e = AL o 2= 9JojA] 1eB510] oJgfo] 2he-g oF 2=
ek

2) 7 22000 e = 5310 AFS b T I Qo) Mol Hol 3
7HHE A e/ 5 g 4sis 43S Lehi) sk §

!

L

Fr

of
)

30,

3)

/

946-02)°]] <]}

e A= WAL QA= etk 53] of =it ake e A3l
Rk AFE(RB) 2] oA AA] LiERdtt.

wZf Kok ol 2] ey o] 50} ko] whe He e 57t
7F 3A| R, e dRERRB) A= 2712] ARNF) Hok=
Y72] AIZU(FF) 2] 750l leaf Gl oot ke S/ A et
e o Uk E- A HR(LRB) 9} gl v AR AR
(NF)o] 712} XJZI(FF) 2] 73-¢- K} i} gofol] 2ot Hee 57}
7} AA verdS & = Jek

A =/

R Qe e ER 4714 7A1910] A7 X 2(19SCIP-B146
S QHUTE T, AR XA o} R

212 Qpadakalel el A s gigsich

/

10.

REFERENCES /

. Ministry of Land, Infrastructure and Transport, Yearbook of Road

Brdige and Tunnel Statistics, c2018,

. American, Guide Specifications for Seismic Isolation Design, American

Association of State Highway and Transportation Officials (AASHTO),
Washington, D,C, ¢1999,

. Stevenson A, Price R, Case Study of Elastomeric Bridge Bearings

After 20 Years of Service, Special Publication, 1986;94: 113—136,

. Gu H, Yoshito I, Ageing effects on high damping bridge rubber
bearing, Proceedings of the 6th Asia—Pacific Structrural Engineering
and Construction Conference, Malaysia, c2006,

. Constantinou MC, Tsopelas P, Kasakanati A, Wolff ED, Property

modification factors for seismic isolation bearings, Technical
Report MCEER—99-0012, Multidisciplinary Center for Earthquake
Engineering Research, University at Buffalo, State University of
New York, Buffalo, NY, ¢1999,

. Thompson ACT, Whittaker A, Mahin SA, Property Modification

Factors for Elastomeric Seismic Isolation Bearings, Proceedings of
the 12th World Conference on Earthquake Engineering, Upper Hutt,
NZ: New Zealand Society for Earthquake Engineering, ¢2000,

. Mazzoni S, McKenna F, Scott MH, Fenves GL, OpenSees: Open

System of Earthquake Engineering Simulation, Pacific Earthquake
Engineering Center, Univ, of Calif, Berkeley, 2007, Available from:
http://opensees, berkeley. edu,

. FEMA, State of the Art Report on Systems Performance of Steel

Moment Frames subject to Earthquake Ground Shaking, FEMA
355C, ¢2000,

. Song JK, Evaluation of Inelastic Displacement Ratios for Smooth

Hysteretic Behavior Systems, EESK J, Earthquake Eng, 2011 June;
15(3):11-26,

Jin HS, Seismic Fragility Analyses of Bridge Structures using
Improved Capacity Spectrum Method, Ph, D, Dissertation, Kangwon
National University, c2010,

319



