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/ ABSTRACT /

In a previous paper, ambient vibration tests were conducted on a cable stayed bridge with resilient-friction base isolation systems (R-FBI)
to extract the dynamic characteristics of the bridge and compare the results with a seismic analysis model. In this paper, a nonlinear
seismic analysis model was established for analysis of the bridge to compare the difference in seismic responses between nonlinear time
history analysis and multi-mode spectral analysis methods in the seismic design phase of cable supported bridges. Through these studies,
it was confirmed that the seismic design procedures of the “Korean Highway Bridge Design Code (Limit State Design) for Cable Supported
Bridges” is not suitable for cable supported bridges installed with R-FBI. Therefore, to reflect the actual dynamic characteristics of the
R-FBl installed on cable-supported bridges, an improved seismic design procedure is proposed that applies the seismic analysis method
differently depending on the seismic isolation effect of the R-FBI for each seismic performance level.
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Fig. 2. Fiber member for non-linear time history analysis

Table 1. Property of fiber member

Category Pylon Pier

Material Concrete Steel Concrete Steel
Strength 45MPa | 400MPa | 40MPa | 400MPa
(MPa)

Inelastic Menegotto- Menegotto-
Model Mander Pinto Mander Pinto
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Fig. 3. Artificial earthquake for seismic analysis

Table 2. Correlation coefficient of artificial earthquake

Corre.la-tlon X, Y Y, 7 X z
coefficient
1SET 0.0698 0.0569 -0.0247
2SET -0.0194 0.0703 0.0432
3SET 0.0429 0.0234 0.0570
05 ‘
04 |} “:“‘ —Random casel
‘ 1 ~—Random case2
- 035 “ \‘ —Random case3
g 03 l —Random case4
i \ -
for N
’ 015 \\ Random case8
01 \ < — Random cased

Period [sec]

Fig. 4. Earthquake spectrum for seismic analysis
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Table 3. Parameters of the R-FBI installed in the test bridge

Type Capacity Ku (kN/m) Kd (kN/m) Keff (kN/m) ratio
(kN) X dir Ydir X dir Ydir X dir Ydir (r=kd/ku)

7,000 233,071 233,071 0 510 1,850 2,360 0.0022

15,000 459,846 459,846 0 1,006 3,650 4,656 0.0022

OMEQS* 30,000 1,165,357 1,165,357 0 2,549 9,250 11,799 0.0022

35,000 1,354,330 1,354,330 0 2,963 10,750 13,713 0.0022

40,000 1,700,788 1,700,788 0 3,720 13,500 17,220 0.0022

EQS 25,000 913,388 913,388 1,998 1,998 9,248 9,248 0.0022

* One Directional Mer Spring Eradi Quake System
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Fig. 6. Cable arrangement of the test bridge

Table 4. Initial equilibrium tension force of the test bridge cables

No. | Cable name Speii‘?(l::tion Axial=i (kN) | Axial—j (kN)
1 CL12 d7mm-163 4,150 4,180
2 CLM d7mm-163 4,330 4,360
3 CL10 d7mm-163 4,270 4,300
4 CL09 d7mm-163 4,330 4,370
5 CLO8 ®7mm-253 6,880 6,930
6 CLO7 ®7mm-253 6,900 6,950
7 CL06 ®7mm-301 7,610 7,660
8 CLO5 d7mm-301 7,570 7,620
9 CL04 d7mm-301 7,870 7,910
10 CLO03 ®7mm-301 7,900 7,950
11 CL02 O7mm-301 6,860 6,900
12 CLO1 O7mm-301 6,830 6,880
13 CRO1 ®7mm-253 5,780 5,820
14 CR02 ®7mm-253 6,580 6,620
15 CRO03 ®7mm-301 7,620 7,660
16 CR04 ®7mm-301 7,250 7,300
17 CRO05 d7mm-367 9,040 9,100
18 CR06 d7mm-367 8,970 9,030
19 CRO7 O7mm-367 9,510 9,580
20 CR08 O7mm-367 9,540 9,610
21 CR09 d7mm-367 7,830 7,890
22 CR10 ®7mm-301 7,850 7,910
23 CR11 ®7mm-301 6,620 6,680
< A)Ra) mEl 2715 FE 02 Yelaob Siri{16].
H]AT | a mlel] 271 R 0 Qs Aolela @ Al



Table 5. Comparison of cables tension force
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Table 6. Shear force and displacement of the R-FBI (X dir)

Initial Ratio of Specification of the R—FBI |Result of non—linear time history analysis
e Measured . -
No Cable | equilibrium tensionuforce difference of Loc. f, (kN) | £, (kN) | d,(mm) | PGA She?rk’fl;’rce D'Spéicri;"em
"| name | tension force tension
(®) . . 0089 925 6.95
@ (©-@)/@"100 (%) P1| o5 | 95 | 100 |o01s4g| 925 1527
1 | CL12 4,165 4273 259 0229 925 23.80
2 | cL11 4,345 4124 5.09 0089 925 511
P2 925 925 100 | 0.154g 925 12.50
3 | cL1o 4,285 4264 0.49 029 05 2104
4 | CLO9 4,350 4183 3.84 0089 731 3.91
P3 725 923 100 | 0.154g 738 751
5 | CLO8 6,905 6811 1.36 029 753 1457
6 | CLO7 6,925 6814 1.60 0.089 1,075 6.80
' 0229 1,075 25.70
8 | CLO5 7,595 7494 1.33 0089 1075 353
9 | cLo4 7,890 7742 1.88 P5 | 1075 | 1368 100 | 0.154¢g 1,075 14.73
0229 1,075 2438
10 | CLO3 7,925 7738 2.36 0089 1075 o1
11 | CLO2 6,880 6518 5.26 P6 | 1075 | 1,368 100 | 01549 1,075 2319
12 | CLO1 6,855 6483 543 gg g 18;8 325-2492
.08 g K .
13 | CRO1 5,800 5210 1017 P7 | 1075 | 1368 | 100 |o0154g | 1,075 18.16
14 | CR02 6,600 6231 5.59 0229 1,075 30.01
0089 1,074 2.79
15 | CRO3 7,640 7409 302 P8 | 1075 | 1075 100 | 01549 1,075 15.07
16 | CR04 7,275 7098 243 0229 1,075 30.48
17 | CRO5 9,070 8762 3.40 0089 1,075 582
P9 | 1075 | 1075 100 | 0.154¢ 1,075 28.05
18 | CRO6 9,000 8766 2.60 029 1075 2087
19 | CRO7 9,545 9332 223 008g 1,075 15.99
20 | CRO8 9575 9332 254 P10 | 1075 | 1075 100 | 0.154g 1,075 35.41
! : 0.22g 1,075 48.20
21 | CRO9 7,860 7588 3.46
22 | CR10 7,880 7687 245 Table 7. Shear force and displacement of the R-FBI (Y dir)
23 | CRM 6,650 6508 214 Specification of the R—FBI |Result of non—linear time history analysis
Loc. 7, N) | £, (kN) | d, (mm) PGA Shea(rk’\flc;rce Dispé:]c::?ent
Sk vlalgh A3} Table 504 K vlel o] F gho] Zjol= Hat 0.08g 945 9.31
3.15% 2 A9 QARSI wetd, glel vl ZEare vy s P15 | 1477 | 100 [0154g | 908 2928
0.22 1,042 46.70
Al el Al gag ol A o) R T o] Mshs Ads) jhgdt Ao 0,033 oad 822
2 52 o)t} B oAl ek 20 ARk o] A0 v AE 27 sjAA] Alo] P2 @5 | 1177 100 | 0.154g 1,004 3163
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E 7ol ogt weF ThH O] 27] S 7L S a5k, vy s o] 0.08g 740 8.54
Heheg FYAIL AN AFS Fel oz ofzely) Qi Am P3| 725 | w8 | 00 [ 015k | 7e2 2950
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AR o3t AlolE e izlghS nhofsial s A i dlal v wsk= Ao 0.08g 1,085 414
S melo] Ak = o5 ulo- = a ik P4 | 1075 | 17368 100 | 0.154g 1,145 24.27
0.229 1,221 49.97
0.08g 1,098 855
3.2 X|XIsjAHo| M2 X)X H|m P5 | 1075 | 1368 100 | 0.154g 1,142 2333
[ZlsiAdHol| e X[EISE b 022g 2% e
0.08g 1,020 1.38
Alo|BmEko] 7|5dsa)iza) Ay EsZo] YRIAL Ul ojH e P6 1,075 1,368 100 0.154g 1,129 18.90
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RIsk= R AATA A tgREAH EsARS 283 4= 9= 0.08g 816 0.71
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Fig. 7. Comparison of the results of non-linear time history analysis and multi-mode spectral analysis (PGA: 0.08 g)m TH M RS
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[w] CASE | : PTFE friction surface slip from Operational performance level

Determination of bridge
type and top design
Design of the R-FBI . Check whether slip of the :
(fy, netc.) PTFE occurs
[
r I 1
Operational Long-term repairable Collapse prevention
performance level performance level performance level
A4 A4
Non-linear time history Non-linear time history Non-linear time history
analysis analysis analysis
Calculation of seismic Calculation of seismic Calculation of seismic
response and load response and load
combination combination response
. . . X Veerification of flexural
Calculation of section Calculation of section performance and shear
force and displacement force and displacement performance of pylon and
piers
. Check of design
Check of bridge " " " displacement and other
serviceability Bridge section design member performance
verification
’ End ‘ ’ End ‘ ’ End ‘

3 Modelling of the R-FBI
- Operational performance level : nonlinear hysteresis, Long-term repairable performance level :
nonlinear hysteresis, Collapse prevention performance level : nonlinear hysteresis

Fig. 12. Proposed the performance-based seismic design procedure
for cable supported bridges with the R-FBI (CASEI)

(w] CASE Il : PTFE friction surface slip from Long-term repairable
performance level

Determination of bridge
type and top design
Design of the R-FBI i Check whether slip of the
(fy, uetc.) PTFE occurs
Operational Long-term repairable Collapse prevention

performance level performance level performance level

Multi-mode spectral Non-linear time history Non-linear time history
analysis analysis analysis
Estimation of design Calculation of seismic Calculation of seismic
seismic force and load response and load
combination combination response

Verification of flexural

Calculation of section Calculation of section performance and shear
force and displacement force and displacement performance of pylon and
piers
. Check of design
Check of bridge ’ " ! displacement and other
serviceability Bridge section design member performance
verification
’ End | | End | | End ‘

3 Modelling of the R-FBI
- Operational performance level : initial stiffness, Long-term repairable performance level :
nonlinear hysteresis, Collapse prevention performance level : nonlinear hysteresis

Fig. 13. Proposed the performance-based seismic design procedure
for cable supported bridges with the R-FBI (CASEII)
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[m] CASE lll : PTFE friction surface slip from Collapse prevention
performance level

Determination of bridge
type and top design
Design of the R-FBI ... Check whether slip of the
(fy, wetc.) i PTFE occurs
[
I T 1
Operational Long-term repairable Collapse prevention
performance level performance level performance level
\4
Multi-mode spectral Multi-mode spectral Non-linear time history
analysis analysis analysis
Estimation of design Estimation of design Calculation of seismic
seismic force and load seismic force and load
combination combination response
. . . i Verification of flexural
Calculation of section Calculation of section performance and shear
force and displacement force and displacement performance of pylon and
piers
a of brid Check of design
1eck of bridge . : " displacement and other
serviceability Bridge section design member performance
verification
e ][ e [ e

3% Modelling of the R-FBI
- Operational performance level : initial stiffness, Long-term repairable performance level :
initial stiffness, Collapse prevention performance level : nonlinear hysteresis

Fig. 14. Proposed the performance-based seismic design procedure
for cable supported bridges with the R-FBI (CASEIII)
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type and top design

Determination of bridge

l

Level setting

TFE friction sliding generation

Design of the R-FBI and

verification of the quality
performance

CASE 1 | CASE 2
Operational performance Long-term repairable
level performance level

review of seismic design review of seismic design review of seismic design
for the Operational for the Long-term repairable for the Operational
performanoe level performanoe level performance level

review of seismic design
for the Long-term repairable:
performance level

CASE3 |

Collapse prevention
performance level

v

review of seismic design
for the Operational
performance level

review of seismic design
for the Long-term repairable
performance level

|

Non-linear time history analysis
3¢ modelling of the R-FBI : 3% modelling of the R-FBI :
initial stiffness non-linear hysteresis

v v

Estimation of design seismic
force and load combination

Multi-mode spectral analysis

Calculation of seismic response
and load combination

| |
v

Calculation of section force and displacement

|

N.G Design of the bridge section and

J Check of the bridge serviceabilit
Specification
adjustment

’OK

Verification of seismic

performance of Collapse
Prevention Level
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% modelling of the R-FBI :
non-linear hysteresis

Calculation of seismic
response
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heck of design displacement and other
member performance verification

Specification
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v OK
End

Fig. 15. Proposed the performance-based seismic design method for cable supported bridges with the R-FBI
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