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Abstract

This paper presents a 3D shake table experiment on a 7.5 m tall 2 m diameter circular reinforced concrete column which
was designed in accordance with 2002 Japan Road Association design code. Failure mechanism was clarified based on
a series of excitations and fiber element analyses. It was found that the column behaved satisfactorily under a near-field
ground motion recorded during the 1995 Kobe, Japan earthquake. The scale effect on the ultimate displacement due to

pull-out of crashed core concrete from steel cage and the lateral confinement by hoops are presented.

Key Words: Bridge, Seismic design, E-Defense, Reinforced concrete pier, Shake table experiment, Nonlinear analysis
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Table 2.1 The objectives of the C1 experiment and the C2 experiment.

1) The failure mechanism of RC columns which failed during 1995 Kobe earthquake

2) The effectiveness of standard seismic retrofit measures for existing RC columns

The C1 3) The seismic performance of RC columns designed in accordance with the current design requirements

experiment | 4) The seismic performance of RC columns designed based on the current design requirements under stronger
than the current code specified ground motions

5) The effect of new damper technology

1) The progress failure mechanism of bridge system due to combination of poundings and rupture of expansion
joints, bearings, restrainers and columns

Thev €2 2) Seismic performance of advanced and critical columns
experiment 3) Effectiveness of advanced dampers and energy dissipating units
4) Effectiveness of advanced unseating prevention devices
£22 RSB —ZAWTL)
Table 2.2 Experimental Program in 2007-2010.
Year Model Purposes
2005-2006 Cl Preliminary analyses and design
2007 Cl-1 Column built in 1970s which fails in flexure
2008 C1-2 Column built in 1970s which fails in shear
C1-5 Column by the current code
2009 Cl1-6 Current column subjected to stronger than code specified ground motions
After 2010 C1-3 Retrofitted column by steel jacket
Cl-4 Retrofitted column by CFS
C1-7 US column
C2 The system failure mechanism of a bridge

5E 21 Cl-59 5% Y21 ML AT LG5
Photo 2.1 CI1 Component experiments Fig. 2.1 C2 System experiments
(Single column). (Progressive collapse).
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Table 4.1 Evaluation of C1-1 and C1-5 columns based on JRA 2002.

Cl-5
Columns Standard Added Cl-1
Mass Mass
Deck Mass M (t) 307 372 302
Flexural Strength P, (kN) 2347 2371 1614
Yield Displacement %, (m) 0.045 0.045 0.046
Capacity Ultimate Displacement u,, (m) 0.230 0.227 0.099
Design Displacement u#, (m) 0.168 0.166 0.081
Allowable Ductility Factor 3.77 3.73 1.75
Design Response Acceleration S, (m/s?) 17.16 17.16 17.16
Force Reduction Factor R 2.56 2.54 1.58
Response Acceleration Demand S, /R (m/s?) 6.67 6.77 10.89
Demand — -
Seismic Coefficient k. 0.68 0.69 1.11
Weight W (kN) 3451 4093 3407
Force Demand k;, W (kN) 2347 2824 3782
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Fig. 4.2 C1-5
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Fig. 4.3 Lateral force vs. lateral displacement hysteresis

based on JRA 2002.
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Fig. 4.5 Response acceleration spectrum (C1-5(1)-1 excitation).
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Photo 2.1 C1 Component experiments (Single column). Fig.2.1 C2 System experiments (Progressive collapse).
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Fig. 4.3 Column displacement (C1-5(2) excitation).
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Fig. 4.5 Column displacement (C1-5(3)-2 excitation).
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Fig. 3 Reinforcing bars in C1-5.



GF 1 RCHFEIEY— ROARFL XY T EINFI R4 PyyFY TSP R-—LOART Y —
D Photo 4 Conectors for juck-up.
Photo 1 Leveling by mortar at the construction area.

FE2 TIH=HRII R =T D FE GE S5 CISEBME 7—F>ra>r)— %
Photo 2 Jigs to fix the pipes for anchor bolts. Photo 5 After casting the concrete to the footing in C1-5.

GE 3 RCHEIT —F 2 79 GE 6 RCHERIZRA T7—F 7R - RS
Photo 3 Reinforcing bars in the footing. Photo 6 Remove footing framework and set ties.
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GP T Cl-5 OFTHATF—IhY

5E 10 Cl-53&n DITRARLA
Photo 7 Set strain gauges for C1-5.

Photo 10 Framework for beam at the column top.

HE 8 CI-55MA ALK FE 1R B AR YN E
Photo 8 Framework for column body in C1-5. Photo 11 Reinforcing bars and framework for beam.

GE 9 CISEHHmA RO yU— R I35

Photo 9 After casting concrete to the column body in Photo 12 Jack up.
Cl1-5.
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e NN N -

HF 13 HE:eAA EEEURIL GP 16 vHEEY - 0 UG RPL
Photo 13 Move column to the test bay. Photo 16 End support and center blue frame.

G'F 14 RCAEERISRAE AP A RS 300 mm TE 17T KRN
Photo 14 Concrete bed for levaling.

Photo 17 Temporary setup.
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GE 15 Cl-535A %E’i Ca- 0 SE 18 HIANTER FFEE
Photo 15 Set C1-5 on the table.

Photo 18 Column top before bearings were set.
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GSE 19 EEBmANET 2 FG2MEFHY) 5P 22 RCHHEI-S &x HERKFHH
Photo 19 32 loadcells at the column top. Photo 22 Set bearings at the column top.

HE 20 AN TG q # S 23 RO R EGH A
Joplc BT 2 YA Rl # Photo 23 End support before movable bearing was set.
Photo 20 Bearings and loadcells center: fixed bearings side: sliders.
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BE 21 UM TR G AL B 24 A - o2 G MEET)
Photo 21 Set bearings at the column top. Photo 24 Loadcell for movable bearings.



G 25 AL S A e ngy #F GE 28 CL-5(1) RS 5 &
X RAfE @ Photo 28 C1-5(1) experiment setup completed.
Photo 25 Movable bearing and loadcells at the top of end support.
Cl-5()3. 3 -3 Ed 4
Hid § 1227 X 2E =456t
T AK1:78.0X2==156.0t
TIA 2446 X 25 =892t
% #1162t

GE 26 WAt Soldix
Photo 26 Set movable bearing.

GE 29 Cl-512) Q)F FES 5K

NI = TA MEAPTE
Photo 29 C1-5(2)(3) experiments setup completed.

Cl-512) 3) 4.5 ~3%k5 7 8
Mig g 1227 X25=456t
T AR1:78.0 X235 =156.0t
VIAR2:713X25=1546t
X 2162t

TH 2 KR
Photo 27 Set deck.
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FE 30 CI-5(1)1 % 9 PUERme-® (32 @) G 32 CI-5(1)1h 2 FuRpgmw
Photo 30 Damage on north face after C1-5(1)-1 excitation. Photo 32 Damage on south face after C1-5(1)-1 excitation.
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FE 31 CL-5(1)1 ™ @ PR HE 33 CI-5(1)1 % 2 PuRpd
Photo 31 Damage on west face after C1-5(1)-1 excitation. Photo 33 Damage on east face after C1-5(1)-1 excitation.



SE 34 Cl-5(1)2% 9 pUgpew (R @) SF 36 Cl-5(1)2h % piRfgmt
Photo 34 Damage on north face after C1-5(1)-2 excitation. Photo 36 Damage on south face after C1-5(1)-2 excitation.

GF 35 Cl-5(1)2™ 2 PERpHLE GE 37 Cl-5(1)2™ 2 PEREE
Photo 35 Damage on west face after C1-5(1)-2 excitation. Photo 37 Damage on east face after C1-5(1)-2 excitation.
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TE 38 CLSQRE=-™ G2 &) FE 40 CLISQIMRES® (R #3217
Photo 38 Damage on north face after C1-5(2) excitation. Photo 40 Damage on south face after C1-5(2) excitation.

5 E 39 Cl-5Q) REAL® SE 41 Cl-5Q) R ®
Photo 39 Damage on west face after C1-5(2) excitation. Photo 41 Damage on east face after C1-5(2) excitation.



E-Defense 2 [ 2723 F RC HEI(CL-5 AT JE8 5 43 3 4455 & — 4 L1370

E 42 Cl-50Q) PR EF 45 Cl-50Q)PHRESALL
Photo 42 Damage on NW face after C1-5(2) excitation. FEEL e R0 a2 — NS
Photo 45 Damage on SW face after C1-5(2) excitation
(after covering concrete was removed).

G 43 C1-52) PR GF 46 Cl-5Q) M RpmpiLt
Photo 43 Damage on west face after C1-5(2) excitation. FREL =m0 a2 7)) — NS B
Photo 46 Damage on SW face after C1-5(2) excitation
(after covering concrete was removed).

SE 44 Cl5Q)PERER ALY GE 47 CI-5Q) R
Photo 44 Damage on SW face after C1-5(2) excitation. Photo 47 Damage on NE face after C1-5(2) excitation.
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GP 48 Cl1-5(3)1 ™ ¢ peRpp e SE S50 Cl-53)1h % fiRpm®
Photo 48 Damage on north face after C1-5(3)-1 excitation. Photo 50 Damage on south face after C1-5(3)-1 excitation.

GE 49 CI-5(3)1 % ¢ FUREELE SE 51 CI-5(3)1™H % puRfgH +
Photo 49 Damage on west face after C1-5(3)-1 excitation. Photo 51 Damage on east face after C1-5(3)-1 excitation.



HE 52 Cl-5(3)2% © jrgpprem HE 54 Cl-53)2% 9 ke
Photo 52 Damage on north face after C1-5(3)-2 excitation. Photo 54 Damage on south face after C1-5(3)-2 excitation.

GP 53 Cl1-5(3)2™ ¢ PEREHLE GP 55 Cl1-5(3)2m ¢ PUEREHE
Photo 53 Damage on west face after C1-5(3)-2 excitation. Photo 55 Damage on east face after C1-5(3)-2 excitation.
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G 56 C1-5(1)(2) (3) 3 Bk 7 ppome
Photo 56 Damage on north face after C1-5(1)(2)(3) excitations. Photo 60 Damage on south face after C1-5(1)(2)(3) excitations.

E 57 C1-5(1) (2) B) 3 Sk v ferealw GE 61 CI-5(1)(2) Q) F Bk s

Photo 57 Damage on NW face after C1-5(1)(2)(3) excitations. Photo 61 Damage on SE face after C1-5(1)(2)(3) excitations.

G P 58 C1-5(1)(2) (3)F 3k 1 proL GE 62 Cl-5(1) Q) B)F 3k 1 ™

Photo 58 Damage on west face after C1-5(1)(2)(3) excitations. Photo 62 Damage on east face after C1-5(1)(2)(3) excitations.

FE 59 CI-5(1)(2) 3) 3 556 1 fmaL® GE 63 CI-5(1)(2) Q) F AT - ®
Photo 59 Damage on SW face after C1-5(1)(2)(3) excitations. Photo 63 Damage on NE face after C1-5(1)(2)(3) excitations.



