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  Abstract

This report presents a 3D shake table experiment on a large scale reinforced concrete bridge column using 
E-Defense.  The model was a typical column built in 1970s which fails in flexure.  Collapse of this type of 
columns was one of the major sources of the extensive damage in 1995 Kobe,  Japan earthquake.     A 7.5m tall 1.8 m 
diameter column model was excited twice using a near-field ground motion recorded during the 1995 Kobe 
earthquake. A preliminary analysis on the measured data including an analytical correlation is presented.  

      
Key words :  Bridges,   Earthquake,   Seismic design,   Seismic retrofit,   E-Defense,   Shake table experiment
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2.1.1
Table 2.1.1  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 
3)The seismic performance of RC columns designed in accordance with the current design requirements
4)The seismic performance of RC columns designed based on the current design requirements under 
stronger than the current code specified ground motions 

 
The C1 

experiment 

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 
2)Seismic performance of advanced and critical columns 
3)Effectiveness of advanced dampers and energy dissipating units 

The C2 
experiment 

4)Effectiveness of advanced unseating prevention devices 

2.1.2
Table 2.1.2  Experimental Program in 2007-2010. 

Year Model Purposes 
2005-2006 C1 Preliminary analyses and design 
2007 C1-1 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 C1-3 Retrofitted column by steel jacket 
 C1-4 Retrofitted column by CFS 
 C1-6 Current column subjected to stronger than code specified ground motions 
 C1-7 US column 
2010 C2 The system failure mechanism of a bridge 

 2.1.1   C1-1
Photo 2.1.1 C1 Component experiments

 Single column . 

 2.1.1 
Fig.2.1.1 C2 System experiments

(Progressive collapse). 
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3. C1-1  
 
3.1  
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3.1 2.9
 

 

 

Unit: mm

Longitudinal reinforcement:
  Diameter is 29mm
  Area of out side reinforcements 29-32=205.568cm2

  Area of middle side reinforcements 29-32=205.568cm2

  Area of inner side reinforcements 29-16=102.784cm2

  Cover is 100mm
  Spacing of bar is 100mm
Tie in end region:
  Diameter is 13mm
  Spacing of out side is 150mm
  Spacing of middle side is 300mm
  Spacing of inner side is 300mm
Tie in general region:
  Diameter is 13mm
  Spacing is 300mm

Lap splice length30

D=1800
Base section

13

29

39
00H

=7
50

0
95

0
11

50
15

00

2600

 
 

 3.1.1     C1-1  
Fig.3.1.1 Arrangement of reinforcements in cross section.

 3.1.1  
Table 3.1.1  Design Conditions 

Item Value 

Pier height  H 7.5m 

Section shape of pier Circular 

Diameter of cross section of pier  D 1.8m 

Reaction  dR  2,080kN 

Longitudinal  LG
uW  2,960kN 

Superstructure 
Transverse  TR

uW  2,080kN Weight 

Pier  pW  794.5kN 

Longitudinal  LGh  0.5m Height of 
superstructural inertia 

force Transverse  TRh  1.8m 

Concrete  ck  27N/mm2 
Material strength 

Yield strength of reinforcement  sy  345N/mm2 

Concrete  cE  2.65×104N/mm2 
Modulus of elasticity

Reinforcement  sE  2.0×105N/mm2 

Longitudinal  LG
hk  0.23 

Transverse  TR
hk  0.23 Design seismic 

coefficient 
Vertical  vk  11.0  
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 3.1.2
Table 3.1.2  Verification of stress by design seismic coefficients 

Direction 
 

Longitudinal Transverse 

vk  12N/mm2 10N/mm2 
Stress 

vk  12N/mm2 10N/mm2 Compression 

Allowable stress 13.5N/mm2 13.5N/mm2 

vk  237N/mm2 183N/mm2 
Stress 

vk  250N/mm2 196N/mm2 

Flexure 

Tensile 

Allowable stress 300N/mm2 300N/mm2 

Stress 0.36N/mm2 0.27N/mm2 
Shear 

Allowable stress 1.125N/mm2 1.125N/mm2 
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Force (kN) Force (kN)(1) Arrangement of
reinforcement (2) Longitudinal (3) Transverse

Initial yielding flexural strength
Ultimate flexural strength

Design shear force (cc=1.0)
Design shear force (cc=0.8)

cc : Modification factor on the effects
of alternating cyclic loading

 
 3.1.2      

Fig.3.1.2 Comparison of Flexural Strength and Shear Strength. 
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 3.1.3    
Table 3.1.3 Summary of determined dimensions. 

Direction Longitudinal Transverse 

Compression stress by dead load in pier base 1.13N/mm2 

Shear span ratio 4.4 5.2 

Reinforcement ratio 2.02% 

Area 13×3 : 380.1mm2 

Spacing 300mm Tie in general region 

Tie ratio 0.317% 

Area 13×2 : 253.4mm2 

Spacing 150mm Tie in end region 

Tie ratio 0.422% 

Yielding period of pier 0.61sec 0.64sec 

Moment 2090.8kN m 
Cracking 

Curvature 1.279×10-4(1/m) 

Moment 8792.7kN m 
Initial yielding 

Curvature 1.644×10-3(1/m) 

Moment 12936.3kN m 
Ultimate 

Curvature 1.009×10-2(1/m) 

Load 1099.1kN 945.4kN 
Initial yielding 

Deflection 0.0315m 0.0418m 

Load 1617.0kN 1391.0kN 
Yielding 

Deflection 0.0463m 0.0615m 

Load 1617.0kN 1391.0kN 

Flexural 
strength 

Push over 
load-displacement 

Ultimate 
Deflection 0.0984m 0.1226m 

Shear strength provided by concrete 928.7kN 

Shear strength provided by shear reinforcement 1097.0kN 
Design shear force 
in general region 

Design shear force 2025.6kN 

Shear strength provided by concrete 928.7kN 

Shear strength provided by reinforcement 1462.6kN 

Shear 
strength 

Design shear force 
in end region 

Design shear force 2391.3kN 
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 3.1.3  

Fig.3.1.3 Load vs. Displacement Relation. 
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3.2 RC
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3.2.1 RC
Photo 3.2.1 Jacking up of the column.
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3.2.5 6 28
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32 34 N/mm2

28
 

RC JIS
3.2.9  

 
 

3.2.2 RC  
Photo 3.2.2  Transportation of the Specimen.  
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3.2.1        
Table 3.2.1  Preliminary compression test of column concrete. 

 
 

 3.2.2      
Table 3.2.2 Mix proportion for column concrete. 

 

3.2.3    
Table 3.2.3   Mix proportion for column concrete. 
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3.2.4       

Table 3.2.4    Compressive strength of column concrete. 

 

 
3.2.5 28 1

Table 3.2.5   28-day strength of column concrete 1 . 

 
 

3.2.6 28 2
Table 3.2.6  28-day strength of column concrete 2 . 
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3.2.7   1
Table 3.2.7 Compressive strength of column concrete at test day (1). 

 

3.2.8       2
Table 3.2.8 Compressive strength of column concrete at test day (2). 
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3.2.9    
Table 3.2.9  Strength of column reinforcements.

 
(a) Longitudinal reinforcement D29 SD345  

 

 
 

(b) Tie reinforcement (inner layer) D13 SD345 . 

 

 
 

(c) Tie reinforcement (middle layer) D13 SD345 . 

 

 
 

(d) Tie reinforcement (outer layer) D13 SD345 . 
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3.2.2  
2

3.2.1  3.2.1
RC

1 22.7t 78
44.6t 10.2

2949.8 N 300.8
RC

2050 N
RC 3.2.2  

RC

3.2.3 RC

 
3.2.4

3.2.10
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3.2.1 RC  

Fig.3.2.1 C1 Component Experiments. 
 

 
Rd=450.1 N(45.9t)  Rd=1024.8 N 104.5t 2 2050 N 209  

3.2.2     

Fig.3.2.2 Super structure and dead load for C1 component experiments. 
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                   (a)Fixed bearing (b)Load Cell 

 

(c)Bearings and Load cells on the bent cap 

3.2.3 RC
Fig.3.2.3  Bearings and Load Cells on the Bent Cap. 

 
 
 

 

3.2.4  
Fig.3.2.4  Movable bearings on the end support. 
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3.2.10    
Table 3.2.10 Performance of bearings. 

                                                      C1-6 (C1 setup with additional mass) was considered. 

Bearing Force Condition Demand and Capacity 

Vertical 
compression 

force 
During excitation

RV 1066kN 3800 1.7 6460kN 
(Allowable stress of support plate) 

Vertical tensile 
force 

During excitation
RU 1038kN 5129kN 
(Shear capacity of bolts) 

Longitudinal 
direction 

RH 2604kN 5360kN 
(Bond strength of anchor bolts) 

Lateral force 
Transverse 
direction 

RH 1332kN 5811kN 
(Shear capacity of set bolts) 

Longitudinal 
direction* 

5.2 8  

Fixed bearings 
(On the column) 

Rotation 
Transverse 
direction* 

0.1 8  

Vertical 
compression 

force 
During excitation

RV 2375kN 2946kN 
(Allowable stress of support plate) 

Vertical tensile 
force 

During excitation
RU 667kN 1500kN 
(Tensile strength of bolts) 

Longitudinal 
direction 

 

Lateral force 
Transverse 
direction 

RH 861kN 2945kN 
(Shear capacity of set bolts) 

Longitudinal 
direction* 

0.5 6  

Movable bearings 
(On the end support) 

Rotation 
Transverse 
direction* 

1.7 6  

Side sliders 
(On the column) 

Vertical 
compression 

force 
During excitation

RV 2072kN 4241kN 
(Allowable stress of support plate) 

*Rotation in longitudinal and transverse directions means rotation around transverse and longitudinal axes, respectively.  
 
 
 

WUa 2156kN WUb 2156kN 
Weight of super structure  

 
Rea 890kN                     Rca 1266kN 

Fix bearing Rd 446kN Side sliders Rd 410kN each  
 

Fix bearings  Side sliders on the column  
 

Movable bearing    Side sliders on the end support  
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3.3
3.3.1

677
64

 
3.3.1 RC

3.3.2

 
3.3.3 RC

 

 
3.3.4

8
4 32  

3.3.5 RC

 
3.3.6

10
45 1

 
3.3.7

LED

47
 

 
3.3.1   

Table 3.3.1  Measuring points. 
 

(a)Accelerometers 

ID Objective Direction 
Number of 
channels 

A-1 12 Table acceleration X,Y,Z 12 
A-13 24 Footing acceleration X,Y,Z 12 
A-25 39 Acceleration at the top of column (7.5m from the base) X,Y,Z 15 
A-40 47 Acceleration at 6.0m from the base X,Y 8 
A-48 55 Acceleration at 4.0m from the base X,Y 8 
A-56 63 Acceleration at 2.0m from the base X,Y 8 
A-64 105 Acceleration at Yp(W) deck and mass blocks on it X,Y,Z 42 
A-106 147 Acceleration at Yn(E) deck and mass blocks on it X,Y,Z 42 
A-148 153 Acceleration at Yp(W) end support X,Y,Z 6 
A-154 159 Acceleration at Yn(E) end support X,Y,Z 6 
A-160 167 Acceleration of center frame at 2.0m from the base X,Y 8 
A-168 175 Acceleration of center frame at 4.0m from the base X,Y 8 
A-176 183 Acceleration of center frame at 6.0m from the base X,Y 8 
A-184 191 Acceleration of center frame at 7.5m from the base X,Y 8 

 
 

(b)Load cells 

ID Objective Number of points 
Number of 
channels 

1 32 Inertia force at the top of the column 3 directions @ 32 load cells 96 
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(c)Strain gauges 

ID Objective 
Number of 

points 
Number of 
channels 

- 168 Strain of longitudinal bars 168  168 
-169 256 Strain of ties 88  88 

 
 

(d) Displacement transducers 

ID Objective 
Number of 

points 
Number of 
channels 

D1 16 Uplift and slide of the footing 4 @ 4 faces 16

D17 24 Column displacement at 2.0m from the base 2 directions 
@ 4 faces 8

D25 32 Column displacement at 4.0m from the base 2 directions 
@ 4 faces 8

D33 40 Column displacement at 6.0m from the base 2 directions 
@ 4 faces 8

D41 48 Column displacement at 7.5m from the base 2 directions 
@ 4 faces 8

D49 52 Vertical column displacement at the bottom of lateral beam 2 points @ 2 
faces 4

D53 54 Lateral displacement of movable bearing on Yp(W) end 
support in longitudinal direction 2 2

D55 56 Lateral displacement of movable bearing on Yn(E) end 
support in longitudinal direction 2 2

D57 60 Displacement of movable bearing on Yp(W) end support in 
transverse and vertical directions 4 4

D61 64 Displacement of movable bearing on Yn(E) end support in 
transverse and vertical directions 4 4

D65 74 Vertical displacement for curvature in Xp face 10 10
D75 84 Vertical displacement for curvature in Xn face 10 10
D85 94 Vertical displacement for curvature in Yn face 10 10
D95 104 Vertical displacement for curvature in Yp face 10 10
D105 108 Vertical displacement at the column base 4 4

D109 112 Vertical displacement between the top of the column and 
Yp(W) deck 4 4

D113 116 Vertical displacement between the top of the column and 
Yn(E) deck 4 4

 

 Velocimeters

ID Objective
Number of 

points
Number of 
channels

1 9 
Acceleration, velocity and displacement measured at footing 
by velocimeter

3 directions 
@ 3 

components
9 

10 18 
Acceleration, velocity and displacement measured at the top 
of column by velocimeter

3 directions 
@ 3 

components
9 
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3.3.1 RC

Fig.3.3.1 location of accelerometers on shaking table and column. 
 
 

 

3.3.2  
Fig.3.3.2 location of accelerometers on super structure. 
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3.3.3 RC  
Fig.3.3.3 Location of displacement transducers.  
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3.3.4 RC  
Fig.3.3.4 Location of load cells. 

 

 
3.3.5  

Fig.3.3.5 Location of strain gauges for reinforcing bars. 
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3.3.6  
Fig.3.3.6 location of displacement transducers for curvature. 
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(a) 1 17 (b) 18 32  

 

 
( c ) 35 47  

3.3.7     
Fig.3.3.7 Location of markers for three dimensional displacement measurements. 
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Table 3.4.1  Soil profile at JR Takatori St.. 

No. Soil type
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Fig.3.4.5 Mode shapes of free field system. 

 

 
(1) First mode (0.44 s for Equivalent stiffness, 

and 0.43 s for Initial stiffness) 

 
(2) Second mode (0.35 s for Equivalent stiffness, and 0.22  

s for Initial stiffness) 
 

 3.4.6 - - 2 FEM
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 3.4.8  
Fig.3.4.8  Comparison of acceleration response spectra at the bottom of pier and far field (EW component). 
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 3.4.9   
Fig.3.4.9 Variation of input loss ratio with period. 

E-Defense を用いた実大RC橋脚（C1-1 橋脚）震動破壊実験研究報告書－右近ほか

35



66 2004 9  

3.4.4
 
2 1

RC

1)
50%

1

2)

3)

C1-1 1995
JR

80%

C1-1 1970

1995

C1-1

80%

 

36

防災科学技術研究所研究資料　第 331号　2009年 1月



66 2004 9  

 

3.5
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E-Defense 2005 4
3 26

E-Defense
 

 
3.5.1  
 

 
3.5.1

Fig.3.5.1  Shaking table of E-Defense. 
 

3.5.1
E-Defense 20m 15m

5
14 24

800t

20 t
1,200t 2,000t

100
20 t

1,2

3.5.2  

3.5.1

E-Defense

7
1995 JR

3.5.2 E-Defense

 
 
 

 3.5.1    
Table 3.5.1  Major specification of shaking table. 

3D Full-scale earthquake testing facility  

Payload 

Size  

Driving Type  

12 MN (1,200 tonf)  

20 × 15 m  

Accumulator charge  

Electro-Hydraulic servo control  

Shaking direction 

Max. acceleration* 

Max. Velocity  

Max. displacement 

Max. allowable 

Moment  

X & Y Horizontal 

> 9 m/s/s  

2 m/s  

1 m  

Overturning 

Moment  

150 MN × m  

Z Vertical 

> 1.5 m/s/s  

0.7 m/s  

0.5 m  

Yawing  

Moment  

40 MN × m  

* Max. acceleration is at max. loading.  
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(a) (b)  

3.5.2    
Fig.3.5.2   Performance limits of shaking table.  
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3.5.3    
Fig.3.5.3  Actuators position and size of E-Defense. 
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Table 3.5.2 Major specification of monitoring system. 

 

A/D

 

 

64ch 13
32ch 2
64ch 13
32ch 2

 
 
 
 
 
 
 
 
 
 

 3.5.4   
Fig.3.5.4  Sketch of arrangement of monitoring  
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Fig.3.5.5  Construction of shaking control method. 

 
1  

 
2  

 
 

20kl

 
 

2  
3.5.6

Resonance 
Comp.
Reference Generator 24

  

 

 

 
 

 

 

 

40

防災科学技術研究所研究資料　第 331号　2009年 1月



 

 

 

 
 
 

 
3.5.6    

Fig.3.5.6 Control flame and signal flow of shaking system. 
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3.5.7     TVC  

Fig.3.5.7  Signal flow of TVC method. 
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Fig.3.5.8 Input reference modification with iterative 
technique. 
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4.  
 
4.1  

4.1 4.1 1 m/sec2 
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2
7.37m

7.5m

X
Y

0.548 1.82 Hz 0.463 2.16 Hz
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X Y
0.573 0.486
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X Y
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4.4  

4.2
4.9

1
Y 3.59 8.8 m/sec2

X
4.14 8.2 m/sec2 4.58

9.4 m/sec2

50 mm

5 6 m/sec2
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4.13 2

RC 3

 

222
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(4.4) (4.2)

(4.5)  
 

baDD ryrx  (4.4)  
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b
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1 3.68

Xp Yn 0.010 m 0.039 m

Xp-Yn maxd 0.040 
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4.28

maxd  0.079 m
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4.1    
Table 4.1  Natural Periods and Natural Frequencies. 

Transverse Direction 
(X) 

Longitudinal Direction 
(Y) Vertical Direction (Z)

 
Frequency

 (Hz) 
Period 
 (sec) 

Frequency
 (Hz) 

Period 
 (sec) 

Frequency 
 (Hz) 

Period 
 (sec) 

Before all excitations 1.824 0.548 2.161 0.463 ( ) 

Before first E-Takatori excitation 1.744 0.573 2.059 0.486 9.495 0.105

After first E-Takatori excitation 1.136 0.880 1.308 0.765 9.424 0.106

After second E-Takatori excitation 0.976 1.024 1.118 0.894 8.961 0.112
 No result due to problem of accelerometer at the top of column 

 
4.2   

Table 4.2  Maximum and Minimum Response Accelerations at Top of the Column and the Deck. 
(1) First excitation 

Top of column (m/sec2) Yp(W) Deck (m/sec2) Yn(E) Deck (m/sec2) 

 X (TR) Y (LG) Z (UD) X (TR) Y (LG) Z (UD) X (TR) Y (LG) Z (UD)
Maximum 

value 8.243 8.764 4.405 12.034 7.328 9.131 8.643 8.332 9.533
Minimum 

value -9.377 -8.787 -3.562 -10.021 -6.866 -6.489 -9.428 -7.203 -7.342
 

(2) 2  
(2) Second Excitation 

Top of column (m/sec2) Yp(W) Deck (m/sec2) Yn(E) Deck (m/sec2) 

 X (TR) Y (LG) Z (UD) X (TR) Y (LG) Z (UD) X (TR) Y (LG) Z (UD)
Maximum 

value 7.629 5.945 4.594 10.299 5.804 8.975 6.873 5.847 5.300
Minimum 

value -9.206 -10.531 -4.747 -7.359 -6.762 -7.978 -11.441 -6.823 -6.058
 

4.3   
Table 4.3  Maximum and Minimum Response Displacement. 

(1) First excitation 
  X(TR) (m) Y(LG) (m) Distance from the origin (m) 

Maximum value 0.134 0.173 0.195 
Minimum value -0.119 -0.170  

 
(2) Second excitation 

 X(TR) (m) Y(LG) (m) Distance from the origin (m) 
Maximum value 0.143 0.277 0.314 
Minimum value -0.174 -0.178  
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4.4   
Table 4.4  Response Displacement and Damage Progress. 

(1) First excitation 

Point 
Time 
(sec) 

dx (TR) 
(m) 

dy (LG) 
(m) 

Distance 
(m) 

Direction Observed Events  

a 3.680 0.009 -0.038 0.038 Yn E  Hair Cracks 

b 4.270 -0.066 0.044 0.080 XnYp (SW) Hair Cracks 

c 4.715 0.070 -0.010 0.070 Xp (N) Flexural Cracks 

d 5.350 -0.037 0.072 0.081 XnYp (SW) Crash of Cover Concrete 

e 6.900 -0.093 0.172 0.195 XnYp (SW) 
Crash of Cover Concrete 
Buckling of Longitudinal Rebar 

f 7.585 0.086 -0.158 0.180 XpYn (NE) Spalling of Cover Concrete 

g 8.345 0.123 -0.073 0.142 XpYn (NE)  

 
(2) Second excitation 

Point 
Time 
(sec) 

dx (TR) 
(m) 

dy (LG) 
(m) 

Distance 
(m) 

Direction Observed Events  

a 3.735 0.049 -0.066 0.082 XpYn (NE)  

b 4.375 -0.153 0.068 0.167 XnYp (SW) Spalling of Cover Concrete 

c 4.950 0.104 -0.051 0.116 XpYn (NE)  

d 5.425 -0.091 0.076 0.118 XnYp (SW)  

e 6.970 -0.177 0.277 0.328 XnYp (SW) Extensive Damage 

f 7.705 0.107 -0.161 0.193 XpYn (NE)  
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Fig. 4.1   Natural Period. 
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Fig. 4.2-1  Input Ground Acceleration (First Excitation). 
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Fig. 4.2-2   Input Ground Acceleration (Second Excitation). 
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(a) 3.68 a  

 

 
(b) 4.27 b  

 

 
(c) 4.72 c  

 

 
(d) 5.21 d  

(1) XpYn NE (2) XnYp SW  
4.3 (1) 1  

Fig. 4.3(1) Damage Progress under First Excitation. 
 

E-Defense を用いた実大RC橋脚（C1-1 橋脚）震動破壊実験研究報告書－右近ほか

55



66 2004 9  

 
(e) 6.9 e  

 

 
(f) 7.59 f  

 

 
(g) 8.35 g  

(1) XpYn NE (2) XnYp SW  
4.3 (2) 1  

Fig. 4.3(2) Damage Progress under First Excitation. 
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(a) Yp W (b) Xn S  

 

 
(c) Yn E (d) Xp N  

4.4 1  
Fig. 4.4   Damage after First Excitation. 

 
 
 
 

E-Defense を用いた実大RC橋脚（C1-1 橋脚）震動破壊実験研究報告書－右近ほか

57



66 2004 9  

 
(a) 3.74 a  

 

 
(b) 4.38 b  

 

 
(c) 4.95 c  

 

 
(d) 5.43 d  

(1) XpYn NE (2) XnYp SW  
4.5 (1) 2  

Fig. 4.5(1) Damage Progress under Second Excitation. 
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(e) 6.97 e  

 

 
(f) 7.71 f  

(1) XpYn NE (2) XnYp SW  
4.5 (2) 2  

Fig. 4.5(2) Damage Progress under Second Excitation. 
 

E-Defense を用いた実大RC橋脚（C1-1 橋脚）震動破壊実験研究報告書－右近ほか

59



66 2004 9  

 
(a) Yp W (b) Xn S  

 

 
(c) Yn E (d) Xp N  

4.6 2  
Fig. 4.6  Damage after Second Excitation. 
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4.7   XnYp(SW)        4.8      
Fig. 4.7 Remove Concrete at XnYp(SW) face.          Fig. 4.8  Damage of Longitudinal bars in Center  

                                                                 and Inner Layers. 
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4.9   
Fig. 4.9   Response Acceleration at Top of the Column. 
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4.10    
Fig. 4.10  Response Acceleration at the Center of Gravity of Mass Blocks Located near the Column. 
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4.11    

Fig. 4.11  Response Acceleration at the Decks. 
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(a) 1  
4.12 (1)   

Fig. 4.12(1)  Response Displacement at the Top of the Column. 
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(b) 2  
 4.12 (2)  

Fig. 4.12(2)  Response Displacement at the Top of the Column. 

 
 

(a) (b)  
 4.13     

Fig. 4.13  Effect of Lateral Displacement on Displacement measured by Wire Pod. 
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 4.14   

Fig. 4.14   Location of the Load Cells. 
 

 

 

 

4.15  
Fig. 4.15  Lateral Force measured at the Top of the Column. 
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4.16  

Fig. 4.16  Location of Accelerometers. 
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4.17  
Fig. 4.17  Lateral Force vs. Lateral Displacement Hysteresis. 
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4.18 ( 3.68 ) 

Fig. 4.18  Strain Distributions of Longitudinal bar at 3.68 sec (First Excitation). 

 
4.19 ( 4.28 ) 

Fig. 4.19  Strain Distributions of Longitudinal bar at 4.28 sec (First Excitation). 
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4.20 ( 6.90 ) 

Fig. 4.20  Strain Distributions of Longitudinal bar at 6.90 sec (First Excitation). 

 
4.21 ( 7.57 ) 

Fig. 4.21  Strain Distributions of Longitudinal bars at 7.57 sec (First Excitation). 
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4.22 ( 2 3.73 ) 

Fig. 4.22   Strain Distributions of Longitudinal bars at 3.73 sec (Second Excitation). 

 
4.23 ( 2 4.38 ) 

Fig. 4.23   Strain Distributions of Longitudinal bars at 4.38 sec (Second Excitation). 
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4.24 ( 2 6.97 ) 

Fig. 4.24  Strain Distributions of Longitudinal bars at 6.97 sec (Second Excitation). 
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4.25 ( 1 3.68 ) 

Fig. 4.25  Strain of Tie bars at 3.68 sec (First Excitation). 

 
4.26 ( 1 4.28 ) 

Fig. 4.26  Strain of Tie bars at 4.28 sec (First Excitation). 
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4.27 ( 1 6.90 ) 

Fig. 4.27  Strain of Tie bars at 6.90 sec (First Excitation). 

 
4.28 ( 1 7.57 ) 

Fig. 4.28   Strain of Tie bars at 7.57 sec (First Excitation). 

E-Defense を用いた実大RC橋脚（C1-1 橋脚）震動破壊実験研究報告書－右近ほか

73



66 2004 9  

 
4.29   ( 2 3.73 ) 

Fig. 4.29  Strain of Tie bars at 3.73 sec (Second Excitation). 

 
4.30   ( 2 4.38 ) 

Fig. 4.30  Strain of Tie bars at 4.38 sec (Second Excitation). 
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4.31 ( 2 6.97 ) 

Fig. 4.31   Strain of Tie bars at 6.97 sec (Second Excitation). 
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5.1  A  
Table 5.1  Natural Periods of Model A. 

 Transverse direction
(X) (sec) 

Longitudinal direction
(Y) (sec) 

Vertical direction 
 (Z) (sec) 

Experimental result 0.55 0.46 0.10 
Stiffness of the column was assumed to be initial stiffness 
Stiffness of movable bearing was 

considered 0.37 0.18 0.11 

Stiffness of movable bearing was 
ignored 0.37 0.38 0.11 

Stiffness of the column was assumed to be yield stiffness 
Stiffness of movable bearing was 

considered 0.63 0.20 0.11 

Stiffness of movable bearing was 
ignored 0.63 0.64 0.11 

 

5.2  A  
Table 5.2  Effect of Input Ground Accelerations and Bearing Models on the Response Displacement (Model A). 

Transverse direction 
(X) (m) 

Longitudinal direction 
(Y) (m) 

 

Positive side Negative side Positive side Negative side 

Maximum 
displacement

(m) 
Experimental result 0.133 -0.119 0.173 -0.170 0.195 

Effect of input ground acceleration (Friction coefficient of movable bearing is 20 %) 
Average 0.140 -0.085 0.188 -0.189 0.202 

NW corner 0.142 -0.087 0.186 -0.186 0.200 
NE corner 0.140 -0.086 0.190 -0.191 0.204 
SE corner 0.138 -0.084 0.189 -0.193 0.204 
SW corner 0.143 -0.085 0.183 -0.188 0.201 

80% of original JR 
Takatori record 0.100 -0.119 0.285 -0.116 0.301 

Effect of input ground acceleration (Friction coefficient of movable bearing is 20 %) 
No friction force was 

considered 0.139 -0.085 0.281 -0.229 0.289 

Friction coefficient = 10% 0.146 -0.085 0.222 -0.217 0.234 
Friction coefficient = 20% 0.140 -0.085 0.188 -0.189 0.202 
Friction coefficient = 30% 0.137 -0.085 0.159 -0.158 0.172 
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5.3 B  
Table 5.3  Natural Periods of Model B. 

 Transverse direction 
(X) (sec) 

 Longitudinal 
direction(Y) (sec) 

Vertical direction 
(Z) (sec) 

1) After dead weight was applied. 
Model considering without friction force 0.39 0.38 0.07 
Model considering with friction force 0.36 0.21 0.07 
2) After first E-Takatori excitation 
Model considering without friction force 0.94 1.00 0.08 
Model considering with friction force 0.75 0.24 0.07 
3) After second E-Takatori excitation 
Model considering without friction force 0.78 0.80 0.07 
Model considering with friction force 0.73 0.24 0.07 

 
 

5.4 B  
Table 5.4  Effect of Input Ground Accelerations and Bearing Models on the Response Displacement (Model B). 

Transverse direction 
 (X) (m) 

Longitudinal direction 
(Y) (m) 

 

Positive side Negative side Positive side Negative side 

Maximum 
displacement

(m) 
Experimental result 0.133 -0.119 0.173 -0.170 0.195

Effect of input ground acceleration (Friction coefficient of movable bearing is 20 %) 
Average 0.104 -0.060 0.166 -0.160 0.175

NW corner 0.111 -0.062 0.148 -0.133 0.157
NE corner 0.115 -0.067 0.166 -0.143 0.177
SE corner 0.108 -0.062 0.160 -0.159 0.168
SW corner 0.103 -0.062 0.167 -0.144 0.175

80% of original JR Takatori 
record 0.094 -0.086 0.220 -0.101 0.233

Effect of input ground acceleration (Friction coefficient of movable bearing is 20 %) 
No friction force was 

considered 0.127 -0.121 0.355 -0.218 0.366

Friction coefficient = 10% 0.134 -0.078 0.208 -0.203 0.219
Friction coefficient = 20% 0.104 -0.060 0.166 -0.160 0.175
Friction coefficient = 30% 0.096 -0.058 0.084 -0.095 0.106
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5.1  A  
Fig. 5.1  Model A (Displacement Based Fiber Element Model). 

 

 
 
 
 
 

 5.2  A  
Fig. 5.2  Detail of Model A. 
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5.7 B  

Fig. 5.7  Model B (Force Based Fiber Element Model). 
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Fig. 5.10(1)  Analytical Results of C1-1 Column (Model A). 
 

E-Defense を用いた実大RC橋脚（C1-1 橋脚）震動破壊実験研究報告書－右近ほか

87



 

 
 

-20

0

20

0 5 10 15 20

A
cc

el
er

at
io

n 
(m

/s
ec

2 )

Time (sec)

X (TR) Direction

ANALYSIS
TEST

-20

0

20

0 5 10 15 20

A
cc

el
er

at
io

n 
(m

/s
ec

2 )

Time (sec)

Y (LG) Direction

ANALYSIS
TEST

 
(a)  

 

-0.4

0

0.4

0 5 10 15 20

X (TR) Direction

Time (sec)

D
is

pl
ac

em
en

t (
m

) ANALYSIS
TEST

-0.4

0

0.4

0 5 10 15 20
Time (sec)

D
is

pl
ac

em
en

t (
m

) ANALYSIS
TESTY (LG) Direction

 
(b)  

 

0

-0.4 0 0.4

La
te

ra
l F

or
ce

 (k
N

)

Lateral Displacement (m)

X (TR) Direction2000

-2000

0

-0.4 0 0.4

La
te

ra
l F

or
ce

 (k
N

)

Lateral Displacement (m)

Y (LG) Direction2000

-2000

 
(c)  

(2) 100% 2  
5.10 (2) A C1-1  

Fig. 5.10(2)  Analytical Results of C1-1 Column (Model A). 
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Fig. 5.11  Effect of Input Ground Accelerations (Model B). 
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Fig. 5.12   Effect of Bearing Models (Model B). 
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Fig. 5.13(1)  Analytical Results of C1-1 Column (Model B). 
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Fig. 5.13(2)    Analytical Results of C1-1 Column (Model B). 
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Fig.3.1.2 Comparison of Flexural Strength and Shear Strength. 
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Fig. 4.3(1) Damage Progress under First Excitation. 
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Fig. 4.3(2) Damage Progress under First Excitation. 
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Fig. 4.4 Damage after First Excitation. 
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Fig. 4.5(1) Damage Progress under Second Excitation. 
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Fig. 4.5(2) Damage Progress under Second Excitation. 
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Fig. 4.6 Damage after Second Excitation. 
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