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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 7.5mtall 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.
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% 2.1.1 EBREEE HAY
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

The C1 2)The effectiveness of standard seismic retrofit measures for existing RC columns

experiment | 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

5)The effect of new damper technology

The C2 1)The progress failure mechanism of bridge system due to combination of poundings and rupture of

experiment | expansion joints, bearings, restrainers and columns

2)Seismic performance of advanced and critical columns

3)Effectiveness of advanced dampers and energy dissipating units

4)Effectiveness of advanced unseating prevention devices

* 212 EREEKS-ZX (HER)
Table 2.1.2 Experimental Program in 2007-2010.

Year Model Purposes
2005-2006 | C1 Preliminary analyses and design
2007 Cl1-1 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
Cl1-4 Retrofitted column by CFS
Cl1-6 Current column subjected to stronger than code specified ground motions
C1-7 US column
2010 C2 The system failure mechanism of a bridge

RLALLLLLLULLLLULLLL L LR LT L Lt

HH 2.1.1 Cl-1 £ 211 W AT LFEER
Photo 2.1.1 C1 Component experiments Fig.2.1.1 C2 System experiments
(Single column) . (Progressive collapse).
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Longitudinal reinforcement:
Diameter is 29mm

H=7500

BRASNEDOLUBT L, MThbAIVLT EAD

sy

2600
Area of out side reinforcements ¢ 29-32=205.568cm?
= 7‘ Area of middle side reinforcements ¢ 29-32=205.568cm?
= — Area of inner side reinforcements ¢ 29-16=102.784cm?
— — Cover is 100mm
§ — Spacing of bar is 100mm Z,
— — Tie in end region: Pspy;
[ . . g Ce
:{ Diameter is 13mm 30,4 ellg,b
- — Spacing of out side is 150mm
g :| Spac%ng of middle.sid.e is 300mm
« El Spgcmg of 1nner.51de is 300mm B
— Tle'm gener.al region:
o Diameter is 13mm
0 Spacing is 300mm
7777777777 l
|
|
|
[ | Tt .
Looooooo e o Unit: mm Base section
B 3.1.1  Cl-1 R OB
Fig.3.1.1 Arrangement of reinforcements in cross section.
#3001 FESEM
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 Rj; 2,080kN
Longitudinal WuLG 2,960kN
Superstructure
Weight Transverse WuTR 2,080kN
Pier Wp 794.5kN
Height of Longitudinal /; 0.5m
superstructural inertia
force Transverse hpp 1.8m
Concrete o 27N/mm>
Material strength
Yield strength of reinforcement o 345N/mm?

Concrete E,.

2.65%10*N/mm>

Modulus of elasticity

Reinforcement £

2.0x10°N/mm’

Design seismic
coefficient

Longitudinal kF¢ 0.23
Transverse kZR 0.23
Vertical £k, +0.11

787
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Table 3.1.2 Verification of stress by design seismic coefficients
Direction
Longitudinal Transverse
+k, 12N/mm’ 10N/mm’
Stress
Compression —k, 12N/mm? 10N/mm?
Allowable stress 13.5N/mm? 13.5N/mm?
Flexure
+k, 237N/mm’ 183N/mm’
Stress
Tensile —k, 250N/mm’ 196N/mm’
Allowable stress 300N/mm> 300N/mm>
Stress 0.36N/mm’ 0.27N/mm’
Shear
Allowable stress 1.125N/mm? 1.125N/mm>

==ux [nitial yielding flexural strength
= Ultimate flexural strength

6m
4.85m
E
=
20
[}
e
0.95m
Om
(1) Arrangement of
reinforcement
3.1.2

Design shear force (Cc=1.0)

= Design shear force (Cc=0.8)

Cc : Modification factor on the effects
of alternating cyclic loading

6

5_

v

0.95

1

0
0

1
2000
Force (kN)
(2) Longitudinal

6

T T T IS

5

Height (m)
W

4000 6000 8000 0

M 77 & & A B 77 Ot
Fig.3.1.2 Comparison of Flexural Strength and Shear Strength.

1000 2000 3000 4000

Force (kN)
(3) Transverse
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#* 3.1.3
Table 3.1.3 Summary of determined dimensions.

BAE O BRI R A TN J13R1C & 2 FHRE RS R

Direction

Longitudinal Transverse

Compression stress by dead load in pier base

1.13N/mm?>

Shear span ratio

4.4 5.2

Reinforcement ratio

2.02%

Area ¢ 13x3 : 380.1mm’
Tie in general region Spacing 300mm
Tie ratio 0.317%
Area ¢ 13x2 : 253 4mm’
Tie in end region Spacing 150mm
Tie ratio 0.422%
Yielding period of pier 0.61sec 0.64sec
Moment 2090.8kN-m
Cracking
Curvature 1.279x107*(1/m)
Moment 8792.7kN *m
Initial yielding
Curvature 1.644x107(1/m)
Moment 12936.3kN-m
Ultimate
Flexural Curvature 1.009x107(1/m)
strength Load 1099.1kN 945.4kN
Initial yielding
Deflection 0.0315m 0.0418m
Push over o Load 1617.0kN 1391.0kN
. Yielding
load-displacement Deflection 0.0463m 0.0615m
Load 1617.0kN 1391.0kN
Ultimate
Deflection 0.0984m 0.1226m
Shear strength provided by concrete 928.7kN
Design shear force ) .
. . Shear strength provided by shear reinforcement 1097.0kN
in general region
Shear Design shear force 2025.6kN
strength Shear strength provided by concrete 928.7kN
Design shear force . )
. . Shear strength provided by reinforcement 1462.6kN
in end region
Design shear force 2391.3kN
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Photo 3.2.2 Transportation of the Specimen.
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Table 3.2.1 Preliminary compression test of column concrete.

The day of mixing : 5—Jul-07

1Week (12th July) 4Weeks (2th August) S8Weeks (30th August)
Nominal (N/mn?) Stapdard Atméspheric Star'ldard Atmgspheric Stat?dard Atm(?spheric
strength curing curing curing curing curing curing
No. 1 18.7 16.6 22.8 22.0 24.6 22.8
18|No. 2 17.8 17.3 22.5 20.5 25.0 22.3
No. 3 18.6 17.7 23.3 21.3 25.5 23.4
Average 18.4 17.2 22.9 21.3 25.0 22.8
No. 1 20.8 20.4 25.0 23.7 26.9 24.4
21|No. 2 19.5 19.5 26. 2 24.3 27.5 24.7
No. 3 19.4 19.4 26.0 22.9 27.4 25.3
Average 19.9 19.8 25.7 23.6 27.3 24. 8
No. 1 25.1 23.3 30. 3 28. 4 32.8 29.7
24No. 2 24.2 22.9 31.2 27.9 33.2 27.9
No. 3 24.8 23.3 30.6 27.8 33.1 28. 3
Average 24.7 23.2 30.7 28.0 33.0 28.6
£ 322 a7 U—bhERAEEX BEXKOERTEL
Table 3.2.2 Mix proportion for column concrete.
Cement Nominal strength (required) Slump Maximum size of
coarse aggregate
Oridinary portland c. 24 (N/mm?) 80 (mm) 20 (mm)
Water—cement Sand Weight of unit volume (k g/m?)
W/ C (%) s/a (%) Cement Water Sand® Sand® | Aggregate | Additive | Additive
57 45.1 295 168 334 490 1002 2.95 -
% 323 aArrU—rEEaR T—F 2T
Table 3.2.3 Mix proportion for column concrete.
Cement Nominal strength (required) Slump Maximum size of
coarse aggregate
Portland blast—furnace 30 (N/m) 80 (mm) 20 (mm)
slag c. (B)
Water—cement Sand Weight of unit volume (k g/m?)
W/ C (%) s/a (%) Cement Water Sand® Sand® | Aggregate | Additive | Additive
47 42.8 353 166 308 451 1013 3.53 -
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Table 3.2.4 Compressive strength of column concrete.

mEUEH 2 HEY & U7z RC BRI D 3 > 7 U — b e pl B R

Test Age Compressive strength
YD Position |Size (mm) bays [N o Average Note
(N/mm ) (N/mm )
the lower 1 26.0
X
2007/9/21| part of | 10 7 2 26.0 95.9  |standard
200 curing
column 3 25.6
the lower 1 32.8
X
2007/10/12| part of | ¢100 28 2 33.2 33,4  [standard
200 curing
column 3 34. 1
the lower 1 33.9 .
X
2007/10/12| part of | ¢ 109 28 2 34.0 34,1  |atmospheric
200 curing
column 3 34. 3
the lower 1 39.0
X
2007/12/13| part of | ¢ 109 90 2 39. 6 37,9 [|standard
200 curing
column 3 35.0
the lower 1 29.0 .
X
2007/12/13| part of | ¢109 90 2 30. 7 30.7  [#tmospheric
200 curing
column 3 32.5
£ 325 aXZVYU—bHMim28 HIEE (2D 1)
Table 3.2.5 28-day strength of column concrete (1).
Test Age Compressive strength
YD Position [ Size (mm) Days No. | Load (Max.) C.S Average
(kN) (N/mm*®) (N/mm 2 )
the lower 1 527 30.0
2007/10/12| part of ¢ éggx 2 527 29.9 29.7
column 0g 3 506 29. 1
2007/10/16| part of ¢ é(S)g X 2 458 26. 2 27.3
column 3 479 27.7
£ 3.2.6 a2 27U — M 28 HiRE (£02)
Table 3.2.6  28-day strength of column concrete (2).
Test A Compressive strength and Elastic modulus
s L . &¢ Compressive strength Elastic modulus
Position | Size (mm) =
YD Days No. | Load (Max.) C.S Average (kN/mm )
(kN) (N/mm?) (N/mm?) Average
In-1 226 29.1 25.4
In-2 242 31.2 25.8
. core In-3 222 28. 6 23. 4
upe . —
2007/10/12| specimen specimen 28 In-4 244 31.4 28. 3 25.4 24 3
I 151 | ©100% Out-1 205 26. 4 23.5
200 Out-2 201 25.8 22.4
Out-3 192 24.6 22.4
Out—4 227 29.1 25.7
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Table 3.2.7 Compressive strength of column concrete at test day (1).
. Compressive strength and Elastic modulus
Test Size Age - -
L Compressive strength Elastic modulus
Position Tond Cs n N 2)
Y/M/D (im) Days oa >, verase i
(kN) (N/mm?) | (N/mm?) Average
100 % 248 31.9 24.0
Footing ¢ 200 108 236 30.2 31.1 27.0 25.5
242 31.2 25.5
262 33.5 25. 4
e 1 261 33.4 26.0
the lower
2007/12/13| part of ‘i’éggx 90 261 33.5 34. 1 26.3 25.9
column 269 34.7 25.2
277 35.6 26.3
266 34.1 26.3
the upper 211 27.0 24.0
part of ¢ éggx 86 211 27.0 26.5 23.8 24.0
column 200 25.6 24.2
583 32.9 26.5
e 1 615 34.8 27.7
the lower
part of | ¢ égg “ 1 90 589 33.2 32.6 26.0 2. 1
column 549 31.0 24.0
2007/12/13 561 31.7 25.4
572 32.2 26.8
the upper 515 29.1 26. 6
part of ¢ éggx 86 481 27.2 28.5 22.9 24. 7
column 517 29. 3 24.5
# 328 EBHEEBRHOI> VYU — MNEMEREROHEEEER (20 2)
Table 3.2.8 Compressive strength of column concrete at test day (2).
. Compressive strength and Elastic modulus
Test Size Age - -
Position Compressive strength Elastic modulus
ositio -
Load h/d C.S Average (kN/mm ?)
Y/M/D (mm) Days 5 5
(kN) modulus | (N/mm?) (N/mm ) Average
221 0.991 28.1 24.6
253 - 32.5 23.7
Cube core 246 - 31.7 23.6
2007/12/13] specimen | SPECMMN L g 269 — 34.7 33.0 25.0 25.1
¢ 100X 246 - 31.6 25.6
1X1X1m 200
259 - 33.3 25.7
267 - 34.3 25.1
290 - 37.4 27.8
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Table 3.2.9 Strength of column reinforcements.

(a) Longitudinal reinforcement (D29 SD345)

Yield Elastic Tensile Breakir.lg Notes
strength modulus strength | elongation
(Mpa) (Gpa) (Mpa) (%) D29
No. 1 364 194 540 26 |2 > N&A
No. 2 367 188 542 28 17G0168
No. 3 367 197 542 26 | =8k
Average 366. 0 193.0 541. 3 26. 7
(b) Tie reinforcement (inner layer) (D13 SD345).
Yield Elastic Tensile Breakir}g Notes
strength modulus strength | elongation
(Mpa) (Gpa) (Mpa) (%) D13
No. 1 378 197 528 26 |1y N&EF
No. 2 378 218 529 28 |7G0371
No. 3 377 202 527 27 [N SR
Average 377.7 205. 7 528.0 27.0
(c) Tie reinforcement (middle layer) (D13 SD345).
Yield Elastic Tensile Breakil.lg Notes
strength modulus strength | elongation
(Mpa) (Gpa) (Mpa) (%) D13
No. 1 377 205 546 28 vy &=
No. 2 371 194 545 27 |7C0767
No. 3 381 192 549 28 | THRIHT R
Average 376. 3 197.0 546. 7 27.7
(d) Tie reinforcement (outer layer) (D13 SD345).
Yield Elastic Tensile Breakir}g Notes
strength modulus strength | elongation
(Mpa) (Gpa) (Mpa) (%) D13
No. 1 385 192 527 27 |y RE&H
No. 2 381 183 530 26 |7G0370
No. 3 379 191 528 26 | SMHIT B
Average 381.7 188.7 528.3 26.3
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Fig.3.2.1 C1 Component Experiments.

Rd=450.1 k N(45.9t) Rd=1024.8 kN (104.5t) X2 ¥ =2050k N (209 t )
322 RCHEMIFERR MG DORE M E KT

Fig.3.2.2 Super structure and dead load for C1 component experiments.
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(c)Bearings and Load cells on the bent cap
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Fig.3.2.3 Bearings and Load Cells on the Bent Cap.
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Fig.3.2.4 Movable bearings on the end support.
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Table 3.2.10 Performance of bearings.

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

Bearing Force Condition Demand and Capacity
Vertical Ry=1066kN = 3800X1.7=6460kN
compression During excitation (Allowable stress of support plate)
force

Vertical tensile Ry=1038kN = 5129kN

During excitation

force (Shear capacity of bolts)
) ) Longitudinal Ry=2604kN = 5360kN
Fixed bearings directi Bond st th of anchor bolt
irection ond strength of anchor bolts
(On the column) | Lateral foree ( e )
Transverse Ry=1332kN = 5811kN
direction (Shear capacity of set bolts)
Longitudinal 6 =52° = g
. direction”
Rotation S
Transverse 6 =0.1° = 8
direction”
Vertical Ry=2375kN = 2946kN
compression During excitation (Allowable stress of support plate)
force

Vertical tensile Ry=667kN = 1500kN

During excitation

force (Tensile strength of bolts)
Longitudinal —
Movable bearings ?gl ltl ma
irection
(On the end support) Lateral force
Transverse =861kN = 2945kN
direction (Shear capacity of set bolts)
Longitudinal 6=05 = 6
. direction”
Rotation S S
Transverse 0=1.7 = 6
direction”
) ) Vertical Ry=2072kN = 4241kN
Side sliders . Duri L All bl ¢ 1
(On the column) com;)ressmn uring excitation (Allowable stress of support plate)
orce

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

{ X
EYICE [O]
! 1
m Wya=2156kN ' a O\J:Vub=2156kN m
(Welght of super structure): @) @) i O]
! K
ca=890kN N Réa=1266kN

[Fix bearing Rq=446kN, Side sliders R4=410kN each]

. Side sliders (on the column)

° : Fix bearings o

m : Movable bearing

(O : side sliders (on the end support)
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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 XY
A-48~55 Acceleration at 4.0m from the base XY
A-56~63 Acceleration at 2.0m from the base XY
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 XY 8
A-168~175 Acceleration of center frame at 4.0m from the base XY 8
A-176~183 Acceleration of center frame at 6.0m from the base XY 8
A-184~191 Acceleration of center frame at 7.5m from the base XY 8
(b)Load cells
ID Objective Number of points Number of
channels
L1~32 Inertia force at the top of the column 3 directions @ 32 load cells 96
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(c)Strain gauges
o Number of Number of
ID Objective .
points channels
S-1~168 Strain of longitudinal bars 168 168
S-169~256 Strain of ties 38 88
(d) Displacement transducers
o Number of Number of
1D Objective .
points channels
DI~16 Uplift and slide of the footing 4 @ 4 faces 16
D17~24 Column displacement at 2.0m from the base 2 directions 8
@ 4 faces
D25~32 Column displacement at 4.0m from the base 2 directions 8
@ 4 faces
D33~40 Column displacement at 6.0m from the base 2 directions 8
@ 4 faces
D41~48 Column displacement at 7.5m from the base 2 directions 8
@ 4 faces
D49~52 Vertical column displacement at the bottom of lateral beam 2 pOfl;lctzs@ 2 4
Lateral displacement of movable bearing on Yp(W) end
D53~54 . S — 2 2
support in longitudinal direction
Lateral displacement of movable bearing on Yn(E) end
D55~56 . o L 2 2
support in longitudinal direction
Displacement of movable bearing on Yp(W) end support in
D57~60 pvap’e bed 4 4
transverse and vertical directions
Displacement of movable bearing on Yn(E) end support in
D61~64 . S 4 4
transverse and vertical directions
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
- Vertical displacement between the top of the column and
D109~112 Yp(W) deck 4 4
D113~116 Vertical displacement between the top of the column and 4 4
Yn(E) deck
(e) Velocimeters
L Number of Number of
ID Objective .
points channels
. . . ) 3 directions
Acceleration, velocity and displacement measured at footing
Vi~9 , @3 9
by velocimeter
components
. . . 3 directions
Acceleration, velocity and displacement measured at the top
V10~18 , @3 9
of column by velocimeter
components
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Fig.3.3.1 location of accelerometers on shaking table and column.
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Fig.3.3.2 location of accelerometers on super structure.
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Fig.3.3.3 Location of displacement transducers.
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Fig.3.3.5 Location of strain gauges for reinforcing bars.
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Fig.3.3.6 location of displacement transducers for curvature.
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Table 3.4.1 Soil profile at JR Takatori St..
Shear elastic | Sand with
Depth . .
No. (m) Soil type wave velocity gravei
(m/sec) (kN/m”)
1 O Silty fine sand 137 15.69 | Grand
2 22 Sand with gravel 202 1961 | rvatelf
3 3’9 Clay 267 16.67 eve
4 6:2 Sand with clay 197 17.65
5 g1 Sand with gravel 249 19.61
6 10.5 Sandy clay 231 17.65
7 117 Sand with clay 193 17.65
8 12.6 Sand with gravel 278 19.61
" |Engineering bedrock 300 20.59

Modulus ratio G/Go

== Sand(0.0~0.8m)

Sand(6.2~8.1m)

== Sand(0.8~3.5m) ===t Clay (8.1~10.5m)

—— Clay (3.5~3.9m) Sand(10.5~11.7m)

—— Sand(3.976.2m)  ==rees Sand(11.7~12.6m)

Damping h
Sand —— Clay
5 1.00p 7 40
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o - N
= 0.75¢ 30 <
g C 2
2 0.50} 20 €
= L o0
9 C =
< C 2
g 0.25F 10 g
— L <
g : A
7 0.00 == 0
10 10°  10* 107 107
Shear strain Y
Fig.-3.4.1  Strain-dependent characteristics of soil
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Period (sec) . strain(%) . ratio damping ratio(%)
Fig.-3.4.2 Comparison of incident wave and Fig-3.4.3 Sﬁlljlr{n%(iil:tgrfisgtft surface layers
surface wave at JR Takatori St. ’
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Fig.3.4.4 Soil-structure interaction model.
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(1) First mode (0.37 s for Equivalent stiffness,
and 0.23 s for Initial stiffness)

(2) Second mode (0.12 s for Equivalent stiffness, and
0.08 s for Initial stiffness)
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Fig.3.4.5 Mode shapes of free field system.
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(2) Second mode (0.35 s for Equivalent stiffness, and 0.22
s for Initial stiffness)
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Fig.3.4.6 Mode shapes of soil-structure
interaction model.
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Fig.-3.4.7 Comparison of acceleration and spectrum between observed and
analysis at ground surface
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Fig.3.5.1 Shaking table of E-Defense.
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Table 3.5.1 Major specification of shaking table.

3D Full-scale earthquake testing facility

Payload 12 MN (1,200 tonf)

Size 20x 15m

Driving Type Accumulator charge
Electro-Hydraulic servo control

Shaking direction X & Y Horizontal | Z Vertical

Max. acceleration® | >9 m/s/s > 1.5 m/s/s

Max. Velocity 2 m/s 0.7 m/s

Max. displacement Im 0.5m

Max. allowable Overturning Yawing

Moment Moment Moment
150 MN x m 40 MN x m

* . . .
Max. acceleration is at max. loading.
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Table 3.5.2 Major specification of monitoring system.
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Fig.3.5.4 Sketch of arrangement of monitoring
Equipments.
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Fig.3.5.5 Construction of shaking control method.
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E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

4. WMBRERE & BEERE
4.1 BNER QR

£41, 4113, MEEBROFBICERL 72 1 m/sec’
(100 gal) /X)L Z I K 2 MIRIT K D5 S N7z FEH IR E)
BEFARMZEELDEERTHS. KE2 HHEOEE
FEHNIAS IS 2N 5 7.37m OALE IZ R E
ETFA MO E A EINIEH RS EEE S 7.5m OALE)
WHEBINZMEEFZ2HWTEHELTWS, Zhick
T, BHEI Oy N7 v T T RO FEE A (X
Hm, () AmoEARE REE dehehn
0.548 ¥ (1.82 Hz), 0.463 % (2.16 Hz) TH 3. 2B,
HEEEMIELKFHTE Mo 7220, EF @) 4
HMOBEAFEMIEHTE o/, Z0db&, RMEL
NIV DEBORTITMNEIRIE 10%, 20%, 30%D F i 35
MmENZN1[E, 206, 6 EITHONTHBD, ZHITXKDK
SEAMOEERMIEEEA (X)) AW, fEE ()
IZHETHEML, 20805731, 0486 b & 72D, 728,
ZOEED ETHMOEAFEML0.105 W TH > 7z

FEHEL NIV I EEHOEBRICKODBRT H5XLDIT, #
HEITHR0D a7 U — ORI, 5 RSk OB
IO BHUNECED, 25 LEHEGICXDBEHER D
BEAFEMTS S ML, BEEA (X AHin, & ()
Fm, B (2) Ao ETENEN 0.880 B, 0.765
, 0106 &7 5.

SlEkE, BEMEL NV 2EEOERZITYL, IR
0, BRELICTSREZNAR0DT 7Y — NOHENE
U, WiAMSHoE s Am U NEEERD, HEkHOWw
HAHMMAECKZ. ZoOK, BEEA X Hm, & ()
Jm, BF(2) FmoEAETENEN 1.024 F, 0.894
B, 01128 &2s. 2O ULRBEGICXD, BHER DK
SEAmMOEERMSEEE A (X)) AW, fEE (YY) A
LT, Wio@eRECFRARMELD bEnEh
1.87 %, 1.93 5Nl TWh 5.,

4.2 ANHED

H 42 BAERBRICBITSDEHEDOANERS EERIC
T—F 27 ETEHI S N EE 2, T OIREEIE
T—UIZARYT M, WEEH 5% & KELREAN
JRIICEDRRLERETH D, Ihsickiud, &
WEA (X)) AW, #EE (Y) HREHIT 02~1 BDEE
DM REDICEENTZZE, EF (2) AWNC
13, 02 BEEETORINRKREDIZELZI ENGh
5., Fi, INSOMHEANIAMED 1 [HH, 2 BETH
BOUFEKTH 5.

IR U 72 AN G O K8 IR R o [ 4G & BV AH XY 3 S [
FRMTI, BREEA X HFAIEANEEEIDS 1.7
o, fFa (YY) AAEANEESEZDH 0.96 5D AN
ERHOTWVW5,

43 BHEROBEBEOOEREEHBEEE
Bk L7=&B0D, EHEL NIV OEBROFHIZINEIRE

SN LN,

10%, 20%, 30%®D FliFEENAZNZTN 1[E, 2E, 6[FH
froni=n, BETHRTZ200HLINII I DEKRTIZ
U TN,

FEHEL X)L 1 [ HOEBRIZB T 2B OEEG DR
DT 2B 43 1RT. EHEBELNVOMEZZITS &
358 (L a) (T TEE AT I /2 O E N s AE L B,
Z D%, IWEEMBEMTSI2OoNT, B 43R T
KD ITHFERENT OVENNEBAEL DL DIk S,
5358 (R d) HETHEBOLSIZ, Yp (W) HMICHE
BRI IC BN T 0.07 m DISELMAEL, T ORFITITEHE
NEZ T3 Yp (W) HOESEICHARID T 7Y — K
IO EN AT TR, EE NS EELIRD /-
ZEMDIMD. 535N 5 6 BIINITT, Xp N) HD
HEOXREEyOT 7 — bNFEHEL, FHETD. %
WDEHIT 6.9 MITHBNWTITEARINEZLALAEL B8,
Bl 4.3(e)iIcRT EDIC XnYp (SW) HOMNKRD I
U—RMNEHEICE>THELBDTBD, ZO0BOES
THIEL /=,

B 4.4 1 3EMEL )V 1 [EHOEBK T % OBEEGIRN
ZRULERTHS. XaYp (SW) HIZBWTHETENS
0.6 m OFFHO AT A>T U— NNFFEL, @l mekm
MEE 02m~0.5m OHIFHTIES AL 7. XpYn (NE)
M CIEELNS 0.2 m OFFOEmMONRD I 7Y —
NAVHIE L ZZRRE T, SO ZEHII o 7.

FHETEL X)L 2 B HOEERICB ST OGO R
DT ZEER 4.5 2R, BHXEOIREZEMD 02 m &

HADBRETIE, 1 HHOAEBRTEREL AKX
2V —bRHELUIRDLZBETH S, BRRINEEMNE

U7z 6.97 AL T, IEEMZ 03 mZBATHY,
XnYp (SW) HIZHWTHIAMEEH NS SITKEIES
AU, WEHHNOLH, 7327 U—ENEEL T
W5, ZOK, XpYn (NE) T, BT OUEN A4
BICEU D, Wihmekfmoids AL H72<, XnYp
(SW) MiClX2 LEBEII/NSIDHTH 7.

B 4.6 1ZEHEL NIV 2 [0 H QR T % OHEEGIR
ERUEREETH D, Xn (S) NS XnYp (SW) HOD
HETEENSES 07 m QFEEOI 7 I 7 —FA
JEEL, SMUOEAMkHAIES AL TWS, 3 i
DS B DEATOESFERHIEENTEN L ZRET,
35 A UIZEEE TlE/2W. XpYn (NE) [ Tl EEH»
504 m QEFONRD T2 7Y — OETE L ZRRE T,
BMEbITMNICERLZEETH - /-,

FERZIC XnYp (SW) WD 3 BREAIOS B OE AW,
NI DG gk DGR, 27327 U —hD#EE
KM ZFRD 201 XnYp (SW) WO 7Y — k&R
EL7z a>r - BREOKETZR 47, 227U —
NEEBOBT O T 2R 4.8 1277, ZHuT XU,
ONHNCEE S N2 A mekfi 3 A5 6 1 RKlida >
77U —FREOBICHEMMNY DAL TLE> TS
M, O 2ARIIIKRERERDRLS, ZNLOAADO
YA — MNICHBEERBENRNWI ENGND. K
WG O & 4 U T,
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4.4 EINERE

42 BB RSB LR ORK - H/NGEINEE %
FEOEMERTHD. K 4.9 1%, FEHIK IR IRE INEEE
ZRUEERTH D, BHEL )V EHOERTIT,
B (Y) Hmicid 3.59 BIiZ BN T 8.8 m/isec’ DK
EIEENEC K, 2, BRI 5E5ICHE LOR
RERM ZBATZBEBICBBIORMY TS, BEEm (X)
FHIENTKE, 414 BICIEM O KM (8.2 m/sec’) 7%, 4.58
MICEMOBKME (9.4 m/isec®) AEUK. ZDBEREIE,
FEEHE £ 4 I B O L D1 50 mm Zi#8 A D AN
AU TIRAICHEERDEDERE TH D, BB DR
AT S T B EEZ NS, 220, INEEE
WXV AN E N EENTWS D, 25 L/
AWIZIREZBRNT, BRI BN E 2 i Bl
S5~6m/sec’ BETHoESAD. IO LNV AE
IR, EBRBRESEELRZICBTENZDEICLD
HOEHEHETND.

FEHEL )L 2 B HOERT, REMEEITIZ/VILA
RIS (JA4X) NEENTHD, mAEEL TIEE
fHiE A (X)) A, i (Y) HECZnZE4 9.2 m/sec?,
10.5 m/sec’> H DIREMEENELC . T2 TH, BRIE
BN E 2 LI AL, S~6 m/sec’ BBETH 5.

B 4.10 1%, BHBRANCEE L2 BT Oy 7 OEL
MEOREMEEZRLZHERTHS., ZNLD Yp
EYnIZH D 2 DO OEHIBBOLAFRETH - 7=
EEZSND. BRAISEMEEX Yp MIOHICHEL 72
ERToy s TIIEEE A O A, fEE (YY) Hmic
FNFN 9.6 m/sec?, 8.1 m/sec’, Yn fIDHITEREL = I
WOy 7 TIREEE S (X)) AE, B (YY) Hrce
NZFN 8.6 m/sec’, 7.2 m/sec> TH 5. Kl (Y) Hlac
LTI, BMEE EoFEESZRICBWTHTF 2= L
RN, FEKOIREIEE & BB RFEEE &L
275, FEEHE A G IR T 2R A 2720, &
DES T IREMEENRKREL 2> TS,

M7 BT BV 2 KE IR R AL [ & i 0 57 AL (B OD S
DR Z B 4.11 1279 FEES I3 R | TR
HUMREEBBOR KT S, —F, fEHEEAHRIC
B S TREETH D720, IWERFIZRRD, &
il TEL £ 5 1] [ o 7K O [ B RS S B BE S 2 BRIC A2 U 72 %
VAR ENBHEZBIC D SN/ RER S,

4.5 WEEM

A3 FIEHRGORRKICEEMEE LD ETH
5. & 4.4 3B K OIS B AN S5 O RIRN 2 £
LOFERTH D, H4.1213%, BHIKGDINEEN 2R
LR THD. £, I FREICKDERT 2K
WS DHEEEdt DHHOETRL TS,

2 2
dy=+dx, +dy,

- -
—

(4.1)

ZIT, dy,. dy, BETNENEL 0BT 5 X B

A R
TR

Y HR DS MTHD. TO5LTROIERRGEE
R& dp STEET S,
A R

BB, BRI OINEEMIZE ST REME 2 HW»
THO, ZHBMNEOHEITE, A0 M5 m o
B DEENEGEEND T ENG, UTFICXDZOHE:
RELTWD,

F9, M43 IR L 2R MENBERNSUTD 2 K
WESND. 728, RC MO 3 HHEINEREO ETFHH
OEREBIZMHMBITNI NI ENS, T TIFEDOEE

ZEELTOHRN,
(Dxm +Lx)2 = DyArz +(Dx~r +Lx)2 4.2)
&&m+LyY=l%¢2+&b¢+LyY (4.3)

ZZ7¢C, D

X

D

v XD, Y S NENORE

BEDIREZENL, Dy, Dy & X B, Y HEZNZE

ym

NOFHSNDINELN, Ly, L, BRERICBTIE

MEtMNSE &Y =7y NETOHETHD. X(42)E4.3)HD

EEREOTEMTSLE, @B oh, ZhzX4.2)
IRALTHS &, X@5HNESNS.
D, =aD,, +b (4.4)
—a(b+ L) tya*(b+L,)* —c
Dy, = B e (4.5)
2
1+a
ZZT
L
a=-~ (4.6)
Lx
. D%wf-+2Lxwa1—(waf-+2Lyl%Wm) )
2L,
c=1+a*)(B*+2bL, -D,,>-2L.D,,) (4.8)

EEL X))V 1 EEOERBRTIE, £33.68ITHBNT
Xp Sl Yn HFIANZFNF40.010 m, 0.039 m DJREZE

LT, T ORIT Xp-Yn HIAIDIEEZAL d gy 13 0.040

m &R0, FHEICKDBERENM (= 0.04 m) YDA
MELEZETRED., ROE—7I13428THD, 2D

e DIRE BN day 15 0.079 m TH D, T O BB THER
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TEEHE, BT OCONBETHD.
1, dpax CLT0.07~0.1m QRENELCHE, 695

ZD%

IZHEWT Xn-Yp HEIZKREBBERMNEL D, 2D &
& Yp K], Xn H I DINEZEALIEXEIE 41 0.084 m, 0.172

mTHO, dpy CLULTO0192m EGHHE EOKFEN (=

0.116 m) @ 1.5 EREDOREEMNELC LI EER S,
AR D, ZOREFICE> T, Xn-Yp i OFEMEEITIC
BWTHRD IO —NOFIVE, #iHRES O EEN
H£U7=.

ZO%IE, 757 BIZI SICKEBISEEN (dpax =

0.195 m) 2% Xp-Yn AMICAEL, THLERBFICLDZ
NETITFEEL TV 7Y — N HEL .
BHRZAME LT, BahEs X0 Him, B () 4
BHZX L TZNF410.018 m, 0.017m AU /=,
FEHEL X))V 2 BHOERRTIE, £93.73BICB0WT
Xp /A, Yn AREICEFNFI0.051 m, 0.071 m DIEEZE

RMECTNS, Z DR DIREZNL dyay 13 0.087m TH
%, TOH%, 438 MITITEMEL NIV 1 B HORKIGE
ZEAL EARIE R U 0.164 m DIREZENL dpay MAEL TS,

BARINEZEAIE, 6.97 BIZBWT XnYp HFRNCAELTTH
D

, dpax KL T0314m THD. AiBDHED,

- S
Z DIng

IZE-o T, BHESOEENS SICEELZ. BEEM
LTI, BEE AL (X)) A, /B (Y) St
LTENEN0012m, 0.004m THY, FEHREEL THH
BL X)L 2EHDOEBRICKOERBEEMIZ/NES ko7 Z
EERB.

4.6 BIRIBHENCIER U Z#8ED

FE I 135 VAR 2 7K 07 e G I B SR IR 9 2 it
FTE—ADMZEZET 572912, K414 12RT XD
12, BB S 2 oo —Re)LERELE. BB, &
HRBIBG IR O FIZE O — Ru)Las 4 8, &EEZAT
O—REINSHEEEIN TS, O— RtV TEH
INEEN (Bo—-REILVoEH) 2K 415 1TRT.
Z(UD)Y AT DWW T, #i 25 L aEzExrL T
W5,

E-MBICHET 22012, B~ 2K, B~ A
AN, T RIRRICIE A ER 28 fE (BAH7ICIE 14 E) D EEE
DO MFSNTHBOD, HEil, EEEA, shEhsmo 3
B DINEE 2L Tnws (K416, &0 EEE~ 2
KIT 4, B~ 2/ 4, 1B 6 @O hnEEHN
BOMFENTWD), B~ AKRKED B~ A /NO skt
DGR & U T 4 (# O s oS-, 1 BAT O RS
B TEHENE A7 fat DR & U T 4 {# o fa ks o
g, 1 BT O USRS _E T RN S s s & U
T2 E O EE DO = AN, £k Bk, E

< 2N, T BUMTIZRMA & e U CE® 25 L7z,
O— REeIViZ X BEMEH EDEEIZDWTIE, KE DK
SES~ KBNS DIBEEMEIC BN TRT.

4.7 RGO 7K I3~ K SE 2T O g BE R

K417 ICEMEBL XV 1 EEHBLT2BEIZBIT 5B
ERE 2 RS, BEMRNPK 415 IR LZO0— REILITEK
DEHIL 722 W= D, FREFEDSIEEFHZ KD E
HUENSEH L EERHWEZBETHD, EHEL
NV 1 EIEZRS &, o — Rk 2l &
EEHI X BEN L TWB Z ENbnd. EMEL X
W2 BEIBIZBNTIEINEEFHC L D EN R ERMEZERL
TW5, 413HiTHIRRZLDIT, EHEL X)L 1 EH
THREEZRE B TBD, BREEND BREE
MNES>TNDE, ISHICRFAPBLETHL2HOD, 2 b
HIZBI2BEEOEZIIZINSIERL TWEEEZ SN
3.
Y(LG)HMDEREL D, RC #HiETE < B5N5HikEE
ZELTWBZENGMND. —FH X(TR)AMNIE Y(LG)H M
ICHARTKENOEFHNRKEREEZRL TNS, T
Y(LG) S MNTE BT H 2 H OIRE IR L B A T b
BDIZH L, X(TRYH MM AV m G Tl T n T
WAHZEROyFOTIRNTEAET D720, ©0EMR
BRERL TS EZZ N5,

4.8 VI H

HEAICREINTVWDE 0T AT — YO &I
335I1TRLEZBO TH DN, ARHIT4.1.5 HITBWTHE
BRI EXFIE DT THAS N TVBRKLITBIT S 0T H
AT DNTEERT S,

Xl 4.18~4.21 ICEHETEL )L 1 EEHIZBT 2 EEHO
E D ZRT. 3.68 HIZHBWT Xp KA, Yn HIAITZE
ENRELTTWD Z EMB Xn H\l, Yp HHENZHB W THER
HIITERHALOVDTHAREL TS, 428 B TlE Xp
Jill, Yo FIANCKREROTANFEEL, 2R D27
U— ORI, W5 ek O RSB E N 6.9 BT
BWTIE, Xn HAl, Yp HHHITHBWTKERIEMOT &
MFEELTWDS, BIBRMITH 2 Xp S\, Yn HHEIZBWN
T, EMEES 1.2m O T, EEMIZEMR VT A (1896
©w) D2RELLEICHNS TS 4000 Z KRELSBADOTH
MECTHD, REEM{EL TS,

X 4.22~4.24 [TEMEL )V 2 W HIZBT S EHTH O
MENMZRT. EHEL L IEHBIZBWTHIIKRE
SHEAL TWS D, BHESICBWTOTAT—%
MHITRELLEHIENTWARWAL, 40004 2B A 5 &
SRR EROT HNA UL, EMEL X)L 1 [HH
CIFTRABEOREBNSH 1.5m THDZ ENHERTE
5.

X 4.25~4.28 IZEMEL X)L 1 EEIZBT D8O
S AR, 3.68 8, 428 B TCIIHSMIIRITZ AL
BHRZFBEL TRV, DRI 71— kOHE
i1 5 18k 5 0 JE JE 2SI S 7z 6.9 BITBWTIE, Xn
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M, Yp HIAICBWTHERMLYDOOTANHEEL TWD,
—7J5 T Xp J51Al, Yn 5 E T8 O 09 &3 1000 1 BL
TThHY, HEMOMEHIIIHE ET—HTIE RN,
BEICE#E L CW/za 27— B H%E Lz 7.57 BIicH
WTIE, #HEMICIRERVTHANFEEL TN,
MW OmTN > 7 ) — I T7NICEEIN TN
B\, ESBHOER, N"AX03>70—KDFEIC
Ko THEMMNENT LW, WHHREZE> TS
EEBHRLTNVNS, WTFNORKZIZBWTH 1.25m LD
FWLEOHSMHOOT AT NnTND 5000 (BEROT
B 18961 D 1/4FREMY) LLFTHD, KEBRVT AL

FEAEL T,

Xl 4.29~4.31 1[ZFEHE L N)L 2 B HIZB T B HEMH O
SEHEAAERT. B ERU < BRICEM TR E HEG
LTWEOEMBOVTHATFT—FIIREWFTSEDNTW
B, 1 [EHERDD 1.25m O#SIITIERR0T A2
BADOTHANELCTWD, £/, ZTh& D Lo
BNTH 10000 L EDOT HHRMHICFHEEL TWD,
FEBMHOTHZELDRBO, K& WAL 28 1 [E
HE2EBTIEIRABETH - 20, wEHOTATIR
FERABENIEN > TS LW TE S,
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Table 4.1 Natural Periods and Natural Frequencies.
Transverse Direction Longitudinal Direction
X) Y) Vertical Direction (Z)
Frequency Period Frequency Period Frequency Period
(Hz) (sec) (Hz) (sec) (Hz) (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

2¢ No result due to problem of accelerometer at the top of column

7 4.2

FRBAI R S 5 R VT D IR K + B /NI 0ok 2

Table 4.2 Maximum and Minimum Response Accelerations at Top of the Column and the Deck.

(1) First excitation

Top of column (m/sec?) Yp(W) Deck (m/sec?) Yn(E) Deck (m/sec?)
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) FEMEL X)L 2 [EH
(2) Second Excitation
Top of column (m/sec?) Yp(W) Deck (m/sec?) Yn(E) Deck (m/sec?)
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
£ 43 BHEWOEK « &/INSEENL

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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fir & 815 D e J

Table 4.4 Response Displacement and Damage Progress.

(1) First excitation

. Time dx (TR) dy (LG) Distance .
Point Direction Observed Events
(sec) (m) (m) (m)
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
Crash of Cover Concrete
e 6.900 -0.093 0.172 0.195 XnYp (SW) . o
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
. Time dx (TR) dy (LG) Distance .
Point Direction Observed Events
(sec) (m) (m) (m)
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)
1.2
1t
0.8- ) /
Yield Stiffness (TR) -

e
~
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Fig. 4.24 Strain Distributions of Longitudinal bars at 6.97 sec (Second Excitation).
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Table 5.1 Natural Periods of Model A.
Transverse direction Longitudinal direction Vertical direction
(X) (sec) (Y) (sec) (Z) (sec)
Experimental result 0.55 0.46 0.10
Stiffness of the column was assumed to be initial stiffness
Stiffness of moyable bearing was 037 018 011
considered
Stiffness of rpovable bearing was 037 038 011
ignored
Stiffness of the column was assumed to be yield stiffness
Stiffness of moyable bearing was 063 020 011
considered
Stiffness of movable bearing was 0.63 0.64 011
ignored

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

Transverse direction Longitudinal direction Maximum
(X) (m) (Y) (m) displacement
Positive side | Negative side | Positive side | Negative side (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 IR 0.100 -0.119 0.285 -0.116 0.301

Takatori record

Effect of input ground acceleration (Friction coefficient of movable bearing is 20 %)

No friction force was 0.139 -0.085 0.281 -0.229 0.289

considered

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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Table 5.3 Natural Periods of Model B.

Transverse direction Longitudinal Vertical direction
(X) (sec) direction(Y) (sec) (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

X 54 EFIVBITK D ANHESR B K O E S O RGN T5 10] 7T B SR D E T IV D E
Table 5.4 Effect of Input Ground Accelerations and Bearing Models on the Response Displacement (Model B).

Transverse direction Longitudinal direction Maximum
(X) (m) (Y) (m) displacement
Positive side | Negative side | Positive side | Negative side (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
5 — -
80% of original JR Takatori 0.094 -0.086 0.220 -0.101 0.233
record
Effect of input ground acceleration (Friction coefficient of movable bearing is 20 %)
No friction force was 0.127 0.121 0.355 0218 0.366
considered
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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Fig. 5.1 Model A (Displacement Based Fiber Element Model).

Mass Blocks Sliding Bearings
idi i
Girder /l/ N\L \::;;::;
Movable : / N S—— slab : / )
Bearing i Fixed , Fixed =
earing in Bearina ' Bearinas
LG Direction !
- | Column
Vv '
:1Footing 1
Z (UD)
Y (LG)

52 EFI)V A DOFEA
Fig. 5.2 Detail of Model A.



Stress

B KB EBANRR SRR 7E 8L 55 33155

R
[y
.

Stress (MPa)
N
o
T

Ecu20 \v

Core

Concrete . A

Cover
» Concrete

-40 '
-0.01

-0.005

Strain

B 5.3 0 S0 R O G & el R O

EFI)

Fig. 5.3 Envelope of Concrete Stress-Strain
Hysteresis.

2009 £ 1 H

Strain
A
|

54 27U —bOKRE - B

BT

Fig. 5.4 Unloading and Reloading Path of

Concrete.

Response after Partial Loading
Response without Partial Loading

fi‘ll'?af-
12
ful-lu

v
Stress

(2, 1))

Stress

Stress

Strain

(1) fB1IE MP E5 )1

Strain

(a) MP EF)L

5.5 SO N~OTHEF I (BIEMP EFIL)
Fig. 5.5 Stress-Strain Hysteresis of Longitudinal bars (Modified Menegotto and Pinto Model).

Fa

Yo

Linear

(a) [EE K

FA

Friction Force

Yo

Strain

(b) fEIE MP 5 )L
(2) /MRS O BR T AT % 22 2 856 OB RERE

Fa

Elastoplastic Bilinear

(b) AJEy (TRD) ZK

5.6 SRITROREM

Fig. 5.6 Analytical Idealization of Bearings.

Impact

On-Skeleton
(¢) B FAMOmZ



E-Defense 2 Wz ERRCHEH (C1-1 /&) BEHIEEBRIIHMEE — Gk En

LA AN

—
RN A TR

57 EFB (HEN—ZT 74 N—BREF))
Fig. 5.7 Model B (Force Based Fiber Element Model).



BSORFELIRIRITOIE LR 56 3315 2009 4 1 A

0.4

X (TR) Directon —— TEST 04y (LG) Direction ——TEST
- R NW NE
E E ~---SW --- SE -
€ € /\ ------ Average
[} [}
GE) GE, 0 A VAV A A e
T
Q. Q.
£ )
a - . a - 7
-0.4 : ' -0.4 : :
0 5 10 15 0 5 10 15
Time (sec) Time (sec)
(@) 7—F > 7 LD 4 BOHEE &7 D1 O His
0.4 ——— . 0.4 — .
X (TR) Direction — TEST Y (LG) Direction — TEST
R Average — aoommmees Average
3 L —emes JR Takatori 8006 E - L JR Takatori 8Qf%
= £ :
[} [}
IS S
[0} [0}
[&] [&]
© ©
o o
i) K7)
a N y a
-0.4 : . -0.4 : .
0 5 10 15 0 5 10 15
Time (sec) Time (sec)

(b) 7—=F 27 LD 4BOFIOPNEE & IR EHRA ) 2 F IV O ik
58 ANMBEHOEE (£E57)A)
Fig. 5.8 Effect of Input Ground Accelerations (Model A).

0.4

X (TR) Direction ' 0.4ry (LG) Direction '

Displacement (m)
o
Displacement (m)

L — TEST

L — 0% 10% L % 10%
Friction Coefficient ______ 20% - 30% Friction Coefficient
|

-0.4 : -0.4 :
0 5 10 15 0 5 10 15
Time (sec) Time (sec)
5.9 USROG AT ESOKDETIALDOEE (£7)L A)
Fig. 5.9 Effect of Bearing Models (Model A).




E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

N
o

Acceleration (m/secz)
o

N
o

Acceleration (m/secz)
o

Y (LG) Direction

—— TEST ! — TEST
e ANALYSIS L ANALYSIS
20 -20
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(a) HERHIR 3% 0D s 25 hn ekl J
04 T . T 04 T T T
X (TR) Direction — TEST Y (LG) Direction — TEST
!l ANALYSIS s . e ANALYSIS
€ c
g g
g 0 g 0
° °
Q. Q.
2 k)
[m) r B =) - ’ i
-04 1 1 1 04 1 1 |
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(b) &R i D it B 28 B
2000 [x (TR) Difection ' . 2000['Y (LG) Direction 3 i
. A . H
prd Z
< T il < T i
] (]
o o
£ 0 S o0
T ©
o) (V)
® B 7 ® B 7
- — )
-2000 . . . -2000 S . .
-0.4 0 04 -0.4 0 04

Lateral Displacement (m)
(¢) TSI ~IKSEAE AL D 8 JEE

(1) INEIRE 100%0 1 [\ H O AL
510(1) EFILAICE D Cl-1 BB OB IRE O HEE
Fig. 5.10(1) Analytical Results of C1-1 Column (Model A).

Lateral Displacement (m)



BSORFELIRIRITOIE LR 56 3315 2009 4 1 A

N
o
N
o

Acceleration (m/secz)
o

Acceleration (m/secz)
o

20, 5 10 15 20 99 5 10 15 20
Time (sec) Time (sec)
(a) B R St O B 25 m i
04 .1 . T 04 T T T
X (TR) Direction TEST Y (LG) Direction — TEST
T L e ANALYSIS A ANALYSIS
< <
() (0]
GE.) 0 L'\A/\ /V\,\"AI\ AW‘V\IVM g 0
8 - V-.V Ly VY 8
o} k| AT 3
a L "".' URY. \' |., YAl PR L PSR L P a)
0.4 ' ' ' 0.4 : : :
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(b) F&EMIR 5t D b B 2L
2000 [X (TR) Direction ' : 2000 ['Y (LG) Direction

Lateral Force (kN)
o

Lateral Force (kN)
o

2000 F o , : 2000 F ,

-0.4 0 0.4 -0.4 0 0.4
Lateral Displacement (m) Lateral Displacement (m)
(©) 7KN-T7 ~IKSEAAL D g FE
(2) INEIRNE 100%D 2 B H O &£
K 5.102) EFI)LAICEKS Cl-1 KRR O i iR & o #EE
Fig. 5.10(2) Analytical Results of C1-1 Column (Model A).




E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

0.4 ‘ ] 0.4 ‘ ]
X (TR) Direction —TEST Y (LG) Direction —TEST
E E
= =
[5) [5)
g g
[0 (0]
2 2
G G
a a
04 5 10 s 0% 5 10 15
Time (sec) Time (sec)
(@) 7—F > 7 LD 4 BONEE & Z OO i
0.4 — ‘ 0.4 — ‘
X (TR) Direction ——TEST Y (LG) Direction ——TEST
P Average N e Average
g - JR Takatori 80%| & R JR Takatori 80%
k= k= 1
() ()
g g
() Q
2 2
& &
Aa Aa
04 5 10 15 04 5 10 15
Time (sec) Time (sec)
(b) 7—F 27 LD ABMDONEEONMBEE & IR ERA U 2 F IV O ik
511 ANHESHOEE (£5)LB)
Fig. 5.11 Effect of Input Ground Accelerations (Model B).
0.4 — 0.4 —
X (TR) Direction Y (LG) Direction 7
= =
(0] (0]
g g
Q Q
2 2
£y TEST By
8 - T 0% —— 10% a . e 0%
Friction Coefficient _____ 200/2 _____ Friction Coefficient _____ 200/2 _____
04 5 10 15 04 5 10 15
Time (sec) Time (sec)

5.2 GRS R DRGNS A B SORDE T IUE DR E (£5 )L B)
Fig. 5.12 Effect of Bearing Models (Model B).



B SRR HRARETE AT T &R 58 3315 2009 4R 1 A

20 20
“— — Y (L I:Dlrectlon
;| E |
B B
g o g
g T g
< < |y BTl gk
20 20 5 10 15 20
Time (sec) Time (sec)
(a) W& K 5l D s 25 ok
0.4 — ‘ 0.4 —
X (TR) Direction —TEST Y (LG) Direction —TEST
""" ANALYSIS -----ANALYSIS
o A [\ A, /\ A

Displacement (m)
(=)

ATAVARTA A%

2000

5 10 15
Time (sec)

(b) H& MK i D

Lateral Force (kN)
S

X (TR) Diregtion

—TEST
""" ANALYSIS

Displacement (m)
(=]

0.4

~ N \/‘/VAV"WAVA\

0

B ZE AL

5 10 15
Time (sec)

2000

Displacement (m)
(=]

Y (LG) Directjon ﬂ

—TEST
""" ANALYS]S

WA
VALY

-2000 5 10 15 2000 5 10 15
Time (sec) Time (sec)
(c) WEMIILIEBITIER 9 5 /KEH

2000~ ) 2000y (LG) birection |
: :
e 0 g 0
E E
8 L i 8 ]
5 —TEST 5 —TEST

2000 ANALYSIS B I i B ANALYSIS

0.4 0.4 0.4 0.4

0
Lateral Displacement (m)

(d) 7Kg~ KSEZE B O Jig R
(1) EHEL X))V 1 B HOEER
513 (1) EFI)VBIZLD Cl-1 MBI O E K&

0
Lateral Displacement (m)

DHEE

Fig. 5.13(1) Analytical Results of C1-1 Column (Model B).



E-Defense % ] 7z KRCHEM (C1-1 FEH) REN AR /S S & — A1T1EN

[\
)
[\
=]

i3 RRE I -+ ANALYSIS
20 0 5 10 15 20
Time (sec) Time (sec)

(a) KB K i OD i 25 5k 8

Acceleration (m/sec 2)
(=]
Acceleration (m/sec 2)

1
1
1
'I

o
S

0.4 ‘ 0.4 ‘
X (TR) Direction —TEST Y (LG) Direction —TEST

""" ANALYSIS -----ANALYSIS

| /'\II\/\N\{\A.A.A

L.hﬁw RSN ATIAY

Displacement (m)
[==}
Displacement (m)
j=]

04 5 10 s 0% 5 10 15
Time (sec) Time (sec)

(b) &I K i D I 2 A2 L

2000 — 2000 —T
X (TR) Direction —TEST Y (LG) Direction 4 —TEST

} ’I """ ANALYSIS Y | I ANALYSIS

Lateral Force (kN)
(=]

Displacement (m)
(=]

V!
2000, 5 10 15 2000 5 10 15
Time (sec) Time (sec)
(c) FEHNFLESICIEA T 5 K0

2000~ 2000y (LG) birection
e 0 e 0
E E
3 —TEST 3 —TEST

2000- | T AI?IALYSISﬁ 2000- | T AI?IALYSISﬁ

-0.4 -0 0.4 -0.4 -0 0.4
Lateral Displacement (m) Lateral Displacement (m)

(d) KNS~ IKSEZEAL O g JhE
(2) FEHEL X)L 2 [0 HDFEEK
513(2) EFIVBITEL D Cl-1 FEHIBLAE O 1l BB R & O #E E
Fig. 5.13(2) Analytical Results of C1-1 Column (Model B).



BSORFELIRIRITOIE LR 56 3315 2009 4 1 A

6. £&©

PLREICRLIEED T, ERBBEOBMZMEHRL 2% E
HIDORIEICETES 3R TEHHRMBERZEKL, M
BRI D I 22 2 1) 72 W\ S R D T AR D B % 2% 9 1E 1
BRYFR—=VEBRT—Y 25D ENTE. WEHA
oMW zED, MTTFEOBMEZERL TW LT
AREBROBERISBO A KREN, RERICIDAANS
N RBERT— 13, BHE SEMATO®R EICHD,
F72, 5 HBROMREHFRTNIRE B VWEANEED D,
LL, InsZ2@ELT, ek, —RiICERHMINTER
TEEITESBLD, SBROMTICEELERT —y 0
BN TS, BHSICBI2AEROEHE, Zan
SHOMERS S HOMAFREIILLTO®ED Th 5.

1) 1970 FAUTEHZ I N/ZERE 1.8m, &S 7.5m O RC &
- (C1-1 f28Y) 1, 1995 4 S i I g S0 2% D BRIT IR B
R T 81 X 7 R R AL Bk 2 Mg & RS W O EhE A ALV
MzEBE L CEMBHL NVIEELEZLEEZANTS
ZEITED, B 1 EEOIMETIIEE LOKFEMD 1.5
& (RU Tk 2.56%), %52 BHDOMIKETIEEHE LOKE
BALOF) 2.7 % (RU T b 4.19%) OIS EZLA 2 +E
Cr.

2) fEsk, VB BT K 0 MO IREBIZ R % &, B
%, 2 BHOMETIRZLDOINEAEMOERIZAEL TS
BEEZZTNEEERLZNVOTIEHRWNAESZSZSNTE
=h, EBRIZIE, 2 BIEHOIIETIE 1 BIEOMEXD B
BENKRELSERLEZ, BHEEZTOMKITTIE, | BIEO
IR X ML EAEIRORMEEE2 b, Z
NMEEEMERELEEZZLGNDD, TN
HEDOERIZTH G LIEANZALDNBR AN ZERT D
HENd 5.

3) R IC K BB AITE A I & S HIICb K EL
ZLLTHO, #HHmicksa7a> 27— hORHH
NRIIMERRESNTETND LD, —HTIERN,
Fo, 3 BoHEgmicka Ay, WM, o, sEo
WHRHICBWTHEMIZALL Tnws, BIEETIZ, #HK
Bt DS IC X 2B RICEET 2t e <, 4
M OERBRNZNICEL TEERERZGA25. MR
>V — SORIEE, BAMEKH OIS AML, WER O
o, avyas sy —-bhoEEEZEDRA N — 2 H
WETHEMAWERI >V ) — N ORERIZE, 451, 35
WETINVOEENLETHD., ZOKITIE, HIKRTIE
A S0cm BREOKmHEE TS U — MNMEDEMEFE
B2 D <R~ OF BAERLHIAS R — 2 & 7x - THAf 3
ENELDOLENTETNDY, iE 2mi D&M O i
FREE LR N~ DT B ORI & DA E2EEICAN
THBLBEND S,

4) W5 kA O BTN S 15m (RERIE &
D 83%) ETHELTHY, WROMEE > PEDOEZZN
MERZE, BVNHIEETHEMEL TWEEER S, £
7o, mEA ORERITHES BRI B NAL TV D &

SHMOHFEE OREBROMFTDEETH S, BIAEDHE
TlE, MHMEREESRER 7Oy 7 0micik &L,

#e S IRp D R B ZSAL AT B R B REAE TSR DIT,
RODICEEE > PRZEZFREL TS, LaL, FEEIZ
X, ZARS A OB NEROBIEMRS AL, 5%,

ZOLEBMRL THEEE D EZMBNTL, MITTET
NWDOEREELZR > TOWSBENDH L.

5) 7—F T NOEAMEHOERICEID, HEHETD
FEHRAECTWS, ZOEEE, REVETIEZ T —F
S NOEHMSHOHKTHLOFE, —a—-Y—F >
R4 Tl Strain penetration EIFATWS, T—F TN
DEHH LG DE LA BETNFED AN L LN &
DHOMBERNEDIT, BB ST EOEZTNH NS
NTETWDN, 5%, ERT—5Oftins, 7—F
> 27 N D Bl 5 1) 8% 5 O 25 A A 358 O [T i 12 9™ A
HZZALZEHSMIL, WUREFTIVERIET HHLEMN
BB, MOTE UITEK 2 RN O 2 B3 2R DI E AL
D10~20%EHD, NEHEET DI EITIVREEL
MOHEHEEZBODIENTES.

6) BIEDMMEMHTIL, KR E U TKFE 1 HMT &£
INTNVWBDY, EHRTIIKE2 A& ETFAHMD 3 H
AHE T OB ERE DM NEETHD. SRIOEKRZE
A, BN FicBg 5 2 il T R 2 mE L T
SWHENHS.

7) 2 [B1 H O TR BN K E <7x-o 7z, BUE DT
BEREI T, BEEMINEARYT MVIZEDWTEREE
MOHEERITHRONTNWSEN, ZOHEEDEELZN
5 LRI, REEMIIIEMEB OB, w5 meks ok
5H7L, WOME (P~0#R) HFickoTEDLD
BEWEEZTHNERSL, BREBMBELCZ2DD AN
ZALNEHSMIZTIHEND S,

8) HIRDEETIE, BIMESHfMiETOa> 7 U —hD
JEREOT HITHEDNT, HIFIRENED 51TV S,

AMEALE TIE7/2 <, HDEENME TRENEAZIR
BEAKFIREEEZDRNETRABANNENVNIER D S,
AR DFERRN S, MBI BN 2 /&5 286 D %
EIRERAT 20 END 5.

9) SHEFRIIE, Wi OKE S ITERT 28R, #i/Ms
BICIHMLAZEL K ZEETERWHE, BHEOH
FRANZ FA D N ESHESRSE, v~/ u, 27 0O »
SOMEMNHD. o zEFK L LT, @RNITTER)
RERFT2HEND 5. fi/NEBREDHRITEDNWT,
it EEFAMERE, BRETTILORE, T RILF =AUt
HE, BB EHEE > ORICHT B FIEIREH S,
2T 50ENH S,

10) BUE, MHEREHIL<HwWLsNTWwWS a2 7 ) — b
ORI & B O KRR A 2 ML AR ATE 7 7 A N — TR
MEERETHMTET IV EHVD I EICKD, HE1HE
HOMRERIZH L TIE, »2EEORKE CTHIERS %
T TES. UL, %2 HOMIRERICK T 2 M
FEIEW, S 51T, FREAMITHd 2 Mk A+
BTHD. GRIORBIERERFI—UF—FELT,



E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

RABE— 7 B ORBREIRE O TR 2 RERIZ S0 %
ZENTELMMFLEOHAENRD SN,

E F52

ERZRICEBEHIERB Y (BE-Defense) & H W7z
TR B EBRIIIEE, B R AT E I 11T
WA ERMERBIL I (FAEE - AWM,
HRZERE I BTSRRI R G R/ B BIR)), &Rt
BERBMAERTHEE EEE NE—Z, HERTLERE
B2, ETHBCHBIN TV S@TEE WG, EHEl
ERET WG, ETHEBERTS WG ORE OB IICL DX
fTEantns,

ZZIZ, BREBEMOZHALERMNERNCTET, HE<H
BEERLET.

2% 0k

B2

[2.2.1]EAR2E S (1996) & B Al - 6 3% 0K 73 5K R A e o
REEED DO E.  Bwh - R KER A E RS

EEB2, 21-40.

+
LTRSS

3
[3. 11 R i B M EE IR R SO R B B (1995) @ &

JFEVR R R R IS B VT 2 B AR ORI RIS DR
s E.

B2l AR¥xa> 7 U—RrEES (1967) 227U —
MERER G E S (BB 42 FK] . TR¥ES,
207-211.

[3.13THAE K= (2002) : EHEER G E - FfEH Vit
LT

[3.141HAE S (1997) « BEREIKAS O ZE iz B
T 5BEEEL, 3-10.

[3.4.171LERE (1969) : HIFERF O HIFEE) & M O A J118
5 (55 1 ). HABEE MG R CE, No.165,

61-66.

[3.4.2]E M (1970 @ HEFRFOHIEE) & #HIEIH O A S48
Je(EE 2 W) . HABREZSHIERMHE, No.167,
25-30.

[3.431FEHE - ILEW (1982) : KA~ & > 7 OFEHPE
FRIZ K D MR D A JTHE I DRE. No.312, 54-61.
[3.4.4]1% 78 - HEOEME - RIAE - HREEH - A
(1998) 11995 4 [ I p AR I B 1T 5 FAEA %)
ANENCET 5ER. 0 ARG ESEIE R UE,
No.512, 111-118.
[3.4. 5]k M « BRARMESD - LG8 - FEIERE (1999) © 1995
LR IR R R I B 2 A ALV 2D 5 & s
%, ARG ELMERmCE, No.520, 45-51.
[3.4.6] () BB e B WFEAT (1996) @ JR HIFEIE R No.23d
1995 4F ST Ji U5 5 B 40 52 > BB B AL BRI &
(ID . 105-107.
[3.4.7]SE R pE R H BB B AR B O R B B (1995) © S
UL AR I BT S B RE ORI T A

W E, p.l4e.

[3.4.8VEIEHI - BEMI SIS (1980) : Ml D B ZE I H 1k
IZBET 2 REBMDIZFE (D — A& 7209 AR
BT HW OB ERRE—. TR,
No.153.

[3.4.9] - ARWFFCHT MR B K EBERBIWFSE = (1979) @ PhETRS
T OB RENE — & ABTRITER O O AR

. ERBFZEFTE R, No.1504.

[3.4.10) H AREEES (1996) : HAFES) — B 5 & B —,
272-278.

[3.4. 111MAER - HEFE (2001) @ 2 RTABREHREIC K
D - B - HEEY) R OB IS EBEATIC BT S
AEOYT & S FRITIRICEE T 5 —& %, JEKER
W, No.73, 35-46.

[3.4.12] (1) Mg T2 (2007) : Mo/ o B0 fig bt — il
MmN SINHET—, 87-88.

[3.4.13]H AR gL =2 (20006) @ Hiy) & HilE O B AH E1EH
BB B L T2 IR E T St Ea%ET, pp.109.

B51REETR (1992) @ 77 F 2 T—% OBRE) & HilfH,
a4

[3.5. 27N AE SCEA - PEESS K (1999) i EHIH & 2 7 4,
B R 2 AR

[3.5.31WE M —RR - Z2H TRk - FiJIBHE - A - &
M3 - NIRTT (2003) @ BRR = R0 & 58
RO I 2l —F 0% GRUE KD
RIZEH LTI 2L —F OMED) HAKRES
FOCEE (CHR), 69-688.

%5

[5.1] Neuenhofer, A. and F. C. Filippou (1997) : "Evaluation
of Nonlinear Frame Finite Element Models." Journal
of Structural Engineering, ASCE, 123 (7) : 958-966.

[5.2] Spacone, E., V. Ciampi, and F. C. Filippou (1996) :
"Mixed Formulation of Nonlinear Beam Finite
Element." Computers and Structures, 58 (1) :71-83.

[53] (W) 7— 271> A5 L : TDAPIIL ver2.13.

[5.4] Silvia Mazzoni, Frank McKenna, Michael H. Scott,
Gregory L. Fenves, et al. (2006) : Open System for

Simulation User

Earthquake Engineering

Command-Language Manual, Pacific Earthquake

Engineering Research  Center, University of

California, Berkeley,
http://opensees.berkeley.edu/OpenSees/manuals/user
manual/index.html.

[5.5] Hoshikuma, J., Kawashima, K., Nagaya, K. ,and

(1997) :

Taylor, A. W. Stress-strain model for

confined reinforced concrete in bridge piers, J. Struct.



B SRR HRARETE AT T &R 58 3315 2009 4R 1 A

Engrg, ASCE, 123-5, 624-633.

[5.6] Sakai, J. and Kawashima, K. (2006) : Unloading and

[5.7] $FE— -

[5.8] HiE— -

reloading stress-strain model for confined concrete, J.
Struct. Engrg., ASCE, 132-1, 112-122.

N —EE (2003) : #HI72BRMG - FHHK
faf & 2 O JE 2 K T8 1E Menegotto-Pinto £ )l
D%, TARFERHLE, No.738/1-64, 159-169.
B (2007) 1 7y A N—HEFEEM
W W #5327 U — bR R o 7R
IREEAT. AR ERE, 49-1, 60-65.

D

2)

3)

4)

5)

6)

7)

: Construction of E-Defense - a
shake table, st
International Conference on Advances in Experimental

Katayama, T. (2005)
large-sized 3-dimensional Proc.
Structural Engineering, 29-38, Nagoya, Japan.

Nakashima, M., Kawashima, K., Ukon, H. ,and Kajiwara,
K. (2008):
seismic performance of bridges using E-Defense, Proc.

Shake table experimental project on the

14th World Conference on Earthquake Engineering,
S17-02-010 (CD-ROM), Beijing, China.

Kawashima, K., Ukon, H. , and Kajiwara, K. (2008):
E-Defense Experiment on the Seismic Performance of a
Bridge Column Built in 1970s, 14th World
Conference Engineering,

Proc.
on Earthquake
S17-02-011 (CD-ROM), Beijing, China.
Sakai, J., Unjoh, S., and Ukon, H. (2008): Earthquake
Simulation Tests of Bridge Column Models Damaged
During 1995 Kobe Earthquake, 14th World
Conference on Earthquake Engineering,
$17-02-010(CD-ROM), Beijing, China.

Kawashima, K., Ukon, H. ,and Kajiwara, K. (2006):
Large-scale Shake Table Tests
E-Defense,
Seismic Design and Retrofit of Transportation Facilities,
Paper No.02(CD-ROM), MCEER 06-SP03, MCEER,
State University of New York, Buffalo, NY, USA.
Kawashima, K., Ukon, H. ,and Kajiwara, K. (2007):
Bridge Seismic Response Experiment Program Using
E-Defense, Proc. 39th UINR Joint Meeting, U.S.-Japan
Panel on Wind and Seismic Effects, 57-66, Tsukuba,

Japan.

Proc.

of Bridges Using

Proc. Fourth International Workshop on

Kawashima, K., Sasaki, T., Kajiwara, K., Ukon, H.,
Unjoh, S., Sakai, J., Kosa, K., Takahashi, Y., and Yabe,
Y. (2008): Seismic Performance of Flexural Failure
Type RC Bridge Column based on E-Defense Excitation,
Proc. 40th UJNR Joint Meeting, U.S.-Japan Panel on
Wind and Seismic Effects UJNR, Gaithersburg, MD,
USA.

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

Kawashima, K., Ukon, H. , and Kajiwara, K. (2008):
Seismic Performance of Bridge Columns based on
WFEO-JFES-JSCE Joint
International Symposium on Disaster Risk Management,
44-50, Sendai, Japan.

Kawashima, K., Ukon, H. , and Kajiwara, K. (2008):

E-Defense Experiment on the Seismic Performance of a

Full-scale Excitation Tests,

Bridge Column Built in 1970s, Proc. Fumio Watanabe
71-78,
Institute, Kyoto University, Kyoto, Japan.

A « JI[B—F2 - Mahin, S.A. + HITKE : IBH)
BIMRERICE DS A > -0y F 27 AEH &
FE W T AR I D T ERVE I BE ST B T, EARSER GRS
F CRHEIRE).

Kawashima, K., Sasaki, T., Kajiwara, K., Ukon, H.,
Unjoh, S., Sakai, J., Takahashi, Y., Kosa, K., and Yabe,
M.: Seismic Performance of a Flexural Failure Type

Symposium, Disaster Prevention Research

Reinforced Concrete Column based on E-Defense

Excitation, Journal of Structural and Earthquake
Engineering, Invited Paper. Japan Society of Civil
Engineers (submitted for Publication) .
B — - e - AT ROE (2007) ¢ SRR R AR
RIZBT % RC RO K I D720 DYIRE)H F 5.
MR T 250 SCEE, Vol.29, 934-942, HR“E2, B
By — - i B - 4K (2008) @ RCEIHIO 4
B RBRIC ) B IS 2 D A BB EE O R A H63
ToFam 8, 331-342, Vol.54A, TAR%R, B

FHiEKE - HREw— - JIIE—Z (2007) : E-Defense
W RBAEREBRICBIT D EHHIEIE. 5 10 [

EBRRAT R E DS BRONMERFICTET
DI IRYa—N, 29-34, HRFES HEL
el — - AT K3E - JIIE—E (2007) : E-Defense
ERWEZKRBBREROENEME. 5 10 [[HE
KR A M ONEICE D BROMEZEHCET 5>
SARY a—LI, 23-28, iﬂt‘;%ﬁ, Eﬁfr\

Pk KRR - BHEGH - NIE— ek - iR
KiE - #IFEE— (2007) - ﬁ%ﬁ*&“@wﬂ%ﬁ@“é

RC G OB E T — RIZH 2 % #if = ﬁb%[éo)g/a
5510 [BTHI R CR AT i 7RI 3 D < B DN iEa%EH
B35 iR a—A, 3542, A%, HE
EMBE - A AREKR - NE—E - E2%5 - A
k‘ﬁ - BB — (2007) ¢ EEHBRELLEAT S
C M OUEEE. 5 10 M B AAA R 715
%D SHBROMBERENCET S >R a—4,
43-50, IAR%EZ, B
FILARGE - HRIERE— - JIIE—Z (2007) : E-Defense
Z D2 R BRGNS B AT . R T SR,

Vol.29, 1412-1419, +AK¥%, HEL
PRI — - I R3E - IS —Z (2007) : E-Defense

ZIEH U2 REUE RN SRR O . 55 62 [
FERFMGHE S, 927-928, LAR%¥E, HE
HikKiE - RIE#E— - JIlE—= (2007) : E-Defense



E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

EIGALZBRI S R—% > NEBRGHE. 5 62 [
SRR S, 929-930, TAR%E, Hul
21) MMAREEE - S YA - AHEZ - JIS—E - HiEK
JE (2007) : FEEMHEH S > —0yF UK
FERA DTt P 12 BE 9 B 9%, 55 62 [BI4E R i
BEEE, 939-940, TAYPE, HA

22) A KE - HREE— - )IIE—E (2008) : E-Defense

23)

UG L -G B EBRITZE Cl1-1 FEBRfE. 5 63
B REMRIEME S, 151-152, tR¥%2, il
AKHIZ - AHiERE - &g - RIEE— - RIS
— (2008) : RC fEMIDIREI B ERIT BT 2 I8 E AL
D EFHHES BE D FEAR. 55 63 (A1 4F R 2 i i i MY
629-630, TARZES, HE
(RS2 1 2008 4E 12 H 12 H)



BSORFELIRIRITOIE LR 56 3315 2009 4 1 A

2 F

E-Defense %7l U 7= iR M B EERIIZE & L T, 2005~2006 4F I3 FEEREHE 2 ER T 2 & RREIZ, Faig
MR OV RTFEBRZFEf L, 2007 FEHEIC Cl-1 88 (1970 EMRICEB I N/ZHTHHIES 7O RC FEH) 1Tk
% E-Defense BB 35k 2 FfE L 7-.

Cl-1 EBRICAWZ DL, BEE 1.8m, &S 7.5m O MEGHERAKZE mXBTE TmXEHI 18mDO7—F >
TCRFELR, BFEMROMMIATH D, 1970 ERICHEZ S N2 BHES B AW BHIEIC 8173 % RC G
ZETFTIMELZHDTHS. E-Defense Z2HND T EICE-> TIE LD THREE IR > 72BN W 5 R HE KD
EHRMEERTHD. 1995 LEREHFHMETREELVWHELECZMEHLNICT2E LB, HED
FEHRERANTEZLEEHANELTERLEZDBDOTHS.

BEHRERTIE, 1995 4 JLHER M= OBRIC IR EIER T S N - Bl IcHNHEEER 25 - L T
WIEEEL MEEhE A MBS E L THWZ, 1B H O NIRRT SRS i & 2 85058 4
U7z, 2 HONIIRTIE S SICHEN#ETL, WSMOERMTENEITH, BR2CI7IA 7Y —RIHT S
SR E bz, UL, 1995 FOLEIRHEEMEBETOREZHE T O/-R LB,

AWAEIL Cl-1 BBRO 1 KMHFHERZRETH2HOTHO, 5%, WEOERESTEHRICELT, 3561
M 2 ED D TETH 5.

F—U—F @R MR, TEKRG MEMT, E-Defense, RE)HEH



E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

<HA 1> BRREEEB RS HMSER

ZEE FAOUER EEBCERE NIRRT KRE GURZFEREEERD)
LR S Mg —Z EERIERFERLREETEHFER LR TAELR B
%z A BRI Mk B@MeadEER ) ke - ZEiE
" mil () SEREEINDITET &Y RN 7E &
" TR B RWRFHIAMERES AT LTHER B%
" R AH UNRFERER TR ER T 5 M Bz
” e BE EhRso@EEdtiER R SRR R
" EE): S HAREREANBITET ARl
" Pr #k VT T2y YT (KR HEE
" s IEE BB UITERT SRE M R T S — Ak
" FROL BB bl RER B T AU RHR A E T B
" b R REURFEHUENIIERT Ba%
ZEEHE MR BEK P HARHEER () SEAR bR
" $E O ) LARHEFTEMA > T F > AL >y — LERHER
" = BT JUNIERFLATERE2 TR 8
Y Rk A (BR) R AT e AR S T el
" RiE Bz BRMEEERE B BH AT LR @k
” K IEH (BR) BARMEERAM BRI &

) ZEAEL. K20 4F 4 H 1 HER R



BSORFELIRIRITOIE LR 56 3315 2009 4 1 A

<HAF 2> WBREEEBRETHRSER

ZAE

%

/N

=
=

s
iy
i fE
i
RK
fie]
RiE
=1
ES
(E3:
IR
5
=1
A
7k H
S|
[N
75 fif]

b,
Gl
KHB
(730
o H
g ]
Wkt
/N

LA

At

F T =N —ril

(e
AR
it
HE
7k H

—Z
Ffr
FER
7% Rt
W=
Evd
f

17

=
35
E

i
=¥
ik
M
Bz
B

il

SR H
%4
IEH
AIE#
il ]
s
pig
#
I —

Kl
*
B
fez
]
:?_é?

0

Hal TREARFERFEE TR DA T ¥EL 8%

SEARE R T AR T O A T A TER B% (H18.12.20~)
FHAEEERE (KR SEAE ST R

O EARWFFEFIRESE A > T F > AWFE > ¥ —  LENERE

(BF) By A SE T M ER TR 90 I — 4 — - BB A (H18.10.23~)
(BF)  RMFHEZ IS A s B A A 72 B9 8 (H18.7.26~)

M 7V7Tvr HiEE

A BRFREG TERAR AR T E R G
TUNTRERF T HHEZR R TR 2%

(BF) RN FTTAT A REE  FEiE
JREHANERFEL > Y —T0 277 —E W% #E H194.1~)
) LR EDA > TF > ANk ¥ — WA

SRR R B SRR TE T B

HAKHERR () SR e Lt >4 — EEWRE
HEHBTERFRFRME S THHER fi# (H18.10.23~)

b s dE g () BH X708 HE

) LARWFZEFT R LORIFSE T MG FEEVZE R (H18.11.30~)

Bl o v R Tl I (KR H2 R SR Be R B I 7V — o 72 A& > R R — 2 v (H18.12.23
~)

WRRZEHBORM B (H19.4.1~)
HEURFRERE TR RS A T s #d% (H19.4.1~)

(BF) BARHEEFEATMMHERENR T

RS @S (B HMAFEIT LAME - M7V —7  LEHEE (H18.6.29~)
MR RZ T M ARBRE T8 e

W TRRFEREGE TR LR TR Bi#E (~H19.12.14)

Bi EREREGE TR Tl s TRk B (H20.4.1~)
WRTERERZHET2HER LARTEER B (H20.4.1~)

i) B3 SR AT FE AT SR I 2 T35tk >4 — Jooz s/ by —4— -
FAEFFE B

O B KB AR AT R T X R T2 se & > % — IR

(BR) ERMEEEEATRHR H AT LG G 15 S

(BF) BARMHEEFEARTME BB M

R B EMERE S B

HRUER ST PE A B S M AR B

(BF) I3+ R R TR SR AR TR R R

) ZEAEIL. B 2044 B 1 HEES



E-Defense Z I\ /=2 RRCHEM (Cl1-1 fEM) EEIBUEERIF MRS E — HiLiEn

<BMN 3> RBMBEEBHAETERY -F L IVRAR
b WG &R

0

X & B0 o i ) EARWFFEFIRESE A > T F > AW > ¥ —  LIEISRE
" HE O OIOE R LRERFRZER LFEVAR HFEMRA
" A R R THRFHTEMAR AR T EER EE=
" HiE KiE Ol B SR A B A F S T SL RR T 7% T 28R e 1 > % —  1RIEATIE B
" KiE i M 7VvrTvr HifEE
" B EBETERPTEMER S AT LATER #%
" UNE ) 74— LITA MY R—NT V=
" 2k BT TUNTRERF T ER R TFR 2%
" wno - O EARFFEFEED A > TF > AWK > ¥ — WA
" ek A JIPT U VAL A (KR ¥ AT LEMHWFIEHT
" M #E— (M) RIS AT S B ge il Bl &
" o ME T AT AR At
" BRHE s AAFEMEE () U —F - 22027 U 7 HER
" L EE S KR BN G T > =7 ) > 7 Eb 7L — 7
" B FHE ETL#ED-7-U-HRath BEEEN S 2T A5
" H R REARKRYE
" I %= JIPFU /UM A (KR HET T /¥ EREMT
" (YNITEERE YN ) 74—FLTA b RKRZEEETN—T
" JAAR il (KR) BERE ST > =7 U > 7k 70—

-~

RHUGEBG WG &R
B M R RUECRSEPRUETERT #EBR (H20.4.1 KD EHE)
%z B Al K& M) B KB E RN S SL i 58 Temset >y —  #HEmsE R (~H20.3.31

FTER)
" M FRZ (BR) R BB 72 AT ARG S B EERE Y )L — T &
" R fE ) Z2LvrTryr Bk
" Kig BE o=V >r B AREREH
" L ) ARSI A > T F > AR > 5 — HER
" A A JEARER () B 2R oKkt >y —  EEPER
" Ep E— BEEER ) BbBFER LAKE - MBIV -7 ERBER
" HHOE IR RFTEAEARRE TR dE8u%
" Eis FHk (FR) BR MEFRAE MR



g

KA

Sxig
Lo
/NP
VN3

i
it
e
A
il
ikt

—+=
=

AE
B
%30

il FH

IEH]
R
=t

BSORFELIRIRITOIE LR 56 3315 2009 4 1 A

ETTTERIE R G WG &R

() ERMGFEEARLMEEMT HE

AL ZXTE B FFENRFZBENE HE

JIE & e TR At Bl A B ol 1358 S RACHE

HR TERZEREGI TR AR T ER #HE

HR 777Uy 7 TE¥E M) AREEELR  Hii3:T

) LRWFFEATI RS 7 — 7 BEHEE

() BT s i il TR TR B

SER R 2 B S T v A%

) E—E—T AHMAE BIASE

AR TERFREGER T EHER MBI

Bt s (B Bl BRI IV —7 7RSO R F—D %
k) ZUF b REREE HE

WAL RS T EAREREE T 4R A

PERAAR T3 (BF) BREZEF MmN

(BR) BEW 70y DHEAARIE R TE AT SR

ARSI 7Y T (BR) Bl ARSI B S SR A e - A Bl =
(~H19.10.31)

BHSIT 27U 2T (KR B - SMGE R RS L = il
FNAARFY ¥ — (H19.11.1~)

) ZEAEL. K20 F 4 A1 HER R

—100—



E-Defense % ] 7z KRCHEM (C1-1 FEH) REN AR /S S & — A1T1EN

<TRAF 4> 3B, RC RWERIEE GRS 5 — Xk

BRMLLLLLLULLUELLERLL LR DL DT ) | TEERER,
1

HH 2.1.1 Cl-1 £ B 2.1.1 HR AT LER
Photo 2.1.1 CI1 Component experiments Fig.2.1.1 C2 System experiments
(Single column). (Progressive collapse).

L = Design shear force (Cc=1.0)
«+==+ Initial yielding flexural strength  —— Design shear force (Cc=0.8)

Ultimate flexural strength Cc : Modification factor on the effects
of alternating cyclic loading

6m 6 6 T T T T 1y T T
I R ]
4.85m 5 5L4.85 .0' /—
E4 E 4T : / ]
23 = 3F o .
E Ea i ]
T 2 Z 2r .
0.95m 1 1 0-95_5/
Om 0 0 1 5. 1 1 1 1 1
0 2000 4000 6000 8000 0 1000 2000 3000 4000

Force (kN)

Force (kN)
(3) Transverse

(1) Arrangement of
(2) Longitudinal

reinforcement
X 3.1.2 il &8 AW o bk

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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