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RCFEZ R4 & U7 Mt B RE I, SO deiii: o —
& & 7 RS O Z B A HR AR IS IR T 2 b o N
FEAETHD, TOHT, BIRPCHIRIZ X 5 B
BATRIED 1X, ROAEZ REENAIC IR C & 2 Moot
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FHATAZLET, OO VENEEZH L LHHED,
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2. KEMAERBRDETE

RER R — & Table 112, SRR -8B E
PEE % Table 2122 1LE 47, BRI 13223 250mm D
ESERE (124 OFER), HE & 500mm, B AMA R
VHL1.0 OMERETH D, EMITIDIO X 12 KfEHL
(p,=1.36%), #FHiX3.7¢ % 105mm K7 CHF L7
(p,=0.08%) , IR SFIEIL, EAWHAL Lz (DT

Table 1 Details of column specimens

Specimen ERI3S-6L | ERI3S-6L | ERI3S-6Le
%
Elevation g g
and £ 2
. 53 (o}
cross section b

Aramid fiber belt t=0.572mm, w=50mm, 4a =28.6mm’
Damage level v v
(Max. crack width) (4.0 mm) (5.0 mm)
Initial strain of fiber reinf. 755n 7440 755n
(Initial force) (5.1kN) (5.0kN) (5.1kN)
op 25.5MPa
o, 0.65 MPa 0.64 MPa 0.65 MPa
With or without of Without With
epoxy resin epoxy resin epoxy resin

M/(VD)= 1.0, N/(bD o) =0.2, Rebar: 12-D10

C detail
ofmmon detars (o = 136%), Hoop: 3.76-@105 (p, = 0.08%).

Notes: ¢ = thickness of belt, w=width of belt, ,a = cross section of belt, o,
= compressive strength of concrete cylinder, o, = lateral confining pres-
sure, M/(VD) = shear span-to-depth ratio, N/(bDoy) = axial force ratio.

*1OBRERKYE:  TARBREEAER LEPHEEER 1t (T%)

*)  (Kk) H5&EFACTORY f&+ (%)

*3 [EFE 8% PEACE e v = 7 hTlHER B+ (T.%)

(IE28)
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Table 2 Mechanical properties of materials

. a Gy, 0, * E
Reinforcement )
(mm’) (MPa) (GPa)

Rebar D10 71 389 175

Hoop 3.7¢ 11 334 205

Hoop D6 32 479 180
Am‘;“;tﬁber t=0572mm| 286 2060* 118
Notes : a = cross sectional area, o, = yield strength of steel, o, = ultimate

strength of fiber reinf., £ = Young’s modulus of elasticity.

Z

Emergency
retrofit

—

Lashing belt
Ratchet buckle

N
(a) Shear failure test under (b) Cyclic loading test after
constant axial force ratio 0.2 emergency retrofit
Fig. 1 Procedure of loading test

Servohydraulic actuator

Specimen

Double acting
hydraulic jack

Strong floor

Fig. 2 Test setup
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SH MR =R R IR LI A BE L, O
BRI BT FOOTHRERIE LT,
AR AR EUI3KTH D, ERI3S-6L’ (L%, ERI3S-1T
EWE) 1%, T v UL b OB AWTTERZ) R & LT
%72 OISO RCHICHTR A M L =R BRIk CTH Y,
HTRERSC T v v v 7L FOBIEOT 2L 6L, 6Le &
FEETH D, BRI 6L ITE ABHES RCA: (RARERO
OFIIVIE - 4.0mm, HEL~LIVY) 1T v 7L b
WX AR E e LRk Th B, Ty I b
TR R IE 63mm, BIEOTHEHK 7000 & L, X (1) 12
K DREBMIE o 75 0.6MPa R EZIZ 70 D K D IR L7,
o, =(2,a)/(b,s),E "¢, (1)
22T, a7 7 Nl#ESL R oWEA (2,
57.2mm?), b:FEE, s: T vV NOMNG, E: T
7 X MO Y 7R EL, ¢, 0 FIIERROT 2,
REENAIE o 13, EBEOFERTIm~DOMmEAEEL, NS

PEEFRE LTV D (FEWTHE 600 X 600mm, Afi 5 [ b
63mm, FEIEOT 7 1800p), RER{A 6Le 1%, W AMTHREL
RCHE (e RFERE OOEHUIE : 5.0mm, HE L ~ULIVY) (2
RERIROL & R OMTRZ i L T2 2%, =R % VIR
EBEHFRAL T RRRRD, REEHES/ NN ERFA
OO G LEES, BT iude AR E T AT
NI olzary 7 V—OF—REREEL <, OO
NWHEREZM O DT RF VBIIRIEAZIT-> TV 5,
BRI 6L & 6Le DEBRFIEZ Fig. 1 1277, EBRTIL,
RCHENHE CHEANRE L2 L2 ET IR0, e
72 RCHFRBR A 2 8l 1 L 0.2 0 — il ) T TR AWHEE &
w7z (Fig. 1 (a)), TAWHEEIER CTIX, RCHIZE XS
HEL~LEHIET 2720, 773 Fill#E~r ~ Qply)
Z 150mm fEifE (3E) CTEE L COKFEMAZITV, B
OERGB LV IVO [ZE LR TR T Lz, 20
B, FREEK LA &Y 2 ISR L, RCAFEA O
HH D %, RERIKGLIZT v 7 ~UL b CHlisfi A it L,
i 71560.2 D F TR UK TR E1T - 7=, HBRIK6Le
WZDWTHE, 2 IRIRE T OARKSE = R % BiIE 2R E 1
AL, K2BBZIZT v 7L N THigRZE L, 6L &
[RIAR I AN ) R & AT - T2, KIS 3EBRIE, Fig. 212
RTHEEICLY, —E#OOT @Ak o0.2), WA
R=0.125%, 0.25%, #4108, 0.5% ~ 3.0% % 0.5% DY
T2 EMEY IR LT,
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3.1 ER13S-6L" DEER#ER

Fig. 3 (ZRAUBRIR 6L DK E V- 556 7 R BALR, 28R
BTHOOVEINK (V=7H) 2757, Fig. 312132V
Y —BREEIT K D S BB A O i I IR R AR & il
T, 773 RV F&EERELZEER ImeaniZ L A58
ABTBRE GRS 2 FEMTRLE, Fig.3 kv, #ABR(A
6L’ 1%, R=1.5% TKEEMAGIEBEK L7z, R=1.5% DA
1 [8] B CHAAR D i KK 77 228kN, R=2.0% @ 1 [A]E T
WEARI D F5e KK 7 232kN I B L 7=, Fig. 3D X 51
EARKATENN S & BIlo U o & —iREC K 5 BRI R
FREMEICGELEZ s, REBKOL TP ikE L, 7 v

200 -VI(kN')

100} Vmax=232kN 6/
(R=2.0%) F

-1001

(R=-1.5%)

-200¢ R(%) ]
302 -1 1 2
= = = = :Flexural strength by AlJ Eq.”

: Shear strength by Arakawa mean Eq.Y
(a) V-R relationship (b) Crack pattern after test

Fig. 3 V-R relationship and crack pattern after test
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YTV R OEABHIRR E R TE L E A D,
3.2 LB LU bLe DEAMBIERBROKR

W AWHRE R L 2 KA E V-4 RBIfR % Fig.
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B RO OEHUIE % Table 312779, Fig. 41213, 'V
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HEEEBG S A DY E HLTES IS X, HE AT D&
O OEIUIBFIC L D REMIZEIME L7z, ZORR, 28
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2001V &N) 12001V (KN)

Vmax=181 kN Vmax=144 kN
100} (R=0.5 %) 1100} (R=0.5 %) /W
0 0

Table 3 Observed cracking patterns after test

ER13S-6L ER13S-6Le
After shear | After EMG After shear | After EMG
failure test retrofit test failure test retrofit test

-

\ -
/ L~ « L~

P s 2

/ Ul J

7

A

\ | X — ~]
IV (4.0 mm) IV (5.0mm)

Notes: EMG = Emergency, [V = damage level ®, () = max. crack witdh
(depth side).

200V 6N ' 1200[vaN)

Vmax=179N Vinax=224N

1001 1100}
0

Vmax=-215kN
(R=-1.5%)

Vimax=-191kN
(R=-2.0%)

-100 -100 |

=200

SR R (1) e res) |
3 -2-1 01 2 3 32101 2
(a) ERI3S-6L (b) ER13S-6Le
= = = = :Flexural strength by AlJ Eq.”

/

-100¢ Vimax=156 kNT100|

Vmax=-170 kN |
(R=-0.25 %) (R=-0.25 %)

200 R (%)--200 _ R (%)]
-1 05 0 05 1 -1 05 0 05 1

(a) ER13S-6L
= = = = :Flexural strength by AlJ Eq.”
: Shear strength by Arakawa mean Eq.Y
Fig. 4 Measured V-R relationships of shear-damaged

RC columns

(b) ER13S-6Le

3.3 HREWELIZRCHADKEMHERER
BFAWBHBERCHEEZ T v v V~UL hTISAMIR LT
BRI 6L & 6Le ORI E V- 544/ R Btk % Fig. 512,
FEEIE TH OO VENX % Table 3127797, Fig.5 (a) X
0, RERIR L ORI <, BRACEmAiE ) v
A —BREEC X 2 i IR L D 22 0 RV, BRBRIR
6L DKM SIS L T o 7= D1E, ~v BT X D REEHMI
JED/NE L, W AWHEE RCFHE O D OVEINAE L T
WRWeDTh D, 708, BIRL TRV, HEOFY)
O T ERGRNCEIT LTV, ~UL b TOMIRIC &
ORI NLH B 08, RBUROLITR O O UEINAA LT
WRW2 8, IEE— RIZEARICTH D L 525, Fig. 5
(b) &0, =ARx RIIERIEZ DA L7z BrikoLelx, 6L
WZHATHHIIME TR & <deg L, 2o, KK )
ILIEAR] 224kN, AR 215kN & Fodk L7z, HEH oM ER 2
SRR AZ R L TEBY, RRAKFEmMINET Y & —imE
W& 2 RN RS & Tl Lz, SRBRIK 6Le 1T
HiFmE L EZX NS, ZOZ Enn, KRR
T T MR TR AWHIREI S ), =R R A

: Shear strength by Arakawa mean Eq.Y
Fig. S Measured V-R relationships of emergency
retrofitted specimens

=)
T

7]
T

——05

»
T

Location of lashing belt
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Strain of lashing belt Strain of lashing belt Strain of lashing belt
(a) ER13S-6L (b) ER13S-6L  (c) ER13S-6Le
Fig. 6 Strain of lashing belt
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Fiz, KR OB L KD B RACER FIRED v - DO
THTHD, Fig.6 L0, REE6L O~v hOT HIE)
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DHERRIC R Z HEITL TV Z &2, FICHMBES)
BERENTNDEEZ D, —F, thiFiE L -5k oLe
DAL FOT R, BB 6L L oo/hEn, Th
FEA LR UBIERSIRIRICHF G L2 & b5
ZHIDN, MILISH%OMETH D,
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B AWHRE RC HEICHIE - iR 44T 5 2 & CHhiEfTE
KRN N EORRERIE T 5 O ERRAET D728, JEME
FER & FHE L7-, Table 4 |ZBRIE—H & HEERFER, Fig.
TICAERBR IR 2 7R3, ARBFSE TIEIRCHEA~ O AW EE
Nth, T ReREREE CIEMRBR A 1T 5 72, RCOMP A X
7L RCHRBRARZ SHECE LI ICTND &R~ ICH
PEU T2, FERBRISIZ 138723 250mm O TE S TEW I < (1/2.4
OHFER), RCHDO 2 &13900mm TH 5, FEDORERX M
1£500mm (FAWrA N E1.0) &L, SRBRXFELS O E
TEINE 200mm (ZIEH S (D6) &Il L7c (Fig.
7)o RCHEICIIDIO EF 2 2 AL (p=1.36%), ik
X[l (500mm) (213 3.7¢ D% A 105mm AR CTHLAH L 7=
(p,=0.08%) . 4 E+OFEAKAIMEE IS Table 2 [Z/R STV
%, Fig. 81215k L EBRFIAEZRT, 25 S 900mm
O RCAERBRIA D _E TIZHE 250mm X E 0 250mm X 5 &
300mmOERE 7 vy 7 B L, MAAL T &L HIC/E
rEUn A #EICE Y b L (Fig.8). $kB 7 m v 7 %L
fHF 7= DVE, T REFRBRIZFRIE AT RE A2 BRI e K & S 1
1100mm TH Y, —F TEFAXIMEFICE Y T 51
X 1500mm O LEE INRMELE 72720 ThH D, B
TVEEFE~OBUTT TIE, $kF7 vy 7 EHRBRIERE O
AL TEMEIC AR MIEE B L, SSICEET
7y 7 LREREBRR, X OISR F 7 % B 26mm D PC
PAFECERE L, A X 7 LR IR O — (K% X - 7= (Fig.
8 (b)), AMHFRINNIEEE AW ABEREER ()
£ 0.2) TiX, RCHEOEABMELZHIHT L0, 77
I R#E~L R (2ply) Z 4B E L CKEMA 24T -7z,
A LG L U, 2B TRARZRBRKLEFLCIVT
b5, WAMHRER, BEKEEMITITELRETERIC
RUTER, BER R E <, KELEM 2 EE LT (Table 4)
FABHREFERE, RE R URIEME 2 3 (R
HL7,

FERRICEE L, SRBRIEOREITRBR XM & R~ b
TR L7z, MR, Ao A ES A 22 20mm THI D
WMEBHLTT v 7~V MR EESEE ST

Table 4 Details of axial compressive specimens

g 1 1|
& g 1 u 777777 1‘} ’\%I/\ @ = ' ]

S| &) < ;
2 Lashing| |
g T
£ [Ya) =g S
28 = —— =
ggl & 3 Ratchet T |
_§ = buckle D
8 —IHT
T
- - [
R q ]
§ I | § o =0 o +
I I B ] -T} .-I

T 250 -
(a) Bar (b) Non-retrofitted  (c) Retrofitted

arrangement specimen specimen

Fig. 7 Column specimen [unit: mm]

if Servohydraulic actuator
{} Specimen
b 0 Double acting
hydraulic jack
K 5
-y j [ t A
Strong floor

(a) Shear failure test to generate diagonal cracks

“Usteet T L Stub ]]:> PC bar
«dblock | | (426) =
vl Separation of column, stubs
‘ /j\\ ‘ and steel blocks /\4\
| | N
«Steel | L ‘ = PCh —
block LI |- }> ar =
- Stub (926)

(b) Arrangement of parts () Axial compression test
Fig. 8 Test setup and loading prodecure

oo o3 7V MI2ETHRATELD LR L TH D,
FRAKL, = RF UBEMEOHE, Ty Tr
N CORFROFETH 5, HABREITEA LIZREBIA
JEIX, 2EORBRIK L IZIERETH 5, EMOT 2L, #
MEARE (900mm) & A % 7] (700mm) O 2 7fr % it 8 A
DENLFHTRIE L7z (Fig. 9),

Overall displacement

measurement transducer

No Specimen g Damage | W, R, | Epoxy| s Epi o, N oo N N
(ACI13-) | (MPa) [ level | (mm) | (%) | resin | (mm) | (0 [ (MPa)| (ep | "™ *
1 |D4-1 5.0 | 0.50 384 | 025
2 |D4-2 21.2 v 35 ]0.75 i - - - 455 0.30
3 [D4e-1 3.5 ] 0.55] apply 1011 0.67
4 N1 1849 -
5 N2 - - - i i i 1785 -
6 |6L’ 265 ) 1930 | 1.06
7 |6LD4 40 |0.25 63 | 800| 0.69 [1319[ 0.73
8 |6LD4e v 5.0 |0.65 1167 | 0.64
9 |D4e2 350 1050 apply - - - 1613 0.89 Local displacement measure-

Notes: W, = residual crack width after shear failure test, R, = residual drift angle, ,s= interval of lashing belt, &,=initial
= max. axial load, N,= max. axial load of non-damaged RC

strain of lashing belt, o= lateral confining pressure, N,
column.

ment transducer
Fig. 9 Axial strain
measurement setup
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5. EMERROER
51 €AMBIBRCAADEHEEH - TRV T #BER
HABHREEBR TH ONT-RBRX OO OEINK, i
KEFOOEINIE, 5L ~UL % Table 512777, AW
RSB TITHRE OB ITITRE) L2, KEEM O
HNCRRED TR o 72720, AWHREERR O H 1 Table 5
DHZa LTe, RERKET R T/ O FE R LR S e
Doz, Fig. 10 X EAWHRE RCH, =K ¥ B CHli
& L= d AWHREBRCH:, B X OB IERCHE 0 Al /-
EMEOTHEBRTH S, Fig. 10128\ T, MEHEE RCHE
N1 O IE, Z3 A S ORKENE) N, TERT L
72, D4-1, D4-2, Dde-1, X U'Dde-2 Diili/1IE, N, %
N=Nst+Nec (Ns : EfORERET), Ne:0.89g) 12k %=
Y7 U — hoAHE) TRD, ThTERLE L, R
BRI D4-1, D4-21%, REDOOCEIITH » TEMBOT H0
HIT LT, 7=V B¥Ilrd 5 &, 0.2N, (330kNA{#%) T
DRPEAL T 134D O-OFIAVH OFEBAREI O E /SRR L
(EFOFEIRENS) 331kN), JERE L7222 & E XD, &K
JEAE#/1130.25~03N, TH V), Dk, B/TFRHIC
KT Uieo EBRIE THICIIRND OO D T 575 03
LTWi,
TR F VBHEMIE 1T > 72 Dde-1, Dde-2 LV, JEHlH
313 0.67N,, 0.89N, % TEIE L, & AKHRERCHEDKAF
B 2R T 2.7 ~3.0f% & A o7z, MZT, HhEIES
REL[AE L7z, RBRIK Dde-1 TIX, —EMOBMETL
7otk HOWHA AL, ZhiE, BPlor—27 T
RE BRSNS —EEN, EHAKERL2EHOE—
JRETIIEIR LI e nEZBND, FhUCxtL, EfE

Table 5 Observed cracking patterns after shear failure test

After shear failure test
D4-1 D4-2 Dde-1 6LD4 6LD4e D4e-2
Y A ~
\ B ~J
/
! /
/
IV(5.0mm) | IV(3.5mm) | IV(3.5mm) | IV(@.0mm) | IV (5.0mm) | IV (5.0mm)

Notes: IV = damage level®, () = max. crack width (depth side).

il 71723 K & W\ Dde-2 (Dde-2 D KFEZ OOEINIE I
Smm, Dde-1 DZIIE3.5mm TH Y, Dde-2 DEEE N
ROKE V) I REM S R ARIARE I O & — S — 4k
WCEMEMIRZ R LTV, 2D Z E0n, TR HE
DOFEHEN BRI 5 1212 DI K& R EAEh D 2 & /-
EEZHND,
5.2 HMFBERCADEMHEEN - RO T AR
Fig. 111X, 7 v ¥ 7L b TR L= ABHERE
RCHDFEFFERTH D, HBRIK6LDAIXT v v 7~
MZ Xk 2RO, 6LD4eiLT v v 7 ~UL MMk b
BRI 2 THRIO O OFEIN & =R % U R fiE LTz,
6L ITIERERCHEICT v v /UL M &2 LTz, 728,
TREDIZW, EMEEWIL Sy 7V OMETARAET HEIC
#&T L7z, Fig. 11 £ 0, 3ERK 6LDA ITEMEOT D
1TEEBIZT v 7V hOOTHNHEML, ZERY
PR SR AT & - Tl A AN L7=, Fig.5 (a) 128
W, ABRIR 6L (Fig. 11 Tl 6LD4 (Z%F)E) O @IHARIME
DMK, e R ) R AL £ 23 R & W odld, Fig. 111
SRTRRERIR 6LD4 (Fig. 5 Tl 6L T o fih i il o
JEMEMERIC X 2 b0 LEHETE D, —J7, 6LD4e L]
PER R E A L, Dde-1 & [RkIC— B ERMEH MK T
L7eb DD, Ty 7L SOZEIIR R BRI &
O il 3G U7 3, JEAEONT A2 0.6% LA [ ) s &
BTFEBVIRLE, 5y v 7L hOUOTHE RIED
BAChoTmlod, TF = bS8y 7T OB E
BHAELTZ ENEZBND, 6LD4e DREENMAIEIZ/ S
<, IMORKIEME RO~V FOTHIE S /S W
O, AT B R O BIEMIED RN FN
T2bDEEZD, Ty TV M X BEEEMAIE A3/
SWIGEE, TARF UBIRRIEE AT 5 2 & Tl
ol RJEAR#N ), 3 K OF KTl /) R 1R O JEAF O
HERETEDHLFZD,
5.3 BB EN-aV Y — FOEERE

A WHRE RCAHSOAHE - iR S 4L/ RCH D T @
ar 7V — MNREEZRIET 5720, ERTHELNZEK
)& O CEMRBRAO = 7 Y — NREEHE Lz,
72721, FER{IK 6LD4 OJEHEHITHiHE L T\d Z &
o (Fig. 11), 6LD4 Ti¥, {5 RCH NI, N2 D5 K

1.0 - g /ll\ll (non-tliamage) I
0.8 ,’ ‘\/ D4e-2 (Wer = 5.0mm, epoxy)
SN Sc-_ . —Ddel
ZQ 0.6 / ~3N (Wer=3.5mm, epoxy)
= { N
Z 04/ Sso
/7 [ S D42
0.2 [ i . (Wer =3.5mm)
U
0 " . . - D4-1 (Wer =5.0mm)
0 0.2 0.4 0.6 0.8 1.0 1.2

Axial strain s (%)

Fig. 10 N/N, versus & of damaged columns
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| ',=~~~__ 6L'(non-damage, belt)
1.0 / ~2C
o8l 4 S ~~.  6LD4
* ¢ NI (non-damage) /IV, belt)
! -
=0.6 —
g AN 6LD4e 7
< 04 ~ (IV, epoxy, belt)

0.2

\ Dde-1 (IV, epoxy)

D4-2 (IV)

0

Fig. 11 N/N, versus g, of retrofitted-damaged columns

02 04 06

08 1.0

Axial strain £ (%)
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Table 6 Compressive stress of axial compression specimens

No Specimen | oy DL Nupax | Ng | No |_Ny | o' | o5
(AC13-) | (MPa) (kN) | (kN) | (KN) | N | (MP2) | 55

1 D4-1 384 | 331 53 0.86 0.8 0.04
2 D4-2 212 | IV | 455 331 | 124 ] 0.73 2.0 0.09
3 D4e-1 1011 | 331 | 680 | 0.33 109 | 0.51
4 N1 1849 | 331 | 1518 0.18 243 | 092
5 N2 - 1785 | 331 | 1454] 0.19 23.3 | 0.88
6 6L 2.5 1930 | 331 | 1599| 0.17 25.6 | 0.97
7 6LD4 736 | 331 | 405 | 045 6.5 0.24
8 6LD4e IV | 1167 | 331 | 836 | 0.28 134 | 0.50
9 D4e-2 1613 | 331 | 1282] 0.21 20.5 | 0.77

Notes: DL = damage level, Ns = yield load of steel reinf., Nc = axial load
capacity of concrete, o’ = compressive strength of damaged or recovered
concrete.

Table 7 Comparison of test and calculated lateral strength

No. Specimen| o5 | op' | 08 | Viar | Ome | Qsu | Vinax
(ER13S-) | (MPa)| oz | (MPa)| (kN) | (kN) [ (kN) | Qe

1 6L 097 246 | 232 | 231 - | 1.00
2 6L 255 [024] 6.2 191 - [ 169 [1.13
3 6Le 0.50 ] 129 | 224 | 191 1.17

Notes: Q,,, = flexural strength”, Q,, = shear strength®, 0., = 0,,, or O,,.
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