av 7V — N LR CEE, Vol4l, No.2, 2019

WX RRM THRBEARSINIBERCHEICET SRR

HHEsEET e QI PR EER

EE KX TlE,

#*3 - NOORI Mohammad Zahid™

REBNVBASI R L 724865 RC AW ) Sckere /), Wi iRz, ©AWRE 2R 5720, e

BRI S HRE O A A RS L U7 EMRSEER & ACEIN ) 28 & Sl L7, ZoREE, HIERCHIZE X
DEHEBAESE r L EWEAZ A GA, BOREIITEZ 5 2720703, JEME®RE, KV, WIrEOREE
MRELARD &, BRI SILZH81E RC O AMRE DR FIZMhi T mEE T LY b RE WV
FEEVMIEA B v DS, ROOCERMNIE LS, £, OIS L TWRWOT, 7 —F &I
L B8 AWHETDS H BRI, BARTIE R T AR L 2B RE N EOfmE S,
F—O—F: VANV R, BRER, WERa 7 U — b, IGEHETR, S AWTEE

1. [ZLoIc

FEH O, WIREREMIC X D REEE A & HE TR
B LI RCH:A~O TOUEINEE] ISALY, ERC
FEDEN I SFFEET) & KM 713 K OB ERRIC BT B R A
IR ERIEL T2, DoM77 U — haki
43 5 REBME IR 3B IE RCHEO VD VEIN ZHET 5 =
& T, HBEBICK VIRT Lz RC AN ZHEES) (B
o= s ) — MgE) #EHESE, 77 I R#E~L
MZ & B E A BRI & - TREEME ARG RC AT ih
THHEET 2RREBELN TS, TORENEE] 2E
BT 270120, ZERER I Y REE I ML 5 S
R THDZ L 2T D720, AHFIE CILREEME
WEBEOG M2 ERAEE L U7 Mli5R RC H: £ 5 F 5k
EOREMA TR A T LTz, £z, BEZE T, #iml
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% 105mm [EfE (p, = 0.08%) THELA L 7=t A Wik e
TOHTH D (TAMRBEILAC > U — 273083, ER
U —X130.83 &£ 0.49), Table 2{1ZR$ER S U — XTI
HIRED D10 (o =912MPa) ZBLAH L 72 HERER (K23 2 (R

HY, ZnoORBRK (ER18S-6HD3s, 6Hs) (XAEEIE
WL & AWREA AT T 5, 240D OHFBBRIEDN
FI77 18 O H R ST A BRI/ A Bl L7 (D6-
@52.5), £MF ORI E % Table 3 (Z~ 3, Fig. 2 1300
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ER18S-6ND4, 6HD3s, 6HD4f (Table2) Tix, fE#RC

Table 1 Details of specimens (AC series)

Specimen (AC18-) N1 6ND4 6N 6H
Damage level” ) v
(Max. crack width) (3.0 mm)
Epr 2400 p
(initial force ) ) ) ) (8.1 kN)
op (MPa) 18.3
o, (MPa) - - - 2.06
N e (KN) 1323 733 1268 1540
Nmax/No 1.00 0.55 0.96 1.16
Cross section: 250 X 250mm, M/(VD) = 1.0,
Common details Bar: 12-D10 (pg =1.36%), Hoop: 3.7¢-@105
(,=0.08%).

Notes: o, = compressive strength of concrete cylinder, = lateral confin-
ing pressure, N, =max. axial load, N, = max. axial load of non-damaged
RC column, M/(VD) = shear span-to-depth ratio.

*1OBREKRY: Ly LR Mt (I5)
*3 BRERRY  LHEREEAEGER LR
*4 BRERRFRFRE PR LA Se R L R

(IE28)

et (T5)

-1201 -



Table 2 Details of specimens (ER series)

Specimen (ER18S-) | 6ND4 | 6HD3s | GHD4f | 6Hs | GHF
Damage level” v 111 v
(Max. crack width) | (2.05 mm) [ (1.13 mm) | (2.7 mm)
Ept 2400 p

(initial force ) ) (8.1kN)

o5 (MPa) 133

o, (MPa) - 2.06

o, (MPa) 393 oz | 393 | o2 | 393

Cross section: 250 X 250mm, M/(VD)= 1.0, n=
0.2, Bar: 12-D10 (pg =1.36%), Hoop: 3.7¢-@105
(p,=0.08%).

Notes: 1 = axial force ratio (= N/(bDcy)).
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(a) Bar (b) Non-retrofitted and  (c) Retrofitted sp.
arrangement  retrofitted sp. (AC series) (ER series)

Fig. 1 Column specimen [unit: mm]

Table 3 Mechanical properties of materials

. a oy, 0,* E
Reinforcement )
(mm?) | (MPa) | (GPa)
Bar DIO 71 393 193
71 912 177
Hoop 3.7¢ 11 306 207
Hoop D6 32 479 180
Aramid fiber belt t =0.572mm 28.6 2060* 118

Notes: a = cross section area, o,= yield strength of steel, o, = ultimate
strength of fiber reinf., £ =Young’s modulus of elasticity.
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(c) Step 3: Axial compressiontest  (d) Step 3: Cyclic loading
(AC series) test (ER series)

Fig. 2 Test setup and loading procedure

FEAToTz, 7ok, BBOEMFERIFIZIE, ~L koD
T I KRN D o 723, KIS ERIFFZIE~ L R
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(a) ER18S-6Hs (b) ER18S-6Hf
Notes: Q, = Flexural strength by AlJ eq.*, O = Shear strength by
Arakawa mean eq.”, ¥ = peak point.

Fig. 3 V-R relations (ER series, nondamaged specimens)
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Fig. 4 V-R relations (shear failure test)

Table 4 Observed cracking patterns after shear failure test

ACI18- ER18S-
i 6ND4 6ND4 6HD3s 6HDAf
2 \ . I3
E X /
3 N /
§ \ ) k
g AT |
< s N A 7\\ f >
IVE.O0mm) | IV (2.05 mm) | I (1.13 mm) | IV (2.7 mm)

Notes: III- IV = damage level®, () = residual crack width after shear fail-
ure test (depth side).
3.3 E#MEEER (AC>1)—X)

Fig. 512 AC 2V — XD JEMEHE /) - [FEMEONT 2Btk 2 7R
9, Fig. 5 DIERERBRIANI OF — 2%, BHRT—H
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0 . ¥ :peak point 0 . ¥ :peak pomt
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(a) Non-damaged specimens (b) Damage level IV
Fig. 5 N/N, versus &, (AC series)
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0.8} ‘ O - 2UME) fo g A /AC17 NI
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(b) Damage level IV
Fig. 6 0/0, versus ¢, (AC series)

(a) Non-damaged specimens
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6HD4, AC18-6N, 6H DXL, TR TEMH DO
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6ND4 [E, 3CHk2) IZfEWEM OB &2 L5,
Fig.6 (a) LY, ACI8-6H DJEAFIREIL1.050, (AC17-N1
@F%ﬁ%ﬁﬁ?#% 1X1.251%, ACI8-6N/n5Hix1.28f%) T

, BEEMR R I EMRRE R RS D 2 L0 bnD
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%), REEMBEMIERIZ, Fig.6 (a) OMEHEMG=2 27 J— R X
v, BEa 7 ) — b ~OBERLVKENEE XD,
3.4 fHARBERCHHDKEMAEER (ER1)—X)

Fig. 7 IZAEEHREI IR L 72 #8155 RC HE D /K E R & V- ik
AR (KEITEAMBEEROFER) Tbo, Fig.7
i, #TREQ P LW AMTREGRME QY 2R LT
WBHR, 0 1FT ) X =i o, 2 V2 5E, Fig. 7 (o)
T, 13 %ET 5 0.720, x VB GO R TH
%, Fig.7 (b) ER18S-6HD3s |LREENHHI I #% 0> AW
BAH- CEMBEEHZESLTEBY, T d (o)
ER18S-6HD4fIZ 1 18 38 B 3= 7% 2 B s L 7=, Fig. 813FE&
SHANZIB T HBEM ORI, Fig. 9i3km S Hmick
5L FOOTHED I TH D, Table 5ITITERE
THORKOVDENRNEZ =T,

Fig. 7 (a) £ Y, ERI8S-6ND4 D5 KK /7138 AW
BEEREOZ N LV /hEL, AREREL NSV, F72,
EFHOSIERR BRI N2> (Fig. 8 (a), —7FF
TEWERRE AR L2, UL 0SB IC L %
borEZHND (Fig. 9 (a), FEBRPIZITH - emD
OOEINOFAEN L MR S L7z (Table 5), Fig.7 (b)

200 [ Ny Lol [ ey 27
VN le/v }F test 4 (kN) SF test
100 | Vmax = 117kN 1F 1/(n;2ax:1 })2;6/1(;\1
R=2.46% = 1.98%
0 ( ) :/ EMG test
Wﬂ EMG test 2 //)7
T
-100 ¢ 2 Vmax=-114kN - | | Vinax = 184 kN -
(R =-2.43%) (R =-1.92%)
-200 p—— RO} R (%)

3 2 00 1 2 3 3 5 10 1
(a) ER18S-6ND4
(o =0 MPa)

2 3
(b) ER18S-6HD3s
(o =2.06 MPa)

20007 (kN) Qo |
mu2

100 | yimax = 186kN . . _ .
(R=193%) Notes: SF = shear failure,

0 *‘, ) EMG = emergency, ¥=peak
-100 {' , Ell\;fk:“ point, O, = flexural strength
B max = - h
W (R=-191%) (o,),0,,,= flexural strength
200 ==

I & | SFtest R (%) (0'720-3)'
32 2 3
(c) ER18S-6HD4f
(c,=2.06 MPa)

Fig. 7 V-R relations (ER series, damaged specimens)
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(a)6ND4  (b)6HD3s  (c) 6HD4f

Fig. 8 Stress distribution of longitudinal bars along the
column hight (ER series)

X ¥, BR18S-6HD3s ® L iX5 MR L TH 57 (Fig. 8
(b)), TR 771l 88 B RIS BIEE L TuZen
720, HIFE I WnWeEB oD, £z, Hiak
HOVFOE AWHEEESR TORND OOEL O SRR
BlEEx iz, Fig.7 (c) X1V, ERISS-6HDAS idix KK
M AR ERFAEIERIR L TR Y (Fig. 8 (¢)), ik
BB N5, ERPIISHEH ot OUE N
RO O VFIN DO FEAEHBILE S 472 (Table 5), Fig. 7 (a),
(c) OFERIT, BIERCHEDKEM S, KFEMPEDOERE I
IRREME I R HEFICA DI TH D Z LR LT 5,
Fig. 10 [ZMER | KOAEISE 7, LEE A R OBIR
ThD, t, TEER | RO & I iA L7203
B = VRIEMIC & D ERFOBIES DFE AT ZFEFE &
REDOOFTHA PO EMHORIB THRL TRD =
(7,=ATI(@h), @: EFOMAEK, h, : HEHE FREOOS
A7 —CIEIEEE) . Fig. 10 (a), (b) XV, FKAKFEMm S
ECOMBICNE ¢, 2 75 L, 85 RCH A REBIBE K
L7z 6HD3s & 6HD4f Ci¥, MEHE{E RC FEZAEEhEHR L
726Hs & 6Hf X 0 & 7, AV S, E 7z, MBS A 6Hs,
6HE 22O DFFEIS T E 7, DIR T, T AWEE— KT

7
Z 2 6p R=2.5% ’R 0%
5 sb | R=2.0% | R=2.0%
5 é 5 (Vmax) (Vimax)
4 54
3 B3l i !
2 & 7| itial Initial Initial
o lens_lon lens_lon tens_lon
1 (=W 2 strain |~ strain [ strain
) L I 10
0.15 0.3 0.1570.3 0.1 .
(a) 6ND4 (b) 6HD3s (c) 6HD4f

Fig. 9 Distribution of fiber belts strain (ER series)

Table S Observed cracking patterns after EMG test

6ND4 6HD4f
%
: | ;
= " L, AL
% ! I} V&/ D »/
24 5 /" \ /“ i \ ‘
[Sa| i\ \"’\ J N ,k\
IV (2.05 mm) | 1T (1.13 mm) | IV (2.7 mm)
I .: *: Irb at ‘Vlm .,I L & Irh at le
NE 3 " eHf & _&
g 1 N N
2 6Hs Q\Ea/// 8\‘ <
= b 4% 0
A PN /@ 6HDAf \b
A7 1 _CP g@ - < ¢ \© / ,/ ]
3 \ ~ < @ /
5 ¢  6HD3s o @ ]
mo . R%) % . R%)
0 1 2 30 1 2 3

(a) ER18S-6Hs and 6HD3s  (b) ER18S-6Hf and 6HD4f
Fig. 10 Bond stress of outer bars
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& % 6HD3s 73 6HD4f L V) K&\,

Fig. 7 (b) TR LToHERRBRIR O e KK A /) 28, #E4H
BRCHOERERLTH D Fig.3 (a) LV/NEhoT720
i, REER RSN BE a7 U — MRESEEED
=7 ) — MREE CRIE L T ARWI &0, Ef
OMNENOIKT (Fig. 10 () DERHEHEEZOND,
[FEEIZ, Fig.7 (c) & Fig.3 (b) DZEHR T, fEEMR S
it = o7 ) — MRE & BBGEORER= 7 U —
HMEDOEILHDL LD EBZEZ LD, Fig. 7 (b) DRk
S A1, REEMAEH IR RCH: D1 AW iR B 2B 1E, (c)
T REERE L ZE X 0N 50, BELVUL L
= RPRERZHICHELLT INLIRFER CETH S,
ER18S-6HD3s & 6HD4f 1%, F/5 O EITHE 72 2 3WrimfE
BRICLTHD Z &b, E—HMATEROISTRER
LD LR ENEHELTELLND, KEEITLE
s aZE 2 THAMEER 21T TETH D, Fig. 3
(a) DIEADRRAKIAM I FEEIL 199N, Fig. 7 (b) @
ZAUX 185KN Th v, HEIC X 58 AW/ DK T ix
14kN & 5 2 5, [FBkIC, B iE#EE— N Toh % Fig. 3 (b)
DIEA D FRIKTAN ) T-HIMEIL 194kN, Fig. 7 (¢) DZ#
IZ185kN TH Y, HEIZ X 2T IO T IX kN &
7rot, BEIC X DM AIOME FIXEITm A XV &8 A K
MO FNRKENT ENFEZ D,

3.5 HHIFIRE DIRELE

Fig. 7 (c) 2% L7z ER18S-6HD4f D KK ) (i
TIREEEBRE) AT X —BEICLD 0 KRR
IV, RO X ICHEEBICL a7 Y — NRED
KFck2b0EBE2 N5, KEITIE, ACYY —XD
JE A SR BRAS 5 % F VT ER18S-6HDAT 0D il 1750 % K iE 4
bo BHIFTREOFEIZIICE M) OIEEXNERH W, =
> 7 U — ML, ERI18S-6HDAL (X4 5 EfERBR (A
AC17-6HD4 (Fig. 6 (b)) OF —X &ML, £/, AC17-
N1 OJEMEIRERFOTITRIT D ACI7-6HD4 DJEHEI )
% (0,=0.720, Fig.6 (b) ZM) & iz, {EHEI7)IT
FRTEH 2 7202bD0, T %, DT, #iSHIF0.27»
5028 1ML CWD, HIFIE% HEHHE LR %
Fig.7 (c) 12Q,, & L TRL7Z, Fig.7 (¢) &V, 0 1
ER18S-6HD4{ D e KK /) A R EE R < FHl L T3 Y
B oasr U — NREE % T T REE % 3T X
FITHDIN, ERT 203D, 5% LT —4
EREEITo TV FETH D,

3.6 BABNIGERE DRI

AHITIXET, CHk6) B HITER18S-6ND4, 6Hs, ¥
L T6HD3s D T AMMEARREET D, HERBAD ~ T A
BEREIL, EROMAET, ~v hDFES), M= 7Y —
r OO ERE I THERSND EE XD (Fig. 11), RET
1, AEERBRIR O T/ OFETE & gL BE T L2 O s —

Tensile force of

[ ATC

aramid fiber belts = a0,

N

L he |

Diagonal
compression
force of concrete

force of bars AT

Differencies of tensile

Notes: @= strain gauge, hg = spacing of gauge, AT = differencies
of tensile force of bars.
Fig. 11 Force equilibrium of truss mechanism [ Unit: mm]

Table 6 Diagonal concrete stress of truss and arch mechanism
Specimen @ V, o | VilViax | ValViar| 04
(ER18S-) | (degree) | (kN) | (MPa) | (%) (%) | (MPa)

6ND4 444 58.2 24 50.1 49.9 -
6Hs 59.5 62.4 2.5 314 68.6 -
6HD3s 71.3 42.0 1.7 22.7 77.3 20.0

Notes: ¢= angle of diagonal concrete sturt of truss mech., V, =
shear force of truss mech., o, = diagonal concrete stress of truss
mech., V= average max. lateral strength of push and pull direc-
tion, V = shear force of arch mech. (= V, - V), o, = diagonal
concrete stress of arch mech.
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Notes: V= diagonal concrete force.

Fig. 12 Diagonal concrete strut of arch mechanism
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