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Axial Behavior of Concrete Cylinders Confined with FRP Wires

ABSTRACT

The application of FRP wire as a mean of improving strength and ductility capacity of concrete cylinders under axial compressive load
through confinement is investigated experimentally in this study. An experimental investigation involves axial compressive test of three
confining amounts of FRP wire and three concrete compressive strengths. The effectiveness of FRP wire confinement on the concrete
microstructure were examined by evaluating the internal concrete damage using axial, circumferential, and volumetric strains. The
axial stress— strain relations of FRP wire confined concrete showed bilinear behavior with transition region. It showed
strain-hardening behavior in the post-cracking region. The load carrying capacity was linearly increased with increasing of the amount
of FRP wire. The ultimate strength of the 35 MPa specimen confined with 3 layer of FRP wire was increased by 286% compared to
control one. When the concrete were effectively confined with FRP wire, horizontal cracks were formed by shearing. It was developed
from sudden expansion of the concrete due to confinement ruptures at one side while the FRP wire was still working in hindering
expansion of concrete at the other side of the crack. The FRP wire failure strains obtained from FRP wire confined concrete tests were
55~90%, average 69.5%, of the FRP wire ultimate uniaxial tensile strain. It was as high as any other FRP confined method. The
magnitude of FRP wire failure strain was related to the FRP wire effectiveness.

Key words : FRP wire, Concrete confinement, Effective FRP wire failure strain, Effectiveness of confinement, Zero volumetric strain,
Stress-hardening behavior
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FRP jojo} H7L ZARE FAA U5AE

LME

Fol| A-HdsHEgk) B(fiber reinforced polymers, FRP)=
7IE AAEE dAT F e A2 ASE A2 Jlom,
FTIYE FEEO| B B B o 3R] A= gt
I Qink BIEARE A %S9 FRPE F-2A7] FRP
0 BRAe) B 0 Aol e Tl oo B r
)3 T EE Itk Bencardino et al., 2002; El-Refaie et al., 2003;
Brena et al., 2003). 2121} FRPS] 7€l ¢J3l FRP X7
FAle] Qg i FRP 27e] A8-S AT 2l
52010y ZIHE YE5HYPE0] 0.0030] =371 el FRP7}
Z7geepy, FRP 17t f5Ae] S RE 2ol ZdweidA
WS AR A et 948 4 glrkn Rusigle FRP 57
iAee g, FYE Y5FA9] 2Fdl FRPE F-2A%1
FRP 17} §}&FA1E %, 94, H3E AP dso] 27 I
SRE= Ao g2 BuElckDemers and Naela 1999; Chaallal
et al. 2003; Bisby et al. 2005; Matthys et al. 2005).

FAB|E JSHAS S5 FRPE Uiy 2a8E9] B34S
510 QIEAle] AFeg PIAICE S qlEgelo] 2Has]
of U EaEEe] Fur WA B e WA AT
HYEFRPoE AP E)L vl w2 AJefjo[tt. o] THA|of4
= FRP] of5t ujs E1e]=e] T4eo] HlS- v} FRP 17
] AP 7o) P itk - ZaTEs] 2]
FARES] el SePd, Ui Ee]El)] dde] T
v ik FRPE ol Eelse] B3 Aofsks 554
J&K(passive action)S SPH, FRP 27 S32|E ==8A)e] 33
—HYE A5 FRPY| oJgh 33 7480)] 2 J3ks =tk
FRP¢| oJgt 7485+ FRP &5, FRP & &32|E¢} FRP
Ajole] 521, FRP A4 5 FRP 2Asslo] ofs) 2ic
FRP 7&831= FRP B4 Fa2E Y4554 d3elx S84
FRP sjei&Ee] =719} 113k A7 ek

FRPo] jgh Ul E=1)=0) Bilo] 498 EzlEs) FRP
o] ghsl Balolx] Al&lE). Harries and Carey(2003)= £712]
£ Q=3Aloh FRP Ajole] ghutaln] %3k Fake FRPo] oJ5h
TEEIE AFAA FRP B4 457419 sl F3E mlake
A AP stk BaES ngAle) ghig RAe
Slete] ZREYAE EYshs W ol ARFHI: Xiao and
Ma(1997)& FRP &0l IEE o]-85lo] FRP B h=5Ajol
ZYIEYRE EYshs WS AL, o< Choi et
al.(2009, 2010} 74 <)o) kS rlsle] 2R B gtax)
o ZHXEYAE E=UsH= WHS Aokl Harries and

Kharel(2002)3} Harries and Carey(2003)2 ZI2|EQ} B73A)
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1 ZA 55= FRP Aloje] 5o gheel sllde] ofeia-g H2Ack

o] e ZE|REYEE EYH 9ofe]o] FEj(wire type)<]
FRPE ZI2|E §}55Aol F2A1A Wiy Eae|ES] 74854
£ FUBlBH= FRP 9jolo] 1A 9iEAle] st 5438 srgs)
Atk o5 $I3te] FRP fo]o] B4, FRP 9fo]o] HATH,
FRP sjojo] g2k, Teju 32| 457437} el A%
21 FRP ¢jelo] Bt e YS5HAle] IS4 AXskeick
FRP ofojo] WAl Qh&Ale] dsddddolln S49h &9 — 4%
HYE Mx, 8- 5P E A, ARHYE, 2N2HY
E-STYE As, 9% s, Hade = Y
E, AZAZHYE, FRP 9jolo] HvhiyE 58 Rsl] 22
ZE tE5Ale] gk FRP ofe]o] B e] A8 EfdAS
ZhrEg) o] =itolla] e FRP 9jojo)2 1Ak 52Aje]
PEAE Ah= 718 ZIYE gERA ) viEk R o g
FRP o}o]o] WS 283 4 = 7I&4 wds A5
Aoz FhehE

O.

2. FRP 20101 22 23215 SAIN HiEfl 2=

2.1 FRP 2/0|0] 2 Z32|E SAH| HMIZ

FRP ofo]o] B} ZIE|E p5HAle] 45d5S Lzl
9J8te] A8 150 mm, 3] 300 mm¢] ZINE I FAAL]
9J3Le]] FRP $}o]of7} 7171 FRP gloo] B7} EID)E F
ARt o] A7l AR Slojof= A 1.0 mmel 24
FRPo]t} FRP 9}o]oje] QI 1230.6 MPa, S} 3 E-
0.0294, 715 41.84 GPaolth. Fig. 1(a)e= Sl #AUE

(b) FRP Wire Around a Concrete
Cylinder

(a) FRP Wire on a Frame

(c) FRP Wire with Uniform
Tensile Force

(d) Equipment to Maintain
Uniform Tension

Fig. 1. A Process of Introducing Uniform Tensile Force to FRP wire
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FRP g}o]o] A1lo]c). Fig. 1(b)= 53] A=H sfolo] 7k
71 o}gsle] YR A4S A5 FRP ojolols wele
A T BRI o] BAGN P o wEER
itk T Sfolol 7w Amelew TAH /TR
olg3kl slololol] A AL FHAANFig. 1) H2).
Fig. 1(d)= 9jololo] Qe A4S fAA7I 71e] ARl
o}, o] QFpoll sfololdl 2 25 N ZgAlzlor), gjololo]

(c) End of Coiling FRP Wire (d) Concrete Specimen

Confined with FRP Wire

Fig. 2. A View of Coiling FRP Wire Around a Concrete Cylinder

ol - Hes

T

2k QIgEE 31.83 MPao]H, HEEL 0.0007730]c}: 17
3% 31.83 MPa> FAA|S] 7432 ZRA7I7IA] O, F4]
Ao} efejos Fof glo] IIAl he FEe bFolth m3h
FRP ¢jo]ofs 7k o 9ojo] Z4KE AglE 1 mm= 3o ejo]o]
o} gjojo] Alo] Fo] gl efolots FAAel F-ABINITE Slolots
e B3 9elole] ERS WA fl8te] glo]ofe] B
5 A2AE et FAA F2RFICE FAA) ololots Tk=
& Fig. 200 VERHSITE ofololE FAIAS] 2 - 3F T 10
mmE #A9J3k A7 280 mmol] F-&ste] glojo] B A
B Gend effectyE AABISITE ofolo] 7= 2ol Erpd
Sjoo] ok & HEo| HIAZS Lxslo] slololS FAA] G2
Atk Ak sjojo] HAAHPE HIFo 2 AIF 7FsshH, Fig.
3 I golort 1~37 F-2d ARlelth

F38E FAH o) I3k FRP gfooje] HAEHE 135)17)
ete] Al T FIEE YSAE(3S, 45, 55 MPa) 18]l
Al F57e] ofolo] BAAR(, 2, 37)y& Aufsiiink 7R 7IE
FAARE 42t 370, B FAAE 22 270, 3 277) FRP
ofojo] WA FAA ek UG5S AABISITE FRP ofoo]
B} FAA AYUPEES Table 1] YeRAIT

fo rlo

el

2.2 Mglar
2,000 KN &) RIS AFgalo] FRP 2jo]o] 17
sl FAAe) YHARE A 4 8 27he] Z1k

(a) 1-Layer Confinement

(b) 2-Layer Confinement

(c) 3-Layer Confinement

Fig. 3. Concrete Cylinders Confined with FRP Wire

Table 1. Summary of Experimental Specimens

. Compressive strength of concrete (MPa)
Layers of FRP wire
35 45 55
0 3 3 3
1 2 2 2
2 2 2 2
3 2 2 2
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FRP jojo} H7L ZARE FAA U5AE

Fig. 4. An Axial Compressive Test of a Concrete Cylinder Confined
with FRP Wire

Alolel] Z1& 150 mm, 0] 300 mm<] FARE Adxjele] Es
2ZREAF 37 ASAIFE71 MSAE 2.0 mm/min. ]
SR AP shE w7A] ZFERink kit 79k Al
o 3709 HYA(LVDT)E 120° 2HA02 Ax|ate] FAAQ)
SUEF BI91E Sskeick 3709 WSiAlolA S WSle] et
& SAAL] S W92 ARSIk B S4o)7E 200
mm¢] 2J2ElAn|E(extensometer) & FA|H|S] Sl A=)}
1 H91E S5tk FRP 9olo] BAF FIHE FAA
RS ET SAIAS] SRke 2 Bk jolole] QY
S 35| Sfete] AR FHIE S ARk 98 BiS1SE
715 AREEF3ITE Fig. 4= SAIAS] S48 iAo A583F
HAS77I7} A3 FRP sjojo] WA Z2]e ARl 54
H37 Apxlolth.
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3. FRP 0[0] 22 23|E SAN S=4 20 R =

e

& st A SRR Sl 2
g S - ZUPHIE(f,—¢,) A=} 8- I9FYTHIE
al SOl it SUAEE = U5

ER, A53RHEE € 2 QS YERITE FTERIEES
2-Hll 4] E(extensometer) o] &) =
AE HYE ARSI, T94 = o]FTIIME W
& AREERITE AFRAEES Al

5
oY
i
ol
g
)
=
-
~
3
I
o 7

3ktE 189 (a), (b), (o) A FIHE Y577} 35, 45,
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Stress (fe, MPa)

No layer
+ T 04— T T T
-0.04 -0.02 0 0.02 0.04 0.06
Circumferencial strain () Axial strain (g,)
(a) 35 MPa

Stress (fc, MPa)

A

I L L
-0.04 -0.02 0 0.02 0.04 0.06
Circumfer encial strain () Axial strain (g,)

(b) 45 MPa
Stress (f¢, MPa)

A

3 layers
2 layers
1 layer
No layer
R T U T T ™
-0.04 -0.02 0 0.02 0.04 0.06
Circumfer encial strain () Axial strain (g,)
(c) 55 MPa

Fig. 5. Circumferential and Axial Stress-Strain Curves of Concrete
Confined with FRP Wire

55 MPagl ¢fo]o] A FAAle] Agdxtolt.

TR AR - -STPHIE s Ik Fae|Eg
o] YA =G 5 S| FHashe ST (stress-softening
behavior)= s3It} ojok= e gjolo] B FAAS] 3=
WFRE A TR f, =9 5, 9 =93 btA]

o o

¢} -



Lo &0 T Zylslo] QeI % (stress-hardening behavior)
< 3I3itk ofolo] BAF TR S-SR E e 1
S 7o R T Y AT R FAE Ao R B 4 gl
7
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© X

HPE T4o 8 v meet vix] W E
Hoz Irpiglon, BAaat St
S7IsISAE ofelo] B TAIAS] k] SRR
a7 Bes el FaRE 45
7FSeTE 7 SR gjoo] 340] B 35 MPa SAA]
o SAE vl FPPHFES 00552 S7g]o] R FAA
o) oh) SPAFERCE 108 oPd 2 210 & HrhE|Qr: FRP
slojof= FABES TEAA TAAY SSA et WA
Feo] TA FEAFLH, 53] duiA] F5 e vk 27
A, o] FRIeA gojo] HA FAR|E FAAL] e
79] sjojolel] ofsl AR, efojotel] ofFt HAEA7} Erdsl
T Ak

- QFUeaE Aus $9- SUeYE e o

HO o L

o] S 2 FIFE VAR B Ao ke T ofolo]
HARG7} S5 9jolo] WA e H s 571
o] slolofi= FAAe] TFHdwe] FFE MxlE Flos Wk
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Table 2. Results of Axial Compressive Tests on the Specimens

PR 5
PAFEE 5

Fepi)

Y} APUFAYRE Fo

o
55 MPa £jo]o] 7
Z7EEE Ao v
A AEARAAN S Hol
T 2P XA SIYE Y=
ZA%t). Mirmiran and Shahawy(1997), Spoelstra and
Monti(1999), Moran and Pantelides(2002):= FRP X7 £328|&
YA S WIS HE 2
A3,

Table 29 FRP 2}o

SR

(¢

&=
JE2

FHPAEES] TS

Zn}shA S

o oo

d #vhg-olck. Fig. 6
SEREEEEEER

Ik TN UG SerEAN 95
3

s ol Ae] Y e el Sl
Ko} 27} Q7] mhsole 7
Fe|Ed] o] WAyl W] 9%
e E SRS R R
Bur} 214

= gt 2

Compressive 1,* . Jee fee
Strength (MPa) Layers (MPa) & (MPa) €ua €avo €uc €uu 7.
0 36.09 0.002322 — 0.004465 0.002570 -0.009340 -0.015130 —

35 1 48.84 0.003002 73.53 0.029286 0.003002 -0.025727 -0.022169 2.037

2 57.12 0.004112 113.15 0.044152 0.004112 -0.022912 -0.001671 3.135

3 64.20 0.005458 139.37 0.052957 0.005458 -0.021549 0.009859 3.861
0 47.16 0.002514 - 0.003713 0.002427 -0.015158 -0.026602 —

1 56.32 0.002716 74.82 0.026811 0.002716 -0.021636 -0.016461 1.586

» 2 64.28 0.003411 107.85 0.031822 0.003411 -0.019341 -0.006861 2.287

3 74.78 0.005333 144.69 0.047519 0.005333 -0.021024 0.005470 3.068
0 57.10 0.002288 — 0.003106 0.002421 -0.011926 -0.020746 —

1 67.69 0.002634 78.81 0.024524 0.002634 -0.022978 -0.021431 1.380

% 2 79.34 0.003630 109.98 0.024167 0.003630 -0.017625 -0.011083 1.926

3 88.63 0.004019 144.52 0.027732 0.004019 -0.017544 -0.007355 2.531

* Average of three test results for the non-confined specimen and that of two test results for the confined specimen

** Positive(+) value indicates compression and negative(-) value tension
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FRP gfolo] w7 ZAae FAAY] Y%AE

7% 45 MPaQl SAAIIO L, 1 Afofi= 4] 9F2 Ao = VRERkk
o} wEpr gjojo] BAF FAAS] ddslEE TAA EaEE
Y7ot FAIgle] elojo] BAFR S v]EEte] STtk Al
2 3rhec) sojo} 37 BAFE 35 MPa FAAIS] ==
R} FAA] FFERT} 78% A SR $UE By
Aol digh 45 MPa FAAe] T EAd= SHEIE oF 59%,
55 MPa FAA19] 873 % ZREIR= oF 55%= =4t
b slolo] B FAAS] TS EE B glolo] WA
ol HlElte] S7kskE AR SAHSom, ofoloje] BAtE}
T ST B FAA] sl s gk Ao 2 Vel
ol 7o) FUI AREo PSEET whe FAA
g5 F&Eo] Auldo g 7 2Ty wjiEel Ao g Bk
Hoh

Fig. 7¢] ojo]o] WA} TAA] FHdel Bzl dAE
LAY, 2dslA B8 Ayhe A =AY 3 Ao
A9l §L Aol = Ao R} efolo] BAF FAAS] Hopd

i

100

=
=

[=2)
=

=
=

Peak Strength (MPa)

[
=

0 T T
1] 1 2 3

No. of layer of FRP Wire
Fig. 6. Peak Strength of Concrete with an Increase in the Layer of
FRP Wire

200

160 -

120

80

Ultimate Stregnth (MPa)

40

0 T T T

0 1 2 3
No. of layer of FRP Wire

Fig. 7. Ultimate Strength of Concrete with an Increase in the Layer
of FRP Wire
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TE FAE gA=e} WAIgle] A FdEH, BAESl
HlElsh= 208 7t ofojor} 33 BAE 35 MPa FAA]
HWdes TR TAA] SR 286% =7 Sk
2ol8l B4 Ulgk 45 MPa ZAAle] AU X Ed=
oF 207%, 55 MPa FAAl9] A= Fa7= oF 153%=
SIStk FUg ofo]o] BAFH tigh 45 MPa 3-A1A9]
A= SREI = F 207%, 55 MPa BAAS] Hofde S3E
= oF 153%= JERT

32 HAHSE

AHHAGE ¢, = FRP glo]o] B FI2E FAA] Adolx
ZAE SHHTE € o SIEHTE €,9] 20)9] Fo 2 A9
HtiPantelides and Yan 2007; Saen and Pantelides 2007).
AR E €, & FLIRIE €, 9} STHPHIE € o IARC

= yehld, ohaat 2k

6'(,' = E(I, + 26(5 (])

A71A €,9F €2 §EFold oL, QPFeH Folrk 4 (1)¢]
€,7} I FRP ejolo] BAF F32|E FAAY] AL 555
oujsh, ol WS oujgtt. ¥R FIE FAAHS}
Sfolo] WAl FAE A Y5EFN S7g3 AN E
€, SLPHIFE ¢, (
(0= 22 =8| =747} 35, 45, 55 MPagl 9olo] B7d
FAAY] Aot

A E— LA E (e, —¢,) A= 277N TR
7 BAARL FRP ejolo] BAF FAFARE Y5ES wol 5311,
AAHPES GO el o] 7Rt AAAd s} 8%
HEES] Wi ETolksH|or g WAV Qlok AXHE E0
FHdjol] =28 w7l FEA; FAAS} efojo] BA ¥
AP E— SPAYE A= A AR5, efoofdl] <Jgk
B g3k A9l fle Ao = ke ARHEEe] oo
TR 9, FRP 9olo] WA~} wo] ARHISTS AXRIE
B9 4 e w3l o] glejoldl] ofgh BAF a3t vehp]

A EC] “07d =i, TR FAAS ofolo] B
SAARS 2] ARk, o] wie] AXUYES A=AHHS
E €, 2F A3l Fig 89l T=Ale wie} o), FlAd SAAe]
DU 752 A dgkont, spolots i ZaTES] WS
TEAA stelo] B FAAI ARZAAHEE w2 U
E ¢, 9 ARARNEE =2 A% f,= M

AHYE =2 SUPHIEL 3180 IS 794 = =

oot

it
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Volumetric strain (g,)

0.01 -
B 3 layers

e B
(MZ layers 0.06

Axial strain (g,

g
£ 0.0014
z
1 layer £ N 4\0_4;03_
1 E 0.001
-0.03 2
S L Axial strain (g,)
(a) 35 MPa
Volumetric strain(e,)
0.01
] 3 layers
0 T : : : T
4 0.04 0.06
001 ] - 2 layers Axial strain (z,)
] 1layer £ 0001
0.02 ] No layer E i . .
1 2 \\uw 0.008
2 -0.001
] H
-0.03 1 ; 0002 Axial strain (g,)
(b) 45 MPa

Volumetric strain (g,)

0.01

0 - —_—
{ w 0.04 0.06
ayers Axial strain (g,
2 layers
‘Tx}i\ 0.008

Axial strain (g,)

o
1=
S
=
!

e

1 layer

1 No layer

=

>

=2
I

S
S
53

Volumetric strain (g,)

(c) 55 MPa

Fig. 8. Volumetic and Axial Strains of Concrete Confined with FRP
Wire

ol - Hes

L

oJ= FSP HAF Eaz|E FAA| A3 55 20110 SA€
0.00149~0.002527} Saenz and Pantelides(2007)2] S3-23}2]
0.002061c} & Ao 2 LJER] FRP 9}o]oje] EIg|E FAHo
gk BAEIpt 95k Zom Hrhet

AZANAEEE =2 T SUPHP B0 TV o)
A=) ke FRAF FAA] AXHPEL A&H o7 Thas}
Aok Fae AFHEEC] oA TR AL SIS
oJmjgit}. FRP ¢to]o] 170] B7tH 35 MPa XAl FHA
FAAS] PSR} 2o oA FEelA] Ao 2 WMk}
Sk o] el w7hA] e XA 02 FfsIlon) 9o
ofol) oJsl) W Tt S TSI efelo] 27 BAFE FAIA
= W ST S 7Aslls W ope) we] S s
k=0, SR el s =|9ict felolr) 35
B FAAE o] 5o HElsilon, IAE 54
o] =ik efolo] 1337} 270] B 45 MPa FAAR=
ol =2t wrhA] PAEE fAEe U, 35 0] A
FIAAE o] FHo 2 WBkEo] =g oA w3
et} 55 MPagl SAIAIE so] =ee wi7hx] g EE
FABALE W] 502 wWglek efojo] 370 B 35
MPa#} 45MPa TAA] A e TRt ZAAY] YR
T} 3867} 3078 & ZloR SAEICE o] Al W] 502
W= R FAAL] AT Oib] B FAAe]) o=
H]Z 2.12 AAJ&+ Mirmiran and Shahawy(1997)E.C} Thi =&
Ao g HrheQdk

3.3 FRP 2{0|0] HZ} ZA|x[e] mtx|

FRP 9lojo] B ZABE FAA= gfolo] BAFFET wet
] SF|HQc) 2oloPt 18 BAE TAAE AJH o] 9k
o] 3o 2 FPF $IXI§ ejolor} g o] Hrke]o] Fz]
E BAjol| FAER] k2 oolor} g HA] s T
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(a) 1 Layer of FRP Wire (b) 2-3 Layers of FRP Wire

Fig. 9. Failure Modes of Concrete Cylinders Confined with FRP Wire
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