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Stress-Strain Behavior Characteristics of Concrete Cylinders Confined
with FRP Wrap

Dae-Hyoung Lee”*, Young-Sub Kim”, and Young-Soo Chung”
"Dept. of Civil, Gyeongdo Provincial College, Yechon 757-807, Koera
2)Dept. of Civil Engineering, Chung-Ang University, Ansung 456-756, Kotea

ABSTRACT Recently, fiber-reinforced plastic(FRP) wraps are known as an effective material for the enhancement and
rehabilitation of aged concrete structures. The purpose of this investigation is to experimentally investigate behavior of
concrete cylinder wrapped with FRP materials. Experimental parameters include compressive strength of concrete cylinder,
FRP material, and confinement ratio. This paper presents the results of experimental studies on the performance of concrete
cylinder specimens extemally wrapped with aramid, carbon and glass fiber reinforced Polymer sheets. Test specimens were
loaded in uniaxial compression. Axial load, axial and lateral strains were investigated to evaluate the stress-strain behavior,
ultimate strength, ultimate strain etc. Test results showed that the concrete strength and confinement ratio, defined as the ratio
of transverse confinement stress and transverse strain were the most influential factors affecting the stress-strain bebavior of
confined concrete. More FRP layers showed the better confinement by increasing the compressive strength of test cylinders. In
case of test cylinders with higher compressive strength, FRP wraps increased the compressive strength but decreased the
compressive strain of concrete test cylinders, that resulted in prominent brittle failre mode. The failure of confined concrete

was induced by the rupture of FRP material at the strain, being much smaller than the ultimate strain of FRP material.

Keywords : aramid fiber, carbon fiber, glass fiber, confined pressure, stress-strain model
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Table 1 Test parameter

Group

Strength
no. |(f',) (MPa)

Section
type (mm)

FRP
type

Layer

No. of

specimen

20

Group
(A)

34 &100%200

43

Aramid 2

Carbon

Glass

NN

Aramid

Carbon

Glass

N3 I (SR SO 4

Aramid

Carbon

Glass

(NSRS N I NS ]

16

Group
(B)

28 2150x300

42

Aramid

Carbon

Glass

N Do DI

Aramid

Carbon

Glass

NSRS 3

-

Aramid

Carbon

Glass

[N NS ]

Group
©

33 100%200

Aramid

Carbon

Glass

Aramid

Carbon

Glass

Aramid

Carbon

Glass

B WINR] W] WD

W W W W[ W] W] W[ W[ W[W] W] W] W[WIWIW|[W|W]W| W[ W[W|WWlWw| W Wl Wlw Wl w wlwlw

Total

102

/'« = unconfined concrete strength
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frol =5 A9 E 7] H8) Fig. 1
E3d smm® 7HEL

F3 A

of FEH= 50mme] A

Unit content (N/m’) Compressive strength
Max. sixe of Slump W/C Sfa (MPa)

coarse agg.(mm)| (mm) (%) (%) Water Cement | Fine agg. |Coarse agg. Diameter (mm)
(W) ©) (G) S) 100 150

80 584 45.0 1,479.8 2,910.6 8,290.8 10,466.4 20 16

25 150 44.0 44,0 1,509.2 3,851.4 7,712.6 10,064.6 34 28

150 37.0 44.0 1,607.2 4,821.6 7,399.0 9,839.2 43 42

80 56.7 48.8 1,617.0 2,802.8 8,790.6 9,261.0 33 -
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Table 3 Mechanical characteristics of FRP sheets Zojg ZHA] A2dHMREHE ZAAIH ST 20 mm

<t
Fiber | Aramid | Carbon | E-glass WA IME 283t A2y 282 293 a=
Property fiber fiber fiber & 82 1,500kN9 load cell& ARE-8le] A&
Tensile strength f'5,(MPa) 2,173 3,550 560 Fig. 3& A& Aule] Ao gt | xo|rt.
Modulus of elasticity Ez,(MPa)| 2.10x10° | 2.35x107 [ 2.52x10"
Ruptur i ¥/ . . . =
.up e‘ straim g4, (A) 1.800 1.500 2.50 3. Al ZHD}
Fiber thickness #;,(mm) 0.193 0.167 1.20
Specific gravity 1.450 1.800 2.54 -
3.1 o el
Table 4 Mechanical characteristics of epoxy
Material Tensile |[Compressive| Tensile FRP +& #3289 B3E Fig 4b)elM & 5 A=
type strength strength | modulus | Density o] Z7F BEA YTl FAA AR sE E BE
__| MPo) | MPy) | (GPy o sl 31 Astst FAA ASA Aoje) TR
AFRE;;rEmate 45 69 1.8 1.25 olt}. olglu=el Sl gE We AA L] AL o
laminate | 347827 | 105~170 | 24-28 | 1.1~14 AEH7FEY] 70~-80% AEAA HFAAM FdEH= LuE
GFRP 50 . 53 116 W ekekz dAlelA HA S e FEE Bolm A
Jaminate ' ' 7b sherEQle) ol WY EHelEst 45 ot 9 ol %
Aol w7k mstel ¢fs) AL Holthrh Af7l sl
sgde Bge Ao AR, 2, Bd A4
opmE sere] At glol Faagel maste] A4 3

RS
o

fr

AEe A #2 F dAdoh o= @ Fe
= :l

=% BARTE R 2 okl

>,
=
2 e

Lateral and Axial
Displace ment Transducer

Rt 23T 352 Aol
1E Agstgon, 3% As Aol
B2 S P Bue TAYE Anplz Hw 2

]
datantt
(a) Extensometer (b) Compressometer
2348 AE Fig. 3 Extensometer and compressometer

(b) Failure forms (side view)

Fig. 4 Failure of an FRP confined circular concrete specimen
Fig. 2 Test setup by FRP rupture
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Table 5 Nominal strength of unconfined concrete

dololl g A77F 2-En

NS HPEZE Table 59 22 B
HEES Table 69 VERIAT
o}

=

Data |Specimen

d L
(mm) | (mm)

S o
(MPa)
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20-10-U0

100 200

20.790

5.35

Set 1 |34-10-U0

100 200

34.087

3.35

43-10-U0

100 200

43.702

3.75

K
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goli 27] 77t

16-15-0U0

150 300

15.500

3.48

Set 2 |28-15-U0

150 300

28.885

1.15

42-15-U0

150 300

42.395

1.25

O A ol EAIE o] &3 AR HYd= A

Set 3 |33-10-U0

100 200

33.276

2.73

Table 6 Concrete strengthing ratio

Group (A) Group (B)

Group (C)

p
©

dl L lr.|e .| a

. * cC Ed
Specimen (mm) | (mm) |(MPa)| (10) No. [Specimen

L | fe
(mm) | (mm) |(MPa)

SCL’
(10%)

No.

Specimen*

d
(mm)

L

!

(om) | (MPa)| (10)

20-10-A21| 100 | 200 | 72.8 | 493 | 28 [16-15-A21] 150 | 300 [ 47.2

25.6

55

33-10-A21

100

200

84.8

18.0

20-10-A22( 100 | 200 | 75.7 1 23.7 | 29 [16-15-A22 150 | 300 | 46.0

25.0

56

33-10-A22

100

200

84.5

224

20-10-A23| 100 | 200 | 70.2 | 23.9 | 30 |16-15-A23) 150 | 300 | 48.9

314

57

33-10-A23

100

200

80.5

17.9

34-10-A21| 100 | 200 | 83.1 | 49.5| 31 P8-15-A21 150 { 300 | 53.7

27.8

38

33-10-A31

100

200

105.0} 20.7

34-10-A22| 100 | 200 | 80.4 [ 45.2 | 32 P8-15-A22 150 | 300 | 49.1

21.5

59

33-10-A32

100

200

101.2] 21.3

34-10-A23| 100 | 200 | 76.6 | 39.0 | 33 P8-15-A23| 150 | 300 | 49.3

217

60

33-10-A33

100

200

108.7} 26.0

43-10-A21| 100 | 200 | 86.2 | 30.1 | 34 M2-15-A21| 150 | 300 | 59.2

15.5

61

33-10-A41

100

200

124.4| 23.6

43-10-A22( 100 | 200 | 88.0 | 31.5 [ 35 W2-15-A22 150 | 300 | 56.8

10.6

62

33-10-A42

100

200

123.7} 23.7

43-10-A23| 100 | 200 | 90.6 | 34.8 | 36 M2-15-A23 150 | 300 | 61.3

18.7

63

33-10-A43

100

200

112.0| 13.6

20-10-C21] 150 | 300 | 49.8 | 3.0 || 37 16-15-C21| 150 | 300 | 48.6

20.3

64

33-10-C21

100

200

76.0

94

ol B BN I N R S R RS S S

20-10-C22| 150 | 300 | 66.5 | 13.2 | 38 |16-15-C22| 150 | 300 | 58.1

30.0

65

33-10-C22

100

200

81.1

11.6

—
[\

20-10-C23| 150 | 300 | 59.8 | 13.1 | 39 [16-15-C23] 150 | 300 [ 50.2

19.7

66

33-10-C23

100

200

81.1

11.7

—
W

34-10-C21| 150 | 300 | 71.8 | 13.9 || 40 [28-15-C21| 150 | 300 | 54.9

17.1

67

33-10-C31

100

200

103.8] 10.8

[y
N

34-10-C22| 150 | 300 | 70.2 | 153 | 41 [28-15-C22| 150 | 300 | 54.6

17.5

68

33-10-C32

100

200

93.2

11.7

—_—
()]

34-10-C23| 150 | 300 | 68.6 | 10.1 || 42 [28-15-C23| 150 | 300 | 60.1

22.0

69

33-10-C33

100

200

100.2| 10.8

—
(o)}

43-10-C21| 150 | 300 | 79.7 | 520 || 43 42-15-C21| 150 | 300 | 72.1

16.6

70

33-10-C41

100

200

112.9 14.5

[y
~J

43-10-C22| 150 | 300 | 742 | 0.40 | 44 [42-15-C22{ 150 | 300 | 68.2

13.1

71

33-10-C42

100

200

104.7| 13.7

—_
o]

43-10-C23| 150 | 300 | 79.2 | 6.90 | 45 M2-15-C23| 150 | 300 | 71.0

13.0

72

33-10-C43

100

200

111.1

16.2

—
el

20-10-G21| 100 | 200 | 73.5 | 48.5 || 46 |16-15-G21| 150 | 300 | 54.1

30.6

73

33-10-G21

100

200

65.7

8.9

[\
<

20-10-G22| 100 | 200 | 76.5 | 49.1 | 47 [16-15-G22 150 | 300 | 53.1

29.8

74

33-10-G22

100

200

59.4

4.8

[\
—

20-10-G23| 100 | 200 | 73.2 | 46.7 | 48 |16-15-G23| 150 | 300 | 50.3

25.8

75

33-10-G23

100

200

69.4

11.5

N
o

34-10-G21| 100 | 200 | 78.3 | 37.3 | 49 P8-15-G21| 150 | 300 | 60.7

325

76

33-10-G31

100

200

89.3

18.0

[\
(US]

34-10-G22| 100 | 200 | 72.0 | 29.8 | 50 [28-15-G22] 150 | 300 | 52.4

20.5

77

33-10-G32

100

200

83.6

16.6

N}
=~

34-10-G23| 100 | 200 | 77.8 | 384 | 51 128-15-G23| 150 | 300 | 50.3

17.2

78

33-10-G34

100

200

91.8

18.4

[\
(9.}

43-10-G21) 100 ) 200 | 82.9 | 22.1 | 52 M2-15-G21| 150 | 300 | 63.0

144

79

33-10-G41

100

200

110.61 19.8

\S]
N

43-10-G22| 100 | 200 | 89.7 | 27.3 | 53 W2-15-G22] 150 | 300 | 63.4

14.0

80

33-10-G42

100

200

110.7| 21.7

27

43-10-G23) 100 | 200 | 83.1 | 24.0 || 54 #¥2-15-G23| 150 | 300 | 72.8

242

81

33-10-G43

100

200

114.9] 23.8

Specimen*

138 |

20-10-A21——» A :FRP type, 2:layer, 1:No. of specimen
L 10:100%200 mm
20 : Unconfined compressive strength
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Strengthening Ratio.

Strength Increasing Ratio

100 mm
e

"¢ Aramid
-H- Carbon

30 40 45
Concrete Strength(MPa)

(a) Concrete strength(100x200mm)

-4~ Aramid
-~ Carbon

1 15 2

2.5 3
FRP Volumetric Ratio(%)

(c) FRP volumetric ratio, Py

3.5 4

Strengthening Ratio.

Strength Increasing Ratio

150 mim
——

300 mm

-9~ Aramid
8- Carbon
-@-Glass

1 A

20

25 30 35
Concrete Strength(MPa)

(b) Concrete strength(150x300mm)

40 45

T e Aramid
~f8- Carbon
~@- Glass

1 1.5 2 2.5 3

Layer

(d) No. of layer

3.5 4 4.5 5

.
lass fiber

100 X 200 mm

@ Concrete Strength =20MPa 8 Conerete Strenyth = 34MPa - @ Concrete Strength = 43MPa |

Aramid

s 31 Aramid ﬂ?g!/"/
3 -
&
o Carbor
o
£,
5 tn
£ > VR
] | / Slass fiber
@ 150 X 300 mm

0

10

i5 20 25
Lateral Confining Pressure(MPa), f;

30

(e) Lateral confining pressure

Fig. 5 Strengthing ratio
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FEH F2olA 7177 WEl, & dst o] gz & Ao .
(softening)= o] 241 ¥ (bilinear) .= EFHTE. 271 A Fig. 7& Group(B) Alg9e] ¢H-HIBES Ui
TN 7187 FRA ZAYES fAR. ol F Group(B) A€ 7, &4, olgtrlE, FEdfE B
B7)Y FadEY 7nd o2 As B} dee) g3 3 ZagjES) 7AnE 747y 233, 2.07, 22898 SIS
7} wjE) ke Ve T WA oA I Ed @ HAY, HIAE F71= 1144, 1346, 142182 el

-1m
¢

[od

Qo) WAHI B Afe B Tdv fastA B4 2L Growp(B)] $H-MYEL BW FAJEY ¢
dvh BE 2agEe] e M MAY WMYEY 4w} Be HUNASS WE] Joe AL 2 S
Z7h} Qo] MPHow Zrtelm w Hee) Hue] ik S8, ZAES] YEFEs} 28MPa B 16 MPagl
A Aoz Aok B el 3¢ B350 =Y o AWAE IR A KA Res v o
74 FAYEE F8SY] gy = 2aeEe $EPEst quiehe nd 98 7%
2P ¥R TAYEY GE4T U A4F DA s UYL PYF WFEe) o=
100 ; ‘ 100 v : g
Carbon Fiber ; Carbon Fiber !
Y : i - 80 1 [4215-C2 :
=
& " 34-10-C2 <
= 60 3 ! o 604 - m N A~ e e
-~ — ¢ =
f ; 20-10-C2 %" i 16-15-C2
o L . ¢ . .
& 40 4 Lateral strain / © . Axial strain 2 404 v N /7 - Axial strain
B . : 8 ;
o] : ® .
< 204 e i : < 20 L
i i
0 ; : } r : : : 0 ;
30 200 10 0 10 20 30 40 50 -30 40 50
Strain, & (107) Strain, & (10'3)
(a) Carbon fiber stress-strain ($100x200mm) (a) Carbon fiber stress-strain ($150x300mm)
100 : : 100 P f
Aramid Fiber 43-10-A2 34-10-A2 Aramid Fiber i
- i : H
B . ! ~ 804 ~
% \ g ‘ 421542 |
: 2 0l o sz
S 604 ‘ = Ve
% 20-10-A2 4 A —16-15-A2
2 : ; ) 8 \ x ‘
& 404 Lateralstrain NY 57 < ¢~ Axialstrain - ¢ '(/_).‘; 40 17 = Lateral strain Axial strain
= : | = i t
'§ é } !
<20 4 UV I - ! 20 X LT
i i i
0 - ! ; ; ; . 0 : ; ! f ' . :
30 <20 -10 0 10 20 30 40 50 -30 =20 -10 0 10 20 30 40 50
Strain, £ (107) Strain, € (10™)
(b) Aramid fiber stress-strain (¢100x200mm) {b) Aramid fiber stress-strain ($150x300 mm)
100 : : .
Glass Fiber 43-10-G2 : Glass Fiber i
: 34-10-G2 j ;
_ ; Bl o~ 80 , , T 42-15-G2
g & : : :
s i s X : 28-15-G2
= L =~ 60 l ‘
= 20-10-G2 = .
g ; 4 ! N 16-15-G2
& Axial strain & 40 - Lateral strain ) * Axial strain
K] ; 3 i i
E | z 20_”3_ I S
i |
¢ : T ! : : T ¥ 0 : t ' T T ¥ .
30 200 <10 0 10 20 30 40 50 30 20 -6 0 10 20 30 40 50
Strain, & (10°%) Strain, & (107)
(c) E-glass fiber stress-strain ($100x200mm) (c) E-glass fiber stress-strain ($150x300 mm)
Fig. 6 Typical stress-strain curve of Group(A) Fig. 7 Typical stress-strain curve of Group(B)

140 | B=232|E%E =28 M19A H2S (2007)
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