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Strengthening Effect of Axial Square Concrete Members Wrapped by CFRP sheet

Kyoung-Tae Moon', Sang-Yeol Park™, Kwang-Min Koh’

Abstract: This study deals with the strengthening effect and behavioral characteristics of square concrete column wrapped with carbon FRP sheet.
The increase in axial compression capacity comes from the confinement effect of wrapped CFRP sheet. Because of the shape of square concrete column,
the confinement effect is smaller than that in circular column. For the experimental program, four parameters including the number of sheet, the size
of column specimen, the aspect ratio, the corner rounding, and the transformation in shape from square to circular were selected to examine the

strengthening effect and behavioral characteristics for each parameter. Experimental program comprised fifty five square concrete column specimens
for different eleven types. The compression test results confirmed that the strengthening effect can be increased by the confinement of wrapped and
bonded CFRP sheet. However, the confining effect was decreased with the increase of square column size. The other hand, the ductility in square concrete
column greatly increased due to caging effect of CFRP sheet. The transformation in shape from square to circular considerably increased both the
compressive strength and the ductility of the concrete column wrapped with CFRP sheet. In addition, using test results and existing studies, accuracy
and reliability of the existing strength models for CFRP-confined square concrete are verified.
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g. 1 Standard test specimen

Fig. 2 Circular specimen transformed from square column

Table 1 Summary of experimental parameters
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Table 2 Properties of concrete

Uniaxial compressive strength(MPa) 27.6
Slump(cm) 9.8
Maximum size of aggregate(mm) 25

Type of cement

Portland Type 1

Parameter  Specimen Layers Dimension /B &
P Y (mm) Chamfering(mm)
B=100 _
- Co - H=200 H/B=2.0
C1 1
No. of layers Cc2 2 B:lOO H/B=2.0 (C=3.0)
H=200
C3 3
B=75
c4 H=150
. . B=100 _ _
Specimen size Cl 1 H=200 H/B=2.0 (C=3.0)
B=125
= H=250
B=75 _ _
C4 H=150 H/B=2.0 (C=3.0)
Aspect ratio B=75 _ -
(H/B) C6 1 H=225 H/B=3.0 (C=3.0)
B=75 _ -
Cc7 H=300 H/B=4.0 (C=3.0)
C8 H/B=2.0 (C=0)
Chamfering C9 | B=100 H/B=2.0 (C=1.5)
© C1 H=200 H/B=2.0 (C=3.0)
C10 H/B=2.0 (C=4.5)
Transformatio D=141 .
n of shape cll ! H=200 H/D=1.4
14 SIPESTICHRIH2ITeHE =27 M 213 H2E(2017. 3)

Air content(%) 32
Table 3 Properties of CFRP sheet
Model FTS-C1-30
Tensile strength(MPa) 3,480
Modulus of elasticity(MPa) 2.30x10°
Thickness(mm) 0.17
Density(g/cm®) 1.82
Ultimate elongation at break(%o) 1.5
Table 4 Properties of epoxy resin
Model Sikadur-31
Tensile strength(MPa, 14-day) 25
Bond strength(MPa, 14-day) 16.8
Modulus of elasticity(MPa, 7-day) 2,689.7
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Table 5 Summary of experimental test results

1* peak load
Parameter Specimen (kN) UCS(MPa) o lfod
Each Ave. Each Ave.

1 28450 28.45 1.03

2 266.81 26.68 0.97

Unconfined ~ CO 3 27690 27620 27.69 27.62 1.00

4 28298 28.30 1.02

5 269.83 26.98 0.98

1 360.71 36.08 131

2 359.07 3591 130

1 Cl 3 34526 35457 3453 3546 125

4 35036 35.04 127

5 35748 35.75 129

1 384.01 38.41 139

No. of 2 368.50 36.86 133

' C2 3 37951 37472 37.96 3748 137
layers

4 37481 37.49 1.36

5 366.78 36.68 1.33

1 413.14 4132 1.50

2 410.14 41.02 1.49

3 C3 3 37124 39392 37.13 39.40 134

4 398.65 39.87 1.44

5 37641 37.65 1.36

1 24898 4428 1.60

2 256.60 45.63 1.65

150/75 C4 3 263.89 255.75 46.93 4548 1.70

4 249.82 44.43 1.61

5 25948 46.15 1.67

1 360.71 36.08 131

. 2 359.07 3591 130

Sp:fZ“:e“ 200/100 C1 3 34526 35457 34.53 3546 125

4 35036 35.04 127

5 35748 35.75 129

1 42620 2728 0.99

2 44534 28.51 1.03

250/125 C5 3 44696 441.19 28.61 2824 1.04

4 44894 28.74 1.04

5 43849 28.07 1.02

1 24898 4428 1.60

) 2 256.60 45.63 1.65

C4 3 263.89 25575 46.93 4548 1.70

(150775) 4 249.82 44.43 1.61

5 25948 46.15 1.67

1 27845 49.52 1.79

Aspect 2 27733 49.32 1.79

ratio C6 3 26458 272.93 47.05 4854 1.70

By @7 4 27018 48.05 1.74

5 274.12 48.75 1.76

1 257.89 45.86 1.66

A 2 26292 46.76 1.69

C7 3 26527 262.05 47.17 46.60 1.71

(300775) 4 263.10 46.79 1.69

5 261.09 46.43 1.68
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Table 5 Summary of experimental test results(Continued)
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Fig. 3 Stress-strain curves for different number of layer

1 32598 32.60 1.18

2 338.08 33.81 1.22

C=0 C8 3 317.23 32743 31.72 32.74 1.15

4 334.64 33.46 1.21

5 321.19 32.12 1.16

1 383.40 38.34 1.39

2 366.81 36.68 1.33

C=15 C9 3 388.22 380.38 38.82 38.04 1.41

4 379.60 37.96 1.37

Chamfer 5 383.84 38.39 1.39

ing 1 360.71 36.08 1.31

2 359.07 3591 1.30

C=3.0 Cl 3 34526 354.57 34.53 3546 1.25

4 350.36 35.04 1.27

5 35748 35.75 1.29

1 347.05 34.72 1.26

2 364.01 36.42 1.32

C=45 C10 3 36247 35839 36.26 35.85 1.31

4 363.61 36.38 1.32

S5 354.79 35.49 1.29

1 67297 43.12 1.56

Transformation 2 621.03 39.79 1.44
of shape CIl1 3 596.53 623.54 3822 3995 1.38

4 607.11 38.90 1.41

5 620.09 39.73 1.44
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Table 6 Strength models for FRP confined concrete 4
Model k, k., $30 F °
& o
Campione N 3 6 © )
and Miraglia 2.0 033 =5 020
2003 g 62 G
( : ) ;‘Sn 2 8, g e _?-f“eby=l.8X+10
Benzaid and 2 g o ¢ R=0.61
Mesbah 1.6 0.36 g1
(2013) %,
h—2 M(—) b—2r)? % 05|
1.7 34 s R S S R
(2015) (}3) 1 g % 0.2 0.4 0.6 0.8 1
v P Confinement ratio, f',/f
GB50367 b—2r) +(h—2r)?
(2006) 4.0 1= % Fig. 15 Strengthening ratio vs. confinement ratio
g s
(%)(h —2r)?+ (%)(b— 2r)? Table 7 Statistical performance of strength models for FRP-confined
A(;Jé (;l;)O 3135 p 1— 5A =Py concrete as assessed by data set
o g
( h ) 1=p, Predicted f',, to test ratio

where, b and h are width and length of the rectangular section

Mesbah, 2013; Modarelli et al., 2005; Campione and Miraglia,
2003; Demers and Neale, 1994; Rochette, 1996; Rochette and
Labossiere, 2000; Harajli et al., 2006; Lam and Teng, 2003;
Rousakis et al., 2007; Masia et al., 2004; Wang and Wu, 2008;
Wu and Wei, 2010; Shehata et al., 2002; Ilki and Kumbasar,
2003; Al-salloum, 2007; Tao et al., 2008), & 2227]2] to|€]
B 7|oR AFF7] 50| YT 01 FEFHRDS A
QktaL, 71 ASkAe) e AF ATk
GB50367(2006), ACI 440(2008) 2 Li et al.(2015)°] A<t
& TR ERHASE ALY wRel thsiA 4 (7)3} 2
o] Felsu, B ATl M o] Zh& AHES] AZHE T
FETEY( )& AY3H FEFo) g3,

R VN (=) ™

]
AN E 2L BT Ik yE B 12 =AY
A o thste] 3)AEA R A= A (8)3) 2om, 2AA s
(R*)7}0.61 2 e T
fm, fl/ 2
=1+1.80—— R°=0.61 8
fm fm ( )

Fig. 162 7] 223 AQbe =& o]-83to] o]&4 gk

Model Average Standard Coefficient of variation

€°  deviation (%)

Campione and

Miraglia2003) 0.910 0.188 20.7

Benzaid and

Mesbah(2013) 0.884 0.184 20.8

Liet al.(2015) 1.561 0.360 23.0

GB50367 (2006) 1.450 0315 21.7

ACT 440 (2008) 1.289 0.255 19.7

Proposed model 1.042 0.181 17.4

Number of datapoints =222

St A A A} A T8 Aot - U
3} 2+0] Campione and Miraglia(2003)3} Benzaid and
Mesbah(2013)2] 22l =3k 7 A4AFA4 3k 9)om Liet
al.(2015)2 HehFA L A2 AT =+ Uk AV |
Z ARE 5?0 GB50367(2006)-2 Li et al.(2015)2} B S=3F 7 &
S YER I 1o, ACI440(2008)8 A & gk}t vl L2 A}
sHAl F8eta o AR F=E AA FAsHL e
o2 AAA PSS sk foslior & 2o E AR
Hoh v 2 AFE B3l A e dido s Pes
AestA F4staL Jom, A=H7E2.0 o) -gell= A
gk sHA &2 FAstaL Qlo] PSS ahe AL = o

Table 7-> 2@ gkoll gk 2+ =8 7 gke] vl tisf 5
AEAgE A3-E YeRA Aotk Campione and Miraglia(2003)
3} Benzaid and Mesbah(2013)2 7 =H] Hwo] 242 0.91,
0.88 2 =5 HAFA3L 9L, Li et al.(2015), GB50367(2006)
9} ACI440(2008)2 22} 1.56, 1.45, 1292 55 Hoh54
3kal Itk ACI440(2008)°] THE Edlo] Bis) vl w2 A3 =]

oL o
Ay
Woox



: : T
Campione and Miraglia (2003)
.t s |
~ 4l N
N ~ I
o8 N sl
~ o =~ 1 %
g 37 & g 3F ®
S o < 3 N
= S0 oo = r Q0 ¢
s 5o g
K5 o g |
g 2 =¢rel g2 2+
£ g
g 8 g | : 8
= 1L & a 1
= [
0 0k

g, 0 ¢

Benzaid and Mesbah (2013)

Li et al. (2015)

8]

o

@

G o

~ G0®
[
o @O (e}
(o]
o
ot

: ’ ’
Experimental data, f r(/ f i

. . . .
0 1 2 3 4 5 0 1
Theoretical data, f 'cc /f 'M

2
: ' '
Theoretical data, f cc/ f o

3 4 5 0 1 2 3 4 5
Theoretical data, f ’“ /f 'M

GB50367 (2006) ACIT 440 (2008)
B} .8
w4 ‘*\14
w S
83 - g3l
5 E
— =
E 2 E 2 o8
: : e
gip i< g
0 0

Proposed Model

8
4|
AN
/ g o
() - C
o S~ o
o © $ 3 o
o} = o]
o ‘é oo 2
g g S5
g 2 g 82
& Q" >
£ g g%
g &
2 ; s
=1 >0
=

2

oti ' '
Theoretical data, f ” /f i

3 4 5 0 1 2 3 4 5
Theoretical data, f 'M /f 'C”

Fig. 16 Performance of each model

01 A
Al AR 1ol E}i F2gsial 4%%4}} 2 ATl A
AR Rl o] =] Hek-2 10400, HEATE 174% =
Hlargt Els Foll gt 7 fARSHAl 788kl 9
wehA CFRP AEE g8 A 28 E 759 7&
T 0l ol E Bt A Al A=Sg RS A8t
= 0] 7P A st

5 &

Hl

O

L

oﬁt
T

i
g A

H AFol4= CFRP A ER 7455 AFE Ea2E
AgA el thete] B4 A, APAY =271, Fdn], B

SIAA AEs AaE EAsta, Adaaet Ve d7aRE 7

HEo 2 Ao el vy Bl 4L A28t 2tk

1) CFRP 4 E& 37 &5 ZITEQ AL HE] F
L@ osf /H = Eﬁ, AR wet =5 Uiy
FFaANTE ZA e o, AEA e A2717F AR el wf
o} 75 A A= THAE o] H%‘iﬂrﬂ Zdgalel= )

2) BE A4S A3 A= CFRP 4 E 9 74 g 3o o) &}o]
BAg Fio S E dE o] TR HE S oA

APA o] Aol A FEE A

2~

o)
ﬁa

3) AgAle) BANUB)E BAE ] 2 G mAA) 2
shg.out, @aule] F71el wheh Bhto] $o] HFHw

d FRbo] gamlon], =
712 Q18] AT et oL, B Aol A =]
of 1o]7] ghgie.

8 d¥ o2 W3t CFRP 1 EZ I 754
a3, 70“5_9} A B A FEESleH, 2 ATl

A2 2F280% S7HA AT
715 A7AIE &83t] CFRP 4|EZ
¥ gHe] ZITE 7|59 FEEAAS

thg3} 2ol zﬂ kel
f(l', f’
f(‘l), fm

6) 71EEF745 25 1w e 25, Campione and Miraglia(2003)
3} Benzaid and Mesbah(2013)2 74 =3k HAFASIL
31, Li et al.(2015), GB50367(2006) 2} ACI440(2008)-2 T}t
F7gstar lom, AjtEdo] 71 fARHA AEE 54

ShE2 % FAA AR S g3 o] Bgsi,

T 2

BATE20REEAIUE
2714 7FA(KETEP) FHEA488 Q=g

J. Korea Inst. Struct. Maint. Insp. 21



A 5:20094020200020) 7} F7H AP 2 Al F=24317
A LAE] 2016 = AT7NEALY A el o3l 3= o,
oo A=Yt

References

Al-Salloum, Y. A. (2007). Influence of Edge Sharpness on the Strength
of Square Concrete Columns Confined with FRP Composite Laminates,
Composites Part B: Engineering, 38(5), 640-650.

American Concrete Institute(ACI) (2008). Guide for the Design and
Construction of Externally Bonded FRP Systems for Strengthening
Concrete Structures, Reported by ACI Committee 440.

Benzaid, R., and Mesbah, H. (2013), Circular and Square Concrete
Columns Externally Confined by CFRP Composite: Experimental
Investigation and Effective Strength Models, Fiber Reinforced
Polymers-The Technology Applied for Concrete Repair, InTech,
167-201.

Bulavs, F., Radinsh, 1., and Tirans, N. (2005), Improvement of capacity
in bending by the use of FRP layers on RC beams, Journal of Civil
Engineering and Management, 11(3), 169-174.

Campione, G., and Miraglia, N. (2003), Strength and Strain Capacities
of Concrete Compression Members Reinforced with FRP, Cement
& Concrete Composites, 25(1), 31-41.

Demer, M., and Neale, K. W. (1994), Strengthening of Concrete
Columns with Unidirectional Composite Sheets, 4tk International
Conference on Short and Medium Span Bridges, Canadian Society
for Civil Engineering, 895-905.

Fam, A. Z., and Rizkalla, S. H. (2001), Confinement Model for Axially
Loaded Concrete Confined by Circular Fiber-reinforced Polymer
Tubes, ACI Structural Journal, 98(4), 451-461.

Harajli, M. H., Hantouche E., and Soudki, K. (2006), Stress-Strain
Model for Fiber-Reinforced Polymer Jacketed Concrete Columns,
Structural Journal, 103(5), ACI, 672-682.

Ilki, A., and Kumbasar, N. (2003). Compressive Behaviour of Carbon
Fibre Composite Jacketed Concrete with Circular and Non-circular
Cross-sections, Journal of earthquake Engineering, 7(3), 381-406.

Kaminski, M., and Trapko, T. (2006), Experimental Behaviour of
Reinforced Concrete Column Models Strengthened by CFRP Materials,
Journal of Civil Engineering and Management, 12(2), 109-115.

Koh, K. M. (2006), Strengthening Effect and Failure Mode of Rectangular
Concrete Column Confined with CFRP Sheet, Ph.M. Dissertation,
Jeju National University, (In Korean).

Lam, L., and Teng, J.G. (2003). Design-oriented Stress-strain Model
for FRP-confined Concrete in Rectangular Columns, Journal of
Reinforced Plastics and Composites, 22(13), 1149-1186.

Masia, M. J., Gale, T. N., and Shrive, N. G. (2004), Size Effects in
Axially Loaded Squaresection Concrete Prisms Strengthened Using
Carbon Fibre Reinforced Polymer Wrapping, Canadian Journal of
Civil Engineering, 31(1), 1-13.

Mirmiran, A., Zagers, K., and Yuan, W. (2000), Nonlinear Finite
Element Modeling of Concrete Confined by Fiber Composites,

22 SRPAESFICES X2 SEHE =2F] M 21 XM 2E(2017. 3)

Finite Element in Analysis and Design, 35(1), 79-96.

Modarelli, R., Micelli, F., and Monni, O. (2005), FRP-Confinement of
Hollow Concrete Cylinders and Prisms, 7 International Symposium
FRP Reinforcement for Concrete Structures, American Concrete
Institute, 2, 1029-1046.

Moon, K. T., Park, S. Y., and Kim, M. K. (2015), Strengthening Effect
of Axial Circular Concrete Members Wrapped by CFRP sheet,
Journal of the Korea Institute for Structural Maintenance and
Inspection, 19(5), 10-21.

National strandard of the People’s Republic of China (2006). Design
Code for Strengthening Concrete Structure(GB50367-2006), China
Architecture & Building press.

Park, Y. J. (2001), The Experimental Research on the Confinement
Effect of Concrete Specimens with Carbon Fiber Sheet, Ph.M.
Dissertation, Korea University, (In Korean).

Rochette, P. (1996), Confinement de Colonnes Courtes en Béton de
Section Carrée ou Rectangulaire avec des Matériaux Composites,
Maitrise Es-Sciences Appliquées, Université de Sherbrooke,
Canada, (In French).

Rochette, P., and Labossiere, P. (2000), Axial Testing of Rectangular
Column Models Confined with Composites, Journal of Composites
for Constructtion, ASCE, 4(3), 129-136.

Rousakis, T. C., Karabinis, A. 1., and Kiousis, P. D. (2007), FRP-Confined
Concrete Members: Axial Compression Experiments and Plasticity
Modelling, Engineering Structures, 29(7), 1343-1353.

Sadeghian P., Rahai A. R., and Ehsani M. R. (2008), Numerical Modeling
of Concrete Cylinders Confined with CFRP Composites, Journal of
Reinforced Plastics and Composites, .27(12), 1309-1321.

Shegata, I. A .E. M., Carneiro, L. A. V., and Shegata, L. C. D. (2002),
Strength of Short Concrete Columns Confined with CFRP sheets,
Materials and Structures, 35(1), 50-58.

Shin, Y. S., Hong, Y. K., Hong, G. S., and Choi, O. C. (1996), Compressive
Strength of Concrete Cube Confined with Carbon Fiber Sheets,
Journal of the Architectural Institute of Korea-Structure&Construction,
12(12) AIK, 197-203.

Tao, Z., Yu, Q., and Zhong, Y.Z. (2008), Compressive Behaviour of
CFRP-confined Rectangular Concrete Columns, Magazine of Concrete
Research, 60(10), 735-745.

Wang, L. M., and Wu, Y. F. (2008), Effect of Corner Radius on the
Performance of CFRP Confined Square Concrete Columns: Test,
Engineering Sturctures, 30(2), 493-505.

Wu, Y. F. and Wei, Y. Y. (2010), Effect of Cross-sectional Aspect Ratio
on the Strength of CFRP-confined Rectangular Concrete Columns,
Engineering Structures, 32(1), 32-45.

Yeh, F., and Chang, K. (2004), Size and Shape Effect on FRP Confinements
for Rectangular Concrete Columns, 13th World Conference on
Earthquake Engineering, Vancouver, B. C., Canada, paper no.657.

Received : 10/09/2016
Revised : 10/15/2016
Accepted : 10/17/2016



2 R EATE A2 £32)E GENAE CPRP 4 ER 342 ule] BAE e} A% B4 e 9T, CFRP 41 E2 B4H S
A1) 4 Eto] )5he] kI o] YT YO ALZHY Thilo] m 2 YT N P4 E ks 2| Uelske), W E e} 54 S 5
Q1817] $15ke] CFRP 4120 4%, ARAIS) 27, B0, 5], 8 vl Al ge 5 Agsked 432 ARSA. 1171e] Agus
Wz 2425714, % 5570 0] AR S Aksle] AT A AT CFRP 41E0] 450 ojal) BAEA7} UERo AgA o] 2717
27Vl wheh 4 sk Ho ek, wkele] CFRP 41E0] T4 Esfol of3le] A2kE 22 715 A4 ulS 2l Z7hsch B
§2 Aol UG OZ WG A ASA e} AN BT F71HQT EH AP A0} 7| 2R T A E AH3k] CFRPE 748 A2
SEEER R R L e R B e R e L

NGO BRMAAE, T, FEFAL, BAE, $H-AGE FA

£

J. Korea Inst. Struct. Maint. Insp. 23



