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Analysis of Correlation between Flexural Strength and Pore
Characteristics on CFRP Rebar as Fabrication Method

Nam-Il Kim*, Do-Young Kwon*, Yong-Sik Chu*"

ABSTRACT: In this study, the fabrication conditions of CFRP rebar were controlled to derive the correlation between
flexural strength and pore characteristics. The fabrication conditions of CFRP rebar were adjusted for presence or
absence of rib, resin temperature, and curing furnace temperature. Flexural strength and pore characteristics of
fabricated CFRP rebar were analyzed. The flexural strength of CFRP rebar was changed depending on the fabrication
condition, such as the presence or absence of rib, the resin temperature, and the curing furnace temperature. It was
confirmed that the flexural strength of CFRP rebar was significantly lowered when the rib was not wound. As a result
of Nano X-ray CT analysis, the max. pore diameter was shown in CFRP rebar prepared at a resin temperature of
60°C. According to optical microscopic analysis, the maximum porosity was 6.89% in No. 1, and the minimum
porosity was 2.88% in No. 7. The correlation coefficient between porosity used optical microscopy and flexural
strength was -0.64, which was higher than the correlation coefficient between porosity or pore size used Nano X-ray
CT and flexural strength.
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Fig. 1. Schematic diagram of pultrusion machine for manufac-
turing CFRP rebar

Table 1. Fabrication condition of CFRP rebar

Impregna- | Hardening Temp. (°C) | Pultrusion |Hardening

No. | tion Temp. speed Time

©C) 1 Area| 2 Area | 3 Area (cm/min) | (min)
1 30 170 175 170 24 5
2 30 170 175 170 24 5
3 30 190 195 190 24 5
4 45 100 150 150 6 15
5 60 100 150 150 6 15
6 45 100 150 150 3 30
7 45 100 170 170 3 30

*) No.1 : CFRP rebar without rib, No.2~7 : CFRP rebar with rib

F 2

Fig. 2. View of CFRP rebar
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Fig. 4. X-ray CT image of No.2 CFRP rebar

179CRb® 175C  195°C  45-150(15) 60-150(15) 45-150(30) 45-170(30)
Table 3. Maximum pore size and porosity obtained by X-ray CT
Fig. 3. Flexural strength of CFRP rebar analysis
No Maximum pore Maximum pore Porosity

Table 2. Flexural strength increase ratio as manufacturing ' volume (mm?) diameter (mm) (%)
conditions of CFRP rebar 1 7%10°2 0.51 2.47
. Flexural strength (MPa) | Increase ratio 2 1x1072 0.27 0.90

actor
Before After (%) 3 3.5x10™! 0.87 1.05
Rib 14.6 18.3 +25.6 4 1x107 0.13 3.27
Impregnation Temp. 16.3 17.3 +6.3 5 3.9x10" 0.91 2.49
Hardening Temp. 17.3 18.7 +7.9 6 7%10™ 0.11 3.64
Hardening Time 16.3 17.3 +6.3 7 4x10* 0.09 3.22
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Fig. 5. Optical microscope image of No. 2 CFRP rebar
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Fig. 6. Image process for porosity of No. 4 CFRP rebar
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Table 4. Porosity obtained by optical microscope

No. 1 2 3 4 5 6 7
Porosity (%) 6.89 | 5.02 | 6.64 | 6.51 | 512 | 524 | 2.88

3.3 HZE 54
CFRP rebar®] X-ray CT #9402 oA 7| FEAT &
} o= O] A& =E5to] Fig 79 ‘/PEPH‘”EP 715&%
H
o

70

=) AP (R)S -0480]9L0m), ARvHA
ALy = -0.67x + 18.82 ©]AT}(y = —éﬂ'E x =7]3%). &
o 713 AST BHEL] ARRAA S 003, FeA
WAL y = -0.03x + 17.32 ©|SItH(y = @75, x = F|df 7]
T AE). Avrd o2 g A S(a a7 107 4
ABEA, 07-03 F315 A G T, 0301 oFeF A G
e BAST Yek21]. 1B E /| FE YREL F
Hak AGEA, ) 713 ABT WYL ok A A
ekl Brhe 4= 918 Zloleh wlehd & Aol /13 %
of Pw] U HE G F 4 oLk, Hh 713 A
Bo 2 g wAA Yerhs A T 4 et

_ 19t
D“f []
= [ ]
£ 18}
[=:]
c
[
-a ] [ ]
s R =-0.48
2 =-067x+18.82
@ [
w

16

15 'l L 1

1 2 3 4
Porosity (%)
(a) Porosity and flexural strength

20
_19F
Gﬂ_i [
= - ]
£ 18 [
=]
c
o
= - L}
s R=-0.03
2 y =-0.03x + 17.32
= "
w

16 |-

15 1

0.0 05 1.0
Max. Pore Dia. (mm)
(b) Max. Pore dia. and flexural strength

Fig. 7. Correlation between pore characteristics by X-ray CT and
flexural strength

20

19 F
— [ ]
D:E L} n
=181
<
(=] (1]
17
@
I R =-0.64 =
% 16 y = -0.66x + 20.92
[
15
[ ]
14 L L L L L
3 4 5 ] 7
Porosity (%)

Fig. 8. Correlation between pore characteristics by optical
microscope and flexural strength

Fetdn *?30}04 AT 71se B A
/32 Fig. 8of] LEF QLo 0] 50 A et A Al 4=+ -0.64
oz 74]*\}5]‘”‘:} = J*ﬂfﬂ 17 AR 71 sE T B =
AA-E ok A A o]gl o, o] k& Nano X-ray CT
AbgA] B} %%61 2o sa)0)7)E stgr).

= Y=ot 71389 AAMALS Nano X-ray CT X}
SFAR| S Agstel BAR 49, F o AT Jeol
EEw) 0% g gt ot Nano Xoray CT 29)(%
7| v} 800-500 um) KT} G| H AFR(AA Y HE

10 pm) 20N F o v 71 BS VAT 5 Ao
o, ol5 2l 24N Foll= 7158 A7) v 2 =&
1t} £3] Nano X-ray CT Rt} u|A| 7] Hzho] golst
Fordng AMEAl 71880l sl w3 em, ol= CFRP
rebaro]] 3] Ho] 2R 4:520] 7|3 Hrkiz 44l nlo]aE
FE 7)ol iAoz gol A wZol . uhet
A CFRP rebars] 9= 71 8o0] BE 4] o]z 4

29] 7120 & o olEsh Ao 2T 4 9l

4. 82 E

3 9J5Lo] A= CFRP rebar®] A% 270 ot JP=S
=43}92.0, Nano X-ray CT ¥ Fs+du]7 £4& 53
713 EAL BAFIYL o] B AH|E E3 dojr|=
7|E S R ] duaAA S B3 ALtst Ao,
olE Fl thet 22 2ES =ESI

1) CFRP rebar®] €7} == 2|E -,C.{__‘fi, Aslz &%, A3}
2 FAARE Y A R 2 5, Al 200wk

Skt Sl lm7) A7) P8 A, ORRP rebar
H7E gho] A Wolitks A& SRttt

2) CFRP rebar Yol &Ajs}= 7|+ 3}
= 2EoA £A7F o E wQl = =3

U4 E AL B sha 465 o] Shelalr) H2hE A e



Analysis of Correlation between Flexural Strength and Pore Characteristics on CFRP Rebar as Fabrication Method 333

A Abololl JE 7ol BAEE Aoz deEiTh

3) Nano X-Ray CT 4] A3}, 4] 9Hl2 227} 60°CSl
CERP rebarof| A Z|d] 7] A=< Yeh}|gloH, o= CFRP
rebar7} 4] 2 S F(FSE AY A) o 7 F3}
o] WAsL7] wiszolth. = CFRP rebar®] 73tz Q1<)
ARE A7) w=A] A slsto] CFRP rebar W5-2] Adf 7]
5ol AAEA k7] WZ oz oASE U

4) FEvFe T 7lsEu HA =Y AHuA A
L -0.640|9].21, o]:= Nano X-Ray CT 7|28 ¥ 7]-&=7|
ofo] A AA A Bk mi-9- =2 gho| it whehA CFRP
rebar®] F7 = o &-FIHE A= FrAn B S ST
oA 718 240 Fagt AR ALRE I

B TE FEREY FEREN| ST Bh 3
B 54 Az ATRAA 7L A AT A9
E3) 2235|9151 thGrant 22CFRP-C163388-02).

REFERENCES

1. Lou, T, Li, Z., and Pang, M., “Behavior of Externally Prestressed
Continuous Beams with FRP/steel Rebars under Symmetrical/
unsymmetrical Loading: Numerical Study, Case Studies in
Construction Materials, Vol. 17, 2022, e01196.

2. Benghida, D., “Concrete as a Sustainable Construction Material’,
Key Engineering Materials, Vol. 744, 2017, pp.196-200.

3. Gu, J.B,, Wang, J.Y,, and Lu, W,, “An Experimental Assessment
of Ultra High Performance Concrete Beam Reinforced with
Negative Poisson’s Ratio Steel Rebar;” Construction and Building
Materials, Vol. 327, 2022, 127042.

4. Fan, L, Teng, L., Tang, E, Khayat, KH., and Chen, G., “Cor-
rosion of Steel Rebar Embedded in UHPC Beams with Cracked
Matrix,” Construction and Building Materials, Vol. 313, 2021,
125589.

5. Dong, B, Liu, W,, Zhang, T., Chen, L., Fan, Y., Zhao, Y., Yang,
W., and Banthukul, W, “Corrosion Failure Analysis of Low
Alloy Steel and Carbon Steel Rebar in Tropical Marine Atmo-
spheric Environment: Outdoor Exposure and Indoor Test,
Engineering Failure Analysis, Vol. 129, 2021, 105720.

6. Choi, J.S., Park, S.J., and Kim, Y.H., “Comparison of Mechanical
Properties on Helical/hoop Hybrid Wound HNT Reinforced
CFRP Pipe with Water Absorption Behavior; Composites
Research, Vol. 34, No. 3, 2021, pp. 174-179.

7. Celik, A., Lazoglu, I., Kara, A., and Kara, E, “Investigation on
the Performance of SiAION Ceramic Drills on Aerospace
Grade CFRP Composites,” Journal of Materials Processing Tech-
nology, Vol. 223, 2015, pp. 39-47.

8. Kim, K.S,, Shim, Y.S., Kim, B.J., Meng, L.Y,, Lee, S.Y., and Park,
S.J., “Present Status and Applications of Carbon Fibers-reinforced
Composites for Aircrafts) Carbon Letters, Vol. 11, 2010, pp.
235-242.

9. Hong, C.S.,, and Jun, WJJ., “Fiber Reinforced Composite Mate-
rial Application for Light Airplane;” Journal of the Korean Society
for Aeronautical & Space Sciences, Vol. 12, No. 2, 1984, pp. 3-8.

10. Slayton, R., and Spinardi, G., “Radical Innovation in Scaling up:
Boeings Dreamliner and the Challenge of Socio-technical
Transitions”, Technovation, Vol. 47, 2016, pp. 47-58.

11. Stig, F, “An Introduction to the Mechanics of 3D-Woven Fibre
Reinforced Composites”, Licentiate Thesis, KTH Engineering
Sciences, 2009.

12. Yoon, CM., Lee, D.W,, Byun, J.H,, Tran, T.,, and Song, J.L,
“Study on Out-of-plane Properties and Failure Behavior of Air-
craft Wing Unit Structures,” Composites Research, Vol. 35, No. 2,
2022, pp. 106-114.

13. Attia, M.M., Ahmed, O., Kobesy, O., and Malek, A.S., “Behavior
of FRP Rod Under Uniaxial Tensile Strength with Multiple
Materials as an Alternative to Steel Rebar,” Case Studies in Con-
struction Materials, Vol. 17, 2022, e01241.

14. Li, T, Zhu, H., Shen, J., and Keller, T., “Thermophysical and
Thermomechanical Properties of Basalt-phenolic FRP Rebars
Under High Temperature;” Construction and Building Materials,
Vol. 342, 2022, 127983.

15. Huang, L., Chen, J,, Qu, J., and Dai, Q., “Modeling for Bond-
constitutive Relationship of FRP Rebars to Concrete Matrix,”
Construction and Building Materials, Vol. 263, 2020, 120654.

16. Abbas, EM.A, Ge, Y, Zhanag, Z., Chen, Y., and Sun, C., “Flex-
ural Behavior of UHPC Beam Reinforce with Steel-FRP Com-
posite Bars,” Case Studies in Construction Materials, Vol. 16,
2022, e01110.

17. Cao, X,, Ren, Y., Zhanag, L., Jin, L., and Qian, K., “Flexural
Behavior of Ultra High Performance Concrete Beams with Var-
ious Types of Rebar, Composite Structures, Vol. 292, 2022,
115674.

18. Abbas, H., Abadel, A., Almusallam, T, and Al-Salloum, Y.,
“Experimental and Analytical Study of Flexural Performance of
Concrete Beams Reinforced with Hybrid of GFRP and Steel
Rebars,” Engineering Failure Analysis, Vol. 138, 2022, 106397.

19. Ge, W,, Han, M.Y,, Guan, Z., Zhang, P,, Ashour, A., Li, W, Lu,
W.,, Cao, D., and Yao, S., “Tension and Bonding Behavior of
Steel-FRP Composite Bars Subjected to the Coupling Effects of
Chloride Corrosion and Load,” Construction and Building
Materials, Vol. 296, 2021, 123641.

20. Kim, H.S., Kim WJ,, Jang, H.S., and Kwak, K.H., “A Study on
the Change of Strength of FRP Member Immersed in Chemical
Solution,” Korea Institute for Structural Maintenance and Inspec-
tion, Vol. 14, No. 6, 2010, pp. 117-123.

21. Wikipedia homepage, http://ko.wikipedia.org > wiki > correla-
tion analysis.



	탄소보강근의 제조 조건에 따른 휨강도와 기공 특성과의 상관성 분석
	1. 서 론
	2. 실험 방법
	3. 결과 및 고찰
	3.1 휨강도 특성
	3.2 기공 특성 분석
	3.3 휨강도 특성

	4. 결 론
	후 기
	References


