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Bond strength prediction method of ribbed FRP bars in concrete
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Abstract: Until now, there has been limited research on the bonding behavior of ribbed fiber-reinforced polymer
(FRP) bars. In this paper, bond test data of the spirally-glued FRP bar and mechanically-grooved FRP bar were
collected to investigate the test parameters on the bond behavior. The results show that the macroscopic failure
mode for the two types of ribbed FRP bars is pullout failure. More specifically, spirally-glued FRP bars mainly
exhibit shearing off of FRP bar ribs, while slight damage occurs in concrete. Most grooved FRP bars show
shearing off of concrete ribs, and the bond strength increases with the increase of concrete strength for both FRP
bars. Spirally-glued FRP bars show higher bond strength by increasing concrete cover which contributes to
better confinement to FRP bars, but this seems to have no effect on grooved FRP bars. The bond strength of
spirally-glued FRP bars can be improved by increasing relative rib height A, and FRP bar rib width ratio F.
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While grooved FRP bars are almost unaffected by 4., and are mainly influenced by concrete rib width ratio C,

having higher bond strength by increasing C. The calculated results by the proposed equations are in good

agreement with the test results with greater accuracy than the design codes. This is because the effect of rib

forming process and geometrical features of ribbed FRP bars on bond strength is accurately accounted in the

proposed equations.
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theoretical calculation formula
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Fig. 1 Geometric features of ribbed FRP bars
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Fig.2 Bond mechanism of ribbed FRP bars in concrete
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Table 1 Summary of main results from bond tests of FRP bars with spirally-glued surface
. N " Jeo/ 214t/ E/ S dy/ I/ w/  w/ ./ R
HE it fF § L hdy ody % & o
MPa 1 Hg GPa MPa mm m mm  mm MPa i
12-1.120-35. 1 36.3 50.5 1281 12 10 2.92 0.35 2.92 1.10 8.50 0.11 11.05 F
12-1.120-35.2  34.3 50.5 1281 12 10 2.92 0.35 2.92 1.10 8.50 0.11 12.11 F
16-1.160-15. 1 34.3 50.5 1205 16 10 0.94 0.35 2.19 1.00 8.00 0.11 7.59 F
Kotynia, 16-1.160-15. 2 36.3 Glass fib 50.5 1205 16 10 0.94 0.35 2.19 1.00 8.00 0.11 7.72 F
> ass nper
et al. # 16-1.160-35. 1 36.3 50.5 1205 18 10 1.94 0.35 1.94 1.00 8.00 0.11 9.15 F
18-1.180-15. 2 36.3 50.5 1109 18 10 0.83 0.35 1.94 1.00 7.50 0.12 6.24 F
18-1.180-35. 1 34.3 50.5 1109 18 10 1.94 0.35 1.94 1.00 7.50 0.12 7.70 F
18-1.180-35. 2 34.3 50.5 1109 18 10 1.94 0.35 1.94 1.00 7.50 0.12 7.36 F
L-C 23 55 950 8 10 5.75 0.50 6.25 1.10 4.00 0.22 10.25 F
Bazli, N-C 33 Glass fiber 55 950 8 10 5.75 0.50 6.25 1.10 4.00 0.22 14.98 F
et al. H-C 54 Vinyl ester 55 950 8 10 5.75 0.50 6.25 1.10 4.00 0.22 16.81 F
S-C 38 55 950 8 10 5.75 0.50 6.25 1.10 4.00 0.22 14.68 F
G-1 54. 56 51.99 1022 13 4 5.27 0.90 6.92 2.50 7.50 0.25 17.12 F
Glass fiber
G-2 73.68 ) 51.99 1022 13 4 5.27 0.90 6.92 2.50 7.50 0.25 18.91 F
Vinyl ester
Won, G-3 93.83 51.99 1022 13 4 5.27 0.90 6.92 2.50 7.50 0.25 21.48 F
etal.? C-1 54.56  Carbon 120.88 2048 9 3.56 7.83 0.35 3.89 0.90 6.70 0.12 9.89 F
C-2 73.68 fiber 120.88 2048 9 3.56 7.83 0.35 3.89 0.90 6.70 0.12 10.52 F
C-3 93.83 Vinylester 120.88 2048 9 3.56 7.83 0.35 3.89 0.90 6.70 0.12 12.67 F
R6-6-C1-1 28.264 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 19.46 F
R6-6-C1-2 28. 264 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 22.90 F
R6-6-C1-3 28. 264 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 15.38 F
R6-6-C1-4 28. 264 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 13.87 F
R6-8-C1-1 28.264 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 14.87 F
R6-8-C1-2 28.264 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 16.89 F
Solyom, R6-8-C1-3 28. 264 Glass fi 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 17.86 F
rlass liber
et al. 19 R6-6-C2-1 52.88 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 15.12 F
R6-6-C2-2 52.88 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 23.39 F
R6-6-C2-3 52.88 46 1200 6 5 12.00 0.71 11.83 5.82 12.50 0.32 22.90 F
R6-8-C2-1 52.88 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 24.59 F
R6-8-C2-2 52. 88 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 27.67 F
R6-8-C2-3 52.88 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 26.08 F
R6-8-C2-4 52.88 46 1200 8 5 8.88 0.88 11.00 6.46 14.50 0.31 28.62 F
Ibrahim, B10-SH10-2 35 Basalt 48 1120 9.8 10 4.60 1.00 10.20 2.00 8.00 0.20 11.02 F
et al. & B10-SH10-3 35 fiber 48 1120 9.8 10 4.60 1.00 10.20 2.00 8.00 0.20 11.32 F
G6R/4.5-17. 7-
29.14 50 800 5.1 10 4.50 0.45 8.82 2.00 4.10 0.33 13.1 F
4.5-10-1/C30
G8R/4.5-11-
29.14 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 15.08 F
4.5-10-1/C30
G8R/4.5-11-
17. 26 50 800 7.2 20 4.50 0.40 5.56 2.00 5.60 0.26 9.62 F
Basaran 4.5-20-1/C20
etal 07 G8R/4.5-11- Glass fiber
o 17. 26 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 10.74 F
4.5-10-1/C20
G8R/4.5-11-
37.34 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 22.11 F
4.5-10-1/C35
G8R/4.5-11-
41. 37 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 17.35 F
4.5-10-1/C40
Basaran, G8R/4.5-11- ]
17.26 Glass fiber 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 11.13 F

etal. 1" 4.5-10-0/C20
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. i . ol o4/ E/ S dy/ h/ w/  w/ T,/ R4
BRI B ! ' T dy ody, Y b % Fy .
MPa sl GPa  MPa mm mm mm  mm MPa  #i:0
G8R/2.5-15-
29.14 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 15.83 F
4.5-10-1/C30
G8R/4.5-11-
29.14 50 800 7.2 10 2.50 0.40 5.56 2.00 5.60 0.26 13.82 F
2.5-10-1/C30
G8R/4.5-11-
29. 14 50 800 7.2 10 3.50 0.40 5.56 2.00 5.60 0.26 15.95 F
3.5-10-1/C30
G8R/4.5-3.75-
29.14 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 12.79 F
4.5-10-1/C30
G8R/4.5-7-4. 5-
29.14 50 800 7.2 10 4.50 0.40 5.56 2.00 5.60 0.26 15.62 F
10-1/C30
G12R/4.5-11-
29.14 50 800 11.2 10 4.50 0.40 3.57 2.00 6.10 0.25 10.74 F

4.5-10-1/C30
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Table 2 Summary of main results from bond tests of FRP bars with grooved surface

e o/ 4/ E/ Y dy/ hy! w/  w/ ./ R
b 377} T l{/l(;’a A5 G }(’a I\;[Pa mlm bidy c/d, m(:n hal % min mm Cr MPa  #i3{
M1-5d 34 145.9 1875 12 5 3.67 1.00 8.33 8.40 2.80 0.25 6.28 C
M1-10d 34 145.9 1875 12 10 3.67 1.00 8.33 8.40 2.80 0.25 5.91 C
Al-Mahmoud, M2-5d 34 Carbon 145.9 1875 12 5 3.67 1.00 8.33 2.80 8.40 0.75 24.30 F
etal. 1% M2-10d 34 fiber 145.9 1875 12 10 3.67 1.00 8.33 2.80 8.40 0.75 19.26 F
M3-5d 34 145.9 1875 12 5 3.67 1.00 8.33 4.20 2.80 0.40 12.58 C
M3-10d 34 145.9 1875 12 10 3.67 1.00 8.33 4.20 2.80 0.40 9.32 C
R5-8-C1-1 29. 66 60 1000 8.55 5 11.20 0.44 5.15 5.40 3.60 0.40 12.75 C
R5-8-C1-2 29. 66 60 1000 8.55 5 11.20 0.44 5.15 5.40 3.60 0.40 12.23 C
R5-12-C1-1 27.16 60 1000 13.72 5 6.79 0.72 5.25 5.32 3.68 0.41 9.09 C
R5-12-C1-2 29. 34 60 1000 13.72 5 6.79 0.72 5.25 5.32 3.68 0.41 8.48 C
R5-16-C1-1 26.67 . ] 60 1000 17.25 5 5.30 1.05 6.09 4.75 4.25 0.47 11.70 C
Baena, R5-16-C1-2 27.1 Glass fiber 60 1000 17.25 5 5.30 1.05 6.09 4.75 4.25 0.47 9.80 C
etal. 20 R5-8-C2-1 50. 5 Polyester 60 1000 8.55 5 11.20 0.44 5.15 5.40 3.60 0.40 16.40 C
R5-8-C2-2 56.3 60 1000 8.55 5 11.20 0.44 5.15 5.40 3.60 0.40 17.70 C
R5-12-C2-1 50.5 60 1000 13.72 5 6.79 0.72 5.25 5.32 3.68 0.41 14.54 C
R5-12-C2-2 56.3 60 1000 13.72 5 6.79 0.72 5.25 5.32 3.68 0.41 15.75 C
R5-16-C2-1 58.2 60 1000 17.25 5 5.30 1.05 6.09 4.75 4.25 0.47 15.47 C
R5-16-C2-2 56.3 60 1000 17.25 5 5.30 1.05 6.09 4.75 4.25 0.47 15.66 C
R10-8-C1-2 35.33 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 9.83 C
R10-8-C1-3 35.33 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 11.43 C
R10-8-C1-4 35.33 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 7.86 C
R10-12-C1-1 35.33 . ] 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 11.49 C
Solyom, R10-12-C1-2 35.33 Glass fiber 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 11.56 C
et al. [1¥ R10-12-C1-3 35.33 Polyester 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 11.77 C
R10-12-C1-4 35.33 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 8.72 C
R10-8-C2-1 66. 1 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 17.35 C
R10-8-C2-2 66. 1 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 17.51 C
R10-8-C2-3 66. 1 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 12.71 C
R10-8-C2-4 66. 1 60 1500 8.86 5 7.97 0.43 4.85 6.05 2.27 0.27 16.34 C
Solyom, Glass fiber
ot ], 15 R10-12-C2-1 66. 1 Polyester 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 16.23 C
R10-12-C2-2 66. 1 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 19.02 C
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B o/ 4/ E/ / dy/ he!/ w/  w/ ./ RE
, e fo o oy ody Y hg % :R N
IR MPa W A GPa MPa mm mm mm MPa  #i50
R10-12-C2-3 66. 1 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 18.43 C
R10-12-C2-4 66. 1 60 1500 13.48 5 5.06 0.74 5.49 5.06 3.67 0.42 11.83 C
G8WO/4.5-11-
29. 14 63.5 1000 8.9 10 4.50 0.40 4.49 6.10 2.50 0.29 10.11 C
4.5-10-1/C30
G8WO/4.5-11-
17.26 63.5 1000 8.9 20 4.50 0.40 4.49 6.10 2.50 0.29 7.79 C
4.5-20-1/C20
G8WO/4.5-11-
17.26 63.5 1000 8.9 10 4.50 0.40 4.49 6.10 2.50 0.29 8.25 C
4.5-10-1/C20
G8WO/4.5-11-
37. 34 63.5 1000 8.9 10 4.50 0.40 4.49 6.10 2.50 0.29 13.05 C
4.5-10-1/C35
G8WO/4.5-11-
41. 37 63.5 1000 8.9 10 4.50 0.40 4.49 6.10 2.50 0.29 10.48 C
Basaran 4.5-10-1/C40
ool GBWO/4.5-11- Glass fiber
’ 17. 26 63.5 1000 8.9 10 4.50 0.40 4.49 6.10 2.50 0.29 8.27 C
4.5-10-0/C20
G8WO/4.5-11-
29. 14 63.5 1000 8.9 10 2.50 0.40 4.49 6.10 2.50 0.29 10.15 C
2.5-10-1/C30
G8WO/4.5-11-
29.14 63.5 1000 8.9 10 3.50 0.40 4.49 6.10 2.50 0.29 10.18 C
3.5-10-1/C30
G8WO/4.5-7-
29.14 63.5 1000 8.9 10 4.50 0.40 4.49 6.10 2.50 0.29 10.21 C
4.5-10-1/C30
G12WO/4.5-11-
29.14 63.5 1000 13.3 10 4.50 0.50 3.76 5.60 2.50 0.31 8.95 C
4.5-10-1/C30
RB-D12 31.7 60 1380 13.6 5 5.01 0.70 5.15 5.30 3.30 0.38 11.72 C
Rosa, Glass fiber ~
, RB-D8 31.7 ) 58 1482 9.0 5 7.83 0.30 3.33 6.50 2.00 0.24 7.07 C
et al. 7] Viny lester
RBP-D12 31.7 60 1184 14.4 5 4.71 0.70 4.86 3.10 3.80 0.55 17.58 C
Solyom, P1 38.7  Glass fiber 56.1 1542 8.86 5 5.48 0.43 4.85 6.05 2.27 0.27 11.92 C
et al. P3 38.7 Polyester 56.1 1542 8.86 5 5.48 0.43 4.85 6.05 2.27 0.27 12.01 C
G8C1C 17.71 60 1500 8 5 12.00 0.49 6.13 5.70 2.30 0.29 5.30 C
Veljkovic, Glass fiber
. G8C2C 29.56 ) 60 1500 8 5 12.00 0.49 6.13 5.70 2.30 0.29 5.90 C
etal. ! Viny lester
G8C3C 42.79 60 1500 8 5 12.00 0.49 6.13 5.70 2.30 0.29 10.10 C
SP-12-CA-1-N  31.2 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 13.00 C
SP-12-CA-2-N  31.2 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 11.90 C
SP-12-CA-3-N  31.2 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 9.50 C
SP-12-CA-4-N  31.2 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 12.50 C
SP-12-CA-5-N  31.2 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 12.40 C
SP-16-CA-1-N  31.2 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 13.40 C
SP-16-CA-2-N  31.2 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 12.80 C
Parvizi, SP-16-CA-3-N  31.2 Glass fi 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 13.40 C
- xlass nber
etal. SP-16-CA-4-N  31.2 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 13.60 C
SP-16-CA-5-N  31.2 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 12.60 C
SP-12-CH-1-N  42.8 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 9.60 C
SP-12-CH-2-N  42.8 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 11.30 C
SP-12-CH-3-N  42.8 65 1405 12 5 7.83 0.35 2.92 5.00 2.50 0.33 8.60 C
SP-16-CH-1-N  42.8 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 12.40 C
SP-16-CH-2-N  42.8 66 1339 16 5 5.75 0.70 4.38 4.70 3.30 0.41 13.70 C
SP-16-CH-3-N  42.8 66 1339 16 5 5.75 1.70 10.63 4.70 3.30 0.41 11.60 C
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Fig.3 Typical bond failure mode of ribbed FRP bars
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Fig.4 Effect of concrete compressive strength on

bond strength of ribbed FRP bars
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Fig. 6 Effect of embedment length on bond strength
of ribbed FRP bars
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