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Development Length of GFRP Bars
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ABSTRACT The objective of this study was to propose a development length equation for GFRP bars. A total of 104 mod-
ified pullout tests were completed while the test variables were embedment length (15, 30, 45d,), net cover thickness
(0.5~2.0d}), top-cast bar effect, different GFRP bar types (K2KR, K3KR and AsUS), and bar diameters (10, 13, 16 mm). Aver-
age bond stresses were determined based on modified pullout test results. Two variable linear regression analysis was performed
of the average bond stresses. Utilizing 5% fractile concept, a conservative development length design equation was derived. The
design equation derived in this study was compared to the ACI 440 committee equation. The cross-comparison revealed that
the current equation resulted in shorter development lengths than those determined by the ACI 440 equation when the net cover
thickness was large (greater than 1.0d}). On the other hand, when the net cover thickness was small (equal to or less than 1.0d}),
the development lengths required by the current equation were larger than those by the ACI equation. The bond stresses were
significantly influenced by the cover thicknesses. The current equation results in development lengths that are more economical
when the cover thickness is large, and more conservative lengths when the cover thickness is small than the ACI 440 committee

equation.
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(a) K2KR

(b) K3KR

(c) AsUS

Fig. 1 GFRP bars
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Fig. 2 Tensile test in progress
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Fig. 3 Tensile test results: steel vs. GFRP bars

a) Test sctup

(b) ASTM grip
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Table 1 Mechanical properties of GFRP bars
This study
Properties"’ ACI 440 AsUS K2KR K3KR
D13 D13 D10 D13 D16
Ultimate tensile strength (MPa) 483-1,600 - 989 1,178 1,059 1,045
Design tensile strength (MPa) - 690 692 - 741 -
Elastic modulus (GPa) 35.0-51.0 40.8 37.2 49.9 493 45.0
Design rupture strain (%) 1.2-3.1 1.69 1.86 - 1.5 -
Cross-sectional area (mm’) - 145 113 78.5 127 201

Note : design tensile strength (f;) = ultimate tensile strength (f;*) * environmental reduction factor
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Table 2 Summary of test variables and test results: bottom-cast GFRP bars

No. Specimen index" dy A L | Puu (KN) |Gex MPa) u (MPa) | £ (MPa) Failure mode
1 K3(B)-D10-L15-c0.5 10.0 | 785 150 24.97 318.09 5.30 32.1 Splitting failure
2 K3(B)-D10-L15-c1.0 10.0 | 78.5 150 25.29 322.17 5.37 32.1 Ditto
3 K3(B)-D10-L15-c1.5 10.0 | 785 150 27.59 351.46 5.86 32.1 Ditto
4 K3(B)-D10-L15-c2.0 10.0 | 78.5 150 35.39 450.83 7.51 32.1 Ditto
5 K3(B)-D10-L30-c0.5 10.0 | 78.5 300 34.04 433.63 3.61 32.1 Ditto
6 K3(B)-D10-L30-c1.0 10.0 | 785 300 36.82 469.04 391 32.1 Ditto
7 K3(B)-D10-L30-c1.5 10.0 | 78.5 300 48.67 620.00 5.17 32.1 Ditto
8 K3(B)-D10-L30-c2.0 10.0 | 78.5 300 51.05 650.32 542 32.1 Ditto
9 K3(B)-D10-L45-c0.5 10.0 | 78.5 450 39.44 502.42 2.79 32.1 Ditto
10 K3(B)-D10-L45-c1.0 10.0 | 78.5 450 46.52 592.61 3.29 32.1 Ditto
11 K3(B)-D10-L45-c1.5 10.0 | 78.5 450 48.35 615.92 3.42 32.1 Fracture of GFRP
12 K3(B)-D10-L45-c2.0 10.0 | 78.5 450 56.62 721.27 4.01 32.1 Ditto
13 AS(B)-D13-L15-c0.5 12.7 145 195 2481 171.10 3.19 32.1 Splitting failure
14 AS(B)-D13-L15-c1.0 12.7 145 195 35.63 245.72 4.58 32.1 Ditto
15 AS(B)-D13-L30-c0.5 12.7 145 390 56.62 390.48 3.64 32.1 Ditto
16 AS(B)-D13-L30-c1.0 12.7 145 390 64.25 443.10 4.13 32.1 Ditto
17 K3(B)-D13-L15-c0.5 12.7 127 195 36.26 286.39 4.66 32.1 Ditto
18 K3(B)-D13-L15-c1.0 12.7 127 195 52.80 417.02 6.79 32.1 Ditto
19 K3(B)-D13-L15-c1.5 12.7 127 195 61.84 488.39 7.95 32.1 Ditto
20 K3(B)-D13-L15-c2.0 12.7 127 195 78.89 623.08 10.15 32.1 Fracture of GFRP
21 K3(B)-D13-L30-c0.5 12.7 127 390 59.16 467.25 3.80 32.1 Splitting failure
22 K3(B)-D13-L30-c1.0 12.7 127 390 64.25 507.45 4.13 32.1 Ditto
23 K3(B)-D13-L30-c1.5 12.7 127 390 88.67 700.32 5.70 35.5 Ditto
24 K3(B)-D13-L30-c2.0 12.7 127 390 91.77 724.81 5.90 355 Ditto
25 K3(B)-D13-L45-c0.5 12.7 127 585 64.81 511.88 2.78 32.1 Ditto
26 K3(B)-D13-L45-c1.0 12.7 127 585 57.41 453.43 2.46 32.1 Fracture of GFRP
27 K3(B)-D13-L45-cl.5 12.7 127 585 81.43 643.14 3.49 32.1 Ditto
28 K3(B)-D13-L45-c2.0 12.7 127 585 89.06 703.41 3.82 32.1 Ditto
29 K2(B)-D13-L15-c0.5 12.7 113 195 47.07 416.64 6.05 32.1 Splitting failure
30 K2(B)-D13-L15-c1.0 12.7 113 195 59.16 523.54 7.61 32.1 Ditto
31 K2(B)-D13-L15-c1.5 12.7 113 195 75.07 664.34 9.65 32.1 Ditto
32 K2(B)-D13-L15-c2.0 12.7 113 195 78.89 698.14 10.15 32.1 Ditto
33 K2(B)-D13-L30-c0.5 12.7 113 390 68.07 602.39 438 32.1 Ditto
34 K2(B)-D13-L30-c1.0 12.7 113 390 79.52 703.72 5.11 32.1 Ditto
35 K2(B)-D13-L30-c1.5 12.7 113 390 86.52 765.66 5.56 32.1 Ditto
36 K2(B)-D13-L30-c2.0 12.7 113 390 87.79 776.90 5.64 32.1 Fracture of GFRP
37 K2(B)-D13-L45-c0.5 12.7 113 585 83.34 737.52 3.57 32.1 Splitting failure
38 K2(B)-D13-L45-c1.0 12.7 113 585 96.06 850.09 4.12 32.1 Ditto
39 K2(B)-D13-L45-c1.5 12.7 113 585 82.06 726.19 3.52 32.1 Fracture of GFRP
40 K2(B)-D13-L45-c2.0 12.7 113 585 83.98 743.19 3.60 32.1 Ditto
41 K3(B)-D16-L15-c0.5 16.0 201 240 59.80 297.57 4.96 35.5 Splitting failure
42 K3(B)-D16-L15-c1.0 16.0 201 240 67.43 335.54 5.59 355 Ditto
43 K3(B)-D16-L15-c1.5 16.0 201 240 73.57 366.11 6.10 35.5 Ditto
44 K3(B)-D16-L15-c2.0 16.0 201 240 78.92 392.71 6.55 35.5 Ditto
45 K3(B)-D16-L30-c0.5 16.0 201 480 92.25 459.05 3.83 355 Ditto
46 K3(B)-D16-L30-c1.0 16.0 201 480 129.78 645.80 5.38 35.5 Ditto
47 K3(B)-D16-L30-c1.5 16.0 201 480 146.23 727.66 6.06 35.5 Ditto
48 K3(B)-D16-L30-c2.0 16.0 201 480 158.12 786.82 6.56 355 Ditto
49 K3(B)-D16-L45-c0.5 16.0 201 720 110.22 548.47 3.05 35.5 Ditto
50 K3(B)-D16-L45-c1.0 16.0 201 720 126.44 629.18 3.50 35.5 Ditto
51 K3(B)-D16-L45-c1.5 16.0 201 720 153.56 764.13 425 355 Ditto
52 K3(B)-D16-L45-c2.0 16.0 201 720 175.19 871.77 4.84 35.5 Ditto

Note 1) specimen index: K2(B)-D13-L15-c0.5, K2 = K2KR, (B) = bottom-cast bar, D13 = diameter of GFRP bars is 13 mm,
L15 =embedded length of 195 mm (15d,), c0.5 =net cover thickness of 0.5d,, u=average bond stress
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Table 3 Summary of test variables and test results: Top-cast GFRP bars

No. Specimen index" d, A L [Py (KN)|Cee (MPa) u (MPa) | £ (MPa) Failure mode

1 K3(T)-D10-L15-c0.5 10.0 78.5 150 17.81 226.88 3.78 32.1 Splitting failure
2 K3(T)-D10-L15-c1.0 10.0 78.5 150 19.88 253.25 422 32.1 Ditto

3 K3(T)-D10-L15-c1.5 10.0 78.5 150 22.43 285.73 4.76 32.1 Ditto

4 K3(T)-D10-L15-¢2.0 10.0 78.5 150 25.45 324.20 5.40 32.1 Ditto

5 K3(T)-D10-L30-c0.5 10.0 78.5 300 21.87 278.60 2.32 32.1 Ditto

6 K3(T)-D10-L30-c1.0 10.0 78.5 300 36.74 468.03 3.90 32.1 Ditto

7 K3(T)-D10-L30-c1.5 10.0 78.5 300 38.17 486.24 4.05 32.1 Ditto

8 K3(T)-D10-L30-c2.0 10.0 78.5 300 458 583.44 4.86 32.1 Ditto

9 K3(T)-D10-L45-c0.5 10.0 78.5 450 31.01 395.03 2.19 32.1 Ditto

10 K3(T)-D10-L45-c1.0 10.0 78.5 450 40.24 512.61 2.85 32.1 Fracture of GFRP
11 K3(T)-D10-L45-c1.5 10.0 78.5 450 62.35 794.27 441 32.1 Ditto

12 K3(T)-D10-L45-c2.0 10.0 78.5 450 54.08 688.92 3.83 32.1 Ditto

13 AS(T)-D13-L15-¢c0.5 12.7 145 195 20.36 140.41 2.62 32.1 Ditto

14 AS(T)-D13-L15-c1.0 12.7 145 195 24.17 166.69 3.11 32.1 Ditto

15 AS(T)-D13-L30-c0.5 12.7 145 390 38.17 263.24 2.45 32.1 Splitting failure
16 AS(T)-D13-L30-c1.0 12.7 145 390 48.35 333.45 3.11 32.1 Ditto

17 K3(T)-D13-L15-c0.5 12.7 127 195 22.27 175.89 2.86 32.1 Fracture of GFRP
18 K3(T)-D13-L15-c1.0 12.7 127 195 40.72 321.61 5.24 32.1 Splitting failure
19 K3(T)-D13-L15-c1.5 12.7 127 195 43.26 341.67 5.56 32.1 Fracture of GFRP
20 K3(T)-D13-L15-c2.0 12.7 127 195 49.62 391.90 6.38 32.1 Ditto

21 K3(T)-D13-L30-c0.5 12.7 127 390 45.17 356.76 2.90 32.1 Splitting failure
22 K3(T)-D13-L30-c1.0 12.7 127 390 57.89 457.22 3.72 32.1 Ditto

23 K3(T)-D13-L30-c1.5 12.7 127 390 66.88 528.23 4.30 32.1 Ditto

24 K3(T)-D13-L30-c2.0 12.7 127 390 83.98 663.28 5.40 32.1 Fracture of GFRP
25 K3(T)-D13-L45-c0.5 12.7 127 585 64.81 511.88 2.78 32.1 Ditto

26 K3(T)-D13-L45-c1.0 12.7 127 585 76.26 602.31 3.27 32.1 Splitting failure
27 K3(T)-D13-L45-c1.5 12.7 127 585 86.52 683.34 3.71 32.1 Fracture of GFRP
28 K3(T)-D13-L45-¢2.0 12.7 127 585 84.61 668.26 3.63 32.1 Ditto

29 K2(T)-D13-L15-c0.5 12.7 113 195 48.99 433.54 6.30 32.1 Ditto

30 K2(T)-D13-L15-c1.0 12.7 113 195 48.99 433.54 6.30 32.1 Ditto

31 K2(T)-D13-L15-cl.5 12.7 113 195 60.44 534.87 7.717 32.1 Splitting failure
32 K2(T)-D13-L15-c2.0 12.7 113 195 53.44 472.92 6.87 32.1 Fracture of GFRP
33 K2(T)-D13-L30-c0.5 12.7 113 390 55.98 495.40 3.60 32.1 Splitting failure
34 K2(T)-D13-L30-c1.0 12.7 113 390 64.25 568.58 4.13 32.1 Ditto

35 K2(T)-D13-L30-c1.5 12.7 113 390 66.8 591.15 4.30 32.1 Fracture of GFRP
36 K2(T)-D13-L30-c2.0 12.7 113 390 94.79 838.85 6.09 32.1 Ditto

37 K2(T)-D13-L45-c0.5 12.7 113 585 69.34 613.63 2.97 32.1 Splitting failure
38 K2(T)-D13-L45-c1.0 12.7 113 585 73.8 653.10 3.16 32.1 Ditto

39 K2(T)-D13-L45-c1.5 12.7 113 585 94.15 833.19 4.04 32.1 Ditto

40 K2(T)-D13-L45-c2.0 12.7 113 585 89.7 793.81 3.85 32.1 Fracture of GFRP
41 K3(T)-D16-L15-c0.5 16.0 201 240 38.81 193.12 3.22 35.5 Ditto

42 K3(T)-D16-L15-c1.0 16.0 201 240 55.35 275.43 4.59 35.5 Splitting failure
43 K3(T)-D16-L15-c1.5 16.0 201 240 73.07 363.60 6.06 355 Ditto

44 K3(T)-D16-L15-c2.0 16.0 201 240 85.17 423.82 7.06 35.5 Ditto

45 K3(T)-D16-L30-c0.5 16.0 201 480 80.95 402.82 3.36 35.5 Ditto

46 K3(T)-D16-L30-c1.0 16.0 201 480 118.95 591.91 4.93 355 Ditto

47 K3(T)-D16-L30-c1.5 16.0 201 480 130.18 647.79 5.40 35.5 Ditto

48 K3(T)-D16-L30-c2.0 16.0 201 480 167.5 833.50 6.95 35.5 Fracture of GFRP
49 K3(T)-D16-L45-c0.5 16.0 201 720 94.23 468.90 2.60 355 Splitting failure
50 K3(T)-D16-L45-c1.0 16.0 201 720 112.68 560.71 3.12 35.5 Ditto

51 K3(T)-D16-L45-c1.5 16.0 201 720 135.66 675.06 3.75 35.5 Ditto

52 K3(T)-D16-L45-c2.0 16.0 201 720 146.48 728.90 4.05 355 Fracture of GFRP

Note 1) specimen index: K2(T)-D13-L15-c0.5, K2 =K2KR, (T)=top-cast bar, D13 = diameter of GFRP bars is 13 mm,
L15 = embedded length of 195 mm (15d,), c0.5 =net cover thickness of 0.5d,, u =average bond stress
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Table 4 Comparison of average bond strengths: bottom-cast
bars over top-cast bars

Bar type | Diameter Min. Max. Average
D10 1.0 1.56 1.28
K3KR D13 1.05 1.53 1.25
D16 0.93 1.22 1.11
K2KR D13 1.20 1.30 1.24
AsUS D13 1.33 1.49 1.41
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Table 5 Results of two-variable linear regression analysis: test
vs. calculated values

u u
< f{é ﬁ ﬁ Test/
d, L (test) | (calc) cale
K3(B)-D10-L15-c0.5 | 0.5 [0.067{0.936(0.976 | 0.96
K3(B)-D10-L15-c1.0 | 1.0 [0.067]|0.948|1.126| 0.84
K3(B)-D10-L15-c1.5 | 1.5 [0.067]|1.034|1.278| 0.81
K3(B)-D10-L15-c2.0 | 2.0 |0.067|1.326|1.428| 0.93
K3(B)-D10-L30-c0.5 | 0.5 [0.033]0.638|0.626| 1.02
K3(B)-D10-L30-c1.0 | 1.0 |0.033]0.690|0.776| 0.89
K3(B)-D10-L30-c1.5 | 1.5 [0.033]0.912|0.927| 0.98
K3(B)-D10-L30-c2.0 | 2.0 [0.033]|0.957|1.078| 0.89
K3(B)-D10-L45-c0.5 | 0.5 |0.022]0.493|0.512| 0.96
K3(B)-D10-L45-c1.0 | 1.0 |0.022]0.581|0.663 | 0.88
AS(B)-D13-L15-c1.0 | 1.0 {0.065|0.809|1.106| 0.73
AS(B)-D13-L30-c0.5| 0.5 [0.033|0.643]0.626| 1.03
AS(B)-D13-L30-c1.0 | 1.0 {0.033{0.729]0.776| 0.94
K3(B)-D13-L15-c0.5 | 0.5 |0.065]0.823|0.955| 0.86
K3(B)-D13-L15-c1.0 | 1.0 |0.065]1.198|1.106| 1.08
K3(B)-D13-L15-c1.5 | 1.5 [0.065]|1.404|1.127| 1.12
K3(B)-D13-L15-c2.0 | 1.5 |0.065]|1.791|1.407| 1.27
K3(B)-D13-L30-c0.5 | 0.5 [0.033]0.671|0.626| 1.07
K3(B)-D13-L30-c1.0 | 1.0 [0.033{0.729(0.776 | 0.94
K3(B)-D13-L30-c1.5 | 1.5 |0.033]0.957|0.927| 1.03
K3(B)-D13-L30-c2.0 | 2.0 [0.033]0.990|1.078| 0.92
K3(B)-D13-L45-c0.5 | 0.5 [0.022{0.490(0.512| 0.96
K2(B)-D13-L15-c0.5 | 0.5 [0.065]1.069|0.955| 1.12
K2(B)-D13-L15-c1.0 | 1.0 [0.065]|1.343|1.106| 1.21
K2(B)-D13-L15-c1.5 | 1.5 [0.065(1.704|1.257| 1.36
K2(B)-D13-L15-c2.0 | 2.0 |0.065]|1.791|1.407| 1.27
K2(B)-D13-L30-c0.5 | 0.5 [0.033]0.773]0.626| 1.23
K2(B)-D13-L30-c1.0 | 1.0 [0.033{0.902(0.776| 1.16
K2(B)-D13-L30-c1.5 | 1.5 [0.033]0.982|0.927| 1.06
K2(B)-D13-L45-c0.5 | 0.5 |0.022]0.631]0.512| 1.23
K2(B)-D13-L45-c1.0 | 1.0 {0.022{0.727(0.663| 1.10
K3(B)-D16-L15-c0.5 | 0.5 [0.067]|0.875|0.976| 0.90
K3(B)-D16-L15-c1.0 | 1.0 |0.067]0.987|1.126| 0.88
K3(B)-D16-L15-c1.5 | 1.5 [0.067(1.024(1.277| 0.80
K3(B)-D16-L15-c2.0 | 2.0 |0.067|1.099|1.428| 0.77
K3(B)-D16-L30-c0.5 | 0.5 |0.033]0.642]0.626| 1.03
K3(B)-D16-L30-c1.0 | 1.0 [0.033{0.903(0.776| 1.16
K3(B)-D16-L30-c1.5 | 1.5 [0.033]|1.018|0.927| 1.10
K3(B)-D16-L30-c2.0 | 2.0 [0.033]|1.100|1.078| 1.02
K3(B)-D16-L45-c0.5 | 0.5 [0.022(0.511[0.512| 1.00
K3(B)-D16-L45-c1.0 | 1.0 |0.022]0.587|0.663 | 0.89
K3(B)-D16-L45-c1.5 | 1.5 [0.022]0.712|0.814 | 0.87
K3(B)-D16-L45-c2.0 | 2.0 [0.022(0.813[0.965| 0.84
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