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Empirical Prediction for the Compressive Strength and Strain
of Concrete Confined with FRP Wrap
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ABSTRACT Previous researches showed that confined concrete with Fiber-Reinforced Plastic (FRP) sheets significantly
improves the strength and ductility of concrete compared with unconfined concrete. However, the refrofit design of concrete
with FRP materials requires an accurate estimate of the performance enhancement due to the confinement mechanism. The
object of this research is to predict the compressive strength and strain of concrete confined with FRP wraps. For the purpose
of this research, 102 test specimens were fabricated and loaded statically under uniaxial compression. Axial load, axial and
lateral strains were investigated to predict the ultimate stress and strain. Also, to achieve reliability of proposed strength and
strain models for FRP-confined concrete, another series of uniaxial compression test results were used. This paper presents
strength and strain models for FRP-confined concrete. The proposed models to estimate the ultimate stresses and failure strains
produce satisfactory predictions as compared to current design equations. In conclusion, it is proposed that the modified stress-
strain model of concrete cylinders could be effectively used for the repair and retrofit of concrete columns.
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Table 1 Various strength models for FRP-confined concrete
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Table 2 Classification of test results

Data Group Dimension Strength | Table
number | d (mm) | h (mm) (MPa) | number
Group(A)| 100 200 |20, 34, 43| Table A.1
Set 1 |Group(B)| 150 300 |16, 28, 42{Table A2
Group(C)| 100 200 33 Table A3
Set 2 Other related test results Table A4
Table 3 Test results of unconfined concrete
Specimen| . ) (ml;n) e | il e | ey (Nf}c’a)
20-10-U0| 100 | 200 | 2.0 [20.790| 5.35 | 4.9 |23,000
34-10-U0| 100 | 200 | 2.0 [34.087| 3.35 | 0.56 29,200
43-10-U0| 100 | 200 | 2.0 |43.702| 3.75 | 1.47 (33,000
16-15-U0 1 100 | 200 | 2.0 |[15.500{ 3.48 | 0.97 {12,000
28-15-U0| 100 | 200 | 2.0 |28.885) 1.15 | 1.06 (27,000
42-15-U01 100 | 200 | 2.0 |42.395) 125 | 1.01 |34,000
33-10-U01| 100 | 200 | 2.0 [33.276| 2.73 | 3.47 (29,000
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Table 4 Statistical performance of strength models as assessed by data set 1 and 2
Test-to-predicted ratio
Model Data set 1 Data set 2
Mean | Standard deviation | Coefficient of variation(%)| Mean | Standard deviation [Coefficient of variation(%s)
Richart et al. (1928)| 0.62 0.11 18.42 0.73 0.09 12.35
Mander et al. (1988)] 0.56 0.10 17.14 0.60 0.07 11.58
Samaan et al. (1998) 0.68 0.10 14.24 0.71 0.07 9.81
Saafi et al. (1999) 091 0.15 16.14 0.91 0.10 10.97
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Table 5 Statistical characteristics of test data
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Table A.1 FRP-confined concrete test results : Batch(A)

. d L "o . t . E., " €
No | Specimen (mm) | (mm) L/d (I\j:IPa) Fiber type (inm) (Bg;a) (MfPl; ) (DJ:IPa) (107
1 20-10-A21 100 200 2.0 20.8 Aramid sheets 0.39 2,173 210,000 72.8 49.3
2 20-10-A22 100 200 2.0 20.8 Aramid sheets 0.39 2,173 210,000 75.7 23.7
3 20-10-A23 100 200 2.0 20.8 Aramid sheets 0.39 2,173 210,000 70.2 23.9
4 34-10-A21 100 200 2.0 341 Aramid sheets 0.39 2,173 210,000 83.1 49.5
5 34-10-A22 100 200 2.0 34.1 Aramid sheets 0.39 2,173 210,000 80.4 45.2
6 34-10-A23 100 200 2.0 34.1 Aramid sheets 0.39 2,173 210,000 76.6 39.0
7 43-10-A21 100 200 2.0 437 Aramid sheets 0.39 2,173 210,000 86.2 30.1
8 43-10-A22 100 200 2.0 43.7 Aramid sheets 0.39 2,173 210,000 88.0 315
9 43-10-A23 100 200 2.0 43.7 Aramid sheets 0.39 2,173 210,000 90.6 34.8
10 | 20-10-C21 100 200 2.0 20.8 Carbon Sheets 0.33 3,550 253,000 49.8 3.0
11| 20-10-C22 100 200 2.0 20.8 Carbon Sheets 0.33 3,550 253,000 66.5 13.2
12 | 20-10-C23 100 200 2.0 20.8 Carbon Sheets 0.33 3,550 253,000 59.8 13.1
13 | 34-10-C21 100 200 2.0 34.1 Carbon Sheets 0.33 3,550 253,000 71.8 13.9
14 | 34-10-C22 100 200 2.0 34.1 Carbon Sheets 0.33 3,550 253,000 70.2 15.3
15| 34-10-C23 100 200 2.0 34.1 Carbon Sheets 0.33 3,550 253,000 68.6 10.1
16 | 43-10-C21 100 200 2.0 437 Carbon Sheets 0.33 3,550 253,000 79.7 5.20
17 1 43-10-C22 100 200 2.0 43.7 Carbon Sheets 0.33 3,550 253,000 74.2 0.40
18 | 43-10-C23 100 200 2.0 43.7 Carbon Sheets 0.33 3,550 253,000 79.2 6.90
19| 20-10-G21 100 200 2.0 20.8 E glass strands 2.40 560 25,200 73.5 48.5
20 | 20-10-G22 100 200 2.0 20.8 E glass strands 2.40 560 25,200 76.5 49.1
211 20-10-G23 100 200 2.0 20.8 E glass strands 2.40 560 25,200 732 46.7
22 | 34-10-G21 100 200 2.0 34.1 E glass strands 2.40 560 25,200 78.3 37.3
23 | 34-10-G22 100 200 2.0 34.1 E glass strands 2.40 560 25,200 72.0 29.8
24 | 34-10-G23 100 200 2.0 341 E glass strands 2.40 560 25,200 77.8 384
251 43-10-G21 100 200 2.0 43.7 E glass strands 2.40 560 25,200 82.9 22.1
26 | 43-10-G22 100 200 2.0 43.7 E glass strands 2.40 560 25,200 89.7 273
27 | 43-10-G23 100 200 2.0 437 E glass strands 2.40 560 25,200 83.1 24.0

Table A.2 FRP-confined concrete test results : Batch(B)

. d L "o . t S E,, e €.
No | Specimen (@m) | (mm) L/d (I\J:IPa) Fiber type (mm) (l\];[}’)’a) (I\/{PI; ) (MPa) | (10°)
28 1 16-15-A21 150 300 3.0 15.5 Aramid sheets 0.39 2,173 210,000 472 25.6
29 | 16-15-A22 150 300 3.0 15.5 Aramid sheets 0.39 2,173 210,000 46.0 25.0
30| 16-15-A23 150 300 3.0 15.5 Aramid sheets 0.39 2,173 210,000 48.9 314
311 28-15-A21 150 300 3.0 289 Aramid sheets 0.39 2,173 210,000 53.7 27.8
32| 28-15-A22 150 300 3.0 289 Aramid sheets 0.39 2,173 210,000 49.1 21.5
33| 28-15-A23 150 300 3.0 289 Aramid sheets 0.39 2,173 210,000 49.3 21.7

34 | 42-15-A21 150 300 3.0 424 Aramid sheets 0.39 2,173 210,000 592 15.5

35| 42-15-A22 150 300 3.0 424 Aramid sheets 0.39 2,173 210,000 56.8 10.6

36 | 42-15-A23 150 300 3.0 42.4 Aramid sheets 0.39 2,173 210,000 61.3 18.7

37| 16-15-C21 150 300 3.0 15.5 Carbon Sheets 0.33 3,550 253,000 48.6 20.3
38 | 16-15-C22 150 300 3.0 15.5 Carbon Sheets 0.33 3,550 253,000 58.1 30.0
39 | 16-15-C23 150 300 3.0 15.5 Carbon Sheets 0.33 3,550 253,000 50.2 19.7

40 | 28-15-C21 150 300 3.0 28.9 Carbon Sheets 0.33 3,550 253,000 54.9 17.1

41| 28-15-C22 150 300 3.0 28.9 Carbon Sheets 0.33 3,550 253,000 54.6 17.5

42 | 28-15-C23 150 7| 300 3.0 28.9 Carbon Sheets 0.33 3,550 253,000 60.1 22.0

43 | 42-15-C21 150 300 3.0 42.4 Carbon Sheets 0.33 3,550 253,000 72.1 16.6

44 | 42-15-C22 150 300 3.0 42.4 Carbon Sheets 0.33 3,550 253,000 68.2 13.1

45 | 42-15-C23 150 300 3.0 424 Carbon Sheets 0.33 3,550 253,000 71.0 13.0

46 | 16-15-G21 150 300 3.0 155 E glass strands 2.40 560 25,200 54.1 30.6

47 | 16-15-G22 150 300 3.0 15.5 E glass strands 2.40 560 25,200 53.1 29.8

48 | 16-15-G23 150 300 3.0 15.5 E glass strands 2.40 560 25,200 50.3 25.8
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Table A.2 FRP-confined concrete test results : Batch(B) (continued)

. d L ' . t I Ep, [ B
No| S b > :
o Specimen \ o1 (mm) L/d (MPa) Fiber type (mm) | (MPa) (MPa) (MPa) | (10"

49 | 28-15-G21 150 300 3.0 28.9 E glass strands 2.40 560 25,200 60.7 325
50| 28-15-G22 150 300 3.0 28.9 E glass strands 2.40 560 25,200 524 20.5
51| 28-15-G23 150 300 3.0 28.9 E glass strands 2.40 560 25,200 50.3 17.2
52| 42-15-G21 150 300 3.0 424 E glass strands 2.40 560 25,200 63.0 14.4
53 42-15-G22 150 300 3.0 424 E glass strands 2.40 560 25,200 63.4 14.0
54 | 42-15-G23 150 300 3.0 42.4 E glass strands 2.40 560 25,200 72.8 24.2

Table A.3 FRP-confined concrete test results : Batch(C)

. d L ! . t E,, " €
No | Specimen (mm) | (mm) L/d (Mi;oa) Fiber type (mm) (l\f/j[{ga) (Mfi{; ) (MPa) (103)
55| 33-10-A21 100 200 2.0 33.3 Aramid sheets 039 | 2,173 210,000 84.8 18.0
56 | 33-10-A22 100 200 2.0 333 Aramid sheets 0.39 2,173 210,000 84.5 224
57| 33-10-A23 100 200 2.0 33.3 Aramid sheets 039 | 2,173 210,000 80.5 17.9
58 | 33-10-A31 100 200 2.0 33.3 Aramid sheets 0.60 | 2,173 210,000 105.0 | 20.7
59 | 33-10-A32 100 200 2.0 33.3 Aramid sheets 0.60 | 2,173 210,000 1012 | 213
60 | 33-10-A33 100 200 2.0 33.3 Aramid sheets 0.60 | 2,173 210,000 108.7 | 26.0
61 | 33-10-A41 100 200 2.0 333 Aramid sheets 0.77 2,173 210,000 1244 | 23.6
62 | 33-10-A42 100 200 2.0 333 Aramid sheets 0.77 2,173 210,000 123.7 23.7
63 | 33-10-A43 100 200 2.0 333 Aramid sheets 077 | 2,173 210,000 112.0 13.6
641 33-10-C21 100 200 2.0 333 Carbon sheets - 0.33 3,550 253,000 76.0 9.4
651 33-10-C22 100 200 2.0 333 Carbon sheets 0.33 3,550 253,000 81.1 11.6
66 | 33-10-C23 100 200 2.0 333 Carbon sheets 0.33 3,550 253,000 81.1 11.7
67 | 33-10-C31 100 200 2.0 333 Carbon sheets 0.50 | 3,550 253,000 103.8 10.8
68 | 33-10-C32 100 200 2.0 333 Carbon sheets 0.50 3,550 253,000 932 11.7
69 | 33-10-C33 100 200 2.0 33.3 Carbon sheets 0.50 3,550 253,000 100.2 10.8
70 | 33-10-C41 100 200 2.0 333 Carbon sheets 0.67 3,550 253,000 112.9 14.5
71| 33-10-C42 100 200 2.0 333 Carbon sheets 0.67 3,550 253,000 104.7 13.7
72| 33-10-C43 100 200 2.0 333 Carbon sheets 0.67 3,550 253,000 111.1 16.2
73| 33-10-G21 100 200 2.0 33.3 E glass strands 2.40 560 25,200 65.7 8.9
741 33-10-G22 100 200 2.0 333 E glass strands 2.40 560 25,200 59.4 43
75| 33-10-G23 100 200 2.0 333 E glass strands 2.40 560 25,200 69.4 11.5
76 | 33-10-G31 100 200 2.0 33.3 E glass strands 3.60 560 25,200 89.3 18.0
77 | 33-10-G32 100 200 2.0 33.3 E glass strands 3.60 560 25,200 83.6 16.6
78 | 33-10-G34 100 200 2.0 333 E glass strands 3.60 560 25,200 91.8 18.4
79 | 33-10-G41 100 200 2.0 333 E glass strands 4.80 560 25,200 110.6 19.8
80 | 33-10-G42 100 200 2.0 33.3 E glass strands 4.80 560 25,200 110.7 | 21.7
81 | 33-10-G43 100 200 2.0 33.3 E glass strands 4.80 560 25,200 1149 | 23.8

Table A.4 FRP-confined concrete test results date set 2

d L ' . t Eg, "
No Source of data (mm) | (mm) L/d (I\J;If)oa) Fiber type (mm) (h]zga) (MfPI; ) | P
1 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 031 755 73,300 45.5
2 | Howie and Karbhari 1994 152 305 2.0 386 Carbon sheets 0.31 755 73,300 419
3 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.31 755 73,300 47.2
4 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.61 1047 70,600 56.5
5 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.61 1047 70,600 60.6
6 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.61 1047 70,600 61.9
7 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.92 1105 77,500 80.9
8 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.92 1105 77,500 76.4
9 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.92 1105 77,500 75.8
10 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 1.22 1352 95,700 89.5
11 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 1.22 1352 95,700 89.9
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Table A.4 FRP-confined concrete test results date set 2 (continued)

d

L

fl
co

Jrp

Ef p

’

No Source of data (mm) | (mm) L/d (MPa) Fiber type (mm) | (MPa) (MPa) (Mlc)ca)
12 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 1.22 1352 95,700 89.0
13 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.61 660 39,900 47.1
14 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.61 660 39,900 47.7
15 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.61 660 39,900 50.0
16 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.92 822 54,000 68.3
17 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.92 822 54,000 67.3
18 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 0.92 822 54,000 64.7
19 } Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 1.22 388 27,700 52.7
20 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 1.22 388 27,700 49.3
21 | Howie and Karbhari 1994 152 305 2.0 38.6 Carbon sheets 1.22 388 27,700 52.6
22 | Karbhari and Gao 1997 152 305 2.0 18.0 Carbon sheets 1.55 1353 96,032 82.2
23 | Karbhari and Gao 1997 152 305 2.0 18.0 Carbon sheets 2.06 1127 150,150 70.6
24 | Karbhari and Gao 1997 152 305 2.0 18.0 Glass sheets 531 513 38,856 823
25 | Karbhari and Gao 1997 152 305 2.0 18.0 Glass sheets 2.26 987 62,504 79.5
26 | Watanablle et al. 1997 100 200 2.0 30.2 Carbon sheets 0.17 2716 224,600 | 46.6
27 | Watanablle et al. 1997 100 200 2.0 30.2 Carbon sheets 0.50 2873 224,600 87.2
28 | Watanablle et al. 1997 100 200 2.0 30.2 | Carbon sheets 0.67 2658 224,600 | 104.6
29 | Watanablle et al. 1997 100 200 2.0 30.2 | Carbon sheets 0.14 1579 628,600 41.7
30 | Watanablle et al. 1997 100 200 2.0 30.2 Carbon sheets 0.28 1824 629,600 56.0
31| Watanablle et al. 1997 100 200 2.0 30.2 | Carbon sheets 0.42 1285 576,600 63.3
32 | Watanablle et al. 1997 100 200 2.0 30.2 | Aramid sheets 0.15 2589 67,100 39.0
33 | Watanablle et al. 1997 100 200 2.0 302 Aramid sheets 0.29 2707 87,300 68.5
34 | Watanablle et al. 1997 100 200 2.0 30.2 | Aramid sheets 043 2667 87,300 92.1
35| Harries et al. 1998 152 610 4.0 262 | E glass sheets 1.00 330 19,100 33.5
36 | Harries et al. 1998 152 610 4.0 26.2 | E glass sheets 2.00 330 19,100 44.5
37 | Harries et al. 1998 152 610 4.0 26.2 E glass sheets 1.00 383 21,600 384
38 | Harries et al. 1998 152 610 4.0 26.2 | E glass sheets 2.00 383 21,600 52.5
39 | Harries et al. 1998 152 610 4.0 26.2 Carbon sheets 1.00 580 38,100 50.6
40 | Harries et al. 1998 152 610 4.0 26.2 | Carbon sheets 2.00 580 38,100 64.0
41 | Matthys et al. 1999 150 300 2.0 34.9 | Carbon sheets 0.12 2600 200,000 443
42 | Matthys et al. 1999 150 300 2.0 34.9 | Carbon sheets 0.24 1100 420,000 41.3
43 | Matthys et al. 1999 150 300 2.0 34.9 Carbon sheets 0.12 2600 200,000 422
44 | Matthys et al. 1999 150 300 2.0 34.9 | Carbon sheets 0.24 1100 420,000 40.7
45 | Kshirsagar et al. 2000 102 204 2.0 38.0 | E glass sheets 1.42 363 19,900 57.0
46 | Kshirsagar et al. 2000 102 204 2.0 394 E glass sheets 1.42 363 19,900 63.1
47 ) XKshirsagar et al. 2000 102 204 2.0 39.5 carbon sheets 1.42 363 19,900 50.4
48 | Rochette et al. 2000 150 300 2.0 43.0 | Aramid sheets 1.27 230 13,600 47.3
49 | Rochette et al. 2001 150 300 2.0 43.0 Aramid sheets 2.56 230 13,600 58.9
50 | Rochette et al. 2002 150 300 2.0 43.0 Aramid sheets 3.86 230 13,600 71.0
51 | Rochette et al. 2003 150 300 2.0 43.0 Aramid sheets 5.21 230 13,600 474
52 | Xiao and Wu 2000 152 305 2.0 33.7 Carbon sheets 0.38 1577 105,000 479
53 | Xiao and Wu 2000 152 305 2.0 33.7 Carbon sheets 0.38 1577 105,000 49.7
54 | Xiao and Wu 2000 152 305 2.0 33.7 Carbon sheets 0.38 1577 105,000 49.4
53 | Xiao and Wu 2000 152 305 2.0 33.7 | Carbon sheets 0.38 1577 105,000 49.7
54 | Xiao and Wu 2000 152 305 2.0 33.7 | Carbon sheets 0.38 1577 105,000 49.4
55| Xiao and Wu 2000 152 305 2.0 33.7 Carbon sheets 0.76 1577 105,000 64.6
56 | Xiao and Wu 2000 152 305 2.0 33.7 | Carbon sheets 0.76 1577 105,000 75.2
57 | Xiao and Wu 2000 152 305 2.0 33.7 | Carbon sheets 0.76 1577 105,000 71.8
58 | Xiao and Wu 2000 152 305 2.0 33.7 Carbon sheets 1.14 1577 105,000 82.9
59 | Xiao and Wu 2000 152 305 2.0 33.7 Carbon sheets 1.14 1577 105,000 86.2
60 | Xiao and Wu 2000 152 305 2.0 33.7 | Carbon sheets 1.14 1577 105,000 954
61 | Xiao and Wu 2000 152 305 2.0 43.8 Carbon sheets 0.38 1577 105,000 54.7
262 | st=232ESs =22 M193 XN3E (2007)



Table A.4 FRP-confined concrete test results date set 2 (continued)

d L ' . t . E,, "
No Source of data (mm) | (mm) Lid (D];[f;)a) Fiber type (mm) (l\j/f{f’)a) (I\/{PI; ) | (MPa)
62 | Xiao and Wu 2000 152 305 2.0 43.8 Carbon sheets 0.38 1577 105,000 52.1
63 | Xiao and Wu 2000 152 305 ) 2.0 43.8 | Carbon sheets 0.38 1577 105,000 48.7
64 | Xiao and Wu 2000 152 305 2.0 43.8 | Carbon sheets 0.76 1577 105,000 84.0
65 | Xiao and Wu 2000 152 305 2.0 43.8 | Carbon sheets 0.76 1577 105,000 79.2
66 | Xiao and Wu 2000 152 305 2.0 43.8 Carbon sheets 0.76 1577 105,000 85.0
67 | Xiao and Wu 2000 152 305 2.0 438 Carbon sheets 1.14 1577 105,000 96.5
68 | Xiao and Wu 2000 152 305 2.0 43.8 | Carbon sheets 1.14 1577 105,000 92.6
69 | Xiao and Wu 2000 152 305 2.0 43.8 | Carbon sheets 1.14 1577 105,000 94.0
70 | Xiao and Wu 2000 152 305 2.0 55.2 Carbon sheets 0.38 1577 105,000 57.9
71 | Xiao and Wu 2000 152 305 2.0 55.2 Carbon sheets 0.38 1577 105,000 62.9
72 | Xiao and Wu 2000 152 305 2.0 55.2 Carbon sheets 0.38 1577 105,000 58.1
73 | Xiao and Wu 2000 152 305 2.0 55.2 | Carbon sheets 0.76 1577 105,000 74.6
74 | Xiao and Wu 2000 152 305 2.0 55.2 | Carbon sheets 0.76 1577 105,000 77.6
75 | Xiao and Wu 2000 152 305 2.0 55.2 Carbon sheets 0.76 1577 105,000 77.0
76 | Xiao and Wu 2000 152 305 2.0 55.2 | Carbon sheets 1.14 1577 105,000 | 106.5
77 1 Xiao and Wu 2000 152 305 2.0 55.2 Carbon sheets 1.14 1577 105,000 | 108.0
78 | Xiao and Wu 2000 152 305 2.0 55.2 | Carbon sheets 1.14 1577 105,000 | 103.3
79 | Zhang et al. 2000 150 300 2.0 343 E glass sheets 2.63 345 18,100 62.1
80 | Zhang et al. 2000 150 300 2.0 343 E glass sheets 2.44 365 19,000 62.5
81 | Zhang et al. 2000 150 300 2.0 343 Carbon sheets 1.00 423 37,000 442
82 | Zhang et al. 2000 150 300 2.0 343 Carbon sheets 2.83 167 13,000 475
83 | Zhang et al. 2000 150 300 2.0 34.3 Carbon sheets 1.00 753 91,000 594
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