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Fig. 1. Rectangular section and different stress-strain behaviors
AT gk gad Sl N g
No. Diagram b h r Teo Fiber No. of t Tt E “h,rup Tee Coc Teu ‘L’cu
type Type
mm mm mm MPa yp Layers mm MPa GPa % MPa % MPa %
Tao et al. [13]
1 D’ 150 150 20 49.5 C 1 0.17 4200 241 - 542 0.39 - -
2 A" 150 150 20 49.5 C 2 0.17 4200 241 - 61.4 1.66 61.4 1.66
3 A 150 150 35 49.5 C 2 0.17 4200 241 - 84.9 2.08 84.9 2.08
4 A 150 150 50 49.5 C 2 0.17 4200 241 - 86.1 1.65 86.1 1.65
5 D 150 300 20 49.5 C 2 0.17 4200 241 - 524 0.31 - -
6 D 150 300 35 49.5 C 2 0.17 4200 241 - 513 0.3 - -
7 D 150 300 50 49.5 C 2 0.17 4200 241 - 54.1 0.3 - -
Harajli et al. [21]
8 A 132 132 15 18.3 C 1 0.13 3500 230 - 28.9 - 289 -
9 A 132 132 15 18.3 C 2 0.13 3500 230 - 40.0 - 40.0 -
10 A 132 132 15 183 C 3 0.13 3500 230 - 43.1 - 43.1 -
11 A 132 132 15 18.3 C 1 0.13 3500 230 - 254 - 254 -
12 A 132 132 15 18.3 C 2 0.13 3500 230 - 36.8 - 36.8 -
13 A 132 132 15 18.3 C 3 0.13 3500 230 - 47.0 - 47.0 -
14 A 102 176 15 183 C 1 0.13 3500 230 - 235 - 235 -
15 A 102 176 15 18.3 C 2 0.13 3500 230 - 310 - 310 -
16 A 102 176 15 18.3 C 3 0.13 3500 230 - 36.5 - 36.5 -
17 A 102 176 15 18.3 C 1 0.13 3500 230 - 215 - 215 -
18 A 102 176 15 183 C 2 0.13 3500 230 - 278 - 27.8 -
19 A 102 176 15 18.3 C 3 0.13 3500 230 - 36.4 - - -
20 D 79 214 15 18.3 C 1 0.13 3500 230 - 27.8 - - -
21 D 79 214 15 18.3 C 2 0.13 3500 230 - 28.4 - - -
22 A 79 214 15 183 C 3 0.13 3500 230 - 304 - - -
23 D 79 214 15 18.3 C 1 0.13 3500 230 - 18.5 - - -
24 A 79 214 15 18.3 C 2 0.13 3500 230 - 22.0 - 22.0 -
25 A 79 214 15 18.3 C 3 0.13 3500 230 - 28.9 - 289 -
Rousakis et al. [25] |
26 D 200 200 30 33.0 C 1 0.12 3720 240 - 384 0.45 37.8 -
27 A 200 200 30 33.0 C 3 0.12 3720 240 - 459 0.77 459 -
28 A 200 200 30 33.0 C 5 0.12 3720 240 - 55.6 1.1 55.6 0.77
29 D 200 200 30 34.0 C 1 0.12 3720 240 - 422 0.28 317 1.1
30 A 200 200 30 34.0 C 3 0.12 3720 240 - 452 0.88 452 -
Abbasnia and Ziaadiny [9] |
31 A 150 150 13.6 32 C 2 0.176 3944 241 0.9 39.2 2.06 39.2 2.06
32 A 150 150 22.6 32 C 2 0.176 3944 241 091 45.6 1.85 45.6 1.85
33 A 150 150 345 34 C 2 0.176 3944 241 1.09 514 172 514 172
34 A 150 150 42 34 C 2 0.176 3944 241 111 522 - 522 1.39
35 A 120 180 18.1 35 C 2 0.176 3944 241 1.00 40.7 1.72 40.7 1.72
36 A 120 180 27.6 32 C 2 0.176 3944 241 1.02 427 1.53 427 1.53
37 A 120 180 345 32 C 2 0.176 3944 241 0.9 46.3 1.42 46.3 1.42
38 D 90 180 13.6 34 C 2 0.176 3944 241 111 38.7 0.45 387 1.85
39 A 90 180 226 32 C 2 0.176 3944 241 1.02 39.0 1.67 39.0 1.67
40 A 90 180 26.8 32 C 2 0.176 3944 241 087 425 1.61 425 1.61
41 D 150 150 13.6 49 C 2 0.176 3944 241 1.04 49.7 0.28 49.7 0.8
42 A 150 150 226 51.5 C 2 0.176 3944 241 1.09 56.1 1.36 56.1 1.36
43 A 150 150 345 515 C 2 0.176 3944 241 1.08 622 1.06 622 1.06
44 A 150 150 42 50 C 2 0.176 3944 241 - 65.0 1.01 65.0 1.01
45 D 120 180 18.1 50 C 2 0.176 3944 241 - 52.8 0.26 52.8 1.03
46 A 120 180 27.6 51.5 C 2 0.176 3944 241 0.95 56.4 0.85 56.4 0.85
47 A 120 180 345 50 C 2 0.176 3944 241 - 60.5 1.13 60.5 1.13
48 D 90 180 13.6 49 C 2 0.176 3944 241 0.50 514 0.25 514 0.93
49 D 90 180 22.6 49 C 2 0.176 3944 241 - 51.8 0.26 51.8 1.23
50 D 90 180 26.8 49 C 2 0.176 3944 241 0.80 54.0 0.31 54.0 1.15

\RAY%



O 5 285 byl Al WFRP Lot gumms 0 (258 = 55 5 goe 5JUT Jke

Lam and Teng [20] |
51 D 150 150 15 33.7 C 1 0.17 4519 257 - 35.0 - - -
52 A 150 150 25 33.7 ¢ 1 0.17 4519 257 - 39.4 - 39.4 -
53 A 150 150 15 33.7 c 2 0.17 4519 257 - 50.4 - 50.4 -
54 A 150 150 25 33.7 C 2 0.17 4519 257 - 61.9 - 61.9 -
55 A 150 150 15 24.0 C 3 0.17 4519 257 - 61.6 - 61.9 -
56 A 150 150 25 24.0 ¢ 3 0.17 4519 257 - 66.0 - 66.0 -

Masia et al. (2004) |
57 A 100 100 25 25.5 C 2 0.13 3500 230 - 55.9 2.0 55.9 2.0
58 A 100 100 25 22.8 C 2 0.13 3500 230 - 48.7 1.82 48.7 1.82
59 A 100 100 25 25.1 C 2 0.13 3500 230 - 45.7 1.47 45.7 1.47
60 A 100 100 25 23.8 C 2 0.13 3500 230 - 50.7 - 50.7 -
61 A 100 100 25 21.7 C 2 0.13 3500 230 - 56.2 - 56.2 -
62 A 125 125 25 23.7 C 2 0.13 3500 230 - 45.0 1.62 45.0 1.62
63 A 125 125 25 229 C 2 0.13 3500 230 - 39.9 1.55 39.9 1.55
64 A 125 125 25 25.7 C 2 0.13 3500 230 - .1 1.72 4.1 1.72
65 A 125 125 25 25.5 C 2 0.13 3500 230 - 35.5 - 35.5 -
66 A 125 125 25 243 C 2 0.13 3500 230 - 40.2 - 402 -
67 A 150 150 25 24.5 C 2 0.13 3500 230 - 35.7 1.06 35.7 1.06
68 A 150 150 25 213 C 2 0.13 3500 230 - 36.2 1.09 36.2 1.09
69 A 150 150 25 24.8 C 2 0.13 3500 230 - 36.6 1.52 36.6 1.52
70 A 150 150 25 23.6 C 2 0.13 3500 230 - 36.5 - 36.5 -
71 A 150 150 25 25.3 C 2 0.13 3500 230 - 36.0 - 36.0 -

‘Wang and Wu [6]
72 D 150 150 15 329 C 1 0.165 4364 219 1.39 38.8 - - -
73 D 150 150 15 322 C 1 0.165 4364 219 1.39 31.0 0.53 - 123
74 D 150 150 15 30.7 C 1 0.165 4364 219 1.39 30.8 - - -
75 A 150 150 15 329 C 2 0.165 4364 219 1.16 40.5 - 40.5 -
76 A 150 150 15 322 C 2 0.165 4364 219 1.16 43.6 2.73 43.6 2.73
77 A 150 150 15 30.7 ¢ 2 0.165 4364 219 1.16 9.4 - 2.4 -
78 A 150 150 30 32,6 C 1 0.165 4364 219 1.11 43.4 - 434 -
79 A 150 150 30 311 C 1 0.165 4364 219 1.11 38.8 1.52 38.8 1.52
80 A 150 150 30 33.1 C 1 0.165 4364 219 1.11 37.1 - 37.1 -
81 A 150 150 30 32,6 C 2 0.165 4364 219 1.28 58.1 2.64 58.1 2.64
82 A 150 150 30 311 C 2 0.165 4364 219 128 57.5 - 57.5 -
83 A 150 150 30 33.1 C 2 0.165 4364 219 1.28 53.8 - 53.8 -
84 A 150 150 45 30.1 C 1 0.165 4364 219 127 483 - 483 -
85 A 150 150 45 32,6 C 1 0.165 4364 219 127 2.1 1.38 2.1 1.38
86 A 150 150 45 29.3 C 1 0.165 4364 219 127 40.8 - 40.8 -
87 A 150 150 45 30.1 C 2 0.165 4364 219 1.68 64.6 - 64.6 -
88 A 150 150 45 32.6 C 2 0.165 4364 219 1.68 69.4 2.94 69.4 2.94
89 A 150 150 45 29.3 ¢ 2 0.165 4364 219 1.68 70.1 - 70.1 -
90 A 150 150 60 30.9 C 1 0.165 4364 219 137 50.9 - 50.9 -
91 A 150 150 60 311 C 1 0.165 4364 219 137 51.7 1.8 50.7 1.8
92 A 150 150 60 33.5 C 1 0.165 4364 219 137 473 - 473 -
93 A 150 150 60 30.9 ¢ 2 0.165 4364 219 1.75 81.1 - 81.1 -
94 A 150 150 60 311 C 2 0.165 4364 219 1.75 73.6 2.64 73.6 2.64
95 A 150 150 60 33.5 C 2 0.165 4364 219 1.75 82.1 - 82.1 -
96 D 150 150 15 54.7 C 1 0.165 3788 226 1.01 55.0 0.39 - 0.9
97 D 150 150 15 552 C 1 0.165 3788 226 1.01 56.1 - - -
98 D 150 150 15 52.5 C 1 0.165 3788 226 1.01 56.2 - - -
99 D 150 150 15 54.7 C 2 0.165 3788 226 0.62 59.6 - - -
100 D 150 150 15 55.2 C 2 0.165 3788 226 0.62 59.6 - - -
101 D 150 150 15 52.5 C 2 0.165 3788 226 0.62 59.0 0.48 - 1.84
102 D 150 150 30 53.5 C 1 0.165 3788 226 1.10 56.2 0.35 - 0.64
103 D 150 150 30 53.1 ¢ 1 0.165 3788 226 1.10 55.5 - - -
104 D 150 150 30 49.4 C 1 0.165 3788 226 1.10 56.0 - - -
105 D 150 150 30 53.5 C 2 0.165 3788 226 1.17 65.2 - - -
106 D 150 150 30 53.1 C 2 0.165 3788 226 1.17 61.4 - - -
107 D 150 150 30 49.4 C 2 0.165 3788 226 1.17 62.5 - - -
108 D 150 150 45 532 C 1 0.165 3788 226 134 56.4 0.54 - 0.75
109 D 150 150 45 51.5 C 1 0.165 3788 226 1.34 58.4 - - -
110 D 150 150 45 53.3 C 1 0.165 3788 226 1.34 57.9 - - -
111 A 150 150 45 532 ¢ 2 0.165 3788 226 127 81.3 - - -
112 A 150 150 45 51.5 C 2 0.165 3788 226 127 78.8 - - -
113 A 150 150 45 53.3 C 2 0.165 3788 226 127 80.9 1.56 80.9 1.56
114 A 150 150 60 53.9 C 1 0.165 3788 226 1.39 62.4 0.93 62.4 0.93
115 A 150 150 60 52.0 C 1 0.165 3788 226 1.39 62.7 - 62.7 -
116 A 150 150 60 52.3 C 1 0.165 3788 226 1.39 62.8 - 62.8 -
117 A 150 150 60 53.9 C 2 0.165 3788 226 1.38 87.9 - 87.9 -
118 A 150 150 60 52.0 C 2 0.165 3788 226 1.38 90.9 - 90.9 -
119 A 150 150 60 523 C 2 0.165 3788 226 1.38 90.4 1.61 90.4 1.61

Wu and Wei [7] |

120 A 150 150 30 353 C 1 0.167 4192 229 1.84 40.5 - 40.5 -
121 A 150 150 30 353 C 1 0.167 4192 229 1.84 40.7 1.06 40.7 1.06
122 A 150 150 30 353 C 1 0.167 4192 229 1.84 4.5 - 25 -
123 A 150 150 30 35.3 C 2 0.167 4192 229 121 59.2 - 59.2 -
124 A 150 150 30 353 C 2 0.167 4192 229 1.21 59.6 - 59.6 -
125 A 150 150 30 353 C 2 0.167 4192 229 121 62.3 2.04 62.3 2.04
126 D 150 188 30 353 C 1 0.167 4192 229 1.46 38.0 - - -
127 D 150 188 30 35.3 C 1 0.167 4192 229 1.46 38.9 0.38 - 1.01
128 D 150 188 30 353 C 1 0.167 4192 229 1.46 39.4 - - -
129 A 150 188 30 353 C 2 0.167 4192 229 133 48.8 - 48.8 -
130 A 150 188 30 353 C 2 0.167 4192 229 133 51.9 - 51.9 -
131 A 150 188 30 353 C 2 0.167 4192 229 1.33 533 2.01 53.3 2.01
132 D 150 225 30 353 C 1 0.167 4192 229 1.58 37.6 - - -
133 D 150 225 30 353 C 1 0.167 4192 229 1.58 35.6 0.41 - 0.89
134 D 150 225 30 353 C 1 0.167 4192 229 1.58 39.2 - - -
135 A 150 225 30 353 C 2 0.167 4192 229 1.44 43.0 1.42 43.0 1.42
136 A 150 225 30 35.3 C 2 0.167 4192 229 1.44 452 - 452 -
137 A 150 225 30 353 C 2 0.167 4192 229 1.44 434 - 434 -
138 D 150 260 30 353 C 1 0.167 4192 229 131 35.2 - - -
139 D 150 260 30 35.3 C 1 0.167 4192 229 1.31 37.8 0.45 - 0.85
140 D 150 260 30 353 C 1 0.167 4192 229 1.31 37.6 - - -
141 D 150 260 30 353 C 2 0.167 4192 229 1.72 38.9 - - -
142 D 150 260 30 353 C 2 0.167 4192 229 1.72 41.4 - - -
143 D 150 260 30 35.3 C 2 0.167 4192 229 1.72 41.3 0.38 - 0.87
144 D 150 300 30 353 C 1 0.167 4192 229 1.15 36.6 - - -
145 D 150 300 30 353 C 1 0.167 4192 229 1.15 37.7 0.41 - 0.82
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146 D 150 300 30 353 C 1 0.167 4192 229 1.15 38.0

147 D 150 300 30 353 C 2 0.167 4192 229 1.37 38.6

148 D 150 300 30 353 C 2 0.167 4192 229 1.37 39.1 - -

149 D 150 300 30 353 C 2 0.167 4192 229 1.37 39.3 0.44 - 1.23
Ilki and Kumbasar [11] |

150 D 250 250 40 32.8 C 1 0.17 3430 230 - 32.7 - - -

151 D 250 250 40 32.8 C 1 0.17 3430 230 323 - - -

152 A 250 250 40 32.8 C 3 0.17 3430 230 41.4 1.9 41.4 1.9

153 A 250 250 40 32.8 C 3 0.17 3430 230 40.6 1.8 40.6 1.8

154 A 250 250 40 32.8 C 5 0.17 3430 230 56.7 2.9 56.7 2.9

155 A 250 250 40 32.8 C 5 0.17 3430 230 53.6 2.4 53.6 24

156 D 150 300 40 34.0 C 1 0.17 3430 230 352 0.91 - -

157 D 150 300 40 34.0 C 1 0.17 3430 230 38.7 0.8 - -

158 A 150 300 40 34.0 C 3 0.17 3430 230 40.4 2.2 40.0 22

159 D 150 300 40 34.0 C 3 0.17 3430 230 38.4 1.3 - 1.3

160 A 150 300 40 34.0 C 5 0.17 3430 230 49.2 2.7 49.2 2.7

161 A 150 300 40 34.0 C 5 0.17 3430 230 - 51.3 3.1 513 3.1

Al-salloum [3] |

162 A 150 150 25 31.8 C 1 1.20 935 75 - 483 - 483 -

163 A 150 150 25 28.5 C 1 1.20 935 75 45.6 45.6

164 A 150 150 38 27.7 C 1 1.20 935 75 57.0 57.0

165 A 150 150 38 30.3 C 1 1.20 935 75 55.0 55.0

166 A 150 150 50 26.7 C 1 1.20 935 75 61.7 61.7

167 A 150 150 50 283 C 1 1.20 935 75 63.7 63.7
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Abstract
Seismic retrofit of concrete columns with FRP composites is a well-known method for enhancing their
strength and ductility. Behavior of rectangular concrete columns confined with FRP composites depends on
several parameters, including unconfined concrete strength, confinement level, aspect ratio of cross-section
(defined as the depth /width of the cross-section), and the sharpness of the section corners. For proper
design of rectangular concrete columns confined with FRP composites, a good understanding of the stress—
strain behavior of FRP-confined concrete prism under axial monotonic compression is necessary. In recent
years many design oriented stress-strain models with simple closed-form expressions have been developed
for FRP-confined concrete columns. Also some analysis oriented models are proposed in which the stress-
strain behavior of circular columns is generated with an incremental process. But to the best knowledge of
authors, there is not an analysis oriented stress-strain model for FRP-confined rectangular columns in the
literature. Thus in this paper a base model for actively confined concrete is used to develop a new analysis
stress-strain model for rectangular concrete columns confined with FRP. This model considers all
parameters that affect behavior of rectangular columns. The procedure for generation of analysis oriented
stress—strain curves for FRP—confined concrete based on active confinement model is as follows:

1) For a given axial strain, find the corresponding lateral strain according to the lateral-to-axial strain
relationship;

(2) based on force equilibrium and radial displacement compatibility between the concrete core and the
FRP jacket, calculate the corresponding lateral confining pressure provided by the FRP jacket;

(3) use the axial strain and the confining pressure obtained from steps (1) and (2) in conjunction with an
active-confinement base model to evaluate the corresponding axial stress, leading to the identification of
one point on the stress—strain curve of FRP—confined concrete;

(4) Repeat the above steps to generate the entire stress—strain curve.

It is obvious from above procedure that the main relations in analytical modeling are the lateral-to-
axial strain relationship, lateral confining pressure provided by the FRP jacket, peak axial stress on the
stress—strain curve of actively confined concrete, axial strain at peak axial stress, and stress—strain equation.
Thus in this paper these relations for rectangular sections are presented and when these relations be defined,
the stress-strain curve can be generated using above mentioned procedure. In this paper an experimental
database containing 167 axial compression test results of externally confined rectangular columns is
assembled and used for stress-strain modeling. The proposed model considers different parameters that can
affect the behavior of rectangular columns, including aspect ratio, corner radius, confinement ratio, and
unconfined concrete strength. Also both the strain hardening and strain softening behavior of rectangular
columns can be modelled by the proposed formulation. Comparison between experimental results and those
of model predictions indicates that the proposed model provides good predictions for different parts of
stress-strain curve such as compressive stress and strain also ultimate stress and strain. Also the shape of
predicted stress-strain curve is in a good agreement with the test results.

Keywords: FRP, Rectangular Concrete column, Confinement, Stress-strain model, Analysis oriented
model.
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