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Abstract.

The use of external carbon-fiber-reinforced polymer (CFRP) laminates is one of the most effective techniques

existing for the confinement of circular concrete specimens. Currently, several researches have been made to develop models for
predicting the ultimate conditions of this type of confinement. As most of the major existing models were developed based on
limited experimental database. This paper presents the development of new confinement ultimate conditions, strength and strain
models, for concrete cylinders confined with CFRP composites based on a statistical analysis of a large existing experimental
database of 310 cylindrical concrete specimens wrapped with CFRP. The database is used to evaluate the performance of the
proposed and major existing strength and strain models. Based on the two different statistical indices, the coefficient of
determination (R3 and the Root Mean Square Error (RMSE), the two proposed confinement ultimate conditions presents a good
performance compared to the major existing models except the models of Lam and Teng (2003) and Youssef et al. (2007) which

have relatively similar performance to the proposed models.
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1. Introduction

The need for strengthening deficient existing reinforced
concrete (RC) structures is suggested for many reasons. For
years, engineers have been studying ways to retrofit or
strengthen existing deficient RC columns to meet new code
requirements, especially in earthquake prone areas (Youssef
et al. 2007). Various methods for strengthening and
rehabilitation of RC structures have been developed in the
past several decades (Nam et al. 2016, Lezgy-Nazargah et
al. 2018). Recently, the use of externally fiber-reinforced
polymer (FRP) reinforcement for the strengthening or repair
of reinforced concrete structures has become a popular
technology (Fanggi and Ozbakkaloglu 2015). The FRP
composites have been used successfully for rehabilitation
and repair of deficient reinforced-concrete structures such
as buildings, bridges, etc (Morsy and Mahmoud 2013). One
of the important applications of the FRP strengthening
technology is on the enhancement of RC column load-
carrying capacity through the provision of confining FRP
warps (Ozbakkaloglu 2013, Mahdi Razavi and Zahiraniza
2018). The column wrapping technique is particularly
effective for circular columns as the strength and ductility
of concrete in circular section can be substantially increased
through lateral confinement. FRP is characterized by high
strength fibers embedded in polymer resin (Lu et al. 2015).
FRP offers such advantages as high strength and stiffness,
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low density, chemical stability, high durability, and ease of
installation. The most common type of FRP in the industry
is made with carbon, aramid or glass fibers (Zhang et al.
2016). In this context, several studies have been conducted
on the compressive behavior of concrete cylinder confined
externally with carbon fiber reinforced polymer (CFRP).
Consequently, several confinement models for the ultimate
condition of confined concrete under axial compression
loadings have been proposed (Sadeghian and Fam 2015).
The ultimate condition of an FRP-confined concrete refers
to the axial compressive strength f., and the ultimate axial
strain &, as shown in Fig. 1. Fardis and Khalili (1982) are
the first who studies the behavior of FRP confined concrete.
They adopted the two ultimate compressive strength models
feu from Richart et al. (1929), Newman and Newman (1971)
and proposed their own ultimate strain model ¢.,. Recently,
the use of externally wrapped CFRP has become
increasingly popular for civil structure applications,
including wrapping the concrete columns. Accordingly,
several confinement strength and strain models are
developed by various researchers such as Lam and Teng
(2003), lIki et al. (2004), Youssef et al. (2007), Jiang and
Teng (2007), Teng et al. (2009), Benzaid et al. (2010),
Fahmy and Wu (2010) and Ozbakkaloglu and Lim (2013).
However, the disadvantage of the most of these existing
models proposed based on limited database. This paper
presents the development of new confinement ultimate
conditions, strength and strain models, for concrete
cylinders confined with CFRP composites based on a large
existing experimental database of 310 cylindrical concrete
specimens wrapped with CFRP. In the first, the authors
evaluate by a statistical analysis the performance of existing
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Fig. 1 Model for FRP-confined concrete

strength and strain models for CFRP-confined concrete
using a 310 experimental database on cylindrical concrete
specimens wrapped with CFRP composites. Then, they used
a regression analysis on the same 310 existing experimental
database to develop a new tow empirical ultimate
confinement conditions, and evaluated it with the 310
experimental databases.

2. Experimental database
2.1 Selection criteria of database

Several experimental studies were conducted on CFRP
confined concrete under axial compressive loading. In the
present study, a database containing the test results of 310
cylindrical concrete specimens wrapped with CFRP
published between 1992 and 2013 was compiled from the
literature. The results included in the database were chosen
by using a set of carefully considered selection criteria to
ensure reliability and consistency of the database. This
required the use of a total of four selection criteria listed in
this section in the order of importance (as established by the
number of data set exclusions resulted by a given criterion).
Assessment by using these criteria resulted in a final
database of CFRP-confined concrete cylinders of 310 data
sets from 28 sources. All the test results included in this
database, listed in Table 1, met the following requirements:

(1) Only concrete cylinders confined with CFRP
laminates were selected;

(2) Only the specimens that were confined with
continuous confinement were selected. Specimens
with partial wrapping (i.e., FRP strips) were
ignored;

(3) Only specimens with unconfined concrete
compressive strengths (f,,) comprise between 19.7
and 169.7MPa were selected;

(4) Only specimens with height-to-diameter (H/D) ratio
equal to two were included from the database.

2.2 Construction of the database

The database consists of the following information for
each specimen: the geometric properties of cylindrical
specimens (diameter, D, and height, H, and height-to-
diameter (H/D) ratio); the concrete properties (unconfined

concrete strength () and corresponding strain (g)); the
materials properties of the CFRP (elastic modulus (Esy),
total thickness (trp), and hoop rupture strain (en,,) at
ultimate). This database presents also the two ultimate
conditions, the ultimate compressive strength (fi,) and
corresponding strain (e,) of confined concrete.

3. Evaluation of existing models
3.1 Statistical analyses

The performance of existing confinement models for
CFRP-confined concrete cylinders using the experimental
database are presented in Table 1. In all evaluations, the
values predicted by strength and strain models are
compared with experimental values. Two indices, namely
the coefficient of determination (R?) and the Root Mean
Square Error (RMSE), are used for the evaluations
(Sadeghian and Fam 2015). R® is the square of the
correlation coefficient which is defined to determine the
relationship between predicted and experimental values as

2
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Where X and Y are the vector of experimental and
predicted values, respectively; x and y are experimental and
predicted values, respectively; and x and y are the
averages of experimental and predicted values, respectively.
R? ranges from zero to one, with one indicating a perfect
correlation between predicted and experimental values and
zero indicating no correlation. The important point is that R
= 1 does not guarantee a perfect prediction. It only shows
that there is a linear correlation between predicted and
experimental values. Thus, R? is not the most proper index
for this kind of evaluation. Instead, another statistical index,
RMSE, is implemented to evaluate the accuracy of
predictions. RMSE is the square root of the variance of the
residuals which is defined as the following

RA(X,Y)= ©)

RMSE = Z(Xn_y)z (2

Where n is the number of data points. RMSE indicates
how close the predicted values (y) to the experimental
values (x). While R? is a relative measure of fit, RMSE is an
absolute measure of fit without any upper limit. Lower
values of RMSE indicate a better fit, with zero indicating a
perfect prediction that means all data points are located on a
45-degree line (R*= 1). For a hypothetical case, if all data
points were located on a 10-degree line which is clearly a
poor prediction, R*> would be equal to one whereas RMSE
would be able to show the poor prediction. Indeed, R? is not
intended to evaluate ‘“‘experimental vs. analytical” data
along the 45-degrees line. For this reason, preciously the
authors choose RMSE index in this work, which is more
appropriate than R? in the context of the current study.
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Table 1 Experimental database
N°  Authors and years H fe Soo Erp o enp o T
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
1 51 102 2 410 24 235 009 113 8.0 210 115 479
2 51 102 2 410 24 235 018 100 1205 294 157 654
3 Harmon and 51 102 2 410 24 235 034 75 1584 386 250 1042
4 Slattery (1992) 51 102 2 103.0 3.0 235 018 20 1311 127 110 367
5 51 102 2 1030 3.0 235 034 73 1932 188 205 6.83
6 51 102 2 1030 3.0 235 069 55 3036 295 345 1150
7 152 304 2 425 24 227 033 45 449 106 110 458
8 Howie and 152 304 2 425 24 227 066 55 597 140 135 563
9 Karbhari (1995) 152 304 2 425 24 227 099 55 777 183 210 875
10 152 304 2 425 24 227 132 34 895 211 229 954
11  Picheretal. (1996) 153 305 2 39.7 24 83 060 84 560 141 107 446
12 100 200 2 302 22 612 014 23 417 138 57 259
13 100 200 2 302 22 612 028 22 560 185 88  4.00
14 Watanable 100 200 2 302 22 612 042 22 633 210 130 501
15 etal. (1997) 100 200 2 302 22 225 017 94 466 154 151  6.86
16 100 200 2 302 22 225 050 82 872 289 311 1414
17 100 200 2 302 22 225 067 76 1046 346 415 18.86
18 100 200 2 343 23 235 017 88 612 178 95 413
19 100 200 2 323 22 235 017 79 592 183 107 486
20 100 200 2 323 22 235 033 89 802 248 175 7.95
21 Konoetal. (1998) 100 200 2 323 22 235 050 72 885 274 162 736
22 100 200 2 348 23 235 017 80 547 157 99 430
23 100 200 2 348 23 235 033 77 821 236 206 896
24 100 200 2 348 23 235 050 85 1067 307 243 1057
25 150 300 2 349 23 420 024 19 413 118 40 174
26 150 300 2 349 23 420 024 18 407 117 36 157
Matthys et al. (1999)
27 150 300 2 349 23 200 012 115 443 127 85 370
28 150 300 2 349 23 200 012 108 422 121 72 313
29 100 200 2 420 24 83 060 89 735 175 165 6.88
30 La’;ggsr;gfee é%%o) 100 200 2 420 24 83 060 95 735 175 157 654
31 100 200 2 420 24 83 060 80 676 161 135 563
32 152 305 2 337 23 105 038 84 479 142 120 522
33 152 305 2 337 23 105 038 115 497 147 140  6.09
34 152 305 2 337 23 105 038 87 494 147 124 539
35 152 305 2 337 23 105 076 91 646 192 165 717
36 152 305 2 337 23 105 076 100 752 223 225 978
37 152 305 2 337 23 105 076 100 718 213 216  9.39
38 _ 152 305 2 337 23 105 114 82 829 246 245 10.65
Xiao and Wu (2000)
39 152 305 2 337 23 105 114 90 954 283 303 1317
40 152 305 2 438 24 105 038 81 548 125 98  4.08
41 152 305 2 438 24 105 038 76 521 119 47 1.9
42 152 305 2 438 24 105 038 28 487 111 37 154
43 152 305 2 438 24 105 076 92 840 192 157 654
44 152 305 2 438 24 105 076 100 792 181 137 571
45 152 305 2 438 24 105 076 101 850 194 166 6.92
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N°  Authors and years H fe Soo Erp o ohmp o fulfo —2— oo
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
46 152 305 2 438 24 105 114 79 965 220 174 7.5
47 152 305 2 438 24 105 114 71 926 211 168  7.00
48 152 305 2 438 24 105 114 84 940 215 175 7.29
49 152 305 2 552 26 105 038 70 579 105 69 265
50 152 305 2 552 26 105 038 62 629 114 48 185
51  Xiaoand Wu (2000) 152 305 2 552 26 105 038 19 581 105 49 188
52 152 305 2 552 26 106 076 74 552 100 121 465
53 152 305 2 552 26 105 076 83 776 141 81 312
54 152 305 2 552 26 105 114 76 1065 193 143 550
55 152 305 2 552 26 105 114 85 1080 196 145 558
56 152 305 2 552 26 105 114 70 1033 187 118 454
57 152 305 2 197 20 207 05 74 338 172 159 7.95
58 152 305 2 197 20 207 1 63 464 236 221 11.05
59 152 305 2 197 20 207 15 57 626 318 258 12.90
60 152 305 2 197 20 207 2 59 757 384 356 17.80
Shahawy et al. (2000)
61 152 305 2 490 25 207 05 62 591 121 62 248
62 152 305 2 490 25 207 1 62 765 156 97  3.88
63 152 305 2 490 25 207 15 63 988 202 126 504
64 152 305 2 490 25 207 2 6.2 1127 230 190 7.60
65 _ 150 300 2 420 24 240 012 95 460 110 110 458
Aire et al. (2001)
66 150 300 2 420 24 240 035 105 770 183 226 942
67 o 152 305 2 262 21 38 100 81 506 193 144 686
Micelli et al. (2001)
68 152 305 2 262 21 38 200 72 640 244 165 7.86
69 120 240 2 430 24 91 030 70 585 136 116 483
70 De Lorenzis 120 240 2 430 24 91 030 80 656 153 95  3.96
71 etal. (2002) 150 300 2 380 23 91 045 80 620 163 95 413
72 150 300 2 380 23 91 045 80 673 177 135 587
73 150 300 2 298 22 235 017 123 570 191 123 559
74 Shehata et al. (2002) 150 300 2 298 22 235 033 119 721 242 174 791
75 406 813 2 294 22 105 117 82 459 156 63 286
76 406 813 2 294 22 105 234 121 648 220 116 527
77 406 813 2 294 22 105 351 120 859 292 156  7.09
78 406 813 2 294 22 105 584 124 1264 430 284 1291
79 Youssef (2003) 153 305 2 441 24 105 058 103 8.1 195 190 7.92
80 153 305 2 441 24 105 117 126 966 219 199  8.29
81 153 305 2 441 24 105 175 97 1307 296 283 11.79
82 406 813 2 456 24 105 234 89 795 174 168  7.00
83 406 813 2 383 23 105 234 96 731 191 105 457
84 Carey and Harries 152 305 2 335 23 250 020 107 470 140 97 422
85 (2003, 2005) 152 305 2 335 23 250 020 114 476 142 88  3.83
86 150 300 2 325 22 390 017 47 526 162 83 377
87 150 300 2 325 22 390 017 52 566 174 93 423
88 Bullo (2003) 150 300 2 325 22 390 017 42 611 1.8 83 377
89 150 300 2 325 22 390 050 64 973 299 182 827
90 150 300 2 325 22 390 050 44 838 258 127 577
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Table 1 Continued
N°  Authors and years H fe Soo Erp o enp o T
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
91 Bullo (2003) 150 300 2 325 2.2 390 0.50 54 1002 3.08 169 7.68
92 152 305 2 35.9 2.3 259 0.17 115 50.4 1.40 12.7 5.52
93 152 305 2 35.9 2.3 259 0.17 9.7 47.2 1.31 111 4.83
94 152 305 2 35.9 2.3 259 0.17 9.8 53.2 1.48 129 561
95 152 305 2 35.9 2.3 259 0.33 9.9 68.7 1.91 168  7.30
96 152 305 2 35.9 2.3 259 0.33 10.0 69.9 1.95 196 852
97 152 305 2 34.3 2.3 259 0.33 9.5 716  2.09 185 8.04
Lam and Teng (2004)
98 152 305 2 34.3 2.3 259 0.5 8.0 826 241 205 891
99 152 305 2 34.3 2.3 259 0.5 8.8 90.4 2.64 24.1 10.48
100 152 305 2 34.3 2.3 259 0.5 9.7 97.3 2.84 25.2 10.96
101 152 305 2 34.3 2.3 259 0.17 9.1 50.3 1.47 10.2 4.43
102 152 305 2 34.3 2.3 259 0.17 8.9 50.0 1.46 10.8 4.70
103 152 305 2 34.3 2.3 259 0.17 9.3 56.7 1.65 11.7 5.09
104 150 300 2 25.2 2.1 377 0.17 7.0 41.6 1.65 14.4 6.86
105 150 300 2 25.2 2.1 377 0.17 5.8 38.8 1.54 12.1 5.76
106 150 300 2 25.2 2.1 377 0.17 6.4 44.1 1.75 15.3 7.29
107 150 300 2 25.2 2.1 377 0.34 6.4 60.1 2.38 18.8 8.95
108 150 300 2 25.2 2.1 377 0.34 55 55.9 2.22 21.0 10.00
109 150 300 2 25.2 2.1 377 0.34 5.7 61.6 244 20.8 9.90
110 150 300 2 25.2 2.1 377 0.51 4.5 67.0 2.66 24.5 11.67
111 150 300 2 25.2 2.1 377 0.51 3.7 67.3 2.67 24.3 11.57
112 150 300 2 25.2 2.1 377 0.51 4.4 70.0 2.78 24.4 11.62
113 ) 150 300 2 51.8 25 377 0.17 5.4 78.7 1.52 7.5 3.00
114 53?5?55332) 150 300 2 518 25 377 017 40 728 141 66 264
115 150 300 2 51.8 2.5 377 0.17 5.2 79.2 1.53 6.8 2.72
116 150 300 2 51.8 25 377 0.34 55 95.4 1.84 10.5 4.20
117 150 300 2 51.8 2.5 377 0.34 3.6 90.7 1.75 10.0  4.00
118 150 300 2 51.8 2.5 377 0.34 5.1 90.3 1.74 102  4.08
119 150 300 2 51.8 2.5 377 0.51 4.4 1105 2.13 12.9 5.16
120 150 300 2 51.8 2.5 377 0.51 3.1 103.6  2.00 120 4.80
121 150 300 2 51.8 25 377 0.51 5.6 117.2 2.26 15.3 6.12
122 150 300 2 51.8 25 377 0.85 2.9 112.7 2.18 15.9 6.36
123 150 300 2 51.8 25 377 0.85 3.6 126.7 245 16.1 6.44
124 150 300 2 51.8 25 377 0.85 5.3 1379 2.66 18.1 7.24
125 320 2 40.1 24 230 0.17 8.5 54.7 1.36 6.2 2.58 7.76
126 320 2 40.1 24 230 0.17 104 51.8 1.29 6.4 2.67 4.43
127 160 320 2 25.0 21 230 0.17 9.6 45.8 1.83 16.7 7.95
128 160 320 2 25.0 21 230 0.33 9.0 56.7 2.27 17.3 8.24
129 160 320 2 25.0 21 230 0.33 9.1 55.2 221 15.8 7.52
130  Berthet et al. (2005) 160 320 2 25.0 2.1 230 0.33 9.1 56.1 224 168 8.00
131 160 320 2 40.1 2.4 230 0.11 10.2 49.8 1.24 55 2.29
132 160 320 2 40.1 2.4 230 0.11 9.5 50.8 1.27 6.6 2.75
133 160 320 2 40.1 2.4 230 0.11 12.0 48.8 1.22 6.1 2.54
134 160 320 2 40.1 2.4 230 0.17 8.8 53.7 1.34 6.6 2.75
135 160 320 2 40.1 2.4 230 0.17 8.5 54.7 1.36 6.2 2.58
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N°  Authors and years H fe Soo Erp o enp o o 2 e
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
136 160 320 2 40.1 24 230 0.17 104 518 1.29 6.4 2.67
137 160 320 2 40.1 2.4 230 0.22 7.9 59.7 1.49 6.0 2.50
138 160 320 2 40.1 2.4 230 0.22 8.3 60.7 151 6.9 2.88
139 160 320 2 40.1 2.4 230 0.22 8.1 60.2 1.50 7.3 3.04
140 160 320 2 40.1 2.4 230 0.44 9.2 91.6 2.28 144  6.00
141 160 320 2 40.1 2.4 230 0.44 9.7 89.6 2.23 13.6 5.67
142 160 320 2 40.1 2.4 230 0.44 8.9 86.6 2.16 11.7 4.88
143 160 320 2 40.1 2.4 230 0.99 9.9 142.4  3.55 246 10.25
144 160 320 2 40.1 2.4 230 0.99 10.0 1404 350 23.9 9.96
145 160 320 2 40.1 2.4 230 1.32 10.0 166.3 4.15 270 11.25
146 160 320 2 52.0 25 230 0.33 9.3 82.6 1.59 8.3 3.32
Berthet et al. (2005)
147 160 320 2 52.0 25 230 0.33 8.7 82.8 1.59 7.0 2.80
148 160 320 2 52.0 25 230 0.33 8.9 82.3 1.58 7.7 3.08
149 160 320 2 52.0 25 230 0.66 6.7 108.1  2.08 114 456
150 160 320 2 52.0 25 230 0.66 8.7 1120 215 11.2 4.48
151 160 320 2 52.0 25 230 0.66 8.8 1079 2.08 11.2 4.48
152 70 140 2 112.6 31 230 0.33 71 1411 1.25 45 1.45
153 70 140 2 112.6 31 230 0.33 7.4 1431 1.27 49 1.58
154 70 140 2 112.6 31 230 0.82 75 1895 1.68 7.2 2.32
155 70 140 2 112.6 31 230 0.82 7.3 1879  1.67 7.0 2.26
156 70 140 2 169.7 3.4 230 0.33 4.6 186.4 1.10 6.7 1.97
157 70 140 2 169.7 3.4 230 0.99 8.0 296.4 175 10.2 3.00
158 . 150 300 2 28.0 2.2 221 0.17 153 553 1.98 9.0 4.09
Modarelli et al. (2005)
159 150 300 2 38.0 23 221 0.17 13.2 62.7 1.65 4.8 2.09
160 152 305 2 41.1 24 250 0.17 8.1 52.6 1.28 9.0 3.75
161 152 305 2 41.1 24 250 0.17 108  57.0 1.39 12.1 5.04
162 152 305 2 41.1 24 250 0.17 10.7 55.4 1.35 111 4.63
163 152 305 2 41.1 24 250 0.17 13.2 60.2 1.46 134 558
164 152 305 2 41.1 2.4 250 0.17 103  56.8 1.38 11.7 4.88
165 152 305 2 41.1 24 250 0.17 11.3 56.5 1.37 12.0 5.00
Lam et al. (2006)
166 152 305 2 38.9 2.3 250 0.33 106 76.8 1.97 19.1 8.30
167 152 305 2 38.9 2.3 250 0.33 11.3 79.1 2.03 208 9.04
168 152 305 2 38.9 2.3 250 0.33 7.9 65.8 1.69 125 543
169 152 305 2 38.9 2.3 250 0.33 12.2 81.5 2.10 244 10.61
170 152 305 2 38.9 2.3 250 0.33 108  78.2 2.01 18.9 8.22
171 152 305 2 38.9 2.3 250 0.33 12.2 85.6 2.20 234 1017
172 152 305 2 38.0 2.3 241 0.68 9.8 110.1 290 255  11.09
173 152 305 2 38.0 2.3 241 0.68 9.7 1074  2.83 26.1 1135
174 152 305 2 38.0 2.3 241 1.02 8.9 129.0 3.39 279 1213
175 152 305 2 38.0 2.3 241 1.02 9.3 135.7  3.57 308 13.39
176 Jiang and Teng (2007) 152 305 2 38.0 2.3 241 1.36 8.7 161.3 424 370 16.09
177 152 305 2 38.0 2.3 241 1.36 8.8 1585 4.17 354 15.39
178 152 305 2 37.7 2.3 260 0.11 9.4 48.5 1.29 9.0 391
179 152 305 2 37.7 23 260 0.11 109  50.3 1.33 9.1 3.96
180 152 305 2 44.2 2.4 260 0.11 7.3 48.1 1.09 6.9 2.88
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Table 1 Continued
N°  Authors and years H fe Soo Erp o ohmp o fulfo —2— oo
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
181 152 305 2 44.2 24 260 0.11 9.7 51.1 1.16 8.9 3.71
182 152 305 2 44.2 2.4 260 0.22 11.8 65.7 1.49 130 542
183 152 305 2 44.2 2.4 260 0.22 9.4 62.9 1.42 103 4.29
Jiang and Teng (2007)

184 152 305 2 47.6 2.5 260 0.33 9.0 82.7 1.74 130 5.20
185 152 305 2 47.6 2.5 260 0.33 11.3 85.5 1.80 194 776
186 152 305 2 47.6 2.5 260 0.33 106 855 1.80 18.2 7.28
187 150 300 2 61.6 1.8 234 0.17 1.8 80.5 1.31 2.7 15

188 Valdmanis et al. (2007) 150 300 2 61.6 1.8 234 0.34 1.6 95.3 1.54 3.2 1.78
189 150 300 2 61.6 1.8 234 0.51 3.2 104.9 1.70 3.6 2.00
190 150 300 2 30.9 2.2 219 0.17 111 55.8 181 25.0 11.36
191 Wang and Wu (2008) 150 300 2 52.1 25 219 0.17 111 67.9 1.30 336 1344
192 150 300 2 52.1 2.5 197 0.33 14.4 99.3 191 20.0 8.00
193 152 305 2 48.1 25 85 1.00 105 80.9 1.68 15.1 6.04
194 152 305 2 48.1 2.5 85 1.00 11.2 86.6 1.80 15.3 6.12
195 152 305 2 48.1 2.5 85 2.00 9.7 1094  2.27 20.1 8.04
196 152 305 2 48.1 2.5 85 2.00 12.2 126.7  2.63 266 10.64
197 152 305 2 48.1 2.5 85 3.00 11.6 162.7 3.38 30.9 12.36
198 152 305 2 48.1 2.5 85 3.00 104 1536 3.19 28.9 11.56
199 152 305 2 48.1 2.5 85 1.00 105 84.2 1.75 155 6.2

200 152 305 2 48.1 2.5 85 1.00 12.2 87.9 1.83 16.9 6.76
201 152 305 2 48.1 2.5 85 2.00 106 1233 256 23.7 9.48
202 152 305 2 48.1 25 85 2.00 8.9 108.2 2.25 19.3 7.72
203 152 305 2 48.1 2.5 85 3.00 109 1565 3.25 313 1252
204 152 305 2 48.1 25 85 3.00 114 157.0 3.26 28.4 11.36
205 152 305 2 79.9 2.8 85 1.00 11.0 90.9 1.14 5.3 1.89
206 152 305 2 79.9 2.8 85 1.00 9.2 1053  1.32 7.4 2.64
207 152 305 2 79.9 2.8 85 2.00 9.9 1421 1.78 11.3 4.04
208 . . 152 305 2 79.9 2.8 85 2.00 11.0 1408 1.76 9.7 3.46

Cui and Sheikh (2010)

209 152 305 2 79.9 2.8 85 3.00 9.8 1729 2.16 148 529
210 152 305 2 79.9 2.8 85 3.00 111 1818 2.28 14.7 5.25
211 152 305 2 110.6 3.0 85 1.00 103 107.3  0.97 5.2 1.73
212 152 305 2 110.6 3.0 85 1.00 8.6 116.6 1.05 55 1.83
213 152 305 2 110.6 3.0 85 3.00 8.7 1984 1.79 8.4 2.80
214 152 305 2 110.6 3.0 85 3.00 7.5 182.3 1.65 7.3 2.43
215 152 305 2 45.6 2.4 241 0.11 16.8 57.7 1.27 12.1 5.04
216 152 305 2 45.6 2.4 241 0.11 16.0 55.4 121 13.1 5.46
217 152 305 2 45.6 2.4 241 0.22 16.2 78.0 171 19.7 8.21
218 152 305 2 45.6 24 241 0.22 18.0 86.8 1.90 214 8.92
219 152 305 2 45.6 24 241 0.33 179 1065 234 29.0 12.08
220 152 305 2 45.6 24 241 0.33 18.0 106.0 2.32 28.3 11.79
221 152 305 2 45.6 24 241 0.11 15.7 56.3 1.23 12.3 5.13
222 152 305 2 45.6 24 241 0.11 15.8 58.8 1.29 11.9 4.96
223 152 305 2 45.6 24 241 0.22 10.3 81.9 1.80 18.7 7.79
224 152 305 2 45.6 24 241 0.22 114 82.8 1.82 21.7 9.04
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N°  Authors and years H fe Soo Erp o enp o T
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
225 152 305 2 45.6 24 241 0.33 115 1073 235 286 11.92
226 152 305 2 45.6 24 241 0.33 115 1086 2.38 27.8 1158
227 152 305 2 85.6 2.9 241 0.11 8.2 64.4 0.75 4.4 152
228 152 305 2 85.6 2.9 241 0.11 7.6 66.6 0.78 4.4 152
229 152 305 2 85.6 2.9 241 0.22 74 78.9 0.92 5.6 193
230 152 305 2 85.6 2.9 241 0.22 7.6 86.1 1.01 5.8 2.00
231 152 305 2 85.6 2.9 241 0.44 8.9 1254  1.46 10.0 3.45
232 152 305 2 85.6 2.9 241 0.44 9.2 1265 148 9.9 341
233 152 305 2 111.8 3.0 241 0.22 9.4 1011 0.90 3.2 1.07
234 152 305 2 111.8 3.0 241 0.22 8.3 94.3 0.84 4.8 1.60
235 152 305 2 111.8 3.0 241 0.56 7.5 1521 1.36 5.0 1.67
236 152 305 2 111.8 3.0 241 0.56 6.0 1453 1.30 5.8 193
237 152 305 2 45.7 24 438 0.16 7.9 67.5 1.48 11.1 4.63
238 152 305 2 45.7 24 438 0.16 1.7 64.1 1.40 10.3 4.29
239 152 305 2 45.7 24 438 0.33 6.4 84.2 1.84 13.3 5.54
240 152 305 2 45.7 24 438 0.33 6.3 83.1 1.82 12.3 5.13
241 . . 152 305 2 45.7 24 438 0.49 6.0 99.7 2.18 15.6 6.50
Cui and Sheikh (2010)
242 152 305 2 45.7 24 438 0.49 5.5 94.9 2.08 14.3 5.96
243 152 305 2 45.7 24 438 0.16 7.2 65.8 1.44 9.7 4.04
244 152 305 2 45.7 24 438 0.16 1.7 65.9 1.44 10.3 4.29
245 152 305 2 45.7 24 438 0.33 6.9 88.1 1.93 142 592
246 152 305 2 45.7 24 438 0.33 6.1 82.0 1.79 123 513
247 152 305 2 45.7 24 438 0.65 3.6 103.2  2.26 153  6.38
248 152 305 2 45.7 24 438 0.65 4.4 1056 231 18.6 7.75
249 152 305 2 85.7 2.9 438 0.16 3.0 91.5 1.07 4.2 1.45
250 152 305 2 85.7 2.9 438 0.16 4.2 94.5 1.10 5.4 1.86
251 152 305 2 85.7 2.9 438 0.33 4.4 117.7 1.37 7.1 2.45
252 152 305 2 85.7 2.9 438 0.33 4.1 1175 137 55 1.90
253 152 305 2 85.7 2.9 438 0.65 3.8 161.6  1.89 102 352
254 152 305 2 85.7 2.9 438 0.65 3.8 162.6  1.90 9.5 3.28
255 152 305 2 111.8 3.0 438 0.33 2.2 1391 124 3.2 1.07
256 152 305 2 111.8 3.0 438 0.33 1.7 1233 110 3.1 1.03
257 152 305 2 111.8 3.0 438 0.82 24 176.4 158 4.9 1.63
258 152 305 2 111.8 3.0 438 0.82 21 1725 154 5.0 1.67
259 152 305 2 70.8 3.2 2378 034 11.0 1042 1.47 10.7 3.34
260 152 305 2 70.8 3.2 2378 034 121 1103 1.56 14.3 4.37
261 152 305 2 70.8 32 2378 1.02 10.0 1805 255 216 6.75
262 152 305 2 70.8 3.2 2378 1.02 9.0 197.7 279 23.3 7.28
263 152 305 2 70.8 3.2 237.8 1.7 6.7 1915 270 22.8 7.12
264 . 152 305 2 70.8 3.2 237.8 1.7 5.2 1624  2.29 13.9 4.34
Xiao et al. (2010)
265 152 305 2 111.6 34 2378 0.68 5.7 1412 1.26 9.7 2.85
266 152 305 2 111.6 34 2378 0.68 5.8 1340 1.20 7.5 221
267 152 305 2 111.6 34 2378 1.02 5.2 1704 153 9.8 2.88
268 152 305 2 111.6 34 2378 1.02 6.0 176.6  1.58 11.2 3.29
269 160 320 2 49.46 1.7 34 1.00 2.9 52.75 1.066 25 1.49
270 160 320 2 49.46 1.7 34 3.00 13.2 829 1.676 7.3 4.3
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Table 1 Continued
N° Authors and years H fe Soo Erp tr . up fe feulfeo . €cul€co
(mm)  (mm) (Mpa) (%) (GPa) (mm) (%) (MPa) (%o)
271 160 320 2 61.8 2.8 34 1.00 25 62.68 1.01 3.3 1.15
272 160 320 2 61.8 2.8 34 3.00 12.9 93.2 1.51 105 3.71
273 . 150 300 2 20.6 2.0 242 0.17 141 504 245 19.7 9.85
Xiao et al. (2010)
274 150 300 2 20.6 2.0 242 0.17 156  53.0 2.57 21.4 10.7
275 150 300 2 20.6 2.0 242 0.17 143 532 2.58 227 11.35
276 150 300 2 20.6 2.0 242 0.33 184 837  4.06 38.6 19.3
277 150 300 2 20.6 2.0 242 0.33 186 866 420 402 20.1
278 150 300 2 20.6 2.0 242 0.33 226 888 431 29.7 14.85
279 150 300 2 20.6 2.0 242 0.50 179 1102 535 482 24.1
280 150 300 2 20.6 2.0 242 0.50 13.7 108.1 5.25 48.6 24.3
281 150 300 2 20.6 2.0 242 0.50 17.3 110.0 534 41.3  20.65
282 150 300 2 20.6 2.0 242 0.67 19.2 127.7  6.20 549 2745
283 150 300 2 20.6 2.0 242 0.67 185 1325 6.43 55.2 27.6
284 150 300 2 20.6 2.0 242 0.67 171 1406 6.83 52.0 26.00
285 150 300 2 24.8 2.1 242 0.17 18.1 61.7 2.49 22.1 10.52
286 150 300 2 24.8 2.1 242 0.17 15.6 56.7 2.29 20.2 9.62
287 150 300 2 24.8 2.1 242 0.17 20.4 56.9 2.29 21.3 10.14
288 150 300 2 24.8 2.1 242 0.33 18.7 87.2 3.52 345 1643
289 150 300 2 24.8 2.1 242 0.33 17.1 87.8 3.54 36.1 17.19
290 150 300 2 24.8 2.1 242 0.33 165 883 356 352 16.76
291 150 300 2 24.8 21 242 0.50 17.3 1186 4.78 40.8 1943
292 150 300 2 24.8 21 242 0.50 175 1147  4.63 436  20.76
293 . 150 300 2 24.8 21 242 0.50 20.0 1146  4.62 41.9 19.95
Wu and Jiang (2013)
294 150 300 2 24.8 21 242 0.67 13.6 1338 5.40 509 24.24
295 150 300 2 24.8 21 242 0.67 144 1350 544 495 2357
296 150 300 2 24.8 21 242 0.67 151 1391 561 49.6  23.62
297 150 300 2 36.7 2.3 242 0.17 15.2 61.9 1.69 15.8 6.87
298 150 300 2 36.7 2.3 242 0.17 19.1 716 1.95 20.2 8.78
299 150 300 2 36.7 23 242 0.17 16.0 655 1.78 16.3 7.09
300 150 300 2 36.7 2.3 242 0.33 16.0 924 252 272  11.83
301 150 300 2 36.7 23 242 0.33 16.8 976 2.66 279 1213
302 150 300 2 36.7 23 242 0.33 171 957 2.61 29.0 1261
303 150 300 2 36.7 23 242 0.50 152 1212 330 252 10.96
304 150 300 2 36.7 2.3 242 0.50 154 1286 3.50 33.7 14.65
305 150 300 2 36.7 2.3 242 0.50 17.0 1165  3.17 325 1413
306 150 300 2 36.7 2.3 242 0.67 16.2 1418 3.86 34.9 15.17
307 150 300 2 36.7 2.3 242 0.50 15.2 1212 3.30 25.2 10.96
308 150 300 2 36.7 2.3 242 0.50 154 1286 3.50 33.7 14.65
309 150 300 2 36.7 2.3 242 0.50 17.0 1165  3.17 325 1413
310 150 300 2 36.7 2.3 242 0.67 16.2 1418 3.86 349 1517
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Fig. 3 Performance of Ilki et al. (2004) model

3.2 Lam and Teng (2003) model

The strength and strain models, given by Egs. (3)-(4)
were developed for confined concrete with carbon fiber
reinforced polymer (CFRP) laminates based on 76
experimental results.

h:]__;_ 3_3L (3)

co co

f P 0.45
?u = [1.75 + 553[%}(%} J (4)

The strength model predicts the strength ration (f../f.,)
as a linear function of the confinement ratio (f, /f,,). Using
the database with 310 data points, the performance of this
model is shown in Fig. 2(a) with R?> = 0.90 and RMSE =
0.34. The indices show that the performance of the strength
model is good.

The performance of the strain model is shown in Fig.
2(b) with R = 0.79 and RMSE = 2.762. The indices and
figure demonstrate that the model underestimates &, of the
most of data points, its performance is relatively good.

3.3 llki et al. (2004) model

The model was developed for confined concrete with

CFRP laminates. The model predicts the strength (fg,
[fy).and strain (eq/e,) ratio as a power function of the
confinement ratio (f; /f,). The expressions of the strength
and strain models proposed are given as follow.

f £, )"

=1 2.4(f—'J ®)
f 0,5

% =1+ 2o(f—'j (6)

Using the database, the performance of the strength
model, given by Eq. (5) is shown in Fig. 3(a) with R* = 0.87
and RMSE = 0.459. The figure demonstrates that major
data points are located under the diagonal (45-degree line).
Moreover, the R2index shows that this model presents a
good correlation with the database (n = 310). In the same
way, the RMSE index confirms the performance of this
model.

The performance of the strain model, expressed in Eq.
(6) is shown in Fig. 3(b). The figure shows that the data
points of the strain ratio (e./e,o) are located over the
diagonal (45-degree line), with R* = 0.28. The R? index
shows that this model presents a very weak correlation with
the database (n = 310). The RMSE = 5.153 confirms the
very weak performance of this model.
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Fig. 4 Performance of Jian and Teng (2007) model

3.4 Jiang and Teng (2007) model

The modeles, given by Egs. (6)-(8), were developed by
Jiang and Teng (2007), for confined concrete with CFRP.
The models predict the strength (f../fe,) and strain (equ/eco)
ratio as a linear function of the confinement ratio (fi/f.).
Using the database, the performance of the strength model
is shown in Fig. 4(a) with R? = 0.90 and RMSE = 0.37. The
indices show a good performance and similar to the model
of Lam and Teng (2003).

The performance of the strain model is shown in Fig.
4(b) with R* = 0.79 and RMSE = 2.559. The indices show
that the model presents a relatively good performance, and
similar to the model of Lam and Teng (2003).

fo= fco(1+ 35{:—']} (7
fI
Eu = SC{Z +17.5[f—j} (8)

3.5 Youssef et al. (2007) model

The strength and strain Models developed by Youssef et
al. (2007) are expressed in Egs. (9)-(10), respectively. The
strength model proposed has a power form. Using the
database, the performance of this model is shown in Fig.
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5(a) with R> = 0.87 and RMSE = 0.589. The figure
demonstrates that this model underestimates the f., of the
most of data points. The indices show that the model
presents a relatively similar performance to the models
developed by llki et al. (2004) and Lam and Teng (2003).

The performance of the strain model developed by
Youssef et al. (2007), given in Eq. (10) is shown in the Fig.
5(b) with R* = 0.78 and RMSE = 2.926. The visual
evaluation shows that the proposed model presents a
performance relatively good and similar to the model
proposed by Lam and Teng (2003), although the major data
points are located under the diagonal.

f f 1,25
<=1t 2.25(f—'J 9)

co co

f f 0,5
&, =0.003368+0.2590, — | 2 (10)
cu f E

co prf

3.6 Teng et al. (2009) model

The strength and strain models proposed by Teng et al.
(2009) are expressed in Egs. (11)-(12), respectively. The
models were developed for confined concrete with CFRP.
These models were the first to have separate parameters for
the confinement stiffness (px), and the CFRP strain capacity
(p.)- The strength model developed has a linear form. Using
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Fig. 5 Performance of Youssef et al. (2007) model
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the database, the performance of this model is shown in Fig.
6(a) with R? = 0.85 and RMSE = 0.592. The figure shows
that the most of the data points are located under the
diagonal. Consequently, it was noted that its performance is
not better than the models of Lam and Teng (2003) and
Jiang and Teng (2007). For the strain model, the
performance with R? = 0.79 and RMSE = 3.291 is shown in
Fig. 6(b). This figure demonstrates that the data points take
a similar position as the strength model. The performance
indices show that the model presents a weak performance
compared to the models developed by Lam and Teng
(2003), Jiang and Teng (2007) and Youssef et al. (2007).

f, = f,1+35(p, —0.001)p,)..,0, >0.01 (11)
£oy = £, (1754 6,508 p1%) (12)

Where pg represents the stiffness ratio of the CFRP
relative to that of the concrete core and p, is a measure of
the strain capacity of the CFRP.

3.7 Benzaid et al. (2010) model

The strength and strain models proposed by Benzaid et
al. (2010) are expressed in Egs. (13)-(14), respectively. The
models were developed for circular concrete columns
confined with CFRP laminates based on their experimental
results. The models have a simple linear form. The
expressions of these models are as follows

fo, = fco[l+l.6{ff—'D (13)
f
Eeu = 500(24- 5.55(]:—}} (14)

Using the database the performance of the strength
model is shown in Fig. 7(a) with R* = 0.73 and RMSE =
0.771. The RMSE index and visual evaluation demonstrate
that the model underestimates &, of the most of data points.
Consequently, its performance is not better than the
previous models. For the strain model, the Fig. 7(b) presents
its performance with R? = 0.51 and RMSE = 4.767. While,
the figure demonstrates that the data points form an angle of
20 degree. The performance indices show that the model
presents a weak performance compared to the previous
models except the model of Ilki et al. (2004).

3.8 Fahmy and Wu (2010) model

The strength and strain models of Fahmy and Wu (2010)
are given as follows

foo = foo + K.
k,=4.5f.%si f, <40MPa (15)

k,=3.75f;°%si f_>40MPa

gcu — cu co (16)

The strength model proposed has a power form. It has
two expressions for the confined concrete with various
unconfined  compressive  strength  concrete.  The
performance of the model is shown in Fig. 8(a) with R? =
0.59 and RMSE = 0.738. The indices show that the
proposed model presents a very weak performance
compared to all the models studies, although it largely
underestimates the f., of the most of data points. For the
strain model, the performance of this model is shown in Fig.
8(b) with R* = 0.61 and RMSE = 3.947. The performance
indices show that the proposed model overestimates the &,
of the most of data points. Consequently, its performance is
very weak compared to the strain models developed by Lam
and Teng (2003), Jiang and Teng (2007), Youssef et al.
(2007) and Teng et al. (2009), nevertheless, the model
presents a good performance compared to the models of
Benzaid et al. (2010) and Ilki et al. (2004).

3.9 Ozbakkaloglu and Lim (2013) model

Ozbakkaloglu and Lim (2013) develop a strength and
strain models for confined concrete with FRP. The models
have a linear and simple form. The expressions of these
models are given as follows

fou = fco(l+ 3.64[:—']} (17)
fi
Eou = gco[Z +17.4J[f—D (18)

Using the database, the performance of the strength
model, given in Eq. (17) is shown in Fig. 9(a) with R? =
0.90 and RMSE = 0.412. The figure demonstrates that there
is a good adjustment between the strength values predict
and experimental results. In addition, the performance
indices show that this model presents a very good
performance compared to all the strength models studied
except the strength models developed by Lam and Teng
(2003) and Jiang and Teng (2007) and Youssef et al. (2007)
which have the minimum RMSE compared to other models.
Nevertheless, this model overestimates f., of the most of
data points. For the performance of the strain model, the
Fig. 9(b) presents R* = 0.79 and RMSE = 2.676, which
shows that the model proposed overestimate &, of the most
of data points. The indices show that the model presents a
good performance compared to the other models.
Nevertheless, it was noted that it has a similar performance
with the strain models proposed by Lam and Teng (2003)
and Jiang and Teng (2007). In the context, the uniform
distribution of the data points confirms this conclusion.

4. Empirical modeling

The empirical model proposed in this section. In
particular, models for calculating the strength and strain
coordinates which correspond to experimental database are
provided.
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4.1 Lateral confinement pressure

The lateral confinement pressure is produced in
confined concrete when the member is loaded such that the
concrete starts to dilate and expands laterally. The value of
such pressure depends on the geometry of the confined
member and the amount and mechanical properties of
confinement materials provided (see Fig. 10) Berradia and
Kassoul (2017).

According to ACI 440 (2008), the lateral confinement
pressure (f;) resulting from the external CFRP laminates for
circular sections is given by the following expression

2.f .t
f, :% (19)

Where tg, is the thickness of the CFRP laminates, ffy, is
the tensile strength of CFRP and D is diameter of the
specimen.

4.2 Ultimate strength model proposed

The axial ultimate strength f., is very important
parameter on the stress-strain model as it considers the
lateral confinement pressure effect. For the circular concrete
columns confined by CFRP, the axial ultimate strength is
largely higher than the unconfined concrete strength f.,. The
relationship between the axial ultimate strength of confined
circular concrete by CFRP and the parameters that affect it
will be considered as a strength model. Currently, many
researchers have formulated the ratio (f./f,o) and (fi/f) as a
linear function. In the same way, the statistical analysis of
existing models presented in section 3 shows that the
models with a linear form have a good performance
compared to the others. According to Lam and Teng,
(2003), Jiang and Teng (2007), Benzaid et al. (2010) and
Ozbakkaloglu and Lim (2013), the expression of the
ultimate compressive strength is generally given as follows

S =1+k — (20)

Where k; is the confinement effectiveness coefficient; f,
is the lateral confinement pressure provided by CFRP
laminates applied to the concrete core and f is the
compressive strength of unconfined concrete.
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Fig. 11 Comparison between the experimental and proposed
ultimate strength

For the development of a new ultimate strength model
(f) for confined concrete cylinders with CFRP laminates,
we uses an analysis of regression on 310 experimental data
base represented in Table 1. The principle of this analysis is
to have a good correlation between the theoretical and
experimental values, i.e., the coefficient of determination R?
must be close to 1, and minimizing the RMSE index, i.e.
tends towards 0. For this technique of analysis, we use the
program Microsoft Office Excel. The advantages of the
general regression analysis which is used in the current
study are that the form of model can be selected and the
number of parameters is unlimited. Another new aspect of
the study is using the large experimental database with all
required parameters in the general regression analysis. The
confinement effectiveness coefficient k; is calibrated from
the regression analysis of the experimental data of 310
specimens illustrated in Table 1.

The proposed expression for the ultimate strength (f.,) is
expressed as follows

To g3 00 (1)

co co

The Fig. 11 shows a comparison between the
experimental and proposed ultimate strength. According to
this Figure, we observe that the expression proposed in Eq.
(21) presents a good linear correlation with the data of 310
experimental results, where R” = 0.90 and RMSE= 0.33.

4.3 Ultimate strain model proposed

The second important parameter of the confinement
model by CFRP is the ultimate strain (gy). Currently,
several researchers formulated the ratio (eq/eco) according
to (fi/fo) like a linear function, where the statistical analysis
in the section 3 shows their relevance. According to Lam
and Tang (2003), Jiang and Teng (2007), Benzaid et al.
(2010), Ozbakkaloglu and Lim (2013), this relation is given
by

£ f

=24k, (22)

gCO fCO

Where ¢ is the axial strain in unconfined concrete
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Fig. 12 Comparison between the experimental and proposed
ultimate strain

corresponding to fs, and k; is the confinement effectiveness
coefficient.

From the mathematical regression of the 310
experimental database presented in Table 1, k, of a new
ultimate strain model (e,) for concrete cylinders confined
by CFRP is calibrated from the regression analysis of the
experimental data of 310 specimens illustrated in Table 1,
which takes account of the rupture strain of CFRP laminates
in hoop direction (en rp). The new expression of the
ultimate strain model (e,) proposed is given as follows

f £ 0.13
fu_p +11.5[—'J(—“”“" J (23)
gCO fCO gCO

The Fig. 12 illustrates a comparison between the
experimental and proposed ultimate strain. This figure
shows well that the expression proposed in Eg. (23)
presents a relatively good linear correlation with the 310
experimental database, with R? = 0.80 and RMSE = 2.05

5. Performance of proposed models

This part presents the performance of the new
expressions of ultimate strength given by Eq. (18) and of
ultimate strain given by Eq. (20), for the confined concrete

Strength model proposed
Ozbakkaloglu and Lim (2013)

(=]
©

Fahmyand Wu (2010)
Benzaid et al. (2010)
Teng et al. (2009) 0,85

Jiang and Teng (2007)

.|
© o
e

Youssef et al. (2007)

IIki et al. (2004)

Lam and Teng (2003)

o

(a) R?

0,2 04 0,6 0,8 1

with external CFRP laminates. This performance was
analyzed using a statistical analysis with 310 experimental
database illustrated in Table 1. In this context, the
coefficient R?* and the indicator RMSE are used as
indicators of the model performance.

5.1 Ultimate strength of proposed model

The Fig. 13 illustrates a comparison between the two
performance indices of the strength model proposed, and
the existing models studied in Section 3, namely: Lam and
Teng (2003), Ilki et al. (2004), Youssef et al. (2007), Jiang
and Teng (2007), Teng et al.(2009), Benzaid et al. (2010),
Fahmy and Wu. (2010) and Ozbakkaloglu and Lim (2013).
The histogram of the Fig. 13(a) shows that the ultimate
strength model proposed presents a better correlation with
R? = 0.90 compared to the models of Teng et al. (2009),
Benzaid et al. (2010) and Fahmy and Wu. (2010), but it
presents an identical correlation to the models of Lam and
Teng (2003), Jiang and Teng (2007), Ozbakkaloglu and Lim
(2013), Ilki et al.(2004) and Youssef et al. (2007),.
Moreover, the histogram of the Fig. 13(b) shows clearly that
the index RMSE = 0.33. So far, This model presents the
minimum RMSE compared to the models developed by llki
et al. (2004), Jiang and Teng (2007), Teng et al. (2009),
Benzaid et al. (2010), Fahmy and Wu (2010) and
Ozbakkaloglu and Lim (2013). But it presents a relatively
similar RMSE values compared to the models of Lam and
Teng (2003) and Youssef et al. (2007). Consequently, the
strength model proposed presents a relatively similar
performance compared to the models Lam and Teng (2003)
and Youssef et al. (2007). Nevertheless, it presents a good
performance compared to the others.

5.2 Ultimate strain of proposed model

The Fig. 14 presents a comparison between the two
performance indices of the new strain model proposed and
the existing models studied in Section 3, Lam and Teng
(2003), Ilki et al. (2004), Youssef et al. (2007), Jiang and
Teng (2007), Teng et al.(2009), Benzaid et al. (2010),
Fahmy and Wu (2010) and Ozbakkaloglu and Lim (2013).
The histogram of the Fig 14(a) shows that the proposed
model presents a better correlation with R? = 0.80 compared

Strength model proposed

Ozbakkaloglu and Lim (2013)

Fahmyand Wu (2010)

Benzaid et al. (2010)

Tenget al. (2009)

Jiang and Teng (2007)
Youssef et al. (2007)
Ilki et al. (2004)

Lamand Teng (2003)

o

0,2 0,4 0,6 0,8 1
(b) RMSE

Fig. 13 Performance of the ultimate strength of proposed model
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Strain model proposed

Ozbakkaloglu and Lim (2013)

Fahmyand Wu (2010)

Benzaid et al. (2010)

Teng et al. (2009)

Jiang and Teng (2007)

Youssef et al. (2007)

Ilki et al. (2004)

Lam and Teng (2003)

o

0,2 0,4
(@) R?
Fig. 14 Performance of the ultimate strain of proposed model

to the models developed by llki et al. (2004), Benzaid et al.
(2010) and Fahmy and Wu (2010), but it presents a similar
correlation compared to the models of Lam and Teng
(2003), Youssef et al. (2007), Jiang and Teng (2007), Teng
et al. (2009) and Ozbakkaloglu and Lim (2013). In the
context, the Fig. 14(b) shows that the proposed model
presents the minimum RMSE with RMSE = 2.05 compared
to other models. Consequently, the proposed stain model
presents a relatively good performance compared to the
existing models studied in this work.

6. Conclusions

This paper presented the results of an investigation on
the axial compressive behavior of CFRP-confined concrete
cylinders. A large experimental test database that consisted
of 310 test results of CFRP-confined concrete cylinders has
been presented in this paper. Using this experimental
database, the performance of existing confinement models
for the ultimate conditions of CFRP-confined concrete
cylinders under uniaxial compression loadings was studied.
New empirical models for the ultimate axial compressive
strength f., and the ultimate axial strain &y, which were
developed on the basis of a general regression analysis and
the experimental database, were presented in the section 4
of this paper. These models are applicable to the unconfined
concrete compressive strengths f,, comprise between 19.7
and 169.7 MPa, specimens with height-to-diameter (H/D)
ratio equal to two and incorporates the important factors
identified from close examination of the results reported in
the database. The performance of the two proposed models
was compared to the existing models using the experimental
database. The proposed models showed significantly better
statistical performance than all existing models studied
except the models of Lam and Teng (2003) and Youssef at
al. (2007) which have statistical indices R?> and RMSE
values relatively similar to the proposed models.
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