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Abstract: 4

Even though the usage of Fiber-reinforced polymer (FRP) full confinement arrangement is a more reliable 5

and efficient strengthening technique than a partially confining strategy, it might not be cost-effective in 6

real cases of strengthening. Experimental researches have demonstrated that confinement strengthening 7

strategy is more effective for the case of circular columns compared to its application on square columns. 8

This paper is dedicated to introducing a new unified model for determining the concrete confinement 9

characteristics of FRP fully/partially confined circular/square concrete columns subjected to axial 10

compressive loading. Through unification, the variations of the key parameters can be evaluated more-11

widely based on a unified mathematical framework. Consequently, it leads to the continuity in the 12

predictions of FRP confinement-induced improvements for the different types of columns, contrary to those 13

obtained from models only applicable to a specified cross-section or confining system. The substantial 14

influence of non-homogenous concrete expansion distribution at the horizontal and vertical directions is 15

taken into account in the determination of confinement pressure, besides arching action, by following the 16

concept of confinement efficiency factor. Since the confinement-induced improvement is a function of its 17

confining stress path, a new methodology is proposed to predict global axial stress-strain relation of FRP 18

confined concrete columns considering confinement path effect, based on an extensive set of experimental 19

results including 418 test specimens. The predictive performance of the developed model is assessed by 20

simulating experimental tests reported in the literature.  21

Keywords: FRP confined concrete; Full confinement; Partial confinement; Square section; Unified model 22
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Notations 

Aeff Area of effective confinement zone N Total number of the fitted points 

Ag Total area of square cross-section columns n Concrete brittleness 

Atot Area of square cross-section nf FRP layer number 

b Section dimension ptot Perimeter of square cross-section 

D Diameter of circular column R1 Non-dimensional calibration coefficient 

Deq Equivalent circular cross-section R2 Non-dimensional calibration coefficient 

Deq,c Equivalent circular core Rb Non-dimensional parameter as 2 r / b 

Ec Concrete modulus elasticity Rf Non-dimensional parameter as sf / Deq 

Ef FRP modulus elasticity r Corner radius 

fc Axial stress corresponding to εc sf Distance between FRP strips 

fc0 Peak compressive stress of unconfined concrete tf
 FRP thickness 

fcc
 Peak axial stress of FFSC/FPSC L Column height 

ff
 
 (z) FRP confining stress Ld Damage zone length of FRP confined concrete 

ff
* Uniform FRP confining stress Ld0 Damage zone length of unconfined concrete 

fl,eff Effective confinement pressure VFRP Volume of FRP jacket 

fl,f
  I Highest FRP confinement pressure Vcon Volume of concrete 

fl,f
  II Moderate FRP confinement pressure wf FRP width 

fl,f
  III Lowest FRP confinement pressure αεc Ratio of vs and vs,max 

fl,f
  FFSC FRP confinement pressure for FFSC εc Axial strain corresponding to fc 

fl,f
  FPSC Uniform FRP confinement pressure for FPSC εc0 Axial strain corresponding to fc0 

fl,f
* FFSC Uniform FRP confinement pressure for FFSC εc,m

 Axial strain corresponding to vs,max
 

fl,f
* FPSC Uniform FRP confinement pressure for FPSC εcc Axial strain corresponding to fcc 

fl,i Confinement pressure at strip mid-plane εh (z) Hoop strain 

fl,j Confinement pressure at the critical section εh,c Hoop strain at the corners 

h Longer side of section εh,m hoop strain at the middle of the flat side 

If Confinement stiffness index εh,max Maximum FRP hoop strain 

If
* Confinement stiffness index leading to vs,max = 0.5 εh,min Minimum FRP hoop strain 

Ke Confinement efficiency factor εl (z) Concrete lateral strain 

kff
  FFSC Reduction factor kff  for FFSC εl,i Concrete expansion at the mid-plane of FRP strips 

kff
  FPSC Reduction factor kff  for FPSC εl,j Lateral concrete expansion at the critical section 

kh,f Reduction factor εV Volumetric strain 

kh,eff Reduction factor ρf FRP volumetric ratio 

kv,f Reduction factor ρf,eq Equivalent FRP volumetric ratio 

kε  FFSC Reduction factor for FFSC ρK,f FRP confinement stiffness index 

kε  FPSC Reduction factor for FPSC vs Secant Poisson’s ratio 

kεh Reduction factor vs,0 Initial Poisson’s ratio of unconfined concrete 

kε,min Minimum value of kε  FFSC vs,max Maximum Poisson’s ratio at the critical section 
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1- Introduction 26

The strengthening of reinforced concrete (RC) columns by applying externally bonded fiber-27

reinforced polymer (FRP) is a well-established concept, that experimental research has 28

demonstrated to be capable of increasing remarkably the axial compressive strength of these 29

structural members, as well as their deformability without significant loss of load-carrying 30

capacity. Campione et al. [1] examined experimentally the efficiency of a confinement strategy 31

for improving the axial behavior of FRP fully confined circular concrete elements (FFCC as shown 32

in Fig. 1). It was demonstrated that the effectiveness of this technique noticeably depends on FRP 33

reinforcement ratio and, subsequently, FRP thickness and number of layers. Eid et al. [2] 34

highlighted that the improvement in the axial strength and strain capacity is more pronounced in 35

the case of FFCC with normal-strength concrete, compared to high-strength concrete.  36

Zeng et al. [3] conducted an experimental study to examine axial and dilation behavior of FRP 37

partially confined circular concrete elements (FPCC as shown in Fig. 1) with various confinement 38

configurations. It was verified that the clear distance between FRP strips ( fs ) plays a key role in 39

the establishment of axial and dilation responses, which was also experimentally confirmed by 40

Barros and Ferreira [4] and Guo et al. [5]. 41

It is well-established that in case of non-circular columns, the efficiency of confinement strategy 42

is much smaller compared to circular columns, being this loss of effectiveness dependent on the 43

corner radius, r  ([6-8]). Wang and Wu [9] and Shan et al. [10] experimentally investigated the 44

impact of the corner radius ratio, 2bR r b=  (where b  is the side of the section), on the axial 45

response of FRP fully confined square cross-section concrete columns (FFSC as shown in Fig. 1). 46

It was evidenced that decreasing bR  from one (circular section) to zero (square section with sharp 47
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edge), the confinement-induced improvements tended to be negligible. Likewise, Tao et al. [11] 48

and Saleem et al. [12] experimentally verified that FRP thickness-induced improvements is a main 49

function of bR  so that it would be marginal for low value bR . Triantafyllou et al. [13] and Zeng 50

et al. [14] experimentally demonstrated that the effectiveness of FRP partially confined square 51

concrete columns (FPSC as shown in Fig. 1) is directly dependent on the spacing of the strips of 52

FRP sheets, fs , being their axial and dilation behavior detrimentally affected with the increase of 53

fs  due to concrete damage concentration in the zones between strips.  54

Even though the usage of FRP full confinement arrangement (FFCC and FFSC) is a more reliable 55

and efficient strengthening technique than partially confining strategy (FPCC and FPSC), it might 56

not be cost-effective in the real cases of strengthening, considering the relatively high cost of FRP 57

materials. The studies [4, 13, 14] experimentally revealed that the application of discontinuous 58

FRP wrapping strips in non-seismically designed RC columns would be able to offer a reliable 59

compromise between confinement-induced improvements and cost competitiveness, under proper 60

design circumstances. In order to predict FRP confinement-induced improvements, numerous 61

models have been recommended in the literature (i.e. [15-24]). Conventionally, for the 62

establishment of the axial response of FFCC, at a certain axial strain leading to a specific 63

confinement pressure, FRP confinement-induced improvements are assumed to be identical to that 64

of actively-confined concrete (AFCC) where concrete is subjected to a constant lateral pressure 65

during the entire axial loading (Lam and Teng [15]). According to this assumption, at a certain 66

level of axial strain generating a specific confinement pressure, the corresponding axial stress of 67

FFCC can be derived using the axial stress-strain base framework suggested for AFCC (i.e. 68

Popovics [25]) by considering identical confinement-induced improvements for FFCC and the 69

corresponding AFCC subjected to the same lateral confinement pressure. However, Lim and 70
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Ozbakkaloglu [20,26,27] evidenced an imperative difference in terms of axial and dilation 71

behavior, generally known as confinement path effect, in enhancements offered by FRP jacketing 72

(FFCC) and active confinement. It was evidenced that axial stress-strain relationship, 73

conventionally determined, would result in misleading prediction in terms of axial capacity of 74

FFCC, as also confirmed by Yang and Feng [22] and Lin et al. [23]. Lim and Ozbakkaloglu [20] 75

refined this assumption by suggesting a reduction factor in actual FRP confinement pressure to 76

reduce confinement-induced improvements imposed by active confinement for taking into account 77

confinement path effect in the case of FFCC. For the same purpose, Yang and Feng [22] presented 78

a refined version of the original assumption by considering the confinement path effect in the 79

prediction of FRP confinement-induced improvements during axial loading based on the actual 80

FRP confinement pressure.  81

For the establishment of axial stress-strain response of FFSC, in general, the concept of 82

confinement efficiency factor, originally developed by Mander et al. [28] for the case of steel 83

confined concrete with stirrups is adopted (i.e. Guo et al. [29]), which formulates the detrimental 84

influence of horizontal arching action as a reduction factor in confinement pressure. In this 85

approach, based on the effectiveness of confinement pressure acting on the non-circular concrete 86

section columns, the concrete regions are classified in two distinct zones as, so-called, effective 87

confinement area and ineffective confinement area. The former is assumed to be 88

homogenously/effectively mobilized by confinement pressure, while the latter is assumed to be as 89

unconfined concrete. However, the finite element simulations performed by [30-33] demonstrated 90

that the effective confinement area is subjected to a non-uniform distribution of confinement 91

pressure, which strongly depends on the length of corner radius. Furthermore, the studies [6,7, 32, 92

33] experimentally evidenced that FRP hoop strain at the horizontal direction is non-93
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homogenously distributed in the perimeter, in contrary to what happens in circular sections. On 94

the other hand, for the establishment of axial stress-strain response of FPCC, the concept of 95

confinement efficiency factor is also adopted by addressing the effect of vertical arching action 96

(and horizontal arching action effect in case of FPSC) in the determination of confinement pressure 97

imposed by FRP strips. Zeng et al. [34] experimentally evidenced the distribution of concrete 98

expansion would be predominantly non-homogenous, particularly in the case of large sf, as also 99

confirmed by Guo et al. [29]. Likewise, Zeng et al. [14] and Guo et al. [5,29] evidenced the non-100

uniform distribution of concrete expansion of FPCC and FPSC, so that by decreasing fs  the 101

dilation behavior changed from being localized to be more homogenous. Accordingly, Shayanfar 102

et al. [35] suggested a refined version of the concept of confinement efficiency factor for FPCC 103

by formulating not only the influence of vertical arching action but also the non-homogenous 104

concrete lateral expansibility in generating confining stress. 105

Nonetheless, the development of a confinement model applicable to FFCC, FFSC, FPCC and 106

FPSC, by addressing the influences of confinement path, vertical and horizontal arching action, 107

and the non-homogenous confining stress/strain distributions at the longitudinal and transverse 108

directions in the prediction of confinement-induced improvement, is still lacking. It should be 109

noted that unification of the models for concrete columns fully and partially confined with FRP 110

systems (FF and FP) as well as for the case of circular and square cross-sections (CC and SC) can 111

be achieved through the concept of confinement efficiency factor. Such unification does not lead 112

to discontinuity between the estimations of FRP confinement-induced improvements for the cases 113

of FF and FP when fs approaches to nearly zero (i.e. closely spaced FRP partial strips) and the 114

cases of CC and SC when bR ( 2r b ) approaches to almost 1. Next, the range and variations of 115

the key parameters as well as their interactions can be simulated more-widely based on a unified 116
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mathematical framework. This provision in the establishment of the confinement model, which is 117

unavoidably based on regression analysis technique, would lead to a more-reliable predictive 118

performance, compared to the case where a limited variation for the key parameters is assumed.  119

In the present study, a new unified model is proposed for estimating the behavior of concrete 120

columns of circular and square cross-sections (CC and SC) full and partially confined with FRP 121

systems (FF and FP). By following a unified approach with FFCC and FPCC, the concept of the 122

equivalent circular section is presented for the cases of FFSC and FPSC. For simulating the effect 123

of concrete expansion distribution at the horizontal and vertical directions, an extended version of 124

the model recommended by Shayanfar et al. [35] is developed. Based on an extensive set of 125

experimental results including 418 test specimens, a new unified analysis-oriented model in 126

compliance with the concept of the confinement efficiency factor is introduced to predict the axial 127

response of FRP confined concrete columns. Lastly, the predictive performance of the developed 128

confinement model is assessed through analytically simulating experimental results of FFCC, 129

FPCC, FFSC and FPSC.  130

2- Concept of Equivalent Circular Cross-section 131

Numerous analysis-oriented models have been developed to predict the confinement-induced 132

improvements of FRP confined circular cross-section columns during axial concentric loading. 133

For simulating the FRP confinement effects on concrete columns of square cross-section, the 134

possibility of considering this type of column as an equivalent circular column is very attractive 135

due to the consequent simplification obtained for the corresponding formulation. In this regard, 136

equivalent diameter concept has been proposed by several researchers ([15, 18, 36-38]. In these 137

models, the diameter of the equivalent circular cross-section ( eqD ) has been suggested based on i) 138
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Diagonal length of the cross-section, and ii) FRP volumetric ratio, as the ratio of the volume of 139

FRP and concrete. In the former group, Lam and Teng [15] recommended eqD  equal to the diagonal 140

length of the section ( 2 2
eqD h b= + ), where h  and b  are the length of the longer and shorter sides 141

of the section, respectively. In this group, for the case of square section, it would be as 2eqD b=142

, regardless of the dimension of corner radius. By improving this model in order to consider the 143

effect of rounded corners, Lee et al. [18] suggested eqD  as the diagonal distance from the centers 144

of two corner arcs as ( )2 2 2eqD b r r= - + . In the latter group, eqD  is determined so that the 145

equivalent FRP volumetric ratio ( ,f eqr ) of non-circular column could be the same of fr  in square 146

columns. Triantafillou et al. [38] adopted this approach for the case of rectangular columns as 147

( )2eqD bh b h= + . For the case of the square section, this model can be expressed as eqD b= , 148

regardless of the length of corner radius. 149

In the present study, for transforming a square cross-section in an equivalent circular section, the 150

approach suggested by Triantafillou et al. [38] is adopted with a slight modification in terms of 151

the consideration of corner radius in determining eqD . This approach defines the equivalent 152

circular section for square section based on its fr , which is one of the key parameters in the 153

establishment of the confinement pressure. Accordingly, ,f eqr  for the equivalent circular column 154

would be the same of fr  in square columns as: 155

,
FRP FRP

f f eq

con conorgin tequiv leal a n

V V

V V
r r

ö ö
= ® =÷ ÷

ø ø
 (1) 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



where VFRP and Vcon are the volume of FRP jacket and concrete, respectively. Rearranging Eq. (1) 156

leads to 157

4 f

eq

ftot
f f

tot

n tp
n t

A D
´ =  (2) 

where nf and tf are the FRP layer number and thickness; totp  and totA  are the perimeter and area of 158

the square cross-section wrapped by FRP, respectively. Therefore, considering the impact of 159

rounded corners, eqD  can be expressed using Eq. (2): 160

( )

2
2 2

2 2 2
4

4 4
4 4

4 2 4 2
2 2

tot

to

q

t

eD

r
b r

A b r r

r rp b r b r

p

p
p p

æ ö
- -ç ÷

- +è ø= ´ = ´ =

- + - +

 (3) 

Rearranging the above equation gives: 161

21 0.215

1 0.215
e

b

b

q

R
bD

R

-
=

-
 (4) 

in which 162

2
b

r
R

b
=  (5) 

Through employing Eq. (4), FRP volumetric ratio of the equivalent circular section would be the 163

same as that of square section. Despite FRP volumetric ratio be a key parameter in the development 164

of confinement pressure, the confinement-induced improvement also depends on the detrimental 165

influence of the horizontal arching action, leading to a reduction in the confinement efficiency of 166

non-circular columns, compared to circular columns. In order to formulate this effect, in general, 167
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the concept of ‘confinement efficiency factor’ is employed, which will be addressed in the 168

following section. 169

3- Original Concept of Confinement Efficiency Factor 170

According to the original concept of ‘confinement efficiency factor’ (OCCEF), during axial 171

compressive loading, concrete regions in the case of FFSC would be subjected to two different 172

confinement levels, due to the arching action phenomena at the cross-sectional level. Based on the 173

effectiveness of confinement pressure, for the sake of simplicity in the design context, the concrete 174

regions are classified in two distinct areas due to arching action (Fig. 2a):  175

i) Effective confinement area  176

ii) Ineffective confinement area 177

In OCCEF, the former is assumed as homogenously and effectively under the highest confinement 178

pressure ( ,l efff ), while the latter is considered to be under the lowest confinement pressure, 179

conservatively assumed as unconfined concrete. Through a reduction factor ( ,h fk ), the effective 180

confinement pressure ( ,l efff ) acting on the effective confined area is transformed in a 181

homogenously confining pressure on the entire cross-section ( *
,

FFSC
l ff ) as shown in Fig. 2b (the 182

“*” in the superscript aims to represent that the generated confinement pressure is distributed 183

uniformly not only at the cross-sectional level, but also at the cross-sectional level). It can be 184

expressed as: 185

, , ,
* FFSC

l f h f l effk ff =  (6) 
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Mander et al. [28] defined ,h fk as geffA A , where effA  and gA  are the area of effective confinement 186

zone and the area of the entire square cross-section, respectively. Consequently, by using the 187

concept of the equivalent circular cross-section ( eqD ), based on the equilibrium of confinement 188

forces, *
,

FFSC
l ff  corresponding to the FRP confining stress *

ff  (the “*” in the superscript aims to 189

represent that the distribution of confining stress in the cross-sectional perimeter of the equivalent 190

circular cross-section is homogenous) can be determined by (Fig. 2c): 191

*
,,

* 2 f fFFSC
hl f f

e

f

q

n t
f

D
k f=  (7) 

where fn  is the number of FRP layers; ft  is the thickness of a FRP layer; fE  is the FRP modulus 192

of elasticity. Nevertheless, contrary to OCCEF, the finite element simulations performed by [30-193

33] well evidenced that the effective confined area is subjected to a non-uniform distribution of 194

confinement pressure, which strongly depends on the dimension of the corner radius ( bR ). Fig. 3 195

demonstrates the distribution of confinement pressure in a quarter of the square cross-section 196

column (FFSC) obtained from the finite element analyses performed by Jiang et al. [32] on FFSC 197

specimens tested by [9]. As can be seen, due to the restriction imposed by the confining system, 198

near the center of the cross-section and the corner areas are under the highest level of confinement 199

pressure (black color). However, as a consequence of horizontal arching action, the concrete closer 200

to the flat sides of the section is subjected to the lowest confinement pressure (white color). The 201

zone between the well and less confined concrete regions can be regarded to be subjected to a 202

moderate level of confinement pressure (gray color). By increasing the corner radius, the area of 203

highly confined zone would be enlarged and the stress concentration at the corners is reduced. 204

Likewise, for higher bR , the confined concrete regions under low and moderate levels of 205
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confinement pressure are merged, and the section tends to be confined homogenously. As a result, 206

based on the demonstrated confinement pressure distribution observed in the numerical 207

simulations, three distinct concrete areas can be distinguished representing those subjected to 208

lowest, moderate and highest confinement levels. Accordingly, a modified concept of the 209

confinement efficiency factor (MCCEF) is, herein, proposed which is presented in the following 210

section. 211

4- Modified Concept of Confinement Efficiency Factor 212

It is noteworthy that the arching action theory demonstrated in Fig. 3 seems to be sufficient in 213

separating the concrete with the lowest confinement level (white color) from those under moderate 214

and highest confinement levels, particularly for higher bR . In MCCEF through adopting the 215

arching action theory, the three concrete regions represented in Fig. 4a are distinguished according 216

to the level of the confinement pressure level acting on these zones: 217

i) Area I, subjected to the highest level of confinement pressure, 
,

I
l ff  218

ii)  Area II, confined, with a moderate level of confinement pressure 
,

I
l f

If  219

iii) Area III, with negligible confinement (the lowest confinement level), therefore 220

, 0I
l f

IIf =  for the sake of simplicity. 221

To take into account the non-homogenous confinement pressure distribution in the effective 222

confinement area contained by the parabolas, Area I and Area II under different confinement 223

pressures were defined based on finite element simulations [32]. As shown in Fig. 4a, Area II 224

subjected to 
,

I
l f

If is located between Area I and Area III under 
,

I
l ff and 

,
I

l f
IIf , respectively. 225

Accordingly, as the concrete is a non-homogenous continuous material, in Area II, for the concrete 226
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next to Area III, 
, ,

II II
f

I
l l ff f , while for the concrete next to Area I, 

, ,
II

l f
I

l ff f . Therefore, 
,

I
l f

If227

can be considered between these extremities as 
, , ,

III II I
l f l f l ff f f£ £ . Considering 

, 0I
l f

IIf =  228

(OCCEF), it can be rearranged as 
, ,0 II I

l f l ff f££ . In the present study, in order to determine a 229

weighted average level of confinement pressure acting on Area II, for the sake of simplicity and 230

lack of adequate experimental/numerical investigations in the literature, a linear variation for the 231

confinement pressure between these extremities was assumed, leading to 
, ,0.5II I

l f l ff f= .  232

In MCCEF, ,l efff  is defined as the weighted average level of confinement pressure acting 233

homogenously on Area I and Area II, in the compliance with the effective confinement area in 234

OCCEF. It can be considered on the interval , ,, f
II

f
I

l lf fé ùë û  depending on bR . Likewise, ,l efff  as 235

a function of the highest confinement level (
,

I
l ff ) can be expressed as: 236

,, ,
I

fl ef h fef f lf fk=  (8) 

where ,h effk  ( ,l efff  and 
,

I
l ff  ratio) is on the interval [ ]0.5,1 . As shown in Fig. 4b, by using ,h effk , 237

the non-homogenous confinement distribution can be converted into a reduced confinement 238

pressure uniformly/effectively acting on the effective confinement area. This reduced confinement 239

can be distributed on the entire cross-section through implementing the reduction factor ,h fk  in the 240

compliance with OCCEF (Fig. 4c). By putting Eq. (8) in Eq. (6), the equivalent confinement 241

pressure of *
,

FFSC
l ff  as a function of ,h fk  and ,h effk can be obtained as: 242

,, , , , ,
*

l f h f l ef
I

ff h f
FFSC

fh e f lf kk f k f==  (9) 
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Therefore, based on the equilibrium of confinement forces, *
,

FFSC
l ff  corresponding to the FRP 243

confining stress *
ff can be derived as (Fig. 4d): 244

* *
, ,, 2 f fFFSC

h

e

ff h effl f

q

n t
f

D
k k f=  (10) 

Compared with OCCEF presented in Eq. (7), MCCEF contains the reduction factor of ,h effk  245

reflecting the effect of non-homogenous confinement pressure in the determination of *
,

FFSC
l ff . On 246

the other hand, based on Eqs. (7, 10), *
,

FFSC
l ff  is in a direct proportion with FRP confining stress 247

*
ff  generated in the perimeter of the equivalent circular cross-section. Nonetheless, as 248

experimentally confirmed by Ozbakkaloglu [6], Chen and Ozbakkaloglu [7], Shan et al. [19] and 249

Oliveira and Carrazedo [33], for a square section, at a certain axial strain ( ce ), the middle of the 250

flat side would experience the maximum hoop strain in the perimeter ( ,max ,h h me e= ), but the 251

minimum occurs at the corners ( ,min ,h h ce e= ) as demonstrated in Fig. 4e. The extra strain at the the 252

middle of the flat side can be attributed to i) the frictional effect where the frictional components 253

in the corner zones induces a reduction in the strain of the FRP applied on this zone; ii) the 254

transversal deformability of the concrete of the unconfined region (as ineffective confinement area 255

shown in Fig. 3), iii) the bending effects in the FRP at flat sides considering its relatively low 256

flexural stiffness, as experimentally confirmed (Wang and Wu [9] and Shan et al. [10]). Therefore, 257

since the hoop strain distribution of the equivalent circular cross-section is homogenous, the effect 258

of non-uniform distribution of hoop strain along the perimeter of a square section needs to be 259

addressed in the establishment of FRP confining stress *
ff . In the confinement models developed 260

by Lee et al. [18] and Lin and Teng [24], the hoop confining strain at the corner centers ( ,h ce ) was 261
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taken into account as the effective hoop strain ( ,h effe ), homogenously distributed in the perimeter 262

of FFSC, leading to FRP confining stress ( *
ff ) as ,f h effE e  (Fig. 4e). Consequently, by defining 263

hke  as the ratio of ,h ce  and ,h me , *
ff can be expressed as: 264

,
*

, ,f f f h c h f h mh efff E E k Eeee e===  (11) 

Therefore, replacing Eq. (11) in Eq. (10) gives: 265

, , ,
*

, ,2 2
f f

mHl f f h m f h

eq e

f

q

fFFSC
h f h eff h

n t n t
f k k k E K

D D
Ee e e= =  (12) 

in which 266

, ,H h h f h effK k k ke=  (13) 

where HK  represents the efficiency confinement factor addressing the influence of horizontal 267

arching action. Therefore, Eq. (12) provides the uniform confinement pressure *
,

FFSC
l ff , which is 268

assumed to homogeneously act on the entire equivalent circular cross-section with eqD  through 269

adopting the reduction factor HK . For this purpose, the determination of ,h fk , ,h effk  and hke  as 270

input parameters in Eq. (13) is essential, which will be addressed in the following sections. 271

4.1- Determination of ,h fk  272

This section provides the formulation for determining ,h fk  presenting the ratio of ,l efff  and 273

*
,

FFSC
l ff , based on Eq. (6). Through applying this reduction factor, ,l efff on the effective 274

confinement area is spread homogenously onto the entire equivalent circular cross-section with 275

eqD as shown in Fig. 5a. In the figure, it was assumed that ,eq cD  defines the diameter of equivalent 276
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circular core representing the effective confinement area (Area I and Area II). Consequently, the 277

equilibrium of the generated confinement forces on the equivalent circular core ( ,eq cD ) and the 278

entire section ( eqD ) can be expressed as (Fig. 5a): 279

,, ,
* FFSC

eq e cl qf l efff DfD =  (14) 

Thus, using Eq. (14), ,h fk  is obtained as  280

,

,

, *

,l eff

l f q

eq c

h f FFSC
e

D
k

f

f

D
= =  (15) 

in which eqD  is calculated by Eq. (4). Hence, to calculate ,h fk , ,eq cD  needs to be addressed. For 281

this purpose, based on the concept of the equivalent circular section used to derive Eq. (4), ,eq cD  282

can be determined as: 283

, 4 4
2

eff tot ine

eff ine

eq cD
AA A

p r pp

-
= ´ = ´

+

å
å

 (16) 

where effp  and effA  are the perimeter and area of the effective confinement area, respectively; 284

inepå  and 
ineAå  are the perimeter and area of the ineffective confinement zones, respectively; 285

In the present study, as demonstrated in Fig. 5a, by considering the unconfined concrete  due to 286

arching action as defined by a second-degree parabola between the adjacent corners, the 287

corresponding perimeter and area are calculated as 2.3ine ip x=  and 22 3ine iA x= . The relative 288

complexity of Eq. (16) was, in the present study, overcome by adopting a simplified equation. 289

Accordingly, the best-fit ,h fk  was derived using a regression analysis of the results obtained from 290

Eq. (16) as: 291
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2
, 1.17 0.46 0.29h f b bk R R= - +                            (17) 

Fig. 5b shows that Eq. (17) fits with high accuracy the discrete results in terms of ,h fk  versus bR  in 292

the interval 0 to 1 for the bR  (note that for bR =1, circular cross-section, ,h fk =1). 293

4.2- Determination of ,h effk  294

This section provides the formulation for determining ,h effk  presenting the ratio of ,l efff  and 
,

I
l ff295

, based on Eq. (8). Using this factor, the non-uniform confinement distribution within Areas I and 296

II is converted into ,l efff  as demonstrated in Fig. 4a-b. By transforming the confinement regions 297

of Area I and II into two equivalent circular shapes with I
eqD  and II

eqD  respectively, the 298

confinement force generated in each region can be determined as 
,

I I
l f eqDf  and 

,
II II

l f eqDf . On the 299

other hand, as demonstrated in the previous Section, the confinement force generated by ,l efff  300

acting on the effective confinement area is as , ,cl eff eqDf . On the basis of the superposition principle, 301

, ,cl eff eqDf  can be written through equality in 
,

I I
l f eqDf  and

,
II II

l f eqDf : 302

,, , ,
I I II II

feq c el e l q ef qff lf fD D Df= +  (18) 

By considering the assumption of 
, ,0.5II I

l f l ff f= , rearranging Eq. (18) gives  303

,

,

,

0.5I II
eq eq I

c

l eff l f

eq

D D
f

D
f

+
=  (19) 

Accordingly, by using Eq. (19), ,h effk  can be determined as  304

,

,

,

,

0.5I II
eq eq

h eff I
eq c

l eff

l f

D D
k

f

Df

+
= =  (20) 
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As obtained in Eq. (20), ,h effk  is a function of I
eqD  and II

eqD , strongly depending on bR . For the 305

case of FFSC with relatively sharp corner ( 0bR ), Area I would become virtually marginal as 306

numerically confirmed by [30-33]. Consequently, for 0bR , by ignoring the contribution of (307

,
I

l ff ) acting on Area I in terms of ,l efff  ( 0I
eqD ), the entire effective confinement area (with 308

,eq cD ) can be assumed to be only under 
,

I
l f

If , leading to 
,

II
eq eq cD D . Thus, , 0.5h effk  by using 309

Eq. (20). Contrarily, for the case of 1bR = , the entire cross-section ( eqD ) can be assumed to be 310

only subjected to uniform confinement pressure 
,

*
, ,l f l eff

C
f

FS
l

I Ff f f= = . Considering 311

,
I

eq eq c eqD D D= =  and 0II
eqD = , , 1h effk = . Accordingly, the following conditions should be 312

considered to develop ,h effk  versus bR  relation: 313

a. ,h effk  increases with bR . 314

b. ,h effk  approaches the value of 0.5 when 0bR = . 315

c. ,h effk  approaches 1 when 1bR = . 316

According to the aforementioned conditions, this relation can be estimated from the following 317

second order parabolas:  318

( )2
, 0.5 1 2h eff b bk R R+ -  (21) 

Ultimately, ,h effk  as an input parameter in Eq. (13) for the calculation of HK , can be obtained using 319

Eq. (21).  320

4.3- Determination of hke  321
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The reduction factor hke , which represents the ratio between ,h effe  and ,h me , is determined in this 322

section. Fig. 6a schematically illustrates the distribution of hoop strain on a quarter of a square 323

cross-section and in the quarter of the corresponding equivalent circular cross-section during axial 324

compressive loading. Hoop strain at each corner zone ( ,h ce ) was assumed to be less than ,h me  at the 325

middle of the flat sides. Considering the effective hoop strain ( ,h effe ) equal to ,h ce  based on Lee et 326

al. [18] and Lin and Teng [24] for the case of FFSC, a homogeneous strain field in the perimeter 327

of the equivalent circular column can be assured, in the compliance with hoop strain distribution 328

in the circular section. Mostofinejad et al. [30] and Oliveira and Carrazedo [33] evidenced that the 329

hoop strain distribution is strongly dependent on bR . Table 1 presents a set of large test database 330

of Exp Exp Exp
, ,h h c h mke e e=  obtained from FFSC specimens, where Exp

,h ce  is assumed to represent 331

,h effe  in the column section perimeter ( ,h effe  is an entity related to an equivalent column’s cross-332

section, so it is not measurable experimentally). Accordingly, based on the best fit of experimental 333

results, the following expression was derived as a linear function of bR  based on regression 334

analysis: 335

( )0.5 1h bk Re = +  (22) 

In Eq. (22), for the cases of FFSC with sharp edges ( 0bR = ) and FFCC ( 1bR = ), hke  would be 336

equal to 0.5 and 1, respectively. Fig. 6b presents the predictive performance of Eq. (22). As can be 337

seen, based on the mean value, standard deviation (SD) and mean absolute percentage error 338

(MAPE, defined as
1

1 1 Ana Exp
h

N

hM
N

k kAPE e e= -å  where N denotes the total test data number), 339

the developed model is able to estimate the experimental counterparts with acceptable accuracy in 340

the design context. As a result, by taking into account the effect of non-uniform distribution of 341
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hoop strain along the perimeter of the section through the reduction factor hke , *
,

FFSC
l ff  can be 342

obtained from Eq. (12) at a known value of ,h me . Since the reduction factors of ,h fk , ,h effk  and hke343

, as input parameters for HK  (Eq. (13)), were determined only as a function of bR , a simplified 344

HK  was developed by using regression analysis. Accordingly, the best-fit HK  was derived as a 345

linear function of bR  with 
2 1R  (Fig. 7): 346

0.07H bK R= ³                            (23) 

Accordingly, the horizontal confinement efficiency factor can be considered equal to the corner 347

radius ratio ( bR ) with a lower bound of 0.07 for 0.07bR £ . In Fig. 7, the comparative evaluation 348

of HK  obtained from Eq. (13) and that suggested by Mander et al. [28] ( eff gA A ) demonstrates 349

that Eq. (13) leads to lower values of HK . It is due to the consideration of ,h effk  and hke  in the 350

determination of the proposed HK , besides the term ,h fk . Accordingly, taking into consideration 351

that HK  suggested by Mander et al. [28] is based on OCCEF, which only formulates the term ,h fk352

, therefore a similar trend with ,h fk  calculated by Eq. (17) is reasonably expected as highlighted in 353

Fig. 7. 354

 355

5- FRP Confinement Pressure of FFSC  356

5.1- Influence of Non-homogenous Concrete Expansibility 357

By taking into consideration that radial strain ( ( )l ze ) and hoop strain ( ( )h ze ) of a circular cross-358

section column are identical, *
,

FFSC
l ff  presented in Eq. (12) can be only valid for the case of FFSC 359
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with a uniform concrete transverse expansibility along the column height ( ( ) ,l l jze e= ) as 360

illustrated in Fig. 8a. Here, ,l je  is the maximum radial strain due to concrete expansion, assumed 361

to be located at the mid-height of the damage zone length ( dL ); *
ff  is the corresponding generated 362

FRP confining stress equal to ,f l jE e  (Eq. (11) where , ,h m l je e= ). As can be seen in Fig. 8b and c, 363

this laterally uniform concrete behavior leads to a uniform distribution of confining stress ( ( )ff z364

) and confinement pressure ( ( ),l ff z ). However, the experimental evidence (Wei and Wu [45] and 365

Fallahpour et al. [46]) demonstrated that during axial compressive loading, the concrete would 366

non-homogenously expand along the column height, since this transversal deformability profile 367

strongly depends on the confinement stiffness. Accordingly, as presented in Fig. 8d, the ratio of 368

( )l ze  and maximum concrete expansion ( ,l je ), denoted by ( )k ze , can be considered on the 369

interval ,1FFSCkeé ùë û  where FFSCke  is the ratio of the minimum concrete expansion ( ,l ie ) at the 370

damage zone extremities and ,l je , henceforward designated as ‘concrete expansion gradient. 371

Therefore, since ( )ff z  is directly related with ( )l ze , non-uniform distributions for ( )ff z  and, 372

subsequently ( ),l ff z , are reasonably expected (Fig. 8e and f). Accordingly, in the present study, 373

by assuming a second order parabola function for ( )k ze  by supposing ( ) ( )0 FFSC
dk k L ke e e= = , 374

( )2 1dk Le =  and ( )2 0ddk L dze = , the ratio of average concrete expansion within dL  and ,l je375

( FFSC
ffk ) can be determined by taking the integration of ( )k ze

 function with respect to z–axis on 376

the interval [ ]0, dL ( ( )
0

dz L

FFSC
ff d

z

k k z dz Le

=

=

= ò ). Hence, by solving this integration, FFSC
ffk  is 377

derived as a function of concrete expansion gradient FFSCke , regardless of Ld as: 378
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1 2

3 3
FFSC FFSC

ffk ke= +  (24) 

By considering ( ) ( )h lz ze e= , which is as , ,h m l je e=  at 2dz L= , ( )ff z  can be expressed by 379

( )f lE ze , as revealed in Fig. 8e. By taking into consideration that the equivalent homogenous 380

concrete expansibility can be represented by 
,

FFSC
ff l jk e , the generated average FRP confining 381

stress, where the concrete is assumed to be evenly subjected to confining stress, would be 382

,
FFSC

ff f l jk E e . Supposing *
,f f l jf E e=  based on Eq. (18), ( )ff z  is obtained with a constant 383

function as: 384

( ) *
,

FFSC FFSC
f ff f l j ff ff z k E k fe= =  (25) 

Since ( ),l ff z  is directly related with ( )ff z , the ratio of equivalent homogenous confinement 385

pressure (
,

FFSC
l ff ) and *

,
FFSC

l ff  can be expressed as (Fig. 8f): 386

*
, *

,* * ,

,

FFSC FFSC
l f ff f FFSC FFSC FFSC

l f ffFF l

f
SC f

l f

f k f
f k

f f
f= ® =  (26) 

Putting Eq. (12) into Eq. (26) gives: 387

*
, ,2 2f f f fFFSC FFSC FFSC

l f ff H f ff H f l j

eq eq

n t n t
f k K f k K

D D
E e= ´ =  (27) 

Thus, to calculate 
,

FFSC
l ff , the reduction factor FFSC

ffk , which is dependent on the concrete 388

expansion gradient ( FFSCke ) based on Eq. (24), needs to be addressed as an input parameter. 389

5.2- Determination of Concrete Expansion Gradient ( FFSCke )  390
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 According to Wei and Wu [45] and Fallahpour et al. [46], FFSCke representing the ratio of ,l ie  at 391

the damage zone extremities and ,l je  is strongly dependent on confinement stiffness. Fallahpour 392

et al. [46] revealed that homogenous axial and dilation behavior of the concrete along the column 393

height can be only expected for the case of FFCC with high confinement stiffness. In fact, above 394

a certain FRP confinement stiffness, the gradient of concrete transversal expansibility along the 395

column height is almost null, due to the strong restrictions imposed by confining system to the 396

concrete. On the other hand, for FFCC with low confinement stiffness, since the confinement 397

system is not stiff enough to efficiently homogenize the evolution of damage due to cracking 398

propagation, which subsequently induces to local strain gradients, non-homogenous concrete 399

expansion in the vertical direction is highly expected ([45-47). In the present study, the 400

confinement stiffness index ( fI ) proposed by Teng et al. [17], originally developed for FFCC, was 401

adopted. For the case of FFSC, by reflecting the influence of horizontal arching action on the 402

confinement stiffness through HK , fI  is introduced as: 403

( ), , 0

0 0 0

2

FFSC FFSC
l f ff l j f f f c

f H

c c eq c

f k n t E
I K

f D f

e e

e
= =  (28) 

in which 404

0
0 0.0015

70000
c

c

f
e +=         ( 0cf  in MPa)   (29) 

where 0cf  is the axial compressive strength of unconfined concrete; 0ce  is the axial strain 405

corresponding to 0cf . Fig. 9 schematically demonstrates the distribution of concrete expansion 406

gradient ( )k ze
 as a function of fI . As can be seen, from Case A (high level of fI ) to Case D (407

0fI ), FFSCke decreases from 1 to 0.08, on the interval [ ]0.08,1 , being this last case representative 408
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of a dilation behavior of unconfined concrete. In this study, it was assumed that for *
f fI I³ , the 409

level of confinement stiffness is proficiently high to assure an almost homogenous concrete 410

dilation response along the damage zone, leading to 1FFSCke = . Under the same ( )2 1dk z Le = =411

, for *
f fI I< , confinement stiffness can be considered unable to fully homogenize the evolution 412

of damage, leading to 0.08 1FFSCke£ <  as demonstrated in Fig. 9. Owing to the lack of adequate 413

experimental evidence for obtaining *
fI , in this study, this confinement stiffness limit was 414

determined based on the influence of confinement stiffness in terms of concrete volumetric strain 415

response. Note that volumetric strain ( ve ) at a location along the column height is defined as 416

( )2 lv c ze e e-= , whose positive and negative values ( 0ve >  and 0ve < ), in the adopted 417

convention of signals for strains, represent volumetric contraction and expansion, respectively. For 418

the case of high level of fI  ( *
f fI I³  leading to 1FFSCke = , ( ) ,l l jze e=  and ,2 jv lce ee= - ), the 419

concrete can be assumed to experience contraction with reduction of its volume during entire axial 420

loading history (Mirmiran and Shahawy [48] and Xiao and Wu [49]). Accordingly, whereas a 421

significant compaction (compressive strain) would occur vertically, the gradient of concrete 422

transversal expansibility along the column height is almost null due to the strong restrictions 423

imposed by FRP confinement. Therefore, considering the secant Poisson’s ratio ( , cs l jv e e= ) is 424

equal to 0.5 when 0ve = , in the present study, *
fI  is introduced as a confinement stiffness index 425

by which the maximum secant Poisson’s ratio ( ,maxsv ) experienced by the concrete during axial 426

loading does not exceed ,max 0.5sv =  . Some equations have been proposed by the analytical studies 427

[35, 48-53] to calculate ,maxsv  as a main function of confinement stiffness. By following Shayanfar 428

et al. [35]’s recommendation, fI  can be expressed as a function of ,maxsv : 429
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( )

2

0 ,max

0.155

1.23 0.003
f

c s

I
f v

æ ö
= ç ÷ç ÷-è ø

 (30) 

Accordingly, when ,max 0.5sv =  as the input value, the corresponding fI  actually represents *
fI . 430

For the sake of simplicity, based on Eq. (30) with ,max 0.5sv = , *
fI  was developed as (

2 0.98R ): 431

*
00.06 0.0005f cI f= +      ( 0cf  in MPa)   (31) 

Hence, as shown in Fig. 9e, for 
*

f fI I< , a non-uniform concrete lateral expansion with ,max 0.5sv >  432

would be expected, while for 
*

f fI I> , the gradient of concrete expansibility along the column 433

height is assumed as almost null with ,max 0.5sv < . By considering FFSCke  is on the interval 434

[ ]0.08,1 , and assuming FFSCke  exclusively dependent on fI  according to a second order parabola 435

function in which 0FFSC
fdk dIe =  at 

*
f fI I= , it results: 436

2

* *
0.08 0.92 2 1f fFFSC

f f

I I
k

I I
e

é ùæ ö
ê ú= + - £ç ÷ç ÷ê úè øë û

              for  *
f fI I£  (32a) 

1FFSCke =                                                                   for  *
f fI I³  (32b) 

After obtaining FFSCke  through Eq. (32), FFSC
ffk  is determined by using Eq. (24). Thus, 

,
FFSC

l ff  437

(the equivalent homogenous confinement pressure) can be calculated by Eq. (27), reflecting the 438

effect of non- homogenous distribution of concrete expansion along the column height through 439

FFSC
ffk .  440

6- FRP Confinement Pressure of FPSC 441
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The confinement characteristics of a concrete column of square cross-section with a FRP partial 442

confinement configuration, FPSC, under axial compressive loading will be determined by 443

extending the previous formulation of the FFSC in order to have a unified approach. Fig. 10a 444

demonstrates the confinement configuration in the case of FPSC, where fw  and fs  are the width 445

and the distance between two consecutive FRP strips. In Fig. 10b represents the typical distribution 446

of concrete transverse expansibility of FPSC within the damage zone ( dL ). As expected, for the 447

case of FPSC, the concrete expansibility distribution would be more predominantly non-448

homogenous compared to FFSC, with ( ) ( )0 FPSC
dk z k z L ke e e= = = =  and ( )2 1dk z Le = = . 449

Considering FFSC
ffk is the ratio of average concrete expansion within the wrapped zone and at 450

2dz L= , ,l je , the corresponding generated confining stress would be as ( ) ,
FPSC

f f ff l jf z E k e= , 451

which can be expressed as ( ) *FPSC
f ff ff z k f=  based on Eq. (25), as shown in Fig. 10c. It should 452

be noted that for the case of full confinement system (supposing as a special case of FPSC with453

0f f eqR s D= = ), to establish a unified framework for FFSC and FPSC, FPSC
ffk  should be equal 454

to FFSC
ffk  when 0fR = . Due to vertical arching action, confinement pressure function ( )lf z  455

generated by ( )ff z  decreases from ,l if  (the maximum confinement pressure at the Point i) to 456

,l jf  (the minimum confinement pressure at the Point j where the effective confinement area has 457

the lowest diameter, leading to the weakest confinement restriction), Fig. 10a. Accordingly, as 458

shown in Fig. 10d, to obtain an equivalent confinement pressure (
,

FPSC
l ff ) homogenously acting 459

on the entire column height, a reduction factor ,v fk  is introduced, which can be determined by 460
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integrating ( )lf z  function with respect to z–axis on the interval [ ]0, dL  ( ( ),

0

dz L

v f l d

z

k f z dz L
=

=

= ò461

)., leading to 
, , ,

FPSC
l f v f l if k f= . 462

On the other hand, by assuming a constant concrete expansibility ( 1FFSC
ffk = ) and neglecting the 463

vertical arching action mechanism ( , 1v fk = ), the confinement pressure of FPSC, *
,

FPSC
l ff , can be 464

determined based on the equilibrium of confinement forces: 465

( )
**

, 2 f f fFPSC
H f

f f

l f

eq

n t
f

w

s D
K f

w
=

+
 (33) 

In order to address the influence of concrete expansibility, based on Eq. (26), considering466

( ) *FPSC
f ff ff z k f= , the ratio of ,

FPSC
l ff  and 

*
,

FPSC
l ff  can be written as (Fig. 10e): 467

*

, *
,* * ,

,

FPSC

l

ff fl i FPSC FP C
fF

l

S
l i ffPSC

ff

k ff
ff k

ff
= ® =  (34) 

Considering 
, , ,

FPSC
l f v f l if k f= , and replacing Eq. (33) into Eq. (34) yields: 468

( ), , , , ,2 f f fFPSC FPSC
l f v f l i v f ff H f l j

eqf f

n t w
f k f k k K

D
E

s w
e= =

+
 (35) 

Assuming that 
FPSC

ffk  is on the interval 0.08, FFSC
ffké ùë û  where 0.08FPSC

ffk  for 0f ds L³  469

(representing that confinement pressure imposed by FRP strips mainly acts on the concrete out of 470

the damage zone based on the experimental observations by Barros and Ferreira [4], Zeng et al. 471

[3] and Wang et al. [54]), and 
FPSC FFSC

ff ffk k=  at 0fs = (supposing as a special case of FPSC 472
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with 0f f eqR s D= = , to establish a unified framework for FFSC and FPSC). Accordingly, 473

FPSC
ffk  as a linear function of 0f ds L  can be determined by: 474

( )
0

0.08 0.08FPSC FFSC F fFSC
ff f

d

ff fk
s

L
k k- ³= -   (36) 

where 0dL  can be calculated as recommended by Wu and Wei [47], which is based on the approach 475

of localized compressive fracture length developed by Lertsrisakulrat et al. [55], as follows: 476

5 200.57 1.71 3.53 10 1.36d
Ler

Ler f

L
D

D y
-£ = - ´ £  (37) 

21 0.215Ler g bD A b R= = -  (38) 

0

6.3
1f

cf
y = £  (39) 

where Ag is the total area of the section. To address the influence of vertical arching action, in this 477

study, the Shayanfar et al. [35]’ recommendation to calculate ,v fk  originally developed for FPCC, 478

was adopted for the equivalent circular section column of FPSC, as follows: 479

( )2 3

,

1 0.43 0.07
1

f f f f f

v f

f f

w s R R R
k

w s

+ - + -
= £

+
            (40) 

in which 480

f

f

eq

R
s

D
=  (41) 

As a result, based on Eq. (35), the equivalent confinement pressure (
,

FPSC
l ff ) can be rearranged as 481

follows: 482
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( ), ,2
f f fFPSC

l f e f l j

f eqf

n t w
f K E

s Dw
e=

+
 (42) 

in which  483

,
FPSC

V v f ffK k k=  (43) 

e H VK K K=  (44) 

where eK  (Eq. (44)) can be regarded as the ‘confinement efficiency factor’ consisting of two 484

components as HK  (Eq. (23)) and VK (Eq. (43)), reflecting the influence of non-uniform concrete 485

expansion and arching action in the equivalent confinement pressure 
,

FPSC
l ff .  486

7- Proposed Axial Stress-strain Model 487

In this section, the determination of the axial stress versus axial strain curve ( cf  vs ce  curve) of 488

FRP confined concrete subjected to axial compressive loading will be addressed based on active 489

confinement approach (i.e. [15-24]). In this approach, at a certain concrete axial strain ce , the 490

corresponding confinement pressure ( lf ) is derived based on a dilation model, which can be 491

expressed as a function of ce  leading to ( )1l cf g e=  (Fig. 11a). Moreover, the axial response of 492

FRP confined concrete is derived based on an axial stress-strain base relation model (Fig. 11c), 493

developed for AFCC, whose characteristics are strongly dependent of its peak axial stress point (494

ccf ). Furthermore, since ccf  is essentially dependent on the level of confinement pressure ( lf ), 495

an axial strength model ( ( )2cc lf g f= ) requires to be established (Fig. 11b). Therefore, the 496

corresponding axial stress ( cf ) can be obtained by following the axial stress-strain base relation 497

model as a function of ccf  which is presented as ( )3c ccf g f= . In this study, for the case of FPSC, 498
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the axial stress-strain base framework (function 3g ) recommended by Popovics [25] (originally 499

suggested for AFCC) was adopted as (Fig. 11c): 500

( )
( )

( )
3

1

c c

nc cc c

cc

c
c

c

n
f g f f

n

e e

e e
= =

- +
  (45) 

in which 501

0 0

1 5 1cc cc

c c

f

f

e

e

æ ö
= + -ç ÷

è ø
                 (46) 

c

c cc cc

E
n

E f e
=

-
 (47) 

where cce  is the axial strain corresponding to ccf  , which was determined by Mander et al. [28]’s 502

recommendation; n  is the concrete brittleness suggested by Carreira and Chu [56]; cE  is the 503

modulus elasticity of concrete, which can be calculated as 
04730c cE f=  (ACI-318-08 [57]).  504

Several axial strength models (i.e. [15-17, 20, 22]) have been proposed to calculate ccf  and lf  505

relation ( ( )2cc lf g f= ). Conventionally, for the sake of simplicity, at a certain ce  leading to a 506

specific lf  ( ( )1l cf g e= ), the corresponding ccf  is assumed to be identical to that of actively-507

confined concrete (AFCC) where concrete is subjected to constant lf  during the entire axial 508

loading. Therefore, for the establishment of function 2g , those models suggested/calibrated for 509

AFCC can be also followed for the case of FRP confined concrete. However, based on studies 510

conducted by Lim and Ozbakkaloglu [20], Yang and Feng [22] and Lin et al. [23], this assumption 511

would lead to overestimations in terms of confinement-induced improvements offered by FRP 512

confined concrete. It is due to their different confinement pressure paths-based axial strain ( lf  513
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versus ce  relation), where FRP confined concrete experiences a non-constant confinement 514

pressure during the entire axial loading (Fig. 11a) contrary to AFCC with a constant function. In 515

the present study, by taking into account the confinement path effect, a new axial strength model 516

was proposed by introducing the function 2g , whose parameters were derived from global axial 517

stress-strain curve of test specimens of FFCC, FFSC, FPCC and FPSC (with the confinement path 518

effect) rather than AFCC, was proposed based on regression analysis technique, as 519

2 2

,1 1
,

0 2 0 2 0

1 1

R RFPSC
l fcc s c

K f

c c c

ff vR R

f R f R

e
r

e

æ ö æ ö
= + = +ç ÷ ç ÷ç ÷

è øè ø
 (48) 

where 1R  and 2R  are the calibration terms, which need to be addressed based on the global axial 520

stress-strain of the experimental results. In Eq. (48), sv  is the secant Poisson ratio corresponding 521

to ce ( ,s l j cv e e= ); ,K fr  is the confinement stiffness index, which can be expressed as: 522

( )
, , 0

,

0 0 0

2
FPSC

l f l j f f f f c

K f e

c c cef f q

f n t w E
K

f Ds w f

e e
r

e
= =

+
 (49) 

Due to the unified character of the developed confinement model, Eq. (49) can be assumed valid 523

for all cases of FFCC, FPCC, FFSC and FPSC. In the present study, to calculate sv  corresponding 524

to ce , Shayanfar et al. [35] dilation model was followed, which can be expressed as (with a slight 525

rearrangement): 526

,maxs c svv ea=  (50) 
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where cea  represents the ratio of sv  corresponding to ce  and ,maxsv , being this relationship 527

dependent on ,K fr , as shown in Fig.12. Here, ,0sv  is the initial Poisson’s ratio of unconfined 528

concrete that can be calculated by (Candappa et al. [58]): 529

6 2 4
,0 0 08 10 2 10 0.138s c cv f f- -= ´ + ´ +  (51) 

Furthermore, ,maxsv  is the maximum secant Poisson ratio corresponding to the axial strain of ,c me530

, which was empirically suggested by Shayanfar et al. [35] as (with a slight modification by 531

introducing the concept of equivalent diameter): 532

,max

0
,

0.256

1

s

d
K f

eq

v
L

D
r

=
æ ö
+ç ÷ç ÷

è ø

  
(52) 

, ,0.0085 0.05c m K fe r= -            (53) 

It is noteworthy that according to the adopted dilation model, as demonstrated in Fig. 12, by 533

increasing ce  up to 0ce ,  initial concrete expansion is considered equal to that of unconfined 534

concrete ( ,0s sv v= ). Afterward, for 0 02c c ce e e£ £ , owing to the Poisson’s ratio effect, sv  would 535

increase with a faster rate, leading to the formation of splitting cracks and a considerable lateral 536

stiffness degradation. Since the significant activation of FRP confining pressure is also expected 537

in this stage, the magnitude of change of sv  is a function of confinement stiffness ( ,K fr ) so that 538

by increasing ,K fr , the width and development of splitting cracks are restricted. Beyond this stage, 539

by the degeneration of micro- into meso- and macro-cracks, sv  experiences its maximum value (540

,maxsv ) at ,c me , which is then followed by a reduction in concrete tendency to dilate as a function of 541

,K fr , even though the concrete lateral strain becomes increasingly larger. More information 542
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regarding the dilation mechanism of FRP confined concrete can be found in [35, 53, 59]. 543

Therefore, by using this dilation model coupled with the proposed axial strength model, at every 544

level of ce , the corresponding sv  as an input parameter in Eq. (48) can be calculated. 545

In order to determine the calibration terms of 1R  and 2R  in Eq. (48), the following equations were 546

proposed using a back analysis, based on the best fitting with the experimental results of FRP 547

confined concrete specimens collected in the test database (Appendix A): 548

,
0.67

1 4.25
23.9

R

K f

fc b Rf

R
l l l

r
= £   (54) 

.
,

0 26
2 1.85 0.3K fR r= ³       (55) 

in which 549

00.75 0.008fc cfl = +   (56) 

( )1.5 1 1.1 1Rb bRl = - ³                  (57) 

1 0.5Rf fRl = +                 (58) 

where fcl , Rbl  and Rfl  are the calibration factors of 1R , reflecting the influence of 0cf , bR  and 550

fR , respectively. It is noteworthy that compared to normal-strength concrete, high-strength 551

concrete would experience a longer lag between the development of axial strain and the generation 552

of confining strain and stress due to the higher stiffness and smaller transversal deformation [60]. 553

Accordingly, during axial compressive loading, at a certain level of 
0,

FPSC
l f cff , FRP 554
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confinement-induced improvements (as stress-path dependent) in high-strength concrete would be 555

not so pronounced than those in normal-strength concrete. In this study, this phenomenon was 556

addressed by using the the calibration factors of fcl  in the evaluation of ccf . 557

It should be also noted that since the experimental values of 1R  and 2R (as input parameter for ccf558

) cannot be directly derived from experimental axial responses ( cf  vs ce ), in this study, an iterative 559

solution procedure based on regression analysis technique was adopted to derive the experimental 560

counterparts of these calibration terms. Accordingly, first, the developed confinement model was 561

applied to 418 test specimens of FFCC, FPCC, FFSC and FFPC (Appendix A), then the values of 562

1 2R R  and 2R  were determined based on the best-fit of the model with the experimental global 563

axial stress-strain curves. Subsequently, the best-fit of relation of 1R  and 2R  with ,K fr  was 564

obtained by using regression analyses. At the second stage, this procedure was repeated by 565

implementing the confinement model on the test specimens but by using the 2R  achieved from 566

the previous stage, as presented in Eq. (55). Then, the experimental values of 1R  was re-derived 567

based on the best-fit of the model with the experimental counterparts in terms of global axial stress-568

strain curves. Finally, based on regression analysis, the relation of 1R  with ,K fr  was developed by 569

taking into account the influence of 0cf , bR  and fR , as presented in Eq. (54). Note that due to 570

the framework of Eq. (48) in the representation of 0cc cf f  and 
, 0

FPSC
l f cf f  relationship, the first 571

stage of the procedure was repeated several times until the best-fit relations of the derived 1 2R R  572

and 2R  with ,K fr  were nearly converged. In the case of the typical axial strength model 573

framework as ( )1 , 00 1 FPSC
cc c lc ff f R f f= +  with 2 1R = , no iterative solution procedure is needed. 574

Nonetheless, the preliminary comparative assessment of the proposed framework of Eq. (48) with 575

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



the framework where 2 1R =  is considered, revealed a better predictive performance of Eq. (48) in 576

terms of FRP confinement-induced improvements, which was derived based on the described 577

iterative solution procedure. To assess the correlation of Eq. (54), the results provided by the 578

developed equation determining 1R  are compared in Fig. 13a with the ones extracted from 579

experimental results. As shown, based on the mean value, coefficient of variation (COV) and 580

MAPE (defined as 1 1
1

1 1 Ana xp
N

EM R RAPE
N

= -å  where N denotes the total test data number), 581

the proposed expression has an acceptable predictive performance for estimating the 1
ExpR  obtained 582

from experimental studies of FFCC, FPCC, FFSC and FFPC.  583

Fig. 13b demonstrates the variation of FRP confinement-induced improvements in terms of 584

0cc cf f  versus 
, 0

FPSC
l f cf f  relation of FRP confined concrete with 0.3bR =  and 0.3fR = , 585

obtained from Eq. (48) by assuming 1fcl = , 1.005Rbl =  and 1.15Rfl = , based on the various 586

ranges of ,K fr  as 0.005, 0.025, 0.05 and 0.1. As can be seen, the confinement-induced 587

improvements are mainly dependent on ,K fr , reflecting the confinement path effect. By increasing 588

,K fr , at the certain 
, 0

FPSC
l f cf f , 0cc cf f  representing the effectiveness of confinement pressure 589

in axial strength improvement is considerably enhanced, particularly for higher ,K fr .  590

The test database (Appendix A) consists of a total of 418 FRP confined concrete columns tested 591

under axial compression collected from the literature, in which 155 specimens are as FRP fully 592

confined circular columns (FFCC), 136 specimens are as FRP partially confined circular columns 593

(FPCC), 105 specimens are as FRP fully confined square columns (FFSC), and 22 specimens are 594

as FRP partially confined square columns (FPSC). The assumed selection criteria for choosing the 595
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experimental data available in the assembled database are as follows: 1) Test specimens under axial 596

concentric loading were included; 2) Test specimens with circular and square cross-section were 597

included; 3) Test specimens confined by unidirectional fibers oriented 90° with respect to598

longitudinal direction were included; 4) Test specimens with internal steel reinforcements were 599

excluded; 5) Test specimens failed prematurely due to FRP deboning were excluded; 6) Data from 600

experiments with insufficient documented details i.e. material and geometry properties were 601

excluded; 7) Data from experiments that did not report the axial stress versus axial strain curves 602

(only include the results regarding the ultimate condition) were excluded; 8) Test specimens 603

confined based on a hybrid confinement strategy (simultaneous application of two or more 604

different types of FRP material) were excluded.  605

In the assembled database, concrete compressive strength ( 0cf ) varies from 12.4 to 171 MPa with 606

the mean and CoV values of 37.7 MPa and 0.55, respectively. The diameter of the equivalent 607

circular cross-section ( eqD ) is in the range of 70–318 mm with mean and CoV of 166 mm and 608

0.26, respectively. The database includes specimens confined with glass (GFRP), basalt (BFRP), 609

aramid (AFRP) and carbon (CFRP). FRP modulus elasticity ( fE ) varies from 13.6 to 276 GPa 610

with the mean and CoV values of 184.3 MPa and 0.435, respectively, with ultimate tensile strain 611

( fue ) ranging 0.013 – 0.035 with mean and CoV of 0.018 and 0.226, respectively. Confinement 612

stiffness index ( ,K fr ) varies from 0.01 to 0.262 % with the mean and CoV values as 0.026 % and 613

1.12, respectively.  614

It is well-known that a more reliable regression-based model might be conducted when a more 615

comprehensive database covering various ranges of the model parameters is available. 616

Accordingly, by providing a larger database than that used in the present study (Appendix A), the 617

key parameters i.e. 1R  and 2R  in Eqs. (54, 55) can be recalibrated, leading to an improvement in 618
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model accuracy. Furthermore, the methodology demonstrated in the present study can be 619

potentially extended to be applicable to FRP confined rectangular cross-section concrete columns 620

by addressing the effect of sectional aspect ratio in confinement-induced improvements, which 621

will be the focus of a future publication. 622

8- Calculation Methodology  623

In this section, the calculation procedure of the proposed analysis-oriented model to determine 624

global axial stress versus axial strain of FFCC, FPCC, FFSC and FPSC is presented. Considering 625

a FRP confined concrete with a square cross-section ( bR ) and partial confining configuration (626

fR ), the incremental calculation procedure is as follows: 627

1- Calculate the confinement efficiency factor at horizontal direction HK  using Eq. (23) 628

2- Calculate the confinement efficiency factor at vertical direction VK  using Eq. (43) 629

3- Calculate the confinement efficiency factor eK  using Eq. (44) 630

4- Calculate the confinement stiffness index ,K fr  using Eq. (49) 631

5- Assume a value of ce  632

6- Calculate the secant Poisson’s ratio sv  using Eq. (50) and the data in Fig. 12 633

7- Calculate the peak axial stress ccf  using Eq. (48) 634

8- Calculate the peak axial strain cce  using Eq. (46) 635

9- Calculate the corresponding axial stress cf  using Eq. (45) 636

10- Continue the steps 5-9 up to ultimate axial strain 637
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It should be noted in the present study, since the focus of the current study was given on the 638

simulation of global axial stress-strain curves, the experimental ultimate axial strain was adopted 639

to terminate the calculation process.  640

9- Comparison of Model Predictions with Experimental Results 641

This section examines the reliability of the proposed confinement model in the calculation of the 642

axial stress versus axial strain relationship. For this purpose, the axial responses obtained from the 643

experimental axial compressive tests of FFCC, FPCC, FFSC and FPSC were compared with those 644

simulated by the model. The predictive performance was also compared to that of the analysis-645

oriented model developed by Teng et al. [16], with a wide reputation in the relative literature, 646

(originally suggested for FFCC), with implementing some modifications to generalize this model 647

for the case of circular/square cross-section column with full/partial confinement arrangements. 648

This model was briefly presented in Appendix B. 649

For the case of FFCC, in Fig. 14, the axial capacity curves resulted from the proposed confinement 650

model and Teng et al. [16]’s model are compared with the experimental counterparts conducted 651

by Zeng et al. [3, 14] and Suon et al. [8]. As can be seen in Fig. 14a-c, the proposed model and 652

Teng et al. [16]’s model presented almost the same predictive performance up to transition zone, 653

which slightly underestimate the experimental counterparts. However, beyond this stage, the 654

proposed model provided closer predictions with sufficient accuracy. In Fig. 14d-f, the proposed 655

model was capable of closely simulating the full range of the experimental axial stress-strain 656

curves, except for a slight underestimation associated with the ultimate loading stage of the test 657

specimen SP-1 (Fig. 14d). Nonetheless, conservative predictions were given by Teng et al. [16]’s 658

model. For the cases of the test results reported by Suon et al. [8], there is a better predictive 659
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performance for the proposed model compared to Teng et al. [16]’s model as demonstrated in Fig. 660

14g-i. For the case of the test specimen C-3 (Fig. 14g), even though the proposed model 661

overestimated the experimental axial response between transition and ultimate stages, it has a good 662

accuracy in the estimation of maximum axial compressive strength corresponding to ultimate 663

strain. From Fig. 14, it can be concluded that the proposed model is able to predict with high 664

accuracy the global axial stress-strain curves of the tested circular cross-section specimens with 665

FRP full confinement arrangements. Furthermore, slight conservative results were achieved from 666

Teng et al. [16]’s model in simulating the axial response of the tested specimens.  667

For the case of FPCC, the test results conducted by Barros and Ferreira [4], Zeng et al. [3] and 668

Guo et al. [5] were simulated by the generalized Teng et al. model [16] (Appendix B) and the 669

proposed confinement model, as illustrated in Fig. 15. As can be seen in Fig. 15a-c, in general, the 670

proposed model could sufficiently estimate the full range of the experimental axial stress-strain 671

curves, even though the initial axial stiffness was higher than that of the experimental counterparts. 672

However, the generalized Teng et al. [16]’s model could not predict sufficiently the experimental 673

axial response. For the cases of the test results reported by Zeng et al. [3], the proposed model 674

presented an excellent prediction accuracy of the test specimens with a relatively large distance 675

between FRP strips (large fs ). Even though the generalized Teng et al. [16]’s model could estimate 676

accurately the experimental ultimate axial strength, it was not able to simulate the global axial 677

response as well as maximum axial strength. In Fig. 15a-c, in general, the proposed model has a 678

better predictive performance compared to Teng et al. [16]’s model. The results demonstrated in 679

Fig. 15 can reasonably confirm the assumptions conducted by proposed model for formulating the 680

substantial effect of key parameter of fs  in terms of the confinement mechanism and confinement 681

-induced improvements of FPCC can be confirmed. 682
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Figs. 16 compares the axial response of the square cross-section columns with full confinement 683

arrangements (FFSC) obtained from the proposed analytical model and the generalized Teng et al. 684

[16]’s model with the experimental results reported by Guo et al. [29], Suon et al. [8] and Shan et 685

al. [10]. For the case of the test specimen F1 (Fig. 16a), the generalized Teng et al. [16]’s model 686

presented a better predictive performance compared to the proposed model, even though the both 687

models led to an identical maximum compressive strength. However, for the cases of the test 688

specimens F2 and F3, the axial behavior estimated by the proposed model is in an acceptable 689

agreement with the experimental counterparts. As can be seen in Fig. 16d-f, in general, the 690

proposed model demonstrated sufficient capability in estimating the experimental axial response. 691

Although the global axial behavior of the test specimen S-CR26-6 (Fig. 16f) was overestimated 692

by the proposed model, a good estimation was achieved in terms of maximum compressive 693

strength. Nonetheless, the generalized Teng et al. [16]’s model provided significant 694

underestimations of the experimental counterparts. As can be seen in Fig. 16g-i, a slight better 695

predictive performance with sufficient accuracy was demonstrated by the proposed model 696

compared to the generalized Teng et al. [16]’s model. As a result, Fig. 16 confirms the reliability 697

of the proposed model in the establishment of the shape effect of square cross-section, with a 698

unified character with FFCC and FPCC, on FRP confinement mechanism, strongly dependent on 699

the dimension of the corner radius r , in terms of the axial stress versus axial strain relationship. 700

For the case of FPSC, Fig. 17 compares the axial capacity curves resulted from the proposed model 701

and the generalized Teng et al. [16]’s model with the experimental results reported by Triantafillou 702

et al. [13], Zeng et al. [14] and Guo et al. [29]. As can be seen in Fig. 17a-c, both confinement 703

models generally over-predicted the initial axial stiffness. However, the proposed model could 704

well simulate the full range of the axial stress versus axial strain obtained from Triantafillou et al. 705
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[13]. The evaluation of the generalized Teng et al. [16]’s model revealed consistent over-706

predictions in terms of axial strength capacity. For the case of the test results reported by Zeng et 707

al. [14], there is a better predictive performance for the proposed model compared to the 708

generalized Teng et al. [16]’s model, which consistently underestimated the experimental 709

counterparts (Fig. 17g-i). As can be seen in Fig. 16g-i, despite a slight overestimation 710

corresponding to the transition zone for the case of P-2-120-40, the proposed model could correctly 711

predict the experimental axial response of FPSC, with a better estimation compared to the 712

generalized Teng et al. [16]’s model.  713

Ultimately, the results provided in Fig. 14-17 reasonably validate the wide applicability of the 714

proposed model for accurately predicting the axial response of FRP confined concrete column with 715

a broad range of material properties and main model parameters associated with different confining 716

strategies (full and partial system) and the cross-section shapes as square and circular columns.   717

 718

 719

10- Summary and Conclusion 720

In the present study, a new unified confinement model for predicting the global axial strain versus 721

stress response of concrete columns of circular and square cross-sections (SC and CC, 722

respectively) confined with full and partial FRP-based arrangements (FF and FP, respectively) was 723

proposed. An equivalent circular cross-section was proposed for the cases of columns of 724

rectangular cross-section (FFSC and FPSC), for the intended purpose of using a unified approach, 725

as an extension of the one applicable to circular cross-section concrete columns (FFCC and FPCC). 726

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



For formulating the influence of concrete expansion distribution at the horizontal and vertical 727

directions, an extended version of the model recommended by Shayanfar et al. [35] was developed. 728

Accordingly, a generalized confinement pressure was introduced to determine the confinement 729

characteristics of FRP confined concrete. Based on an extensive set of experimental results 730

including 418 test specimens, a new unified analysis-oriented model in compliance with the 731

concept of the confinement efficiency factor was proposed to predict axial stress versus axial strain 732

of FFCC, FPCC, FFSC and FPSC. The predictive performance of the developed confinement 733

model was then assessed through analytically simulating experimental results. The comparison 734

between the analytical model and experimental counterparts highlighted that it is capable of 735

estimating the axial response of FRP confined concrete with good accuracy. 736
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Appendix A 905

The assembled database for the case of fully and partially FRP confined circular/square concrete 906

can be found in Table A1.  907

 908

Appendix B 909

To determine axial stress versus axial strain curves, Teng et al. [16] proposed an analysis-oriented 910

model based on active confinement approach, originally suggested for FFCC. By adopting OCCEF 911
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(Mander et al. [28]) presented in this study, at a known value of concrete lateral strain ( ,l je ), the 912

corresponding confinement pressure ( ,l ff ) imposed on FPSC with the equivalent circular cross-913

section ( eqD ) can be calculated as: 914
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Subsequently, the corresponding axial strain ( ce ) can be obtained through a lateral to-axial strain 916

relation as: 917
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  B-7 

The corresponding axial stress can be predicted as: 918
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where cce  is the axial strain corresponding to peak axial stress point ccf ; n  is the concrete 920

brittleness; cE  is the modulus elasticity of concrete. By repeating the described procedure for a 921

range of ,l je , cf  versus ce curve can be obtained. 922
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Fig. 1

 

Fig.1. Various confinement configurations 

Note: UC: unconfined concrete column; FFCC: FRP fully confined circular concrete column; FPCC: FRP partially confined 

circular concrete column; FFSC: FRP fully confined square concrete column; FPSC: FRP partially confined square concrete 

column; 
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Fig. 2 

a) b) c) 

Fig. 2. Distribution of confinement pressure in FRP confined square column based on OCCEF 
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Fig. 3

    

a) Rb = 0.2 b) Rb = 0.4 c) Rb = 0.6 d) Rb = 0.8 

Fig. 3. Typical distribution of confinement pressure obtained from finite element simulations performed by [32]  

 
Note: White zone: associated with low confinement level; Gray zone: moderate confinement level; Black zone: high confinement level [32] 
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Fig. 4. Distribution of confinement pressure based on MCCEF 
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a) 

 

b) 

Fig. 5. a) Arching action in FFSC; b) Variation of ,h fk  with respect to bR   
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a) 

  

b) 

Fig. 6. a) Typical distribution of hoop strain field on the perimeter of a quarter of cross-section; b) 

Predictive performance of hke  model 
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Fig. 7. Variation of HK  with bR  
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Fig. 8

 
a) b) c) 

 

d) e) f) 

Fig. 8. Schematic distributions of concrete expansion gradient ( ( )k ze ), normalized confining stress (
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f ff z f ) and normalized confinement pressure ( ( ) *
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a) *A
f fI I  b) 

B
fI  c) C

fI  d) 0D
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e)  

Fig. 9. a-d) Schematic distribution of concrete expansion gradient ( )k ze  as a function of fI ; e) Relation of 

concrete expansion gradient FFSCke  and fI ; 
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a) 

 

b) c) d) e) 

Fig. 10. a) Partial confinement configuration; b) Concrete lateral expansion distribution; c) FRP confining stress distribution; d-

e) Confinement pressure distribution  
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Fig. 11

 

a) b) c) 

Fig. 11. Determination of axial response of FRP confined concrete:  a) Confinement pressure versus axial strain; b) 

Peak axial stress versus confinement pressure; c) Axial stress versus axial strain; 
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Fig 12. Relation between ,/s s maxc v vea =  and ce  (redrawn from Shayanfar et al. [35]) 
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Fig. 13

  

Fig. 13. Assessment of a) the correlation of Eq. (54); b) the variation of Eq. (48) with different ,K fr  
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Fig. 14

   

a) b) c) 

   

d) e) f) 

   

g) h) i) 

 

Fig. 14. Analytical simulations versus experimental results reported by Zeng et al. [3, 14] and Suon et al. 

[8] for FFCC 
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Fig. 15. Analytical simulations versus experimental results reported by Barros and Ferreira [4], Zeng et al. 

[3] and Guo et al. [5] for FPCC 
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Fig. 16. Analytical simulations versus experimental results reported by Guo et al. [29], Suon et al. [8] and 

Shan et al. [10] for FFSC 
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Fig. 17. Analytical simulations versus experimental results reported by Triantafillou et al. [13], Zeng et al. 

[14] and Guo et al. [29] for FPSC 
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Table 1

Table 1. Test database of Exp
hke for the case of FFSC  

Reference ID 
b 

(mm) 
Rb 

fc0 
(MPa) 

Exp
hke  Reference ID 

b 
(mm) 

Rb 
fc0 

(MPa) 
Exp

hke  

Ozbakkaloglu [6] 

A10R15L3-1 150 0.20 77 0.77 

Wang et al. [42] 

S2H0L2C 204 0.20 26 0.46 
A10R15L3-2 150 0.20 77 0.86 S2H2L2C 204 0.20 33 0.60 
A10R30L3-1 150 0.40 77 1.00 S2H2L2C 204 0.20 33 0.52 
A10R30L3-2 150 0.40 77 0.61 S1H1L3M 305 0.20 32 0.42 
A10R15L5-1 150 0.20 77 0.27 S1H1L3M 305 0.20 32 0.55 
A10R15L5-2 150 0.20 77 0.56 

Jing et al. [43] 

VII-D2-M-M-1 250 0.20 47 0.78 
A10R30L5-1 150 0.40 77 0.61 VII-D2-M-M-1 250 0.20 47 0.80 
A10R30L5-2 150 0.40 77 0.89 VI-D4-M-M-1 250 0.20 39 0.71 

Saleem et al. [12] 

SR13L1 150 0.17 24 0.66 VI-D4-M-M-1 250 0.20 39 0.80 
SR13L2 150 0.17 24 0.34 VII-D3-M-M-2 250 0.20 47 0.61 
SR26L1 150 0.35 24 0.89 VII-D3-M-M-2 250 0.20 47 0.55 
SR26L2 150 0.35 24 0.74 VII-D3-M-M-2 250 0.20 47 0.63 
SR26L3 150 0.35 24 0.39 

Wang et al. [44] 

R150L1 150 0.25 25 0.57 

Suon et al. [8] 

S13-3L 150 0.17 16 0.62 P175L2 175 0.29 25 0.82 
S13-6L 150 0.17 16 0.61 P350L4 350 0.23 22 0.64 
S13-9L 150 0.17 16 0.54 R300L2 300 0.30 23 0.66 
S26-3L 150 0.35 16 0.72 Chen and 

Ozbakkaloglu [7] 

S-CR10-CL0 150 0.13 39 0.86 

S26-6L 150 0.35 16 0.65 S-CR20-CL0 150 0.27 39 1.09 

S26-9L 150 0.35 16 0.69 

Wang and Wu [9] 

C30N1r15 150 0.20 32 0.83 

Zhu et al. [39] 

2sq1 150 0.33 32 0.63 C30N1r30 150 0.40 32 0.83 
2sq1 150 0.33 32 0.59 C30N1r45 150 0.60 31 0.91 
3sq1 150 0.33 32 0.60 C30N1r60 150 0.80 32 0.83 
3sq2 150 0.33 32 0.52 C30N2r15 150 0.20 32 0.95 
4sq1 300 0.33 23 0.73 C30N2r30 150 0.40 32 0.64 
4sq2 300 0.33 23 0.71 C30N2r45 150 0.60 31 0.80 

Mostofinejad et al. 
[30] 

S15 150 0.20 40 0.71 C30N2r60 150 0.80 32 0.94 
S30 150 0.40 40 0.88 C50N1r15 150 0.20 54 0.67 
S45 150 0.60 40 0.91 C50N1r30 150 0.40 52 0.82 
S60 150 0.80 40 0.95 C50N1r45 150 0.60 53 0.89 

Shan et al. [10] 

S30 300 0.20 42 0.73 C50N1r60 150 0.80 53 1.05 
S60 300 0.40 45 0.64 C50N2r15 150 0.20 54 0.42 
S90 300 0.60 45 0.88 C50N2r30 150 0.40 52 0.85 

S120 300 0.80 45 0.93 C50N2r45 150 0.60 53 0.77 

Wang and Wu [40] 
1S-1 150 0.40 34 0.95 C50N2r60 150 0.80 53 0.91 
2S-1 150 0.40 34 0.67 

Oliveira and 
Carrazedo [33] 

S10r1 150 0.13 36 1.04 
2S-1 150 0.40 34 0.73 S10r1-F 150 0.13 36 0.56 

Pantelides et al. [41] 

S-C2-0 279 0.14 17 0.78 S20r1 150 0.13 36 0.82 
S-CS-0 279 0.14 17 0.62 S20r1-F 150 0.13 36 0.63 
S-G6-0 279 0.14 17 0.38 S10r3 150 0.40 36 0.92 
S-GS-0 279 0.14 17 0.49 S10r3-F 150 0.40 36 0.85 

Wang et al. [42] 
S2H0L2C 204 0.20 26 0.65 S20r3 150 0.40 36 0.67 
S2H0L2C 204 0.20 26 0.28 S20r3-F 150 0.40 36 0.75 



Table A1

Table A1. Assembled database for FFCC, FPCC, FFSC and FPSC  

ID 
Confinement arrangement Deq 

(mm) 
fc0 

(MPa) 
ρK,f 
(%) 

R1 
Total FFCC FPCC FFSC FPSC 

Rochette and Labossie`re [62] 15 2  13  100-159 40.3-45.1 0.2-4.2 0.28-2.35 

Shehata et al. [63] 4 2  2  150-154 23.7-29.8 0.3-6.6 0.75-3.72 

Teng and Lam [36] 3 3    152 30.7-32.7 1.8-4.7 3.15-3.82 

Lam and Teng [15] 8   8  155-158 22.6-39.1 0.3-4.1 0.37-4.18 

Xiao and Wu [49] 39 39    152 33.7-57.0 1.4-9.3 0.62-3.81 

Masia et al. [64] 6   6  106-158 23.0-25.8 1.3-3.6 1.55-2.98 

Berthet et al. [50] 15 15    70-160 23.6-171 3.2-15.1 1.10-5.21 

Harajli et al. [51] 3   3  137 18.6 0.5-2.3 1.12-2.95 

Rousakis et al. [65] 12   12  210 33.0 0.2-1.7 0.37-1.68 

Tao et al. [11] 6   6  154-159 21.4-48.1 0.3-3.5 0.37-3.03 

Barros and Ferreira [4] 39 8 31   150 18.1-40.0 0.1-26.2 0.18-4.86 

Wang and Wu [9] 24 4  20  150-159 30.7-54.1 0.1-5.9 0.08-2.98 

Eid et al. [2] 18 18    152 32.1-67.7 0.7-6.9 0.71-3.47 

Wu and Wei [40] 2   2  158 35.3 0.6-1.5 0.57-1.72 

Benzaid and Mesbah [66] 6 6    160 25.9-61.8 1.0-9.2 0.72-4.10 

Lim and Ozbakkaloglu [26] 36 36    152 29.6-98.0 1.0-5.3 1.02-3.46 

Triantafyllou et al. [13] 4   1 3 158 12.4 0.1-0.3 0.21-0.63 

Vincent and Ozbakkaloglu [67] 6 6    152 110.3 2.7-4.8 1.16-1.73 

Zeng et al. [14] 20 3 9 2 6 176-238 22.7-22.9 0.1-8.9 0.27-4.16 

Zeng et al. [3] 60 6 54   150 23.4 3.9-13.0 3.18-4.25 

Zeng et al. [34] 15  15   150 23.5 0.1-3.8 0.19-2.07 

Wang et al. [54] 7 1 6   100 35.9 0.1-5.7 0.17-4.35 

Guo et al. [29] 16   3 13 210 34.7 0.1-1.2 0.17-1.42 

Guo et al. [5] 21  21   100-300 33.6-41.7 0.2-3.6 0.28-2.61 

Suon et al. [8] 12 3  9  150-158 15.6-16.0 0.04-3.8 0.18-3.25 

Shan et al. [10] 21 3  18  300-318 35.8-37.2 0.1-3.8 0.1-3.25 

ALL 418 155 136 105 22 166 a-0.26 b 37.7-0.55 2.6-1.12 1.66-0.69 

Note: a: Mean; b: CoV 
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