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Abstract 5 

Even though analysis-oriented models exist to simulate the axial and dilation behavior of reinforced 6 

concrete (RC) columns strengthened with fiber-reinforced-polymer (FRP) full confinement arrangements, 7 

a reliable model developed/calibrated for FRP partially imposed confinements is not yet available, 8 

identified as a research gap. Therefore, this paper is dedicated to the development of a new analysis-oriented 9 

model generalized for fully and partially confined RC columns under compression. In addition to vertical 10 

arching action phenomenon, the influence of the concrete expansion distribution along the column height 11 

on confining stress is considered in the establishment of the combined confinement from FRP strips and 12 

steel transverse reinforcements. A new unified dilation model is proposed, where the substantial effect of 13 

additional axial deformations induced by damage evolution in unwrapped zones is formulated by 14 

considering available experimental results. This model is coupled with an axial stress-strain formulation 15 

that includes a new failure surface function for simulating the dual confinement-induced enhancements, 16 

which are strongly dependent on the confinement stiffness. The developed model considers the influence 17 

of partially imposed confinement strategy on the axial and dilation behavior of RC columns, whose 18 

validation is demonstrated by simulating several experimental tests. Lastly, a parametric study is performed 19 

to evidence the dependence of FRP-steel confinement-induced enhancements on steel hoop and FRP 20 

spacing, and on the concrete compressive strength. 21 

Keywords: RC columns; FRP confinement; Steel confinement; Dilation model; Stress-strain model;  22 
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1 - Introduction 25 

The confinement of existing circular reinforced concrete (RC) columns with fiber-reinforced-26 

polymer (FRP) composites has been progressively demonstrated as a competitive strengthening 27 

technique for increasing the axial load carrying and deformation capacity of these structural 28 

elements. Numerous studies have been carried out to investigate the influence of FRP confining 29 

system on the axial and dilation behavior of concrete/RC columns, leading to the development of 30 

several analysis/design-oriented stress-strain models. Nonetheless, most of these models do not 31 

consider the confinement provided by existing steel hoop/spiral reinforcements, neither the mutual 32 

interference of this hybrid reinforcement (FRP and hoop/spiral) on the final confinement. 33 

Furthermore, in general, they are only applicable to full confinement arrangement and, 34 

consequently, their applicability for the case of FRP partially imposed confinement is at least 35 

arguable. For a comprehensive investigation, existing studies available in the literature were 36 

analyzed and classified into two distinctive categories: i) those of experimental and numerical 37 

nature that consider the influence of key parameters on full/partial confinement 38 

mechanism/performance; ii) those of analysis-oriented framework that simulate theoretically the 39 

axial and dilation behavior of concrete/RC columns with dual FRP-steel confinement. 40 

In the first category, for the case of FRP fully confined circular concrete elements (FC as shown 41 

in Fig. 1a), Lin et al. [1] experimentally evidenced that the effectiveness of this confinement 42 

system remarkably depends on concrete axial compressive strength and FRP thickness. For the 43 

case of FRP partially confined circular concrete elements (PC as shown in Fig. 1a), Wang et al. 44 

[2] demonstrated the FRP strip spacing (
fs ) plays a key role in the establishment of their axial and 45 

dilation behavior. Zeng et al. [3, 4] experimentally revealed that by increasing 
fs , the ratio of 46 

concrete lateral expansion at the strip mid-plane and at the mid-height of FRP strips grows 47 
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remarkably, leading to a non-homogenous distribution of concrete expansion and confining stress 48 

along the column height. Wang et al. [5] performed an experimental study to evaluate axial and 49 

dilation responses of FRP fully confined circular RC column (FR as shown in Fig. 1a). It was 50 

demonstrated that the dual confinement mechanism of FRP jacket and steel hoops is able to 51 

considerably enhance axial strength and deformability of FR, compared to FC, depending on steel 52 

hoop spacing ( ss ). Kaeseberg et al. [6] experimentally demonstrated the substantial influence of 53 

ss  on the confinement-induced enhancements of FR, whose level also depends on the volumetric 54 

ratio and yield strength of steel hoops, as also confirmed by [7]. Eid et al. [8] experimentally 55 

showed that steel spiral reinforcements are more effective than steel hoops for the improvement of 56 

the axial and dilation responses of FR, which was also shown by [9]. Based on finite element 57 

analysis, Zignago and Barbato [10] evidenced the significant influence of the steel hoop 58 

confinement on the peak axial strength of FR, but its contribution has decreased with the increase 59 

of the concrete compressive strength and FRP confinement stiffness. Barros and Ferreira [11] 60 

investigated the axial and dilation behavior of FRP partially confined circular RC columns (PR as 61 

shown in Fig. 1a) with different confinement arrangements. The results indicated that even though 62 

the partial confining strategy was not as efficient as full confinement, it could be sufficient to 63 

assure high levels of load-carrying capacity and deformability with a good compromise between 64 

efficiency and cost-effectiveness. Furthermore, it was demonstrated that the confinement-induced 65 

enhancements were more significant in PR columns with closely spaced FRP strips and relatively 66 

low concrete compressive strength.  67 

On the other hand, in the second category, several theoretical-based models [12-15] have been 68 

proposed to simulate axial and dilation behavior of concrete/RC columns with FRP or dual FRP-69 

steel confinement, It is now well-known that at the same level of confinement pressure ( lf ), there 70 
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is a remarkable difference in the level of enhancements provided by passively- and actively-71 

confinement systems ( lf  varies and is constant, respectively, during axial loading). This 72 

difference is generally known as Confinement Path Effect. In general, to determine the axial stress-73 

strain curve of passively-confined concrete (i.e. FRP confined concrete), an axial stress-strain base 74 

model,  1c ccf g f , is adopted, where 1g  represents the mathematical function of the model for 75 

determining a certain value of axial stress ( cf ) from a specified value of peak axial strength ( ccf ) 76 

at a given axial strain ( c ), as demonstrated in Fig. 1b. Subsequently, the confinement path effect 77 

is considered by using a failure surface function applicable to passively- confining system, 78 

 2cc lf g f , which determines ccf  from the confinement pressure ( lf ) at a given c  through the 79 

2g .function. Teng et al. [12] proposed an analysis-oriented model applicable to FC in which a new 80 

failure surface function was developed/calibrated based on test results of FC rather than actively-81 

confined concrete. Zeng et al. [3] generalized Teng et al. [12]’s models for the case of PC by 82 

adopting the well-known concept of confinement efficiency factor (suggested by Mander et al. 83 

[13]). It was demonstrated that this approach results in misleading predictions of experimental 84 

axial and dilation behavior of PC, particularly for specimens with a relatively large fs . Shayanfar 85 

et al. [14] proposed a generalized analysis-oriented model for FC and PC, coupled with the dilation 86 

model developed by Shayanfar et al. [15]. In this model, a new failure surface function applicable 87 

to passively-confined concrete was developed based on a large test database of FC/PC. 88 

Furthermore, besides the vertical arching action, the effect of non-uniform distribution of concrete 89 

lateral expansion along the column height of PC was considered. For the case of FR, Pellegrino 90 

and Modena [16] proposed an axial stress-strain model, where the interaction mechanisms between 91 

internal FRP full confinement and steel transverse reinforcements were considered based on 92 
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experimental observations. Hu and Seracino [17] developed a new confinement model for FR, 93 

where the contribution of steel hoops and FRP jackets in the failure surface function is evaluated 94 

according to the Mander et al. [13] (originally developed for steel-confined RC columns) and Jiang 95 

and Teng [18]’s models, respectively. Similarly, Teng et al. [19] extended the model of Jiang and 96 

Teng [18] for the case of FR by using the ratio between the FRP confinement stiffness and the 97 

effective confining stiffness of steel transverse reinforcements for considering the effect of their 98 

dual confinement mechanism. Even so, to the best of the authors’ knowledge, the development of 99 

a robust analysis-oriented model for the case of PR to predict the full range of axial‐ stress–strain 100 

response is still lacking. 101 

The present study aims to introduce a robust confinement model generalized for FRP full and 102 

partial confinement arrangements (FR and PR), where the key components of this model are 103 

calibrated based on existing experimental results. For the establishment of the FRP-steel equivalent 104 

confinement pressures uniformly distributed over the column height, the influence of non-105 

homogenous distribution of concrete lateral expansion on their confining stress is required to be 106 

addressed, besides vertical arching action. For quantitatively characterizing this influence, a 107 

reduction factor with an analytical framework is suggested where the degree of its dominance in 108 

the equivalent confinement pressure is strongly dependent on confinement configuration i.e. steel 109 

hoop/spiral and FRP spacing and FRP confinement stiffness, in addition to cross-section geometry. 110 

Subsequently, an extended version of the dilation model recommended by Teng et al. [19], 111 

originally developed for FR, is introduced for the case of PR. In this extended/improved model, 112 

new parameters are proposed to reflect the substantial effects of additional axial deformations 113 

induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and non-homogenous 114 

concrete expansion distribution on axial strain-lateral strain relation. This model is, then, coupled 115 

 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 



        

6 

 

with axial stress-strain models for concrete core and cover areas that include a confinement 116 

stiffness-based failure surface function calibrated for partially imposed FRP-steel confining 117 

systems. Lastly, the reliability of the proposed analysis-oriented model is demonstrated by 118 

comparison with existing experimental results and those predicted by Teng et al. [19]’s model 119 

generalized based on the well-known concept of confinement efficiency factor (suggested by 120 

Mander et al. [13]). 121 

2 - Characteristics of Unconfined Concrete Columns 122 

To calculate the confinement-induced improvements in terms of axial compressive strength and 123 

deformability, the characteristics of unconfined concrete compressive strength ( 0cf ) and its 124 

corresponding axial strain ( 0c ) are necessary to be determined as basic parameters. The studies 125 

(i.e. [20-32]) have evidenced a remarkable size effect, resulted from the energy release of the 126 

elastic strain when concrete enters in its softening stage, which is also dependent of the relative 127 

stiffness of the specimen versus of the adopted testing equipment. This influences the compressive 128 

strength of unconfined concrete specimens, being it dependent on the parameters affecting the 129 

axial stiffness of the specimen, namely the specimen’s aspect ratio ( L D ) and concrete elasticity 130 

modulus, cE . This last parameter reflects the concrete stiffness, which is influenced not only on 131 

the quality of the matrix and aggregates, but also on the aggregate-matrix interface zone [24-29]. 132 

Sim et al. [25] proposed an empirical formulation, calibrated by using results from 1509 test 133 

specimens of unconfined concrete, having a better performance in predicting experimental 0cf  134 

compared to Bazant [27] and Kim and Eo [28]. Accordingly, in this study, the well-calibrated 135 

model suggested by Sim et al. [25] was adopted to calculate 0cf  as presented by Eq. (1) (with a 136 

slight rearrangement): 137 
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 
0.6 0.122 0.088

0 0 0

150
0.63 0.9 1.063

1 0.017
c c c

L D D
f f f

D D L

 
           

     
 

 (1) 

where 0cf   is the compressive strength of the standard cylinder with 150 mmD   and 300 mmL 138 

(the reference specimen’s dimensions), assumed as a representative. Note that for the case of the 139 

representative, 0 0c cf f  . 140 

On the other hand, studies (i.e. [20-22, 30-32]) demonstrated a strong relation between concrete 141 

compressive strength ( 0cf ) and its corresponding axial strain ( 0c ), where 0c  increases with 0cf142 

. Besides the effect of 0cf , Jansen and Shah [20] evidenced that the column aspect ratio ( L D ) 143 

has a noticeable influence on the 0c , which was also confirmed by [22]. In the present study, for 144 

the estimation of 0c  by considering the size effect, a large database including 604 unconfined 145 

concrete specimens was collected as presented briefly in Table 1. According to the compiled 146 

database, the best-fit expression obtained from regression analysis, as a function of 0cf  and 147 

column aspect ratio ( L D ), is proposed: 148 

0.25

0
0 0.0011 c

c

f D

L


 
  

 
 (2) 

whose predictive performance over the corresponding collected experimental data ( 0 0

Ana Exp

c c  ) is 149 

shown in Fig. 2 for the considered variables: 0cf , L D  and D . The obtained statistical indicators 150 

presented in Table 2 demonstrate that Eq. (2) is able to predict with acceptable accuracy the 151 

experimental counterparts. Furthermore, Table 2 shows that the proposed expression has a better 152 

predictive performance than those recommended by Lim and Ozbakkaloglu [31] and Popovics 153 

[32]. 154 
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3 - Simulation Procedure of Axial Response for FR and PR  155 

To establish the axial stress versus axial strain relationship of FR/PR with the combined 156 

confinement from steel transverse reinforcements and FRP jacket, the following procedure was 157 

adopted: 158 

a) Determination of the equivalent confinement pressure imposed by steel transverse 159 

reinforcements ( ,l sf ) and FRP jacket ( ,l ff ) by considering both the effect of non-160 

homogenous distribution of concrete transverse expansibility over the column height and 161 

the vertical arching action phenomenon. 162 

b) Determination of the average axial compressive strain along the column height ( c ) at a 163 

certain level of concrete lateral strain ( ,l j ) obtained from a unified dilation model. 164 

c) Determination of the axial stresses carried by concrete core and cover areas (
e

c

Corf  and 165 

r

c

Covef , respectively) at a certain level of c  based on the ‘Active Confinement Approach’. 166 

In this approach, the axial stress-strain relation of passively-confined concrete is derived 167 

based on an axial stress-strain base relation model developed for actively-confined 168 

concrete, where the differences of passive and active confinement systems are reflected in 169 

terms of their confinement-induced improvements. 170 

Since full confinement system is a special case of partial confinement configuration where 171 

0fs  , a unified approach that depends on fs  will be established, in order to dealt with both 172 

confinement arrangements with the same formulation. Accordingly, as close fs  is to the null 173 

value, as close is the behavior of a column when subjected to a full confinement configuration 174 

(FR). Likewise, when the spacing of steel transverse reinforcements is above a certain limit 175 
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(its contribution would be insignificant in dual confinement mechanism with FRP jacket), the 176 

prediction continuity between FR/PR and FC/PC can be achieved. Therefore, through a 177 

generalized mathematical framework based on unification approach, an unique formulation 178 

was developed to be applied to PC, PR, FC and FR. 179 

4 - Confinement Pressure Generated by FRP and Steel Transverse Reinforcements  180 

This section addresses the determination of the confinement pressure generated by FRP full/partial 181 

confinement system and steel transverse reinforcements. Fallahpour et al. [33] demonstrated 182 

experimentally that there is a non-uniform distribution of concrete lateral strain that generates a 183 

non-uniform confining pressure along the column height, which is dependent on the confinement 184 

stiffness, as was also confirmed by [34-36]. For FC with high level of FRP confinement stiffness, 185 

since strong restrictions are imposed against the concrete expansibility, an almost null gradient of 186 

concrete expansion along the column height is expected. However, for lightly-confined concrete, 187 

the damage evolution cannot be homogenized, leading to strain localization due to the lack of 188 

sufficient confinement stiffness [36]. On the other hand, the non-uniform distribution of concrete 189 

lateral expansion for the case of PC is more pronounced than in FC, whose level is significantly 190 

dependent on the fs , as evidenced by Zeng et al. [4] and Guo et al. [37]. For the case of FC/PC, 191 

Shayanfar et al. [14] have specified a reduction factor for FRP confining stress aiming to develop 192 

an equivalent confining stress acting uniformly over the concrete column height. Accordingly, by 193 

assuming that the maximum concrete expansion (
,l j ) occurs at the mid-distance between FRP 194 

strips in case of PC (Fig. 3) leading to a confining stress equal to 
,f l jE   (where fE  is the elasticity 195 

modulus of FRP strips), the equivalent confining stress can be expressed as ,ff f l jk E  , where ffk  196 

is the reduction factor specified by Shayanfar et al. [14].  197 
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Therefore, for the case of PR, considering the effect of vertical arching action between FRP strips, 198 

the equivalent FRP confinement pressure ( ,l ff ) acting uniformly over the column height can be 199 

derived based on lateral force equilibrium as (the meaning of the symbols representing geometric 200 

entities are shown in Fig. 1): 201 

   , , , , ,2 2
f f f f f fPR PR

l f v f f ff l j v f ff f l j

f f f f

n t w n t w
f k E k k k E

w sD w sD
  

 
 (3) 

Rearranging Eq. (3) yields: 202 

, , ,

fPR

l f v f ff Lc l j

f f

w
f k k K

w s



 (4) 

in which 203 

2
f f f

Lc
D

n t E
K   (5) 

where ,v fk  is the reduction factor reflecting the effect of vertical arching action between FRP 204 

strips; 
PR

ffk  is the reduction factor reflecting the effect of non-homogenous concrete expansion 205 

along the height of PR (the superscript represents the type of confined column that this factor is 206 

applicable to). Note that to calculate ,l ff  by Eq. (4), the reduction factors 
PR

ffk  and ,v fk  need to 207 

be addressed as input parameters, which will be presented in Section 4.1 and Section 4.2, 208 

respectively.  209 

By considering the influences of the concrete expansion distribution and vertical arching action 210 

between steel transverse reinforcements, the equivalent confinement pressure ( ,l sf ), imposed 211 
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uniformly on the core of PR can be determined from lateral force equilibrium as (the meaning of 212 

the symbols representing geometric entities was shown in Fig. 1): 213 

, ,, 2 j

PR sth
l s v ls ff s

c s

A
f k k E

D s
                           for ,l j yh

PR

ffk    (6a) 

, ,2 sth
l s v s yh

c s

A
f k f

D s
                                      for ,l j yh

PR

ffk    (6b) 

where ,v sk  is the reduction factor reflecting the effect of vertical arching action between steel 214 

transverse reinforcements; Dc is the diameter of the concrete core (Fig. 1); sthA  is the cross-215 

sectional area of a steel confining spiral/hoop; ss  is the distance between steel transverse 216 

reinforcements; sE , yh  and 
yhf  are the elasticity modulus, yield strain and stress of steel 217 

transverse reinforcements, respectively. To calculate 
,l sf  by Eq. (6), besides 

PR

ffk , the reduction 218 

factor of ,v sk  should be determined as an input parameter, which will be presented in Section 4.2. 219 

To do not introduce unnecessary complexities in the formulation, the hoop strain of steel confining 220 

reinforcement was assumed to be identical to the hoop strain of FRP jacket based on Teng et al. 221 

[19]’s recommendation. 222 

4.1- Non-homogenous Distribution of Concrete Lateral Expansion 223 

Experimental studies (i.e. Zeng et al. [4] and Guo et al. [37]) have evidenced that concrete regions 224 

between FRP strips (unwrapped zone) in a partially confining system experience a larger dilatancy 225 

during axial loading, compared to the wrapped ones as typically illustrated in Fig. 3a. Since the 226 

concrete expansion produces FRP confining strain/stress, Shayanfar et al. [35] have confirmed that 227 

by assuming a homogenous concrete expansibility along the column height in the model ( 1ffk  , 228 

representing the same concrete expansion for the unwrapped and wrapped), the real dilation and 229 
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axial behavior cannot be correctly predicted, particularly for a partial system with a relatively large 230 

fs . 231 

Shayanfar et al. [14] evidenced that 
PR

ffk  (the ratio of average concrete lateral expansion within 232 

the strip zone to the maximum concrete expansion ( ,l j ) along the damage zone length ( dL ), as 233 

illustrated in Fig. 3) is strongly dependent on fs . For a closely spaced FRP strips, 
PR

ffk  tends to 234 

be similar to 
FR

ffk , being equal in the case of full confinement ( 0fs  ). However, for a largely 235 

spaced FRP strips ( 0dfs L , where 0dL  is the damage zone length of unconfined concrete to be 236 

latter determined) with marginal FRP confinement effectiveness, 
PR

ffk  approaches to 
SCRk  237 

similar to the case of RC columns (SCR: confined only by steel transverse reinforcements). 238 

Accordingly, 
PR

ffk  can be reasonably considered on the interval ,SCR FR

ffk k
   . By assuming 239 

PR

ffk  as being linearly dependent of 0f ds L , it can be expressed as (Fig. 3a): 240 

 
0

PR FR FR SCR SCR

ff ff f

f

d

fk k
s

k
L

k k       (7) 

where 0dL  can be obtained as suggested by Wu and Wei [38]: 241 

500.57 1.71 3.53 10 1.36d
g

g f

L
A

A 

      (8) 

0

6.3
1f

cf
    (9) 

where gA  is the total area of the section; f  is the calibration factor reflecting the effect of 242 

concrete compressive strength in terms of damage zone length of unconfined concrete. 243 
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In Eq. (7), 
SCRk  is the ratio between the minimum and maximum concrete expansion within 0dL  244 

in the case of steel-confined RC columns. By decreasing ss , the concrete lateral expansion tends 245 

to be smaller and more-homogenously distributed. Hence, 
SCRk  approaches to 1, representing 246 

uniform concrete expansion over the column height, for the case with very closely spaced steel 247 

transverse reinforcements. However, due to its marginal influence when 0s ds L  ([39-42]), 
SCRk  248 

can be considered almost 0.08 similar to the case of unconfined concrete, as recommended by 249 

Shayanfar et al. [15]. Consequently, by assuming 
SCRk  on the interval  0.08,1  and a linear 250 

relation with 0s ds L , 
SCRk  can be expressed as: 251 

0

1 0.92 0.08SCR s

d

k
s

L
     (10) 

In Eq. (7), 
FR

ffk  is the reduction factor to account for non-uniform confinement along the column 252 

height of FR, representing the ratio of average concrete lateral expansion along dL  to the 253 

maximum concrete expansion ( ,l j ) as illustrated in Fig. 3b. In this figure, 
*

fI  represents the 254 

threshold of FRP-based confinement stiffness above which a uniform distribution for concrete 255 

lateral expansion along the column height is assumed. Based on an approximate method with 256 

analytical framework, Shayanfar et al. [14] proposed a reduction factor (
FC

ffk ) applicable to FC, 257 

as a main function of a confinement stiffness index ( fI ). In this model, above a certain level of 258 

confinement stiffness (
*

f fI I ), since strong restrictions are imposed to the concrete 259 

deformability, an almost null gradient of concrete expansion along the column height was assumed 260 

(representing 1FC

ffk  ), as evidenced experimentally by Wei and Wu [36]. Nonetheless, for 261 
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lightly-confined concrete (
*

f fI I ), the damage evolution is not uniform ( 1FC

ffk  ), leading to 262 

strain localization due to the lack of sufficient confinement stiffness. In the present study, by 263 

extending Shayanfar et al. [14]’s model in order to be applicable to the case of FR, 
FR

ffk  is 264 

proposed as (Fig. 3b): 265 

1 2

3 3

FR FR

ffk k   (11) 

in which 266 

 
2

* *
1 2 1

f fFR SCR SCR

f f

I I
k k k

I I
  

  
          

              for  *

f fI I  (12a) 

1FRk                                                                             for  *

f fI I  (12b) 

with  267 

*

00.06 0.0005f cI f                      (13) 

0

0

Lc c
f

c

K
I

f


  (14) 

where fI  is the FRP confinement stiffness index; 
*

fI  is the threshold above which 1FR FR

ffk k 268 

; 
FRk  is the ratio between the minimum and the maximum concrete expansion along dL  in a FR. 269 

As a result, by calculating 
SCRk , 

FRk  and 
FR

ffk  by Eqs. (10), (12) and (11), respectively, 
PR

ffk  for 270 

the case of partially imposed confinement on RC column can be calculated by Eq. (7). The 271 

dominance degree of 
PR

ffk  in ,l ff  and ,l sf  is strongly dependent on steel hoop/spiral and FRP 272 

spacing ( 0dss L  and 0dfs L ) and FRP confinement stiffness ( fI ). Accordingly, for the case of 273 
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well-confined RC columns (
*

f fI I ) with closely spaced steel hoop/spiral and FRP strips, 
PR

ffk  274 

tends to be equal to one, representing a uniform concrete expansion distribution over the column 275 

height.  276 

It is noteworthy that for the case of FR/ PR with 0s ds L , Eq. (10) provides 0.08SCRk  , and the 277 

equations for determining 
PR

ffk  (Eq. (7)) and 
FR

ffk (Eq. (11)) degenerate on those proposed by 278 

Shayanfar et al. [14] for FC/PC. It confirms the unified character of the extended model developed 279 

for FR/PR with FC/PC. 280 

4.2- Vertical Arching Action 281 

Due to vertical arching action, the concrete regions of a partially confined column can be 282 

distinguished in two distinct confined areas: i) effective confinement area, and ii) ineffective 283 

confinement area, as illustrated in Fig. 4. In order the entire cross-section area at transverse and 284 

longitudinal directions could be considered as a uniformly confined concrete volume, an effective 285 

confinement pressure is used by applying a reduction factor, vk , to the confinement pressure. 286 

Considering the effect of vertical arching action for the case of FRP partial confinement (Fig. 4a), 287 

Shayanfar et al. [15] proposed a new formulation to calculate ,v fk  as follows: 288 

2 3

,

1 0.43 0.07
f f f

f f

v f

f f

s s s
w s

D D D
k

w s

    
            


            

(15) 

which can be conveniently simplified to: 289 

 
,

exp 0.98
1

f f f

v f

f f

w s R
k

w s

 
 


            (16) 
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where 290 

f

fR
s

D
  (17) 

For the case of steel-confined concrete (as a partial confinement system), a reduction factor 
,v sk , 291 

reflecting the influence of vertical arching action (Fig. 4b), can be determined following the same 292 

principles adopted in the development of Eq. (16) resulting 293 

 , exp 0.98 1v s shc sk C R               (18) 

where 294 

s
s

c

R
s

D
  (19a) 

1 0.84 for steel spirals

1 for steel hoops

s

shc

R
C


 


 
(19b) 

The equation of shcC  parameter was derived based on Mander et al. [13] ( , 1 2v s sk R   and 295 

 
2

, 1 2v s sk R   for spiral and hoop cases, respectively). 296 

As a result, by using ,v fk , 
,v sk  and 

PR

ffk  by Eqs. (16), (18) and (7), the equivalent confinement 297 

pressures generated by FRP jacket and steel transverse reinforcements at a given ,l j  can be 298 

calculated by Eqs. (4) and (6), respectively. 299 

5- Dilation Model of FR/PR  300 

The methodology for determining the dilation response of FR and PR during axial compressive 301 

loading is addressed in this section. For the case of FC, the initial transversal expansion of the 302 

confined concrete is almost the same of unconfined one of same strength class. However, above a 303 
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certain axial compressive deformation, which depends on the concrete strength class, the micro 304 

defects in the concrete microstructure degenerate in meso-defects, and the lateral concrete 305 

expansion start increase significantly, which is reflected in the pronounced increase of the 306 

Poisson’s ratio and a transition zone starts being visible as shown in Fig. 5 (discussed in detail 307 

later). The magnitude of concrete expansion rate is dependent on the stiffness of the confinement 308 

systems. With the degeneration of meso- into macro-defects, the concrete experiences its 309 

maximum expansion rate, which is followed by a descending trend with a lower dilatancy. Further 310 

information about the influence of the confinement on dilation behavior of FC under compression 311 

can be found in [43-48]. 312 

To highlight the influence of steel confining hoops on dilation characteristics of FR, the dilation 313 

results obtained from the experimental study conducted by Wang et al. [5] for the cases of FR and 314 

FC are compared in Fig. 5. For this purpose, the test specimens of C2H0L1 (FC) and C2H1L1 315 

(FR), fully confined by one layer of CFRP jacket, were selected. For C2H1L1, the distance 316 

between steel hoops was reported as 120 mm ( 0.71sR  ). As can be seen in Fig. 5a, beyond the 317 

transition zone, at a certain level of axial strain ( c ), the concrete lateral expansion ( ,l j ) of FC 318 

was larger than that of FR. Based on the volumetric strain ( ,2v c l j    ) versus c  relation 319 

presented in Fig. 5b, FC developed a larger volumetric expansion due to the higher increase of 320 

concrete lateral expansibility, compared to FR. Fig. 5c presents the relation between the secant 321 

Poisson’s ratio ( ,s l j c   ; positive values are considered for both strain components) and c , 322 

which confirms a smaller dilation response of FR with a lower maximum concrete secant Poisson’s 323 

ratio ( ,maxsv ) than that of FC.  324 
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To predict the lateral strain versus the axial strain of FRP confined concrete, several models have 325 

been proposed (i.e. [15, 19, 43-48]). In the present study, the well-calibrated dilation model 326 

conducted by Teng et al. [19], developed for circular RC columns with full confinement 327 

arrangements (FR), having a unified character for FC, will be, hereafter, adapted for being 328 

applicable to FRP-based partial confinement arrangements. In this model, the average axial strain 329 

along the column height ( c ) at a certain level of ,l j  can be obtained from: 330 

0.7

, ,

0

0 0

0.85 1 0.75 exp 7
l j l j

c c T

c c

F
 

 
 

        
          

        

  (20) 

in which 331 

, ,

0 0

1 8
l f l s

T

c c

f f
F

f f
    (21) 

1.59 15.1 FS    (22) 

, ,2

s c s c

v s s st t

FRP
f f fLat Lc

FS Steel

La s s st v

s Dt s D

k E A D

n EK K

K k E A
                   for FC/FR (23a) 

,

,2

v f s c

v s s s

Lc f

FS

ft f

K w

w s

k s D

k E A


 
    

                                 for PC/PR (23b) 

where FS  is the ratio between the confinement stiffness of the FRP jacket and steel confining 332 

systems; TF  is the term reflecting the influence of the combined confinement from FRP jacket and 333 

steel transverse reinforcements on concrete dilation behavior. Note that in the present study, Eq. 334 

(23b) was derived/extended for the case of partial confinement based on the approach used for Eq. 335 

(23a) (
FRP Steel

FS Lat LatK K  ). It is clear that the maximum secant Poisson’s ratio (  , x,max mal j csv  336 
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) cannot be directly determined from Eq. (20). Since the secant Poisson’s ratio ( sv  as the ratio of 337 

hoop/lateral strain and axial strain) must be lower than 
,maxsv  during axial compressive loading (338 

,maxs sv v ), the axial strain ( c ) obtained from Eq. (20) should be consequently higher than 339 

ax, ,msl j v , as a threshold. On the other hand, for the case of partial confining systems, since the 340 

concrete regions between FRP strips of PC/PR (unwrapped zone) are indirectly subjected to a 341 

certain confinement pressure, more damage-induced axial deformation would be expected, 342 

compared to FC/FR, depending on 
fs , as evidenced by [2-4, 49-51]. Accordingly, to simulate the 343 

dilation response of PC/PR, the preliminary evaluations using Eq. (20), exclusively developed for 344 

FC/FR, revealed that this model would result in misleading predictions. Consequently, based on 345 

the aforementioned discussion, in the present study, the dilation model developed by Teng et al. 346 

[19] was extended to the case of PC/PR as follows: 347 

0 ,max

0.7

, , ,

0

0

0.85 1 0.75 exp 7
l j l j l j

c c

s

T c

c c

F
v



  
   

 

     
         

     

  (24) 

in which 348 

 
0

1 5 1 PR PRf

d

k k
s

L
        (25) 

 
0

PR FR FR S f

d

CR SCRk k
L

k k
s

k         (26) 

,max

0
,

0.256

1
s

d
K T

v
L

D



 
 

 

 
 (27) 
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,, ,0 0
,

0 , 0 0 ,

l fl T c l sc c
K T

c l j c c l j

ff D f

f f Df

 


 

   
     
   

  (28) 

where   reflects the influence of non-uniform distribution of concrete expansion along the column 349 

height, which is equal to 1 for the case of full confinement. 
PRk  is the ratio between the minimum 350 

and the maximum concrete expansion, which was derived based on the approach adopted for 351 

developing 
PR

ffk  (Eq. (7) as also shown in Fig. 3a) due to the similarity of concepts. In Eq. (24), 352 

c  is the calibration term representing the influence of the additional axial strain for PC/PR, 353 

compared to FC/FR; ,maxsv  defines the maximum secant Poisson’s ratio, which was proposed by 354 

Shayanfar et al. [35] having a unified character for both cases of full and partial FRP arrangements. 355 

It is noted that in Eq. (28), total confinement pressure ( ,l Tf ) acting on the entire cross-section 356 

imposed by FRP jacket (on the entire cross-section with D ) and steel jacket (on the concrete core 357 

with cD ) was derived based on the equilibrium of lateral forces in the entire cross-section with D  358 

diameter. 359 

To develop c , by assuming ,l i  and ,l j  as the concrete lateral expansion at the strip mid-plane 360 

and at mid-height between two consecutive strips, the following expression was empirically 361 

suggested as   2

1 , ,

A

c l j l iA      where 1A  and 2A  are calibration factors. To minimize the 362 

complexity of this expression, c  was rearranged by considering , , ,01 0.92l i l j f ds L     as 363 

recommended by [15], resulting: 364 

 
2 2

2 ,

1 , , 1 , , 1

,0 ,0

1 0.92 0.92

A A

A f f l j

c l j l i l j l j

d d

s s
A A A

L L



   

    
              

    

 (29) 

 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 



        

21 

 

A regression analysis was performed to achieve the best-fit values for 1A  and 2A  based on 92 test 365 

specimens of PC and PR conducted by Barros and Ferreira [11], Zeng et al. [3, 4, 51] and Guo et 366 

al. [37]. It is noteworthy that the experimental values of 1A  and 2A  were derived by trial-and-error 367 

procedure in such a way that full range lateral strain versus axial strain curves predicted by the 368 

developed dilation model could virtually coincide with those of the experimental relations. Based 369 

on a preliminary regression analysis, 1A  and 2A  were determined equal to 0.085 and 0.65, 370 

respectively. It was, however, verified that considering the influence of FRP confinement stiffness 371 

and f fR s D  on the evaluation of 1A , a better prediction of c  was obtained, therefore the 372 

following equation was determined: 373 

 

0.9

1

0

0.0048

exp 1.75

Lc

cf

K
A

fR

 
  

 
 (30) 

Hence, c was proposed as 374 

  2

0.650.9

1.75 ,

1 , ,

0 ,0

0.0045 f
A R f l jLc

c l j l i

c d

sK
A e

f L



 

   
       

   

 (31) 

where 0c   for the cases of FC and FR. Fig. 6 demonstrates the predictive performance of Eq. 375 

(31). It can be seen that the calibration factor of 1A  has a good agreement with experimental 376 

counterparts.  377 

Fig. 7 compares the existing approach and that proposed in the present study in the establishment 378 

of dilation response of PC based on experimental tests conducted by Zeng et al. [3]. For this 379 

purpose, the model proposed by Teng et al. [19] (developed exclusively for the case of full 380 

confinement) was selected as the representative of existing approaches, where the original concept 381 
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of confinement efficiency factor (
2

, 1 2v f fk s D    , suggested by Mander et al. [13]) was 382 

adopted to generalize this model for the case of partial confinement (presented in Appendix A). It 383 

is noteworthy that the hoop strain in FRP strip in Teng et al. [19]’s model is equal to ,l j  384 

representing the assumption of uniform distribution of concrete expansion along the column height 385 

( 1PCk  ). However, in the present study, FRP hoop strain is considered ,

PC

l jk   (or ,

PR

l jk   in 386 

the case of PR). As can be seen in Fig. 7, the initial dilation responses obtained from the developed 387 

model and the generalized Teng et al. [19]’s model were almost identical. However, as shown in 388 

Fig. 7a, beyond the transition zone, at a certain level of c , the generalized Teng et al. [19]’s model 389 

resulted in significant overestimates in the prediction of the corresponding FRP hoop strain, 390 

compared to the experimental records, which were captured correctly by the developed dilation 391 

model. Fig. 7b shows that the generalized Teng et al. [19]’s model overestimates ,maxsv  and is not 392 

able to accurately simulate sv  versus c , while a suitable agreement is observed between the 393 

responses registered experimentally and obtained with the developed dilation model. Furthermore, 394 

the c  versus v  relations presented in Fig. 7c demonstrate that the developed dilation model is 395 

capable of simulating more closely the c - v  response registered experimentally than the 396 

generalized Teng et al. [19]’s model.  397 

For further evaluation of the developed dilation model, Fig. 8 and Fig. 9 compare experimental 398 

lateral strain versus axial strain curves of PC and PR with different confinement arrangements 399 

reported by Barros and Ferreira [11], Zeng et al. [3, 51], Guo et al. [37] with those obtained from 400 

the proposed model and the generalized Teng et al. [19]’s model. It can be seen, the generalized 401 

Teng et al. [19]’s model predicts non-conservatively the experimental dilation responses of PC 402 

and PR, which consequently overestimates the confinement pressure generated by FRP strips. The 403 
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suitable predictive performance of the developed dilation model validates its reliability to simulate 404 

experimental lateral strain versus axial strain curves, working for both PC and PR. 405 

6- Axial Stress-strain Model of FR/PR 406 

This section establishes the axial stress ( cf ) versus axial strain ( c ) relationship for FR/PR. Under 407 

axial loading, the compressive load carried by the entire cross-section of FR/PR can be comprised 408 

of three distinct parts: i) the load carried by concrete cover area subjected to only FRP confinement, 409 

ii) the load carried by concrete core area under the combined confinement from steel transverse 410 

reinforcements and FRP jacket, and iii) the load carried by steel longitudinal bars. Accordingly, at 411 

a given axial strain ( c ), the corresponding average axial load ( N ) can be expressed as: 412 

 Core Cover

c g c sl slbc cN A A A ff f A    (32) 

in which 413 

sl sl c ylf E f   (33) 

where 
e

c

Corf  and 
r

c

Covef  are the axial stress acting on the concrete core and cover areas, 414 

respectively; gA  is the total area of the concrete section; cA  is the total area of the concrete core; 415 

slbA  is the total cross-section area of steel longitudinal bars; slf  is the axial stress of steel 416 

longitudinal bars corresponding to c ; slE  and ylf  are the elasticity modulus and yield stress of 417 

steel longitudinal bars, respectively. Accordingly, by calculating 
e

c

Corf  and 
r

c

Covef  for a range of 418 

c , not only can the axial stress-strain relations of the concrete core and cover areas be found, but 419 

also the axial load ( N ) versus axial strain relation of FR/PR can be calculated using Eq. (32). 420 
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In this study, the well- known concept of ‘Active Confinement Approach’ was adopted to determine 421 

the axial responses of 
e

c

Corf  and 
r

c

Covef  of FR/PR subjected to different confinement pressures. 422 

The axial response of FRP confined concrete (passive confinement) is derived based on an axial 423 

stress-strain base relation model originally developed for actively-confined concrete, by modifying 424 

its failure surface function to make it applicable to passively-confined ones [14, 19, 35, 53-56]. By 425 

following the axial stress-strain base relation model suggested by Popovics [32], at a given c , 426 

e

c

Corf  carried by concrete core area under ,l ff  and ,l sf  can be obtained as 427 

 

  1

1

1 1

Core

c ccCore Core

n
Core

c c

c cc

c

n
f f

n

 

 


 
  (34) 

in which 428 

0 0

1 5 1
Core Core

cc cc

c c

f

f





 
   

 
  (35) 

 
1 0.25

0 1

1

1 0.27 1

c

Core Core

cc ccc c

E
n

E f f 


  
  (36) 

0.4

, ,0.1

1 0

0

1.15 0.85
l f l s

c

c

f f
f

f
 

 
  

 
  (37) 

where 
e

cc

Corf  is the failure surface function as the peak axial stress of the axial stress-strain base 429 

relation of the confined (by steel transverse reinforcement and FRP) concrete core; 
Core

cc  is the 430 

axial strain corresponding to 
e

cc

Corf  to be determined using Eq. (35) recommended by Mander et 431 

al. [13]; 1n  introduces the concrete brittleness term that can be calculated using the 432 
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recommendation of Carreira and Chu [52] by Eq. (36) (with a slight rearrangement); cE  defines 433 

the elasticity modulus of concrete. 434 

Similarly, for the case of the concrete cover, the axial stress-strain base relation model can be 435 

expressed by 436 

 

  2

2

2 1

Cover

c ccCover

c

c

Cover

n
Cover

c

c

c

c

n
f f

n

 

 


 
  (38) 

in which 437 

0 0

1 5 1
Cover Cover

cc cc

c c

f

f





 
   

 
  (39) 

 
2 0.25

0 2

1

1 0.27 1c

n
f 


 

  (40) 

0.4

,0.1

2 0

0

1.15 0.85
l f

c

c

f
f

f
   

  
 

  (41) 

where 
Cover

ccf  is the failure surface function as the peak axial stress of the axial stress-strain base 438 

relation of the confined (by FRP) concrete cover; 
Cover

cc  is the axial strain corresponding to 
Cover

ccf439 

; 2n  introduces the brittleness term of the concrete cover. According to Eqs. (34-41), to calculate 440 

the axial stress-strain relations of the concrete core and cover areas (
e

c

Corf  versus c  curve, and 441 

r

c

Covef  versus c  curve), 
Core

ccf  and 
Cover

ccf  as failure surface functions are required to be 442 

determined as input parameters. 443 

It is now well-known that at the same level of confinement pressure, there is a remarkable 444 

difference in the level of enhancements provided by passively- and actively-confinement systems 445 
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in which the confinement pressure is varying and constant, respectively, during axial loading. 446 

According to the studies conducted by Lai et al. [57, 58] and Ho et al. [59], the confinement path 447 

effect ( ) can be computed quantitatively as the difference of the peak strength obtained from the 448 

failure surface functions of passively- and actively-confined concrete (
Passive

ccf  and 
Active

ccf , 449 

respectively). Hence,   can be calculated by 
Passive Active

cc ccf f    where 0  reveals that 450 

confinement-induced enhancements in a passively-confined concrete is less than those in an 451 

actively-confined concrete system. Studies [14, 35, 56-59] evidenced that by using a failure surface 452 

function (
Active

ccf ) derived/calibrated based on actively-confined concrete columns, the 453 

enhancements offered by a passive confinement system (as confinement path-dependent) are 454 

overestimated, due to the significant difference of their confinement pressure paths ( 0 ). This 455 

phenomenon has been evaluated comprehensively in Lai et al. [57, 58], Ho et al. [59] and 456 

Shayanfar et al. [14, 35]. 457 

In the present study, the confinement stiffness-based failure surface function recommended by 458 

Shayanfar et al. [14], calibrated based on a large test database of both FC and PC (passively-459 

confined concrete columns), was adopted. Accordingly, 
Core

ccf  and 
Cover

ccf  can be calculated as: 460 

2

, ,1

0 2 0

1

R
Core

l f l scc

c c

f ff R

f R f

 
   

 
   (42) 

2

,1

0 2 0

1

R
Cover

l fcc

c c

ff R

f R f

 
   

 
   (43) 

where 1R  and 2R  are the calibration terms. It should be noted that since the confinement pressure 461 

generated by steel transverse reinforcements ( ,l sf ) remains constant beyond steel yielding, the 462 
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application of a failure surface function developed exclusively for passively-confined concrete 463 

might lead to underestimation in the calculation of the improvements induced by dual confinement 464 

mechanism of steel transverse reinforcements and FRP jacket ([56]). However, in this study, in a 465 

slight conservative manner, the effect of steel confinement on the determination of 1R  and 2R  was 466 

ignored, which can be considered practically correct for the case of RC columns with largely 467 

spaced steel transverse reinforcements due to its negligible effectiveness. Accordingly, by 468 

following the Shayanfar et al. [14]’recommendations, 1R  and 2R can be calculated as (with a slight 469 

modification): 470 

0.67

1

,
4.25

24

R

K f

fc f

R
 


    (44) 

.

,

0 26

2 1.82 0.3K fR         (45) 

in which 471 

 
, 0 0

, ,

0 , 0

l f c Lc f cPR

K f v f ff

c l j f f c

f K w
k k

f w s f

 



 


 (46) 

00.75 0.008fc cf     (47) 

0.251 0.15Rf fR     (48) 

where ,K f  represents FRP confinement stiffness that considers the effect of non-homogenous 472 

distribution of concrete expansibility through 
PR

ffk  in addition to vertical arching action ( ,v fk ) and 473 

FRP volumetric ratio in a partial confinement system (the term of  f f fw w s ); fc  and Rf  are 474 

the partial calibration factors representing the impact of 0cf  and fR  on 1R , respectively. 475 
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It should be noted that a lag between the axial strain development and confining strain/stress 476 

generation occurs with the increase of the concrete compressive strength ( 0cf ) due to the decrease 477 

of its lateral deformation [57-59]. Consequently, more confinement-induced enhancements would 478 

be achieved with the decrease of the concrete compressive strength class, which was reflected in 479 

the development of the proposed failure surface function through the consideration of the 480 

calibration term of fc  as a reduction factor for 1R . On the other hand, the dilation model developed 481 

in the present study for PR differs from that used by Shayanfar et al. [14] applicable to PC. 482 

Accordingly, since the dilation model has a significant influence on the confinement pressure and 483 

is coupled to the axial stress-strain relation, in this study, Rf  (Eq. (48)) was recalibrated based on 484 

regression analysis performed on the experimental axial stress-strain relations of 109 PC and PR 485 

specimens to ensure its reliability. The experimental values of Rf  were derived by trial-and-error 486 

procedure in such a way that full range axial stress-strain curves predicted by the developed 487 

analysis-oriented model could virtually coincide with those of the experimental relations. Fig. 10 488 

demonstrates the variation of 
Exp

Rf  with f fR s D . As can be seen, there is an upward trend of 489 

Exp

Rf  by increasing fR . Furthermore, Eq. (48) has a good agreement with experimental 490 

counterparts.  491 

As a result, by calculating 1R  and 2R  by Eqs. (44) and (45), 
Core

ccf  and 
Cover

ccf  can be determined 492 

using Eqs. (42) and (43), respectively. Then, based on Eqs. (34) to (37) and Eqs. (38) to (41), the 493 

e

c

Corf  and 
r

c

Covef  corresponding to c  are obtained, respectively. The incremental calculation 494 

process for determining the axial stress-strain response of FR/PR based on the developed analysis-495 

oriented model is the following one: 496 
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1) Calculate 
PR

ffk  with Eq. (7) 497 

2) Calculate ,v fk  with Eq. (16) 498 

3) Calculate ,v sk  with Eq. (18) 499 

4) Assume a value of concrete lateral strain ( ,l j ) 500 

5) Calculate FRP confinement pressure ( ,l ff ) by Eq. (4) 501 

6) Calculate steel confinement pressure ( ,l sf ) by Eq. (6) 502 

7) Calculate axial strain ( c ) by Eq. (24)  503 

8) Calculate failure surface function of the concrete core (
Core

ccf ) by Eq. (42) 504 

9) Calculate failure surface function of the concrete cover (
Cover

ccf ) by Eq. (43) 505 

10) Calculate axial stress (
Core

cf ) by Eqs. (34) to (37) 506 

11) Calculate axial stress (
Cover

cf ) by Eqs. (38) to (41) 507 

12) Calculate the average axial load ( N ) by Eq. (32) 508 

13) Continue the steps 4-12 up to ultimate axial strain 509 

Accordingly, not only can N  versus c  relation of FR/PR be found, but also 
Core

cf  versus c  and 510 

Cover

cf  versus c  relations of the concrete core and cover areas can be calculated.  511 

It should be noted that a more reliable model could be always conducted by regression analysis 512 

through providing a comprehensive dataset having a broader range of the model variables. 513 

According to the database used to develop/calibrate Eqs. (42) and (43), concrete strength variable 514 

( 0cf ) varies from 16 to 171 MPa with the mean and CoV values equal to 40 MPa and 0.53, 515 

respectively; confinement stiffness of the external jacket ( ,K f ) has a range of 0.002 to 0.262 with 516 
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the mean and CoV values equal to 0.037 and 0.85, respectively; column’s diameter  to total FRP’s 517 

thickness ratio ( f fD n t ) varies in the range of 40 to 1796 with mean and CoV values equal to 166 518 

and 0.26, respectively; column aspect ratio ( L D ) is in the range of 2 to 5 with mean and CoV 519 

values equal to 2.09 and 0.2, respectively. Accordingly, the proposed model is limited to the 520 

aforementioned range of the variables covered by the assembled database. 521 

Studies [60-62] evidenced that slenderness effects have a detrimental influence on the load 522 

carrying and deformability capacity of FRP confined concrete/RC columns, leading to an 523 

underutilization of the FRP confinement potentialities and the necessity of considering the column 524 

buckling. However, in the present stage of the research program, the applicability of the developed 525 

model was only validated to the aforementioned interval of the relevant variables that govern the 526 

response of fully/partially FRP confined concrete/RC columns, and do not cover the cases where 527 

buckling is a design concern. Nevertheless, by developing the slenderness limit and its relative 528 

reduction factors in terms of load carrying and deformability capacity, the methodology proposed 529 

in the present work can be potentially extended to slender FRP confined RC columns, which will 530 

be the focus of a future study.  531 

7- Model Validation 532 

This section presents the verification of the proposed model to predict the axial and dilation 533 

responses of FR/PR under axial compressive loading. For this purpose, the results obtained from 534 

the developed analysis-oriented model were compared with those measured experimentally by [5-535 

8, 11]. Furthermore, for the case of comparative assessment, the well-established model suggested 536 

by Teng et al. [19], developed exclusively for fully FRP confined circular columns, was selected 537 

and generalized for the case of partial confinement strategy based on the concept of confinement 538 
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efficiency factor (Mander et al. 1988 as one of the most-cited approach). The generalized model 539 

of Teng et al. [19] can be found in Appendix A.  540 

Fig. 11 compares the axial force( N )/stress ( c gf N A )/versus axial strain ( c ) curves of FR and 541 

PR obtained from the proposed model with those conducted experimentally by Barros and Ferreira 542 

[11], Eid et al. [8], and Wang et al. [5]. As shown in Fig. 11a, the developed model is able to 543 

predict accurately the global axial stress-strain curves of the FR specimens with the different 544 

values of sR . In Fig. 11b-c, the developed model reveals efficient capability in simulating the 545 

experimental responses of FR with different values of 0cf , and with/without concrete cover, even 546 

though the initial axial behavior was underestimated slightly (in Fig. 11c, C2MP2N and C2N1P2N 547 

specimens were constructed without concrete cover). The comparisons in Fig. 11d-e demonstrate 548 

that the model is able to capture sufficiently the influence of FRP confining system on the axial 549 

stress-strain curves of FR and PR, regardless an underestimation associated with FL3S2C32. In 550 

Fig. 11f, a suitable performance of the developed model for the case of PR with the different values 551 

of fR  can be confirmed. 552 

Fig. 12 and Fig. 13 compare the axial stress/force-strain curves of PR and FR obtained from the 553 

proposed model and the generalized Teng et al. [19]’s model with those conducted experimentally 554 

by Wang et al. [5], Kaeseberg et al. [6], Chastre and Silva [7], Eid et al. [8], and Barros and 555 

Ferreira [11]. In general, the developed model is able to predict closely the full range of the 556 

experimental counterparts. Furthermore, compared to the generalized Teng et al. [19]’s model, the 557 

developed model reveals a better predictive performance in terms of axial behavior of PR and FR 558 

with different types of confining arrangement. 559 
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For the further examination of the developed model in terms of axial and dilation responses, the 560 

axial stress versus volumetric strain ( v ) curves of PC specimens reported by Barros and Ferreira 561 

[11] were simulated by the proposed model and the generalized Teng et al. [19]’s model, as shown 562 

in Fig. 14. Note that v  in this figure represents the concrete volumetric strain at the mid-plane of 563 

FRP strips during axial compressive loading. As can be seen, the developed model is capable of 564 

simulating closely the experimental volumetric variation. It is mainly attributable to the 565 

consideration of the effect of non-homogenous distribution of concrete lateral expansion along the 566 

height of PR in the developed model. By using Teng et al. [19]’s generalized model based on the 567 

concept of confinement efficiency factor suggested by Mander et al. [13], exclusively devoted to 568 

steel-confined RC columns, misleading predictions are obtained in terms of volumetric change 569 

evolutions. 570 

The comparative assessment demonstrated in Figs. 11-14 not only evidences the reliability of the 571 

proposed analysis-oriented model for the prediction of axial and dilation behavior of FR and PR, 572 

but also confirms the validity of the conducted assumptions in the consideration of the effects of 573 

dual confinement mechanism of steel transverse reinforcements and FRP full/partial arrangement. 574 

Furthermore, the proposed model has a unified character for the case of FRP confined concrete 575 

(FC and PC) confirming its wide applicability.  576 

Lastly, using the proposed model analysis on PR, Fig. 15 evaluates the dependence of FRP-steel 577 

confinement-induced enhancements on the distance between steel hoops ( ss ), the distance between 578 

FRP strips ( fs ) and the concrete compressive strength ( 0cf ). In this parametric study, an RC 579 

column with a diameter and height of 200 and 1000 mm was assumed. The data for the parameters 580 

of FRP confinement configuration were 5fn  , 0.167 mmft  , 249 GPafE   and 50 mmfw 581 
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, while for the parameters of steel hoops were 6 mmsthd  , 400 MPayhf  , 200 GPasE  . 582 

Furthermore, for the case of the parameters of steel longitudinal reinforcements, the data were 583 

10 mmsthd  , 400 MPaylf  , 200 GPaslE  . The concrete cover was considered 25 mm. Fig. 15a 584 

reveals the effect of ss  on the normalized concrete axial stress ( 0

ave

c cf f ) versus v  relation of 585 

PR with 0.4f fR s D   and 0 25 MPacf  , where 
ave

cf  represents the area-weighted average 586 

axial stress carried by concrete core and cover areas. As can be seen, while ss  decreases from 150 587 

mm to 50 mm, the volumetric change evolution tends to be reversed resulting in a higher axial 588 

strength and smaller volumetric expansion. It highlights the influence of steel hoop confinement 589 

in limiting the concrete tendency for an abrupt expansion. Similarly, as shown in Fig. 15b, for the 590 

case of PR with 100 mmss   and 0 25 MPacf  , by decreasing fR , the response changes from 591 

volumetric expansion to volumetric compaction, indicating a remarkable increase in FRP 592 

effectiveness in restraining concrete lateral dilation. In Fig. 15c-d, shows the effects of steel hoop 593 

and FRP spacing on 0

ave

c cf f  versus 
v  relation of PR with a higher concrete compressive strength 594 

( 0 50 MPacf  ). As can be seen, FRP-steel confinement induced enhancements in the case of 595 

0 50 MPacf   are not so pronounced compared to those in the case of 0 25 MPacf   (Fig. 15c-d), 596 

mainly attributable to smaller lateral deformations and a longer lag between the axial strain 597 

development and the confining strain/stress generation for higher strength concrete.  598 

8- Summary and conclusions 599 

In the present study, a generalized analysis-oriented model was developed for determining the 600 

axial compressive stress-strain relationship for circular cross-section RC columns of fully and 601 

partially confined with FRP systems and also including transverse steel reinforcements (FR and 602 
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PR, respectively). To derive the equivalent confinement pressures imposed by FRP jacket and steel 603 

transverse reinforcements, the effects of non-homogenous concrete transverse expansion along the 604 

column height and the vertical arching action were considered. An already existing dilation model 605 

was extended to the cases with partially imposed confinement pressure and dual FRP-steel 606 

confinement mechanism. With this information, a unified axial stress-strain model was developed 607 

for the establishment of the axial stress-strain relations of FR and PR. A comprehensive 608 

comparison to axial responses registered experimentally in available literature demonstrated that 609 

the proposed analysis-oriented model has a suitable agreement with the experimental counterparts. 610 

Based on the work presented in the current study, the conclusions can be drawn as follows: 611 

 In contrast to the original concept of confinement efficiency factor, it is found that the 612 

consideration of the effect of non-homogenous concrete transverse expansion along the 613 

column height is critical to develop a rational and robust model for PC/PR. This 614 

consideration led to a significant enhancement in the model performance to simulate 615 

accurately axial and dilation responses of PC/PR concrete columns.  616 

 An extended/improved version of Teng et al. (2015)’s dilation model for PC/PR is 617 

proposed, which demonstrated a suitable level of reliability for predicting lateral-to-axial 618 

strain relation of PC/PR, through addressing the substantial effects of additional axial 619 

deformations induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and 620 

non-homogenous concrete expansion distribution. 621 

 The axial stress versus axial/lateral/volumetric strain relationship of PC/PR and FC/FR can 622 

be predicted accurately through the developed analysis-oriented model, consisting of a new 623 

confinement stiffness-based failure surface function that addresses the confinement path 624 

effect.  625 
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 The investigation undertaken in the current study has demonstrated that f fR s D  is the 626 

most influencing parameter on the confinement-induced improvements in PC/PR. By 627 

decreasing this parameter, the column response would drive from volumetric expansion to 628 

volumetric compaction, dependent on the confinement stiffness. 629 

 The methodology adopted for the model development can be taken to recalibrate the key 630 

components of this model, resulting in a more reliable model, when more comprehensive 631 

databases are available. Furthermore, this methodology can be extended potentially to 632 

develop new confinement models for other concrete-type and confining materials, through 633 

the recalibration of the failure surface function of the proposed confinement model and its 634 

coupled dilation model. 635 
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Appendix A 810 

To determine axial stress versus axial strain curves of FRP fully confined RC columns (FR), Teng 811 

et al. [19] proposed an analysis-oriented model based on active confinement approach. In the 812 

present study, for the generalization of this model for the case of partial confinement arrangement 813 

(PR), the original concept of confinement efficiency factor recommended by Mander et al. (1988) 814 

was adopted. 815 

Based on Teng et al. [19]’s model, at a certain level of concrete transverse expansion (
,l j ) 816 

representing FRP hoop strain, the corresponding confinement pressures imposed by FRP strips (817 

,l ff ) and steel transverse reinforcements ( ,l sf ) can be calculated as: 818 

For the case of FRP full/partial arrangement: 819 
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               B-2 

where ,v fk  is the reduction factor reflecting the effect of vertical arching action between FRP 821 

strips; 
fn  is the number of FRP layers; 

ft  is the thickness of a FRP layer; 
fE  is the FRP modulus 822 

of elasticity; fw  is the FRP width; fs  is the distance between FRP strips; D  is the diameter of 823 

the circular cross-section. 824 
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For the case of steel transverse reinforcement: 825 
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                                        for steel spiral reinforcement B-4b 

where ,v sk  is the reduction factor reflecting the effect of vertical arching action between 827 

reinforcements; Dc is the diameter of the concrete core; 
sthA  is the cross-sectional area of a steel 828 

spiral/hoop; 
ss  is the distance between reinforcements ;

sE , yh  and 
yhf  are the elasticity 829 

modulus, yield strain and stress of reinforcements, respectively. Subsequently, based on the 830 

dilation model, the average axial strain along the column height (
c ) corresponding to 

,l j  can be 831 

calculated as: 832 
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where
FS is the ratio between the confinement stiffness of the FRP jacket and steel confining 834 

systems; 
0c  is the axial strain corresponding to 

0cf . Based on the active confinement approach, 835 

the axial stress carried by concrete core area (
e

c

Corf ) corresponding to 
c  can be calculated as 836 
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where 
Core

ccf  is the failure surface function as the peak axial stress of the axial stress-strain base 838 

relation of the concrete core; 
Core

cc  is the axial strain corresponding to 
Core

ccf ; 
1n  introduces the 839 
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concrete brittleness term; 
cE defines the elasticity modulus of concrete. Similarly, the axial stress 840 

carried by concrete cover area (
r

c

Covef ) corresponding to 
c  can be calculated as 841 
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where 
Cover

ccf  is the failure surface function as the peak axial stress of the axial stress-strain base 843 

relation of the concrete cover; 
Cover

cc  is the axial strain corresponding to 
Cover

ccf ; 2n  introduces 844 

the brittleness term of the concrete cover. 845 

The incremental calculation process of the generalized Teng et al. [19]’s model for determining 846 

the response of FR/PR in terms of  
Core

cf  versus c  and 
Cover

cf  versus c  relations of the concrete 847 

core and cover areas is as the following one: 848 

1) Calculate ,v sk  with Eq. (B-4) 849 

2) Calculate ,v fk  with Eq. (B-2) 850 

3) Assume a value of concrete lateral strain ( ,l j ) 851 
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4) Calculate FRP confinement pressure ( ,l ff ) by Eq. (B-1) 852 

5) Calculate steel confinement pressure ( ,l sf ) by Eq. (B-3) 853 

6) Calculate axial strain ( c ) by Eq. (B-5)  854 

7) Calculate failure surface function of the concrete core (
Core

ccf ) by Eq. (B-12) 855 

8) Calculate failure surface function of the concrete cover (
Cover

ccf ) by Eq. (B-17) 856 

9) Calculate axial stress (
Core

cf ) by Eqs. (B-11) to (B-15) 857 

10) Calculate axial stress (
Cover

cf ) by Eqs. (B-16) to (B-19) 858 

11) Continue the steps 3-10 up to ultimate axial strain 859 

By repeating the aforementioned calculation procedure for a range of ,l j , 
Cover

cf  versus c  and 860 

Core

cf  versus c  relations of the concrete core and cover areas can be determined. It is noted that 861 

that for large-sized RC specimens, Teng et al. [19] considered 0cf  to be 00.85 cf   based on ACI 862 

318’s recommendation [23].  863 

 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 



        

1 

 

Analysis-oriented Model for Partially FRP-and-Steel-Confined Circular RC 1 

Columns under Compression 2 

 3 

Javad Shayanfar 1, Joaquim A. O. Barros 2 and Mohammadali Rezazadeh 3 4 

1 PhD Candidate, ISISE, Department of Civil Engineering, University of Minho, Azurém 4800-058 Guimarães, 

Portugal, arch3d.ir@gmail.com (corresponding author) 

2 Full Prof., ISISE, IBS, Department of Civil Engineering, University of Minho, Azurém 4800-058 Guimarães, 

Portugal, barros@civil.uminho.pt  

3 Lecturer, Civil Eng., Department of Mechanical and Construction Engineering, Northumbria University, Newcastle 

upon Tyne, NE1 8ST, United Kingdom, mohammadali.rezazadeh@northumbria.ac.uk  

 

Abstract 5 

Even though analysis-oriented models exist to simulate the axial and dilation behavior of reinforced 6 

concrete (RC) columns strengthened with fiber-reinforced-polymer (FRP) full confinement arrangements, 7 

a reliable model developed/calibrated for FRP partially imposed confinements is not yet available, 8 

identified as a research gap. Therefore, this paper is dedicated to the development of a new analysis-oriented 9 

model generalized for fully and partially confined RC columns under compression. In addition to vertical 10 

arching action phenomenon, the influence of the concrete expansion distribution along the column height 11 

on confining stress is considered in the establishment of the combined confinement from FRP strips and 12 

steel transverse reinforcements. A new unified dilation model is proposed, where the substantial effect of 13 

additional axial deformations induced by damage evolution in unwrapped zones is formulated by 14 

considering available experimental results. This model is coupled with an axial stress-strain formulation 15 

that includes a new failure surface function for simulating the dual confinement-induced enhancements, 16 

which are strongly dependent on the confinement stiffness. The developed model considers the influence 17 

of partially imposed confinement strategy on the axial and dilation behavior of RC columns, whose 18 

validation is demonstrated by simulating several experimental tests. Lastly, a parametric study is performed 19 

to evidence the dependence of FRP-steel confinement-induced enhancements on steel hoop and FRP 20 

spacing, and on the concrete compressive strength. 21 

Keywords: RC columns; FRP confinement; Steel confinement; Dilation model; Stress-strain model;  22 
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1 - Introduction 25 

The confinement of existing circular reinforced concrete (RC) columns with fiber-reinforced-26 

polymer (FRP) composites has been progressively demonstrated as a competitive strengthening 27 

technique for increasing the axial load carrying and deformation capacity of these structural 28 

elements. Numerous studies have been carried out to investigate the influence of FRP confining 29 

system on the axial and dilation behavior of concrete/RC columns, leading to the development of 30 

several analysis/design-oriented stress-strain models. Nonetheless, most of these models do not 31 

consider the confinement provided by existing steel hoop/spiral reinforcements, neither the mutual 32 

interference of this hybrid reinforcement (FRP and hoop/spiral) on the final confinement. 33 

Furthermore, in general, they are only applicable to full confinement arrangement and, 34 

consequently, their applicability for the case of FRP partially imposed confinement is at least 35 

arguable. For a comprehensive investigation, existing studies available in the literature were 36 

analyzed and classified into two distinctive categories: i) those of experimental and numerical 37 

nature that consider the influence of key parameters on full/partial confinement 38 

mechanism/performance; ii) those of analysis-oriented framework that simulate theoretically the 39 

axial and dilation behavior of concrete/RC columns with dual FRP-steel confinement. 40 

In the first category, for the case of FRP fully confined circular concrete elements (FC as shown 41 

in Fig. 1a), Lin et al. [1] experimentally evidenced that the effectiveness of this confinement 42 

system remarkably depends on concrete axial compressive strength and FRP thickness. For the 43 

case of FRP partially confined circular concrete elements (PC as shown in Fig. 1a), Wang et al. 44 

[2] demonstrated the FRP strip spacing (
fs ) plays a key role in the establishment of their axial and 45 

dilation behavior. Zeng et al. [3, 4] experimentally revealed that by increasing 
fs , the ratio of 46 

concrete lateral expansion at the strip mid-plane and at the mid-height of FRP strips grows 47 
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remarkably, leading to a non-homogenous distribution of concrete expansion and confining stress 48 

along the column height. Wang et al. [5] performed an experimental study to evaluate axial and 49 

dilation responses of FRP fully confined circular RC column (FR as shown in Fig. 1a). It was 50 

demonstrated that the dual confinement mechanism of FRP jacket and steel hoops is able to 51 

considerably enhance axial strength and deformability of FR, compared to FC, depending on steel 52 

hoop spacing ( ss ). Kaeseberg et al. [6] experimentally demonstrated the substantial influence of 53 

ss  on the confinement-induced enhancements of FR, whose level also depends on the volumetric 54 

ratio and yield strength of steel hoops, as also confirmed by [7]. Eid et al. [8] experimentally 55 

showed that steel spiral reinforcements are more effective than steel hoops for the improvement of 56 

the axial and dilation responses of FR, which was also shown by [9]. Based on finite element 57 

analysis, Zignago and Barbato [10] evidenced the significant influence of the steel hoop 58 

confinement on the peak axial strength of FR, but its contribution has decreased with the increase 59 

of the concrete compressive strength and FRP confinement stiffness. Barros and Ferreira [11] 60 

investigated the axial and dilation behavior of FRP partially confined circular RC columns (PR as 61 

shown in Fig. 1a) with different confinement arrangements. The results indicated that even though 62 

the partial confining strategy was not as efficient as full confinement, it could be sufficient to 63 

assure high levels of load-carrying capacity and deformability with a good compromise between 64 

efficiency and cost-effectiveness. Furthermore, it was demonstrated that the confinement-induced 65 

enhancements were more significant in PR columns with closely spaced FRP strips and relatively 66 

low concrete compressive strength.  67 

On the other hand, in the second category, several theoretical-based models [12-15] have been 68 

proposed to simulate axial and dilation behavior of concrete/RC columns with FRP or dual FRP-69 

steel confinement, It is now well-known that at the same level of confinement pressure ( lf ), there 70 
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is a remarkable difference in the level of enhancements provided by passively- and actively-71 

confinement systems ( lf  varies and is constant, respectively, during axial loading). This 72 

difference is generally known as Confinement Path Effect. In general, to determine the axial stress-73 

strain curve of passively-confined concrete (i.e. FRP confined concrete), an axial stress-strain base 74 

model,  1c ccf g f , is adopted, where 1g  represents the mathematical function of the model for 75 

determining a certain value of axial stress ( cf ) from a specified value of peak axial strength ( ccf ) 76 

at a given axial strain ( c ), as demonstrated in Fig. 1b. Subsequently, the confinement path effect 77 

is considered by using a failure surface function applicable to passively- confining system, 78 

 2cc lf g f , which determines ccf  from the confinement pressure ( lf ) at a given c  through the 79 

2g .function. Teng et al. [12] proposed an analysis-oriented model applicable to FC in which a new 80 

failure surface function was developed/calibrated based on test results of FC rather than actively-81 

confined concrete. Zeng et al. [3] generalized Teng et al. [12]’s models for the case of PC by 82 

adopting the well-known concept of confinement efficiency factor (suggested by Mander et al. 83 

[13]). It was demonstrated that this approach results in misleading predictions of experimental 84 

axial and dilation behavior of PC, particularly for specimens with a relatively large fs . Shayanfar 85 

et al. [14] proposed a generalized analysis-oriented model for FC and PC, coupled with the dilation 86 

model developed by Shayanfar et al. [15]. In this model, a new failure surface function applicable 87 

to passively-confined concrete was developed based on a large test database of FC/PC. 88 

Furthermore, besides the vertical arching action, the effect of non-uniform distribution of concrete 89 

lateral expansion along the column height of PC was considered. For the case of FR, Pellegrino 90 

and Modena [16] proposed an axial stress-strain model, where the interaction mechanisms between 91 

internal FRP full confinement and steel transverse reinforcements were considered based on 92 
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experimental observations. Hu and Seracino [17] developed a new confinement model for FR, 93 

where the contribution of steel hoops and FRP jackets in the failure surface function is evaluated 94 

according to the Mander et al. [13] (originally developed for steel-confined RC columns) and Jiang 95 

and Teng [18]’s models, respectively. Similarly, Teng et al. [19] extended the model of Jiang and 96 

Teng [18] for the case of FR by using the ratio between the FRP confinement stiffness and the 97 

effective confining stiffness of steel transverse reinforcements for considering the effect of their 98 

dual confinement mechanism. Even so, to the best of the authors’ knowledge, the development of 99 

a robust analysis-oriented model for the case of PR to predict the full range of axial‐ stress–strain 100 

response is still lacking. 101 

The present study aims to introduce a robust confinement model generalized for FRP full and 102 

partial confinement arrangements (FR and PR), where the key components of this model are 103 

calibrated based on existing experimental results. For the establishment of the FRP-steel equivalent 104 

confinement pressures uniformly distributed over the column height, the influence of non-105 

homogenous distribution of concrete lateral expansion on their confining stress is required to be 106 

addressed, besides vertical arching action. For quantitatively characterizing this influence, a 107 

reduction factor with an analytical framework is suggested where the degree of its dominance in 108 

the equivalent confinement pressure is strongly dependent on confinement configuration i.e. steel 109 

hoop/spiral and FRP spacing and FRP confinement stiffness, in addition to cross-section geometry. 110 

Subsequently, an extended version of the dilation model recommended by Teng et al. [19], 111 

originally developed for FR, is introduced for the case of PR. In this extended/improved model, 112 

new parameters are proposed to reflect the substantial effects of additional axial deformations 113 

induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and non-homogenous 114 

concrete expansion distribution on axial strain-lateral strain relation. This model is, then, coupled 115 
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with axial stress-strain models for concrete core and cover areas that include a confinement 116 

stiffness-based failure surface function calibrated for partially imposed FRP-steel confining 117 

systems. Lastly, the reliability of the proposed analysis-oriented model is demonstrated by 118 

comparison with existing experimental results and those predicted by Teng et al. [19]’s model 119 

generalized based on the well-known concept of confinement efficiency factor (suggested by 120 

Mander et al. [13]). 121 

2 - Characteristics of Unconfined Concrete Columns 122 

To calculate the confinement-induced improvements in terms of axial compressive strength and 123 

deformability, the characteristics of unconfined concrete compressive strength ( 0cf ) and its 124 

corresponding axial strain ( 0c ) are necessary to be determined as basic parameters. The studies 125 

(i.e. [20-32]) have evidenced a remarkable size effect, resulted from the energy release of the 126 

elastic strain when concrete enters in its softening stage, which is also dependent of the relative 127 

stiffness of the specimen versus of the adopted testing equipment. This influences the compressive 128 

strength of unconfined concrete specimens, being it dependent on the parameters affecting the 129 

axial stiffness of the specimen, namely the specimen’s aspect ratio ( L D ) and concrete elasticity 130 

modulus, cE . This last parameter reflects the concrete stiffness, which is influenced not only on 131 

the quality of the matrix and aggregates, but also on the aggregate-matrix interface zone [24-29]. 132 

Sim et al. [25] proposed an empirical formulation, calibrated by using results from 1509 test 133 

specimens of unconfined concrete, having a better performance in predicting experimental 0cf  134 

compared to Bazant [27] and Kim and Eo [28]. Accordingly, in this study, the well-calibrated 135 

model suggested by Sim et al. [25] was adopted to calculate 0cf  as presented by Eq. (1) (with a 136 

slight rearrangement): 137 
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 
0.6 0.122 0.088

0 0 0

150
0.63 0.9 1.063

1 0.017
c c c

L D D
f f f

D D L

 
           

     
 

 (1) 

where 0cf   is the compressive strength of the standard cylinder with 150 mmD   and 300 mmL 138 

(the reference specimen’s dimensions), assumed as a representative. Note that for the case of the 139 

representative, 0 0c cf f  . 140 

On the other hand, studies (i.e. [20-22, 30-32]) demonstrated a strong relation between concrete 141 

compressive strength ( 0cf ) and its corresponding axial strain ( 0c ), where 0c  increases with 0cf142 

. Besides the effect of 0cf , Jansen and Shah [20] evidenced that the column aspect ratio ( L D ) 143 

has a noticeable influence on the 0c , which was also confirmed by [22]. In the present study, for 144 

the estimation of 0c  by considering the size effect, a large database including 604 unconfined 145 

concrete specimens was collected as presented briefly in Table 1. According to the compiled 146 

database, the best-fit expression obtained from regression analysis, as a function of 0cf  and 147 

column aspect ratio ( L D ), is proposed: 148 

0.25

0
0 0.0011 c

c

f D

L


 
  

 
 (2) 

whose predictive performance over the corresponding collected experimental data ( 0 0

Ana Exp

c c  ) is 149 

shown in Fig. 2 for the considered variables: 0cf , L D  and D . The obtained statistical indicators 150 

presented in Table 2 demonstrate that Eq. (2) is able to predict with acceptable accuracy the 151 

experimental counterparts. Furthermore, Table 2 shows that the proposed expression has a better 152 

predictive performance than those recommended by Lim and Ozbakkaloglu [31] and Popovics 153 

[32]. 154 
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3 - Simulation Procedure of Axial Response for FR and PR  155 

To establish the axial stress versus axial strain relationship of FR/PR with the combined 156 

confinement from steel transverse reinforcements and FRP jacket, the following procedure was 157 

adopted: 158 

a) Determination of the equivalent confinement pressure imposed by steel transverse 159 

reinforcements ( ,l sf ) and FRP jacket ( ,l ff ) by considering both the effect of non-160 

homogenous distribution of concrete transverse expansibility over the column height and 161 

the vertical arching action phenomenon. 162 

b) Determination of the average axial compressive strain along the column height ( c ) at a 163 

certain level of concrete lateral strain ( ,l j ) obtained from a unified dilation model. 164 

c) Determination of the axial stresses carried by concrete core and cover areas (
e

c

Corf  and 165 

r

c

Covef , respectively) at a certain level of c  based on the ‘Active Confinement Approach’. 166 

In this approach, the axial stress-strain relation of passively-confined concrete is derived 167 

based on an axial stress-strain base relation model developed for actively-confined 168 

concrete, where the differences of passive and active confinement systems are reflected in 169 

terms of their confinement-induced improvements. 170 

Since full confinement system is a special case of partial confinement configuration where 171 

0fs  , a unified approach that depends on fs  will be established, in order to dealt with both 172 

confinement arrangements with the same formulation. Accordingly, as close fs  is to the null 173 

value, as close is the behavior of a column when subjected to a full confinement configuration 174 

(FR). Likewise, when the spacing of steel transverse reinforcements is above a certain limit 175 
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(its contribution would be insignificant in dual confinement mechanism with FRP jacket), the 176 

prediction continuity between FR/PR and FC/PC can be achieved. Therefore, through a 177 

generalized mathematical framework based on unification approach, an unique formulation 178 

was developed to be applied to PC, PR, FC and FR. 179 

4 - Confinement Pressure Generated by FRP and Steel Transverse Reinforcements  180 

This section addresses the determination of the confinement pressure generated by FRP full/partial 181 

confinement system and steel transverse reinforcements. Fallahpour et al. [33] demonstrated 182 

experimentally that there is a non-uniform distribution of concrete lateral strain that generates a 183 

non-uniform confining pressure along the column height, which is dependent on the confinement 184 

stiffness, as was also confirmed by [34-36]. For FC with high level of FRP confinement stiffness, 185 

since strong restrictions are imposed against the concrete expansibility, an almost null gradient of 186 

concrete expansion along the column height is expected. However, for lightly-confined concrete, 187 

the damage evolution cannot be homogenized, leading to strain localization due to the lack of 188 

sufficient confinement stiffness [36]. On the other hand, the non-uniform distribution of concrete 189 

lateral expansion for the case of PC is more pronounced than in FC, whose level is significantly 190 

dependent on the fs , as evidenced by Zeng et al. [4] and Guo et al. [37]. For the case of FC/PC, 191 

Shayanfar et al. [14] have specified a reduction factor for FRP confining stress aiming to develop 192 

an equivalent confining stress acting uniformly over the concrete column height. Accordingly, by 193 

assuming that the maximum concrete expansion (
,l j ) occurs at the mid-distance between FRP 194 

strips in case of PC (Fig. 3) leading to a confining stress equal to 
,f l jE   (where fE  is the elasticity 195 

modulus of FRP strips), the equivalent confining stress can be expressed as ,ff f l jk E  , where ffk  196 

is the reduction factor specified by Shayanfar et al. [14].  197 
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Therefore, for the case of PR, considering the effect of vertical arching action between FRP strips, 198 

the equivalent FRP confinement pressure ( ,l ff ) acting uniformly over the column height can be 199 

derived based on lateral force equilibrium as (the meaning of the symbols representing geometric 200 

entities are shown in Fig. 1): 201 

   , , , , ,2 2
f f f f f fPR PR

l f v f f ff l j v f ff f l j

f f f f

n t w n t w
f k E k k k E

w sD w sD
  

 
 (3) 

Rearranging Eq. (3) yields: 202 

, , ,

fPR

l f v f ff Lc l j

f f

w
f k k K

w s



 (4) 

in which 203 

2
f f f

Lc
D

n t E
K   (5) 

where ,v fk  is the reduction factor reflecting the effect of vertical arching action between FRP 204 

strips; 
PR

ffk  is the reduction factor reflecting the effect of non-homogenous concrete expansion 205 

along the height of PR (the superscript represents the type of confined column that this factor is 206 

applicable to). Note that to calculate ,l ff  by Eq. (4), the reduction factors 
PR

ffk  and ,v fk  need to 207 

be addressed as input parameters, which will be presented in Section 4.1 and Section 4.2, 208 

respectively.  209 

By considering the influences of the concrete expansion distribution and vertical arching action 210 

between steel transverse reinforcements, the equivalent confinement pressure ( ,l sf ), imposed 211 
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uniformly on the core of PR can be determined from lateral force equilibrium as (the meaning of 212 

the symbols representing geometric entities was shown in Fig. 1): 213 

, ,, 2 j

PR sth
l s v ls ff s

c s

A
f k k E

D s
                           for ,l j yh

PR

ffk    (6a) 

, ,2 sth
l s v s yh

c s

A
f k f

D s
                                      for ,l j yh

PR

ffk    (6b) 

where ,v sk  is the reduction factor reflecting the effect of vertical arching action between steel 214 

transverse reinforcements; Dc is the diameter of the concrete core (Fig. 1); sthA  is the cross-215 

sectional area of a steel confining spiral/hoop; ss  is the distance between steel transverse 216 

reinforcements; sE , yh  and 
yhf  are the elasticity modulus, yield strain and stress of steel 217 

transverse reinforcements, respectively. To calculate 
,l sf  by Eq. (6), besides 

PR

ffk , the reduction 218 

factor of ,v sk  should be determined as an input parameter, which will be presented in Section 4.2. 219 

To do not introduce unnecessary complexities in the formulation, the hoop strain of steel confining 220 

reinforcement was assumed to be identical to the hoop strain of FRP jacket based on Teng et al. 221 

[19]’s recommendation. 222 

4.1- Non-homogenous Distribution of Concrete Lateral Expansion 223 

Experimental studies (i.e. Zeng et al. [4] and Guo et al. [37]) have evidenced that concrete regions 224 

between FRP strips (unwrapped zone) in a partially confining system experience a larger dilatancy 225 

during axial loading, compared to the wrapped ones as typically illustrated in Fig. 3a. Since the 226 

concrete expansion produces FRP confining strain/stress, Shayanfar et al. [35] have confirmed that 227 

by assuming a homogenous concrete expansibility along the column height in the model ( 1ffk  , 228 

representing the same concrete expansion for the unwrapped and wrapped), the real dilation and 229 
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axial behavior cannot be correctly predicted, particularly for a partial system with a relatively large 230 

fs . 231 

Shayanfar et al. [14] evidenced that 
PR

ffk  (the ratio of average concrete lateral expansion within 232 

the strip zone to the maximum concrete expansion ( ,l j ) along the damage zone length ( dL ), as 233 

illustrated in Fig. 3) is strongly dependent on fs . For a closely spaced FRP strips, 
PR

ffk  tends to 234 

be similar to 
FR

ffk , being equal in the case of full confinement ( 0fs  ). However, for a largely 235 

spaced FRP strips ( 0dfs L , where 0dL  is the damage zone length of unconfined concrete to be 236 

latter determined) with marginal FRP confinement effectiveness, 
PR

ffk  approaches to 
SCRk  237 

similar to the case of RC columns (SCR: confined only by steel transverse reinforcements). 238 

Accordingly, 
PR

ffk  can be reasonably considered on the interval ,SCR FR

ffk k
   . By assuming 239 

PR

ffk  as being linearly dependent of 0f ds L , it can be expressed as (Fig. 3a): 240 

 
0

PR FR FR SCR SCR

ff ff f

f

d

fk k
s

k
L

k k       (7) 

where 0dL  can be obtained as suggested by Wu and Wei [38]: 241 

500.57 1.71 3.53 10 1.36d
g

g f

L
A

A 

      (8) 

0

6.3
1f

cf
    (9) 

where gA  is the total area of the section; f  is the calibration factor reflecting the effect of 242 

concrete compressive strength in terms of damage zone length of unconfined concrete. 243 
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In Eq. (7), 
SCRk  is the ratio between the minimum and maximum concrete expansion within 0dL  244 

in the case of steel-confined RC columns. By decreasing ss , the concrete lateral expansion tends 245 

to be smaller and more-homogenously distributed. Hence, 
SCRk  approaches to 1, representing 246 

uniform concrete expansion over the column height, for the case with very closely spaced steel 247 

transverse reinforcements. However, due to its marginal influence when 0s ds L  ([39-42]), 
SCRk  248 

can be considered almost 0.08 similar to the case of unconfined concrete, as recommended by 249 

Shayanfar et al. [15]. Consequently, by assuming 
SCRk  on the interval  0.08,1  and a linear 250 

relation with 0s ds L , 
SCRk  can be expressed as: 251 

0

1 0.92 0.08SCR s

d

k
s

L
     (10) 

In Eq. (7), 
FR

ffk  is the reduction factor to account for non-uniform confinement along the column 252 

height of FR, representing the ratio of average concrete lateral expansion along dL  to the 253 

maximum concrete expansion ( ,l j ) as illustrated in Fig. 3b. In this figure, 
*

fI  represents the 254 

threshold of FRP-based confinement stiffness above which a uniform distribution for concrete 255 

lateral expansion along the column height is assumed. Based on an approximate method with 256 

analytical framework, Shayanfar et al. [14] proposed a reduction factor (
FC

ffk ) applicable to FC, 257 

as a main function of a confinement stiffness index ( fI ). In this model, above a certain level of 258 

confinement stiffness (
*

f fI I ), since strong restrictions are imposed to the concrete 259 

deformability, an almost null gradient of concrete expansion along the column height was assumed 260 

(representing 1FC

ffk  ), as evidenced experimentally by Wei and Wu [36]. Nonetheless, for 261 
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lightly-confined concrete (
*

f fI I ), the damage evolution is not uniform ( 1FC

ffk  ), leading to 262 

strain localization due to the lack of sufficient confinement stiffness. In the present study, by 263 

extending Shayanfar et al. [14]’s model in order to be applicable to the case of FR, 
FR

ffk  is 264 

proposed as (Fig. 3b): 265 

1 2

3 3

FR FR

ffk k   (11) 

in which 266 

 
2

* *
1 2 1

f fFR SCR SCR

f f

I I
k k k

I I
  

  
          

              for  *

f fI I  (12a) 

1FRk                                                                             for  *

f fI I  (12b) 

with  267 

*

00.06 0.0005f cI f                      (13) 

0

0

Lc c
f

c

K
I

f


  (14) 

where fI  is the FRP confinement stiffness index; 
*

fI  is the threshold above which 1FR FR

ffk k 268 

; 
FRk  is the ratio between the minimum and the maximum concrete expansion along dL  in a FR. 269 

As a result, by calculating 
SCRk , 

FRk  and 
FR

ffk  by Eqs. (10), (12) and (11), respectively, 
PR

ffk  for 270 

the case of partially imposed confinement on RC column can be calculated by Eq. (7). The 271 

dominance degree of 
PR

ffk  in ,l ff  and ,l sf  is strongly dependent on steel hoop/spiral and FRP 272 

spacing ( 0dss L  and 0dfs L ) and FRP confinement stiffness ( fI ). Accordingly, for the case of 273 
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well-confined RC columns (
*

f fI I ) with closely spaced steel hoop/spiral and FRP strips, 
PR

ffk  274 

tends to be equal to one, representing a uniform concrete expansion distribution over the column 275 

height.  276 

It is noteworthy that for the case of FR/ PR with 0s ds L , Eq. (10) provides 0.08SCRk  , and the 277 

equations for determining 
PR

ffk  (Eq. (7)) and 
FR

ffk (Eq. (11)) degenerate on those proposed by 278 

Shayanfar et al. [14] for FC/PC. It confirms the unified character of the extended model developed 279 

for FR/PR with FC/PC. 280 

4.2- Vertical Arching Action 281 

Due to vertical arching action, the concrete regions of a partially confined column can be 282 

distinguished in two distinct confined areas: i) effective confinement area, and ii) ineffective 283 

confinement area, as illustrated in Fig. 4. In order the entire cross-section area at transverse and 284 

longitudinal directions could be considered as a uniformly confined concrete volume, an effective 285 

confinement pressure is used by applying a reduction factor, vk , to the confinement pressure. 286 

Considering the effect of vertical arching action for the case of FRP partial confinement (Fig. 4a), 287 

Shayanfar et al. [15] proposed a new formulation to calculate ,v fk  as follows: 288 

2 3

,

1 0.43 0.07
f f f

f f

v f

f f

s s s
w s

D D D
k

w s

    
            


            

(15) 

which can be conveniently simplified to: 289 

 
,

exp 0.98
1

f f f

v f

f f

w s R
k

w s

 
 


            (16) 
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where 290 

f

fR
s

D
  (17) 

For the case of steel-confined concrete (as a partial confinement system), a reduction factor 
,v sk , 291 

reflecting the influence of vertical arching action (Fig. 4b), can be determined following the same 292 

principles adopted in the development of Eq. (16) resulting 293 

 , exp 0.98 1v s shc sk C R               (18) 

where 294 

s
s

c

R
s

D
  (19a) 

1 0.84 for steel spirals

1 for steel hoops

s

shc

R
C


 


 
(19b) 

The equation of shcC  parameter was derived based on Mander et al. [13] ( , 1 2v s sk R   and 295 

 
2

, 1 2v s sk R   for spiral and hoop cases, respectively). 296 

As a result, by using ,v fk , 
,v sk  and 

PR

ffk  by Eqs. (16), (18) and (7), the equivalent confinement 297 

pressures generated by FRP jacket and steel transverse reinforcements at a given ,l j  can be 298 

calculated by Eqs. (4) and (6), respectively. 299 

5- Dilation Model of FR/PR  300 

The methodology for determining the dilation response of FR and PR during axial compressive 301 

loading is addressed in this section. For the case of FC, the initial transversal expansion of the 302 

confined concrete is almost the same of unconfined one of same strength class. However, above a 303 
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certain axial compressive deformation, which depends on the concrete strength class, the micro 304 

defects in the concrete microstructure degenerate in meso-defects, and the lateral concrete 305 

expansion start increase significantly, which is reflected in the pronounced increase of the 306 

Poisson’s ratio and a transition zone starts being visible as shown in Fig. 5 (discussed in detail 307 

later). The magnitude of concrete expansion rate is dependent on the stiffness of the confinement 308 

systems. With the degeneration of meso- into macro-defects, the concrete experiences its 309 

maximum expansion rate, which is followed by a descending trend with a lower dilatancy. Further 310 

information about the influence of the confinement on dilation behavior of FC under compression 311 

can be found in [43-48]. 312 

To highlight the influence of steel confining hoops on dilation characteristics of FR, the dilation 313 

results obtained from the experimental study conducted by Wang et al. [5] for the cases of FR and 314 

FC are compared in Fig. 5. For this purpose, the test specimens of C2H0L1 (FC) and C2H1L1 315 

(FR), fully confined by one layer of CFRP jacket, were selected. For C2H1L1, the distance 316 

between steel hoops was reported as 120 mm ( 0.71sR  ). As can be seen in Fig. 5a, beyond the 317 

transition zone, at a certain level of axial strain ( c ), the concrete lateral expansion ( ,l j ) of FC 318 

was larger than that of FR. Based on the volumetric strain ( ,2v c l j    ) versus c  relation 319 

presented in Fig. 5b, FC developed a larger volumetric expansion due to the higher increase of 320 

concrete lateral expansibility, compared to FR. Fig. 5c presents the relation between the secant 321 

Poisson’s ratio ( ,s l j c   ; positive values are considered for both strain components) and c , 322 

which confirms a smaller dilation response of FR with a lower maximum concrete secant Poisson’s 323 

ratio ( ,maxsv ) than that of FC.  324 

 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 



        

18 

 

To predict the lateral strain versus the axial strain of FRP confined concrete, several models have 325 

been proposed (i.e. [15, 19, 43-48]). In the present study, the well-calibrated dilation model 326 

conducted by Teng et al. [19], developed for circular RC columns with full confinement 327 

arrangements (FR), having a unified character for FC, will be, hereafter, adapted for being 328 

applicable to FRP-based partial confinement arrangements. In this model, the average axial strain 329 

along the column height ( c ) at a certain level of ,l j  can be obtained from: 330 

0.7

, ,

0

0 0

0.85 1 0.75 exp 7
l j l j

c c T

c c

F
 

 
 

        
          

        

  (20) 

in which 331 

, ,

0 0

1 8
l f l s

T

c c

f f
F

f f
    (21) 

1.59 15.1 FS    (22) 

, ,2

s c s c

v s s st t

FRP
f f fLat Lc

FS Steel

La s s st v

s Dt s D

k E A D

n EK K

K k E A
                   for FC/FR (23a) 

,

,2

v f s c

v s s s

Lc f

FS

ft f

K w

w s

k s D

k E A


 
    

                                 for PC/PR (23b) 

where FS  is the ratio between the confinement stiffness of the FRP jacket and steel confining 332 

systems; TF  is the term reflecting the influence of the combined confinement from FRP jacket and 333 

steel transverse reinforcements on concrete dilation behavior. Note that in the present study, Eq. 334 

(23b) was derived/extended for the case of partial confinement based on the approach used for Eq. 335 

(23a) (
FRP Steel

FS Lat LatK K  ). It is clear that the maximum secant Poisson’s ratio (  , x,max mal j csv  336 
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) cannot be directly determined from Eq. (20). Since the secant Poisson’s ratio ( sv  as the ratio of 337 

hoop/lateral strain and axial strain) must be lower than 
,maxsv  during axial compressive loading (338 

,maxs sv v ), the axial strain ( c ) obtained from Eq. (20) should be consequently higher than 339 

ax, ,msl j v , as a threshold. On the other hand, for the case of partial confining systems, since the 340 

concrete regions between FRP strips of PC/PR (unwrapped zone) are indirectly subjected to a 341 

certain confinement pressure, more damage-induced axial deformation would be expected, 342 

compared to FC/FR, depending on 
fs , as evidenced by [2-4, 49-51]. Accordingly, to simulate the 343 

dilation response of PC/PR, the preliminary evaluations using Eq. (20), exclusively developed for 344 

FC/FR, revealed that this model would result in misleading predictions. Consequently, based on 345 

the aforementioned discussion, in the present study, the dilation model developed by Teng et al. 346 

[19] was extended to the case of PC/PR as follows: 347 

0 ,max

0.7

, , ,

0

0

0.85 1 0.75 exp 7
l j l j l j

c c

s

T c

c c

F
v



  
   

 

     
         

     

  (24) 

in which 348 

 
0

1 5 1 PR PRf

d

k k
s

L
        (25) 

 
0

PR FR FR S f

d

CR SCRk k
L

k k
s

k         (26) 
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0
,

0.256

1
s

d
K T

v
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D
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
 
 
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 (27) 

 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 



        

20 

 

,, ,0 0
,

0 , 0 0 ,

l fl T c l sc c
K T

c l j c c l j

ff D f

f f Df

 


 

   
     
   

  (28) 

where   reflects the influence of non-uniform distribution of concrete expansion along the column 349 

height, which is equal to 1 for the case of full confinement. 
PRk  is the ratio between the minimum 350 

and the maximum concrete expansion, which was derived based on the approach adopted for 351 

developing 
PR

ffk  (Eq. (7) as also shown in Fig. 3a) due to the similarity of concepts. In Eq. (24), 352 

c  is the calibration term representing the influence of the additional axial strain for PC/PR, 353 

compared to FC/FR; ,maxsv  defines the maximum secant Poisson’s ratio, which was proposed by 354 

Shayanfar et al. [35] having a unified character for both cases of full and partial FRP arrangements. 355 

It is noted that in Eq. (28), total confinement pressure ( ,l Tf ) acting on the entire cross-section 356 

imposed by FRP jacket (on the entire cross-section with D ) and steel jacket (on the concrete core 357 

with cD ) was derived based on the equilibrium of lateral forces in the entire cross-section with D  358 

diameter. 359 

To develop c , by assuming ,l i  and ,l j  as the concrete lateral expansion at the strip mid-plane 360 

and at mid-height between two consecutive strips, the following expression was empirically 361 

suggested as   2

1 , ,

A

c l j l iA      where 1A  and 2A  are calibration factors. To minimize the 362 

complexity of this expression, c  was rearranged by considering , , ,01 0.92l i l j f ds L     as 363 

recommended by [15], resulting: 364 

 
2 2

2 ,

1 , , 1 , , 1

,0 ,0

1 0.92 0.92

A A

A f f l j

c l j l i l j l j

d d

s s
A A A

L L



   

    
              

    

 (29) 
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A regression analysis was performed to achieve the best-fit values for 1A  and 2A  based on 92 test 365 

specimens of PC and PR conducted by Barros and Ferreira [11], Zeng et al. [3, 4, 51] and Guo et 366 

al. [37]. It is noteworthy that the experimental values of 1A  and 2A  were derived by trial-and-error 367 

procedure in such a way that full range lateral strain versus axial strain curves predicted by the 368 

developed dilation model could virtually coincide with those of the experimental relations. Based 369 

on a preliminary regression analysis, 1A  and 2A  were determined equal to 0.085 and 0.65, 370 

respectively. It was, however, verified that considering the influence of FRP confinement stiffness 371 

and f fR s D  on the evaluation of 1A , a better prediction of c  was obtained, therefore the 372 

following equation was determined: 373 

 

0.9

1

0

0.0048

exp 1.75

Lc

cf

K
A

fR

 
  

 
 (30) 

Hence, c was proposed as 374 

  2

0.650.9

1.75 ,

1 , ,

0 ,0

0.0045 f
A R f l jLc

c l j l i

c d

sK
A e

f L



 

   
       

   

 (31) 

where 0c   for the cases of FC and FR. Fig. 6 demonstrates the predictive performance of Eq. 375 

(31). It can be seen that the calibration factor of 1A  has a good agreement with experimental 376 

counterparts.  377 

Fig. 7 compares the existing approach and that proposed in the present study in the establishment 378 

of dilation response of PC based on experimental tests conducted by Zeng et al. [3]. For this 379 

purpose, the model proposed by Teng et al. [19] (developed exclusively for the case of full 380 

confinement) was selected as the representative of existing approaches, where the original concept 381 
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of confinement efficiency factor (
2

, 1 2v f fk s D    , suggested by Mander et al. [13]) was 382 

adopted to generalize this model for the case of partial confinement (presented in Appendix A). It 383 

is noteworthy that the hoop strain in FRP strip in Teng et al. [19]’s model is equal to ,l j  384 

representing the assumption of uniform distribution of concrete expansion along the column height 385 

( 1PCk  ). However, in the present study, FRP hoop strain is considered ,

PC

l jk   (or ,

PR

l jk   in 386 

the case of PR). As can be seen in Fig. 7, the initial dilation responses obtained from the developed 387 

model and the generalized Teng et al. [19]’s model were almost identical. However, as shown in 388 

Fig. 7a, beyond the transition zone, at a certain level of c , the generalized Teng et al. [19]’s model 389 

resulted in significant overestimates in the prediction of the corresponding FRP hoop strain, 390 

compared to the experimental records, which were captured correctly by the developed dilation 391 

model. Fig. 7b shows that the generalized Teng et al. [19]’s model overestimates ,maxsv  and is not 392 

able to accurately simulate sv  versus c , while a suitable agreement is observed between the 393 

responses registered experimentally and obtained with the developed dilation model. Furthermore, 394 

the c  versus v  relations presented in Fig. 7c demonstrate that the developed dilation model is 395 

capable of simulating more closely the c - v  response registered experimentally than the 396 

generalized Teng et al. [19]’s model.  397 

For further evaluation of the developed dilation model, Fig. 8 and Fig. 9 compare experimental 398 

lateral strain versus axial strain curves of PC and PR with different confinement arrangements 399 

reported by Barros and Ferreira [11], Zeng et al. [3, 51], Guo et al. [37] with those obtained from 400 

the proposed model and the generalized Teng et al. [19]’s model. It can be seen, the generalized 401 

Teng et al. [19]’s model predicts non-conservatively the experimental dilation responses of PC 402 

and PR, which consequently overestimates the confinement pressure generated by FRP strips. The 403 
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suitable predictive performance of the developed dilation model validates its reliability to simulate 404 

experimental lateral strain versus axial strain curves, working for both PC and PR. 405 

6- Axial Stress-strain Model of FR/PR 406 

This section establishes the axial stress ( cf ) versus axial strain ( c ) relationship for FR/PR. Under 407 

axial loading, the compressive load carried by the entire cross-section of FR/PR can be comprised 408 

of three distinct parts: i) the load carried by concrete cover area subjected to only FRP confinement, 409 

ii) the load carried by concrete core area under the combined confinement from steel transverse 410 

reinforcements and FRP jacket, and iii) the load carried by steel longitudinal bars. Accordingly, at 411 

a given axial strain ( c ), the corresponding average axial load ( N ) can be expressed as: 412 

 Core Cover

c g c sl slbc cN A A A ff f A    (32) 

in which 413 

sl sl c ylf E f   (33) 

where 
e

c

Corf  and 
r

c

Covef  are the axial stress acting on the concrete core and cover areas, 414 

respectively; gA  is the total area of the concrete section; cA  is the total area of the concrete core; 415 

slbA  is the total cross-section area of steel longitudinal bars; slf  is the axial stress of steel 416 

longitudinal bars corresponding to c ; slE  and ylf  are the elasticity modulus and yield stress of 417 

steel longitudinal bars, respectively. Accordingly, by calculating 
e

c

Corf  and 
r

c

Covef  for a range of 418 

c , not only can the axial stress-strain relations of the concrete core and cover areas be found, but 419 

also the axial load ( N ) versus axial strain relation of FR/PR can be calculated using Eq. (32). 420 
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In this study, the well- known concept of ‘Active Confinement Approach’ was adopted to determine 421 

the axial responses of 
e

c

Corf  and 
r

c

Covef  of FR/PR subjected to different confinement pressures. 422 

The axial response of FRP confined concrete (passive confinement) is derived based on an axial 423 

stress-strain base relation model originally developed for actively-confined concrete, by modifying 424 

its failure surface function to make it applicable to passively-confined ones [14, 19, 35, 53-56]. By 425 

following the axial stress-strain base relation model suggested by Popovics [32], at a given c , 426 

e

c

Corf  carried by concrete core area under ,l ff  and ,l sf  can be obtained as 427 

 

  1

1

1 1

Core

c ccCore Core

n
Core

c c

c cc

c

n
f f

n

 

 


 
  (34) 

in which 428 

0 0

1 5 1
Core Core

cc cc

c c

f

f





 
   

 
  (35) 
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1 0.25

0 1

1

1 0.27 1

c
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cc ccc c

E
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E f f 
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  (36) 
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1.15 0.85
l f l s

c

c

f f
f

f
 

 
  

 
  (37) 

where 
e

cc

Corf  is the failure surface function as the peak axial stress of the axial stress-strain base 429 

relation of the confined (by steel transverse reinforcement and FRP) concrete core; 
Core

cc  is the 430 

axial strain corresponding to 
e

cc

Corf  to be determined using Eq. (35) recommended by Mander et 431 

al. [13]; 1n  introduces the concrete brittleness term that can be calculated using the 432 
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recommendation of Carreira and Chu [52] by Eq. (36) (with a slight rearrangement); cE  defines 433 

the elasticity modulus of concrete. 434 

Similarly, for the case of the concrete cover, the axial stress-strain base relation model can be 435 

expressed by 436 

 

  2

2

2 1

Cover

c ccCover

c

c

Cover

n
Cover

c

c

c

c

n
f f

n

 

 


 
  (38) 

in which 437 

0 0

1 5 1
Cover Cover

cc cc

c c

f

f





 
   

 
  (39) 
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1

1 0.27 1c
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  (40) 
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l f

c

c

f
f

f
   

  
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  (41) 

where 
Cover

ccf  is the failure surface function as the peak axial stress of the axial stress-strain base 438 

relation of the confined (by FRP) concrete cover; 
Cover

cc  is the axial strain corresponding to 
Cover

ccf439 

; 2n  introduces the brittleness term of the concrete cover. According to Eqs. (34-41), to calculate 440 

the axial stress-strain relations of the concrete core and cover areas (
e

c

Corf  versus c  curve, and 441 

r

c

Covef  versus c  curve), 
Core

ccf  and 
Cover

ccf  as failure surface functions are required to be 442 

determined as input parameters. 443 

It is now well-known that at the same level of confinement pressure, there is a remarkable 444 

difference in the level of enhancements provided by passively- and actively-confinement systems 445 
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in which the confinement pressure is varying and constant, respectively, during axial loading. 446 

According to the studies conducted by Lai et al. [57, 58] and Ho et al. [59], the confinement path 447 

effect ( ) can be computed quantitatively as the difference of the peak strength obtained from the 448 

failure surface functions of passively- and actively-confined concrete (
Passive

ccf  and 
Active

ccf , 449 

respectively). Hence,   can be calculated by 
Passive Active

cc ccf f    where 0  reveals that 450 

confinement-induced enhancements in a passively-confined concrete is less than those in an 451 

actively-confined concrete system. Studies [14, 35, 56-59] evidenced that by using a failure surface 452 

function (
Active

ccf ) derived/calibrated based on actively-confined concrete columns, the 453 

enhancements offered by a passive confinement system (as confinement path-dependent) are 454 

overestimated, due to the significant difference of their confinement pressure paths ( 0 ). This 455 

phenomenon has been evaluated comprehensively in Lai et al. [57, 58], Ho et al. [59] and 456 

Shayanfar et al. [14, 35]. 457 

In the present study, the confinement stiffness-based failure surface function recommended by 458 

Shayanfar et al. [14], calibrated based on a large test database of both FC and PC (passively-459 

confined concrete columns), was adopted. Accordingly, 
Core

ccf  and 
Cover

ccf  can be calculated as: 460 

2

, ,1

0 2 0

1

R
Core

l f l scc

c c

f ff R

f R f

 
   

 
   (42) 

2

,1

0 2 0

1

R
Cover

l fcc

c c

ff R

f R f

 
   

 
   (43) 

where 1R  and 2R  are the calibration terms. It should be noted that since the confinement pressure 461 

generated by steel transverse reinforcements ( ,l sf ) remains constant beyond steel yielding, the 462 
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application of a failure surface function developed exclusively for passively-confined concrete 463 

might lead to underestimation in the calculation of the improvements induced by dual confinement 464 

mechanism of steel transverse reinforcements and FRP jacket ([56]). However, in this study, in a 465 

slight conservative manner, the effect of steel confinement on the determination of 1R  and 2R  was 466 

ignored, which can be considered practically correct for the case of RC columns with largely 467 

spaced steel transverse reinforcements due to its negligible effectiveness. Accordingly, by 468 

following the Shayanfar et al. [14]’recommendations, 1R  and 2R can be calculated as (with a slight 469 

modification): 470 

0.67

1

,
4.25

24

R

K f

fc f

R
 


    (44) 

.

,

0 26

2 1.82 0.3K fR         (45) 

in which 471 

 
, 0 0

, ,

0 , 0

l f c Lc f cPR

K f v f ff

c l j f f c

f K w
k k

f w s f

 



 


 (46) 

00.75 0.008fc cf     (47) 

0.251 0.15Rf fR     (48) 

where ,K f  represents FRP confinement stiffness that considers the effect of non-homogenous 472 

distribution of concrete expansibility through 
PR

ffk  in addition to vertical arching action ( ,v fk ) and 473 

FRP volumetric ratio in a partial confinement system (the term of  f f fw w s ); fc  and Rf  are 474 

the partial calibration factors representing the impact of 0cf  and fR  on 1R , respectively. 475 
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It should be noted that a lag between the axial strain development and confining strain/stress 476 

generation occurs with the increase of the concrete compressive strength ( 0cf ) due to the decrease 477 

of its lateral deformation [57-59]. Consequently, more confinement-induced enhancements would 478 

be achieved with the decrease of the concrete compressive strength class, which was reflected in 479 

the development of the proposed failure surface function through the consideration of the 480 

calibration term of fc  as a reduction factor for 1R . On the other hand, the dilation model developed 481 

in the present study for PR differs from that used by Shayanfar et al. [14] applicable to PC. 482 

Accordingly, since the dilation model has a significant influence on the confinement pressure and 483 

is coupled to the axial stress-strain relation, in this study, Rf  (Eq. (48)) was recalibrated based on 484 

regression analysis performed on the experimental axial stress-strain relations of 109 PC and PR 485 

specimens to ensure its reliability. The experimental values of Rf  were derived by trial-and-error 486 

procedure in such a way that full range axial stress-strain curves predicted by the developed 487 

analysis-oriented model could virtually coincide with those of the experimental relations. Fig. 10 488 

demonstrates the variation of 
Exp

Rf  with f fR s D . As can be seen, there is an upward trend of 489 

Exp

Rf  by increasing fR . Furthermore, Eq. (48) has a good agreement with experimental 490 

counterparts.  491 

As a result, by calculating 1R  and 2R  by Eqs. (44) and (45), 
Core

ccf  and 
Cover

ccf  can be determined 492 

using Eqs. (42) and (43), respectively. Then, based on Eqs. (34) to (37) and Eqs. (38) to (41), the 493 

e

c

Corf  and 
r

c

Covef  corresponding to c  are obtained, respectively. The incremental calculation 494 

process for determining the axial stress-strain response of FR/PR based on the developed analysis-495 

oriented model is the following one: 496 
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1) Calculate 
PR

ffk  with Eq. (7) 497 

2) Calculate ,v fk  with Eq. (16) 498 

3) Calculate ,v sk  with Eq. (18) 499 

4) Assume a value of concrete lateral strain ( ,l j ) 500 

5) Calculate FRP confinement pressure ( ,l ff ) by Eq. (4) 501 

6) Calculate steel confinement pressure ( ,l sf ) by Eq. (6) 502 

7) Calculate axial strain ( c ) by Eq. (24)  503 

8) Calculate failure surface function of the concrete core (
Core

ccf ) by Eq. (42) 504 

9) Calculate failure surface function of the concrete cover (
Cover

ccf ) by Eq. (43) 505 

10) Calculate axial stress (
Core

cf ) by Eqs. (34) to (37) 506 

11) Calculate axial stress (
Cover

cf ) by Eqs. (38) to (41) 507 

12) Calculate the average axial load ( N ) by Eq. (32) 508 

13) Continue the steps 4-12 up to ultimate axial strain 509 

Accordingly, not only can N  versus c  relation of FR/PR be found, but also 
Core

cf  versus c  and 510 

Cover

cf  versus c  relations of the concrete core and cover areas can be calculated.  511 

It should be noted that a more reliable model could be always conducted by regression analysis 512 

through providing a comprehensive dataset having a broader range of the model variables. 513 

According to the database used to develop/calibrate Eqs. (42) and (43), concrete strength variable 514 

( 0cf ) varies from 16 to 171 MPa with the mean and CoV values equal to 40 MPa and 0.53, 515 

respectively; confinement stiffness of the external jacket ( ,K f ) has a range of 0.002 to 0.262 with 516 
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the mean and CoV values equal to 0.037 and 0.85, respectively; column’s diameter  to total FRP’s 517 

thickness ratio ( f fD n t ) varies in the range of 40 to 1796 with mean and CoV values equal to 166 518 

and 0.26, respectively; column aspect ratio ( L D ) is in the range of 2 to 5 with mean and CoV 519 

values equal to 2.09 and 0.2, respectively. Accordingly, the proposed model is limited to the 520 

aforementioned range of the variables covered by the assembled database. 521 

Studies [60-62] evidenced that slenderness effects have a detrimental influence on the load 522 

carrying and deformability capacity of FRP confined concrete/RC columns, leading to an 523 

underutilization of the FRP confinement potentialities and the necessity of considering the column 524 

buckling. However, in the present stage of the research program, the applicability of the developed 525 

model was only validated to the aforementioned interval of the relevant variables that govern the 526 

response of fully/partially FRP confined concrete/RC columns, and do not cover the cases where 527 

buckling is a design concern. Nevertheless, by developing the slenderness limit and its relative 528 

reduction factors in terms of load carrying and deformability capacity, the methodology proposed 529 

in the present work can be potentially extended to slender FRP confined RC columns, which will 530 

be the focus of a future study.  531 

7- Model Validation 532 

This section presents the verification of the proposed model to predict the axial and dilation 533 

responses of FR/PR under axial compressive loading. For this purpose, the results obtained from 534 

the developed analysis-oriented model were compared with those measured experimentally by [5-535 

8, 11]. Furthermore, for the case of comparative assessment, the well-established model suggested 536 

by Teng et al. [19], developed exclusively for fully FRP confined circular columns, was selected 537 

and generalized for the case of partial confinement strategy based on the concept of confinement 538 
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efficiency factor (Mander et al. 1988 as one of the most-cited approach). The generalized model 539 

of Teng et al. [19] can be found in Appendix A.  540 

Fig. 11 compares the axial force( N )/stress ( c gf N A )/versus axial strain ( c ) curves of FR and 541 

PR obtained from the proposed model with those conducted experimentally by Barros and Ferreira 542 

[11], Eid et al. [8], and Wang et al. [5]. As shown in Fig. 11a, the developed model is able to 543 

predict accurately the global axial stress-strain curves of the FR specimens with the different 544 

values of sR . In Fig. 11b-c, the developed model reveals efficient capability in simulating the 545 

experimental responses of FR with different values of 0cf , and with/without concrete cover, even 546 

though the initial axial behavior was underestimated slightly (in Fig. 11c, C2MP2N and C2N1P2N 547 

specimens were constructed without concrete cover). The comparisons in Fig. 11d-e demonstrate 548 

that the model is able to capture sufficiently the influence of FRP confining system on the axial 549 

stress-strain curves of FR and PR, regardless an underestimation associated with FL3S2C32. In 550 

Fig. 11f, a suitable performance of the developed model for the case of PR with the different values 551 

of fR  can be confirmed. 552 

Fig. 12 and Fig. 13 compare the axial stress/force-strain curves of PR and FR obtained from the 553 

proposed model and the generalized Teng et al. [19]’s model with those conducted experimentally 554 

by Wang et al. [5], Kaeseberg et al. [6], Chastre and Silva [7], Eid et al. [8], and Barros and 555 

Ferreira [11]. In general, the developed model is able to predict closely the full range of the 556 

experimental counterparts. Furthermore, compared to the generalized Teng et al. [19]’s model, the 557 

developed model reveals a better predictive performance in terms of axial behavior of PR and FR 558 

with different types of confining arrangement. 559 
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For the further examination of the developed model in terms of axial and dilation responses, the 560 

axial stress versus volumetric strain ( v ) curves of PC specimens reported by Barros and Ferreira 561 

[11] were simulated by the proposed model and the generalized Teng et al. [19]’s model, as shown 562 

in Fig. 14. Note that v  in this figure represents the concrete volumetric strain at the mid-plane of 563 

FRP strips during axial compressive loading. As can be seen, the developed model is capable of 564 

simulating closely the experimental volumetric variation. It is mainly attributable to the 565 

consideration of the effect of non-homogenous distribution of concrete lateral expansion along the 566 

height of PR in the developed model. By using Teng et al. [19]’s generalized model based on the 567 

concept of confinement efficiency factor suggested by Mander et al. [13], exclusively devoted to 568 

steel-confined RC columns, misleading predictions are obtained in terms of volumetric change 569 

evolutions. 570 

The comparative assessment demonstrated in Figs. 11-14 not only evidences the reliability of the 571 

proposed analysis-oriented model for the prediction of axial and dilation behavior of FR and PR, 572 

but also confirms the validity of the conducted assumptions in the consideration of the effects of 573 

dual confinement mechanism of steel transverse reinforcements and FRP full/partial arrangement. 574 

Furthermore, the proposed model has a unified character for the case of FRP confined concrete 575 

(FC and PC) confirming its wide applicability.  576 

Lastly, using the proposed model analysis on PR, Fig. 15 evaluates the dependence of FRP-steel 577 

confinement-induced enhancements on the distance between steel hoops ( ss ), the distance between 578 

FRP strips ( fs ) and the concrete compressive strength ( 0cf ). In this parametric study, an RC 579 

column with a diameter and height of 200 and 1000 mm was assumed. The data for the parameters 580 

of FRP confinement configuration were 5fn  , 0.167 mmft  , 249 GPafE   and 50 mmfw 581 

 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 



        

33 

 

, while for the parameters of steel hoops were 6 mmsthd  , 400 MPayhf  , 200 GPasE  . 582 

Furthermore, for the case of the parameters of steel longitudinal reinforcements, the data were 583 

10 mmsthd  , 400 MPaylf  , 200 GPaslE  . The concrete cover was considered 25 mm. Fig. 15a 584 

reveals the effect of ss  on the normalized concrete axial stress ( 0

ave

c cf f ) versus v  relation of 585 

PR with 0.4f fR s D   and 0 25 MPacf  , where 
ave

cf  represents the area-weighted average 586 

axial stress carried by concrete core and cover areas. As can be seen, while ss  decreases from 150 587 

mm to 50 mm, the volumetric change evolution tends to be reversed resulting in a higher axial 588 

strength and smaller volumetric expansion. It highlights the influence of steel hoop confinement 589 

in limiting the concrete tendency for an abrupt expansion. Similarly, as shown in Fig. 15b, for the 590 

case of PR with 100 mmss   and 0 25 MPacf  , by decreasing fR , the response changes from 591 

volumetric expansion to volumetric compaction, indicating a remarkable increase in FRP 592 

effectiveness in restraining concrete lateral dilation. In Fig. 15c-d, shows the effects of steel hoop 593 

and FRP spacing on 0

ave

c cf f  versus 
v  relation of PR with a higher concrete compressive strength 594 

( 0 50 MPacf  ). As can be seen, FRP-steel confinement induced enhancements in the case of 595 

0 50 MPacf   are not so pronounced compared to those in the case of 0 25 MPacf   (Fig. 15c-d), 596 

mainly attributable to smaller lateral deformations and a longer lag between the axial strain 597 

development and the confining strain/stress generation for higher strength concrete.  598 

8- Summary and conclusions 599 

In the present study, a generalized analysis-oriented model was developed for determining the 600 

axial compressive stress-strain relationship for circular cross-section RC columns of fully and 601 

partially confined with FRP systems and also including transverse steel reinforcements (FR and 602 
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PR, respectively). To derive the equivalent confinement pressures imposed by FRP jacket and steel 603 

transverse reinforcements, the effects of non-homogenous concrete transverse expansion along the 604 

column height and the vertical arching action were considered. An already existing dilation model 605 

was extended to the cases with partially imposed confinement pressure and dual FRP-steel 606 

confinement mechanism. With this information, a unified axial stress-strain model was developed 607 

for the establishment of the axial stress-strain relations of FR and PR. A comprehensive 608 

comparison to axial responses registered experimentally in available literature demonstrated that 609 

the proposed analysis-oriented model has a suitable agreement with the experimental counterparts. 610 

Based on the work presented in the current study, the conclusions can be drawn as follows: 611 

 In contrast to the original concept of confinement efficiency factor, it is found that the 612 

consideration of the effect of non-homogenous concrete transverse expansion along the 613 

column height is critical to develop a rational and robust model for PC/PR. This 614 

consideration led to a significant enhancement in the model performance to simulate 615 

accurately axial and dilation responses of PC/PR concrete columns.  616 

 An extended/improved version of Teng et al. (2015)’s dilation model for PC/PR is 617 

proposed, which demonstrated a suitable level of reliability for predicting lateral-to-axial 618 

strain relation of PC/PR, through addressing the substantial effects of additional axial 619 

deformations induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and 620 

non-homogenous concrete expansion distribution. 621 

 The axial stress versus axial/lateral/volumetric strain relationship of PC/PR and FC/FR can 622 

be predicted accurately through the developed analysis-oriented model, consisting of a new 623 

confinement stiffness-based failure surface function that addresses the confinement path 624 

effect.  625 
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 The investigation undertaken in the current study has demonstrated that f fR s D  is the 626 

most influencing parameter on the confinement-induced improvements in PC/PR. By 627 

decreasing this parameter, the column response would drive from volumetric expansion to 628 

volumetric compaction, dependent on the confinement stiffness. 629 

 The methodology adopted for the model development can be taken to recalibrate the key 630 

components of this model, resulting in a more reliable model, when more comprehensive 631 

databases are available. Furthermore, this methodology can be extended potentially to 632 

develop new confinement models for other concrete-type and confining materials, through 633 

the recalibration of the failure surface function of the proposed confinement model and its 634 

coupled dilation model. 635 
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Appendix A 810 

To determine axial stress versus axial strain curves of FRP fully confined RC columns (FR), Teng 811 

et al. [19] proposed an analysis-oriented model based on active confinement approach. In the 812 

present study, for the generalization of this model for the case of partial confinement arrangement 813 

(PR), the original concept of confinement efficiency factor recommended by Mander et al. (1988) 814 

was adopted. 815 

Based on Teng et al. [19]’s model, at a certain level of concrete transverse expansion (
,l j ) 816 

representing FRP hoop strain, the corresponding confinement pressures imposed by FRP strips (817 

,l ff ) and steel transverse reinforcements ( ,l sf ) can be calculated as: 818 

For the case of FRP full/partial arrangement: 819 

 , , ,2
f f f

l f v f f l j

f f

n t w
f k E

b s w
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
  B-1 

in which 820 

2

, 1
2

f

v f

s
k

D

 
  
 

               B-2 

where ,v fk  is the reduction factor reflecting the effect of vertical arching action between FRP 821 

strips; 
fn  is the number of FRP layers; 

ft  is the thickness of a FRP layer; 
fE  is the FRP modulus 822 

of elasticity; fw  is the FRP width; fs  is the distance between FRP strips; D  is the diameter of 823 

the circular cross-section. 824 
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For the case of steel transverse reinforcement: 825 

, ,, 2 j
sth

l s v s s

c s

l

A
f k E

D s
                                  for ,l j yh   B-3a 
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f k f

D s
                                      for ,l j yh   B-3b 
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, 1
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                                       for steel hoop reinforcement B-4a 

, 1
2

s
v s

c

s
k

D

 
  
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                                        for steel spiral reinforcement B-4b 

where ,v sk  is the reduction factor reflecting the effect of vertical arching action between 827 

reinforcements; Dc is the diameter of the concrete core; 
sthA  is the cross-sectional area of a steel 828 

spiral/hoop; 
ss  is the distance between reinforcements ;

sE , yh  and 
yhf  are the elasticity 829 

modulus, yield strain and stress of reinforcements, respectively. Subsequently, based on the 830 

dilation model, the average axial strain along the column height (
c ) corresponding to 

,l j  can be 831 

calculated as: 832 

0.7
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0.25

0 00.000937c cf   B-10 

where
FS is the ratio between the confinement stiffness of the FRP jacket and steel confining 834 

systems; 
0c  is the axial strain corresponding to 

0cf . Based on the active confinement approach, 835 

the axial stress carried by concrete core area (
e

c

Corf ) corresponding to 
c  can be calculated as 836 
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04730c cE f   B-15 

where 
Core

ccf  is the failure surface function as the peak axial stress of the axial stress-strain base 838 

relation of the concrete core; 
Core

cc  is the axial strain corresponding to 
Core

ccf ; 
1n  introduces the 839 
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concrete brittleness term; 
cE defines the elasticity modulus of concrete. Similarly, the axial stress 840 

carried by concrete cover area (
r

c

Covef ) corresponding to 
c  can be calculated as 841 
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where 
Cover

ccf  is the failure surface function as the peak axial stress of the axial stress-strain base 843 

relation of the concrete cover; 
Cover

cc  is the axial strain corresponding to 
Cover

ccf ; 2n  introduces 844 

the brittleness term of the concrete cover. 845 

The incremental calculation process of the generalized Teng et al. [19]’s model for determining 846 

the response of FR/PR in terms of  
Core

cf  versus c  and 
Cover

cf  versus c  relations of the concrete 847 

core and cover areas is as the following one: 848 

1) Calculate ,v sk  with Eq. (B-4) 849 

2) Calculate ,v fk  with Eq. (B-2) 850 

3) Assume a value of concrete lateral strain ( ,l j ) 851 
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4) Calculate FRP confinement pressure ( ,l ff ) by Eq. (B-1) 852 

5) Calculate steel confinement pressure ( ,l sf ) by Eq. (B-3) 853 

6) Calculate axial strain ( c ) by Eq. (B-5)  854 

7) Calculate failure surface function of the concrete core (
Core

ccf ) by Eq. (B-12) 855 

8) Calculate failure surface function of the concrete cover (
Cover

ccf ) by Eq. (B-17) 856 

9) Calculate axial stress (
Core

cf ) by Eqs. (B-11) to (B-15) 857 

10) Calculate axial stress (
Cover

cf ) by Eqs. (B-16) to (B-19) 858 

11) Continue the steps 3-10 up to ultimate axial strain 859 

By repeating the aforementioned calculation procedure for a range of ,l j , 
Cover

cf  versus c  and 860 

Core

cf  versus c  relations of the concrete core and cover areas can be determined. It is noted that 861 

that for large-sized RC specimens, Teng et al. [19] considered 0cf  to be 00.85 cf   based on ACI 862 

318’s recommendation [23].  863 
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Figure 1 

 

 

 

 

 

a) 

 
b) 

Fig. 1. a) Different confinement configurations; b) Development of axial stress-strain curve of FRP confined concrete 

Note: FC: Fully FRP confined concrete column; PC: Partially FRP confined concrete column; FR: Fully FRP confined RC column; PR: Partially 

FRP confined RC column 
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Figure 2 

 

 

   

Fig. 2. Predictive performance of Eq. (2) 
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Figure 3 

 

 

 

a) 

 

b) 

Fig. 3. Schematic distribution of concrete lateral expansion along the damage zone : a) Partial confinement configuration; b) 

Full confinement configuration 

Note:  l z  defines the function of concrete lateral expansion along z-axis (damage length zone) 
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Figure 4 

 

 

 

a) 

 

b) 

Fig. 4. Vertical arching action between a) FRP strips and b) steel transverse reinforcements 
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Figure 5 

 

 

  

a) b) 

 

c) 

Fig. 5. Effect of steel confining hoops on the dilation characteristics of FR 
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Figure 6 

 

 

 

 

 

 

Fig. 6. Predictive performance of Eq. (31) 
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Figure 7 

 

 

 

  

a) b) 

 

c) 

Fig. 7. Comparison of the developed approach with that proposed by Teng et al. [19]: a) FRP hoop 

strain versus axial strain ( c ); b) secant Poisson’s ratio ( sv ) versus axial strain ( c ); c) axial strain (

c ) versus volumetric strain ( v ) 
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Figure 8 
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Fig. 8. Analytical simulations versus experimental results of PC tested by Zeng et al. [3, 51] and 

Guo et al. [37] 

 

0.000

0.006

0.012

0.018

0.000 0.005 0.010 0.015

F
R

P
 h

o
o

p
 s

tr
a

in

Zeng et al. (2018)

S-1-3-30

fc0 = 23.4 MPa

D = 150 mm

nf = 1

Rf = 0.7

0.000

0.007

0.014

0.021

0.000 0.008 0.016 0.024

Zeng et al. (2018)

S-2-3-30

fc0 = 23.4 MPa

D = 150 mm

nf = 2

Rf = 0.7

0.000

0.007

0.014

0.021

0.000 0.010 0.020 0.030

Zeng et al. (2018)

S-3-3-30

fc0 = 23.4 MPa

D = 150 mm

nf = 3

Rf = 0.7

0.000

0.006

0.012

0.018

0.000 0.008 0.016 0.024

F
R

P
 h

o
o
p

 s
tr

a
in

Zeng et al. (2018)

S-2-4-35

fc0 = 23.4 MPa

D = 150 mm

nf = 2

Rf = 0.36

0.000

0.007

0.014

0.021

0.000 0.012 0.024 0.036

Zeng et al. (2018)

S-2-5-35

fc0 = 23.4 MPa

D = 150 mm

nf = 2

Rf = 0.21

0.000

0.003

0.006

0.009

0.000 0.003 0.006 0.009

Zeng et al. (2017)

CS-90-1

fc0 = 22.7 MPa

D = 238 mm

nf = 1

Rf = 0.38

0.000

0.008

0.016

0.024

0.000 0.010 0.020 0.030

F
R

P
 h

o
o
p

 s
tr

a
in

εc

Guo et al. (2019)

S-150-2

fc0 = 37.4 MPa

D = 150 mm

nf = 2

Rf = 0.25

0.000

0.007

0.014

0.021

0.000 0.007 0.014 0.021
εc

Guo et al. (2019)

S-200-2

fc0 = 37.4 MPa

D = 200 mm

nf = 2

Rf = 0.25

0.000

0.008

0.016

0.024

0.000 0.008 0.016 0.024εc

Guo et al. (2019)

S-300-2

fc0 = 33.6 MPa

D = 300 mm

nf = 2

Rf = 0.25

Validation 1 

 2 

dfd 3 

Experiment Proposed model Teng et al.’s model 

Figure 8 Click here to access/download;Figure (Do not upload picture,
.svg format. Upload only PDF, eps or tiff format);Figure 8.docx

https://www.editorialmanager.com/engstruct/download.aspx?id=755383&guid=3743fbab-fe19-4701-88d8-ae169ce24b17&scheme=1
https://www.editorialmanager.com/engstruct/download.aspx?id=755383&guid=3743fbab-fe19-4701-88d8-ae169ce24b17&scheme=1


Figure 9 
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Fig. 9. Analytical simulations versus experimental results of PR tested by Barros and Ferreira [11] 
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Figure 10 

 

 

 

 

Fig. 10. Performance of Eq. (48) 

Note: the experimental values were extracted from the experiments conducted by Barros and Ferreira [11], 

Zeng et al. [3, 4, 51], Guo et al. [37] 
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Figure 11 
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Fig. 11. Analytical simulations versus experimental results of FR/PR tested by [5, 8, 11] 
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Figure 12 
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Fig. 12. Analytical simulations versus experimental results of PR tested by [11] 
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Fig. 13. Analytical simulations versus experimental results of FR tested by [5-8]  
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Figure 14 
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Fig. 14. Analytical simulations versus experimental results tested by Barros and Ferreira [11] in terms of axial stress 

versus volumetric strain relation  
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Figure 15 
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Fig. 15. Effects of steel hoop and FRP spacing, and concrete compressive strength on the 

normalized concrete axial stress versus volumetric strain relation 
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Table 1 

 

 

 

 

Table 1. Summary of the compiled database. 

Number 

of datasets 
 0cf  range (MPa) 0c  range L D  range D  range (mm) 

604 

Min. 11.6 0.0012 1.0 54 

Max. 204.0 0.0051 5.5 500 

Mean 51.2 0.0025 2.2 133.4 

CoV 0.534 0.233 0.297 0.339 
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Table 2 

 

 

 

 

Table 2. Comparative performance of Eq. (2) with existing expressions 

Model Expression 
Test 

Data 

Assessment indicators 

Mean SD MAPE 

Proposed model 
0.25

0

0 0.0011 c

c

f D

L


 
  

 
 604 0.977 0.180 0.138 

Lim and Ozbakkaloglu [25] 
0.1 0.13

0.225

0 0

152 2
0.001c c

D
f

D L


   
    

   
 604 0.988 0.186 0.143 

Popovics [26] 0.25

00 0.000937c cf   604 1.009 0.192 0.147 
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