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Abstract 8 

Reinforced concrete (RC) columns can be effectively rehabilitated or strengthened by externally 9 

wrapped fiber-reinforced polymer (FRP) wraps, which can improve the axial load capacity and 10 

ductility of these columns through a confinement effect. Modern design codes require that 11 

seismically designed RC columns have significant minimum amounts of both longitudinal and 12 

transverse steel. This transverse steel can apply a considerable confining pressure into the concrete 13 

core in addition to that produced by the external FRP sheets. This simultaneous confinement can 14 

be accurately modeled using a recently developed FRP-and-steel confined concrete model for 15 

finite element analysis. This paper presents a comprehensive parametric study to investigate the 16 

steel confinement effects and the relative importance of key modeling and design parameters on 17 

the axial strength of FRP-confined RC columns. The results show that the steel confinement effect 18 

can significantly increase the axial strength of FRP-confined RC columns, particularly for large 19 

cross-sections, low concrete compressive strengths, and low amounts of confining FRP. The steel 20 

confinement effects induce two distinct behaviors depending on the ratio between the FRP lateral 21 

confinement and the unconfined concrete peak strength. These two behaviors can be described as 22 

functions of a relative confinement coefficient. The results of this study could be used to achieve 23 

more efficient and economical retrofit of RC columns through FRP confinement. 24 

Keywords: fiber-reinforced polymers; reinforced concrete columns; column retrofit; FRP 25 

confinement; steel confinement. 26 
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Introduction 27 

Use of fiber-reinforced polymer (FRP) composites for retrofitting reinforced concrete (RC) 28 

structures has been extensively investigated throughout the last four decades (Fardis and Khalili 29 

1982; Lam and Teng 2003a; Raza et al. 2019). The utilization of FRP has gained particular 30 

attention in recent years as a repair technology to aging RC structures that have their functionality 31 

affected by environmental deterioration, damage due to extreme events, or increased demands 32 

produced by unplanned loads (Parvin and Brighton 2014). In many cases, the retrofit of RC 33 

columns using external FRP jackets or wraps represents a reasonable and cost-effective alternative 34 

to steel jackets or enlarged RC cross-sections (Fardis and Khalili 1982; Rocca 2007; Roy et al. 35 

2010). Among the possible applications, FRP wraps can be used to increase the axial compression 36 

strength of RC members by producing a confinement effect (Nanni and Bradford 1995; Toutanji 37 

1999; ACI 2017). Whereas RC members that are subject to axial compression only are quite rare 38 

in buildings and other structures, axial compression strength of FRP-confined columns has been 39 

widely investigated (Spoelstra and Monti 1999; Matthys et al. 2006; Rocca et al. 2006; Hu and 40 

Barbato 2014; Piscesa et al. 2018), is explicitly addressed in modern design codes and guidelines 41 

(e.g., ACI 2017), and needs to be evaluated when constructing the axial force-bending moment 42 

interaction diagram for an RC column (Bank 2006). Axial rehabilitation of RC columns using FRP 43 

confinement is also common in practical applications (Parvin and Brighton 2014). 44 

The design of RC columns using modern design standards generally requires a ductile behavior, 45 

which leads to relatively higher volumetric ratios of transverse steel reinforcement when compared 46 

to columns designed using older standards (Roy et al. 2010). However, the presence of transverse 47 

steel reinforcement is generally neglected in the retrofit and rehabilitation of RC columns using 48 

FRP wraps, e.g., when using the ACI 440.2R-17 (ACI 2017) guidelines. This situation is probably 49 

due to the fact that, whereas the behavior of concrete confined by FRP only is extensively studied 50 

and documented in the literature (Fardis and Khalili 1982; Mirmiran and Shahawy 1996; Karbhari 51 
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and Gao 1997; Samaan et al. 1998; Spoelstra and Monti 1999; Toutanji 1999; Xiao and Wu 2000; 52 

Fam and Rizkalla 2001; Lam and Teng 2003a; b; Shao et al. 2006), only a few studies have 53 

investigated the simultaneous confining mechanisms of FRP and steel (Demers and Neale 1999; 54 

Eid et al. 2009; Wang et al. 2012). Moreover, most of the existing stress-strain models of FRP-55 

and-steel confined concrete use a linear superposition of the confining effects of each material (Li 56 

et al. 2003; Ilki et al. 2008; Hu and Seracino 2014), and/or are based on regression analyses of 57 

limited data points (Lee et al. 2010), which may lead to inaccurate estimates of the axial strength 58 

of FRP-confined RC columns with parameters laying outside the models’ calibration ranges. Teng 59 

et al. (2015) proposed a model that considers the peak strength of simultaneously confined concrete 60 

as a linear superposition of the global contributions from the unconfined concrete strength, FRP, 61 

and steel, with the latter being a nonlinear function of the FRP reinforcement ratio. 62 

An FRP-and-steel confined concrete constitutive model based on an incremental procedure that 63 

efficiently accounts for the nonlinear interaction of FRP and steel confinement was recently 64 

developed to model the stress-strain behavior of confined concrete within the cross-section of FRP-65 

confined circular RC columns (Zignago et al. 2018). This model, used in conjunction with a force-66 

based frame finite element (FE) with fiber-based cross-sections (Hu and Barbato 2014), was 67 

thoroughly validated and shown to produce accurate estimates of the structural response of FRP-68 

confined circular RC columns subject to different loading conditions for any realistic combination 69 

of design parameters and material properties.  70 

This paper investigates the effects of transverse steel confinement on the axial strength of FRP-71 

confined circular RC columns through an extensive parametric study by using these efficient and 72 

accurate nonlinear FE and FRP-and-steel confined concrete models (Hu and Barbato 2014; 73 

Zignago et al. 2018). The paper considers wide but realistic ranges of the different design 74 

parameters to quantify their relative importance and suggest possible improvements of existing 75 

design guidelines. To the authors’ knowledge, this is the first study to investigate systematically 76 
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the issue of simultaneous confinement of RC columns by FRP and steel to understand its effects 77 

on the structural behavior of RC members retrofitted using FRP wrapping. This study also 78 

identifies easy-to-compute parameters that can synthetically describe the effects of transverse steel 79 

on the design strength of the structural members under consideration. The characterization of these 80 

parameters represents a preliminary but necessary step towards the improvement of existing design 81 

equations for FRP-confined RC columns subject to axial compression. 82 

FE Modeling of FRP-Confined RC Columns 83 

This study estimates the axial strength of FRP-confined columns by using nonlinear FE analysis 84 

performed via the general-purpose software framework Open System for Earthquake Engineering 85 

Simulation (OpenSees) (Mazzoni et al. 2006). By assuming a concentric axial load condition 86 

applied to a short column, the axial strength of the column is calculated as the column sectional 87 

capacity using a zero-length fiber-section element (Mazzoni et al. 2006). The material nonlinearity 88 

is modeled by associating to the different fibers in the cross-section the appropriate uniaxial stress-89 

strain constitutive models for the corresponding material. Both concrete cover and core fibers 90 

within the cross-section are modeled using the FRP-and-steel confined concrete model developed 91 

by Zignago et al. (2018), which reduces to the Spoelstra-Monti model (Spoelstra and Monti 1999) 92 

for concrete fibers confined by FRP only (i.e., concrete cover confined by FRP), to the Mander 93 

model (Mander et al. 1988) for concrete fibers confined by steel only (i.e., core concrete when no 94 

FRP is applied), and to the Popovics-Saenz model (Popovics 1973; Balan et al. 1997) for 95 

unconfined concrete fibers (i.e., concrete cover when no FRP is applied). A clear concrete cover 96 

thickness ct = 25 mm is assumed for all column models. The unconfined concrete initial tangent 97 

modulus, cE , is calculated as a function of the unconfined concrete compressive peak strength, 98 

cf ′ , as (Mander 1983): 99 
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 5000  (MPa)c cE f ′=   (1) 100 

The unconfined concrete strain at peak strength, cε ′ , is calculated using the equation proposed by 101 

De Nicolo et al. (1994), which was obtained through regression analysis of experimental results 102 

from compressive tests of concrete cylinders collected from several different authors, as:  103 

 ( ) 0.5
70.00076 0.626 4.33 10  (MPa)c cfε − ′ ′= + − ⋅  

  (2) 104 

The maximum allowable strain of the concrete, εc,max, is assumed equal to the value specified by 105 

ACI 440.2R-17 (ACI 2017) as: 106 
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  (3) 107 

where bκ is the geometry efficiency factor and is equal to 1 for circular cross-sections; fe fuεε κ ε=  108 

denotes the effective strain of the FRP at failure, in which εκ  is the FRP strain efficiency factor 109 

determined by using the model proposed by Realfonzo and Napoli (2011) as a function of concrete 110 

strength and FRP confining stiffness 0.5f f fK Eρ=  (with fρ = FRP volumetric reinforcement 111 

ratio and fE = FRP elastic modulus),  and fuε  denotes the ultimate strain of the FRP obtained 112 

from flat coupon tensile tests; and lf lfuf fεκ=  is the maximum confinement pressure exerted by 113 

the FRP, where lfuf  is the ultimate FRP lateral confining pressure. It is observed here that the FRP 114 

strain efficiency factor model proposed by Realfonzo and Napoli (2011) decreases linearly for 115 

increasing FRP confining stiffness Kf, which also implies that κε increases for increasing column 116 

diameter, when everything else is being kept the same. The Menegotto-Pinto plasticity model 117 

(Menegotto and Pinto 1973), as modified by Filippou et al. (1983) to include isotropic hardening 118 

effects, is used to model the longitudinal steel rebars. The sectional analyses are performed by 119 

applying quasi-static, monotonically increasing, and concentric axial loads.  120 
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Parametric Study 121 

The parameters considered in this study are: (1) fiber type, i.e.,  carbon FRP (CFRP) or glass FRP 122 

(GFRP); (2) FRP volumetric reinforcement ratio, with six different levels for each type of fiber, 123 

i.e., ρf = 0%, 0.25%, 0.5%, 1%, 2%, and 3% for CFRP, and ρf = 0%, 0.5%, 1%, 2%, 4%, and 6% 124 

for GFRP; (3) column diameter, with four different diameters, i.e., D = 150 mm, 300 mm, 600 125 

mm, and 1,200 mm; (4) concrete compressive strength, with four different strength levels, i.e., 126 

cf ′  = 20 MPa, 30 MPa, 50 MPa, and 70 MPa; and (5) transverse steel volumetric reinforcement 127 

ratio, with six different levels, i.e., stρ = 0%, 0.5%, 1%, 2%, 3%, and 4%. The combination of the 128 

different values for all the parameters results in a total of 1,152 nonlinear FE analyses. Table 1 129 

summarizes the parameters considered and their values, whereas Table 2 shows the material 130 

properties considered as constants and their values used in the FE simulations. 131 

The ultimate tensile strength, fuf , and modulus of elasticity, fE , of the CFRP material are two 132 

and four times larger than those of the GFRP material, respectively, leading to an ultimate strain 133 

for the GFRP sheets twice as large as that for the CFRP sheets. The GFRP reinforcement ratios 134 

are selected to be twice those for CFRP to allow for an easier comparison of both FRP ultimate 135 

lateral confining pressure, lfuf , and FRP confining stiffness, ,fK  for the different fiber types. The 136 

range of the transverse steel reinforcement ratio, stρ , is selected to be between 0%, i.e., no stirrups 137 

or ties, and 4%, which represents a practical upper limit for real-world applications, as it is a 138 

slightly higher value than that obtained from the shear strength caps given in Provision 11.4.3 of 139 

ACI 440.2R-17 (ACI 2017).  140 

Parametric Study Results 141 

The parametric study results are expressed here in terms of the peak axial strength, maxP  or max ,P  142 

for the different columns. Hereinafter, quantities with a superposed bar represent strengths 143 
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obtained by imposing the design limitation on concrete deformation given by Eq. (3); whereas the 144 

same symbol without the superposed bar indicates strengths obtained without imposing any 145 

limitation on the concrete deformation. In particular, the quantity maxP  is relevant when making 146 

design considerations, for which imposing a limitation on concrete crushing is a desirable feature; 147 

whereas the quantity maxP  can better describe experimental testing results when specimens are 148 

loaded up to their complete failure. In order to separate the confinement effects due to steel only 149 

from the FRP confinement effects, two reference axial strengths are considered for each given 150 

column: (1) the peak axial strength of the reference unconfined column, 0P  (i.e., a column with 151 

the same properties as the given column but with 0%fρ =  and 0%stρ = ); and (2) the peak axial 152 

strength of the reference FRP-only-confined column without transverse steel, 0fP  and 0fP   (i.e., 153 

i.e., a column with the same properties as the given column but with 0%stρ = ). It is noteworthy 154 

that, for the reference unconfined column, the peak axial strengths obtained by imposing or not 155 

imposing the concrete deformation limit given by Eq. (3) coincide (i.e., 0 0P P= ), as the columns 156 

reach their peak axial strengths at a concrete strain ,maxc c cε ε ε′= < . For easy comparison, all 157 

strength results are presented hereinafter in non-dimensional form, as relative strength increments 158 

normalized by 0P . 159 

Increment in peak axial strength due to simultaneous steel and FRP confinement 160 

Figure 1(a) through (d) summarize the effects of FRP confining stiffness, column diameter, 161 

concrete compressive strength, and transverse steel ratio, respectively, on the peak axial strength’s 162 

normalized total increment ( )max 0 0P P P− . The results are presented in the form of box-and-whisker 163 

plots (Cleveland 1985) and exclude the data points for which 0%fρ =  or 0%.stρ = The central 164 

horizontal line of each plot represents the median value, with the bottom and top edges of the 165 

boxed area indicating the first and third quartile of the data, respectively. The whiskers identify 166 
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the complete range of the data. The notches in the boxed area display the confidence interval 167 

around the median. 168 

Figure 1(a) shows that ( )max 0 0P P P−  significantly increases for increasing FRP confining stiffness, 169 

even though not monotonically. The median value of ( )max 0 0P P P− increases from approximately 170 

29% for fK =  62.5 MPa to approximately 97% for fK =  1.5 GPa. More dispersion in the results 171 

is found for low FRP reinforcement ratios. This result was expected, as the beneficial effect of 172 

FRP-confinement on the concrete compressive strength is well-known (Fardis and Khalili 1982; 173 

Karbhari and Gao 1997). Figure 2 plots ( )max 0 0P P P−  as a function of the ratio between the FRP 174 

confining pressure and the unconfined concrete strength, /lf cf f ′  (referred to as FRP confinement 175 

ratio hereinafter), which is known to be strongly positively correlated with the FRP-confined 176 

concrete peak strength, ccf ′  (Fardis and Khalili 1982; Spoelstra and Monti 1999; Lam and Teng 177 

2003a).  178 

Figure 2 also reports the trendline of the numerical simulation results in conjunction with its 179 

coefficient of determination, R2 = 0.699. This trendline is computed based on a quadratic/linear 180 

rational function (i.e., a rational function in which numerator and denominator are polynomials of 181 

order 2 and 1, respectively). The vertical dashed line represents the value / 0.08lf cf f ′ = , which is 182 

the lower limit for FRP confinement recommended in ACI 440.2R-17 (ACI 2017). The relatively 183 

low value of the coefficient of determination indicates a large dispersion of the data points. Based 184 

on the trendline, it is observed that, for the lower values of the FRP confinement ratio (i.e., 185 

/ 0.05lf cf f ′ < ), ( )max 0 0P P P− increases almost proportionally with /lf cf f ′ , whereas for the higher 186 

values of the FRP confinement ratio (i.e., / 0.10lf cf f ′ > ), the increase of ( )max 0 0P P P−  rapidly 187 

slows down, until only small increases are observed when / 0.30.lf cf f ′ >  It is concluded that, for 188 
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small amounts of FRP, maxP  is mainly controlled by the FRP confinement ratio; whereas, for large 189 

amounts of FRP (and in particular for / 0.08lf cf f ′ ≥ ), maxP  is mainly controlled by the FRP 190 

confining stiffness. It is also observed that the value of the trendline for / 0lf cf f ′ =  (i.e., no FRP 191 

confinement) is approximately equal to 12%, which provides an approximate measure of the 192 

average effect of the transverse steel confinement on the core concrete for the range of geometries 193 

and material parameters considered in this study. 194 

Figure 1(b) shows that ( )max 0 0P P P−  slightly increases as the column diameter increases. This 195 

effect is less significant than that of the FRP confining stiffness, but it is not negligible. In fact, the 196 

median value of ( )max 0 0P P P−  increases from approximately 45% when D = 150 mm to 197 

approximately 66% for columns with D = 1200 mm. By contrast, the interquartile range is found 198 

to be almost independent of the diameter. The observed influence of the diameter on ( )max 0 0P P P−  199 

is attributed to the increase in the cross-sectional core to gross area ratio, /c gA A , for increasing 200 

column diameter, which is produced by the modeling choice of keeping the concrete cover’s 201 

thickness as constant and equal to 25 mm for all column diameters. Because the concrete core is 202 

subjected to the combined confinement of both FRP and steel, whereas the concrete cover is 203 

subjected to the confinement of the FRP only, an increase of /c gA A  is likely to produce an 204 

increase in the peak axial strength. To test this hypothesis, four additional numerical simulations 205 

were performed by setting / 0.840c gA A =  (i.e., the ratio corresponding to a column with 206 

D = 600 mm and ct = 25 mm), considering the same four column diameters used in the parametric 207 

study (i.e., D = 150 mm with ct = 6.25 mm, D = 300 mm with ct = 12.5 mm,  D = 600 mm with 208 

ct  = 25 mm,  and D = 1200 mm with ct = 50 mm), and assuming the following constant values for 209 

the other variables: concrete strength cf ′ =  30 MPa,  CFRP reinforcement ratio 1%,fρ =  and steel 210 
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reinforcement ratio 4%.stρ =  The steel confinement effectiveness coefficient was also kept 211 

constant and equal to 0.99sk =  (Mander et al. 1988). The four additional FE analyses produced 212 

the same value of max 0 0( ) / 106.8%P P P− = , which confirms that the gain in strength observed in  213 

Figure 1(b) is due to the increase of / .c gA A  214 

Figure 1(c) shows that ( )max 0 0P P P−  drastically decreases for increasing values of .cf ′  This result 215 

is consistent with existing confined concrete models that describe the relative gain in strength of 216 

confined concrete, i.e., ( ) /cc c cf f f′ ′ ′− , as inversely proportional (Richart et al. 1929; Lam and Teng 217 

2003a) or approximately inversely proportional (Mander et al. 1988) to the unconfined concrete 218 

strength cf ′ . Figure 1(c) also shows a larger scatter of the results for lower strength concretes, 219 

which present a larger interquartile range than higher strength concretes. 220 

Figure 1(d) shows an approximately linear increase in the median of ( )max 0 0P P P−  for increasing 221 

values of .stρ  The interquartile range of these results is almost independent of the reinforcement 222 

level. This result was also expected, as the additional confinement effect due to the transverse steel 223 

generally increases the confined concrete’s peak strength, ccf ′  (Zignago et al. 2018).  224 

The results presented in Figure 1, albeit expected, lead to the conclusion that both the transverse 225 

steel volumetric ratio, ,stρ  and the column diameter, D, have significant beneficial effects on the 226 

peak axial strength of FRP-confined columns. This conclusion is important because current design 227 

codes and guidelines generally neglect the effects of these two parameters on the prediction of the 228 

load-carrying capacity of FRP-confined RC columns (ACI 2017). 229 

In order to investigate more in detail the effects of transverse steel confinement on the peak axial 230 

strength of FRP-confined columns, as well as the interaction among different parameters, Figure 231 

3(a) plots ( )max 0 0P P P−  versus stρ  for columns strengthened with CFRP wraps and with 232 
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cf ′  = 30 MPa, when the amount of FRP and the column diameter are varied. The observed 233 

interaction among the different parameters is quite complex. FRP confinement contributes 234 

significantly to ( )max 0 0P P P− , e.g., with a value of 91.7% for a CFRP ratio of fρ = 3.0% when 235 

stρ  = 0, which increases to 134.4% when stρ  = 4% and D = 1200 mm. This increment is 236 

independent of the column diameter when no transverse steel is present. The value of ( )max 0 0P P P−  237 

increases rapidly for lower values of fρ , up to fρ = 1%, whereas it increases in a decreasing 238 

fashion for higher values of ,fρ  indicating a diminishing effectiveness of the FRP confinement.   239 

These results also confirm that steel confinement effect can be significant and that the increase in 240 

axial strength of the FRP-confined columns strongly depends on both the column diameter, D, and 241 

the transverse steel reinforcement ratio, .stρ  The increase in axial strength due to the steel 242 

confinement effect becomes more pronounced going from fρ = 0% with ( )max 0 0max P P P −   = 243 

34.4%, to fρ = 1.0% with ( )max 0 0max P P P −   = 68.3%, and then gradually decreases from 244 

fρ  = 1.0% to fρ = 3.0% with ( )max 0 0max P P P −   = 44.4%. This result confirms the strong 245 

nonlinearity of the combination of FRP and steel confinement effects. It is noted here that similar 246 

behaviors were observed also for the other combinations of concrete strength and FRP materials 247 

considered in this study. 248 

Figure 3(b) plots ( )max 0 0P P P−  versus stρ  for columns with diameter D = 600 mm and confining 249 

stiffness Kf = 0.5 GPa (which corresponds to fρ  = 1% for CFRP or fρ  = 4% for GFRP), when 250 

the FRP material and the concrete compressive strength are varied. The quantity ( )max 0 0P P P−  251 

always increases for increasing transverse steel ratio, and this increase is more pronounced as the 252 

concrete compressive strength decreases. In general, for a fixed value of FRP confining stiffness, 253 

( )max 0 0P P P−  for a column strengthened with GFRP wraps is greater than or equal to that of a 254 
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column with CFRP sheets. This difference is larger for higher concrete compressive strengths and 255 

it gradually decreases with cf ′ , until no differences are observed between columns strengthened 256 

with GFRP and CFRP for cf ′ = 20 MPa.  257 

These results can be explained by considering the combination of two phenomena affecting the 258 

peak axial strength, maxP : (1) the limitation on the maximum concrete strain imposed by Eq. (3), 259 

which depends on /lf cf f ′  until ,maxcε  reaches the value 0.01; and (2) the effects of the FRP and 260 

steel confinement, which depend on f cK E and /ls cf f ′ , respectively. To investigate more in depth 261 

these two phenomena, the FRP-and-steel confined concrete axial stress-strain behavior obtained 262 

using the model developed by Zignago et al. (2018) is plotted in Figure 4 for a concrete with cf ′ = 263 

30 MPa with four levels of FRP confining stiffness to concrete elastic modulus ratio (i.e., f cK E264 

= 0.0023, 0.0046, 0.0092, and 0.0274), and four levels of steel confinement ratio (i.e., /ls cf f ′  = 265 

0, 0.05, 0.15, 0.25), for a total of 16 different FRP and transverse steel confinement configurations. 266 

These f cK E levels correspond to GFRP reinforcement ratios fρ  = 0.5%, 1%, 2%, and 6%, 267 

respectively, and to CFRP reinforcement ratios fρ  = 0.125%, 0.25%, 0.5%, and 1.5%, 268 

respectively; whereas the  considered /ls cf f ′  levels correspond to transverse steel ratios stρ  = 0% 269 

(identified by thicker lines), 0.67%, 2.0%, and 3.33%, respectively, and a  constant steel 270 

confinement effectiveness coefficient 1.00sk =  (Mander et al. 1988). Figure 4 also provides: the 271 

axial strains at which the GFRP and CFRP wraps fail, ,c fuε  (identified by filled markers); the 272 

maximum allowable concrete compressive strain based on Eq. (3), ,max ,cε  for each fiber type 273 

(identified by unfilled markers); and the axial strains at which the transverse steel yields, ,c syε  274 

(identified by crosses). It is important to note that, for given properties of the unconfined concrete 275 

and confining steel, the confined concrete axial stress-axial strain curve is fully determined by the 276 
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values of f cK E  and /ls cf f ′ , and that the only difference among various fiber materials is the 277 

axial strain at which the fibers fail, which is determined by their effective strain at failure, .feε   278 

The FRP-confined concrete stress-strain curves in Figure 4 can be classified into three categories 279 

(Lam and Teng 2003a): type I curves, which correspond to low confinement levels and have post-280 

peak decreasing branches with a concrete ultimate stress cu cf f ′< , e.g., the thick curve reported in 281 

Figure 4(a); type II curves, which correspond to moderate confinement levels and have post-peak 282 

branches with a softening or flat portion followed by a hardening portion with cu cf f ′> , e.g., the 283 

thick curve reported in Figure 4(b); and type III curves, which correspond to high confinement 284 

levels and are monotonically increasing everywhere, e.g., the thick curves reported in Figure 4(c) 285 

and (d). The stress-strain behavior of concrete confined simultaneously by steel and FRP generally 286 

have the same characteristics of the stress-strain behavior of FRP-confined concrete. Therefore, it 287 

is concluded that the compressive strain at which an FRP-confined RC column reaches its peak 288 

strength corresponds to the maximum allowable compressive strain of the concrete, ,maxcε , when 289 

the confinement effect is sufficient to achieve a type III curve; whereas it is contained between cε ′  290 

and ,maxcε  when the confinement effect is limited and the concrete stress-strain behavior 291 

correspond to a type I or type II curve. 292 

From Figure 4, it is also observed that, as f cK E increases, the ,maxcε increases faster for GFRP 293 

than for CFRP, until the ,maxcε for GFRP reaches the upper limit of 0.01, at which point only the 294 

,maxcε  for the CFRP keeps increasing until it also reaches the value of 0.01. This phenomenon 295 

contributes to the faster increase followed by a slower increase of ( )max 0 0P P P−  for increasing ,fρ  296 

which is observed in Figure 3(a). It also explains why, for a given cf ′  and any level of stρ , the 297 

value of ( )max 0 0P P P−  for GFRP confinement is higher than or equal to that for CFRP confinement, 298 
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as observed in Figure 3(b). In particular, the equal peak axial strength of RC columns confined 299 

with GFRP and CFRP for cf ′  = 20 MPa is due to the fact that, for the given level of FRP confining 300 

stiffness, the value of ,maxcε  has already reached the upper limit of 0.01 for both fiber types, similar 301 

to the case shown in Figure 4(d). The differences in ( )max 0 0P P P−  for the two types of fiber at any 302 

given value of fK  is amplified for increasing values of cf ′  because the FRP-confining stiffness 303 

ratio, ,f cK E  decreases due to the proportionality between cE  and cf ′  given by Eq. (1). 304 

Figure 4 also shows that, for low levels of f cK E  (i.e., low values of ,maxcε ) and (in minor 305 

measure) of /ls cf f ′  (i.e., high values of ,c syε ), yielding of the transverse steel can take place at 306 

strains larger than ,maxcε  (i.e., , ,maxc sy cε ε> ), thus preventing the transverse steel confining 307 

mechanism from being fully utilized. By contrast, when , ,maxc sy cε ε< , the transverse steel confining 308 

mechanism can fully develop. This phenomenon is the major contributor to the rapid increase in 309 

( )max 0 0P P P−  observed in Figure 3(a) for low values of fρ  going from 0% to 1.0%, as the 310 

corresponding increase in f cK E gradually allows full development of the transverse steel 311 

confining mechanism. 312 

Effects of concrete strain design limit on column peak axial strength 313 

Figure 5 shows the relative peak axial strength increment ( )max max 0P P P−  obtained by removing 314 

the design limitation on concrete axial strain given by Eq. (3). In particular, Figure 5(a) plots 315 

( )max max 0P P P− versus stρ  for columns strengthened with CFRP wraps and with cf ′  = 30 MPa, 316 

when the amount of FRP and the column diameter are varied; whereas Figure 5(b) plots 317 

( )max max 0P P P−  versus stρ  for columns with diameter D = 600 mm and confining stiffness 318 

Kf = 0.5 GPa, when the FRP material and the concrete compressive strength are varied.  319 
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The results in Figure 5(a) show that the columns most impacted by the concrete strain limitation 320 

are those with low amounts or no FRP, large amounts of transverse steel, and large diameters. As 321 

the transverse steel ratio increases, the concrete core’s peak strength increases; however, ,maxcε  is 322 

not affected by stρ , and the peak strength for steel-confined concrete and for concrete confined 323 

with large amounts of steel and small amounts of FRP is achieved only at axial strains that are 324 

often significantly larger than ,max .cε  The quantity ( )max max 0P P P−  can reach values as high as 325 

approximately 66% for columns with D = 1200 mm and stρ = 4.0% when no limitation is 326 

considered. It is observed that, for 0%fρ =  and 0.25%, the column diameter has a major effect 327 

on ( )max max 0P P P− , with larger diameters corresponding to large values of ( )max max 0P P P−  and 328 

smaller diameters corresponding to small values of ( )max max 0P P P−  (almost negligible for 329 

D = 150 mm). This phenomenon results from two effects: (1) the steel confinement effectiveness, 330 

ks, decreases rapidly for decreasing column diameters and constant ;stρ  (2) the transverse steel 331 

confinement effect increases for increasing column diameters, as the ratio /c gA A  also increases.  332 

( )max max 0P P P−  increases for increasing values of stρ and D for all columns with fρ  = 0.0% and 333 

0.25%, and for columns with fρ  = 0.5% and 2%.stρ ≥  These cases correspond to columns in 334 

which the transverse steel reaches yielding at strains larger than ,maxcε , as shown in Figure 4(a) 335 

through (c). For fρ  = 0.5%, there is a change of behavior between the cases with 2%stρ <  and 336 

2%stρ ≥ : ( )max max 0P P P−  decreases for stρ  increasing from 0% to 1.0% and increasing column 337 

diameter, before increasing again for 2%.stρ ≥  For larger amounts of CFRP (i.e., 1.0%fρ ≥ ), 338 

( )max max 0P P P−  always slightly decreases for increasing stρ  and D. This phenomenon is the result 339 

of two contrasting effects: (1) maxP increases more than maxP  for increasing values of fρ  as the 340 
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confined concrete stress-strain curve moves from a type I or type II curve to a type III curve, and 341 

the axial strain corresponding to FRP failure, ,c fuε , is significantly larger than ,maxcε  (see Figure 342 

4); and (2) as fρ  increases, a larger portion of the transverse steel contribution to the peak axial 343 

strength takes place before the axial strain reaches ,maxcε  (i.e., the transverse steel contribution to 344 

maxP  increases more than its contribution to maxP ). 345 

The results in Figure 5(b) show that, for any value of cf ′  and stρ , ( )max max 0P P P−  is always higher 346 

for GFRP-confined columns than for CFRP-confined columns. This results is due to two 347 

superposing effects: (1) for a given f cK E , maxP is higher for RC columns confined with GFRP 348 

than for those confined with CFRP because of the higher values of feε  and, thus, of ,c fuε  for GFRP 349 

than for CFRP; and (2) the GFRP-confined concrete reaches the upper limit ,max 0.01cε =  at a lower 350 

value of /lf cf f ′  than CFRP-confined concrete, thus reaching a cap for maxP  at lower values of 351 

f cK E . For example, assuming the average value εκ  = 0.65 suggested by Realfonzo and Napoli 352 

(2011), ,max 0.01cε =  is reached at /lf cf f ′  = 0.158 for CFRP and at /lf cf f ′  = 0.116 for GFRP. It is 353 

also observed that, for GFRP, ( )max max 0P P P−  decreases for increasing cf ′  and stρ , with values 354 

as high as approximately 60% for cf ′ = 20 MPa and stρ = 0%, and as low as 17% for cf ′ = 70 MPa 355 

and 4%stρ = ; whereas for CFRP, the value of ( )max max 0P P P−  presents only a small variability 356 

between 8% and 19% for all considered values of cf ′  and stρ , without a monotonic trend with 357 

respect of these two variables.  358 

Effects of transverse steel confinement on peak axial strength of FRP-confined columns 359 

Figure 6(a) through (d) summarize the effects of FRP confining stiffness, column diameter, 360 

concrete compressive strength, and transverse steel ratio, respectively, on ( )max 0 0fP P P− . These 361 
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results separate the transverse steel confinement effects on the peak axial strength of FRP-confined 362 

RC columns from the global effects due to the simultaneous FRP and steel confinement. Similar 363 

to Figure 1, these results are presented in the form of box-and-whisker plots (Cleveland 1985) and 364 

exclude the data points for which 0%fρ =  or 0%.stρ =  365 

Figure 6(a) shows that ( )max 0 0fP P P− decreases significantly for increasing values of fK , with the 366 

median value going from approximately 27% for fK =  62.5 MPa to approximately 13% for 367 

fK =  1.5 GPa. This trend is the opposite of that observed in Figure 1(a) and indicates that the 368 

transverse steel confinement effects become less important for increasing amounts of FRP 369 

confinement, confirming the strongly nonlinear global behavior associated with the interaction 370 

between the FRP and steel confining mechanisms. The variability of the results, as indicated by 371 

both the interquartile ranges and the entire data ranges, is drastically reduced as fK  increases. 372 

Figure 7 plots ( )max 0 0fP P P−  versus /lf cf f ′ . It also provides the trendline (based on a 373 

quadratic/linear rational function) of the numerical simulation results, which has a coefficient of 374 

determination R2 = 0.031, and indicates the value / 0.08lf cf f ′ =  with a vertical dashed line. This 375 

trendline suggests that ( )max 0 0fP P P−  increases with /lf cf f ′  for low values of the FRP 376 

confinement ratio (i.e., / 0.05lf cf f ′ < ), whereas it slightly decreases with lf cf f ′  for high values 377 

of the FRP confinement ratio (i.e., / 0.10).lf cf f ′ >  These results seem to confirm that the behavior 378 

of FRP-confined RC columns changes for FRP confinement ratios that are lower or higher than 379 

the lower bound / 0.08lf cf f ′ =  recommended in ACI 440.2R-17 (ACI 2017). However, the very 380 

low value of the coefficient of determination for this trendline indicates that the dispersion of the 381 

results is very high and that the dependence of max 0 0( ) /f fP P P−  on lf cf f ′  is most likely not 382 

meaningful.  383 
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The results in Figure 6(b) show that ( )max 0 0fP P P−  increases for increasing column diameters, 384 

with the median values going from 10.6% for D = 150 mm to 32.2% for D = 1200 mm. This 385 

positive correlation is stronger than that observed in Figure 1(b) between ( )max 0 0P P P−  and D. In 386 

fact, the increases in the median values of ( )max 0 0fP P P−  and ( )max 0 0P P P−  from D = 150 mm to 387 

D = 1200 mm are both equal to approximately 21%, indicating that this increase is due exclusively 388 

to the steel confinement effect. This result is also confirmed by the four additional numerical 389 

simulations performed by setting / 0.840c gA A = , which yield the same value 390 

( )max 0 0 60.7%,fP P P− =   391 

Figure 6(c) shows that both the median and the interquartile range of ( )max 0 0fP P P−  slightly 392 

decreases as cf ′  goes from 20 MPa to 70 MPa. As expected, Figure 6(d) shows a drastic increase 393 

of both the median and the interquartile range of ( )max 0 0fP P P−  for increasing values of .stρ  Again, 394 

these results are consistent with the steel confinement mechanism and its effects on the axial stress-395 

axial strain behavior observed in Figure 4. 396 

Selection of synthetic parameters to describe the transverse steel confinement effects  397 

The results of the parametric study presented in this paper suggest that the transverse steel 398 

confinement effects on the peak axial strength of an FRP-confined RC columns depend on: (1) the 399 

ratio of the confinement separately exerted by the steel and the FRP, and (2) the ratio between the 400 

core area (confined by both steel and FRP) and the gross area of the columns. Therefore, the 401 

following two relative confinement effect coefficients are proposed to synthetically describe the 402 

effects of transverse steel confinement on the columns’ peak axial strength: 403 

 ls c
f
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It is noteworthy that fc  was originally introduced in Zignago et al. (2018) and used in Zignago 406 

and Barbato (2019), where only maxP  values were considered; whereas sC  is proposed here for the 407 

first time. These two nondimensional coefficients differ in the way they account for the magnitude 408 

of FRP confinement. In particular, cf is a function of the maximum FRP confining pressure flf, 409 

which depends on the effective strain of the FRP at failure, feε . Thus, the use of cf is more 410 

appropriate for applications in which failure of the confining FRP is expected, e.g., in the 411 

prediction of the ultimate strength of experimental specimens loaded to failure. By contrast, Cs is 412 

a function of the FRP confining stiffness Kf, and its use is more appropriate for applications in 413 

which failure of the confining FRP should be avoided, e.g., in developing design equations. 414 

Figure 8(a) plots ( )max 0 0/f fP P P−  versus fc  for / 0.08;lf cf f ′ ≥  Figure 8(b) plots ( )max 0 0/f fP P P−  415 

versus fc  for / 0.08;lf cf f ′ <  Figure 8(c) plots ( )max 0 0/f fP P P−  versus fc  for / 0.08;lf cf f ′ ≥  and 416 

Figure 8(d) plots ( )max 0 0/f fP P P−  versus fc  for / 0.08.lf cf f ′ <  The different plots also report a 417 

bilinear fit with the corresponding coefficient of determination, R2. It is observed that, for 418 

/ 0.08,lf cf f ′ ≥  ( )max 0 0/f fP P P−  is described very well by the bilinear fit (R2 = 0.982), whereas 419 

( )max 0 0/f fP P P−  presents a higher dispersion (R2 = 0.880). This result was expected, as fc  is 420 

directly related to the FRP confinement pressure achieved at the FRP failure, which is the 421 

predominant mechanism in determining the values of maxP  and 0.fP  This general behavior of 422 

higher dispersion for ( )max 0 0/f fP P P−  than for ( )max 0 0/f fP P P−  is observed also for FRP-confined 423 

columns with / 0.08;lf cf f ′ <  however, the dispersion is significantly higher than for the cases for 424 

which / 0.08.lf cf f ′ ≥  425 
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Similar to Figure 8, Figure 9(a) plots ( )max 0 0/f fP P P−  versus sC  for / 0.08;lf cf f ′ ≥  Figure 9(b) 426 

plots ( )max 0 0/f fP P P−  versus sC  for / 0.08;lf cf f ′ <  Figure 9(c) plots ( )max 0 0/f fP P P−  versus sC  427 

for / 0.08;lf cf f ′ ≥  and Figure 9 (d) plots ( )max 0 0/f fP P P−  versus sC  for / 0.08.lf cf f ′ < Also in this 428 

case, the different plots report a bilinear fit with the corresponding R2. For / 0.08,lf cf f ′ ≥  the 429 

bilinear fit is a good representation of both ( )max 0 0/f fP P P−  and ( )max 0 0/f fP P P−  as functions of 430 

sC . However, the dispersion is lower for ( )max 0 0/f fP P P−  (R2 = 0.957) than for ( )max 0 0/f fP P P−   431 

(R2 = 0.921), because sC  is directly related to the FRP confinement stiffness achieved when the 432 

axial strain in the concrete reaches ,maxcε , which is the predominant mechanism in determining the 433 

values of maxP  and 0.fP  Also in this case, the dispersion observed for / 0.08lf cf f ′ < is significantly 434 

higher than that for / 0.08.lf cf f ′ ≥   435 

These results indicate that the effect of transverse steel confinement on the peak axial strength of 436 

FRP-confined RC columns is captured well by the two proposed coefficients fc  and sC  when 437 

/ 0.08.lf cf f ′ ≥  The use of coefficient fc  should be preferred when investigating the behavior of 438 

columns loaded up to their physical collapse (usually by fracture of the FRP confinement), whereas 439 

the coefficient sC  is better suited to describe the behavior of column designed to satisfy the 440 

deformation requirement imposed by Eq. (3). From the bilinear models in Figures 8 and 9, it is 441 

observed that max 0 0( ) / 0.05f fP P P− =  corresponds in average to a value of 20%fc ≈  for 442 

/ 0.08lf cf f ′ ≥  and to 28%fc ≈  for / 0.08lf cf f ′ < ; whereas max 0 0( ) / 0.05f fP P P− =  corresponds 443 

to a value of 15%sC ≈  for / 0.08lf cf f ′ ≥  and to 31%sC ≈  for / 0.08lf cf f ′ < . Thus, it is 444 

recommended that the effect of simultaneous confinement by FRP and steel is considered 445 

whenever 20%fc ≥  and/or 15%sC ≥ .It is also observed that, for typical values of 100%fc ≤  and 446 
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200%,sC ≤  the effect of transverse steel confinement can be very significant, with increases of 447 

the peak axial strength up to 30%-40% of the peak axial strength obtained by neglecting the 448 

transverse steel confinement effect. It is noted here that larger values of cf and Cs than these typical 449 

values are still possible (as shown in Figure 8 and 9), albeit they are expected to be uncommon in 450 

practical applications, as they generally correspond to a combination of high transverse steel 451 

reinforcement and low FRP volumetric reinforcement ratios. 452 

Conclusions 453 

This paper investigates the effects of internal transverse steel confinement on the axial load-454 

carrying capacity of FRP-confined reinforced concrete (RC) columns through a numerical 455 

parametric study. This parametric study is based on 1,152 nonlinear finite element (FE) analyses 456 

of FRP-confined RC columns considering a wide but realistic range of key parameters (i.e., type 457 

of FRP, volumetric FRP ratio, volumetric transverse steel ratio, concrete compressive strength, 458 

and column diameter). The nonlinear FE analyses are performed using a recently-developed 459 

confined concrete constitutive model able to accurately describe the simultaneous confinement 460 

effects of transverse steel reinforcement and FRP external wraps. The peak axial strengths of FRP-461 

confined RC columns are estimated both considering the design limitation on maximum allowable 462 

concrete strain recommended by ACI 440.2R-17 (ACI 2017), maxP , and without imposing any 463 

strain limitation on the concrete, max .P  For any given column, a reference unconfined column with 464 

strength 0P , and a reference FRP-only-confined column without transverse steel with strengths 465 

0fP (with imposed strain design limitation) and 0fP  (without imposed strain design limitation), are 466 

also considered.  It is noteworthy that maxP  is a better representation of the columns’ behavior for 467 
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design purposes, whereas maxP  provides a better estimate of the behavior of columns loaded up to 468 

physical collapse, as often done in experimental tests available in the literature. 469 

It is observed that the normalized peak axial strength increment, ( )max 0 0P P P− , of FRP-confined 470 

RC columns increases for increasing amounts of FRP and transverse steel, whereas it decreases 471 

for increasing unconfined concrete compressive strength. A small positive correlation is also found 472 

between ( )max 0 0P P P−  and the ratio between concrete core and gross area, / .c gA A  The FRP 473 

confinement alone can increase the column’s peak axial strength by as much as approximately 474 

90%. The interaction between FRP confinement and transverse steel confinement is highly 475 

nonlinear. In fact, the transverse steel confinement contribution to the peak axial strength of the 476 

columns increases with the amount of FRP for smaller FRP reinforcement ratios, and then 477 

decreases for increasing amounts of FRP for larger FRP reinforcement ratios. The threshold 478 

between smaller and larger FRP reinforcement ratios depends on the FRP material properties and 479 

the unconfined concrete compressive strength.  480 

It is found that the design limitation on maximum allowable concrete strain recommended by ACI 481 

440.2R-17 (ACI 2017) can have a significant impact (up to approximately 66% of the strength of 482 

the reference unconfined RC column) on the estimate of a column’s peak axial strength, 483 

particularly for columns with high amounts of transverse steel and low amounts of FRP, and for 484 

columns with high amounts of FRP. For a given FRP confining stiffness, the effects of the strain 485 

design limitation are more pronounced for FRP materials with lower stiffness and higher ultimate 486 

strain, i.e., they are higher for GFRP than for CFRP confinement.  487 

The contribution of the transverse steel confinement to the columns’ peak axial strength can be 488 

very significant, with normalized peak axial strength increments ( )max 0 0fP P P−  as high as 111%. 489 

This relative contribution increases significantly with the transverse steel ratio and the /c gA A  490 

ratio, whereas it decreases for increasing FRP confining stiffness and unconfined concrete 491 
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compressive strength. It is found that ( )max 0 0fP P P−  is almost independent of the FRP confining 492 

ratio /lf cf f ′  for / 0.08.lf cf f ′ ≥  493 

In order to synthetically quantify the effects of the transverse steel confinement on the peak axial 494 

strength, two confinement pressure ratio coefficients are proposed in this study: 495 

( ) ( )sf l c lf gc f A f A= ⋅ ⋅  and ( ) ( )s100s l c f gC f A K A= ⋅ ⋅ . It is found that, for / 0.08,lf cf f ′ ≥  the 496 

relationships between ( )max 0 0/f fP P P−  and sC , and between ( )max 0 0/f fP P P−  and fc  are very 497 

well described by a bilinear fit. For typical values of 100%fc ≤  and 200%,sC ≤  the transverse 498 

steel confinement effect can increase the peak axial strength up to 30%-40% of the peak axial 499 

strength estimated by neglecting this effect. It is concluded that, for values of 20%fc ≥  and 500 

15%,sC ≥  the effect of the transverse steel confinement should be considered in order to obtain 501 

accurate estimates of the peak axial strength of FRP-confined RC columns.  502 

The synthetic parameters, cf and Cs, identified in this study to describe the effects of transverse 503 

steel confinement in experimental and design applications, respectively, represent a preliminary 504 

but necessary step towards the development of improved predictive strength and design equations 505 

for FRP-confined RC columns subject to axial compression. Current research is ongoing to 506 

develop a design procedure for axially loaded FRP-confined RC columns based on rigorous 507 

structural reliability analysis procedures. Additional research is also needed to investigate and 508 

understand the effects of transverse steel confinement on the axial force-bending moment 509 

interaction behavior of FRP-confined RC columns. 510 
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Table 1 – Design parameters considered in the parametric study  618 

Parameter  Values 
Fiber type  Carbon (CFRP), Glass (GFRP) 

CFRP ratio, ρf (%)  0, 0.25, 0.5, 1, 2, 3 
GFRP ratio, ρf (%) 0, 0.5, 1, 2, 4, 6 

Column diameter, D (mm) 150, 300, 600, 1200 
Concrete strength, cf ′  (MPa) 20, 30, 50, 70 
Transverse steel ratio, ρst (%) 0, 0.5, 1, 2, 3, 4 
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Table 2 - Material properties used in the FE simulations 620 

Material Properties Value 

Transverse steel  
Yield strength, fyt (MPa) 450 
Young’s modulus, Est (GPa) 200 

Longitudinal steel  

Strain hardening ratio, b (-) 0.005 
Yield strength, fyl (MPa) 450 
Young’s modulus, Esl (GPa) 200 
Longitudinal steel ratio, ρsl (%) 1.0 

CFRP 
Tensile strength, ffu (MPa) 1200 
Young’s modulus, Ef (GPa) 100 

GFRP 
Tensile strength, ffu (MPa) 600 
Young’s modulus, Ef (GPa) 25 
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Figure 1 – Box-and-whisker plots of ( )max 0 0P P P−  for: (a) FRP confining stiffness; (b) diameter; 623 

(c) concrete strength; and (d) transverse steel ratio 624 

Figure 2 – Effect of FRP confinement ratio on ( )max 0 0P P P−  625 

Figure 3 – Transverse steel confinement effect on ( )max 0 0P P P−  for FRP-confined columns with: 626 

(a) cf ′ = 30 MPa for varying amount of CFRP and column diameter, and (b) D = 600 mm and 627 

Kf = 0.5 GPa for varying FRP type and concrete strength 628 

Figure 4 – Stress-strain responses of confined concrete with cf ′  = 30 MPa for different FRP and 629 

transverse steel confinement configurations 630 

Figure 5 – Effect of concrete strain design limitation provision on columns’ peak axial strength: 631 

(a) for varying amount of FRP and column diameter, and (b) for varying FRP material and 632 

concrete compressive strength 633 

Figure 6 – Box-and-whisker plots of ( )max 0 0fP P P−  for: (a) FRP confining stiffness; (b) 634 

diameter; (c) concrete strength; and (d) transverse steel ratio 635 

Figure 7 - Effect of FRP confinement ratio on relative peak axial strength increment with respect 636 

to the reference FRP-only-confined columns 637 

Figure 8 - Steel confinement contribution to normalized peak axial strength increment versus 638 

relative confinement effect coefficient fc  639 

Figure 9 - Steel confinement contribution to normalized peak axial strength increment versus 640 

relative confinement effect coefficient Cs 641 






















