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ABSTRACT 13 

A numerical integration model is developed to investigate the axial load-bending moment 14 

interactions of fiber-reinforced geopolymer concrete (FRGPC) columns reinforced with double 15 

layers of steel, glass fiber reinforced polymer (GFRP), or hybrid reinforcement. The model 16 

accounts for material and geometric nonlinearities, including the slenderness-induced second-17 

order effects through an iterative layer-by-layer integration scheme of the critical section. 18 

Analytical investigations were conducted for various double-layer reinforcement configurations 19 

of steel, GFRP, and hybrid. The effect of adding steel/synthetic macro fibers to the concrete matrix 20 

was also investigated. Moreover, comprehensive deterministic sensitivity analyses were 21 

conducted to assess the influence of the concrete compressive strength (𝑓𝑓𝑐𝑐𝑐𝑐), reinforcement fiber 22 

dosage, and the longitudinal/transverse reinforcement ratios on different response values. For the 23 

axial load capacity of GFRP-reinforced columns, the longitudinal reinforcement ratio was found 24 

to be the most influential parameter, while for the steel/hybrid reinforced columns, 𝑓𝑓𝑐𝑐𝑐𝑐, was the 25 

most influential parameter. Moreover, for all the simulated configurations, confinement efficiency 26 
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was most sensitive to 𝑓𝑓𝑐𝑐𝑐𝑐 out of all the investigated parameters. The longitudinal reinforcement 27 

ratio most influenced bending moment capacity and the associated secant stiffness. Lastly, axial 28 

load-bending moment interactions were developed for various reinforcement configurations. The 29 

interactions included the effects of the slenderness ratio, the macro fiber type, 30 

longitudinal/transverse reinforcement type/strength, and the longitudinal reinforcement ratio. The 31 

GFRP-reinforced columns showed more sensitivity to slenderness effects than steel-reinforced 32 

columns.  33 

Keywords: fiber-reinforced concrete (FRC); geopolymer concrete (GPC); glass-fiber-reinforced 34 

polymer (GFRP) rebars; hybrid reinforcement; interaction diagrams; slender columns; slenderness 35 

ratio. 36 

INTRODUCTION 37 

In the 1970s, the term “geopolymer” was introduced by Davidovits [1] to describe a reaction of 38 

aluminosilicate powder with an alkaline solution. Geopolymers attain their strength through the 39 

polycondensation of silica and alumina with a high alkaline content [2]. Geopolymer concrete 40 

(GPC) can be produced by polymerizing aluminosilicates like slag, rice husk ash, fly ash, and 41 

metakaolin using an alkaline solution [3]. Incorporating ordinary Portland cement (OPC) into the 42 

reaction develops calcium silicate hydrates and the standard outputs of the geopolymer reaction 43 

to attain higher strength [4–6]. Production of OPC is responsible for about 10% of the total carbon 44 

dioxide global emissions (CO2), which increases the greenhouse effect. Moreover, OPC 45 

production consumes virgin and non-renewable resources [7,8]. On the other hand, GPC ensures 46 

sustainability by reducing CO2 emissions by 80% and consuming 60% of the energy required, 47 

compared to OPC [9,10]. Moreover, GPC could reduce construction costs due to early strength 48 

gain [11]. 49 

Furthermore, GPC has been proven to have properties similar to or superior to OPC concrete. It 50 

has better resistance to chloride and sulfate attacks and can reach high strength values using slag 51 

and dolomite [6,12–14]. On exposure to fire, GPC has proven to have a low strength degradation, 52 
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good spalling resistance, higher residual stress, and better splitting tensile strength retention than 53 

OPC concrete [15–17]. Also, it was reported that the flexural behavior of GPC was enhanced, and 54 

brittleness was reduced upon adding steel fibers to the concrete mix [18,19]. Adding randomly 55 

distributed short fibers to concrete can enhance compression post-peak behavior and significantly 56 

improve flexural performance. These fibers work as an inherent reinforcement that bridges the 57 

cracks and minimizes their propagation, thus resulting in a more ductile failure mode [20]. The 58 

effect of adding different volumetric ratios of reinforcement fibers, mainly steel and synthetic, 59 

causes an increase in concrete toughness and flexural strength [21]. It was also reported that 60 

changing the fibers’ volumetric ratio does not essentially affect the pre-crack elastic response; 61 

however, its effects can be clearly seen in the post-crack behavior [20].  62 

GPC has enhanced durability compared to OPC concrete [8]; however, concrete type is not the 63 

only parameter affecting structures’ durability. In general, steel-reinforced concrete structures 64 

suffer from corrosion, which is a factor that can heavily affect their long-term durability. Driven 65 

by the need for an alternative material, fiber-reinforced polymer (FRP) rebars have been heavily 66 

studied and tested as longitudinal and transverse reinforcement. As a result, FRP reinforcement 67 

provides non-corrosive characteristics that can substantially increase the reinforced concrete’s 68 

durability and reduce maintenance costs [22]. North American regulatory authorities and public 69 

agencies have included FRP rebars as corrosion-resistant reinforcement for elements subjected to 70 

shear and flexural loads. In the meantime, several experimental investigations have been 71 

conducted to assess the behavior of glass-FRP (GFRP) rebars in compression members. Maranan 72 

et al. [23] investigated the bond performance of GFRP rebars in GPC using a direct pullout test. 73 

The results revealed that the exhibited bond strength was similar to steel-reinforced GPC. 74 

Additionally, it was reported by Tobbi et al. [24] that the GFRP rebars could be used as 75 

longitudinal reinforcement for compression members on the condition of proper confinement to 76 

prevent buckling of the rebars. Thus, combining GFRP rebars with GPC can yield more 77 

sustainable structural members with enhanced durability and acceptable integrity [25].  78 
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Due to their elastic behavior, GFRP rebars work as springs bonded to the concrete. Upon removing 79 

the applied load, GFRP-reinforced columns could rebound to their original shape, which is 80 

beneficial in the case of temporary loads like earthquakes [26]. Compared to steel rebars, larger 81 

deformation capacities can also be attained using GFRP rebars. However, steel rebars have a 82 

higher modulus of elasticity, providing higher stiffness to compression members. Moreover, due 83 

to the characteristics of steel yielding, it can provide the cross-section with adequate ductility. 84 

Therefore, Hybrid steel/GFRP reinforcement was proposed by many researchers to make use of 85 

the merits of both GFRP and steel. Hybrid reinforcement could be efficiently utilized through a 86 

double-layer configuration with an inner steel layer and an outer GFRP layer, which protects steel 87 

bars from corrosion and increases confinement effects. This hybrid double-layer reinforcement 88 

approach has been introduced and tested in beams and columns, and it was found to provide better 89 

ductility, larger deflection capacities, and fewer maintenance requirements [27–30]. 90 

Another aspect is the concrete core confinement, which has been closely investigated in the past 91 

three decades. It is universally accepted that proper confinement enhances the concrete core’s 92 

strength and ductility. Moreover, increasing the core compressive strength and enhancing its post-93 

peak behavior change the stress distribution throughout the columns’ cross-section. Thus, it could 94 

significantly enhance its flexural strength at high curvatures [31,32]. The model introduced by 95 

Mander et al. [32] to predict the stress-strain response of the confined core was adopted by many 96 

researchers to simulate the confinement effects analytically. Since then, several trials to adopt new 97 

models or modified versions of the original Mander model have been introduced [25,26,33–36]. 98 

The differences in confinement behavior of steel and GFRP reinforcement originate from how 99 

they interact with the concrete core lateral strain, which initiates the transverse reinforcement 100 

strains, stresses, and pressure. Steel confinement pressure rises with increasing concrete lateral 101 

strain until the confining rebar reaches its yield plateau. In that case, confining pressure remains 102 

constant throughout subsequent increases to the axial concrete strain [and the corresponding radial 103 

strains associated with bulging outwards]. On the other hand, FRP rebars provide a different 104 
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confinement behavior as the confinement pressure increases with the concrete core expansion until 105 

the rupture of the FRP confining rebars is reached [31].  106 

Another topic of interest in column design is slenderness and its necessity for second-order 107 

analysis. Continuous research and rapid development in the construction industry, even with the 108 

evolution in erection techniques, make it increasingly appropriate to design and construct more 109 

slender structural members. ACI 318 [37] defines slenderness limits for steel-reinforced concrete 110 

columns, beyond which secondary effects should not be ignored. Recently, analytical and 111 

experimental research trials were performed to evaluate a slenderness limit for GFRP-reinforced 112 

concrete columns [38]. To assess the slenderness effects accurately, a second-order analysis must 113 

be completed within the analysis/design process through which the structural element’s load 114 

capacity can substantially deteriorate. Several research articles have proposed various techniques 115 

for second-order analysis [39–41]. The main differences among these methods can be limited to 116 

two general aspects: the forces’ integration technique along the cross-section of the columns and 117 

the calculation of lateral deflection along the column’s height.  118 

GPC has been utilized in several construction projects, including buildings, aircraft pavements, 119 

and bridges [15,42,43], and there is a continuous interest in GPC research, which is expected to 120 

grow in the following decade. However, limited application attempts are provided in the literature 121 

[7], and GPC has not developed enough international acceptance due to the lack of structural 122 

design codes and design standards [2,8]. A scientometric review was conducted by Zakka et al. 123 

[7] to analyze the research focus on GPC and determine the current research gaps. GPC’s 124 

mechanical properties characterization and potential applications were among the identified 125 

research gaps this study aims to tackle. Moreover, several researchers have introduced double-126 

layer reinforcement, and its merits have been demonstrated [27–30]. However, no detailed 127 

analytical models were introduced to simulate the double-layer scenario. As such, an analytical 128 

model was developed to integrate different aspects in analyzing slender columns with double 129 

layers of reinforcement herein.  130 
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This research introduces a complete framework, including all aspects mentioned earlier, to 131 

simulate GPC columns with different reinforcement configurations using steel and/or GFRP 132 

rebars in double-layer reinforcement. Material and geometric nonlinearities [second-order, or P-133 

Delta effects] are incorporated utilizing an iterative layer-by-layer integration scheme. In addition, 134 

the effects of adding steel and synthetic macro fibers to the GPC matrix are modeled. The 135 

column’s cross-section is divided into three regions according to the expected confinement level 136 

(cover, outer core, and inner core).  137 

This document organization is set in a reader-convenience approach that details the study results 138 

and discussions, considering overall paper brevity. The next section is the research significance, 139 

followed directly by a deterministic sensitivity analysis, interaction diagrams study, and 140 

conclusion.  Two appendices are provided to support and clarify the assertions in this paper. 141 

Appendix A details the constitutive relationships used, analytical model integration, and 142 

verification examples. Appendix B lists a large group of interaction diagram results summarized 143 

and discussed in this paper.   144 

RESEARCH SIGNIFICANCE 145 

This study introduces a complete framework to generate interaction diagrams for GPC columns, 146 

considering slenderness effects, fiber reinforcement and confinement effects, and double-layer 147 

reinforcement. Reinforcement configurations include all-GFRP, all-steel, and Hybrid cases. An 148 

extensive sensitivity analysis is conducted to substantially explore the effect of different design 149 

parameters on the bending moment and axial load capacities. The most influential parameters 150 

found in the analysis were selected to develop and investigate interaction diagrams under different 151 

slenderness ratios. In addition, the effects of fiber reinforcement on axial load development were 152 

explored. The findings of this study will help fulfill the current GPC research gaps identified by 153 

Zakka et al. [7] by providing a better understanding of slenderness and confinement effects on 154 

GPC and FRGPC columns with double layers of reinforcement. It also provides interaction 155 

diagrams that reflect secondary moment effects and slenderness ratio. 156 
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ANALYTICAL MODEL 157 

Software written in Python [44] is developed to implement all theoretical assumptions for the 158 

targeted analytical model. A group of constitutive relations is integrated to account for 159 

confinement effects on GPC with and without steel/synthetic macro fibers. Stress-strain models 160 

for GFRP and steel reinforcements are incorporated into the model to complement stress 161 

simulation. The column’s cross-section is divided into regions according to their confinement 162 

level. Then, a layer-by-layer discretization technique is adopted to integrate forces developed in 163 

each region. Equilibrium conditions are satisfied to develop moment-curvature load paths under 164 

different load-eccentricity values. Afterward, developed moment-curvature paths can be used to 165 

generate interaction diagrams.  166 

The algorithms for calculating layers and rebars’ geometric properties depend on the cross-167 

sectional shape. The model applies to different cross-sections, including rectangular, triangular, 168 

T-, and L-sections with different reinforcement configurations. However, this paper focuses on 169 

the algorithms for calculating the properties of circular sections. Hence, verification examples and 170 

studies are provided only for circular sections in this research. The verification examples include 171 

validation against experimental results provided by Hales [26] and Hadi et al. [45], where circular 172 

columns were tested under different loading and testing configurations. Detailed information on 173 

model development, constitutive relationships, and verification examples are provided in 174 

Appendix A. 175 

DETERMINISTIC SENSITIVITY ANALYSIS 176 

The developed model incorporates multiple parameters that can potentially affect the 177 

behavior/response of columns under different loading conditions. To quantify the relative 178 

significance of these parameters, a deterministic sensitivity analysis was performed on different 179 

analysis groups with a set of pre-determined key parameters to be included. Inspecting these 180 

parameters allows for identifying their effects on different response measures in each analysis 181 

group. For these types of studies, tornado diagrams represent a proper tool to illustrate the results 182 
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to facilitate identifying the impact of changing each parameter. Further details can be found in 183 

other studies, e.g., [46–49].  184 

Considered Parameters  185 

All the analytically investigated columns had a diameter of 440 mm with a double layer of 186 

longitudinal reinforcement laterally confined by spirals. All columns were assigned an initial plain 187 

concrete unconfined strength of 60 MPa. This means that for FRGPC, the effect of fiber 188 

reinforcement dosage is computed as indicated in Appendix A. The analysis included six groups 189 

with different reinforcing configurations, as depicted in Table 1. The elastic modulus and yield 190 

stress for steel reinforcement were 200 GPa and 420 MPa, respectively. Meanwhile, for the GFRP 191 

reinforcement, the elastic modulus and the ultimate tensile strength were 60 GPa and 1100 MPa, 192 

respectively. Upper and lower bounds of fiber reinforcement were based on the database given in 193 

the literature [20,50,51], and maximum 𝑣𝑣𝑓𝑓 and 𝑙𝑙𝑓𝑓 𝑑𝑑𝑓𝑓⁄  values were found to be 2.0% and 160, 194 

respectively. Thus, the upper bound for 𝑅𝑅𝑅𝑅 was taken to be 3.2 as the product of 160 and 2.0%. 195 

The maximum 𝜌𝜌𝑡𝑡 was obtained by using the minimum allowable spiral spacing with the maximum 196 

practical diameter of a transverse reinforcement rebar. While the minimum 𝜌𝜌𝑡𝑡 for steel was 197 

determined using Eq. (1) as per ACI-318 recommendations [37]. Table 2 summarizes the upper 198 

and lower bounds selected for different parameters.  199 

𝜌𝜌𝑡𝑡 ≥ 0.45 �
𝐴𝐴𝑔𝑔
𝐴𝐴𝑐𝑐ℎ

− 1�
𝑓𝑓𝑐𝑐𝑐𝑐
𝑓𝑓𝑦𝑦

 (1) 

where 𝐴𝐴𝑐𝑐ℎ is the area of the confined core measured to the outside edges of the transverse 200 

reinforcement. 201 

Calculating the minimum allowable 𝜌𝜌𝑡𝑡 for GFRP was achieved using Eq. (1) by replacing the steel 202 

yield strength, 𝑓𝑓𝑦𝑦, by the GFRP bent rebar strength, 𝑓𝑓𝑓𝑓𝑓𝑓. It was found that the allowable minimum 203 

𝜌𝜌𝑡𝑡 for GFRP was lower than that for steel. However, it has been reported by Hadi et al. [52] that 204 

replacing steel reinforcement with the same amount of GFRP led to a reduction in the axial load-205 

carrying capacity and bending moment. Thus, further research is recommended to inspect the 206 



9 
 

minimum  𝜌𝜌𝑡𝑡 that should be provided by GFRP, especially when used as a replacement of steel 207 

reinforcement. 208 

Results and Discussions 209 

Four output response values were recorded: the columns’ axial load capacity, confinement 210 

efficiency, bending moment capacity, and the associated secant stiffness. As defined by Maranan 211 

et al. [25], the confinement efficiency (𝐶𝐶𝐶𝐶) was calculated as the ratio of the confined concrete 212 

strength to the unconfined concrete strength (𝐶𝐶𝐶𝐶 = 𝑓𝑓𝑐𝑐𝑐𝑐 𝑓𝑓𝑐𝑐𝑐𝑐⁄ ). Fig. 1 presents the tornado diagrams 213 

of the sensitivity analysis results, which, in the following sections, will be expressed as 214 

percentages of the reference response values. The parameters will be listed in descending order 215 

according to their influence on the response in further discussions. 216 

Axial Load Capacity 217 

The sensitivity analysis results in Fig. 1a show that increasing all the parameters increased the 218 

axial load-carrying capacity for all groups and vice versa. For group GS1, the longitudinal 219 

reinforcement ratio (𝜌𝜌𝑙𝑙) has shown to be the most influential parameter on the axial load capacity 220 

(from 85% to 127%). While concrete compressive strength (𝑓𝑓𝑐𝑐𝑐𝑐), transverse reinforcement ratio 221 

(𝜌𝜌𝑡𝑡), fiber reinforcing index (𝑅𝑅𝑅𝑅) resulted in ranges of (85% to 117%), (84% to 112%), and (86% 222 

to 110%), respectively. 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑡𝑡, and 𝑅𝑅𝑅𝑅 have relatively comparable influence on the axial load 223 

capacity but lesser in comparison to 𝜌𝜌𝑙𝑙. 224 

Group GS2, reinforced longitudinally and transversally with steel, has shown different behavior 225 

than group GS1. The most influential parameter was 𝑓𝑓𝑐𝑐𝑐𝑐 with a range of (74% to 126%) while 𝜌𝜌𝑙𝑙, 226 

𝜌𝜌𝑡𝑡, and 𝑅𝑅𝑅𝑅 resulted in ranges of (90% to 115%), (90% to 108%), and (92% to 107%), respectively. 227 

Having a hybrid reinforcement configuration, the response of group GS3 was expected to vary 228 

between those of GFRP and steel reinforcement. This was clear in the sensitivity results as the 229 

parameters 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑙𝑙, 𝜌𝜌𝑡𝑡, and 𝑅𝑅𝑅𝑅 resulted in ranges of (81% to 124%), (89% to 119%), (87% to 111%) 230 

and (90% to 109%), respectively.  231 
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Regarding group GS4, the parameters 𝜌𝜌𝑙𝑙, 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑡𝑡, and 𝑅𝑅𝑅𝑅 resulted in ranges of (86% to 129%), 232 

(85% to 120%), (83% to 114%), and (86% to 110%), respectively. Similar behavior was shown 233 

by GS1, which has the same initial configuration but with a different fiber content type. The axial 234 

load capacity sensitivity given by group GS5 has followed the same pattern and order as group 235 

GS2. The variation ranges were (73% to 128%), (89% to 116%), (91% to 108%), and (93% to 236 

105%) for 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑙𝑙, 𝜌𝜌𝑡𝑡, and 𝑅𝑅𝑅𝑅, respectively. This similarity could be attributed to the only difference 237 

between GS2 and GS5: the macro fiber reinforcement type [synthetic instead of steel]. Following 238 

a similar behavior to group GS3, the parameters of group GS6 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑙𝑙, 𝜌𝜌𝑡𝑡, and 𝑅𝑅𝑅𝑅 resulted in ranges 239 

of (79% to 126%), (89% to 118%), (87% to 111%), and (91% to 107%), respectively. 240 

Confinement Efficiency 241 

The confined concrete strength is mainly dependent on the confinement configuration. However, 242 

as defined by Maranan et al. [25], confinement efficiency is a ratio of confined to unconfined 243 

concrete strength. Therefore, 𝑓𝑓𝑐𝑐𝑐𝑐 was considered throughout the parameters affecting the 244 

confinement efficiency (𝐶𝐶𝐶𝐶). The 𝐶𝐶𝐶𝐶 results in (Fig. 1b) have shown a rather interesting response 245 

to changes in the input parameters. For all groups, increasing 𝑓𝑓𝑐𝑐𝑐𝑐 and 𝑅𝑅𝑅𝑅 reduced 𝐶𝐶𝐶𝐶, and vice 246 

versa, while increasing  𝜌𝜌𝑡𝑡 and 𝜌𝜌𝑙𝑙 increased 𝐶𝐶𝐶𝐶, and vice versa. For group GS1, shifting from the 247 

lower bound to the upper bound of 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑡𝑡, 𝑅𝑅𝑅𝑅, and 𝜌𝜌𝑙𝑙 produced a response change of (147% to 248 

82%), (78% to 115%), (107% to 94%), and (98% to 101%), respectively. 249 

The inverse behavior exhibited by 𝑓𝑓𝑐𝑐𝑐𝑐 could be attributed to the fact that the high-strength concrete 250 

is not significantly affected by the confinement effects, as reported by Bing et al. [53]. Thus, 251 

increasing 𝑓𝑓𝑐𝑐𝑐𝑐 or 𝑅𝑅𝑅𝑅, which in turn increases 𝑓𝑓𝑐𝑐𝑐𝑐, results in less sensitivity to the confinement 252 

effects. 𝜌𝜌𝑙𝑙 was found to marginally impact 𝐶𝐶𝐶𝐶. Unlike steel, GFRP reinforcement is not expected 253 

to directly affect 𝐶𝐶𝐶𝐶, based on their governing model formulation. However, the indirect effects 254 

could be justified by reducing the inner concrete core diameter when larger longitudinal rebar 255 

diameters are used in the outer layer and vice versa.  256 
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Group GS2, all-steel reinforcement, showed similar behavior for 𝑓𝑓𝑐𝑐𝑐𝑐, 𝜌𝜌𝑡𝑡, 𝑅𝑅𝑅𝑅, and 𝜌𝜌𝑙𝑙 with variation 257 

ranges of (142% to 84%), (78% to 116%), (106% to 95%), and (98% to 101%), respectively. The 258 

amount of steel longitudinal reinforcement was found to be insignificant for 𝐶𝐶𝐶𝐶. Following the 259 

same order of sensitivity, the variations were [(142% to 84%), (78% to 116%), (106% to 95%), 260 

and (98% to 101%)] for GS3, [(155% to 80%), (77% to 115%), (103% to 97%), and (98% to 261 

101%)] for GS4, [(149% to 82%), (78% to 116%), (103% to 98%), and (98% to 101%)] for GS5, 262 

and [(149% to 82%), (78% to 116%), (103% to 98%), and (98% to 101%)] for GS6. There were 263 

marginal differences between the ranges of groups [GS2, GS3] and between those of [GS5, GS6]. 264 

However, due to the rounding of the percentages, several ranges remained virtually unchanged.  265 

Bending Moment Capacity 266 

The results of the bending moment capacity given in Fig. 1c show that all the groups demonstrated 267 

the same sensitivity order with similar patterns. Increasing all the parameters enhanced the 268 

bending moment capacity but not at the same rate. 𝜌𝜌𝑡𝑡 parameter produced a negligible effect on 269 

enhancing the bending moment capacity. This could be attributed to the fact that, for the most 270 

part, a tensile-controlled failure is the most critical aspect affecting the columns’ flexural capacity. 271 

Hence, the increase in core compressive strength associated with confinement effects does not 272 

significantly enhance flexural capacity.  273 

For GS1, the ranges for 𝜌𝜌𝑙𝑙,  𝑓𝑓𝑐𝑐𝑐𝑐 , and 𝑅𝑅𝑅𝑅 resulted in ranges of (47% to 151%), (87% to 111%) and 274 

(87% to 103%), respectively. Following the same sensitivity order, the response ranges were: 275 

(51% to 151%), (86% to 111%), and (82% to 104%) for GS2. While for GS3, they were: (47% to 276 

155%), (88% to 111%), and (86% to 104%). For GS4, the corresponding ranges were: (43% to 277 

154%), (86% to 112%), and (88% to 108%). As for GS5, they were: (45% to 155%), (85% to 278 

112%), and (86% to 110%). Lastly, the respective ranges for GS6 were: (42% to 159%), (87% to 279 

112%), and (87% to 108%).  280 
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Secant Stiffness 281 

The secant stiffness was calculated as the peak moment divided by its corresponding curvature 282 

(𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑀𝑀 𝜙𝜙⁄ ) [54]. Upon inspection of Fig. 1d, for GS1, the most influential parameters were 283 

𝜌𝜌𝑙𝑙, 𝑓𝑓𝑐𝑐𝑐𝑐 and 𝑅𝑅𝑅𝑅 with ranges (57% to 133%), (81% to 117%), and (88% to 105%), respectively. 284 

While 𝜌𝜌𝑡𝑡 has marginally affected the secant stiffness at this load level.  285 

One of the most notable findings from group GS2 was the secant stiffness values at the maximum 286 

bending moment scenario. Parameter 𝜌𝜌𝑙𝑙 was the most influential, with a range of (47% to 146%). 287 

Parameters (𝑓𝑓𝑐𝑐𝑐𝑐, 𝑅𝑅𝑅𝑅, and the 𝜌𝜌𝑡𝑡) resulted in secant stiffness ranges of (64% to 99%), (105% to 288 

72%), and (102% to 87%), respectively. The high limit for 𝑓𝑓𝑐𝑐𝑐𝑐 had almost the same secant stiffness 289 

as the reference column. In addition, increasing 𝑅𝑅𝑅𝑅 and 𝜌𝜌𝑡𝑡 resulted in the reduction of the secant 290 

stiffness, and vice versa. This behavior was not observed in the all-GFRP group [GS1]. The elastic 291 

behavior of GFRP bars allowed for an increase in bending moment, corresponding to a relatively 292 

moderate and proportional rise in curvature. Conversely, in the all-steel group [GS2], the moment 293 

increased with a much more significant increase in curvature due to steel yielding. Using the given 294 

definition of secant stiffness, it can be illustrated that 𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄ =295 

(𝑀𝑀 𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄ ) (𝜙𝜙 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄ )⁄ . Thus, a reduction in the secant stiffness should be expected 296 

when the relative increase in curvature is manifested at a higher rate than at the moment.  297 

Regarding GS3 and GS4, the behavior was like that of GS1 with parameters 𝜌𝜌𝑙𝑙, 𝑓𝑓𝑐𝑐𝑐𝑐 and 𝑅𝑅𝑅𝑅 yielding 298 

ranges of [(57% to 137%), (82% to 116%), (87% to 104%)] for GS3, and [(54% to 135%), (80% 299 

to %119), and (88% to 107%)] for GS4. It was also found that 𝜌𝜌𝑡𝑡 barely affected the secant 300 

stiffness. While for group GS5, the secant stiffness showed a different response to the input 301 

parameters. 𝜌𝜌𝑙𝑙 and 𝑓𝑓𝑐𝑐𝑐𝑐 resulted in ranges of (39% to 147%) and (58% to 106%), respectively. 302 

Conversely, an inverse pattern was found for 𝑅𝑅𝑅𝑅 with a range of (115% to 87%). It is worth noting 303 

that 𝜌𝜌𝑡𝑡 resulted in a range of (95% to 102%) of the mean value. Compared to other groups, this 304 

unanticipated behavior could be attributed to the definition of secant stiffness, as discussed 305 

previously. i.e., a disproportionate increase in moment relative to curvature reduces the secant 306 
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stiffness and vice versa. Finally, group GS6 showed similar behavior to that of GS1, GS3, and 307 

GS4 with ranges of (53% to 141%), (81% to 118%), and (88% to 107%) for 𝜌𝜌𝑙𝑙, 𝑓𝑓𝑐𝑐𝑐𝑐 and 𝑅𝑅𝑅𝑅, 308 

respectively. 309 

INTERACTION DIAGRAMS 310 

Considered Parameters 311 

Based on the sensitivity analysis results, the most influential parameters were selected to explore 312 

the columns’ interaction diagrams for varying slenderness ratios (𝐾𝐾𝐾𝐾 𝑟𝑟⁄ ). Nine combinational 313 

groups (GI1 to GI9) were assembled, as shown in Table 1, with three values of 𝜌𝜌𝑙𝑙 per group (1%, 314 

4%, and 8%). Additionally, three material strength levels (in Table 3) were investigated for both 315 

GFRP and steel reinforcement. For GFRP-reinforced layers, 𝑓𝑓𝑓𝑓𝑓𝑓 values were 900, 1000, and 1100 316 

MPa, with respective corresponding 𝐸𝐸𝑓𝑓 values of 40, 50, and 60 GPa.  317 

Regarding steel-reinforced layers, the assigned 𝑓𝑓𝑦𝑦 values per level were 420, 550, and 690 MPa, 318 

respectively, with a constant 𝐸𝐸𝑠𝑠 of 200 GPa. Steel alloys associated with high yield strength values 319 

(550 to 760 MPa) typically exhibit a considerable strain hardening behavior [55]. However, for 320 

practical design considerations, since no strain hardening is considered by design standard, any 321 

steel grade with identifiable yield strength could be implemented in this model. Ergo, the selection 322 

of 𝑓𝑓𝑦𝑦 values considered herein were subjected to the design limitations and conditions introduced 323 

in the ACI code [37].  324 

Spirals were used to achieve 𝜌𝜌𝑡𝑡 of 3.5%, while for columns with fiber reinforcement, an 𝑅𝑅𝑅𝑅 = 1.7 325 

was deemed appropriate and representative. The parameters 𝑅𝑅𝑅𝑅 and 𝜌𝜌𝑡𝑡 were not varied since it is 326 

beneficial to focus on the most influential parameters previously identified by the sensitivity 327 

analysis. More than 9,000 column configurations were analytically investigated during the 328 

development of the produced interaction diagrams. The complete set of results was tabulated and 329 

made publicly available on an online data repository [56]. More details regarding the analysis 330 

parameters and results can be found in [57]. 331 
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Results and Discussions 332 

For analytical investigation purposes, axial load and bending moment interactions are developed 333 

using nominal capacities. Thus, for design purposes, the environmental reduction factor for 334 

exposure conditions (𝐶𝐶𝐸𝐸) and the strength reduction factor (𝛷𝛷) should be incorporated. The 335 

reduction factor, 𝐶𝐶𝐸𝐸, is proposed by ACI 440.1R-15 [58] to reduce the guaranteed tensile strength 336 

of FRP rebars to the design level tensile strength. While 𝛷𝛷 is the typical strength reduction factor 337 

used to design for factored loads [37,58].   338 

To make it more practical for design, the results were presented in normalized forms: normalized 339 

axial load is defined as 𝑃𝑃𝑛𝑛 𝑓𝑓𝑐𝑐𝑐𝑐𝐴𝐴𝑔𝑔⁄  and normalized bending moment is defined as 𝑀𝑀𝑜𝑜 𝑓𝑓𝑐𝑐𝑐𝑐𝐴𝐴𝑔𝑔𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠⁄ . 340 

Where 𝐴𝐴𝑔𝑔 is the gross area of the column’s cross-section. The normalized interaction diagrams 341 

per group are represented in Appendix B. For conciseness, a representative group of interaction 342 

diagrams collected from groups GI1 through GI9 is included in the discussion, as shown in Fig. 343 

2. 344 

Influence of the longitudinal reinforcement ratio 345 

The groups with all-GFRP reinforcement have shown a significant increase in the axial load 346 

capacity associated with increasing 𝜌𝜌𝑙𝑙. The all-steel reinforcement groups demonstrated the same 347 

behavior. However, the GFRP groups exhibited more sensitivity. This could be attributed to 348 

adequate confinement, which allowed the GFRP rebars to reach greater strains, thus generating 349 

higher load capacities. The increase of the bending moment capacity in the GFRP groups was also 350 

greater than that of the steel groups. The hybrid reinforcement groups showed a transitional 351 

behavior intermediary to all-GFRP and all-steel cases. However, the hybrid groups’ sensitivity to 352 

the longitudinal reinforcement was closer to that of the steel groups. This can be attributed to the 353 

hybrid cases being always configured with an inner steel reinforced core that encloses most of the 354 

highly confined concrete inner core region. 355 

It should be noted that the adopted model may have marginally overestimated the confining 356 

capabilities of the GFRP transverse reinforcement. This is directly attributed to the lack of 357 
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conclusive evidence in the available literature on quantifying and adjusting for the somewhat 358 

inferior GFRP mechanical characteristics compared to steel (e.g., stiffness and bond strength). 359 

Nevertheless, the recalibrated model accounted for the bent-rebar strength reduction 360 

recommended in the ACI 440 standard [58]. This is widely accepted in the available literature 361 

[40]. However, further detailed experimental investigations are needed to better assess the strain 362 

compatibility conditions (or lack thereof) between concrete and GFRP transverse reinforcement. 363 

When that is achieved, it will allow for a more accurate representation of the strain compatibility 364 

conditions of the bulging concrete core and the surrounding GFRP transverse reinforcement.  365 

Influence of slenderness ratio 366 

The increase in the slenderness ratio has dramatically affected the columns’ bending moment 367 

capacity. At high slenderness ratios with large eccentricities, the bending moment capacity 368 

suffered over 50% reductions, accompanied by a substantial decline  in the axial load capacity. 369 

However, the groups with all-GFRP reinforcement groups suffered more losses in axial load 370 

capacities than their all-steel reinforcement counterparts. Upon increasing the slenderness ratio 371 

beyond the elastic buckling threshold, 𝐶𝐶𝑐𝑐, columns predominantly undergo elastic buckling. Such 372 

slender column behavior is characterized by overall geometric instability rather than material 373 

strength at the critical cross-section [59]. The maximum achievable axial load, in such cases, is 374 

the Euler buckling load, 𝑃𝑃𝐸𝐸 = 𝐸𝐸𝐸𝐸(𝜋𝜋 𝐾𝐾𝐾𝐾⁄ )2 which is governed by the elastic modulus and the 375 

second moment of area for the cross-section. This explains the lower axial load capacities of the 376 

slender all-GFRP columns compared to their all-steel counterparts. Since steel rebars have a 377 

higher elastic modulus than GFRP, steel rebars provide more considerable elastic stiffness to the 378 

column’s cross-section. 379 

Secant stiffness 380 

The flexural secant stiffness (𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑀𝑀 𝜙𝜙⁄ ) for more than 800 GFRP reinforced columns 381 

were evaluated using the approach proposed in [60]. In which the secant stiffness is calculated at 382 

the onset of concrete cover spalling or the GFRP rebars reaching a strain value of 0.01, whichever 383 



16 
 

is reached first. The results for columns with eccentricity ratios (e/D) ranging from 0.001 to 1.0 384 

were compared to their theoretical counterparts (𝐸𝐸𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) evaluated by definitions proposed 385 

in [60], and summarized in Appendix A. A histogram of 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝐸𝐸𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is presented in 386 

Fig. 3 for comparative purposes. It was found that the theoretical equation conservatively 387 

underestimates the secant stiffness for most columns with an average 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝐸𝐸𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 388 

ratio value of 2.61.  389 

Effect of fiber reinforcement  390 

Perhaps one of the most exciting insights observed was the effect of macro fiber reinforcement on 391 

the compressive behavior of unconfined concrete columns. Fig. 4a shows the stress-strain curves 392 

for two unconfined concrete specimens. The first specimen represents plain GPC, while the other 393 

is synthetic FRGPC with a fiber reinforcement index 𝑅𝑅𝑅𝑅 =  0.2. For each concrete type, two 394 

columns were analytically investigated using steel and GFRP longitudinal reinforcement. It can 395 

be seen how effective the fibers are in reducing the slope of the post-peak descending branch of 396 

the stress-strain curve. This behavior affects the evolution of the axial load-strain path to a 397 

threshold level, altering specific intrinsic material characteristics. 398 

Fig. 4b represents the developed normalized axial load (𝑃𝑃𝑛𝑛 𝑓𝑓𝑐𝑐𝑐𝑐𝐴𝐴𝑔𝑔⁄ ) vs. strain curves of four 399 

analytically investigated columns with unique reinforcement properties. The exact value of initial 400 

concrete strength 𝑓𝑓𝑐𝑐𝑐𝑐 was assigned to the four specimens. However, it can be seen that introducing 401 

the fiber reinforcement has resulted in two significant impacts. Firstly, the induced rise in the 402 

compressive strength of the synthetic FRGPC has increased the columns’ axial load response at 403 

the early loading stages. Secondly, the post-peak behavior has entirely changed. The primary 404 

factor responsible for the pronounced occurrence of the conventional first peak shape was the 405 

cover spalling represented by the steep post-peak decline of the unconfined concrete. However, 406 

the presence of fibers mitigated that decline, which resulted in maintaining the axial load evolution 407 

without any drop at the cover cracking phase. Fig. 4c shows the participation of different columns` 408 
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components in integrating the total axial load capacity. It is worth noting that similar findings 409 

were reported in published experimental investigations, e.g., [61]. 410 

CONCLUDING REMARKS 411 

A meticulously verified capability was demonstrated to model circular columns’ confinement and 412 

slenderness effects accurately. The presented analytical model was specially formulated for macro 413 

fiber-reinforced GPC columns with all-steel, all-GFRP, and steel/GFRP hybrid double-layered 414 

reinforcements. The model is generalizable and can easily be further extendable to accommodate 415 

a broader range of possibilities. e.g., more cross-sectional shapes, more sophisticated material 416 

models, and explicit consideration for bond-slip behavior. Based on the conducted limited-scope 417 

investigation, the following conclusions can be drawn:    418 

• The macro fiber reinforcement of GPC has been shown to drastically delay cover spalling 419 

and significantly reduce its effects on compressive behavior. This is manifested through 420 

the apparent reduction in the steepness of the post-peak descending branch of the stress-421 

strain relationship. In some instances, during the axial load evolution, it prevents the 422 

emergence of the substantial descending portion following the first peak. i.e., a higher 423 

second peak is achieved upon increasing axial strains beyond the initial cracking, damage, 424 

or softening, which are not accompanied by spalling. 425 

• An extensive deterministic sensitivity analysis was conducted. The concrete compressive 426 

strength was the most influential parameter on the axial load capacity of all-steel and 427 

hybrid reinforced columns. The all-GFRP reinforced columns were primarily sensitive to 428 

the longitudinal reinforcement ratio.  429 

• For all considered groups, the confinement efficiency was most sensitive to the concrete 430 

compressive strength, whereas the bending moment capacity was most sensitive to the 431 

longitudinal reinforcement ratio.  432 

• The effective secant stiffness at the maximum bending moment was most sensitive to the 433 

longitudinal reinforcement ratio. An exciting insight into the unique behavior of all-steel 434 
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reinforced columns: increasing the concrete compressive strength resulted in a decreased 435 

secant stiffness. The higher concrete compressive strength resulted in a smaller 436 

compressive area. i.e., shallower neutral axis depth from the utmost compression fibers to 437 

the neutral axis, at ultimate. This effect increases bending moment capacity as well as 438 

curvature. However, curvature increases at a higher rate than the bending moment. As 439 

such, it decreases the secant stiffness. 440 

• An extensive design interaction diagram set was developed for several reinforcement 441 

configurations combined with different slenderness ratios. It was observed that the all-442 

GFRP reinforced columns were more sensitive to the longitudinal reinforcement ratio 443 

when compared to their all-steel reinforced counterparts. This could be attributed to the 444 

essentially elastic behavior of the GFRP bars. It enables them to continue providing 445 

increased strength to the confined core at higher axial strain levels than their yielding 446 

counterparts (steel reinforcement).  447 

• All-GFRP reinforced columns were more sensitive to slenderness effects. This could be 448 

attributed to their inherently lower stiffness due to their lower elastic modulus than steel.  449 

• Secant stiffness has been evaluated for over 800 columns and compared against theoretical 450 

calculations proposed in the literature [60]. Results have shown that theoretical 451 

calculations for most columns conservatively underestimate the secant stiffness, with an 452 

average 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝐸𝐸𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ratio value of 2.61. 453 

• The presented model has demonstrated its capability of providing novel and profound 454 

insights for double-layered slender columns and confirming and asserting existing 455 

understanding of their expected behavior. This indicates the model’s capability to 456 

investigate additional practical scenarios further. e.g., double-layered reinforced Ultra-457 

High Performance Concrete (UHPC) slender columns, High-Strength Steel (HST) 458 

reinforcement.  459 
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NOTATION 473 

All the symbols mentioned in the manuscript and appendices are explained in detail within their 474 

context. However, for reader convenience, all symbols and definitions are listed here: 475 

𝐴𝐴𝑐𝑐𝑐𝑐 = Net area of confined concrete. 476 

𝐴𝐴𝑐𝑐ℎ = Area of the confined core measured to the outside edges of the transverse reinforcement. 477 

𝐴𝐴𝑒𝑒 = Area of the effectively confined concrete core. 478 

𝐴𝐴𝑔𝑔 = Gross area of the concrete cross-section. 479 

𝐴𝐴𝑙𝑙,𝑖𝑖 = Area of the 𝑖𝑖𝑡𝑡ℎ rebar/strip within region 𝑙𝑙. 480 

𝐴𝐴𝑙𝑙𝑙𝑙 = Total area of the longitudinal reinforcement. 481 

𝐴𝐴𝑠𝑠𝑠𝑠 = The cross-sectional area of the spiral/hoop. 482 

𝐶𝐶𝑐𝑐 = A slenderness ratio, identifying the elastic buckling threshold. 483 

𝐶𝐶𝐸𝐸 = Environmental reduction factor for exposure conditions. 484 

𝐶𝐶𝐶𝐶 = Confinement efficiency. 485 

https://doi.org/10.5281/zenodo.10421691
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𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠 = Diameter of the column’s cross-section. 486 

𝐸𝐸𝑐𝑐 = Elastic modulus of GPC. 487 

𝐸𝐸𝑐𝑐𝑐𝑐 = Elastic modulus of FRGPC. 488 

𝐸𝐸𝑐𝑐𝑐𝑐 = Elastic modulus of GPC/FRGPC. 489 

𝐸𝐸𝑓𝑓 = Elastic modulus of GFRP rebars. 490 

𝐸𝐸𝑠𝑠 = Elastic modulus of steel rebars. 491 

𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = Secant (effective) stiffness of moment-curvature path. 492 

𝐸𝐸𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = Secant stiffness value proposed by [60]. 493 

𝐹𝐹𝑙𝑙,𝑖𝑖 = Axial force of the 𝑖𝑖𝑡𝑡ℎ rebar/strip within region 𝑙𝑙. 494 

𝐼𝐼𝑓𝑓 =   Moment of inertia of the GFRP reinforcement about the centroidal axis. 495 

𝐼𝐼𝑔𝑔 =  Moment of inertia of the columns` gross cross-sectional area. 496 

𝐾𝐾𝑒𝑒 = Confinement effectiveness coefficient. 497 

𝐾𝐾𝐾𝐾 = Column’s effective buckling length. 498 

𝑀𝑀0 = The moment at the column’s ends. 499 

𝐾𝐾𝐾𝐾 𝑟𝑟⁄ = Slenderness ratio. 500 

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 = Maximum bending moment through 𝑀𝑀-𝜙𝜙 curve. 501 

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 = Bending moment at the column’s mid-height. 502 

𝑀𝑀𝑛𝑛 = Nominal bending moment of the column’s cross-section. 503 

𝑃𝑃 = The axial compressive force applied at the column’s ends. 504 

𝑃𝑃𝐸𝐸 = Euler critical buckling load. 505 

𝑃𝑃𝑛𝑛 = Nominal axial load of the column’s cross-section. 506 

𝑅𝑅𝑖𝑖𝑖𝑖𝑙𝑙 = Inner radius of region 𝑙𝑙. 507 

𝑅𝑅𝑙𝑙,𝑖𝑖 = Distance from bar no. 𝑖𝑖 in region 𝑙𝑙 to the column’s cross-section centroid.  508 

𝑅𝑅𝑜𝑜𝑜𝑜𝑙𝑙 = Outer radius of region 𝑙𝑙. 509 

𝑅𝑅𝑡𝑡𝑙𝑙  = Thickness of region 𝑙𝑙. 510 



21 
 

𝑅𝑅𝑅𝑅 = Fiber reinforcing index. 511 

𝑌𝑌𝑛𝑛 = Total eccentricity at the column’s mid-height cross-section. 512 

𝑏𝑏𝑙𝑙,𝑖𝑖 = Width of strip 𝑖𝑖 in layer 𝑙𝑙. 513 

𝑐𝑐 = Depth of the neutral axis measured from the outermost compression edge. 514 

𝑑𝑑𝑏𝑏 = Diameter of the bent GFRP bar. 515 

𝑑𝑑𝑓𝑓 = Diameter of the steel/synthetic fibers. 516 

𝑑𝑑𝑙𝑙,𝑖𝑖 = Depth of strip/rebar 𝑖𝑖 in layer 𝑙𝑙. 517 

𝑑𝑑𝑠𝑠 = Diameter of the confined core measured between the confining rebar centers. 518 

𝑒𝑒0 = Eccentricity of applied axial load at column’s ends. 519 

𝑓𝑓𝑏𝑏 = Stress in the rebar for a given strain 𝜀𝜀𝑏𝑏. 520 

𝑓𝑓𝑓𝑓𝑓𝑓 = GFRP bent bar strength. 521 

𝑓𝑓𝑓𝑓𝑓𝑓 = Ultimate tensile strength of GFRP rebars. 522 

𝑓𝑓𝑙𝑙 = Confinement pressure provided by steel or GFRP spirals/hoops. 523 

𝑓𝑓𝑙𝑙,𝑖𝑖 = Axial stress of the 𝑖𝑖𝑡𝑡ℎ rebar/strip within region 𝑙𝑙. 524 

𝑓𝑓𝑐𝑐 = Axial concrete strain corresponding to 𝜀𝜀𝑐𝑐. 525 

𝑓𝑓𝑐𝑐𝑐𝑐 = Confined GPC/FRGPC concrete strength. 526 

𝑓𝑓𝑐𝑐𝑐𝑐 = Unconfined FRGPC strength. 527 

𝑓𝑓𝑐𝑐𝑐𝑐 = Unconfined GPC strength. 528 

𝑓𝑓𝑐𝑐𝑐𝑐 = Unconfined GPC/FRGPC strength, i.e., 𝑓𝑓𝑐𝑐𝑐𝑐 or 𝑓𝑓𝑐𝑐𝑐𝑐. 529 

𝑓𝑓𝑟𝑟 = Modulus of rupture for concrete. 530 

𝑓𝑓𝑡𝑡 =  Concrete tensile stress corresponding to a tensile strain 𝜀𝜀𝑡𝑡. 531 

𝑓𝑓𝑦𝑦 = Yield stress of steel rebars. 532 

𝑙𝑙𝑓𝑓 = Length of the steel/synthetic fibers. 533 

𝑛𝑛𝑏𝑏𝑙𝑙 = number of rebars in region 𝑙𝑙. 534 

𝑛𝑛𝑐𝑐 = Curve fitting parameter for unconfined GPC. 535 
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𝑛𝑛𝑐𝑐𝑐𝑐 = Curve fitting parameter for confined GPC/FRGPC. 536 

𝑛𝑛𝑐𝑐𝑐𝑐 = Curve fitting parameter for unconfined FRGPC. 537 

𝑛𝑛𝑐𝑐𝑐𝑐 = Curve fitting parameter for unconfined GPC/FRGPC. 538 

𝑛𝑛𝑠𝑠𝑙𝑙 = number of strips in region 𝑙𝑙. 539 

𝑟𝑟 = Coefficient for modeling unconfined GPC stress-strain. 540 

𝑟𝑟𝑏𝑏 = The internal radius of the bent GFRP rebar. 541 

𝑠𝑠 = Center to center spacing between hoop or spiral bars. 542 

𝑠𝑠′ = Clear vertical spacing between hoop or spiral bars. 543 

𝑡𝑡𝑠𝑠𝑠𝑠 = Thickness of concrete strip 𝑙𝑙. 544 

𝑣𝑣𝑓𝑓 = Fibers volumetric fraction content. 545 

𝑦𝑦𝑙𝑙,𝑖𝑖 = y-coordinate of rebar 𝑖𝑖 in region 𝑙𝑙, measured from section centroid. 546 

𝛼𝛼𝑓𝑓 = Residual tensile strength of FRGPC. 547 

𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 = Column’s lateral mid-height deflection. 548 

𝜀𝜀𝑏𝑏 = Strain of reinforcement rebar. 549 

𝜀𝜀𝑐𝑐 = Axial compressive concrete strain. 550 

𝜀𝜀𝑐𝑐𝑐𝑐 = Strain of confined concrete, corresponding to 𝑓𝑓𝑐𝑐𝑐𝑐. 551 

𝜀𝜀𝑐𝑐𝑐𝑐 = Compressive edge strain at the outermost fiber in the column’s cross-section. 552 

𝜀𝜀𝑐𝑐𝑐𝑐 = Strain of unconfined fiber-reinforced concrete, corresponding to 𝑓𝑓𝑐𝑐𝑐𝑐. 553 

𝜀𝜀𝑐𝑐𝑐𝑐 = Maximum attainable compressive edge strain for a short column. 554 

𝜀𝜀𝑐𝑐𝑐𝑐 = Strain of unconfined concrete corresponding to 𝑓𝑓𝑐𝑐𝑐𝑐. 555 

𝜀𝜀𝑐𝑐𝑐𝑐 = Maximum attainable compressive edge strain for a slender column. 556 

𝜀𝜀𝑐𝑐𝑐𝑐 = Strain of unconfined concrete corresponding to 𝑓𝑓𝑐𝑐𝑐𝑐. 557 

𝜀𝜀𝑓𝑓𝑓𝑓 =  The ultimate tensile strain of GFRP spirals/hoops in micro-strain units. 558 

𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = Tie strain corresponding to the maximum compressive stress within the confined core. 559 

𝜀𝜀𝑓𝑓𝑓𝑓 = Ultimate strain of GFRP rebars. 560 
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𝜀𝜀𝑙𝑙,𝑖𝑖 = Axial strain of strip 𝑖𝑖 in region 𝑙𝑙. 561 

𝜀𝜀𝑡𝑡 = Axial tensile concrete strain. 562 

𝜀𝜀𝑦𝑦 = Yield strain of steel rebars. 563 

𝛷𝛷 = Design strength reduction factor. 564 

𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚 = curvature at the column’s mid-height. 565 

𝜂𝜂𝜃𝜃 = Fibers’ orientation factor. 566 

𝜌𝜌𝑙𝑙 = Longitudinal reinforcement ratio. 567 

𝜌𝜌𝑡𝑡 = Transverse reinforcement ratio. 568 

𝜃𝜃 = Angle for rebars/strips properties calculation. 569 
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Table 1. Material assignment for sensitivity analysis and interaction diagram groups. 765 

Sensitivity 
Analysis 
Groups 

Interaction 
Diagram 
Groups 

Fiber 
Reinforcement 

Type 

Longitudinal and 
Transverse 

Reinforcement 
Outer 
layer 

Inner 
layer 

GS1 GI1 Steel GFRP GFRP 
GS2 GI2 Steel Steel Steel 
GS3 GI3 Steel GFRP Steel 
GS4 GI4 Synthetic GFRP GFRP 
GS5 GI5 Synthetic Steel Steel 
GS6 GI6 Synthetic GFRP Steel 

- GI7 Plain GFRP GFRP 
- GI8 Plain Steel Steel 
- GI9 Plain GFRP Steel 

 766 
Table 2. Key parameters used in the sensitivity analysis. 767 

Input Parameter 
Lower 
bound 

Base 
value 

Upper 
bound 

Concrete compressive strength, 𝑓𝑓𝑐𝑐𝑐𝑐 [MPa] 30 60 90 
Fiber Reinforcement Index, 𝑅𝑅𝑅𝑅 0.2 1.7 3.2 
Long Reinforcement Ratio, 𝜌𝜌𝑙𝑙 1% 4% 8% 

Transverse Reinforcement Ratio, 𝜌𝜌𝑡𝑡 3% 6% 9% 
 768 

Table 3. Strength levels’ assignment for interaction diagrams 769 

Strength Level 
GFRP Reinforcement Steel Reinforcement 
𝑓𝑓𝑓𝑓𝑓𝑓 [MPa] 𝐸𝐸𝑓𝑓 [GPa] 𝑓𝑓𝑦𝑦 [MPa] 𝐸𝐸𝑠𝑠 [GPa] 

1 900 40 420 200 
2 1000 50 550 200 
3 1100 60 690 200 
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Fig. 2. The selected interaction diagrams for comparison. 777 
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 780 
Fig. 4. Fiber reinforcement effects (a) typical stress-strain curves, (b) axial load evolution, (c) schematic diagram of 781 

participation of different column’s components in axial load evolution. 782 
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