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Abstract 22 

In this study, the load moment (P-M) interaction behavior of geopolymer concrete (GPC) filled 23 

fiber reinforced polymer (FRP) tube circular columns internally reinforced with FRP bars was 24 

analytically investigated. An analytical model for the P-M interaction behavior of the column 25 

was developed and validated against the experimental investigation results. The analytical 26 

model incorporates the confined GPC strength and the contribution of FRP bars in the load and 27 

moment capacities. In addition, a parametric study was conducted to investigate the influence 28 

of the compressive strength of the GPC, longitudinal reinforcement ratio and confinement ratio 29 

on the P-M interaction behavior of the column. The developed analytical model conservatively 30 

predicted the P-M interaction behavior of the column. It was found that the compressive 31 

strength of the GPC, the longitudinal reinforcement ratio and the confinement ratio 32 

significantly influenced the P-M interaction behavior of the column. All the tested parameters 33 

resulted in the linear increase of load and moment capacities with the increase in the tested 34 

parameter. 35 

Keywords: Columns; analytical model; Geopolymer concrete; FRP reinforcement; FRP tube; 36 

P-M interaction.  37 

1. Introduction 38 

Concrete is a widely utilized material in the construction industry around the globe [1]. With 39 

an increase in the development of the infrastructure across the world, the utilization of concrete 40 

is also increasing [2]. The annual global utilization of concrete is estimated to be approximately 41 

ten billion tons [3]. The Ordinary Portland cement (OPC) is a primary component of 42 

conventional concrete. The manufacturing process of OPC contributes to the overall carbon 43 

dioxide (CO2) emissions in the atmosphere [4]. The CO2 emission leads to global warming, 44 

which is recognized as a threat to the sustainable development of the world [5]. Approximately, 45 
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one ton of OPC manufacturing results in one ton of CO2 emission [6]. Also, the overall 46 

manufacturing of OPC contributes to 5% to 7% of the annual CO2 emissions globally [7]. 47 

Geopolymer concrete (GPC) was developed in an attempt to replace the OPC concrete (OPCC) 48 

and reduce the environmental impacts cuased by the construction industry [8-10]. Geopolymer 49 

concrete can be prepared by the fusion of alumina-silicate binders with the alkaline activator. 50 

Also, the industrial wastes or by-products, including fly ash (FA) and ground granulated blast 51 

furnace slag (GGBFS), can be utilized in the production of GPC [11-13]. Considering GPC as 52 

green concrete, research studies around the world are focused on exploring the new avenues of 53 

practical applications of GPC in structural members [14, 15]. 54 

The durability of steel reinforced concrete (RC) columns is a major concern due to the 55 

susceptibility of the corrosion of steel reinforcement in aggressive environments [16]. Fiber 56 

reinforced polymer (FRP) reinforcement was developed with a motive to address the durability 57 

issues of RC structures by replacing steel reinforcement with FRP reinforcement. The FRP 58 

reinforcement exhibits higher corrosion resistance, higher tensile strength, and lower weight 59 

than the equivalent steel reinforcement [17, 18]. Several studies explored the behavior of the 60 

FRP reinforcing bars in OPCC and GPC columns [19-23]. The mechanical properties of FRP 61 

reinforcement differ than that of the steel reinforcement. Higher tensile strength and lower 62 

elastic modulus are obtained by the FRP reinforcement than the steel reinforcement [24]. The 63 

difference in the mechanical properties results in the variance in the behavior of steel reinforced 64 

and FRP bars reinforced concrete columns.   65 

Concrete filled FRP tube (CFFT) columns have arisen as an attractive alternative to the steel 66 

bar RC columns [25]. The GPC and high strength concrete (HSC) are considered brittle 67 

concrete [26, 27]. The use of CFFT enhances the ultimate concrete compressive strain, which 68 

improves the ductility of GPC and other HSC [26]. In addition, the use of CFFT offers added 69 
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advantages, including the use of left-in-place formwork and ease in the construction of 70 

columns. Moreover, CFFT columns exhibit higher strength and ductility than the steel bar RC 71 

columns [25, 28]. Hadi et al. [29] investigated the behavior of GPC filled basalt FRP (BFRP) 72 

tube circular column internally reinforced with BFRP bars. Hadi et al. [29] highlighted that the 73 

BFRP reinforced GPC filled BFRP tube column was a suitable alternative to the steel bar 74 

reinforced OPCC column with high corrosion resistance and ductility, contributing to the 75 

development of sustainable infrastructure. The use of GPC, BFRP bars and BFRP tube in place 76 

of OPCC, steel bars and steel helices, respectively, increased the sustainability, corrosion 77 

resistance and ductility of the column. 78 

Columns are primarily designed to resist axial compressive loads. However, in practice, 79 

columns may experience the combination of axial compressive load and moments. The 80 

moments may be produced as a result of vertical misalignment or geometric imperfections or 81 

the position of the column in the structure [30]. The combination of axial and flexural loads on 82 

a column influences the compressive behavior of the column and thus requires investigation. 83 

However, a limited number of research studies were conducted on the load-moment (P-M) 84 

interaction behavior of CFFT circular columns internally reinforced with FRP bars [31-33]. 85 

These studies presented the methodology to develop the P-M interaction behavior of FRP 86 

reinforced OPCC filled FRP tube columns. Recent studies on FRP confined GPC conducted 87 

by Ozbakkaloglu and Xie [34], Lokuge and Karunasena [35] and Ahmad et al. [36] concluded 88 

that the behavior of FRP confined GPC was different from the behavior of FRP confined 89 

OPCC. Hence, it is significantly important to investigate the P-M interaction behavior of the 90 

FRP reinforced GPC filled FRP tube columns for its wide practical applications. 91 

The P-M interaction behavior of the FRP reinforced GPC filled FRP tube circular column has 92 

not been explored in the available literature. Also, investigations are required to understand the 93 

influence of different parameters on the P-M interaction behavior of the GPC filled FRP tube 94 
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circular columns internally reinforced with FRP bars. Hence, the aim of this research study is 95 

to present a procedure for the development of the P-M interaction behavior of the steel 96 

reinforced GPC circular columns and FRP reinforced geopolymer concrete filled FRP tube 97 

circular columns for developing future design guidelines. The proposed analytical approach 98 

was developed, adopting the layer-by-layer numerical integration method. The analytical 99 

results were validated against the results of the experimental study conducted by Hadi et al. 100 

[29] and Ahmad et al. [37]. Also, a parametric study was conducted to ascertain the effect of 101 

compressive strength of GPC and the ratio of longitudinal reinforcement on the P-M interaction 102 

behavior of the FRP reinforced GPC filled FRP tube column. 103 

2. Analytical modeling 104 

2.1 Modeling of steel reinforced GPC 105 

The concrete in the steel reinforced GPC circular columns was modeled as unconfined 106 

concrete, ignoring the contribution of steel helices. This is because the contribution of steel 107 

helices in confining the concrete up to the yielding of steel reinforcement is very limited. 108 

Hence, the contribution of the steel helices is ignored in the calculation of load and moment 109 

capacity of the columns [38].  110 

2.1.1 Modeling of unconfined GPC 111 

The GPC in the steel reinforced GPC columns was modeled based on the stress-strain model 112 

of GPC presented by Sarker [39]. The model is presented in Eqs. (1) and (2). The same model 113 

was also used by Farhan et al. [40] for steel reinforced GPC. 114 

𝑓௖

𝑓௖௢
ᇱ ൌ

𝑧𝑛
𝑛 െ 1 ൅ 𝑧௡௞ (1) 

𝑧 ൌ
𝜀௖

𝜀௖௢
 (2) 
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where fc and εc are the stress and strain, respectively, at any point on the stress-strain curve; fco' 115 

and εco are the unconfined concrete compressive strength and corresponding strain, 116 

respectively, as defined in ACI 440.2R-17 [41]; n and k are the curve fitting factor and shape 117 

factor, respectively, which control the shape of ascending and descending segments of the 118 

stress-strain curve. The factor n was calculated using Eq. (3), as suggested in Sarker [39]. 119 

𝑛 ൌ 0.8 ൅
𝑓௖௢

ᇱ

12
 (3) 

The strain at unconfined concrete strength (εco) and k were calculated as per Collins and 120 

Mitchell [42] and expressed by Eq. (4) to Eq. (6). 121 

𝜀௖௢ ൌ ቀ
𝑛

𝑛 െ 1
ቁ ቆ

𝑓௖௢
ᇱ

𝐸௖
ቇ (4) 

𝑘 ൌ 1 𝑓𝑜𝑟 𝑧 ൑ 1 (5) 

𝑘 ൌ 0.67 ൅
𝑓௖௢

ᇱ

62
𝑓𝑜𝑟 𝑧 ൐ 1 (6) 

The recommendation in Hardjito et al. [43] was used for the calculation of the modulus of 122 

elasticity of GPC (Eq. 7). 123 

𝐸ீ௉஼ ൌ 2707ඥ𝑓௖௢
ᇱ ൅ 5300 ሺMPaሻ (7) 

2.1.2 Modeling of steel reinforcement 124 

The stress in the steel bar (fs) was determined using the elastic modulus and the strain in the 125 

steel bar (εs), as presented in Eq. (8). It is noted that the relationship shown in Eq. (8) is based 126 

on the elastic perfectly plastic behavior of the steel bar. 127 

𝑓௦ ൌ 𝐸௦𝜀௦ ൑ 𝑓௬ (8) 

where fy and Es are the yield stress and the elastic modulus of the steel bar, respectively.  128 

 129 
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2.2 Modeling of FRP reinforced GPC filled FRP tube columns 130 

The GPC in the FRP reinforced GPC filled FRP tube circular columns was modeled as the 131 

confined geopolymer concrete. 132 

2.2.1 Modeling of confined GPC 133 

The stress-strain model for FRP confined GPC is not available in the literature. Ahmad et al. 134 

[36] tested FRP confined GPC and compared the test results with different confinement models 135 

available for FRP confined OPCC. Ahmad et al. [36] reported that the model presented in 136 

Youssef et al. [44] for FRP confined OPCC was able to predict the peak compressive stress 137 

and corresponding strain of FRP confined GPC with the least average absolute error. Also, the 138 

stress-strain curve of the FRP confined GPC developed using Youssef et al. [44] model was 139 

close to the experimental stress-strain curve of the FRP confined GPC. Thus, the model 140 

suggested in Youssef et al. [44] with a few modifications was adopted in this study for 141 

modeling the behavior of FRP confined GPC. One of the modifications was replacing the 142 

elastic modulus of OPCC with the elastic modulus of GPC, which was determined using Eq. 143 

(7). Also, Lam and Teng [45] observed that the use of actual maximum confinement pressure 144 

of the FRP confinement could result in better prediction of confined concrete behavior, as 145 

compared to the use of maximum confinement pressure. The actual maximum confinement 146 

pressure is based on the hoop rupture strain of the FRP confinement. The maximum 147 

confinement pressure provided by the FRP tube in the model proposed by Youssef et al. [44] 148 

was replaced with the actual maximum confinement pressure, which can be calculated based 149 

on the recommendation in ACI 440.2R-17 [41]. 150 

Youssef et al. [44] presented the stress-strain model for FRP confined OPCC with two branches 151 

and is expressed by Eqs. (9) and (10). 152 
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𝑓௖ ൌ 𝜀௖𝐸ீ௉஼ ቈ1 െ ଵ

௡ᇲ ቀ1 െ ாమ

ாಸು಴
ቁ ቀ

ఌ೎

ఌ೟
ቁ

௡ᇲିଵ
቉      for       0 ൑ 𝜀௖ ൑ 𝜀௧ (9) 

𝑓௖ ൌ 𝑓௧ ൅ 𝐸ଶሺ𝜀௖ െ 𝜀௧ሻ       for          𝜀௧ ൑ 𝜀௖ ൑ 𝜀௖௨ (10) 

where fc, εc, EGPC and E2 are the stress at any point of confined GPC, strain at any point of 153 

confined GPC, modulus of elasticity of GPC determined from Eq. (7) and slope of the second 154 

branch of the stress-strain curve, respectively. The stress and strain at the transition point 155 

between the two branches of the stress-strain curve are denoted by ft and εt, respectively. The 156 

factor n' is the curve fitting factor and can be determined from Eq. (11). 157 

𝑛ᇱ ൌ
ሺ𝐸ீ௉஼ െ 𝐸ଶሻ𝜀௧

𝐸ீ௉஼𝜀௧ െ 𝑓௧
 (11) 

The stress and strain at the transition point can be determined using Eqs. (12) and (13), 158 

respectively. 159 

𝑓௧ ൌ 𝑓௖௢
ᇱ ൅ 3𝑓௖௢

ᇱ ൬
𝜌௙௥௣𝐸௙௥௣𝜀௧௙௥௣

𝑓௖௢
ᇱ ൰

ଵ.ଶହ

 (12) 

𝜀௧ ൌ 0.002748 ൅ 0.1169 ൬
𝜌௙௥௣𝐸௙௥௣𝜀௧௙௥௣

𝑓௖௢
ᇱ ൰

଺
଻

ቆ
𝑓௙௥௣

𝐸௙௥௣
ቇ

ଵ
ଶ
 (13) 

where ffrp, ρfrp and εtfrp are the ultimate tensile stress of the FRP tube in the circumferential 160 

direction as determined from the material tests, volumetric ratio of the FRP tube confinement 161 

and strain in the FRP tube at the transition point, respectively. The volumetric ratio of FRP 162 

tube confinement can be determined using Eq. (14). 163 

𝜌௙௥௣ ൌ
4𝑡
𝐷

 (14) 

where t is the thicknes and D is the diameter of the FRP tube, respectively. The strain in the 164 

FRP tube at the transition point (εtfrp) was considered 0.002, as suggested by Youssef et al. [44]. 165 

The slope of the second branch of the stress-strain curve can be determined using Eq. (15). 166 

𝐸ଶ ൌ
𝑓௖௖

ᇱ െ 𝑓௖௢
ᇱ

𝜀௖௨ െ 𝜀௧
 (15) 
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The ultimate compressive stress (fcc') and ultimate compressive strain (εcu) conditions of the 167 

FRP confined GPC were determined with the relationships presented in Eqs. (16) and (17), 168 

respectively.  169 

𝑓௖௖
ᇱ ൌ 𝑓௖௢

ᇱ ൅ 2.25𝑓௖௢
ᇱ ൬

𝑓௟,௔

𝑓௖௢
ᇱ ൰

ଵ.ଶହ

 (16) 

𝜀௖௨ ൌ 0.003368 ൅ 0.2590 ൬
𝑓௟,௔

𝑓௖௢
ᇱ ൰ ቆ

𝑓௙௥௣

𝐸௙௥௣
ቇ

଴.ହ

 (17) 

where fl,a is the actual confinement pressure, which can be determined using Eq. (18), as 170 

recommended in ACI 440.2R-17 [41]. 171 

𝑓௟,௔ ൌ
2𝐸௙௥௣𝑡𝜀௛,௥௨௣

𝐷
 (18) 

𝜀௛,௥௨௣ ൌ 𝑘ఌ𝜀௙௥௣ (19) 

where εh,rup is the rupture strain of FRP tube in the circumferential direction, which can be 172 

determined by using Eq. (19). In Eq. (19), εfrp is the ultimate tensile strain of the FRP tube in 173 

the circumferential direction and kε is the FRP strain efficiency factor, as defined in ACI 174 

440.2R-17 [41]. A value of 0.55 was used for the FRP strain efficiency factor, as recommended 175 

in ACI 440.2R-17 [41].  176 

2.2.2 Modeling of FRP bars 177 

The stress in the FRP reinforcing bar (fb) at a particular strain (εb) was determined as a function 178 

of the elastic modulus of the FRP bar (Eb). The relationship between stress and strain of the 179 

FRP bar is linear elastic until the rupture of FRP bar and is expressed as Eq. (20).  180 

𝑓௕ ൌ 𝐸௕𝜀௕ (20) 

 181 

 182 
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3. Analytical load moment interactions 183 

Based on the presented material models, an analytical model for the P-M interaction diagram 184 

of FRP reinforced GPC filled FRP tube column was developed. The development of the 185 

analytical model for the P-M interaction diagram has been briefly discussed below. 186 

3.1 Columns under concentric load 187 

The first point on a P-M interaction diagram is on the load axis representing the column under 188 

concentric axial load. The axial load capacity (Pns) of the steel reinforced GPC column was 189 

calculated using Eq. (21), as suggested in ACI 318-19 [38]. A similar expression was also used 190 

for modelling the steel reinforced geopolymer concrete columns in Farhan et al. [40] 191 

𝑃௡௦ ൌ 𝛼𝑓௖
ᇱ൫𝐴௚ െ 𝐴௦൯ ൅ 𝑓௬𝐴௦ (21) 

where α is the strength reduction factor; fc' is the average compressive strength of concrete at 192 

28 days; fy is the yield strength of steel; Ag represents the gross cross-sectional area of the 193 

column; As refers to the cross-sectional area of steel bars, respectively. The axial load capacity 194 

(Pnb) of FRP reinforced GPC filled FRP tube columns was calculated using Eq. (22), developed 195 

based on the recommendations in Maranan et al. [22]. Maranan et al. [22] found that the 196 

contribution of FRP bars by considering the elastic modulus and failure strain of FRP bars 197 

resulted in the most accurate predictions for the nominal capacity of the FRP reinforced GPC 198 

columns. However, the equation proposed by Maranan et al. [22] did not account for the FRP 199 

tube confinement. Therefore, the equation proposed by Maranan et al. [22] has been modified 200 

as Eq. (22) to account for the confined GPC strength in addition to the FRP bars contribution 201 

in the load carrying capacity of the FRP reinforced GPC filled FRP tube columns. 202 

𝑃௡௕ ൌ 𝛼𝑓௖௖
ᇱ ൫𝐴௚ െ 𝐴௕൯ ൅ 𝐸௕𝜀௙𝐴௕ (22) 

where Ab is the cross-sectional area of FRP bars and εf  is the strain in the FRP bar at failure. It 203 

was assumed that the bond between the FRP bar and surrounding GPC is perfect. A similar 204 
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assumption was made in several research studies [20, 24, 33]. Therefore, the strain in the FRP 205 

bar at the failure of the column was considered to be equal to εcu for the FRP reinforced GPC 206 

filled FRP tube columns. The strength reduction factor (α) of 0.85 has been adopted in 207 

numerous research studies on OPCC columns [20, 31, 32]. However, Maranan et al. [22] 208 

recommended that the strength reduction factor for GPC should be higher than the strength 209 

reduction factor for OPCC. Hence, the strength reduction factor for GPCC was considered as 210 

0.9, based on the recommendation in Maranan et al. [22]. 211 

3.2 Columns under eccentric and flexural load 212 

The load and moment capacity of the columns under eccentric and pure bending loads were 213 

determined using the layer-by-layer numerical integration method. This method has been used 214 

in several research studies for the development of P-M interaction curves [24, 31, 33, 40]. The 215 

feasibility of this method to investigate the P-M interaction behavior of the FRP tube confined 216 

FRP reinforced GPC has not been assessed yet. In this method, the cross-section of the column 217 

was assumed to consist of m horizontal layers, as shown in Fig. 1. The accuracy of the result 218 

increases with the reduction in the thickness of the layer. Thus, in this study, the thickness of 219 

each layer was assumed to be 1 mm. Figures 1(a) and 1(b) show the strain, stress and force 220 

distribution along the cross-section of steel reinforced GPC column and FRP reinforced GPC 221 

filled FRP tube column, respectively. The following assumptions were made for developing 222 

the analytical procedure. 223 

a. A plane section remains plane before and after bending. 224 

b. The strain distribution along the cross-section of the column is linear. 225 

c. The strain in a single layer is uniform. 226 

d. The tensile strength of GPC is ignored, as the tensile strength of GPC is significantly lower 227 

than its compressive strength. 228 
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e. The compressive strength of FRP tube is ignored, as the majority of the fibers in the tube 229 

were oriented in the hoop direction and did not contribute to the strength in the longitudinal 230 

direction. 231 

f. The bond between steel or FRP bars and surrounding GPC is perfect. 232 

g. The composite action between the FRP tube and GPC is fully developed. 233 

A neutral axis depth (c) was assumed to start the procedure. The strain at the center of each 234 

layer can be determined using Eq. (23). 235 

𝜀௖௜ ൌ ቎
𝑐 െ ቀ𝑖 െ 1

2ቁ 𝑡௜

𝑐
቏ 𝜀௖௨ (23) 

where i is the number of the layer from extreme compression face, ti is the thickness of the 236 

layer and εcu is the ultimate concrete strain at the extreme compression face. The value of εcu 237 

was used as 0.003 for steel reinforced unconfined GPC columns. Whereas for the FRP tube 238 

confined columns, εcu was calculated using Eq. (17). The stress (fci) in each layer of concrete 239 

for steel reinforced GPC columns was calculated using Eq. (1). The fci for confined GPC in 240 

case of tube confined columns was calculated using the stress-strain model presented in Eqs. 241 

(9) and (10). The force resulting in each concrete layer (Fci) for steel bar reinforced GPC 242 

columns or FRP tube confined GPC columns was calculated using Eq. (24). 243 

𝐹௖௜ ൌ 𝑓௖௜𝐴௜ (24) 

where Ai is the area of concrete layer only, which was calculated by multiplying the thickness 244 

of the layer (1 mm in this study) with the average width (bi). The average width (bi) is the width 245 

of the concrete layer, excluding the external FRP tube, which was calculated using Eq. (25). 246 
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𝑏௜ ൌ 2ඨ൬
𝐷
2

൰
ଶ

െ ൜
𝐷
2

െ ൬𝑖 െ
1
2

൰ 𝑡௜ൠ
ଶ

 (25) 

where ti refers to the thickness of the layer; D refers to the diameter of the infill concrete. The 247 

average width for FRP tube confined columns (bo) was calculated using Eq. (25) by replacing 248 

D with Do (outer diameter of FRP tube). For the FRP tube confined GPC columns, the tensile 249 

force due to the FRP tube at mid-height of each layer was determined using Eq. (26). 250 

𝐹௧௜ ൌ 𝐸௟௙௥௣𝜀௖௜ሺ𝐴௢ െ 𝐴௜ሻ (26) 

where Elfrp is the elastic modulus of FRP tube in the longitudinal direction and Ao is the total 251 

area of the layer, including the concrete and the FRP tube, which was determined by 252 

multiplying the total width of the layer (bo) with the thickness of the layer (ti). The tensile force 253 

in the concrete was assumed to be zero for the layers under tension. Similarly, the compressive 254 

force (Fti) in the FRP tube was assumed to be zero, where the layers were subjected to 255 

compressive strain. The strain in each reinforcing bar (either steel (εsi) or FRP (εbi)) was 256 

calculated using Eq. (27) 257 

𝜀௜ ൌ ൤
𝑐 െ 𝑑௜

𝑐
൨ 𝜀௖௨ (27) 

where di is the distance of the reinforcing bar from the extreme compression fiber. The stresses 258 

in each steel and FRP reinforcing bar were calculated using Eqs. (28) and (29), respectively. 259 

𝑓௦௜ ൌ 𝐸௦𝜀௦௜ ൑ 𝑓௬ (28) 

𝑓௕௜ ൌ 𝐸௕𝜀௕௜ ൑ 𝑓௕௨ (29) 

The forces in each steel bar (Fsi) and FRP bar (Fbi) were determined using Eqs. (30) and (31), 260 

respectively. 261 
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𝐹௦௜ ൌ 𝑓௦௜𝐴௦௜ (30) 

𝐹௕௜ ൌ 𝑓௕௜𝐴௕௜ (31) 

The areas of the longitudinal steel reinforcing bars and FRP reinforcing bars were taken into 262 

account in the calculation of forces of both the concrete and the reinforcement bars. Therefore, 263 

the contribution of the concrete area substituted by reinforcement bars was deducted from the 264 

load and moment capacities to avoid overestimation. The strain in concrete at the level of 265 

reinforcing bar (εcdi) was calculated using Eq. (27). The stress in the concrete (fcdi) at the level 266 

of the respective reinforcing bar was calculated by replacing the respective strain (εcdi) in Eq. 267 

(1) for steel reinforcement and Eqs. (9) and (10) for FRP reinforcement. The compressive force 268 

and corresponding moment due to the concrete at the reinforcing bar area were calculated using 269 

Eq. (32) and Eq. (33), respectively. 270 

𝐹௖ௗ௜ ൌ 𝑓௖ௗ௜𝐴௜ (32) 

𝑀௖ௗ௜ ൌ 𝐹௖ௗ௜ ൬
𝐷
2

െ 𝑑௜൰ (33) 

where Ai is the area of the steel bar (Asi) or the FRP bar (Abi) at any level, fcdi is the stress at the 271 

level of the steel bar (fsdi) or the FRP bar (fbdi), Fcdi is the force in the area of concrete replaced 272 

by the steel bar (Fsdi) or the FRP bar (Fbdi), and Msdi is the moment due to the area of concrete 273 

replaced by the steel bar (Msdi) or FRP bar (Mbdi). 274 

The eccentric load capacities of the steel reinforced GPC columns (Pns) and FRP reinforced 275 

GPC filled FRP tube columns (Pnb) were determined using Eqs. (34) and (35), respectively. 276 

𝑃௡௦ ൌ ෍ሺ𝐹௖௜ ൅ 𝐹௧௜ሻ ൅ ෍ 𝐹௦௜ െ ෍ 𝐹௦ௗ௜ (34) 
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𝑃௡௕ ൌ ෍ሺ𝐹௖௜ ൅ 𝐹௧௜ሻ ൅ ෍ 𝐹௕௜ െ ෍ 𝐹௕ௗ௜ (35) 

The moment capacities of the steel reinforced GPC columns (Mns) and the FRP reinforced GPC 277 

filled FRP tube columns (Mnb) were calculated by using Eqs. (36) and (37), respectively. 278 

𝑀௡௦ ൌ ෍ሺ𝐹௖௜ሻ ൜
𝐷
2

െ ൬𝑖 െ
1
2

൰ 𝑡௜ൠ ൅ ෍ 𝐹௦௜ ൬
𝐷
2

െ 𝑑௜൰ െ ෍ 𝑀௦ௗ௜ (36) 

𝑀௡௕ ൌ ෍ሺ𝐹௖௜ ൅ 𝐹௧௜ሻ ൜
𝐷௢

2
െ ൬𝑖 െ

1
2

൰ 𝑡௜ൠ ൅ ෍ 𝐹௕௜ ൬
𝐷௢

2
െ 𝑑௜൰ െ ෍ 𝑀௕ௗ௜ (37) 

The developed methodology was programmed in MS Excel to calculate the load and moment 279 

capacity at a particular eccentricity. 280 

4. Validation of the developed methodology 281 

4.1 Brief description of experimental results 282 

The experimental program used to validate the developed methodology for the P-M interaction 283 

behavior of the FRP reinforced GPC filled FRP tube column consisted of twelve specimens. 284 

The experimental results and the details of the preparation, instrumentation and testing 285 

procedure have already been presented in Hadi et al. [29] and Ahmad et al. [37]. Table 1 shows 286 

the test matrix used in this study. The specimens were classified in three groups. The first group 287 

consisted of the steel reinforced GPC reference (R) columns with 200 mm diameter and 800 288 

mm height. The steel reinforced specimens were reinforced longitudinally with 12 mm 289 

diameter steel bars and transversally with helices of 10 mm plain steel bar with 60 mm pitch. 290 

The second group included BFRP bar reinforced GPC filled BFRP tube columns (BGBT). The 291 

specimens in the second group were reinforced internally with 15 mm diameter longitudinal 292 

BFRP bars. The third group included glass FRP (GFRP) bar reinforced GPC filled GFRP tube 293 

columns (GGGT). The diameter of GFRP bars used for reinforcing the third group was 17 mm. 294 
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The internal diameter of both the GFRP and BFRP tubes was 200 mm with a thickness of 1.5 295 

mm. The height of each tube column was 812 mm. Each group consists four specimens. One 296 

specimen from each group was subjected to pure concentric axial load. Two specimens of each 297 

group were subjected to eccentric axial loads: one under 25 mm and one under 50 mm 298 

eccentricity. The last specimen from each group was subjected to pure flexural load.  299 

The average compressive strength of GPC at 28 days was 47 MPa determined by testing the 300 

cylinder of 153 mm diameter and 306 mm height. The steel and FRP bars were tested in tension 301 

in accordance with AS1391-07 [46] and ASTM D7205/D7205M-11 [47], respectively. The 302 

average tensile strength of steel, BFRP and GFRP bars was 650 MPa, 778 MPa and 749 MPa, 303 

respectively. The elastic modulus of BFRP and GFRP bars was 34.3 GPa and 36.8 GPa, 304 

respectively. The FRP bars were also tested in compression as per ASTM D695-15 [48]. The 305 

compressive strength of BFRP and GFRP bars was 517 MPa and 472 MPa, respectively. It can 306 

be observed that the tensile and compressive strength of BFRP bar is higher than the GFRP 307 

bar. However, the elastic modulus of BFRP bar is lower than the GFRP bar. The elastic 308 

modulus of the BFRP and GFRP tubes in the circumferential direction was 42.3 GPa and 57 309 

GPa, respectively, tested in accordance with ASTM D2290-08 [49]. The details of the tests 310 

conducted to determine the mechanical properties of the materials can be found in Hadi et al. 311 

[29] and Ahmad et al. [37]. 312 

All the specimens were tested under concentric, eccentric and four-point bending loads. The 313 

experimental test setup, loading mechanism, detailed test results and discussion can be found 314 

in Hadi et al. [29] and Ahmad et al. [37]. It was observed that in the steel reinforced specimens, 315 

the failure started with the spalling of the concrete cover and was followed by the buckling of 316 

the longitudinal steel bars. The rupture of the steel helix and the crushing of the GPC resulted 317 

in the failure of the steel reinforced specimens. In the FRP reinforced GPC filled FRP tube 318 

columns, the failure initiated with the rupture of the internal FRP bars. Afterwards the 319 
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specimens experienced the complete failure with the rupture of the FRP tube. Experimental P-320 

M interaction points were determined for all the specimens. The experimental load and moment 321 

values are shown in Table 2. The experimental P-M interactions were plotted in Fig. 2 for all 322 

three groups of specimens. For concentric and eccentric loaded specimens, the axial load was 323 

determined as the peak load resisted by each specimen. For eccentrically loaded specimens, the 324 

bending moment was determined using Eq. (38) 325 

𝑀 ൌ 𝑃ሺ𝑒ሻ (38) 

where M, P and e are the moment capacity, peak load and eccentricity, respectively. For the 326 

specimens tested under flexural load, the moment was calculated using Eq. (39) 327 

𝑀 ൌ
𝑃𝑙
6

 (39) 

where P is the peak load experienced by the test specimen under flexural load and l is the span 328 

of the test specimen. 329 

4.2 Comparison of experimental and analytical P-M interactions 330 

Table 2 shows the experimental and analytical loads and moments for each tested specimen. 331 

The experimental P-M interaction points for all the three groups are compared with the 332 

analytical P-M interaction points in Fig. 2. It can be observed from Fig. 2(a) that for Group R, 333 

the stress-strain model presented in Sarker [39] provided reasonable correlations with the 334 

experimental P-M interaction diagram. For Specimens R-0, R-25 and R-50, the analytical axial 335 

loads calculated with the proposed model were 88%, 75% and 80% of the experimental loads, 336 

respectively. Also, the analytical moments calculated with the same model for Specimens R-337 

25, R-50 and R-F were 76%, 80% and 78% of the experimental moments, respectively. The 338 

difference between the experimental and analytical results might be due to the assumptions 339 

made in this study. Although the contribution of the steel helices was ignored, the steel helices 340 
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might have provided some confinement in increasing the compressive strength of concrete, 341 

which might led to the difference in analytical and experimental capacities. It can be noticed 342 

from Fig. 2(a) that the analytical P-M interaction curve drawn with the developed model 343 

matched well with the experimental P-M interaction curve. This shows that the model 344 

developed in this study is conservative and can be used to design the steel reinforced GPC 345 

columns. 346 

The comparison of the experimental and the analytical P-M interaction diagrams for Groups 347 

BGBT and GGGT is shown in Figs. 2(b) and 2(c), respectively. The analytical load capacity 348 

calculated with the proposed model for Specimens BGBT-0, BGBT-25, BGBT-50, GGGT-0, 349 

GGGT-25 and GGGT-50 was 91%, 95%, 106%, 80%, 87% and 91% of the experimental load 350 

capacity, respectively. This shows that the proposed model conservatively predicted the load 351 

capacity of all the specimens in both the groups except Specimen BGBT-50. 352 

The analytical moment capacities calculated with the proposed model for Specimens BGBT-353 

25, BGBT-50, BGBT-F, GGGT-25, GGGT-50 and GGGT-F were 95%, 106%, 99%, 87%, 354 

91% and 99% of the experimental moment capacity, respectively. The load and moment 355 

capacities for Specimen BGBT-50 were overestimated by 6%. This might be due to the minor 356 

misalignment and increase in the load eccentricity, which caused the reduction in the 357 

experimental axial load and moment capacities. It is worth noting that because the material 358 

used for longitudinal and transverse reinforcement would affect the overall column 359 

performance, some differences in the column failure modes were anticipated during the 360 

experiments when the GFRP was used instead of BFRP. The brittleness of GFRP bars and 361 

tubes was higher than the birttleness of BFRP bars and tubes, respectively. The increased 362 

brittleness resulted in the earlier rupture of GFRP bars and tubes. This could have possibly 363 

resulted in the initiation of earlier failure of the GFRP reinforced columns as compared to the 364 

BFRP reinforced columns, which resulted in the lower accuracy for GFRP reinforced columns. 365 
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 It can be noticed from Fig. 2(b) and Fig. 2(c) that the proposed model reasonably predicted 366 

the load and moment capacities of the FRP reinforced GPC filled FRP tube columns. 367 

Therefore, it can be deduced that the analytical procedure developed using the stress-strain 368 

model of Youssef et al. [44] can be used for the development of the P-M interaction behavior 369 

of FRP reinforced GPC filled FRP tube columns. 370 

5. Parametric study 371 

The developed analytical approach presented in this study was used to conduct a parametric 372 

study. The influence of the compressive strength of GPC (fc'), longitudinal reinforcement ratio 373 

(ρ) and the confinement ratio (fla/fco) on the P-M interaction behavior of the FRP bar reinforced 374 

GPC filled FRP tube columns was investigated. All the other parameters, including cross-375 

sectional dimension and height of the column, were used similar to those used in the 376 

experimental study. 377 

5.1 Effect of the compressive strength of GPC 378 

Six different compressive strengths of GPC (30, 40, 50, 60, 70 and 80 MPa) were used to 379 

ascertain the effect on the P-M interaction behavior of the FRP bar reinforced GPC filled FRP 380 

tube column. Figures 3(a) and 3(b) show the effect of the compressive strength of GPC on P-381 

M interaction behavior of Groups BGBT and GGGT, respectively. As expected, the increase 382 

in the compressive strength of GPC led to an overall increase in the load and moment capacities 383 

of both groups. With the increase of fc'  of GPC from 30 MPa to 80 MPa, Groups BGBT and 384 

GGGT experienced an average increase of 58% in the concentric axial load carrying capacity 385 

and 13% in the pure bending moment capacity. Figure 4 and 5 show the variations of the load 386 

and moment capacities of the specimens, respectively, by increasing the compressive strength 387 

of GPC. It can be observed that the relationship of the load and moment capacities with the 388 

compressive strength of GPC is linear. Also, the slope of the curves in Fig. 4 and 5 shows that 389 
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due to the increase in the compressive strength of GPC, the maximum increase was observed 390 

in the concentric load capacity of the specimens, and the minimum increase was observed in 391 

the moment capacity of the specimens tested in four-point bending. It can be attributed to the 392 

fact that the compressive strength of GPC has a dominant role in the axial load carrying 393 

capacity of the column as compared to the pure bending moment capacity of the column. Thus, 394 

the load and moment capacities of the FRP bar reinforced GPC filled FRP tube columns can 395 

be significantly improved with the use of high strength GPC. 396 

5.2 Effect of the longitudinal reinforcement ratio    397 

The longitudinal reinforcement ratio (ρ) is one of the main parameters in the P-M interaction 398 

behavior of the proposed column type. The minimum and maximum limits of the longitudinal 399 

reinforcement ratio in a column as per ACI 318-19 [38] are 1% and 8%, respectively. Five 400 

different longitudinal reinforcement ratios (1.45%, 2.46%, 3.27%, 5.25% and 7.05%) for 401 

different FRP bar sizes (10 mm, 13 mm, 15 mm, 19 mm and 22 mm) were used to conduct the 402 

parametric study. The longitudinal reinforcement ratios were varied while keeping all the other 403 

parameters constant. A similar approach was adopted to study the effect of longitudinal 404 

reinforcement ratio on the P-M interaction curve in several research studies [20, 24, 31, 32, 405 

40]. The influence of the longitudinal reinforcement ratio on the P-M interaction behavior of 406 

Group BGBT and GGGT is shown in Figs. 6(a) and 6(b), respectively. It can be observed that 407 

Groups BGBT and GGGT experienced an average increase of 31% in the concentric load 408 

capacity and 41% in the pure bending capacity when the ρ was increased from 1.45% to 7.05%. 409 

Figures 7 and 8 show the variation of the load and moment capacities of the specimens, 410 

respectively, with the increase in the reinforcement ratio. It can be observed that the 411 

relationship of the reinforcement ratio with the load and moment capacities is linear. The 412 

enhancement of pure bending capacity with the increase of the reinforcement ratio was 413 

significant. This is because, under pure bending conditions, the internal FRP bars were in 414 
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tension and the tensile strength of FRP bar is higher than its compressive strength. In addition, 415 

it can be noticed that with the increase in ρ, Groups BGBT and GGGT showed almost a similar 416 

increase in the load and moment capacities of both the groups. 417 

5.3 Effect of the confinement ratio    418 

The confinement ratio (fla/fco) also influences the load and moment capacities of the confined 419 

specimens. Five different confinement ratios (0.1, 0.15, 0.2, 0.25 and 0.3) were used to 420 

ascertain its effect on the P-M interaction behavior of the FRP bar reinforced GPC filled FRP 421 

tube columns. The confinement ratios were selected to satisfy the condition of minimum 422 

confinement ratio for developing a strain hardening response. The ACI 440.2R-17 [41] 423 

recommended a minimum confinement ratio of 0.08 to assure a non-descending second branch 424 

of the stress-strain curve. The confinement ratios were varied while keeping all the other 425 

parameters constant. The influence of the confinement ratio on the P-M interaction behavior of 426 

Group BGBT and GGGT is shown in Figs. 9(a) and 9(b), respectively. It can be observed that 427 

Groups BGBT and GGGT experienced an average increase of 45% in the concentric load 428 

capacity and 57% in the pure bending capacity when the fla/fco increased from 0.1 to 0.3. Also, 429 

Fig. 10 and Fig. 11 show that the load and moment capacities of the specimens increased 430 

linearly with the increase in the confinement ratio. The increase in the load and moment 431 

capacities due to the increase in the confinement ratio is due to the increase in the confined 432 

concrete strength and confined concrete strain. The increase in confined concrete strain also 433 

led to the increase in the FRP bar strain and thus resulted in a higher increase in the bending 434 

capacity as compared to the concentric load capacity. A similar observation was reported by 435 

Karim et al. [50] for the GFRP reinforced columns confined with GFRP helices. It was also 436 

observed that both Groups BGBT and GGGT experienced almost a similar increase in P-M 437 

capacities with an equal increase in the confinement ratio. This shows that the behaviors of 438 

Group BGBT and GGGT are similar under low and high confinement pressures. 439 
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6. Conclusions 440 

This study investigated the P-M interaction behavior of the GPC filled FRP tube columns 441 

internally reinforced with FRP bars. The layer-by-layer numerical integration approach was 442 

used. The theoretical approach was validated against the experimental results. In addition, a 443 

parametric study was carried out to understand the effects of the compressive strength of GPC 444 

and longitudinal reinforcement ratio on the P-M interaction behavior of the column. The 445 

conclusions deduced from the study are summarized as follows: 446 

1. An analytical model was developed in this study to predict the P-M interaction behavior of 447 

the FRP reinforced GPC filled FRP tube columns. The developed model is capable of 448 

predicting the load and moment capacities of the FRP reinforced GPC filled FRP tube columns 449 

with a reasonable accuracy. 450 

2. The increase of compressive strength of GPC from 30 MPa to 80 MPa resulted in an average 451 

increase of about 58% in the axial load capacity and 13% in pure bending capacity of the FRP 452 

reinforced GPC filled FRP tube columns. 453 

3. The average increase in the moment capacities of the FRP reinforced GPC filled FRP tube 454 

columns was approximately 41%, with the increase of longitudinal reinforcement ratio from 455 

1.45% to 7.05%. Also, the analytical investigation revealed that the increase in moment 456 

capacities for BFRP and GFRP reinforced specimens was similar for the increase of the same 457 

amount of longitudinal reinforcement. 458 

4. The increase of confinement ratio from 0.1 to 0.3 resulted in an average increase of 45% in 459 

the load carrying capacity and 57% in the moment capacity of the FRP reinforced GPC filled 460 

FRP tube columns. The P-M behaviors of the BFRP and GFRP reinforced specimens were 461 

similar to each other under both low and high confinement pressures. 462 

       463 
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Table 1: Test matrix 

Group 
designation 

Specimen 
designation 

Longitudinal 
reinforcement

Lateral 
confinement 

Loading 
eccentricity 

R 

R-0 

Steel bars Steel helix 

0 
R-25 25 

R-50 50 

R-F Flexure 

BGBT 

BGBT-0 

BFRP bars BFRP tube 

0 

BGBT-25 25 

BGBT-50 50 

BGBT-F Flexure 

GGGT 

GGGT-0 

GFRP bars GFRP tube 

0 

GGGT-25 25 

GGGT-50 50 

GGGT-F Flexure 

 

 

Table 2: Experimental and analytical peak loads and moments 

Specimen 
designation 

Experimental Analytical 
Load 
(kN) 

Moment 
(kN.m) 

Load 
(kN) 

Moment 
(kN.m) 

R-0 1946 0 1707 0 

R-25 1207 30 912 23 

R-50 694 35 555 28 

R-F 0 28 0 22 

BGBT-0 1810 0 1649 0 

BGBT-25 1159 29 1101 27 

BGBT-50 660 33 704 35 

BGBT-F 0 34 0 34 

GGGT-0 2283 0 1822 0 

GGGT-25 1354 34 1178 29 

GGGT-50 826 41 753 38 

GGGT-F 0 38 0 37 
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Fig. 1: Stress-strain distribution for the computation of P-M interactions of (a) steel reinforced GPC (b) FRP reinforced GPC filled FRP tube
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(a) 

 
(b) 

 
(c) 

Fig. 2: Experimental and analytical P-M interaction diagrams of (a) Group R; (b) Group 

BGBT; (c) Group GGGT. 
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(a) 

 

(b) 

Fig. 3: Effect of compressive strength of GPC on P-M interaction curves for (a) Group 

BGBT and (b) Group GGGT 
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Fig. 4: Variation of the load carrying capacity of the specimens with the compressive strength 
of GPC 

 

 

Fig. 5: Variation of the moment capacity of the specimens with the compressive strength of 
GPC 
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(a) 

 

(b) 

Fig. 6: Effect of longitudinal reinforcement ratio on P-M interaction curves for (a) Group 

BGBT and (b) Group GGGT 
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Fig. 7: Variation of the load carrying capacity of the specimens with the reinforcement ratio 

 

 

Fig. 8: Variation of the moment capacity of the specimens with the reinforcement ratio 
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(a) 

 

(b) 

Fig. 9: Effect of confinement ratio on P-M interaction curves for (a) Group BGBT and (b) 

Group GGGT 
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Fig. 10: Variation of the load carrying capacity of the specimens with the confinement ratio 

 

 

Fig. 11: Variation of the moment capacity of the specimens with the confinement ratio 

 

 




