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Abstract: This paper presents analytical and experimental studies on the axial load-bending 12 

moment behavior of Glass Fiber Reinforced Polymer (GFRP) bars and helices Reinforced 13 

Concrete (RC) columns. The nominal axial load and bending moment of the columns were 14 

analysed based on the stress-strain behavior of the cross-sectional components. A numerical 15 

integration method was used to determine the compressive force of concrete in the 16 

compression region. The analytical results were verified with experimental results of 12 17 

circular specimens reinforced with GFRP bars and GFRP helices. Out of these 12 specimens, 18 

eight specimens were taken from available literature and four specimens were tested in this 19 

study. The influences of different parameters such as loading conditions, spacing of the GFRP 20 

helices and wrapping the specimens with Carbon Fiber Reinforced Polymer (CFRP) sheets on 21 

the behavior of GFRP-RC specimens were investigated. A parametric study was also carried 22 

out to investigate the effects of longitudinal and transverse GFRP reinforcement ratio and 23 

slenderness ratio on the axial load-bending moment diagrams of GFRP-RC columns. It was 24 
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found that the slenderness effect is more pronounced on the confined cross-sections under 25 

eccentric loads at the ultimate state condition.       26 

Keywords: Reinforced concrete, Column, GFRP bar, CFRP wrapping, Eccentric load 27 

 28 

Introduction 29 

Fiber Reinforced Polymer (FRP) bar is considered as a viable alternative to steel reinforcing 30 

bar in Reinforced Concrete (RC) members particularly in harsh, corrosive, and costal 31 

environments (Bank 2006). This is because steel bars may corrode in such environments and 32 

cause deterioration of RC members. The cost of repair and rehabilitation of deteriorated 33 

structures may be significant (Sheikh and Légeron 2014). For instance, in the United States, 34 

the annual repair and replacement cost for bridge substructures (bridge piers and columns) is 35 

about two billion dollars and for marine piling is about one billion dollars (Mohamed et al. 36 

2014). FRP bars are corrosion-resistant and possess high tensile strength to weight ratio. Steel 37 

bars, however, cannot be simply replaced with GFRP bars due to differences in the 38 

mechanical properties of the two materials (ISIS 2007). Also, FRP bars are anisotropic 39 

materials and their compressive strength are relatively smaller than their tensile strength 40 

(Chaallal and Benmokrane 1993, Benmokrane et al. 1995). A number of experimental studies 41 

were carried out to investigate the influences of replacing steel bars with FRP bars on the 42 

behavior of square and circular concrete columns under concentric loads (De Luca et al. 2010, 43 

Tobbi et al. 2012, Afifi et al. 2014, Mohamed et al. 2014, Karim et al. 2015). It was reported 44 

that the load carrying capacity of the GFRP-RC columns is about 13 to 16% smaller than the 45 

load carrying capacity of the corresponding steel-RC columns. Also, the contribution of the 46 

GFRP longitudinal bars is about 3% to 10% of the total load carrying capacity of the RC 47 

columns compared to the contribution of 12% to 16% for the same amount of longitudinal 48 

steel bars.  49 
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 50 

Experimental studies on the behavior of FRP-RC columns under eccentric loads are limited. 51 

Amer et al. (1996) tested eight rectangular concrete columns reinforced with CFRP bars and 52 

steel ties under different eccentric loads. They observed that the calculated failure loads for 53 

the columns under eccentric loads were higher than the measured failure loads. However, the 54 

calculated and measured failure moments were in close agreement. Mirmiran et al. (2001) 55 

conducted a parametric study on the slenderness effect of FRP-RC columns and suggested to 56 

reduce the slenderness limit from 22 to 17 for GFRP-RC columns with at least 1% 57 

reinforcement ratio. Choo et al. (2006a) observed that FRP-RC cross-section sometimes faced 58 

a brittle tensile rupture of FRP bars before the axial load-bending moment diagrams reach the 59 

pure bending condition. Therefore, Choo et al. (2006b) introduced a set of equations to 60 

determine minimum FRP reinforcement ratio for rectangular cross-section under pure bending 61 

loads. Hadi et al. (2016) carried out experimental studies on GFRP-RC circular columns 62 

under different load conditions. Hadi et al. (2016) reported that GFRP-RC columns 63 

sometimes achieve two peak loads corresponding to the unconfined cross-section (concrete 64 

core and cover) and confined concrete core (concrete cover was considered to have spalled 65 

off). Also, they suggested that the axial load-bending moment diagrams can be drawn based 66 

on five points for over-reinforced FRP-RC short columns.       67 

 68 

Over the last three decades a significant number of studies have been conducted on the effects 69 

of confining concrete columns with FRP sheets and tubes (Hadi 2007, Hadi 2010, Hadi and 70 

Widiarsa 2012, Hadi et al. 2013, Hadi et al. 2015). The studies showed that FRP confinement 71 

can enhance the strength and ductility of the columns. Therefore, in this study CFRP 72 

wrapping technique is used to confine the GFRP-RC columns in order to enhance the load 73 
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carrying capacity and bending moment of the GFRP-RC specimens. Also, CFRP wrapping 74 

works as a barrier when the RC specimens face harsh environments.   75 

 76 

The behavior of GFRP-RC columns (particularly circular cross-section) under eccentric loads 77 

has not been adequately investigated in the available literature. Also, there is no guideline in 78 

ACI 440.1R-15 (ACI 2015) for design of FRP-RC columns. Hence, experimental and 79 

analytical investigations are needed to assess the behavior of GFRP-RC columns. Also, the 80 

parameters that affect the performance of GFRP-RC columns need to be investigated.  81 

 82 

Analytical Consideration 83 

In this study, two types of concrete stress-strain models were considered: one for unconfined 84 

concrete and the other for confined concrete core with GFRP helices and CFRP sheets. 85 

Generally, the stress-strain behavior of concrete in the literature was based on concentric 86 

compression tests. The assumption of using the same stress-strain behavior for concrete in 87 

flexure is widely used for unconfined concrete. However, this assumption is questionable for 88 

the stress-strain behavior of confined concrete (Jiang and Teng 2012). In contrast, 89 

Saadatmanesh et al. 1994, Jiang and Teng 2012, Jiang and Teng 2013 reported that this 90 

assumption is applicable for circular confined concrete cross-sections. Hence, the stress-strain 91 

behavior of unconfined and confined concrete under concentric load was used to represent the 92 

stress-strain behavior of concrete in the compression side under eccentric and flexural loads in 93 

this paper. 94 

 95 

Unconfined concrete stress-strain model 96 

A continuous curve proposed by Popovics (1973) is adopted to model the stress-strain 97 

behavior of unconfined concrete. 98 
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௖݂ ൌ
௖݂௢
ᇱ ߤ ሺߝ௖ ⁄௖௢ߝ ሻ

ߤ െ 1 ൅ ሺߝ௖ ⁄௖௢ߝ ሻఓ
 (1) 

ߤ ൌ
ଵܧ

ଵܧ െ ௖݂௢
ᇱ ⁄௖௢ߝ

 (2) 

௖௢ߝ ൌ 0.0005 ௖݂௢
ᇱ ଴.ସ ሺMPaሻ (3) 

ଵܧ ൌ 4730ඥ ௖݂௢
ᇱ ሺMPaሻ (4) 

where ߝ௖ is the axial concrete strain at any concrete stress ሺ ௖݂ሻ, ௖݂௢
ᇱ  is the unconfined concrete 99 

strength which is equal to 85% of cylinder compressive strength ሺ ௖݂
ᇱሻ at age 28-days, ߝ௖௢ is 100 

the unconfined concrete strain corresponding to ௖݂௢
ᇱ , and ܧଵ is the elastic modulus of concrete 101 

(ACI 2014).      102 

 103 

Confined concrete stress-strain model 104 

A confined stress-strain model proposed in Lam and Teng (2003) is adopted to model the 105 

stress-strain behavior of confined concrete core. 106 

௖݂ ൌ ௖ߝ	ଵܧ െ
ሺܧଵ െ ଶሻଶܧ

4 ௖݂௢
ᇱ ௖ଶߝ for ௖ߝ ൏ ௧ (5a)ߝ

௖݂ ൌ ௖݂௢
ᇱ ൅ ଶܧ ௖ߝ for ௧ߝ ൑ ௖ߝ ൑ ௖௖ (5b)ߝ

௧ߝ ൌ
2 ௖݂௢

ᇱ

ଵܧ െ ଶܧ
 (6) 

ଶܧ ൌ
௖݂௖
ᇱ െ ௖݂௢

ᇱ

௖௖ߝ
 (7) 

where ܧଶ is the slope of the second ascending part of stress–strain curve of confined concrete, 107 

 ௧ is the strain corresponding to the transition point between the first and the second 108ߝ

ascending parts of stress–strain curve of confined concrete and ߝ௖௖ is the compressive axial 109 

strain corresponding to the ultimate confined concrete strength ሺ ௖݂௖
ᇱ ሻ. The ௖݂௖

ᇱ  and ߝ௖௖ can be 110 

calculated using Eqs. (8) and (9) as proposed in Karim et al. (2014).    111 
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௖݂௖
ᇱ ൌ ݇௖ ௖݂௢

ᇱ  (8) 

௖௖ߝ ൌ ݇௖
ଶ  ௖௢ (9)ߝ

݇௖ ൌ
௖݂௢
ᇱ ൅ 5 ௟݂

௖݂௢
ᇱ ൅ 0.5 ௟݂

 (10)

where ݇௖ is the confinement coefficient factor and ௟݂ is the lateral pressure which can be 112 

calculated using Eqs. (11) and (12) for GFRP helices and CFRP sheets, respectively. 113 

௟݂ ൌ
ߨ ݀௕

ଶ ݇ఌ ௙݂௕

2 ݀௖ ݏ
 (11)

௟݂ ൌ
2 ௙ݐ ݇ఌ ௙݂௨

݄
 (12)

where 	݀௕ is the diameter of the helices bars, ݇ఌ is the ratio of the hoop rupture strain to the 114 

ultimate tensile strain of the confining materials, ௙݂௕ is the tensile strength of the bent GFRP 115 

bar or GFRP helix, ݀௖ is the diameter of the confined concrete core which is enclosed by the 116 

centerline of the helices, ݏ is the pitch of the GFRP helices, ݐ௙ is the total thickness of the 117 

CFRP sheets, ௙݂௨ is the ultimate tensile strength of the CFRP sheets and ݄ is the diameter of 118 

the specimens. The value of ݇ఌ is recommended to be 0.55 for the CFRP sheets in ACI 119 

440.2R-08 (ACI 2008). However, ݇ఌ = 0.55 underestimates the actual value of the ݇ఌ (Bisby 120 

and Ranger 2010, Hadi et al. 2013). Therefore, the value of ݇ఌ was found using Eq. (13), as 121 

proposed in Ozbakkaloglu and Lim (2013). 122 

݇ఌ ൌ 0.9 െ 2.3 ௖݂௢
ᇱ ਀ 10ିଷ െ 0.75 ௙ܧ ਀ 10ି଺ (13)

where ܧ௙ is the tensile elastic modulus of the CFRP sheets. The value of ݇ఌ for the GFRP 123 

helices has not been generalized due to insufficient experimental studies. Hence, the recorded 124 

strain value for the GFRP helices was used in this study as reported in the experimental 125 

results. The tensile strength of the bent GFRP bar or helix is lower than its ultimate tensile 126 

strength because GFRP bars are not isotropic. Hence, different directions of the applied load 127 

lead to the reduction of the ultimate tensile strength of the GFRP bars (Ahmed et al. 2010). 128 
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The tensile strength of the GFRP helices can be found using Eq. (14), as recommended in 129 

ACI 440.1R-15 (ACI 2015).  130 

௙݂௕ ൌ ൬0.05
௕ݎ
݀௕

൅ 0.3൰ ௙݂௨ ൑ ௙݂௨ (14)

where ݎ௕ is the inner radius of the helices and ௙݂௨ is the ultimate tensile strength of the GFRP 131 

straight bars. For the specimens in the third group (CG6-G60), the concrete cover was 132 

confined only by the CFRP sheets, so the ௟݂ in Eq. (8) was calculated using Eq. (12). Also, 133 

concrete core was confined by the GFRP helices and the CFRP sheets, so the ௟݂ in Eq. (8) was 134 

calculated using the combination of both Eqs. (11) and (12). The confined concrete strength 135 

for the gross cross-section can be found using Eq. (15), as recommended in Lee et al. 2010, 136 

Hu and Seracino 2014, Shirmohammadi et al. 2015. 137 

௖݂௖
ᇱ ൌ

	 ௖݂௖,௖௢௩௘௥ᇱ ௖௢௩௘௥ܣ ൅ ௖݂௖,௖௢௥௘
ᇱ ௖௢௥௘ܣ

௚ܣ
 (15)

where ௖݂௖,௖௢௩௘௥
ᇱ 	and	 ௖݂௖,௖௢௥௘ᇱ  are the confined concrete strength of the concrete cover and core, 138 

respectively, and ܣ௖௢௩௘௥	and		ܣ௖௢௥௘ are the areas of concrete cover and core, respectively, and 139 

 ௚ is the gross area of the concrete cross-section. 140ܣ

  141 

Analytical peak axial load-bending moment diagrams 142 

Based on the observations in Hadi et al. (2016), two analytical peak axial load-bending 143 

moment ሺ ௡ܲ െ  ௡ሻ diagrams were drawn for the GFRP-RC specimens corresponding to the 144ܯ

first and the second peak axial loads. In the first peak ௡ܲ െ  ௡ diagram, the concrete cross-145ܯ

section (concrete core and cover) was considered as unconfined concrete because the 146 

confinement was not considerably activated. In the second peak ௡ܲ െ  ௡ diagram, the 147ܯ

concrete core was considered as fully confined concrete and the effect of concrete cover was 148 

ignored (concrete cover was considered to have spalled off). The analytical peak ௡ܲ െ  ௡ 149ܯ

diagrams were drawn based on five points, as recommended in Hadi et al. (2016) and shown 150 
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in Fig. 1. The analytical peak ௡ܲ െ  ௡ diagrams for the GFRP-RC specimens were drawn 151ܯ

based on the same assumptions that are applicable to steel-RC columns. The assumptions are: 152 

(i) plane sections remain plane after deformation, (ii) perfect bond exits between the 153 

reinforcement and the surrounding concrete and (iii) the tensile strength of concrete can be 154 

neglected (Choo et al. 2006a). In addition, a linear elastic stress-strain relationship was 155 

adopted for the GFRP bars in tension and compression. Also, based on the experimental 156 

studies of Chaallal and Benmokrane (1993) and Deitz et al. (2003), it can be assumed that the 157 

compressive and tensile moduli of elasticity of GFRP bars are approximately equal.  158 

 159 

In order to calculate the axial load and bending moment at each point, arbitrarily values for ܼ 160 

were considered, where ܼ is the ratio of maximum tensile strain of the GFRP bars in the 161 

tension side to the ultimate compressive strain in the extreme fiber in the compression side. In 162 

this study, compression strain, stress and force are considered as positive and tensile strain, 163 

stress and force are considered as negative. From Fig. 2(a, b), by similar triangles, the depth 164 

of neutral axis ሺܿሻ and strain in each of the GFRP bars ൫ߝ௙௜൯ can be calculated as: 165 

ܿ ൌ
݀ସ

1 െ ܼ
 (16)

௙௜ߝ ൌ ൬1 െ
݀௜
ܿ
൰ ௖௨ (17)ߝ

where ݀௜ is the distance between the center of the ݅௧௛ GFRP bar to the extreme compression 166 

fiber in the compression side, ߝ௖௨ is the ultimate concrete compressive strain which is equal to 167 

0.003 in the first peak load and equal to ߝ௖௖ in the second peak load. Also, the forces in each 168 

of the GFRP bars ൫ܨ௙௜൯ and the compression force in concrete ሺܨ௖ሻ in the compression side 169 

can be determined as: 170 

௙௜ܨ ൌ ௙ܧ ௙௜ߝ ௙௜ (18)ܣ
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௖ܨ ൌ න න ௖݂ ݀௫ ݀௬
௫

ି௫

௖

଴
 (19)

where ߝ௙௜	and	ܣ௙௜ are the strain and the cross-sectional area of the ݅௧௛ GFRP bar, respectively, 171 

and ௖݂ is the concrete stress which is considered as unconfined concrete stress (Eq. 1) for the 172 

first peak load and considered as confined concrete stress (Eq. 5) for the second peak load. 173 

Numerical integration method was used to solve Eq. (19). The cross-section of the specimen 174 

was divided into ݊ number of strips which are small enough to obtain accurate results as 175 

shown in Fig. 1. The average width and strain of each strip can be calculated as:  176 

ܾ௜ ൌ 2ටݎ௖ଶ െ ቂݎ௖ െ ቀ݅ െ ଵ
ଶ
ቁ ቃݐ

ଶ
 (20)

௖௜ߝ ൌ ൤1 െ ቀ݅ െ ଵ
ଶ
ቁ
ݐ
ܿ
൨ ௖௨ (21)ߝ

where 	ܾ௜ is the average width of the ݅௧௛ concrete strip, ݎ௖ is the radius of the concrete cross-177 

section which is equal to ݄ 2⁄  for the first peak load and equal to ݀௖ 2⁄  for the second peak 178 

load, ߝ௖௜ is the average strain for the ݅௧௛ concrete strip, and ݐ is the depth of the strips which is 179 

taken as 1 mm in this study. For the specimens confined with CFRP sheets the value of ݎ௖ is 180 

equal to ݄ 2⁄  for the second peak load because concrete cover did not spall off. By 181 

substituting the values of ߝ௖௜ in Eqs. (1) and (5), the unconfined and confined concrete 182 

stresses can be calculated in each concrete strip in the compression side. Eventually, the 183 

compression force of each concrete strip ሺܨ௖௜ሻ in the compression side can be determined as: 184 

௖௜ܨ ൌ ௖݂௜ ܾ௜ (22) ݐ

The nominal axial load ሺ ௡ܲሻ and the bending moment ሺܯ௡ሻ of the GFRP-RC specimens can 185 

be calculated by summation of the forces in the concrete cross-section and taking moment of 186 

the forces around the centroid of the concrete cross-section: 187 

௡ܲ ൌ ෍ ௖௜ܨ
௡

௜ୀଵ
൅෍ ௙௜ܨ

௠

௜ୀଵ
 (23)
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௡ܯ ൌ෍ ௖௜ܨ ቂݎ௖ െ ቀ݅ െ ଵ
ଶ
ቁ ቃݐ

௡

௜ୀଵ
൅෍ ௖ݎ௙௜ሺܨ െ ݀௜ሻ

௠

௜ୀଵ
 (24)

where ݉ is the total number of the longitudinal bars in the RC cross-section. An MS-Excel 188 

spread-sheet was prepared to implement the calculation procedures presented in this paper for 189 

the load and moment interaction diagram of circular concrete columns reinforced with GFRP 190 

bars and GFRP helices. 191 

 192 

Experimental Program 193 

The experimental part of this study consisted of testing three groups of GFRP-RC specimens. 194 

The full descriptions of specimens in the first (G6-G60) and the second (G6-G30) groups can 195 

be found in Hadi et al. (2016). All the specimens were 205 mm in diameter and 800 mm in 196 

height. The reinforcements of specimens in the third group (CG6-G60) were the same as the 197 

specimens in Group G6-G60 (Table 1). However, specimens of the third group (CG6-G60) 198 

were externally confined with two layers of CFRP sheets with a total thickness ൫ݐ௙൯ of 0.9 199 

mm in the hoop direction. The letter “C” at the beginning of the third group name indicates 200 

that the specimens were confined with CFRP sheets. All the specimens were cast in the same 201 

day with one batch of ready mix concrete. The average concrete strength (37 MPa) was found 202 

by testing three cylinders (100 mm × 200 mm) at 28-days. Each group consisted of four 203 

specimens. Specimens of each group were tested under four different loading conditions 204 

which were concentric, 25 mm eccentric, 50 mm eccentric and flexural loadings. Details of 205 

the specimens are shown in Table 1. 206 

  207 

The mechanical properties of the GFRP bars were determined according to ASTM D7205-11 208 

(ASTM 2011). The average cross-sectional areas of #3 and #4 GFRP bars were measured as 209 

95 mm2 and 168 mm2, respectively, from immersion test of the GFRP bars. Also, the ultimate 210 

tensile strength and elastic modulus were 1700 MPa and 76 GPa, respectively, for #3 GFRP 211 



11 
 

bar and 1600 MPa and 66 GPa, respectively for #4 GFRP bar. In this study, nominal areas of 212 

the GFRP bars were considered for calculating the ultimate tensile strength and elastic 213 

modulus. This is because the sand-coat only increases bond between the bars and the 214 

surrounding concrete. The nominal diameters of #3 and #4 GFRP bars were 9.5 mm and 12.7 215 

mm, respectively. The CFRP sheet used in this study was 75 mm wide with a unidirectional 216 

fibre density of 340 g/m2 and thickness of 0.45 mm. The mechanical properties of the CFRP 217 

sheets were found by coupon test as recommended in ASTM D7565-10 (ASTM 2010). Five 218 

samples of two layers of CFRP sheets with 0.9 mm thick, 25 mm width and 250 mm length 219 

were tested. The average maximum tensile load and the corresponding strain were 1125 220 

N/mm and 0.0147 mm/mm, respectively. The specimens in Group CG6-G60 were confined 221 

by wrapping two layers of CFRP sheets in the hoop direction by using wet layup technique. A 222 

mixture of epoxy resin and hardener at a ratio of 5:1 was used as a bonding agent. An overlap 223 

of 100 mm was applied in the hoop direction to maintain sufficient bonding strength. 224 

Afterwards, the wrapped specimens were placed in room temperature for at least 14-days to 225 

harden and cure the epoxy. 226 

 227 

The experimental results were recorded through LVDTs attached to the loading plates and the 228 

strain gages attached to the longitudinal and helical GFRP reinforcements. For the specimens 229 

with CFRP sheets, two electrical strain gages were attached at the mid-height in the two 230 

opposite sides of the CFRP wrap to measure the strain in the hoop direction. In addition, a 231 

lazer triangulation was used to record the mid-height lateral deformation and mid-span 232 

deflection for the specimens under eccentric and flexural loads, respectively. All specimens 233 

were tested at the laboratories of the School of Civil, Mining and Environmental Engineering 234 

at the University of Wollongong. A 5000 kN Denison compression machine was used to test 235 

the specimens. Typical test setups for the specimens are shown in Fig. 3. 236 



12 
 

 237 

Experimental Results and Discussion  238 

Figures 4 and 5(a, b) show the experimental axial load-deformation behavior of tested column 239 

specimens under concentric and eccentric loads, respectively. As reported in Hadi et al. 240 

(2016), there were two peak loads in the load-deformation behavior of unwrapped column 241 

specimens. The first peak load represents the maximum load carried by the concrete cross-242 

section without considering the confinement effects. After the first peak load, cover spalling 243 

led to the reduction of the load carrying capacity of the unwrapped GFRP-RC column 244 

specimens. However, the load carrying capacity increased because of the confinements from 245 

the GFRP helices. Therefore, second peak load was observed for unwrapped specimens. First 246 

peak load was not observed for the wrapped specimens with CFRP because cover did not 247 

spall off. Consequently, it can be concluded that first peak load represents the ultimate load 248 

carrying capacity of unconfined concrete cross-section and second peak load represents the 249 

ultimate load carrying capacity of confined concrete cross-section (Karim et al. 2016). 250 

 251 

The experimental results are reported in Tables 2-4 for specimens under concentric, eccentric 252 

and flexural loads, respectively. The experimental confined concrete strength ሺ ௖݂௖
ᇱ ሻ for the 253 

column specimens under concentric loads was calculated as: 254 

௖݂௖
ᇱ ൌ ଶܲ െ ௕ܲ௔௥

௖௢௥௘ܣ
 (25)

where ଶܲ	and	 ௕ܲ௔௥ are the second peak load and the corresponding loads carried by the 255 

longitudinal GFRP bars, respectively, and ܣ௖௢௥௘ is the area of confined concrete core that is 256 

enclosed by the centerline of the GFRP helices. The ratio of hoop rupture strains to the 257 

ultimate tensile strains ሺ݇ఌሻ recorded from the strain gages were about 0.333 and 0.75 for the 258 

GFRP helices and the CFRP sheets, respectively. This difference is due to the fact that the 259 

concrete core in the case of the GFRP helices was not fully confined. Therefore, a lesser ratio 260 
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of the GFRP ultimate strain was utilised by the dilation of the concrete core. In addition, the 261 

ultimate tensile strain of the GFRP helices was about two times of the CFRP sheet. 262 

 263 

Based on the axial load-deformation behavior of the GFRP-RC specimens, two sets of the 264 

peak ௡ܲ െ  ௡ diagrams were drawn for the GFRP-RC specimens corresponding to the first 265ܯ

and the second peak loads. The experimental peak ௡ܲ െ  ௡ diagrams were drawn based on 266ܯ

four points which were concentric, 25 mm eccentric, 50 mm eccentric and flexural loadings. 267 

The experimental bending moments at the mid-height of the column specimens under 268 

eccentric loads were calculated as: 269 

ଵܯ ൌ ଵܲ ሺ݁௜ ൅ ଵሻ (26)ߜ

ଶܯ ൌ ଶܲ ሺ݁௜ ൅ ଶሻ (27)ߜ

where ܯଵ	and	ߜଵ are the bending moment and lateral deformation, respectively, 270 

corresponding to the first peak load ሺ ଵܲሻ, ܯଶ	and	ߜଶ are the bending moment and lateral 271 

deformation, respectively, corresponding to the second peak load ሺ ଶܲሻ, and ݁௜ is the applied 272 

initial load eccentricity at the ends of the column specimens. The experimental bending 273 

moments at mid-span of the beam specimens were calculated as: 274 

ଵܯ ൌ
ଵ
ଶ ଵܲ ܽ (28)

ଶܯ ൌ
ଵ
ଶ ଶܲ ܽ (29)

where ܽ is the shear span length, or the distance between the support and the closer loading 275 

point (ܽ = 233.3 mm in this study).  276 

 277 

Figure 6(a) shows the experimental peak ௡ܲ െ  ௡ diagrams for the tested specimens in terms 278ܯ

of the first peak loads. It can be observed that reduction in the spacing of the GFRP helices 279 

did not considerably change the peak ௡ܲ െ  ௡ diagram of the GFRP-RC specimens because 280ܯ

the passive confinement due to the GFRP helices was not considerably activated in the first 281 
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peak load. However, it can be observed from Fig. 6(b) that the GFRP bars and helices 282 

improved the experimental second peak ௡ܲ െ  ௡ diagram of the GFRP-RC specimens. This is 283ܯ

because the modulus of elasticity of the GFRP bars is small. Hence, larger deformation and 284 

lateral expansion are needed to achieve higher stresses in the GFRP bars and helices. The 285 

efficiency of confining the specimens with the CFRP sheets on improving the strength 286 

capacity of the specimens increased with decreasing the eccentricity of the applied axial load. 287 

This is because the area of confined concrete in the compression region increases with the 288 

reduction in the eccentricity. 289 

 290 

Figure 7(a, b) shows the experimental and analytical peak ௡ܲ െ  ௡ diagrams corresponding to 291ܯ

the first and the second peak loads, respectively, for the tested specimens. The calculated 292 

results show good agreements with the experimental results especially for the column 293 

specimens. However, the experimental bending moment of the GFRP-RC beam specimens 294 

was greater than the calculated results. This may be because the shear span of the beam 295 

specimens was smaller than two times of the effective depth of the concrete cross-section. It 296 

can be observed that all experimental results are greater than the analytical results. Except the 297 

beam specimens, the differences between the experimental and analytical results were about 298 

10%. 299 

 300 

Parametric Study 301 

In order to investigate the effects of different parameters such as longitudinal GFRP 302 

reinforcement ratio, confinement ratio and slenderness ratio on the first and the second peak 303 

௡ܲ െ  ௡ diagrams of GFRP-RC columns, a parametric study was conducted. Specimens in 304ܯ

the first group (G6-G60) were employed as reference for the parametric study. The peak 305 

௡ܲ െ  ௡ diagrams that presented in this section are normalized as: 306ܯ
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ܲ∗ ൌ ௡ܲ

௖݂௢
ᇱ ௚ܣ

 (30)

∗ܯ ൌ
௡ܯ

௖݂௢
ᇱ ௚ܣ ݄

 (31)

where ܲ∗	and	ܯ∗ are the normalized axial loads and bending moments, respectively. In 307 

addition, any comparison between unconfined and confined cross-sections has been made in 308 

this section are based on the ultimate state condition. The first peak ܲ∗ െ  diagram 309 ∗ܯ

represents the ultimate condition for unconfined concrete cross-sections and the second peak 310 

ܲ∗ െ  diagram represents the ultimate condition for confined concrete cross-sections.    311 ∗ܯ

 312 

Longitudinal reinforcement ratio 313 

The effect of longitudinal reinforcement ratio ൫ߩ௙൯ on the first and the second peak ܲ∗ െ  314 ∗ܯ

diagrams was investigated using the analytical models presented in Section “Analytical peak 315 

axial load-bending moment diagrams”. The ߩ௙ ranged between 1% to 4% after AS 3600-2009 316 

(AS 2009). Figure 8(a, b) shows the effects of changing ߩ௙ on the peak ܲ∗ െ  diagrams. 317 ∗ܯ

Increasing ߩ௙ led to increasing the strength capacity of the specimens in the first and the 318 

second peak ܲ∗ െ  ௙ were more 319ߩ diagrams. The strength improvements due to increasing ∗ܯ

pronounced in the second peak ܲ∗ െ  diagram. This is because the strain distribution 320 ∗ܯ

(compression and tension) in the cross-sections in the second peak load (confined cross-321 

section) was much greater than that in the first peak load (unconfined cross-section). It was 322 

observed that reducing ߩ௙ resulted in a great tensile strain in the tension side of the GFRP-RC 323 

cross-sections with increasing load-eccentricity, particularly in the flexural loading condition. 324 

It can be noticed that insufficient ߩ௙ sometimes leads to a brittle tensile failure of the FRP 325 

bars before the peak ܲ∗ െ  diagrams reach to the pure bending condition. This 326 ∗ܯ

phenomenon was also observed in Choo et al. (2006a). Choo et al. (2006b) proposed a set of 327 
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equations to limit the minimum ߩ௙ for rectangular cross-section columns to prevent brittle 328 

tensile failure of FRP bars in the tension side under pure bending loads.       329 

 330 

Confinement ratio  331 

It is clear that confinement ratio ሺ ௟݂ ௖݂௢
ᇱ⁄ ሻ does not affect the first peak ܲ∗ െ  diagram, as 332 ∗ܯ

the concrete cross-section considered unconfined concrete. Figure 9 shows the effects of four 333 

different ௟݂ ௖݂௢
ᇱ⁄  (0.1-0.4) on the second peak ܲ∗ െ  diagram. The improvements in the 334 ∗ܯ

second peak ܲ∗ െ diagram of the GFRP-RC columns due to increasing ௟݂ ∗ܯ ௖݂௢
ᇱ⁄  were 335 

because of two reasons: (i) increasing the concrete compressive strength; and (ii) considerable 336 

increase in the concrete strain. Increasing concrete strain increases compression force in the 337 

concrete as well as the tensile forces in the FRP bars.  338 

 339 

It is evident that providing confinement for concrete can enhance the strength and strain of the 340 

concrete. However, insufficient confinement may not be able to effectively confine the 341 

concrete core due to the weakness of the confining material to the non-uniform deformation 342 

of concrete (Mirmiran et al. 1998, Lam and Teng 2003). Mirmiran et al. (1998) introduced the 343 

Modified Confinement Ratio (MCR) to limit minimum ௟݂ ௖݂௢
ᇱ⁄  for externally bonded FRP. 344 

Based on MCR, no enhancement can be expected if ௟݂ ௖݂௢
ᇱ⁄ ൏ 0.15 for circular cross-sections. 345 

Also, Lam and Teng (2003) limit the ௟݂ ௖݂௢
ᇱ⁄ ൒ 0.07 for effective confinement by the FRP 346 

jackets. Internal confinement by FRP helices or ties, however, needs greater ௟݂ ௖݂௢
ᇱ⁄  to be 347 

strong enough for the non-uniform deformation of concrete as well as to substitute the loss of 348 

strength due to concrete cover spalling. Providing insufficient ௟݂ ௖݂௢
ᇱ⁄  may not allow the 349 

specimens to obtain a second peak ܲ∗ െ  diagram comparable to the first peak one.   350 ∗ܯ

 351 
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Figure 10 shows the comparison between the first and the second peak ܲ∗ െܯ∗ diagrams for 352 

reference GFRP-RC specimens with three different ௟݂ ௖݂௢
ᇱ⁄ . It can be observed that ௟݂ ௖݂௢

ᇱ⁄ ൌ353 

0.1 cannot provide enough confinement for concrete core to reach the second peak to the first 354 

peak ܲ∗ െܯ∗ diagram. With the ௟݂ ௖݂௢
ᇱ⁄ ൌ 0.15, the second peak ܲ∗ െ  diagram improved 355 ∗ܯ

and partially exceeded the first peak ܲ∗ െ diagram. However, ௟݂ ∗ܯ ௖݂௢
ᇱ⁄ ൌ 0.2 provides a 356 

greater second peak ܲ∗ െ  diagram for different load eccentricities than the first peak 357 ∗ܯ

ܲ∗ െ  diagram.                   358 ∗ܯ

               359 

Slenderness ratio  360 

The slenderness ratio ሺ݇ܮ ⁄ݎ ሻ of a RC column is defined as the ratio of effective length ሺ݇ܮሻ 361 

to radius of gyration ሺݎሻ. Figure 11 shows the effect of ݇ܮ ⁄ݎ  on the peak ܲ∗ െ  diagram 362 ∗ܯ

for a typical FRP-RC specimen, where ௡ܲ݁௜ is the first order bending moment due to initial 363 

eccentricity ሺ݁௜ሻ at the ends of the specimen and  ௡ܲߜ is the second order bending moment 364 

due to maximum lateral deformation ሺߜሻ along the height of the column. With increasing 365 

ܮ݇ ⁄ݎ ∗ܲ becomes larger and causes a considerable decrease in the peak ߜ , െ  diagram. A 366 ∗ܯ

maximum limit for ݇ܮ ⁄ݎ  is, therefore, introduced in ACI 318-14 (ACI 2014) and AS 3600-367 

2009 (AS 2009) based on 5% strength reduction.        368 

  369 

Considering to the specimens in Group G6-G60, which are pin-ended columns and bend in a 370 

single curvature, the ߜ is at the mid-height of the columns. The deformed shape can be 371 

assumed to be a half-sine wave as explained in Bazant et al. 1991, Jiang and Teng 2013 and 372 

shown in Fig. 12. Hence, the ߜ can be calculated as: 373 

ߜ ൌ ሺܮ ⁄ߨ ሻଶ ௠௜ௗ (32)ߢ

௠௜ௗߢ ൌ ௖௨ߝ ܿ⁄  (33)
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where ܮ is the height of the columns and ߢ௠௜ௗ is the curvature at mid-height of the columns. 374 

Figure 13(a, b) shows the effect of ݇ܮ ⁄ݎ  on the first and the second peak ܲ∗ െ  diagrams 375 ∗ܯ

of the specimens in Group G6-G60. It is evident that the effect of ݇ܮ ⁄ݎ  was more pronounced 376 

in the second peak ܲ∗ െ  diagram because of greater secondary bending moments 377 ∗ܯ

corresponding to the second peak loads.  378 

 379 

The parameters affecting ݇ܮ ⁄ݎ  for the specimens in Group G6-G60 can be investigated by 380 

assuming ܯ௟௢௡௚ ൑ ௦௛௢௥௧ at the load eccentricity ratio ሺ݁௜ܯ0.95 ⁄௖ݎ ሻ of 0.4 after Mirmiran et 381 

al. (2001), where ݎ௖ is equal to ݄ 2⁄  for the first peak ܲ∗ െܯ∗ diagram and equal to ݀௖ 2⁄  for 382 

the second peak ܲ∗ െ  diagram. From Fig. 11, 383 ∗ܯ

௟௢௡௚ܯ ൌ ௦௛௢௥௧ܯ െ ௡ܲ (34) ߜ

Solving Eq. (34) and considering ܯ௟௢௡௚ ൌ ,௦௛௢௥௧ܯ0.95 ௦௛௢௥௧ܯ ௡ܲ⁄ ൌ ݁௜	and	݁௜ ൌ  ௖,  384ݎ	0.4

ߜ ൌ 0.02 ௖ (35)ݎ

By substituting Eqs. (32) and (33) in Eq. (35) and considering ݇ܮ ⁄ݎ ൌ ܮ8 ⁄௖ݎ  for circular 385 

columns bend in a single curvature, the maximum limit for ݇ܮ ⁄ݎ  can be expressed as: 386 

	ܮ݇	
ݎ

ൌ
ߨ
5
ඨ
2ሺ1 ൅ ሻߛ
௖௨ߝ െ ௙ସߝ

 (36)

where ߛ is the ratio of distance between FRP bars in the tension side to FRP bars in the 387 

compression side to 2ݎ௖ as shown in Fig. 12, and ߝ௖௨	and	ߝ௙ସ are the ultimate concrete 388 

compressive strain in the extreme compression fiber and maximum tensile strain in the first 389 

layer of the GFRP bars in the tension side, respectively, (Fig. 1). The maximum limit of ݇ܮ ⁄ݎ  390 

calculated using Eq. (36) for the reference GFRP-RC specimens was 18.7 which is smaller 391 

than 22 for steel-RC columns. This is because steel has a greater elastic modulus which 392 

results in a smaller absolute value for ߝ௙ସ in Eq. (36) and results in a greater ݇ܮ ⁄ݎ . The 393 

maximum limit of ݇ܮ ⁄ݎ  for the reference GFRP-RC columns was greater than the 17.2 394 
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reported in Mirmiran et al. (2001) for GFRP-RC columns. This is because the reinforcement 395 

ratio ൫ߩ௙൯ and elastic modulus ൫ܧ௙൯ of the GFRP bars in this study were greater than the 396 

column specimen in Mirmiran et al. (2001). The greater ߩ௙	and	ܧ௙ lead to a reduction in the 397 

absolute value of ߝ௙ସ in Eq. (36) and result in a greater ݇ܮ ⁄ݎ . Eq. (36) can also explain the 398 

reason for a greater effect of ݇ܮ ⁄ݎ  in the second peak ܲ∗ െܯ∗ diagram. This is because in 399 

confined concrete cross-section, ߝ௖௨ and absolute value of ߝ௙ସ increase relatively with 400 

increasing ௟݂ ௖݂௢
ᇱ⁄  and result in reducing the maximum limit of ݇ܮ ⁄ݎ . Consequently, it can be 401 

observed that the maximum limit of ݇ܮ ⁄ݎ  reduces from 18.7 (corresponding to the first peak 402 

load) to 13.6 (corresponding to the second peak load) for the reference GFRP-RC specimens. 403 

In addition, more details on the moment magnification factor accounting for the second-order 404 

bending moment for FRP-RC slender columns can be found in Mirmiran et al. (2001).     405 

 406 

It is evident from Fig. 13 that with small ݇ܮ ⁄ݎ  ሺ݇ܮ ⁄ݎ ൌ 16	and	32ሻ the strength of the 407 

columns under concentric load did not reduce considerably at the second peak ܲ∗ െ  408 ∗ܯ

diagram. Therefore, Fig. 14 was drawn based on 5% strength reduction under concentric loads 409 

to show the effects of ݇ܮ ⁄ݎ  on the first and the second peak ܲ∗ െ  diagrams. The 410 ∗ܯ

maximum limit of ݇ܮ ⁄ݎ  for the 5% strength reductions under concentric loads were 18.2 and 411 

33.4 corresponding to the first and the second peak ܲ∗ െ  diagrams. It can be observed that 412 ∗ܯ

with an initial eccentricity, the strength of the columns at the second peak ܲ∗ െ  diagram 413 ∗ܯ

considerably decreases. Also, the strength reductions under load eccentricity ratio ሺ݁௜ ⁄௖ݎ ሻ of 414 

0.4 were about 4.7% and 26.7% corresponding to the first and the second peak ܲ∗ െ  415 ∗ܯ

diagrams, respectively. Finally, it can be concluded that at the ultimate limit state and under 416 

eccentric loads, the effects of ݇ܮ ⁄ݎ  are more pronounced on the strength reductions of 417 

confined cross-sections than unconfined cross-sections because of greater lateral deformation 418 

and secondary bending moments.            419 



20 
 

 420 

Conclusions 421 

Based on the analytical and experimental investigations carried out in this study, the 422 

following conclusions can be drawn: 423 

1. GFRP-RC specimens can achieve two peak axial loads. The first peak axial load represents 424 

the maximum load carrying capacity of the whole cross-section without confinement 425 

effects. The second peak axial load represents the maximum load carrying capacity of the 426 

confined concrete core alone.  427 

2. Reducing the spacing of the GFRP helices or confining the specimens with CFRP sheets 428 

improved the performance of the specimens in terms of the second peak axial load-bending 429 

moment diagrams. However, the smaller pitch of the helices did not considerably change 430 

the first peak axial load-bending moment diagrams.   431 

3. The presented calculation procedure predicted the axial load-bending moment of the 432 

specimens reasonably close to the experimental results. However, the experimental 433 

bending moment of the GFRP-RC beam specimens was greater than the calculated results. 434 

This may be because the shear span of the beam specimens was smaller than two times of 435 

the effective depth of the concrete cross-section. 436 

4. The ratio of the hoop rupture strain to the ultimate tensile strain of the GFRP helices was 437 

considered as 0.333 in this study. However, more experimental studies are needed to 438 

ascertain a representative value of the ratio of the hoop rupture strain to the ultimate tensile 439 

strain of GFRP helices.  440 

5. The parametric study showed that insufficient longitudinal reinforcement ratio sometimes 441 

leads to a brittle tensile failure of the FRP bars before the peak axial load-bending 442 

moment diagrams reach to the pure flexural strength. Therefore, minimum longitudinal 443 

reinforcement ratio should be provided to prevent brittle tensile failure of the FRP bars.   444 
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6. Internal confinement by FRP helices or ties should be strong enough for the non-uniform 445 

deformation of concrete as well as to substitute the loss of strength due to the spalling of 446 

concrete cover. A confinement ratio of 0.2 can ensure improvements in the second peak 447 

axial-load bending moment diagram.  448 

7. The effect of slenderness ratio is more obvious on the confined concrete cross-section 449 

because of large lateral deformation and second order bending moment. Also, the 450 

slenderness limit should be reduced for FRP-RC specimens because of lower modulus of 451 

elasticity of FRP bars.      452 

 453 

The experimental and analytical investigations presented in this study indicated that GFRP 454 

bars can be used as longitudinal reinforcements to improve the performance of RC specimens 455 

in terms of axial load carrying capacity and bending moment. Also, the GFRP helices 456 

considerably confined the concrete core to sustain loads, especially after the first peak load. 457 
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Table 1. Test Matrix 

Group Specimen a 
Longitudinal 

reinforcement 

Transverse 

reinforcement 

External 

confinement 

Test 

eccentricity 

G6-G60 b 

G6-G60-C 

GFRP 

6 #4 

GFRP 

#3 @ 60 mm 
- 

Concentric 

G6-G60-E25 25 mm 

G6-G60-E50 50 mm 

G6-G60-F Flexural 

G6-G30 b 

G6-G30-C 

GFRP 

6 #4 

GFRP 

#3 @ 30 mm 
- 

Concentric 

G6-G30-E25 25 mm 

G6-G30-E50 50 mm 

G6-G30-F Flexural 

CG6-G60 

CG6-G60-C 

GFRP 

6 #4 

GFRP 

#3 @ 60 mm 

Two layers 

CFRP sheet 

Concentric 

CG6-G60-E25 25 mm 

CG6-G60-E50 50 mm 

CG6-G60-F Flexural 

a All specimens are 205 mm in diameter and 800 mm in height 642 

b Adopted from Hadi et al. (2016) 643 
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 647 

 648 

 649 
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Table 2. Experimental results of tested column specimens under concentric load 

Specimen G6-G60-C G6-G30-C CG6-G60-C

First peak load (kN) 1220 1309 - 

Second Peak load (kN) 1425 2041 3068 

Load of GFRP bars at second peak load ሺPୠୟ୰ሻ
a 

(kN) 
307 494 593 

Experimental confined concrete strengthb (MPa) 55.6 76.9 75.8 

Calculated confined concrete strengthc (MPa) 55.5 75.8 76.1 

a ௕ܲ௔௥ ൌ   ௕௔௥ܣ	௙ܧ	௕௔௥ߝ

b Calculated using Eq. (25) 

c Calculated using Eq. (8) 

 652 
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Table 3. Experimental results of tested column specimens under eccentric loads 

Specimen 
25 mm eccentricity 50 mm eccentricity 

G6-G60-E25 G6-G30-E25 CG6-G60-E25 G6-G60-E50 G6-G30-E50 CG6-G60-E50 

First peak load (kN) 781 767 - 494 479 - 

Lateral deformation at first peak load (mm) 2.5 2.8 - 3.4 3.7 - 

Bending moment at first peak load (kN.m) 21.5 21.3 - 26.4 25.7 - 

Second peak Load (kN) 751 1003 1450 459 592 805 

Lateral deformation at second peak load (mm) 11 19 21 15 22 28 

Bending Moment at second peak load (kN.m) 27.0 44.1 66.7 29.8 42.6 62.8 
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Table 4. Experimental results of tested beam specimens under flexural load 

Specimen G6-G60-F G6-G30-F CG6-G60-F 

First peak load (kN) 247 242 - 

Bending moment at first peak load (kN.m) 28.8 28.2 - 

Second peak Load (kN) 268 452 478 

Bending moment at second peak load (kN.m) 31.3 29.9 55.8 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. 1. Schematic drawing of analytical peak       diagram based on five points 



 

 

Fig. 2. Analysis of GFRP-RC cross-section: (a) first peak load; and (b) second peak load 



 

 

 

 

 

 

 

Fig. 3. Typical test setup; (a) CG6-G60-E25; and (b) CG6-G60-F 
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Fig. 4. Axial load-axial deformation behavior of column specimens tested under concentric load 
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Fig. 5. Axial load-deformation behavior of column specimens tested under eccentric loads: 

(a) 25 mm eccentricity; and (b) 50 mm eccentricity 
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Fig. 6. Experimental peak       diagrams of the tested specimens: 

(a) first peak load; and (b) second peak load 
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Fig. 7. Experimental and calculated peak       diagrams: (a) based on the first peak load of 

the axial load-axial deformation behavior; and (b) based on the second peak load of the axial 

load-axial deformation behavior 
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Fig. 8. Effect of    on the peak       diagrams: (a) first peak       diagram; 

and (b) second peak       diagram 
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Fig. 9. Effect of      
 ⁄  on second peak       diagram  
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Fig. 10. Comparison between first and second peak       diagrams for different      
 ⁄   
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Fig. 11. Typical peak       diagram for short and long FRP-RC columns  
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Fig. 12. Typical deformation of pin-ended single curvature column   

 



 

 

 

 

Fig. 13. Effect of    ⁄  on the peak       diagrams: (a) first peak       diagram; 

and (b) second peak       diagram 
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Fig. 14. First and second peak       diagrams for short and long columns with 5% 

strength reduction under concentric load   

 

ei / rc = 0.4 

0.0

0.5

1.0

1.5

2.0

2.5

0 0.05 0.1 0.15 0.2

Pn
* 

Mn
* 

 kL/r = 0       (1st peak)

 kL/r = 18.2 (1st peak)

 kL/r = 0      (2nd peak)

kL/r = 33.4 (2nd peak)


	Load and moment interaction diagram for circular concrete columns reinforced with GFRP bars and GFRP helices
	Recommended Citation

	Load and moment interaction diagram for circular concrete columns reinforced with GFRP bars and GFRP helices
	Abstract
	Keywords
	Disciplines
	Publication Details

	Manuscript_2016_05_30 
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Fig. 10
	Fig. 11
	Fig. 12
	Fig. 13
	Fig. 14

