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Abstract 15 

Existing design codes and guidelines do not adequately address the design of concrete 16 

columns reinforced with Fiber-Reinforced Polymer (FRP) bars. Accordingly, a number of 17 

research studies investigated the behavior of FRP bar reinforced concrete columns. However, 18 

the previous studies were limited to the FRP bar reinforced normal strength concrete (NSC) 19 

columns. In this study, the behavior of Glass Fiber-Reinforced Polymer (GFRP) bar 20 

reinforced high strength concrete (HSC) specimens under different loading conditions was 21 

investigated in terms of axial load carrying capacity, confinement efficiency of the GFRP 22 

helices as well as the ductility and post-peak axial load-axial deformation response. The 23 

effects of the key parameters such as the type of the reinforcement (Steel and GFRP), the 24 

pitch of the transverse helices and the loading condition (concentric, eccentric and four-point 25 
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loading) on the performance of the specimens were investigated. It was observed that GFRP 26 

bar reinforced HSC specimen sustained almost similar axial load under concentric axial 27 

compression compared to steel counterpart, but the efficiency of GFRP bar reinforced HSC 28 

specimens in sustaining axial loads decreased with an increase in the axial load eccentricity. 29 

Direct replacement of steel reinforcement by the same amount of GFRP reinforcement in 30 

HSC specimens resulted in about 30% less ductility under concentric axial load. However, it 31 

was found that the ductility and post-peak axial load-axial deformation behavior of the GFRP 32 

bar reinforced HSC specimens can be significantly improved by providing closely spaced 33 

helices 34 

 35 

Keywords: High strength concrete; Circular Columns; Glass Fiber-Reinforced polymer 36 

(GFRP); Bars. 37 

 38 

Introduction 39 

Fiber-Reinforced Polymer (FRP) bars have several advantages over steel bars in reinforcing 40 

concrete structural members. FRP bars have higher tensile strength compared to the 41 

conventional steel bars. Also, the density of the FRP bars is about 25% of the density of steel 42 

bars. In addition, FRP bars possess other attractive features such as corrosion resistance and 43 

nonmagnetic and nonconductive characteristics. FRP bars have become a competitive 44 

replacement of steel bars in reinforcing concrete structures. However, their application is still 45 

hindered due to their sensitivity to the alkaline environment and high deformability. Recently, 46 

a significant amount of research studies were conducted on the behavior of FRP bar 47 

reinforced concrete flexural members. It was reported that for the same reinforcement ratio, 48 

concrete flexural members reinforced with FRP bars experienced larger crack widths and 49 

deflections compared to those reinforced with conventional steel bars (Nanni 1993 and 50 
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Toutanji HA and Saafi M. 2000). However, El-Nemr et al. (2013) reported that using high 51 

strength concrete while maintaining the axial reinforcement stiffness ( ���� ) constant 52 

contributed in improving the ultimate load carrying capacity, crack width and deflection of 53 

the concrete flexural members reinforced with FRP bars. It was reported that FRP transverse 54 

reinforcement contributes in improving the shear capacity of the concrete flexural members, 55 

although the contribution of concrete to the shear capacity is lower for FRP bar reinforced 56 

concrete members compared to steel bar reinforced concrete members (Lignola et al. 2014). 57 

The results of the existing studies on FRP bar reinforced flexural concrete members were 58 

adopted in establishing several standards and design guidelines such as CAN/CSA S806-12 59 

(CSA 2012) and ACI 440.1R-15 (ACI 2015). The compressive strength of the FRP bars is 60 

significantly lower than their tensile strength and the behavior of FRP bars differs 61 

significantly under compressive loads. Therefore, the ACI 440.1R-06 (ACI 2006) does not 62 

recommend reinforcing concrete compression members longitudinally with FRP bars, 63 

whereas CAN/CSA S806-12 (CSA 2012) ignores the contribution of FRP bars in 64 

compression for both flexural and compression members. It is noted that the ACI 440.1R-15 65 

(ACI 2015) provides no guidelines for the use of FRP bars in reinforcing compression 66 

members.  67 

 68 

The ACI 440.1R-06 (ACI 2006) highlighted the need for extensive research on the use of 69 

FRP bars in reinforcing concrete columns.  Several research studies were conducted to 70 

investigate the behavior of FRP bar reinforced concrete columns. Paramanantham (1993) 71 

reported that GFRP longitudinal bars can only be loaded up to 30% of their ultimate strength 72 

in compression. Alsayed et al. (1999) studied the effect of the direct replacement of steel 73 

reinforcement with an equivalent amount of GFRP reinforcement on the load carrying 74 

capacity of rectangular concrete columns. It was found that the direct replacement of steel 75 
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longitudinal bars by an equivalent amount of GFRP longitudinal bars resulted in about 13% 76 

lower load carrying capacity of columns compared to steel counterparts regardless of the type 77 

of the transverse ties (steel or GFRP). It was also found that replacing only the steel ties by an 78 

equivalent amount of GFRP ties resulted in about 10% lower load carrying capacity of 79 

columns compared to steel counterparts. Choo et al. (2006) observed that neglecting the 80 

contribution of FRP bars in the strength of concrete columns might be overly conservative. 81 

De Luca et al. (2010) reported that concrete columns could be reinforced longitudinally with 82 

GFRP bars. They observed that the GFRP ties did not contribute in increasing the capacity of 83 

the GFRP longitudinal bars in sustaining applied loads. However, the GFRP ties delayed the 84 

buckling of the GFRP longitudinal bars. Tobbi et al. (2012) reported that GFRP bars 85 

contributed by about 10% of the total axial load carrying capacity of the columns, which is 86 

about 2% less than the contribution of steel bars in the columns. Afifi et al. (2013) found that 87 

the pitch of the GFRP helices influenced the ductility of the columns more than the axial load 88 

carrying capacity. It was also found that columns reinforced transversely with smaller size 89 

GFRP helices with shorter pitch exhibited better ductility than columns reinforced with larger 90 

size helices with longer pitch. Mohamed et al. (2014) reported that concrete columns 91 

reinforced with steel bars sustained about 4% and 8% higher axial load compared to columns 92 

reinforced with CFRP and GFRP bars, respectively. It was also reported that the ductility of 93 

GFRP bar reinforced concrete columns are greater than the ductility of the CFRP bar 94 

reinforced concrete columns. Furthermore, it was reported that the axial load and bending 95 

moment capacity of steel bar reinforced columns were higher than those of GFRP bar 96 

reinforced columns. Also, the ductility of GFRP bar reinforced columns was found to be 97 

close to the ductility of steel bar reinforced columns (Hadi et al. 2016 and Karim et al. 2016). 98 

 99 
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The aforementioned observations were based on the test results of FRP bar reinforced 100 

concrete columns cast with normal strength concrete having compressive strengths between 101 

20 and 44 MPa. Therefore, such observations may not be applicable for FRP bar reinforced 102 

columns constructed with concrete of much higher compressive strength. This is because the 103 

behavior of the high strength concrete (HSC) fundamentally differs from the behavior of 104 

normal strength concrete (NSC) (Cusson and Paultre 1994; Foster and Attard 1997; Razvi 105 

and Saatcioglu 1999 and Bing et al. 2001). Hence the performance of GFRP bar reinforced 106 

high strength concrete (GFRP-HSC) columns may significantly vary from the performance of 107 

GFRP bar reinforced normal strength concrete (GFRP-NSC) columns in terms of the total 108 

axial load carrying capacity, confinement efficiency of the GFRP transverse reinforcement, in 109 

addition to the ductility and post-peak axial load-axial deformation behavior of the columns.   110 

 111 

The available research studies on FRP bar reinforced concrete columns indicate that there is a 112 

lack of experimental research on the FRP bar reinforced HSC columns. A comprehensive 113 

experimental and analytical research program has been underway at the University of 114 

Wollongong, Australia, to assess the behavior of NSC and HSC members reinforced with 115 

different types of FRP bars under static and dynamic impact loads (Hadi et al. 2016; Karim et 116 

al. 2016; Hadi and Youssef 2016; Goldston et al. 2016). This study investigates the behavior 117 

of circular HSC columns reinforced longitudinally with GFRP bars and transversely with 118 

GFRP helices under different loading conditions. 119 

 120 

Research Objectives 121 

This research study aims to assess the behavior of circular HSC columns reinforced with 122 

GFRP bars and helices under concentric and eccentric axial compression as well as flexural 123 

(four-point) loading. Also, this research study investigates the effect of the GFRP bars and 124 
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helices on the maximum axial load carrying capacity, confinement efficiency, post-peak axial 125 

load-axial deformation behavior, and failure modes of the HSC columns. The findings of this 126 

study can be used to assess the feasibility of reinforcing HSC columns with FRP bars and 127 

helices. 128 

 129 

Experimental Program 130 

A total of 12 circular column specimens were cast and tested at the Structural Engineering 131 

laboratory of the University of Wollongong, Australia. All specimens were 210 mm in 132 

diameter and 800 mm in height. The dimensions of the tested specimens were chosen to suit 133 

the conditions and the capacity of the laboratory testing facilities. It is noted that concrete 134 

compression members having height-to-diameter ratio equal to or greater than 2.5 are 135 

considered as columns in Canadian Highway Bridge Design Code CAN/CSA S6-06 (CSA 136 

2006). Moreover, concrete columns have been defined in the ACI 318-11 (ACI 2011) as 137 

concrete members mainly used to sustain axial load with height-to-least lateral dimension 138 

ratio greater than 3. The height-to-diameter ratio of the specimens tested in this study was 139 

close to 4. The height of the specimens tested in this study was adequate to provide a 140 

sufficient development length for the longitudinal reinforcing bars according to ACI 318-14 141 

(ACI 2014). 142 

 143 

The specimens tested in this study were divided into three groups. The specimens in the first 144 

group (Group S60) were prepared as control specimens. These specimens were reinforced 145 

with six 12 mm longitudinal deformed steel bars (N12) and 10 mm rounded steel (R10) 146 

helices with a pitch of 60 mm. These specimens were considered as reference specimens for 147 

comparison with GFRP bar reinforced specimens. The longitudinal and transverse 148 

reinforcement of the reference specimens satisfy the requirements of ACI 318-14 (ACI 2014). 149 
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The second group (Group G60) consisted of four specimens which were reinforced 150 

longitudinally with six #4 (nominal diameter = 12.7 mm) GFRP bars and transversely with #3 151 

(nominal diameter = 9.5 mm) GFRP helices with a pitch of 60 mm. The specimens in this 152 

group were designed to assess the effect of direct replacement of steel reinforcement with 153 

GFRP reinforcement. The third group (Group G30) consisted of four specimens which were 154 

reinforced longitudinally with six #4 (nominal diameter = 12.7 mm) GFRP bars and 155 

transversely with #3 (nominal diameter = 9.5 mm) GFRP helices with a pitch of 30 mm. The 156 

specimens in this group were designed to investigate the effects of GFRP transverse 157 

reinforcement ratio on the behavior of GFRP bar reinforced HSC specimens. The first 158 

specimen of each group was tested under concentric axial load, while the second and the third 159 

specimens in each group were tested under 25 mm and 50 mm eccentric axial loads, 160 

respectively. The last specimen of each group was tested under four-point loading as beam to 161 

explore the flexural behavior of the specimen. Table 1 presents the test matrix of the 162 

specimens. Fig. 1 shows the dimensions and the reinforcement details of the tested specimens. 163 

 164 

The test specimens are labelled (Table 1) according to the reinforcement type, pitch of helix, 165 

and loading condition. The letters “S” and “G” in the labels of the specimens represent the 166 

types of reinforcement where “S” refers to steel bars and “G” refers to GFRP bars. The 167 

number after “S” and “G” refers to the pitch of the helix. The letters “E” and “B” represent 168 

the applied loads. The letter “E” with the number afterward represent the load eccentricity: 169 

The E0 represents concentric axial loads, E25 represents 25 mm eccentric axial load and E50 170 

represents 50 mm eccentric axial loads. The letter “B” represents the four-point loading. For 171 

instance, Specimen G60E25 is reinforced with six GFRP longitudinal bars and GFRP helix 172 

with a pitch of 60 mm and tested under 25 mm eccentric axial load.  173 
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Material Properties 174 

Ready mix HSC with an average 28-day compressive strength of 85 MPa supplied by a local 175 

concrete company was used in casting all specimens on the same day. The mechanical 176 

properties of the steel N12 deformed bars and steel R10 rounded bars were determined 177 

according to AS 1391-2007 (AS 2007). The #4 GFRP longitudinal bars and #3 GFRP helices 178 

used in this study were provided by V-Rod Australia (V-Rod 2012). The GFRP bars were 179 

sand coated to improve the bond between the bars and the concrete. The cross-sectional areas 180 

of the #3 and #4 GFRP bars were measured using the immersion test according to ISO 181 

104061-1:2015 (ISO 2015) The ultimate tensile strength, corresponding strain, and the 182 

modulus of elasticity of the GFRP bars were determined according to ASTM D7205-11 183 

(ASTM 2011). The ultimate tensile strength of the GFRP bars and the modulus of elasticity 184 

were calculated based on the cross-sectional area of the GFRP bars obtained from the 185 

immersion test. Table 2 presents the mechanical properties of the GFRP and steel bars.   186 

 187 

Specimen Fabrication and Testing Procedure 188 

Polyvinyl chloride (PVC) pipes with an inner diameter of 210 mm were used, after cutting 189 

them into lengths of 800 mm, as molds for the casting of specimens. To avoid any movement 190 

during the pouring or vibrating the concrete, formwork fabricated from plywood was used to 191 

hold the PVC pipes in a vertical position. Steel helices were fabricated by coiling R10 steel 192 

bars. The GFRP helices were fabricated in a coil shape by the manufacturer (V-Rod 2012). 193 

The steel and GFRP reinforcement cages were prepared by assembling the longitudinal bars 194 

and the transverse helices using steel tie wires based on the reinforcement arrangement of the 195 

specimens. The cages were then placed inside the PVC molds as shown in Fig. 2. The outer 196 

diameter of the reinforcement helices was 170 mm and the height of each cage was 760 mm 197 

to ensure a 20 mm concrete cover at the sides and also at the top and the bottom of the 198 
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specimens. All specimens were cast on the same day with a batch of high strength ready mix 199 

concrete supplied by a local concrete company. Concrete vibrators were used to remove air 200 

voids and to ensure perfect compaction.   201 

 202 

The Denison 5000 kN testing machine was used in testing all the specimens. Before the 203 

testing, all column specimens were externally wrapped at the top and the bottom by two 204 

layers of CFRP sheets with 100 mm overlap to avoid premature failure during testing. The 205 

CFRP sheets were 0.5 mm thick and 100 mm wide. Both ends of the specimen were capped 206 

with high strength plaster to ensure a uniform distribution of the applied loads. Each 207 

specimen was placed vertically on the steel loading head then another steel loading head was 208 

placed on the top of the specimen. Afterwards, the specimen was placed in the testing 209 

machine and adjusted to ensure that the specimen was located at the center of the testing 210 

machine. For flexural tests, four-point loading system (consists of two steel loading rigs: the 211 

bottom and the top rigs) was used to test the specimens. Firstly, each specimen was placed 212 

horizontally on the bottom rig then the specimen and the bottom rig were positioned 213 

diagonally in the Denison testing machine and were adjusted to ensure that the specimen was 214 

located at the center of the testing machine. Afterwards, the top rig was placed on the 215 

specimen to transfer the applied loads from the testing machine to the beam specimen. Fig. 3 216 

shows the test setup for the column and the beam specimens. The axial strain in the 217 

longitudinal bars and the hoop strain in the helices were captured using four electrical 218 

resistance strain gauges attached to reinforcement cages at the mid-height of each specimen. 219 

Two of the strain gauges were attached to the reinforcing helices at two opposite sides. The 220 

other two strain gauges were attached to two parallel longitudinal bars in a way that under 221 

eccentric axial load or four-point loading, one bar would be subjected to compression and the 222 

second bar would be subjected to tension. For the eccentrically loaded specimens, the lateral 223 
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deformation was measured using a laser triangulation placed at the mid-height of the 224 

specimen. The midspan deflection of the specimens tested as beams was also measured using 225 

a laser triangulation fixed underneath a hole at midspan of the testing rig as shown in Fig. 3. 226 

In addition, two linear variable differential transducers LVDTs were attached to the heads of 227 

the testing machine parallel to each other for capturing the axial strain in the specimens (Fig. 228 

3). The LVDTs and the laser triangulation were connected to an electrical data logger before 229 

the tests. The data was recorded at every 2 seconds. At the beginning of the test, each 230 

specimen was pre-loaded at a rate of 2 kN/s up to 100 kN and then unloaded to 20 kN at the 231 

same rate to prevent any movement in the specimens at the beginning of the test. Afterwards, 232 

displacement control loading at a rate of 0.3 mm/min was applied until the failure of the 233 

specimen.    234 

 235 

Experimental Results 236 

Failure Modes 237 

For concentrically loaded specimens, the failure in the reference Specimen S60E0 started 238 

with buckling of the longitudinal bars. Afterwards, Specimen S60E0 experienced crushing of 239 

concrete core followed by the rupture of steel helix. For the GFRP bar reinforced specimens, 240 

the failure in Specimen G60E0 was controlled by the buckling of longitudinal GFRP bars 241 

followed by the rupture of GFRP helix. This failure was due to the low confinement pressure 242 

provided by the GFRP helix. On the other hand, the failure of the well-confined Specimen 243 

G30E0 was controlled by the crushing of concrete core and the rupture of longitudinal bars 244 

and helix. Specimen G30E0 exhibited enhanced post-peak axial load-axial deformation 245 

behavior and higher axial deformation at failure than Specimen G60E0. This is because the 246 

GFRP helix in Specimen G30E0 delayed the crack propagation and restrained the 247 

longitudinal GFRP bars against buckling and allowed the specimen to fail progressively until 248 
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the GFRP helix ruptured. Both steel and GFRP helices exhibited a sudden rupture. However, 249 

the rupture of the helices in the GFRP reinforced Specimens G60E0 and G30E0 was more 250 

sudden and more explosive compared to the control Specimen S60E0 due to the brittle nature 251 

of the GFRP bars. At the final stage, after the steel and GFRP helices ruptured and the 252 

longitudinal steel and GFRP bars buckled or ruptured, the concrete core completely crushed. 253 

At the end of the test, an inclined failure plane was observed in the crushed reign of the tested 254 

specimens. The inclined failure plane was due to the shear sliding of the upper and lower 255 

parts of the tested specimens occurred after the concrete core completely crushed. Fig. 4 256 

shows a close-up view of the buckling and rupture of the longitudinal steel and GFRP bars as 257 

well as the rupture of steel and GFRP helices. The dashed lines represent the diagonal failure 258 

planes, which were identified by the intersection of the ruptured helices and the buckled bars. 259 

 260 

Due to the concentration of the stresses in the middle part of the specimen tested under 261 

eccentric axial loads, all eccentrically loaded specimens exhibited spalling of the concrete 262 

cover and crushing of the concrete in the compression region accompanied by cracks on the 263 

tension face.  For steel reinforced Specimens S60E25 and S60E50, the failure initiated by the 264 

buckling of the longitudinal bars in the compression side and finally, rupture of the 265 

longitudinal bars located in the tension region led to the total collapse of the specimen. On 266 

the other hand, GFRP reinforced Specimens G60E25 and G30E25 failed by rupture of the 267 

longitudinal bars and helices in the compression region. It was observed that all GFRP bars 268 

located in the compression region of the Specimen G60E25 ruptured because the transverse 269 

reinforcement provided was insufficient to prevent the rupture of the bars. However, due to 270 

the efficiency of the GFRP helix of Specimen G30E25 in restraining the longitudinal bars, 271 

only one GFRP bar located in the extreme compression region ruptured. For Specimens 272 

G60E50 and G30E50, the failure was attributed to the rupture of the helices in the 273 
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compression side of the crushed region. In general, it was observed that specimens reinforced 274 

with larger pitch of GFRP helix failed in a more brittle and explosive manner and presented a 275 

faster rate of strength degradation after the peak load compared to the specimens with smaller 276 

pitch of GFRP helix.  277 

 278 

A close-up view of the crushed region of the beam specimens at failure has been shown in 279 

Fig. 5. The letters “C” and “T” in Fig. 5 refer to the compression face and tension face of the 280 

beam specimens, respectively. Initially, the specimens tested as beam (S60B, G60B and 281 

G30B) were stiff and uncracked and with further loading, cracking occurred at midspan. The 282 

failure of the reference Specimen S60B was attributed to the rupture of the steel bar in the 283 

tension region. For GFRP Specimens G60B and G30B, the failure was initiated by the 284 

crushing of the concrete in the compression region and at the last stage rupture of GFRP 285 

helices resulted in a typical sudden failure followed by a substantial or total loss of the 286 

strength. 287 

 288 

 Behavior of Specimens under Concentric Axial Loads  289 

The first specimen of each group was tested under monotonic axial compression. The axial 290 

loads and the corresponding axial deformations are listed in Table 3.  Fig. 6 shows the axial 291 

load-axial deformation behavior of the concentrically loaded specimens. There were two 292 

main points to note in the axial load-axial deformation curves of the specimens: the first and 293 

the second peak loads. The first peak load represents the maximum axial load sustained by 294 

the specimens prior to the spalling of concrete cover. The second peak load represents the 295 

maximum axial load sustained by the specimens after the concrete cover completely spalled 296 

off (load carried by the confined core only). Specimens S60E0 and G60E0 did not show a 297 

second peak load. Whereas, Specimen G30E0 showed a second peak load which was higher 298 
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than the first peak load due to the confinement pressure provided by the closely spaced GFRP 299 

helix.  300 

 301 

Both steel and GFRP-HSC specimens showed the same initial behavior up to the first peak 302 

load. The ascending parts of the axial load-axial deformation behavior of the tested 303 

specimens were almost linear up to the beginning of the concrete cover spalling. The 304 

specimens were continuously monitored for the formation of cracks on the surface of the 305 

concrete cover. All tested specimens exhibited similar crack patterns (crack formation) under 306 

axial compressive loads during the test. Fig. 7 shows typical cracking patterns (crack 307 

formation) of the test region of Specimen G60E0 at different stages of loading during the test. 308 

These crack patterns are very similar to the crack patterns observed in Specimens S60E0 and 309 

G30E0. It was observed that the surface of the concrete cover was visually free of cracks 310 

until the specimens reached their first peak load (Figs. 7a and 7b).  The maximum axial load  311 

����   carried by the reference Specimen S60E0 was 2735 kN. The maximum axial load 312 

sustained by the Specimen G60E0 was 2721 kN, which is only 0.5% less than the maximum 313 

load sustained by Specimen S60E0. However, the maximum axial load carried by Specimen 314 

G30E0 was 2398 kN, which is 12% less than the maximum axial load carried by Specimen 315 

S60E0. Early spalling of the concrete cover resulted in a lower strength of Specimen G30E0 316 

compared to the Specimens S60E0 and G60E0. It was observed that large pieces of the 317 

concrete cover of Specimen G30E0 were separated from the core during the test which was 318 

an indication that the concrete cover suffered a stability failure instead of a concrete crushing 319 

failure. The stability failure of concrete cover occurred in Specimen G30E0 due to relatively 320 

closely spaced transverse reinforcement that resulted in the formation of a natural separation 321 

plane between the core and the cover. This plane of separation was initiated by the brittleness 322 

associated with the HSC. From the readings of the strain gauges, it was found that the 323 
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contribution of the GFRP longitudinal bars was about 6.5% of the total carrying capacity of 324 

GFRP bar reinforced HSC specimens at the first peak load. The contribution of the steel bars 325 

was about 13.6% of the total carrying capacity of steel bar reinforced HSC specimen. 326 

 327 

Steel and GFRP bar reinforced specimens exhibited a drop in the axial load carrying capacity 328 

after the first peak load because of the spalling of the concrete cover. Ozbakkaloglu and 329 

Saatcioglu (2004) reported that the drop in the axial load carrying capacity after the first peak 330 

load is a function of the compressive strength of the concrete and the ratio between the area 331 

of the core (���) to the gross area (�	) of the specimen,	��� �	⁄ . When the compressive 332 

strength increases or the ratio of the areas decreases (cover thickness increases), the drop in 333 

the axial load carrying capacity increases. For the tested specimens, the drop in the axial load 334 

carrying capacity ranged between 9-20% of the first peak load. The lower percentage of the 335 

drop in the axial load carrying capacity was observed in the well-confined Specimen G30E0. 336 

After the drop in the axial load carrying capacity, Specimen G30E0 sustained an axial load of 337 

2196 kN, while Specimen G60E0 sustained an axial load of 2186 kN (asterisk in Fig. 6). Up 338 

to the first peak load, the lateral confinement had little or no effect on the strength of the 339 

specimens due to relatively low lateral dilation of the concrete. However, after the concrete 340 

cover spalled off, micro-cracking developed inside the core causing the core to dilate and 341 

activate the lateral confining pressure by the helical reinforcement. After the first peak load, 342 

the behavior of the tested specimens differed depending on the characteristics of the confined 343 

concrete core. As a result of the lateral confinement pressure, the axial load-axial deformation 344 

curve of the tested specimens gained an enhancement in the strength while the concrete cover 345 

gradually disappeared (Fig. 7c). However, the post-peak axial load-axial deformation 346 

behavior of Specimen G60E0 was characterized by a loss of about 50% of the total axial load 347 

carrying capacity followed by a catastrophic failure immediately after the specimen reached 348 
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the peak axial load. For the well confined Specimen G30E0, it was found that the hoop strain 349 

in the GFRP helix at the first peak load was less than 5% of the ultimate tensile strength. 350 

However, after the cover spalled off the GFRP helix of Specimen G30E0 was fully activated. 351 

As a result of the high tensile strength of the GFRP helix and the linear elastic stress-strain 352 

relationship of the GFRP bars, Specimen G30E0 experienced a second peak axial load higher 353 

than the first peak axial load (Fig. 6). The axial load carried by Specimen G30E0 at the 354 

second peak was 2593 kN, which is about 8.0% higher than the first peak axial load. 355 

Afterwards, crushing in the concrete core then buckling or rupture of the longitudinal bars or 356 

rupture in the helices occurred and caused a total collapse of the specimens (Fig. 7d). 357 

 358 

The ductility of the tested specimens was calculated based on the areas under the load-359 

deformation curves.  Ductility index denoted as �
 was used as an indication for the ductility 360 

of the specimens. The ductility was obtained by dividing the area under the load-deformation 361 

curve up to 3��	to the area under the curve up to 	��  (Foster and Attard 1997). The 	�� 362 

represents the yield deformation corresponding to the intersection point of a horizontal line 363 

from the first peak load of the tested specimens and an extension line between the origin 364 

point and the point representing 0.75 times the first peak load. The load corresponding to the 365 

yield deformation is defined as the yield load which represents the approximate limit of the 366 

elastic behavior of the specimens (Pessiki and Peironi 1997). Specimen G60E0 exhibited 367 

about 30% lower ductility compared to the reference Specimen S60E0. However, increasing 368 

the transverse reinforcement in Specimen G30E0 resulted in a higher ductility of about 35% 369 

in comparison with the reference Specimens S60E0. The ductility of the concentrically 370 

loaded specimens is reported in Table 3. 371 

 372 
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Behavior of Specimens under Eccentric Axial Loads  373 

A total of six specimens (the second and third specimens of each group) were tested under 374 

eccentric axial compression. Three specimens tested under 25 mm eccentric axial 375 

compression (S60E25, G60E25 and G30E25) and three specimens tested under 50 mm 376 

eccentric axial compression (S60E50, G60E50 and G30E50). In general, steel bar reinforced 377 

HSC specimens tested under 25 mm and 50 mm eccentric axial loads showed one peak load, 378 

which represented the maximum load carried by the specimen before the spalling of concrete 379 

cover. Due to the high tensile strength of the GFRP helices compared to the steel helices and 380 

the linear elastic stress-strain relationship of the GFRP helices, the GFRP bar reinforced HSC 381 

specimens tested under 25 mm and 50 mm eccentric axial load experienced a second peak 382 

load.  However, the second peak load was lower than the first peak load due to the axial load 383 

eccentricity.  384 

 385 

Table 3 reports the experimental results for the specimens tested under eccentric axial load 386 

with 25 mm eccentricity. Fig. 8a illustrates the axial load-axial deformation and axial load-387 

lateral deformation behavior of the specimens tested under 25 mm eccentric axial load. 388 

Similar to the concentrically loaded specimens, the ascending parts of the axial load-axial 389 

deformation behavior of the specimens tested under 25 mm eccentric axial load showed an 390 

approximately linear behavior up to the peak load. It was found that at the first peak axial 391 

load, the position of the neutral axis for the specimens tested under 25 mm eccentric axial 392 

load was near the tension side of the tested specimens. Therefore, the cross-section of the 393 

specimens tested under 25 mm eccentric axial load was still fully compressed and all the 394 

longitudinal bars were under compression. The maximum load carried by the reference 395 

Specimen S60E25 was 1771 kN. The maximum load carried by Specimen G60E25 was 1599 396 

kN, about 10% less than the Specimen S60E25. The maximum axial load sustained by 397 
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Specimen G30E25 was 1572 kN, which is 1.6% less than the Specimen G60E25.  Despite the 398 

premature spalling of the concrete cover for Specimen G30E25 occurred due to the stability 399 

failure of the concrete cover, the effect of the premature concrete cover spalling on the total 400 

axial load carrying capacity of Specimen G30E25 was not significant compared to Specimen 401 

G30E0, which was tested under concentric axial load. The reason for such an insignificant 402 

effect is attributed to the tendency of concrete cover on the compression side of Specimen 403 

G30E25 to buckle towards the core when subjected to eccentric axial load and, hence, the 404 

concrete cover was constrained against buckling.  405 

 406 

After the peak load, the spalling of the concrete cover was more gradual for specimens tested 407 

under 25 mm eccentric axial loads than for concentrically loaded specimens. Firstly, the 408 

cover spalled off at the compression face of each specimen after the peak load.  At latter 409 

stages of loading the cracks in the concrete cover extended to the faces at the sides 410 

accompanied by cracking at the tension face. The drop in the axial load carrying capacity of 411 

specimens, resulting from the spalling of the concrete cover after peak load varied from 14% 412 

to 19% of the peak load. The axial load sustained by Specimen G60E25 after the cover 413 

spalling was 1294 kN, while Specimen G30E25 carried 1338 kN after the cover spalling. 414 

This clearly demonstrates the effect of the lateral confinement on the strength of the concrete 415 

core of the specimens. After the concrete cover spalled off, Specimens S60E25 and G60E25 416 

did not exhibit an increase in the axial load carrying capacity due to the inadequately 417 

confined concrete core which was insufficient to compensate for the loss of the concrete 418 

cover in both specimens. The reduced pitch of the helix in Specimen G30E25 resulted in an 419 

enhancement in the post-peak axial load-axial deformation behavior compared to Specimens 420 

S60E25 and G60E25. Specimen G30E25 showed an increase in the axial load carrying 421 

capacity which contributed to the compensation of about 50% of the drop in the axial load 422 
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carrying capacity resulted from the spalling of the concrete cover. In the post-peak region, the 423 

reference Specimen S60E25 showed a gradual decrease in the axial load carrying capacity 424 

until failure at a corresponding axial deformation of 15.16 mm. However, Specimens 425 

G60E25 and G30E25 sustained an almost constant axial load of about 66% and 89% of their 426 

peak axial loads, respectively. Similar behavior was reported in Lignola et al. (2007) for 427 

eccentrically loaded CFRP sheet confined normal strength concrete columns. Specimens 428 

G60E25 and G30E25 continued to carry the axial load until failure at corresponding axial 429 

deformations of 8.31 mm and 10.17 mm, respectively. This behavior reflects the efficiency of 430 

the GFRP helices in confining HSC columns. 431 

 432 

The test results of specimens tested under 50 mm eccentric axial load are presented in Table 433 

3.The axial load-axial deformation behavior of specimens tested under 50 mm eccentric axial 434 

loads is shown in Fig. 8b. The axial load-lateral deformation behavior for these specimens is 435 

also shown in Fig. 8b. Unlike the specimens tested under concentric and 25 mm eccentric 436 

loads, the axial load-axial deformation curves of the specimens tested under 50 mm eccentric 437 

axial load are slightly curved in the ascending portions up to the peak load. As the 438 

eccentricity of the axial load increased to 50 mm, the neutral axis drifted towards the middle 439 

of the cross-section of the specimens. As a result, half of the longitudinal bars were under 440 

tension and half of the longitudinal bars were under compression. Increasing the load 441 

eccentricity to 50 mm also resulted in a decrease in the peak load of the specimens and an 442 

increase in the lateral deformation at failure. The maximum axial load carried by the control 443 

Specimen S60E50 was 1158 kN. The axial load sustained by Specimens G60E50 was 1023 444 

kN, which is about 12% less than S60E50. The total axial load carrying capacity of Specimen 445 

G30E50 was 958 kN. The axial load carried by Specimens G60E0, G60E25 and G60E50 at 446 

the first peak was 0.5, 10 and 12% less than the axial load carried by Specimens S60E0, 447 
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S60E25, S60E50, respectively. This indicated that the capability of GFRP bar reinforced 448 

HSC specimens in carrying axial loads decreased as the load eccentricity increased. Also, the 449 

drop in the axial load carrying capacity after peak load increased as the load eccentricity 450 

increased. Specimens S60E50 and G30E50 exhibited a drop in the axial load carrying 451 

capacity of about 20 and 22%, respectively, while a significant drop of 33% in the axial load 452 

carrying capacity was experienced by Specimen G60E50. In the post-peak region, the control 453 

specimen showed similar behavior to the specimen tested under 25 mm eccentric axial load 454 

(Specimen S60E25), with a gradual decrease in the sustained load up to the failure due to 455 

helix rupture. In contrast, both Specimens G60E50 and G30E50 exhibited a slight increase in 456 

the axial load up to the failure. The concentrically loaded Specimens G30E0 exhibited a 457 

second peak load, whereas Specimens G30E25 and G30E50 showed no second peak load. 458 

This was an indication that the efficiency of the GFRP helices in confining HSC columns 459 

also decreased with increasing the axial load eccentricity.  460 

 461 

As the eccentricity of the axial load increased (that is, neutral axis drifted to inside the section 462 

of the tested specimens), it was observed that Specimens G60E25 and G60E50 achieved 463 

relatively greater ductility compared to the concentrically loaded Specimen G60E0 due to the 464 

tensile strength of the GFRP bars. In contrast, the ductility of the Specimens S60E25 and 465 

S60E50 was slightly lower than the ductility of the concentrically loaded Specimen S60E0 466 

even though the eccentricity of the axial load was increased. This observation could be 467 

explained by taking into consideration the effect of the buckling of the longitudinal steel bars 468 

which is particularly significant for specimens tested under axial loads with small 469 

eccentricities. It was also found that reducing the pitch of the transverse reinforcement in the 470 

GFRP Specimens G30E25 and G30E50 increased the ductility of these specimens by about 471 
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32 and 25% compared to the reference Specimens S60E25 and S60E50, respectively, as 472 

shown in Table 3. 473 

 474 

Behavior of Specimens under Four-Point Loading 475 

The last specimen of each group was tested as a beam under four-point loading over a clear 476 

span	(�) of 700 mm with a shear span of 233.3 mm. It is noted that the response of the beam 477 

specimens might not be due to the pure bending, as the shear span-to-depth ratio of 478 

specimens was less than 1.5. However, the dimensions of the specimens tested under four-479 

point loading were kept the same as the other specimens tested under concentric and eccentric 480 

axial loads for uniformity and consistency. Due to the high tensile strength of the GFRP bars 481 

and the relatively small span-to-depth ratio of the tested specimens, two layers of CFRP 482 

sheets were applied in the shear span of Specimens G60B and G30B to avoid shear failure 483 

and to minimize the effect of the shear-induced deflection at midspan. CFRP sheets were also 484 

applied in the shear span of the control Specimen S60B to ensure consistent comparisons 485 

with the GFRP reinforced specimens. It was observed that the initial branch of the load-486 

deflection behavior of both steel and GFRP bar reinforced specimens was approximately 487 

linear up to the peak load. The reference Specimen S60B experienced one peak load with a 488 

maximum load of 309 kN. Specimen G60B exhibited two peak loads, the maximum load at 489 

the first peak was 321 kN which is about 4% higher than the maximum load of the Specimen 490 

S60B. Beyond the first peak load, Specimen G60B showed an almost linear post-peak axial 491 

load-axial deformation behavior and reached a second peak load due to the high tensile 492 

strength and the elastic stress-strain relationship of the GFRP bars and GFRP helix. The 493 

maximum load sustained by Specimen G60B at the second peak was 517 kN.  Specimen 494 

G30B exhibited similar load-deflection behavior as in Specimen G60B. However, reducing 495 

the pitch of the GFRP helix resulted in an increase of about 9 and 23% in the first and the 496 



Page 21 of 38 

 

second peak loads, respectively, compared to the Specimen G60B. The GFRP bar reinforced 497 

HSC specimens experienced an almost linear load-longitudinal bar strain relationships up to 498 

failure regardless the pitch of the transverse GFRP helices. Similar observation was also 499 

reported in Ali et al. (2016). The strain in the longitudinal GFRP bars and the hoop strain in 500 

the GFRP helices measured at ultimate load indicated that the failure of the GFRP bar 501 

reinforced HSC specimens occurred due to the rupture of the GFRP helices rather than the 502 

rupture of GFRP bars. The ductility of Specimens G60B and G30B was higher than the 503 

ductility of the reference Specimen S60B by about 12 and 32%, respectively. Table 4 504 

summarizes the results of the flexural tests. The load-midspan deflection behavior of the 505 

tested specimens tested under four-point loading is shown in Fig. 9.   506 

 507 

Interaction Diagrams 508 

In this study, the experimental axial load-bending moment (�–�)	interaction diagrams were 509 

plotted for Groups S60, G60 and G30. Four points were used to draw the �–� curve for each 510 

group of specimens. Each point consists of two components: the axial load and the 511 

corresponding bending moment. The first point on the �–� curve represents the specimen 512 

subjected to a concentric axial load. The second and the third points represent specimens 513 

tested under 25 and 50 mm eccentric axial load, respectively. The fourth point represents the 514 

specimen tested under four-point loading. Most of the specimens tested in this study 515 

(especially the specimens tested under eccentric axial loads) showed no second peak load 516 

greater than the first peak load. Therefore, the first peak load was considered the maximum 517 

axial load carrying capacity for the design purposes. Thus, the first peak load sustained by the 518 

tested specimens under different loading conditions was used in establishing the �–� 519 

interaction diagrams. It is noted that reducing the pitch of the GFRP helices did not 520 

considerably change the �–� interaction diagrams of the GFRP-HSC specimens since the 521 
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passive confinement provided by the GFRP helices at the first peak load was not activated 522 

considerably. However, using the first peak load in establishing the �–�  interaction 523 

diagrams of the GFRP-HSC specimens is considered safer especially for GFRP-HSC 524 

specimens subjected to a combination of axial compression load and bending moment 525 

(eccentric axial load). The axial load was recorded by the testing machine. For eccentrically 526 

loaded specimens, the bending moment, including the secondary moment was calculated by 527 

Eq. 1. For specimens tested as beams, the value of the bending moment was calculated by Eq. 528 

2. 529 

 530 

                                                        (1) 531 

 532 

(2) 533 

 534 

Where � is the first peak load and � is the corresponding lateral deformation, � is the load 535 

eccentricity and � is the clear span between the supports of the beam specimens. 536 

 537 

It was observed that specimens reinforced with conventional steel bars experienced higher 538 

axial load and moment capacity under concentric and eccentric axial loads compared to 539 

GFRP bar reinforced specimens due to the greater elasticity modulus of the steel 540 

reinforcement. The peak axial load-bending moment diagram of Group G30 was lower than 541 

Group G60 under concentric and eccentric loads due to the early spalling of the concrete 542 

cover which led to lower than anticipated axial load carrying capacity. Similar observation 543 

was reported in Cusson and Paultre (1994) and Foster et al. (1998). GFRP specimens (G60B 544 

and G30B) experienced higher bending moment capacity under four-point loading.  Fig. 10 545 

� = 	��
6  

M = 	P(e + δ) 
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shows the experimental axial load-bending moment (�–�)  interaction diagrams of the 546 

Groups S60, G60 and G30. 547 

 548 

The analytical axial load-bending moment diagrams of the GFRP bar reinforced HSC circular 549 

specimens were developed by using a layer-by-layer integration technique. The interaction 550 

diagrams of the GFRP-HSC specimens were established based on the same assumptions 551 

adopted for steel bar reinforced concrete sections:  the strength of the concrete in tension is 552 

neglected and a perfect bond exists between the concrete and the embedded GFRP bars. 553 

Sections orthogonal to the axis of the bending are plane prior and after bending. Hence, the 554 

strain along the cross-section of the specimen and the strain in the reinforcement layers are 555 

proportional to the depth of the natural axis.  556 

 557 

The cross-section of the GFRP bar reinforced HSC specimens was firstly divided into 558 

�		number of small concrete strips		�   having a length of		!"# 	and a width of 		ℎ �⁄ 		as shown 559 

in Fig. 11, where 	ℎ	 is the cross-section diameter of the GFRP bar reinforced HSC specimens. 560 

Afterwards, the concrete strain 	%�,"#		 at the center of each single concrete strip 	'�,"#	 and the 561 

GFRP reinforcement strain 	%�, 	  at the center of each reinforcement layer 	'�, 	  were 562 

determined assuming a linear strain distribution along the cross-section of the specimens, as 563 

mentioned above. The ultimate compressive strain of the concrete 	%(  at the extreme 564 

compression fiber of the specimen cross-section was taken equal to 0.003 according to ACI 565 

318-14 (ACI 2014).  A linear elastic stress-strain relationship was used in calculating the 566 

stresses in each GFRP reinforcement layer 		)�, . Thorenfeldt et al. (1987) developed an 567 

unconfined concrete stress-strain relationship for concrete with compressive strength ranging 568 

between 15 to 125 MPa based on a model proposed by Popovics (1973).  The stress-strain 569 
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model proposed by Thorenfeldt et al. (1987) was used in computing the stresses in each 570 

concrete strips 	)�,"# 		as: 571 

 572 

(3) 573 

 574 

(4) 575 

where )� and %� are the compressive stress and the corresponding strain of the concrete. The 576 

)�*  represents the maximum compressive strength of the concrete obtained from testing 577 

concrete cylinders and 	%+	 represents the strain in concrete when 	)�	 reaches		)�*. The		,		is the 578 

concrete stress-strain curve fitting factor, while - is a factor that controls the slope of the 579 

ascending and the descending parts of the concrete stress strain curve. The values of %+, , and 580 

- were determined using Eq. 5 through Eq. 8 according to Collins and Mitchell (1991): 581 

 582 

(5) 583 

 584 

 585 

(6) 586 

 587 

For  (%� %+⁄ ) ≤ 1.0,    588 

(7) 589 

 590 

For  (%� %+⁄ ) greater than 1.0 591 

 592 

(8) 593 

 594 

The elastic modulus of the HSC was obtained from Eq. 9 (ACI 363-10 (ACI 2010) :  595 

)� = )�*/,
, − 1 + /23 

- = 0.67 + 7)�*629 ≥ 1.0 

/ = %�%+ 

, = 0.8 + 7)�*179 

- = 1.0 

%+ = )�*�� < ,
, − 1= 
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 596 

                                                                                                                                                               (9) 597 

 598 

Afterwards, the stresses were integrated over the entire cross-sectional area to compute the 599 

resultant force in each concrete strips  >"# 	 and in each GFRP reinforcement layer		?�,   and 600 

the corresponding bending moment. For precise results, the width of the concrete strips 601 

should be considerably small. In this study, the width of the concrete strips was taken equal to 602 

1 mm. The approach explained above was also used in establishing the interaction diagram of 603 

the reference steel bar reinforced HSC specimens in Group S60, assuming that the stress-604 

strain relationship of the steel longitudinal bars is elastic-plastic until the failure. 605 

  606 

Since the behavior of the FRP bars under compression load is complicated, the CAN/CSA 607 

S806-12 (CSA 2012) recommended neglecting the contribution of the FRP bars when used as 608 

longitudinal reinforcement in concrete columns. The ACI 440.1R-15 (ACI 2015) provided no 609 

guidelines in that regard as mentioned above. In this study, the contribution of the GFRP 610 

longitudinal bars was taken into account when establishing the �–� interaction diagrams in 611 

order to further investigate the effect of GFRP bars on the strength capacity of the GFRP-612 

HSC columns. Fig. 12 compares the analytical and the experiment P–M interaction diagrams 613 

for the GFRP and steel bar reinforced specimens tested in this study. It was found that the 614 

analytical results of the specimens tested under concentric and eccentric axial loads were in 615 

good agreement with the experimental results when the contribution of the GFRP bars 616 

located in the compression region was taken into consideration. The experimental bending 617 

moments of the specimens tested under four-point loading were relatively greater than the 618 

calculated bending moments. The difference between the predicted and the experimental 619 

bending moments of the specimens tested under four-point loading was attributed to the fact 620 

�� = 3.32@)�* + 6.9 (in GPa) 
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that the response of the specimens might not be due to the pure bending, as the shear span-to-621 

depth ratio of the specimens was less than 1.5.  622 

 623 

Conclusions 624 

This research study is part of an ongoing research program at the University of Wollongong, 625 

Australia that aims to investigate the complex mechanisms of the NSC and HSC members 626 

reinforced with different types of FRP bars under static and dynamic impact loads. This study 627 

reported the results of twelve HSC column specimens reinforced longitudinally with GFRP 628 

bars and confined transversely with GFRP helices tested under concentric and eccentric axial 629 

load as well as four-point loading. Based on the test results, the following conclusions can be 630 

drawn:   631 

1. It was found that GFRP bar reinforced HSC specimen sustained similar axial load under 632 

concentric axial compression compared to HSC specimen reinforced with the same 633 

amount of steel reinforcement. However, the efficiency of the GFRP bar reinforced HSC 634 

specimens in sustaining axial load decreased by about 12% for the change in the loading 635 

condition from concentric to 50 mm eccentric axial load. 636 

2. It was observed that the contribution of the GFRP longitudinal bars in the total carrying 637 

capacity of GFRP bar reinforced HSC specimens was about half the contribution of the 638 

steel bars in total carrying capacity of steel bar reinforced HSC specimen under 639 

concentric axial load. It was also found that the analytical and the experimental results 640 

were in good agreement when the load sustained by the GFRP bars located in the 641 

compression region was taken into account. 642 

3. Under axial compression, the direct replacement of steel bars with the same amount of 643 

GFRP bars resulted in a loss of about 50% in the total axial load carrying capacity 644 
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followed by a catastrophic failure immediately after the specimen reached the peak axial 645 

load. 646 

4. Group G60 specimens showed no second peak load under concentric and eccentric axial 647 

loads. For Group G30, specimen tested under concentric axial load experienced a second 648 

peak load greater than the first peak load. However, Group G30 specimens tested under 649 

25 and 50 mm eccentric axial load experienced no second peak load which was an 650 

indication that the efficiency of GFRP helices in confining HSC columns decreased with 651 

increasing the loading eccentricity. 652 

5. The direct replacement of the steel reinforcement by the same amount of GFRP 653 

reinforcement resulted in about 30% reduction in the ductility of the concentrically 654 

loaded GFRP-HSC specimen compared to the steel counterpart. However, under 655 

eccentric axial loads it was found that the ductility of GFRP-HSC specimens was 656 

relatively greater than the ductility of the HSC specimens reinforced with the same 657 

amount of steel reinforcement. 658 

6. The ductility and the post-peak axial load-axial deformation behavior of the GFRP bar 659 

reinforced HSC specimens can be improved significantly by providing closely spaced 660 

GFRP helices. However, GFRP bar reinforced HSC specimens may experience 661 

premature spalling (instability failure) of the concrete cover depending on the 662 

configuration of the transverse reinforcement and the thickness of the concrete cover.  663 

Above conclusions are based on the experimental investigation results of 12 circular high 664 

strength concrete specimens with 210 mm in diameter and 800 mm in height having height to 665 

diameter ratio of 3.8. The size effect of the specimens on the experimental investigations has 666 

not been considered. Hence, the above conclusions should be translated with cautions for 667 

circular high strength concrete specimens with height to diameter ratio other than 3.8.   668 
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 840 

Table 1: Test matrix 841 

Group  Specimen 
Reinforcement 

Type 

Longitudinal 

reinforcement 

Transverse 

reinforcement 

Load Eccentricity 

(mm) 

S60 

S60E0 

Steel 6N12 R10@60 mm 

0 

S60E25 25 

S60E50 50 

S60B Four-point loading 

G60 

G60E0 

GFRP 6#4 #3@60 mm 

0 

G60E25 25 

G60E50 50 

G60B Four-point loading 

G30 

G30E0 

GFRP 6#4 #3@30 mm 

0 

G30E25 25 

G30E50 50 

G30B Four-point loading 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 
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 858 

Table 2: Mechanical properties of GFRP and steel bars 859 

Bar Type Bar size 

Nominal     

Diameter         

(mm) 

Area 

(mm
2
) 

Tensile 

Strength 

(MPa) 

Strain corresponding        

to tensile strength      

(mm/mm) 

Elastic 

modulus 

(GPa) 

Steel 
N12 12 113 550

b
 0.0027 200 

R10 10 78.5 420
 b

 0.0022 190 

GFRP 
#3 11

a
 95

a
 1320

c,d
 0.0231 57

d
 

#4 14.5
a
 165

a
 1190

c,d
 0.0228 52

d
 

a 
Measured using the immersion test.  860 

b 
Yield tensile strength	)�.

 
861 

c 
Ultimate tensile strength )�(. 862 

d
 Calculated based on the area of GFRP bars obtained from the immersion test. 

 
863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 
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 876 

Table 3:Test results of specimens tested under concentric and eccentric axial load 877 

* Calculated based on Pessiki and Peironi (1997) 878 

 879 

 880 

 881 

 882 

 883 

 884 

Specimen 

Concentric axial load 25 mm eccentric axial load 50 mm eccentric axial load 

S60E0 G60E0 G30E0 S60E25 G60E25 G30E25 S60E50 G60E50 G30E50 

Yield load (kN)* 2596 2603 2339 1728 1551 1530 1143 990 947 

Corresponding axial deformation (mm) 2.7 2.9 2.6 2.7 2.5 2.5 2.8 2.4 2.3 

First peak load (kN) 2735 2721 2398 1771 1599 1572 1158 1023 958 

Corresponding axial deformation (mm) 2.9 3.1 2.7 2.8 2.7 2.6 2.9 2.6 2.3 

Second peak load (kN) ---- ---- 2593 ---- ---- ---- ---- ---- ---- 

Corresponding axial deformation (mm) ---- ---- 9.1 ---- ---- ---- ---- ---- ---- 

Ductility 3.7 2.6 5.0 3.5 3.4 4.6 3.4 3.8 4.3 

Normalized ductility 1.0 0.7 1.3 1.0 0.9 1.3 1.0 1.1 1.2 
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 885 

Table 4: Test results of specimens tested under four-point loading 886 

* Calculated based on Pessiki and Peironi (1997) 887 

  888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

Specimen S60B G60B G30B 

Yield load (kN)* 290 311 336 

Corresponding midspan deformation (mm) 6.5 6.6 7.2 

First peak load (kN) 309 321 350 

Corresponding  midspan  deformation (mm) 7.5 6.8 7.6 

Second peak load (kN) ---- 517 637 

Corresponding midspan deformation (mm) ---- 16.9 19.6 

Ductility 4.9 5.5 6.5 

Normalized ductility 1.0 1.1 1.3 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Dimensions and reinforcement details of the tested specimens 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Specimen Fabrication: (a) PVC molds and the wooden formwork; (b) steel and GFRP 

cages and (c) GFRP and steel cages inside the PVC molds  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Testing of the specimens: (a) test setup of column specimens; (b) loading head setup 

for concentrically loaded column specimens; (c) loading head setup for column specimens 

tested under 25 mm eccentric axial load; (d)  loading head setup for column specimens tested 

under 50 mm eccentric axial load and (e) test setup of the beam specimens. 
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Fig. 4: Failure of column specimens: (a) buckling of the longitudinal steel bars and rupture of 

the steel helix; (b) buckling and rupture of longitudinal GFRP bars and (c) rupture of the 

GFRP helix 
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Fig. 5: Failure modes of the beam specimens; C is the compression face and T is the tension face.  
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Fig. 6: Axial load-axial deformation behavior of the concentrically loaded specimens 
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Fig. 7: Specimen G60E0 at different loading stages: (a) at the beginning of the test; (b) after 

the first peak load; (c) spalling of the concrete cover and (d) after failure  
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(b)  

  

Fig. 8: Axial load-axial deformation and axial load-lateral deformation behavior of the 

specimens tested under: (a) 25 mm eccentric axial load and (b) 50 mm eccentric axial load 
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Fig. 9: Load-midspan deflection behavior of the specimens tested under four-point loading 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10: Experimental axial load-bending moment (P–M) interaction diagrams 
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Fig. 11: Stress-strain distribution for 𝑃–𝑀 interactions of GFRP-HSC cross-section using layer-by-layer integration 
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 Fig. 12: Experimental and analytical axial load-bending moment (𝑃–𝑀) interaction 

diagrams for: (a) Group S60; (b) Group G60 and (c) Group G30 
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