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Axial compressive behaviour of GFRP tube reinforced concrete columns 30 

Abstract: This paper presents an innovative reinforcing scheme for concrete columns using glass fibre 31 

reinforced polymer (GFRP) tubes. GFRP tubes (solid and perforated) have been placed into concrete 32 

columns to provide reinforcement in both longitudinal and transverse directions. In this study, 14 33 

columns with 150 mm diameter and 300 mm height have been cast and tested under axial 34 

compression. The columns have been divided into seven groups; each group contains two columns. 35 

The first group of columns are the reference columns without any reinforcement. The other six groups 36 

of columns are reinforced with solid and perforated (axially and diagonally) GFRP tubes. The test 37 

results show that GFRP tubes are effective in improving the strength and the ductility capacity of FRP 38 

(fibre reinforced polymer) Tube Reinforced Concrete (FTRC) columns. Also, perforated GFRP tubes 39 

have been found effective in integrating concrete core with concrete cover. However, axially 40 

perforated FTRC columns have been found most effective considering the strength and the ductility 41 

capacity of the concrete columns. In addition to the experimental investigations, numerical 42 

simulations have been carried out to assess the influence of tube perforations on the behaviour of 43 

FTRC columns. The simulation results show that reduction in the hole diameter, rather than increase 44 

in the vertical hole spacing, is the most effective in increasing the strength and the ductility capacity 45 

of FTRC columns.   46 

Keywords: GFRP tubes; Internal reinforcement; Perforated tubes; Axial compression; Numerical 47 

simulation.  48 
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1. Introduction  74 

Steel bars have been traditionally used as reinforcement in the construction of reinforced concrete 75 

(RC) structures. However, corrosion of steel bars has been the major cause of deterioration of RC 76 

structures, especially for structures subjected to harsh environment, which compromises the 77 

serviceability of the structure. The cost of repair and restoration for the deteriorated structures due to 78 

corrosion of reinforcement can be significantly high. Many methods have been applied to protect 79 

reinforcement from corrosion including the use of galvanized or stainless steel bars, epoxy coating 80 

and cathodic protection [1-4]. However, none of these methods have provided a drastic solution to this 81 

problem [5].  82 

 83 

Over the last three decades, a significant number of studies have been carried out on the use of 84 

advanced composite materials, such as fibre reinforced polymer (FRP), in civil engineering structures. 85 

Recent studies showed that FRP composites (FRP bars) can be successfully used in RC beams in 86 

flexure [6, 7]. However, the use of FRP bars as longitudinal reinforcement has not been considered a 87 

suitable option for RC compression members. The main reasons for not using the FRP bars in 88 

building columns and bridge piers are: (a) the strength and stiffness of FRP bars in compression are 89 

less than that in tension [8, 9]; (b) a tensile strength reduction of more than 40% can occur for 90 

transverse FRP bars with bends compared to the tensile strength of straight bars due to fibre bending 91 

and stress concentration [10]; and (c) the longitudinal FRP bars are vulnerable to local bucking [11]. 92 

Also, the use of FRP bars in columns has not yet been covered in ACI 440.1R-06 [12].  93 

 94 

Recent research investigation showed that FRP jackets can enhance both strength and ductility 95 

capacity of RC columns by providing confining effect to the concrete core under concentric and 96 

eccentric axial loadings [13-16]. The FRP jacket was used mostly for retrofitting of existing columns 97 

and to some extent for new construction of in-situ RC columns. Recently, concrete-filled FRP tubes 98 
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(CFFTs) have gained significant research attentions. In CFFTs, the FRP tube acts as stay-in-place 99 

formwork and provides lateral confinement to concrete core. At the same time, the concrete core 100 

prevents the FRP tube from local buckling. Existing studies have demonstrated the ability of CFFTs 101 

to develop considerable strength, stiffness and ductility capacity, making FRP tubes attractive 102 

alternatives of steel bars [17-19]. Despite many advantages, CFFTs present some design challenges: 103 

(a) the susceptibility of FRP tube to be damaged in fire or under impact loading limits the application 104 

of CFFTs in critical infrastructure [20,21], (b) linear elastic behaviour of FRP materials until rupture 105 

causes the RC columns confined with FRP tubes fail in a brittle manner without prior warning; and (c) 106 

the interfacial debonding between FRP tube and concrete may occur due to insufficient bonding 107 

strength especially in column under flexural loading [19].  108 

 109 

In this study, a new reinforcing scheme, named FRP Tube Reinforced Concrete (FTRC) columns is 110 

proposed. The FRP tube is placed into the concrete to provide reinforcement in both longitudinal and 111 

transverse directions. In this scheme, the FRP tube is also protected by the concrete cover. In addition 112 

to solid GFRP tubes, perforated GFRP tubes are also used in order to integrate the concrete core and 113 

concrete cover effectively. Compared to CFFTs, the fire performance and impact resistance of the 114 

FTRC columns can be significantly improved because the concrete cover protects the GFRP tube. The 115 

spalling of concrete cover can be used as a suitable indication of the imminent failure. Also, 116 

mechanical interlockings can be developed between the perforated GFRP tube and concrete (Fig. 1), 117 

forming a higher interfacial shear strength [22]. In order to have an in-depth understanding of the 118 

axial compressive behaviour of the proposed FTRC columns, an experimental programme was 119 

conducted in the High Bay Civil Engineering Laboratory at the University of Wollongong. The axial 120 

load-axial deformation behaviour of FTRC columns has been investigated. The strength, ductility 121 

capacity and failure modes of the FTRC columns have been critically studied. Finally, numerical 122 

simulations have been carried out to investigate the influence of perforation on the axial compressive 123 

behaviour of FTRC columns.  124 
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2. Experimental program  125 

2.1. Materials and column specimens 126 

Glass fibre reinforced polymer (GFRP) tubes manufactured by Wagners Australia were chosen as the 127 

reinforcement material. The solid GFRP tubes (ST) were 260 mm long and 6 mm thick with 77 mm 128 

internal diameter. In addition to solid GFRP tubes, perforated tubes were selected as well. The 129 

purpose of using perforated tubes is mainly to integrate the concrete core with concrete cover, which 130 

may prevent the concrete cover from premature spalling. 25 mm diameter circular holes were drilled 131 

to create perforations into the GFRP tubes. Two different perforation patterns (axial and diagonal) 132 

were studied. Axially perforated GFRP tubes have been designated as APT and diagonally perforated 133 

GFRP tubes have been specified as DPT in this study. Four rows of holes were drilled in each tube. 134 

The rows were symmetrically distributed along the tube circumference. The clear vertical spacing 135 

between holes was 40 mm. 16 holes were drilled in APT and 14 holes were drilled in DPT. Moreover, 136 

in order to prevent the GFRP tubes from premature rupture and to improve the hoop tensile strength, 137 

two layers of Carbon Fibre Reinforced Polymer (CFRP) sheet were wrapped onto the tubes (Fig. 2). 138 

The laterally wrapped GFRP tubes were labelled ST-LW, APT-LW, and DPT-LW, in which “LW” 139 

means the tube was laterally wrapped with CFRP sheet. Fig. 2 shows different GFRP tubes used in 140 

this study.  141 

 142 

A total of 14 circular columns were cast and tested under axial compression. The columns were 150 143 

mm in diameter and 300 mm in height. Concrete clear cover was 30 mm on the sides and 20 mm at 144 

the top and bottom of the columns. The columns were divided into seven groups. Each group 145 

contained two identical columns. The columns were made of normal strength concrete with a design 146 

compressive strength of 32 MPa. The maximum size of the coarse aggregate for concrete was 10 mm. 147 

Details of the columns are shown in Fig. 3.   148 

 149 
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 150 

Table 1 lists the columns tested in this study. Group REF columns were used as reference columns 151 

which contain no reinforcement. Group ST columns were reinforced with solid GFRP tube. Group 152 

APT and DPT columns were reinforced with APT and DPT, respectively. For Group ST-LW, APT-153 

LW, and DPT-LW columns, laterally wrapped ST, APT, and DPT, respectively, were used as 154 

reinforcement. 155 

 156 

2.2. Preparation of columns  157 

2.2.1. Tube perforation and CFRP attachment 158 

For the perforated GFRP tubes, hole locations were marked before drilling. A drill press machine with 159 

a 25 mm circular drill bit was used to perforate the tubes. Gloves and a mask were worn to get 160 

protected from harmful fibres during the perforation operation. A water spray bottle was used to wash 161 

away any waste material. After perforation, GFRP tubes labelled ST-LW, APT-LW, and DPT-LW 162 

were laterally wrapped with two layers of CFRP sheets. A mixture of epoxy resin and hardener at 5:1 163 

ratio was used. Before the application of the first layer of CFRP, the adhesive was spread onto the 164 

surface of the tube. After the first layer, the adhesive was spread onto the first layer of CFRP and the 165 

second layer was continuously bonded. 70 mm overlap was maintained. All wrapped GFRP tubes 166 

were left to dry for seven days.  167 

 168 

2.2.2. Casting of columns  169 

Plastic moulds were used to cast the concrete columns. The moulds were made of PVC pipes with 150 170 

mm inner diameter and 300 mm height. GFRP tubes were placed into the mould first. In order to 171 

ensure a 20 mm concrete cover at the top and bottom, three tiny holes were drilled into the timber 172 

base as well as at the bottom of GFRP tubes. The holes were 10 mm in depth. Afterwards, three 40 173 
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mm long thin steel wires were inserted into the holes to support the GFRP tubes and to maintain 20 174 

mm concrete cover. The steel wires were removed from the concrete columns after curing of concrete. 175 

To ensure 30 mm cover at sides, four thin steel wires were aligned symmetrically around the top end 176 

of GFRP tube. The steel wires were removed after two thirds of the concrete had been cast. Each 177 

mould was stabilized vertically by three galvanized steel straps and two hose clips. Fig. 4 shows the 178 

layout of GFRP tubes in the moulds. 179 

 180 

After GFRP tube was placed into the mould, concrete was mixed and cast according to AS 1012.9-181 

1999 [23] and AS 1012.8.1-2000 [24]. A wet hessian was placed over the columns to prevent 182 

moisture loss. All the columns were watered during weekdays until the test date. To prevent 183 

premature failure, the top and the bottom of the columns were strengthened by two layers of CFRP 184 

sheets. 70 mm overlapping was applied at the top and the bottom of the columns. Fig. 5 shows the 185 

GFRP tube reinforced concrete columns.  186 

 187 

2.3. Preliminary tests 188 

Concrete cylinders with 100 mm diameter and 200 mm height were tested for compressive strength at 189 

7 and 28 days. The average compressive strengths at 7 and 28 days were 26 MPa and 35 MPa, 190 

respectively. The properties of CFRP sheet were determined by FRP coupon tests accordance to 191 

ASTM D7565 [25]. The average width of the coupons was 28.50 mm and the average maximum 192 

tensile force was 1200 N/mm. The average ultimate tensile strain was calculated as 0.0172 mm/mm.  193 

 194 

The properties of GFRP tubes were determined by tube axial compression test. Six GFRP tubes, with 195 

one tube for each type, were tested under axial compression. Fig. 6 shows the axial load-axial 196 

deformation diagram of GFRP tubes under axial compression. Table 2 lists the ultimate load and the 197 

corresponding axial deformation of GFRP tubes. For solid GFRP tube, the average ultimate axial 198 
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compressive strength was 400 MPa and the corresponding axial strain was 0.014 mm/mm. The axial 199 

elastic modulus was 33 GPa, which was close to the value provided by the manufacturer (35.4 GPa). 200 

It is evident that perforations can significantly reduce the axial elastic modulus and load carrying 201 

capacity of GFRP tubes. Even though less perforation was created for DPT, the ultimate load and the 202 

corresponding axial deformation were less than those of APT, which indicates that APT performs 203 

better than DPT under axial compression. Moreover, the wrapping of CFRP sheet did not significantly 204 

improve the ultimate load and the corresponding deformation of the tubes.  Fig. 7 shows the failure 205 

modes of different GFRP tubes after axial compression test. ST and ST-LW failed due to stress 206 

concentration at the tube end, while perforated GFRP tubes failed due to the rupture around holes.   207 

 208 

2.4. Instrumentation and test procedure 209 

Strain gauges were longitudinally and transversely attached onto the GFRP tubes to investigate the 210 

actual strain at representative locations. Two pairs of strain gauges were used for each column in 211 

Groups ST, APT and DPT. Each pair contains two strain gauges attached at the mid-height of the 212 

GFRP tube aligned in the longitudinal and transverse directions. Two representative locations were 213 

selected for perforated tubes. The first location (Point A) was in the middle of two neighboring holes, 214 

and the second location (Point B) was in the intact part of GFRP tubes, as shown in Fig. 8. For each 215 

column in Groups ST-LW, APT-LW, and DPT-LW, two strain gauges were attached onto the CFRP 216 

sheet to capture the tensile strains of CFRP sheet in the mid-height of GFRP tubes. 217 

 218 

The Denison 5000 kN testing machine in the High Bay laboratory at University of Wollongong was 219 

used for testing all the columns. Before testing, all columns were capped at the top end with high 220 

strength plaster to ensure uniform load application. The columns were placed vertically on the steel 221 

plate. Adequate care was taken to ensure that the columns were placed at the centre of the testing 222 

machine. Axial deformations were measured using two Linear Variable Differential Transformers 223 

(LVDTs), which were mounted at the corners between the loading plate and supporting steel plate. 224 
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The deformation readings from the two LVDTs were then averaged to obtain representative result. 225 

The load and deformation data were recorded using an electronic data-logger connected to a computer 226 

for every two seconds. The displacement controlled tests were carried out at a rate of 0.5 mm/min. All 227 

columns were tested until failure.  228 

 229 

3. Experimental results and discussion 230 

3.1. Failure modes 231 

Although there was an increase in the ultimate strength of a few columns, all reinforced columns 232 

failed in a brittle manner with rupture of GFRP tubes. Typical failure modes of the columns are 233 

shown in Fig. 9. The failure modes depend largely on the configuration of GFRP tubes. Group ST and 234 

Group ST-LW columns failed due to the transverse rupture and in-plane shear at the mid-height of the 235 

GFRP tubes. For columns in Group APT and Group APT-LW, longitudinal rupture was observed 236 

around the holes. Group DPT columns failed due to longitudinal rupture in the middle of three 237 

neighbouring holes, while Group DPT-LW columns failed due to the rupture around the holes where 238 

CFRP was not attached.  239 

 240 

3.2. Axial load-axial deformation behaviour 241 

Fig. 10 shows the axial load-axial deformation behaviour of Groups REF, ST, APT and DPT columns. 242 

It can be seen that all columns showed similar behaviour before yielding. Afterwards, columns 243 

reinforced with GFRP tubes showed decrease in the strength with increase in the deformation. This 244 

behaviour is attributed to the spalling of concrete cover. It is noted that the concrete cover was 30 mm 245 

at the sides and hence significant decrease in the strength of the columns was expected. Afterwards, 246 

the strength of the columns was increased with the increase in the axial deformation because of the 247 

confining effect provided by GFRP tubes. Eventually, all the columns failed due to the rupture of the 248 

GFRP tubes, accompanied by very loud noises. It is evident from Fig. 10 that several fluctuations 249 
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occurred before total failure. These fluctuations suggest that even after the rupture of GFRP tubes, 250 

columns can still sustain considerable amount of load because of the contribution of concrete. Fig. 11 251 

shows the axial load-axial deformation behaviour of Groups REF, ST-LW, APT-LW, and DPT-LW 252 

columns. Groups ST-LW, APT-LW, and DPT-LW columns show similar behaviour to those of 253 

Groups ST, APT, and DPT columns, respectively. It is noted that for Column ST-LW-2, the 254 

deformation at ultimate load was 8.26 mm, which was even lower than that of Group ST columns. 255 

However, from the tube compression test, it was predicted that ST-LW columns should have a higher 256 

ultimate load and the corresponding axial deformation than those of Group ST columns. This 257 

inconsistency may be attributed to operating error during the test. Therefore, the test result of Column 258 

ST-LW-2 has not been considered for further analyses.  259 

 260 

Table 3 summarizes the test results of all columns. The yield load, the ultimate load as well as the 261 

corresponding axial deformations have been presented. In this study, the ultimate load is defined as 262 

the load at the rupture of FRP tube. The ductility of the columns [26, 27] has been calculated as:  263 

                           u

y




                                                           (1) 264 

 265 

where   is the ductility of the column, u is the deformation at the ultimate load, and y  is the 266 

deformation at the yield load.  267 

 268 

It can be seen from Table 3 that Groups ST and ST-LW columns show significant increase in both the 269 

load carrying capacity and the ductility capacity. Group ST-LW columns achieved the highest load 270 

carrying capacity and ductility capacity. For perforated GFRP tube reinforced concrete columns in 271 

Groups APT, APT-LW, DPT, and DPT-LW, the ultimate load and ductility capacity increased while 272 

the increase was less than those of Groups ST and ST-LW columns. There might be two reasons for 273 

such behaviour. First, compared to 77 mm diameter concrete core, the spalling of 30 mm concrete 274 
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cover would obviously result in a significant strength loss. Second, the perforation produced a 275 

strength reduction for the GFRP tubes, as explained above. For Groups APT and APT-LW columns, 276 

the ultimate load and the ductility capacity were higher than those of Groups DPT and DPT-LW 277 

columns, respectively. The lowest ultimate loads and ductility capacities were observed for Group 278 

DPT-LW columns. The results indicate that the axially perforated GFRP tube (APT) performs better 279 

than the diagonally perforated GFRP tube (DPT) in reinforcing the columns.  280 

 281 

It is also important to note that the axial deformation at ultimate load for Group APT-LW columns is 282 

lower than that of Group APT columns. This can be explained by the fact that the wrapping of CFRP 283 

sheet onto the intact part of APT tubes might have resulted in the development of more minor cracks 284 

around the holes. Hence, APT-LW tube experienced a premature rupture around the holes than APT 285 

tube. Similarly, for Group DPT-LW columns, though a majority of the tube was wrapped with CFRP 286 

sheet, there were still areas around the holes that were not protected by CFRP sheet, and the rupture 287 

occurred around the unwrapped areas. Therefore, the attachment of CFRP sheet was insignificant in 288 

improving the load carrying capacity and the ductility capacity of Group DPT-LW columns. 289 

Nevertheless, the comparison between Group ST columns and Group ST-LW columns shows that the 290 

attachment of CFRP sheet onto solid GFRP tube could improve the load carrying capacity and the 291 

ductility capacity of Group ST-LW columns, because the CFRP sheet could potentially confine the 292 

lateral expansion of solid GFRP tube.  293 

 294 

Table 4 shows the confinement effects of GFRP tubes. The cP is the ultimate load of the columns, 0cP  295 

is the unconfined concrete strength times the area of the concrete core, fP is the ultimate load of the 296 

GFRP tubes. The 0( )c fP P  represents the ultimate load of the columns without confinement. It can be 297 

seen that the load carrying capacity of FTRC columns exceed the load carrying capacity of the two 298 

individual materials. The GFRP tubes significantly improved the load carrying capacity of the 299 
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columns. Even though the perforation adversely reduced the axial elastic modulus and strength of 300 

GFRP tubes, the confinement effect did not show significant difference.  301 

 302 

3.3. Axial deformation-volumetric strain behaviour 303 

In order to understand the dilatation behaviour of concrete core, the axial deformation-volumetric 304 

strain response was calculated from the recorded strain gauge data. The volumetric strain v  is 305 

determined from [28]:  306 

  2v A H              (2) 307 

 308 

where A  and H  are the axial strain and hoop strain, respectively. In this study, the axial compressive 309 

strains are considered negative and the hoop tensile strains are considered positive. Hence, a positive 310 

v  means dilation and a negative v  means volume contraction.    311 

 312 

It has been reported that the volumetric change of FRP confined concrete depends significantly on the 313 

amount of FRP [29]. If the concrete was confined by a relatively less amount of FRP, the concrete 314 

may exhibit volumetric dilation at failure. However, if the concrete was confined by a sufficient 315 

amount of FRP, the concrete may not show dilation at all. Fig. 12 shows the axial displacement-316 

volumetric strain response for Groups ST, APT and DPT columns. Group ST columns exhibited a 317 

continuous contraction, which indicates the efficiency of confinement provided by GFRP tube. For 318 

Group APT columns, the strain gauges measurement at the intact part (Point B) as well as around the 319 

hole area (Point A) were used to calculate the volumetric strain. The locations of Point A and Point B 320 

are shown in Fig. 8. It can be seen that the volumetric strain at the intact part (Point B) of APT 321 

exhibited a slight contraction initially followed by a slight dilation. Finally the column failed with a 322 

large volumetric contraction at point B. On the contrary, the volumetric strain around hole area (Point 323 

A) experienced a continuously increasing volume dilation until failure after slight volume contraction 324 
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at the beginning. For Group DPT columns, the volumetric strain at the intact part (Point B) 325 

experienced a continuous volumetric contraction until the final failure, while the volumetric strain 326 

around the hole area (Point A) was subjected to contraction first and continuous dilation afterwards. 327 

The difference in volumetric strains between different parts of perforated GFRP tube indicates that the 328 

intact part is more effective in confining the concrete.    329 

 330 

4. Numerical simulations 331 

Finite element simulations of FTRC columns under axial compression were carried out to investigate 332 

the effect of hole diameter and hole spacing on the strength and the ductility capacity of columns. The 333 

numerical simulation considers the complexities of the concrete nonlinearity, the orthotropic 334 

properties of the GFRP tubes, and the confinement effect of GFRP tubes. The simulation model has 335 

been validated with the experimental result presented in Section 3 of this paper.  336 

 337 

4.1. Modelling method 338 

The nonlinear concrete model in [30] was used to simulate the concrete behaviour. In the concrete 339 

model, the stress-strain relationship of the concrete in compression exhibits nearly linear elastic 340 

response up to about 30% of the concrete compressive strength, which is followed by plastic 341 

behaviour until the compressive strength of concrete is reached. Beyond the compressive strength, the 342 

concrete stress-strain relationship exhibits strain softening until crushing. Fig. 13 (a) shows the 343 

idealized uniaxial stress-strain curve for the concrete and Fig. 13 (b) shows the biaxial failure surface 344 

of the concrete. The stress-strain relationship for concrete in tension is assumed to follow a linear 345 

ascending branch with a slope that is equal to the concrete modulus of elasticity ( cE ) until maximum 346 

tensile stress ( t ) is reached. In this study, the smeared crack model, in which it is assumed that a 347 

plane of failure is developed perpendicular to the corresponding principal stress direction, is used. The 348 
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normal and the shear stiffness across the plane of failure are reduced and plane stress conditions are 349 

assumed to exist at the plane of tensile failure. Poisson’s ratio ( v ) is considered as 0.2. The tangent 350 

modulus of concrete at zero strain ( 0E ) is considered as 26 GPa. The unconfined concrete 351 

compressive strength is considered as 35 MPa with a corresponding strain of 0.002.  352 

 353 

The orthotropic material model was used to simulate GFRP tubes. Orthotropic material properties 354 

used in the simulation are shown in Table 5. It can be seen from Table 5 that the ultimate tensile 355 

strength, ultimate compressive strength, and elastic modulus in the longitudinal direction are much 356 

higher than the ultimate tensile strength, ultimate compressive strength and elastic modulus in 357 

transverse direction, respectively. The higher values in the longitudinal direction can be attributed to 358 

the manufacturing method of the GFRP tubes used in this study. During the pultrusion process, a vast 359 

proportion of the glass fibres were aligned along the longitudinal direction of the GFRP tubes.  360 

 361 

3-D solid elements were used to represent the concrete and FRP tubes. Each element contains 10 362 

nodes, and each node has three degrees of freedom. In order to improve the convergence, the 363 

modelling techniques adopted are: (a) application of compatible element mode, (b) selection of higher 364 

numerical integration order, (c) adoption of the displacement convergence criterion, and (d) 365 

application of automatic time stepping (ATS) method. The birth/death element was used to simulate 366 

the spalling of concrete cover. After the concrete cover element was set to death, the concrete cover 367 

was assumed to be spalled off and was not considered for subsequent calculations. Displacement was 368 

applied on the top end of the column, and the loading speed was set to 0.005 mm/s. Fig. 14 shows the 369 

finite element model of ST column. 370 

 371 
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4.2. Validation of the model 372 

The modelling method presented in Section 4.1 was validated with experimental results. Since it has 373 

been proven that APT columns exhibit higher strength and ductility capacity than DPT columns, APT 374 

columns were modelled.  ST columns were modelled as well.  375 

Figs. 15 (a, b) show the comparison of simulation result and experimental result of axial strain-axial 376 

load response of ST column and APT column, respectively. It is noted that the axial strain was 377 

obtained at the mid-height of GFRP tube. It can be seen that both the test and simulation results show 378 

very similar behaviour under axial compressive loading. The simulation results underestimate the load 379 

carrying capacity of the column especially beyond the cover spalling, which indicates that the strength 380 

enhancement of concrete core may not have been fully reflected. Nonetheless, the finite element 381 

model predicts the ultimate load carrying capacity and the ultimate strain, which are the main 382 

parameters of investigation in this study, with a reasonable accuracy.   383 

 384 

4.3. Effect of hole diameter   385 

The effect of hole diameter on the strength and the ductility capacity of columns was investigated 386 

using the developed finite element model. Four hole diameters (0 mm, 15 mm, 21 mm, 28 mm) were 387 

considered. The vertical hole spacing for all perforated GFRP tubes was 40 mm. Other simulation 388 

parameters were kept constant. Fig. 16 shows the axial load-axial strain diagram of columns reinforce 389 

by GFRP tubes with different hole diameters. It is evident that the reduction of hole diameter 390 

increases the load carrying capacity of concrete columns, although axial strains at ultimate loads are 391 

very similar. Fig. 17 (a) represents GFRP tube with 15 mm hole diameter and Fig. 17 (b) represents 392 

GFRP tube with 28 mm hole diameter. It can be seen from Fig. 17 that by reducing hole diameter, 393 

more intact part of tube can be obtained, thus a higher load carrying capacity can be achieved. Also, 394 

by reducing hole diameter, more concrete core can be effectively confined with GFRP tube, which 395 

can result in a higher strength improvement for concrete core. Therefore, it can be assumed that the 396 

strength of FTRC columns is highly dependent on the hole diameters of the perforated GFRP tubes. It 397 
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is also evident that 25 mm hole diameter is very large for GFRP tube with 89 mm outer diameter to 398 

maintain the load carrying capacity of the columns.  399 

4.4 Effect of vertical hole spacing 400 

The effect of vertical hole spacing was investigated by simulating GFRP tube reinforced concrete 401 

columns with three different vertical hole spacings (25 mm, 50 mm, 75 mm). The hole diameter for 402 

all perforated GFRP tubes was 15 mm. Other simulation parameters were kept constant. The axial 403 

strain- axial load responses of columns are shown in Fig. 18. It can be seen that the load carrying 404 

capacity increases with the increase in hole spacing, although axial strains at ultimate loads are very 405 

similar. By increasing the hole spacing, more concrete core can be effectively confined, which results 406 

in a higher strength improvement of concrete core. In addition, larger hole spacing means less 407 

perforation, which can also enable columns to sustain higher load (Fig. 19). Therefore, it can be 408 

assumed that the strength of FTRC columns also depends on the vertical hole spacing of the 409 

perforated GFRP tubes. However, the influence of vertical hole spacing is less than the influence of 410 

hole diameter on the load carrying capacity of FTRC columns.  411 

Based on the simulation result, higher strength of FTRC columns can be obtained by reducing the 412 

hole diameter instead of increasing the vertical hole spacing of perforated GFRP tubes. Similarly, the 413 

vertical hole spacing can be reduced without causing significant strength degradation of FTRC 414 

columns where increased perforation area is required.  415 

Even though perforation may influence the performance of FTRC columns under axial compression, 416 

it is essential in the design of FTRC columns. When FTRC columns are exposed to high temperature, 417 

the concrete cover spalling may occur for columns reinforced with intact FRP tubes because the 418 

bonding between concrete cover and FRP tube may decrease significantly due to the high pressure 419 

induced by water vapour inside concrete [31]. On the other hand, in presence of holes, even though 420 

the bonding between concrete cover and FRP tube may decrease under high temperature, the 421 

mechanical interlocking between concrete core and cover may remain highly effective in preventing 422 
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the cover from spalling. Moreover, the presence of holes on the FRP tube increases the bonding 423 

strength between concrete core and FRP tube [22].  424 

 425 

5. Conclusions 426 

Experimental investigations and numerical finite element simulations were carried out to study the 427 

axial compressive behaviour of FRP Tube (solid and perforated) Reinforced Concrete (FTRC) 428 

columns. Based on the experimental and simulation results, the following conclusions can be drawn: 429 

FTRC columns are effective in increasing the strength and the ductility capacity of concrete columns. 430 

Concrete columns reinforced with laterally wrapped solid GFRP tubes (ST-LW) achieved the highest 431 

strength and the ductility capacity than the other groups of columns in this study.  432 

The use of perforated GRRP tubes is mainly to integrate the concrete core and concrete cover, which 433 

is essential to protect the concrete cover from premature spalling (e.g., due to fire or impact loading). 434 

However, the perforation may result in the loss of strength and the ductility capacity of FTRC 435 

columns.  436 

The numerical simulation results show that reduction of the hole diameter or increase of vertical hole 437 

spacing can be effective in increasing the strength and the ductility capacity of FTRC columns. 438 

However, as the reduction of hole diameter is more effective, it is suggested that hole diameter be 439 

reduced rather than the vertical hole spacing be increased for the design of effective FTRC columns.   440 

FTRC columns can be utilized in building and other applications where strict fire performance and 441 

impact load resistance are necessary and where traditional RC columns are located in aggressive 442 

environment which may lead to corrosion of steel reinforcement.  443 

 444 

 445 
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Table 1 612 

Test matrix.  613 

Columns Description Reinforcement 

REF  Plain concrete columns None 

ST 

GFRP tube reinforced 

concrete (FTRC) columns 

Solid GFRP tube 

APT Axially perforated GFRP tube  

DPT Diagonally perforated GFRP tube  

ST-LW CFRP wrapped solid GFRP tube 

APT-LW CFRP wrapped axially perforated GFRP tube 

DPT-LW CFRP wrapped diagonally perforated GFRP tube 

 614 

 615 

Table 2  616 

Results of tube compression test. 617 

Tube types ST APT DPT ST-LW APT-LW DPT-LW 

Ultimate load (kN) 624 375 337 636 367 353 

Axial deformation at ultimate load 

(mm) 
3.58 3.50 2.98 3.63 3.44 3.16 

 618 

 619 

 620 

 621 

 622 

 623 

 624 
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 625 

Table 3 626 

Summary of test results. 627 

Specimen 
Yield load 

yP  (kN) 

Axial 

deformation 

at yield load 

y (mm) 

Ultimate load 

(fatal rupture of 

FRP tube) uP  (kN) 

Axial deformation 

at ultimate load  

u (mm) 

Ductility 

  

REF-1 613 1.18 613 1.18 1.00 

REF-2 637 1.19 637 1.19 1.00 

ST-1 680 1.59 975 10.34 6.50 

ST-2 694 1.19 953 8.84 7.43 

APT-1 674 1.32 653 5.27 4.00 

APT-2 677 1.26 651 5.17 4.10 

DPT-1 573 1.26 598 4.45 3.53 

DPT-2 592 1.04 607 4.22 4.06 

ST-LW-1 624 1.24 1011 13.33 10.75 

APT-LW-1 588 1.15 679 4.64 4.03 

APT-LW-2 634 1.29 648 4.54 3.52 

DPT-LW-1 661 1.37 636 4.07 2.97 

DPT-LW-2 602 1.23 589 3.65 2.97 

 628 

 629 

 630 

 631 

 632 

 633 

 634 
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 635 

Table 4 636 

Confinement effects of GFRP tubes. 637 

Columns 
Average ultimate load 

cP  (kN) 

Ultimate load of GFRP 

tube fP  (kN) 

Ultimate load of 

unconfined concrete 

core 0cP  (kN) 

0

c

c f

P

P P
 

ST 964 624 

156 

1.24 

APT 652 375 1.23 

DPT 605 337 1.23 

ST-LW 1011 636 1.27 

APT-LW 664 367 1.27 

DPT-LW 613 353 1.20 

Note: cP =average ultimate load of the columns; fP =ultimate load of the GFRP tubes; 0cP =calculated 638 

ultimate load of the concrete core without confinement, which is equal to the unconfined concrete 639 

strength times the area of the concrete core; 0( )c fP P  = calculated ultimate load of the columns 640 

without confinement.  641 

 642 

Table 5 643 

Mechanical properties of GFRP tubes used in simulation. 644 

Ultimate Tensile Strength 

(MPa) 

Ultimate Compressive Strength 

(MPa) 
Shear Strength  

(MPa) 

Modulus of Elasticity  

(GPa) 

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse 

650 41 550 104 84 35.4 12.9 

 645 

 646 

 647 
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                  648 

(a) Perforated FRP tube          (b) concrete core 649 

Fig. 1.  Perforated FRP tube and concrete core.  650 

 651 

 652 

Fig. 2. GFRP Tube configurations: ST tube, APT tube, DPT tube, ST-LW tube, APT-LW tube, and 653 

DPT-LW tube. 654 

 655 

                656 

                    (a) elevation section               (b) cross-section 657 

Fig. 3. FTRC columns: (a) elevation and (b) cross-section (dimensions are in mm). 658 
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 659 

 660 

 661 
      (a) 20 mm cover at bottom                                (b) 30 mm cover on the sides. 662 

Fig. 4. Layout of GFRP tubes. 663 

 664 

                 665 

                        (a) before concrete casting                           (b) after concrete casting. 666 

Fig. 5. GFRP tube reinforced concrete (FTRC) columns. 667 

 668 

 669 

Fig. 6. Axial load-axial deformation behavior of GFRP tubes.  670 
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 693 

Fig. 11. Axial load- axial deformation behavior of REF, ST-LW, APT-LW and DPT-LW columns. 694 

                     695 

 696 

 697 

Fig. 12. Axial deformation-volumetric strain behavior of FTRC columns. 698 
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         700 

  (a)    Typical uniaxial stress-strain curve for concrete     (b) Biaxial failure envelope for concrete 701 

Fig. 13. Constitutive model for concrete.  702 

 703 

 704 

Fig. 14. Finite element model of FTRC column. 705 

 706 
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 707 

                                     (a) ST column                                      (b) APT column 708 

Fig. 15. Comparison between experimental results and simulation results.  709 

 710 

 711 

Fig. 16. Effect of hole diameter (D) on the axial load-axial strain behavior of APT columns. 712 

 713 

 714 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

200

400

600

800

1000

 
A

xi
a

l l
o

a
d

 (
kN

)

Axial strain (%)

 Experiment
 Simulation

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

100

200

300

400

500

600

700

800

A
xi

a
l l

o
a

d
 (

kN
)

Axial strain (%)

 Experiment
 Simulation

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

200

400

600

800

1000

 

A
xi

a
l l

o
ad

 (
kN

)

Axial strain (%)

 1: Solid tube
 2: D=15 mm 
 3: D=21 mm 
 4: D=28 mm 

1

2

3

4



36 
 

                               715 

                                       (a) hole diameter=15 mm         (b) hole diameter=28 mm 716 

Fig. 17. Distribution of effective stress in perforated tubes: (a) hole diameter= 15 mm, and (b) hole 717 

diameter= 28 mm. 718 

 719 

 720 

 721 

Fig. 18. Effect of vertical hole spacing (S) on the axial load-axial strain behaviour of APT columns. 722 
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                          725 

  (a) hole spacing=25 mm              (b) hole spacing=75 mm 726 

Fig. 19. Distribution of effective stress in perforated tubes: (a) hole spacing= 25 mm and (b) hole 727 

spacing= 75 mm.  728 
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