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Abstract 6 

A novel glass fiber-reinforced polymer (GFRP) – concrete double tube composite column, which consists of an outer filament 7 

winding GFRP tube, an inner pultruded GFRP tube and infilled core concrete and ring concrete, is proposed in this study. A total of 8 

20 specimens were tested to investigate the structural behavior of the composite column. High strength concrete (HSC) was used as 9 

the core concrete filled in the inner pultruded GFRP tube, while engineered cementitious composite (ECC) or normal concrete (NC) 10 

with medium compressive strength was used as the ring concrete. Different outer and inner GFRP tube thicknesses were considered. 11 

Test results reveal that overall performance of the GFRP-concrete double tube composite columns, especially the deformability, is 12 

effectively enhanced in comparison to the corresponding normal GFRP-confined HSC columns. Axial load-strain responses and 13 

dilation behavior of the composite column were carefully analyzed. Based on the test results, equations are developed to predict the 14 

ultimate load carrying capacity and ultimate axial strain for the proposed GFRP-concrete double tube composite column.  15 

Keywords: Composite column, Confinement, Double tube, Load capacity, Pultruded GFRP, Ultimate axial strain 16 

1. Introduction17 

Composite structural columns are widely used in engineering practices to achieve enhanced performance with the effective 18 

utilization of different materials, including concrete, steel and fiber-reinforced polymer (FRP) [1-6]. Various configurations of the 19 

composite column section have been developed as shown in Fig. 1. With the confinement provided by steel or FRP tube, concrete 20 

is subjected to triaxial compression and could gain improved strength and ductility for concrete filled steel tubular (CFST, Fig. 1(a)) 21 

columns [7-8] and concrete filled FRP tubular (CFFT, Fig. 1(b)) columns [9-10]. Extensive analytical models have been proposed 22 

to describe the behavior of confined concrete in CFST and CFFT with the consideration of interactions among axial stress and strain 23 

as well as lateral dilation and confinement. Among them, stress-path dependent stress-strain model is an advanced analytical model 24 

proposed in recent years [11,12]. Stress-path dependence issue of confinement considers the lag between the development of axial 25 

strain and that of the confining stress and strain, which is more pronounced with the increase of concrete strength. Modified actively 26 

confined concrete model has been proposed to address this effect and could exhibit improved prediction results [13]. Teng et al. [14] 27 

proposed the hollow concrete filled tubular sections, which are also termed as double skin tubular columns (DSTCs, Fig. 1(c)) and 28 

have been extensively studied through both experimental and numerical investigations over the last decade [15-17]. This structural 29 

form presents outstanding economic benefits due to the reduced self-weight. The inner and outer tubes can serve as permanent 30 
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formwork for concrete casting. FRP tube is normally arranged as the outer tube while steel tube as the inner tube, to achieve the best 31 

confinement effect and largest load carrying capacity. Compared with CFFT columns, the ductility performance of DSTCs is 32 

significantly improved with the presence of steel tube. Advanced materials, such as ultra-high performance concrete (UHPC), high 33 

strength steel and stainless steel, are also used in DSTCs recently to further improve the structural behavior [18-20]. On the basis of 34 

DSTCs, double tube tubular columns (DTTCs, Fig. 1(d)) were developed if infilling the inner void with concrete [21-24]. Owing to 35 

the dual confinement contributed by outer FRP tube and inner steel tube, the overall performance of the composite column is further 36 

enhanced. With the well confined concrete surrounded, inward and outward buckling of steel tube can be effectively restrained and 37 

the material strength can be fully utilized. Meanwhile, a residual load bearing capacity will be remained after the rupture of outer 38 

FRP tube and can withstand a large axial strain for DTTCs. On the other hand, there are also studies in which the steel tube is 39 

arranged as the outer tube, while FRP tube as the inner tube (Fig. 1(e)). It is found that the FRP rupture will be less brittle when 40 

embedded in concrete [25]. The outer steel will still provide confinement to the inner crushed concrete and contribute to the axial 41 

load capacity under large compressive strains, leading to a gradual failure manner and superior ductility performance [26]. In 42 

addition to the section forms composed of circular tubes as presented in Fig. 1, rectangular, square and elliptical steel or FRP tubes 43 

are also adopted in composite columns to suit specific engineering applications [22,23,26].  44 

(a) (b) (c) (d) (e)45 

Fig. 1 Configurations of composite columns. (a) CFST; (b) CFFT; (c) DSTC; (d)-(e) DTTC 46 

FRP has the advantages of high strength-to-weight ratio, corrosion resistance and low maintenance cost. Extensive research has been 47 

carried out in recent years to investigate the potential of replacing steel with FRP materials, such as FRP rebars and FRP tubes [27-48 

30]. FRP rebars and spirals were used to replace steel rebars and spirals in concrete structures and could realize promising 49 

performance under appropriate design guidance [28,30].  Hybrid reinforcing bar, consisting of a central FRP rebar, an external 50 

confining FRP tube and high strength cementitious material like UHPC, was proposed by Teng et al. [31] and subsequently 51 

investigated under different loading conditions [32]. It was found that the compressive strength of FRP bar could be fully mobilized 52 

since both the fiber micro-buckling and FRP buckling were prevented with the support of UHPC. Such steel-free structural members 53 

can be used in marine environments to avoid the steel corrosion problem. Meanwhile, seawater sea sand concrete could also be 54 

considered to work together with FRP materials for solving the shortage problem of fresh water and river sand in coastal areas [33]. 55 

Based on this background, an innovative FRP-concrete double tube composite column is proposed in this study, with the novel 56 

section arrangement shown in Fig. 2. It consists of an outer filament winding glass fiber-reinforced polymer (GFRP) tube, an inner 57 

pultruded GFRP tube, core concrete filled in the inner tube and ring concrete filled in the region between the inner and outer tubes. 58 

Compared with the existing DTTCs, the inner steel tube is replaced with pultruded GFRP tube, as well as two types of concrete can 59 

be used in the proposed composite column. There are several advantages that can be achieved for this composite column: (1) with 60 
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the confinement provided by the outer filament winding GFRP tube, both compressive strength and strain of concrete can be 61 

effectively enhanced; (2) the inner GFRP pultruded tube can serve as longitudinal reinforcement, contributing to the axial loading 62 

capacity and providing potential bending resistance. With the support of surrounded concrete, compressive strength of pultruded 63 

GFRP tube can be fully utilized without premature fiber buckling; (3) different concrete materials can be arranged separately for the 64 

core and ring region to obtain improved comprehensive performance; (4) the steel-free column can be used in marine environments 65 

without the concern of corrosion problem. Furthermore, seawater sea sand concrete can also be adopted in this proposed composite 66 

column. The GFRP-concrete double tube composite column makes full use of the material characteristics of the filament winding 67 

and pultruded GFRP tubes. To the best of the authors’ knowledge, there has been no research so far that considers a composite 68 

column consisting of filament winding FRP tube and pultruded FRP tube simultaneously.  69 

70 

Fig. 2 Section of GFRP-concrete double tube composite column 71 

In this study, a total of 20 specimens were prepared and tested under monotonic axial compression. High strength concrete (HSC) 72 

was adopted as the core concrete in the composite column. Different parameters were investigated, including the thickness of outer 73 

filament winding GFRP tube, the thickness of inner pultruded GFRP tube and the ring concrete material. Two concrete materials, 74 

engineered cementitious composite (ECC) and normal concrete (NC) with medium compressive strength, were arranged separately 75 

in the ring region of the composite column. As the fiber-reinforced cementitious material, ECC can develop much larger tensile 76 

strength and strain as well as better ductile behavior compared with normal concrete [34-37]. Research on composite structural 77 

members with the use of ECC have been emerged in recent years [38-41]. When the HSC core occurs localized cracks due to its 78 

brittleness under compression, the NC ring or ECC ring is expected to ease the brittle failure of the column, leading to a more ductile 79 

failure. Corresponding GFRP-confined HSC columns were also prepared and tested to make comparison with the proposed GFRP-80 

concrete double tube composite column. Compressive behavior of the pultruded GFRP tube were examined as well through the axial 81 

compression tests on hollow pultruded GFRP tubes and HSC filled pultruded GFRP tubes, which also helps to understand the 82 

comprehensive behavior of the proposed composite column. Axial load-strain responses and dilation behavior of the composite 83 

column were carefully analyzed. Based on the test results, equations are developed to predict the ultimate load carrying capacity and 84 

ultimate axial strain for the composite column. 85 

2. Experimental investigations86 

2.1 Material properties 87 
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2.1.1 Concrete 88 

The mix proportions of HSC, NC and ECC adopted in this study are presented in Table. 1. It is noted that 2% volume polyethylene 89 

(PE) fiber, with the properties provided in Table 2, was used for the ECC mixture. Five standard cylinders were cast simultaneously 90 

when preparing the specimens and were tested to determine the compressive strength and strain for each type of concrete. 91 

Compressive properties of HSC, NC and ECC are listed in Table 3. It can be seen that the elastic modulus of ECC is much lower 92 

than that of HSC and NC due to the absence of coarse aggregates [35].  93 

Table 1 Concrete mix proportions (kg/m3) 94 

Concrete Water Cement Fly ash Sand Aggregate S.P.* Fiber 

HSC 120 603 - 693 1023 10.6 - 

NC 165 550 - 624 1062 1.5 - 

ECC 310.5 554.4 665.2 443.7 - 13.5 19.4 

S.P.*: Super plasticizer.95 

Table 2 Polyethylene (PE) fiber properties 96 

Diameter 

(µm) 

Length 

(mm) 

Density 

(g/cm3) 

Elastic modulus 

(GPa) 

Tensile strength 

(MPa) 

24 12 0.97 120 3000 

97 

Table 3 Concrete material properties 98 

Concrete 
Compressive cylinder 

strength (MPa) 

Compressive 

strain 

Elastic modulus 

(GPa) 
Poisson’s ratio 

HSC 95.1 0.0032 36.8 0.21 

NC 63.2 0.0026 32.7 0.22 

ECC 55.2 0.0046 15.3 0.21 

99 

To examine the tensile behavior of ECC, direct tensile tests were carried out on ECC coupons as per the recommendations of JCSE 100 

[42]. Tensile stress-strain curves as well as the specimen failure modes are presented in Fig. 3. ECC coupons exhibited the ductile 101 

tensile behavior and multiple fine cracking behavior, with the tensile strength of 5.0 MPa and ultimate tensile strain of 3-4%.  102 

103 

Fig. 3 Tensile behavior of ECC coupons 104 

2.1.2 Filament winding GFRP tube 105 

Outer GFRP tube in the GFRP-concrete double tube composite column was manufactured by filament winding process. It is reported 106 

that the compressive strength enhancement ratio of confined concrete can increase substantially with the increase of fiber orientation 107 

with respect to the longitudinal direction of the tubes [43,44]. In this study, the fiber orientation was 80 degree to the longitudinal 108 
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direction to provide confinement to the inner concrete. The nominal inner diameter of the filament winding GFRP tube was 200 mm. 109 

Two different tube thicknesses were adopted to provide different levels of confinement and they were 7 layers (F7) and 10 layers 110 

(F10) of fiber respectively. Split-disk tests were conducted to obtain the tensile behavior in the hoop direction. Five GFRP rings 111 

with the height of 50 mm were cut from the corresponding GFRP tubes and tested as per ASTM D2290-08 standard [45] for F7 and 112 

F10, respectively. The results are summarized in Table. 4 and Fig. 4(a). It can be found that the hoop tensile strength, strain and 113 

elastic modulus are quite similar for the filament winding GFRP tubes with different thicknesses (F7 and F10). Ring compression 114 

tests were carried out to obtain the compressive behavior in the axial direction according to GB/T5350-2005 [46]. The obtained 115 

compressive properties as well as typical compressive stress-strain curves are presented in Table 4 and Fig. 4(b).  116 

Table 4 GFRP tube material properties 117 

GFRP 

tube 

Thickness 

(mm) 

Tensile properties Compressive properties 

Strength 

(MPa) 
Strain 

Elastic modulus 

(GPa) 

Strength 

(MPa) 
Strain 

Elastic modulus 

(GPa) 

F7 2.5 620.8 0.0156 39.8 70.6 0.0106 9.5 

F10 3.5 630.9 0.0164 38.5 84.6 0.0111 9.7 

PF4 4.0 185.5 0.0091 20.4 188.7 0.0114 21.8 

PF9 9.0 386.3 0.0103 37.5 379.8 0.0116 35.4 

Note: Tensile properties refer to the hoop tensile properties for filament winding GFRP tube (F7 and F10) and axial tensile properties 118 

for pultruded GFRP tube (PF4 and PF9). Compressive properties refer to axial compressive properties for both filament winding 119 

GFRP tube (F7 and F10) and pultruded GFRP tube (PF4 and PF9). 120 

121 

122 

(a) Hoop tensile behavior (b) Axial compressive behavior123 

Fig. 4 Tensile and compressive behavior of filament winding GFRP tube 124 

2.1.3 Pultruded GFRP tube 125 

Inner GFRP tube adopted in this study was manufactured by pultrusion process, resulting in a unidirectional fiber matrix architecture. 126 

Fiber is distributed along the longitudinal axis of the GFRP tube. Two nominal thicknesses, which are 4.0 mm (for PF4) and 9.0 mm 127 

(for PF9), were considered in the double tube composite column. The nominal outer diameter of the pultruded GFRP tube is 150 128 

mm. Five tensile coupon specimens were prepared and tested for PF4 and PF9, respectively. They were cut from the corresponding129 

tubes with respect to the longitudinal axis and prepared as per requirements of ASTM D3039-17 [47], as shown in Figs. 5(a) and 130 

(b). The coupons were in the convex and concave shapes for the outer and inner surfaces, since they were cut from the round tube. 131 

Slipping or local crushing failure may occur if they are clamped directed to the grips of the testing machine. Therefore, steel plates 132 
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were attached on the inner and outer surfaces at the two ends with epoxy to form the flat surfaces for solid gripping and contact. 133 

Tensile properties of PF4 and PF9 are listed in Table 4, while the typical tensile stress-strain curves are plotted in Fig. 6(a). 134 

135 

136 

(a) Tensile coupon of FP4 (unit in mm)137 

138 

139 

140 

(b) Tension coupon of PF9 (unit in mm)141 

142 

143 

144 

(c) Compression coupon of PF4 (unit in mm)145 

146 

147 

148 

(d) Compression coupon of PF9 (unit in mm)149 

Fig. 5 Details of pultruded GFRP tube coupons 150 
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151 

(a) Axial tensile behavior (b) Axial compressive behavior152 

Fig. 6 Tensile and compressive behavior of pultruded GFRP tube 153 

154 

Compression coupon tests were also carried out to obtain the compressive behavior in the axial direction of pultruded GFRP tubes. 155 

Five compression coupons were prepared for PF4 and PF9 respectively in the similar way as tension coupons according to ASTM 156 

D695-15 [48] and shown in Figs. 5(c) and (d). Slenderness ratio was carefully checked to avoid global buckling failure. Compressive 157 

properties and typical compressive stress-strain curves are presented in Table 4 and Fig. 6(b).  158 

159 

2.2 Test specimens 160 

A total of 12 specimens for GFRP-concrete double tube composite column were prepared and tested under monotonic axial 161 

compression. All the specimens had the nominal diameter of 200 mm and nominal height of 400 mm. The height to diameter ratio 162 

is 2, which is widely adopted for stub columns to investigate the structural behavior under pure axial compression [14-16,30]. The 163 

outer diameter of the inner tube is 150 mm, yielding a 25 mm-thick ring for the composite column. GFRP-confined HSC specimens, 164 

hollow pultruded GFRP tubes and HSC filled pultruded GFRP tubes were also prepared and tested in comparison to the double tube 165 

composite column. All the specimens are listed in Table 5. For specimen ID, “F” refers to filament winding GFRP tube, while “F7” 166 

and “F10” refer to the tubes with 7 and 10 winding layers respectively. “PF” refers to pultruded GFRP tube, with “PF4” and “PF9” 167 

representing the nominal thicknesses of the tube are 4.0 mm and 9.0 mm respectively. “H” stands for high strength concrete; “N” 168 

stands for normal concrete and “E” stands for engineered cementitious composite. “R” represents the repeated test. For example, 169 

“F10-E-PF9-H-R” refers to the repeated specimen of the GFRP-concrete double tube composite column with 10-layer outer filament 170 

winding GFRP tube and 9.0 mm-thick inner pultruded GFRP tube, as well as ECC as ring concrete and HSC as core concrete; 171 

specimen “F7-H” is a GFRP-confined HSC column with 7-layer filament winding GFRP tube; specimen “PF9-H” is a HSC-filled 172 

pultruded GFRP tube with 9.0 mm thickness. Fig. 7 shows the preparation process of double tube specimens. HSC was firstly cast 173 

into pultruded GFRP tubes, followed by placing of filament winding GFRP tube outside. Spacers were used at both the top and 174 
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bottom to guarantee the uniform thickness of the ring throughout the column height. NC or ECC was filled in the ring finally to 175 

form the composite column.  176 

Table 5 Key results of the tested specimens 177 

Specimen label 
𝐹1

(kN) 
𝜀𝑐1

𝐹2
(kN) 

𝜀𝑐2
𝐹𝑐

(kN) 
𝜀𝑐𝑢

𝐹𝑚𝑎𝑥

(kN) 
𝜀𝑐,𝑚𝑎𝑥 𝜀ℎ,𝑟𝑢𝑝

F7-N-PF4-H 3099.7 0.0107 3065.4 0.0114 3156.9 0.0156 3156.9 0.0156 0.0128 

F7-N-PF9-H 3669.1 0.0086 3328.3 0.0119 3385.5 0.0146 3669.1 0.0086 0.0115 

F7-E-PF4-H 2535.3 0.0090 2499.7 0.0104 2746.3 0.0155 2746.3 0.0155 0.0113 

F7-E-PF4-H-R 2479.7 0.0087 2381.2 0.0098 2827.4 0.0169 2827.4 0.0169 0.0111 

F7-E-PF9-H 2968.5 0.0091 2738.3 0.0115 2925.2 0.0155 2968.5 0.0091 0.0092 

F7-E-PF9-H-R 3359.4 0.0115 3316.5 0.0144 3442.5 0.0218 3442.5 0.0218 0.0129 

F10-N-PF4-H 3458.6 0.0098 3350.4 0.0121 3481.0 0.0160 3481.0 0.0160 0.0120 

F10-N-PF9-H* - - - - - - 4371.0 0.0095 0.0072 

F10-N-PF9-H-R* - - - - - - 4370.0 0.0105 0.0081 

F10-E-PF4-H - - - - 3229.3 0.0187 3229.3 0.0187 0.0114 

F10-E-PF9-H 4185.3 0.0122 3197.4 0.0141 3619.9 0.0199 4185.3 0.0122 0.0109 

F10-E-PF9-H-R 4164.5 0.0131 3382.5 0.0146 3592.8 0.0189 4164.5 0.0131 0.0115 

F7-H - - - - 3086.6 0.0118 3365.9 0.0034 0.0110 

F7-H-R - - - - 3093.7 0.0127 3366.8 0.0036 0.0112 

F10-H - - - - 3613.7 0.0135 3613.7 0.0135 0.0121 

F10-H-R - - - - 3729.7 0.0130 3729.7 0.0130 0.0117 

PF4 - - - - - - 254.0 0.0073 - 

PF9 - - - - - - 1407.2 0.0102 - 

PF4-H - - - - - - 1665.2 0.0031 - 

PF9-H - - - - - - 1804.6 0.0033 - 

*Note: The specimens F10-N-PF9-H(-R) were not loaded to GFRP rupture due to the capacity limit of the machine. Therefore,178 

0.0072 and 0.0081 refer to the hoop strains corresponding to 𝐹𝑚𝑎𝑥 and 𝜀𝑐,𝑚𝑎𝑥  for the two specimens, instead of the actual rupture179 

hoop strains.180 

181 

Fig .7 Preparation process of GFRP-concrete double tube composite columns 182 

183 

2.3 Test setup 184 

Axial compression tests were carried on the MTS 815 rock mechanics system. Test setup and specimen instrumentation are shown 185 

in Fig. 8. Twelve strain gauges with the gauge length of 5 mm were attached around the column in the mid height in the hoop 186 

direction every 30 degree to monitor the hoop strain distribution. Four strain gauges with the gauge length of 20 mm were attached 187 

in the axial direction every 90 degree for axial strain measurement. Four LVDTs were also placed between the top and bottom 188 

loading plates to measure the axial shortening of the column. CFRP strips were used to wrap around the column near the two ends 189 

for strengthening and to avoid the local failure. Two end surfaces were carefully capped using high strength gypsum material to 190 

guarantee the column was in full contact with the loading plates. Monotonic axial compression was applied by displacement control 191 

with a loading rate of 0.24 mm/min. All the data, including the axial load and readings of strain gauges and LVDTs, was recorded 192 

by a data logger simultaneously.  193 
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194 

(a) Test setup (b) Instrumentation195 

Fig. 8 Test setup and instrumentation 196 

197 

3. Test results198 

3.1 Failure modes 199 

The failed specimens of GFRP-confined HSC column and GFRP-concrete double tube composite column are shown in Fig. 9. All 200 

the specimens failed by GFRP rupture on the outer filament winding tube in the hoop direction, as shown in Fig. 9(a). After removing 201 

the outer GFRP tube, the cracking and crushing behavior of inner concrete can be observed as shown in Fig. 9(b). Localized diagonal 202 

cracks separated the HSC core into two parts from the top to the bottom for GFRP-confined HSC columns (such as the specimen 203 

F10-H as shown in Fig. 9(b)), leading to large hoop strains and GFRP rupture at the same locations. For double tube composite 204 

columns having ECC as the ring, they would remain as intact with cracks distributed around the ECC surface (such as the specimens 205 

F7-E-PF9-H-R and F10-E-PF9-H as shown in Fig. 9(b)). For double tube specimens having NC as the ring, the NC ring would crush 206 

and the inner pultruded tube failure could be observed inside (such as the specimens F7-N-PF4-H and F10-N-PF4-H as shown in 207 

Fig. 9(b)). Tearing sound could be heard when no rupture failure had been observed on the outer GFRP tube during the test, indicating 208 

that the failure of inner pultruded GFRP tube occurred at that moment. Fig. 9(c) shows the splitting failure of the inner tube. It was 209 

also observed that the cracking of ECC ring or crushing of NC ring was more obvious at the locations where the inner pultruded 210 

GFRP tube failed. Crushing of HSC core in the double tube composite column was also observed and shown in Fig. 9(d).   211 

Failed specimens of hollow pultruded GFRP tube and HSC-filled pultruded GFRP tube are shown in Fig. 10. Buckling was observed 212 

for hollow pultruded GFRP tube. Failure of the thicker specimen PF9 was more localized in comparison to that of the thinner 213 

specimen PF4, as shown in Figs. 10 (a) and (b). For HSC-filled pultruded GFRP tubes, splitting failure in the hoop direction would 214 

occur (as shown in Figs. 10 (c) and (d)) when the HSC core reached the compressive strength, leading to sudden large dilation and 215 

concrete crushing.  216 
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217 
 F10-H  F7-N-PF4-H    F7-E-PF9-H-R    F7-N-PF9-H     F10-E-PF9-H 218 

(a) Rupture of outer filament winding GFRP tube219 

220 
 F10-H  F7-N-PF4-H    F7-E-PF9-H-R    F7-N-PF9-H  F10-E-PF9-H 221 

(b) Cracking and crushing of concrete222 

223 

(c) Splitting failure of inner pultruded GFRP tube224 

225 

(d) Crushing of HSC core226 

Fig. 9 Typical failure modes of GFRP-confined HSC column and GFRP-concrete double tube composite column 227 
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          228 
                                    (a) PF4                              (b) PF9                          (c) PF4-H                           (d) PF9-H  229 

Fig. 10 Failure modes of hollow pultruded GFRP tube and HSC-filled pultruded GFRP tube  230 

 231 

3.2 Axial load-axial strain responses  232 

Axial load-axial strain curves of the tested specimens are plotted in Fig. 11. It is noted that the axial strain can be determined by 233 

axial strain gauges as well as by the full height LVDTs as shown in Fig. 8. The readings of the four axial strain gauges were nearly 234 

the same at the initial loading stage, indicating the application of pure axial compression without eccentricity. However, with the 235 

increase of the loading, the readings of the four strain gauges deviated with each other. This behavior is also reported in literature 236 

[49] and is believed to be caused by the non-uniform damage and cracking of inner concrete. On the other hand, the readings of the 237 

four LVDTs, which represented the axial shortening of the column, were almost the same during the whole loading process. 238 

Meanwhile, axial strain calculated by the LVDTs were close to that recorded by the strain gauges at the initial stage. Therefore, 239 

axial strain is determined with the average reading of the four LVDTs and the corresponding column height in this study for analysis 240 

and discussion.  241 

Axial load-axial strain curves of GFRP-confined HSC columns are shown in Figs. 11(a) and (b). For specimens F7-H and F7-H-R, 242 

there was a significant load drop after the first peak point, followed by load recovery until GFRP rupture. However, the ultimate 243 

axial load was still lower than the load corresponding to the first peak point. With the outer GFRP tube thickness increased, the 244 

ultimate load was higher than the first peak load for specimens F10-H and F10-H-R, indicating an effective confinement on the HSC 245 

core was achieved. For GFRP-concrete double tube composite columns as shown in Figs. 11(c)-(j), all the specimens would have 246 

the enhanced loading capacity. Meanwhile, the ultimate axial strains were obviously improved in comparison to the corresponding 247 

GFRP-confined HSC columns, demonstrating the good deformability of the newly proposed composite column. The load-strain 248 

curves for GFRP-concrete double tube composite columns present different feature compared with those for GFRP-confined HSC 249 

columns. The behavior will be discussed in detail in section 4.1 with illustrations of the characteristics of the different components 250 

in the composite column. Linear load-strain relationships can be observed in Fig. 11(k) for hollow pultruded GFRP tubes under axial 251 

compression until failure. Compared with PF4, both the load capacity and compressive strain were higher for PF9. With the infilled 252 

of HSC into the pultruded GFRP tubes, PF4-H and PF9-H failed at the similar axial strain which was corresponding to the HSC core 253 

crushing (Fig. 11(l)). PF4-H would lose the capacity completely, while PF9-H would maintain about half of the maximum capacity 254 

after the HSC core failure, then followed by the load decreasing gradually.  255 
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It should be noted that the loading was suspended for specimens F10-N-PF9-H and F10-N-PF9-H-R when the axial load achieved 256 

the actual maximum loading capacity of the machine (which is around 4370 kN) as shown in Fig. 11(h). Therefore, both two 257 

specimens were not failed with rupture of the outer GFRP tube.   258 

(a) (b) (c) 259 

(d) (e) (f) 260 

(g) (h) (i) 261 

(j) (k) (l) 262 

Fig. 11 Axial load-axial strain curves for tested specimens 263 

3.3 Hoop strain-axial strain responses 264 

Hoop strain on the outer filament winding GFRP tube reflects the dilation behavior of the column and the confinement effect applied 265 

on the inner concrete. It also governs the failure of the column when the hoop strain reaches the ultimate tensile strain of the filament 266 

winding GFRP tube. Hoop strain was calculated by averaging the readings of the twelve hoop strain gauges and was plotted against 267 
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axial strain before GFRP rupture for GFRP-confined HSC columns and GFRP-concrete double tube composite columns in Fig. 12. 268 

It is noted that negative values were assigned to hoop strains, while positive values were assigned to axial strains. The average hoop 269 

strains at GFRP rupture  𝜀ℎ,𝑟𝑢𝑝, which is also the hoop strain corresponding to the ultimate axial strain 𝜀𝑐𝑢, are listed in Table 5 for 270 

all the tested specimens.  271 

(a) (b) (c) 272 

(d) (e) (f) 273 

(g) (h)  (i) 274 

(j) 275 

Fig. 12 Hoop strain-axial strain curves for tested specimens 276 

 277 

4. Discussions  278 

4.1 Compressive behavior analysis 279 
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Fig. 13 shows the compressive stress-strain curves for different components in the GFRP-concrete double tube composite column. 280 

It is noted that the curves for filament winding GFRP tube, HSC, NC and ECC are based on the compressive material tests of F7 281 

ring, HSC cylinder, NC cylinder and ECC cylinder, while the curve for pultruded GFRP tube is calculated from the axial load-strain 282 

curve of PF9 as shown in Fig. 11(k) with the corresponding cross-sectional area. Due to the hoop fiber orientation, filament winding 283 

GFRP tube is weak in the axial direction with low elastic modulus. For pultruded GFRP tube and concrete materials (ie. HSC, NC 284 

and ECC), they will fail at different compressive strength and strain. Compared with HSC and NC, the pultruded GFRP tube has 285 

much larger failure compressive strength and strain. Compared with HSC and NC, ECC has a larger failure compressive strain with 286 

a lower elastic modulus. Therefore, the different components in the composite column will not fail simultaneously when they are 287 

compressed under the same axial strain.  288 

 289 

Fig. 13 Axial stress-strain curves for different components in the composite column 290 

 291 

Hoop strain-axial strain curves, which reflect the lateral dilation property under axial compression, are shown in Fig. 14 for different 292 

components in the double tube composite column. For filament winding GFRP tube, the fiber orientation is 80 degree with respect 293 

to the longitudinal direction. It leads to a much larger stiffness in the hoop direction than that in the axial direction. The lateral 294 

dilation increases more slowly than pultruded GFRP tube, which has all the fiber oriented in the axial direction and as a result low 295 

stiffness in the hoop direction. The calculated Poisson’s ratios for filament winding GFRP tube and pultruded GFRP tube are 0.11 296 

and 0.35, respectively. Therefore, the hoop strain for filament winding GFRP tube is lower than that for pultruded GFRP tube under 297 

the same axial strain.  For HSC, NC and ECC, the hoop strain increases linearly with the increase of axial strain in the initial elastic 298 

stage, with the similar Poisson’s ratio 0.20. Non-linear behavior occurs with the hoop strain increasing much faster due to the 299 

development of concrete damage and cracking after the elastic stage. For plain HSC, NC and ECC, they will fail suddenly when the 300 

compressive strengths are reached. It is worth noting that the Poisson’s ratio of filament winding GFRP tube is lower than that of 301 

the concrete materials, indicating that the confining GFRP tube can get contact with and provide confinement to the confined 302 

concrete during the whole loading process.  303 
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 304 

Fig. 14 Hoop strain-axial strain curves for different components in the composite column 305 

With the clear illustrations of axial stress-strain behavior and dilation behavior for the different components, the compressive 306 

behavior of the GFRP-concrete double tube composite column could be analyzed and understood more comprehensively. Typical 307 

axial load-axial strain curve and hoop strain-axial strain curve for the double tube composite column under axial compression are 308 

shown in Fig. 15. In the initial stage OA, hoop strain increases slowly and limited confinement is triggered. After the transition point 309 

A, concrete starts to dilate much more quickly due to the cracking behavior as illustrated in Fig. 14, leading to the faster development 310 

of hoop strain for the composite column as shown in Fig. 15. Meanwhile, effectively GFRP confinement is provided as well and 311 

leads to the strain hardening stage.  312 

At point B with the axial load 𝐹1 and the corresponding axial strain 𝜀𝑐1, it can be noted there is a significant load drop. It is caused 313 

by the failure of the inner pultruded GFRP tube. It is worth noting that the axial strain 𝜀𝑐1 of the GFRP-concrete double tube 314 

composite column could be larger than the failure strain of the hollow pultruded GFRP tube under compression as shown in Fig. 13. 315 

This is because that the core concrete and ring concrete, which are both under effective confinement, could provide restrain to the 316 

pultruded GFRP tube and thus delay the failure. Meanwhile, the load drop between points B and C is smaller than the load capacity 317 

of the corresponding pultruded GFRP tube, indicating that there is still residual capacity contributed by the pultruded GFRP tube in 318 

the double tube composite column.  319 

Since the outer filament finding GFRP tube is still providing the confinement to the inner concrete, axial load starts to recover at 320 

point C (𝜀𝑐2, 𝐹2). The second strain hardening stage will end at point D (𝜀𝑐𝑢, 𝐹𝑐) when the ultimate hoop tensile strain is reached for 321 

the outer filament winding GFRP tube, followed by column failure.  322 

It should be noted that the ultimate load capacity 𝐹𝑐 at point D could be either higher or lower than the load capacity 𝐹1 at point B. 323 

For example, the specimen F10-E-PF9-H has relatively large load drop in stage BC. The second strain hardening stage CD is not 324 

long enough for the axial load to recover to the value before the drop. For the specimen F7-N-PF4-H, on the contrary, the load 325 

dropped in stage BC is less significant compared with the load gained in the second strain hardening stage CD. Maximum load 326 

capacity 𝐹𝑚𝑎𝑥 is taken as the larger one between 𝐹1 and 𝐹𝑐 and summarized in Table 5, with 𝜀𝑐,𝑚𝑎𝑥 referring to the corresponding 327 

axial strain. The axial loads and corresponding axial strains at points B, C and D are also listed in Table 5.  328 
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 329 

Fig. 15 Typical compressive behavior of GFRP-concrete double tube composite column 330 

 331 

4.2 Hoop strain distributions  332 

Hoop strain is of vital importance for the investigation of confinement behavior for GFRP-confined concrete. With the use of the 333 

twelve strain gauges attached on the surface of the outer filament winding GFRP tube, hoop strain distribution can be measured and 334 

plotted in Fig. 16 for each specimen. It can be observed that the GFRP-concrete double tube composite columns (as shown in Figs. 335 

16(e-p)) could generally achieve a more uniform hoop strain distribution in comparison to the corresponding GFRP-confined HSC 336 

columns (as shown in Figs. 16(a-d)). It is widely accepted that concrete cracking pattens can have large influence on the hoop strain 337 

behavior [50-53]. Fig. 17 shows the diagram of failure mechanism for GFRP-confined HSC and GFRP-concrete double tube 338 

composite columns under axial compression, in conjunction with the comparisons of failure modes of tested specimens. Due to the 339 

brittle characteristic, HSC can develop localized cracks under compression, which will lead to highly concentrated hoop strains at 340 

the corresponding locations on GFRP tube for GFRP-confined HSC columns as shown in Fig. 17(a). With the presence of the inner 341 

pultruded GFRP tube, the HSC core is separated from the NC/ECC ring, so that the concentrated hoop strain cannot be spread out 342 

directly for GFRP-concrete double tube composite columns as shown in Fig. 17(b). The ring concrete is less brittle with the relatively 343 

lower compressive strength. Therefore, more dispersed cracks can generate in the ring concrete, leading to a more uniform hoop 344 

strain distribution on the outer filament winding GFRP tube.  345 

Meanwhile, it can be observed in Fig. 16 that the hoop strain distribution is more uniform for specimens with PF9 as inner tube (as 346 

shown in Figs. 16(f,i,j,l,m,o,p)) compared with the specimens with PF4 as inner tube (as shown in Figs. 16(e,g,h,k,n)), since this 347 

hindering effect could be more obvious for the specimens with thicker inner tube. Compared with the specimens with NC as ring 348 

concrete (as shown in Figs. 16(e,f,k-m)), the specimens with ECC as ring concrete (as shown in Figs. 16 (g-j,n-p)) can exhibit even 349 
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more uniform hoop strain distribution. It is believed that the ECC ring could help to redistribute the hoop strain due to the good 350 

tensile and multiple cracking behavior and further avoid the strain concentration. 351 

 352 
                            (a) F7-H                                                    (b) F7-H-R                                                  (c) F10-H 353 

   354 
                         (d) F10-H-R                                              (e) F7-N-PF4-H                                            (f) F7-N-PF9-H 355 

   356 
                       (g) F7-E-PF4-H                                       (h) F7-E-PF4-H-R                                         (i) F7-E-PF9-H     357 

  358 
                 (j) F7-E-PF9-H-R                                          (k) F10-N-PF4-H                                        (l) F10-N-PF9-H 359 
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360 
(m) F10-N-PF9-H-R (n) F10-E-PF4-H (o) F10-E-PF9-H361 

362 
(p) F10-E-PF9-H-R363 

Fig. 16 Hoop strain distribution of tested specimens 364 

365 

(a) GFRP-confined HSC column366 

367 

(b) GFRP-concrete double tube composite column368 

Fig. 17 Failure mechanisms for GFRP-confined HSC column and GFRP-concrete double tube composite column 369 

370 
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Dispersed cracks in 

ECC ring 
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4.3 Effects of different parameters 371 

4.3.1 Filament winding GFRP tube thickness  372 

The comparisons of axial load-strain response for specimens with different outer filament winding GFRP tube thicknesses are 373 

presented in Fig. 18. With the increase of outer GFRP tube thickness, the confining stiffness is increased. For GFRP-confined HSC 374 

columns, the load drop after the first peak is eliminated when using thicker outer GFRP tube F10. Both the ultimate load capacity 375 

and ultimate axial strain is improved accordingly. For GFRP-concrete double tube composite columns with PF4 as inner tube, the 376 

observed axial load-axial strain curves for specimens with different outer GFRP tube thicknesses are similar as shown in Figs. 18 377 

(b) and (d). For double tube columns with PF9 as inner tube, larger stiffness of the strain hardening stage can be noted for the 378 

specimens with the thicker outer tube F10 as shown in Figs. 18(c) and (e). Hoop strain-axial strain curves for specimens with 379 

different outer filament winding FRP tube thicknesses are compared in Fig. 19. Hoop strain increases more slowly in general with 380 

the development of axial strain for the specimens with the thicker outer GFRP tube, due to the stronger confinement provided.  381 

(a) (b) (c) 382 

 (d) (e) 383 

Fig. 18 Effect of outer filament winding GFRP tube on axial load-axial strain curves 384 

 (a) (b) (c) 385 
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(d) (e) 386 

Fig. 19 Effect of outer filament winding GFRP tube on hoop strain-axial strain curves 387 

388 

4.3.2 Pultruded GFRP tube thickness 389 

As shown in Fig. 11(k), the bearing capacity of PF9 is significantly higher than that of PF4. Therefore, it can be observed in Fig. 20 390 

that at the first strain hardening stage, both the stiffness and the compressive load of the GFRP-concrete double tube composite 391 

columns with PF9 as inner tube are improved compared with those of the double tube composite columns with PF4 as inner tube. It 392 

is also worth noting that the improvements are more obvious for the specimens with F10 as outer GFRP tube as shown in Figs. 20(c) 393 

and (d). Meanwhile, the thicker inner pultruded GFRP tube will not only lead to the more uniform hoop strain distribution as 394 

presented in Fig. 16, but also restrain the increase of hoop strain. Much slower hoop strain growth can be observed, as shown in Fig. 395 

21, for the specimens with FP9 as inner tube in comparison to those with PF4 as inner tube.  396 

(a) (b) (c) 397 

(d) 398 

Fig. 20 Effect of inner pultruded GFRP tube on axial load-axial strain curves 399 
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 (a) (b) (c) 400 

(d) 401 

Fig. 21 Effect of inner pultruded GFRP tube on hoop strain-axial strain curves 402 

403 

4.3.3 Ring concrete 404 

Figs. 22 and 23 present the comparisons of GFRP-concrete double tube composite columns with NC and ECC as ring concrete. Due 405 

to the lower compressive strength and elastic modulus of ECC than those of NC, both the initial stiffness and compressive load 406 

capacity of the specimens with ECC as ring concrete are lower in comparison to those of specimens with NC as ring concrete. It is 407 

known that the dilation of ECC under compression is at a lower level than NC. Therefore, the hoop strain increases obviously more 408 

slowly for the specimens with ECC as ring concrete. The ultimate axial strain is generally improved when ECC ring is adopted, 409 

indicating the improved deformability of the composite column.  410 

(a) (b) (c) 411 

(d) 412 

Fig. 22 Effect of ring concrete on axial load-axial strain curves 413 
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(a) (b) (c) 414 

(d) 415 

Fig. 23 Effect of ring concrete on hoop strain-axial strain curves 416 

5. Predictions of ultimate conditions417 

5.1 Ultimate load carrying capacity 418 

Compared with GFRP-confined HSC columns, the proposed GFRP-concrete double tube composite columns could generally 419 

develop similar or higher maximum load carrying capacity, except for the specimens F7-E-PF4-H(-R) and F10-E-PF4-H which have 420 

ECC ring of relatively lower compressive strength and thinner inner pultruded GFRP tube PF4. Analysis of load carrying capacity 421 

of GFRP-concrete double tube composite columns could be more complicated in comparison to the normal GFRP-confined HSC 422 

columns, because of the presence of inner tube and two types of concrete involved. Fig. 24 shows the mechanical diagram of different 423 

components in the double tube composite column. 𝐴𝑐𝑜𝑟𝑒, 𝐴𝑟𝑖𝑛𝑔, 𝐴𝑃𝐹 and 𝐴𝐹 are representing the sectional areas of core concrete,424 

ring concrete, inner pultruded GFRP tube and outer filament winding GFRP tube, respectively. 𝑓𝑙,𝑐𝑜𝑟𝑒 is the confining pressure425 

applied on the core concrete, while 𝑓𝑙𝑖,𝑟𝑖𝑛𝑔 and 𝑓𝑙𝑜,𝑟𝑖𝑛𝑔 are the confining pressures applied on inner side and outer side of the ring426 

concrete. 427 

(a) (b) (c) (d) (e) 428 

Fig. 24 Mechanical diagram of GFRP-concrete double tube composite column: (a) cross section; (b) core concrete; (c) inner 429 

pultruded GFRP tube; (d) ring concrete; (e) outer filament winding GFRP tube 430 

431 
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Load carrying capacity of GFRP-concrete double tube composite column can be calculated by the superposition of the load capacity 432 

of different components, as shown in the following expression:  433 

𝐹 = 𝐴𝑐𝑜𝑟𝑒𝑓𝑐𝑜𝑟𝑒 + 𝐴𝑟𝑖𝑛𝑔𝑓𝑟𝑖𝑛𝑔 + 𝐴𝐹𝑓𝐹 + 𝐴𝑃𝐹𝑓𝑃𝐹                                                        (1)  434 

in which 𝑓𝑐𝑜𝑟𝑒 and 𝑓𝑟𝑖𝑛𝑔 are the confined concrete strengths of core concrete and ring concrete; 𝑓𝐹 and 𝑓𝑃𝐹 are the axial compressive 435 

strengths of outer filament winding GFRP tube and inner pultruded GFRP tube. 436 

Due to the different types of concrete adopted in the core and ring regions in the composite column, the core concrete of solid 437 

circular section is under uniform confinement, while the ring concrete of annular section is under non-uniform confinement. 438 

However, it is considered that the confining pressures are not much different between the core concrete and ring concrete, since they 439 

are both concrete materials with similar compressive behavior. In the elastic stage, it is believed that the concrete and the GFRP 440 

tubes are in good contact, since the Poisson’s ratio of the outer tube is lower than that of the ring concrete and the inner tube is 441 

embedded between core concrete and ring concrete. In the post-elastic stage when concrete cracks significantly, the lateral dilation 442 

becomes relatively large. Both the inner and outer GFRP tubes could keep the good contact with the concrete. Meanwhile, it is 443 

considered that the confinement effect is provided by the outer filament winding GFRP tube only in the composite column. Since 444 

the hoop stiffness is quite low due to the absence of fiber in the hoop direction for the inner pultruded GFRP tube, it cannot provide 445 

additional confinement to the core concrete. The hoop tensile strength of ECC ring is negligible in comparison to that of the outer 446 

GFRP tube. It will not contribute to the confinement effect as well. Therefore, it is assumed that the confining pressures applied on 447 

the core concrete and ring concrete are the same and both equal to that provided by the outer filament winding GFRP tube. The 448 

confining pressure 𝑓𝑙 can be calculated as follows:  449 

𝑓𝑙 = 𝑓𝑙,𝑐𝑜𝑟𝑒 = 𝑓𝑙𝑖,𝑟𝑖𝑛𝑔 = 𝑓𝑙𝑜,𝑟𝑖𝑛𝑔 = 𝐾𝑙𝜀ℎ =
2𝐸𝑓𝑡𝑓𝜀ℎ

𝐷
                                                      (2)  450 

where 𝐸𝑓, 𝑡𝑓, 𝐷 and 𝜀ℎ are the elastic modulus, thickness, inner diameter and hoop strain of the outer filament winding GFRP tube; 451 

𝐾𝑙  is the confining stiffness. For the ultimate condition at GFRP rupture, the corresponding confining pressure 𝑓𝑙𝑢 is expressed as:  452 

𝑓𝑙𝑢 = 𝐾𝑙𝜀ℎ,𝑟𝑢𝑝                                                                                  (3) 453 

in which 𝜀ℎ,𝑟𝑢𝑝 is the actual hoop rupture strain of the outer filament winding GFRP tube.  454 

Lam and Teng [54] developed design-oriented model for FRP-confined concrete, which could directly predict the stress-strain 455 

behavior and has also been adopted by the UK Concrete Society [55] and ACI 440.2R-17 [56] with some modifications. Teng et al. 456 

[57] subsequently proposed more accurate equations to predict the ultimate conditions in the design-oriented model, including 457 

ultimate compressive strength and ultimate axial strain. The ultimate compressive strength 𝑓𝑐𝑐
′  can be expressed as follows: 458 

𝑓𝑐𝑐
′ = 𝑓𝑐0

′ + 𝑘1(𝜌𝐾 − 𝑎)𝜌𝜀𝑓𝑐0
′                                                                             (4) 459 
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𝜌𝐾 =
𝐾𝑙

𝑓𝑐0
′

𝜀𝑐0
⁄

=
2𝐸𝑓𝑡𝑓

(
𝑓𝑐0
′

𝜀𝑐0
⁄ )𝐷

 (5) 460 

𝜌𝜀 =
𝜀ℎ,𝑟𝑢𝑝

𝜀𝑐0
 (6) 461 

in which 𝑓𝑐0
′  and 𝜀𝑐0 are compressive strength and the corresponding compressive strain of unconfined concrete; 𝜌𝐾  is confinement462 

stiffness ratio and represents the stiffness of confining FRP relative to that of the confined concrete; 𝜌𝜀 is the strain ratio reflecting463 

the strain capacity of confining FRP; 𝑘1 is the strength enhancement coefficient and 𝑎 is the confinement stiffness ratio threshold464 

for effective confinement. The term (𝜌𝐾 − 𝑎) can be understood as the actual effective confinement stiffness ratio. It is regressed465 

by Teng et al. [57] that 𝑘1 = 3.5 and 𝑎 = 0.01 based on the test database with the concrete strength ranging from 33.1 to 47.6 MPa.466 

However, Eq. (4) with this set of values would provide much higher predictions on the ultimate compressive strength for the GFRP-467 

confined HSC columns F7-H(-R) and F10-H(-R) investigated in this study. It is widely accepted that with the increase of concrete 468 

strength, the increased brittleness would decrease the confinement effect providing the same FRP confining material used [58-61]. 469 

Hence, a larger confinement stiffness ratio threshold could be considered for GFRP-confined HSC. To best-fit the test results of the 470 

tested specimens F7-H(-R) and F10-H(-R), 𝑎 = 0.035 was adopted in Eq. (4) for the ultimate compressive strength prediction, while 471 

𝑘1 = 3.5 was remained unchanged to assume that the same strength enhancement effect could be obtained after reaching the472 

effective confinement. If Eq. (4) with the modified parameter can provide accurate predictions on the ultimate compressive strength 473 

of GFRP-confined HSC column, it is believed that it can also provide close predictions on the ultimate compressive strength for the 474 

confined HSC core in the GFRP-concrete double tube composite column. Therefore, the confined concrete strength for core concrete 475 

𝑓𝑐𝑜𝑟𝑒 in Eq. (1) corresponding to the ultimate FRP rupture can be expressed as:476 

𝑓𝑐𝑜𝑟𝑒 = 𝑓𝑐𝑐,𝐻𝑆𝐶
′ = 𝑓𝑐0,𝐻𝑆𝐶

′ + 3.5(𝜌𝐾 − 0.035)𝜌𝜀𝑓𝑐0,𝐻𝑆𝐶
′  (7) 477 

For double tube composite columns with NC as the ring concrete, the compressive strength of unconfined NC is 63.2 MPa. 478 

Meanwhile, relatively uniform cracking, rather than localized cracking like HSC core, was observed for the failed specimens. 479 

Therefore, Eq. (4) with the original confinement stiffness ratio threshold 𝑎 = 0.01 was adopted to predict the ultimate compressive 480 

strength of NC ring concrete 𝑓𝑟𝑖𝑛𝑔 as follows:481 

𝑓𝑟𝑖𝑛𝑔 = 𝑓𝑐𝑐,𝑁𝐶
′ = 𝑓𝑐0,𝑁𝐶

′ + 3.5(𝜌𝐾 − 0.01)𝜌𝜀𝑓𝑐0,𝑁𝐶
′  (8) 482 

For FRP-confined ECC, the stress-strain behavior could be different from that of FRP-confined normal concrete. The existing 483 

research on FRP-confined ECC is still limited in the current stage. Li et al. [62] experimentally investigated the behavior of ECC 484 

under a series of confining pressures and developed equations to describe the compressive strength and the corresponding 485 

compressive strain of ECC with respect to certain confining pressure. Dang et al. [63] conducted monotonic and cyclic axial 486 

compression tests on FRP-confined ECC and proposed predictions on the ultimate conditions including both compressive strength 487 

and strain. Yuan et al. [64] observed that the dilation behavior of FRP-confined ECC was different from that of FRP-confined normal 488 
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concrete. The development of hoop strain is more restricted due to the self-confinement effect of ECC. A new equation was also 489 

proposed to express the hoop strain-axial strain behavior based on the test results. In this current study, the following Eq. (9), 490 

proposed by Dang et al. [63], was adopted to predict the ultimate compressive strength of ECC ring concrete 𝑓𝑟𝑖𝑛𝑔:491 

𝑓𝑟𝑖𝑛𝑔 = 𝑓𝑐𝑐,𝐸𝐶𝐶
′ = 𝑓𝑐0,𝐸𝐶𝐶

′ + 2.5𝑓𝑙𝑢  (9) 492 

where 𝑓𝑙𝑢 is the confining pressure at FRP rupture and can be calculated by Eq. (3).493 

In Eq. (1), the compressive strengths of outer filament winding GFRP tube and inner pultruded GFRP tube at GFRP rupture are also 494 

needed to be determined for obtaining the ultimate load carrying capacity of the GFRP-concrete double tube composite column. The 495 

ultimate compressive strain of hollow outer filament winding GFRP tube is lower than the ultimate axial compressive strain of the 496 

composite column. Since the outer GFRP tube is fully supported by the inner concrete, the axial buckling failure is believed to be 497 

delayed and the axial load carrying capacity will not lose immediately. Therefore, the compressive strength 𝑓𝐹 is assumed to be498 

unchanged when reaching the ultimate compressive strain till GFRP rupture. Meanwhile, the load carried by the outer filament 499 

winding GFRP tube is quite limited compared with that carried by the inner concrete. No significant effect would be caused with 500 

this assumption.  501 

The failure of inner pultruded GFRP tube occurred before the GFRP rupture of the outer tube. As discussed in section 4.1, load 502 

contributed by the pultruded GFRP tube will not lose completely because the pultruded GFRP tube is embedded in concrete and the 503 

failure is restrained. The load drop from point B to point C in Fig. 15, which is also the difference between the load 𝐹1 and 𝐹2 as504 

presented in Table 5, is around 30% of the load carrying capacity of the corresponding hollow pultruded GFRP tube for all the tested 505 

GFRP-concrete double tube composite columns on average. To be conservative, 50% load reduction is considered when pultruded 506 

GFRP tube reaches the compressive strain, leading to the residual load carrying capacity of the inner tube equals to 50% of the 507 

maximum load carrying capacity of the corresponding hollow pultruded GFRP tubes. Fig. 25 shows the axial load-axial strain 508 

behavior of outer filament winding GFRP tube and inner pultruded GFRP tube adopted for the load carrying capacity prediction of 509 

GFRP-concrete double tube composite columns. It is noted that in Fig. 25, the curves for PF4 and PF9 are determined based on the 510 

compression test results on hollow pultruded GFRP tubes, while the curves for F7 and F10 are calculated according to the stress-511 

strain curves of compressive material tests on GFRP rings with the use of corresponding sectional areas of outer filament winding 512 

GFRP tube.  513 
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 514 

Fig. 25 Axial load-strain behavior adopted for GFRP tubes in load carrying capacity predictions 515 

 516 

With the compressive strengths for different components determined as above, the ultimate load carrying capacity of the GFRP-517 

concrete double tube composite column could be calculated with Eq. (1). Comparisons of the ultimate load carrying capacity between 518 

test results 𝐹𝑐,𝑡𝑒𝑠𝑡 and prediction results 𝐹𝑐,𝑝𝑟𝑒𝑑 are shown in Table 6 and Fig. 26(a). Close agreements can be achieved with the 519 

mean value of 1.00 and coefficient of variation (Cov) value of 0.031. It demonstrates that the proposed equations could provide 520 

good predictions on the ultimate load carrying capacity for the tested composite columns.  521 

Table 6 Ultimate conditions by tests and predictions 522 

Specimen label 

Ultimate load carrying capacity Ultimate axial strain 

𝐹𝑐,𝑡𝑒𝑠𝑡 
(kN) 

𝐹𝑐,𝑝𝑟𝑒𝑑 

(kN) 

𝐹𝑐,𝑡𝑒𝑠𝑡
𝐹𝑐,𝑝𝑟𝑒𝑑

⁄  𝜀𝑐𝑢,𝑡𝑒𝑠𝑡 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑  
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡

𝜀𝑐𝑢,𝑝𝑟𝑒𝑑⁄  

F7-N-PF4-H 3156.9 3043.5 1.04 0.0156 0.0132 1.19 

F7-N-PF9-H 3385.5 3375.7 1.00 0.0146 0.0129 1.13 

F7-E-PF4-H 2746.3 2860.7 0.96 0.0155 0.0186 0.83 

F7-E-PF4-H-R 2827.4 2854.4 0.99 0.0169 0.0185 0.91 

F7-E-PF9-H 2925.2 3169.4 0.92 0.0155 0.0178 0.87 

F7-E-PF9-H-R 3442.5 3287.8 1.05 0.0218 0.0192 1.13 

F10-N-PF4-H 3481.0 3531.3 0.99 0.0160 0.0139 1.15 

F10-N-PF9-H* 4371.0 4253.7 1.03 - - - 

F10-N-PF9-H-R* 4370.0 4314.7 1.01 - - - 

F10-E-PF4-H 3229.3 3301.5 0.98 0.0187 0.0199 0.94 

F10-E-PF9-H 3619.9 3616.7 1.00 0.0199 0.0198 1.00 

F10-E-PF9-H-R 3592.8 3653.3 0.98 0.0189 0.0201 0.94 

F7-H 3086.6 3043.8 1.01 0.0118 0.0122 0.96 

F7-H-R 3093.7 3042.8 1.02 0.0127 0.0123 1.03 

F10-H 3613.7 3584.1 1.01 0.0135 0.0134 1.01 

F10-H-R 3729.7 3570.5 1.04 0.0130 0.0133 0.98 

Mean    1.00   1.01 

Cov   0.031   0.105 

*Note: For specimens F10-N-PF9-H(-R), the ultimate load carrying capacity is referring to the maximum axial load recorded in 523 

tests. 524 

 525 
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526 

(a) Ultimate load carrying capacity (b) Ultimate axial strain527 

Fig. 26 Comparisons between test results and prediction results 528 

529 

5.2 Ultimate axial strain 530 

Ultimate axial strains of the tested specimens are summarized and compared in Fig. 27. All of the proposed GFRP-concrete double 531 

tube composite columns present improved ultimate axial strain in comparison to the corresponding GFRP-confined HSC columns, 532 

except for the specimens F10-N-PF9-H(-R) which were not loaded to failure due to the limited machine capacity. The improvements 533 

are 19.2-52.2% and 20.8-46.4% for specimens with F7 and F10 as the outer filament winding GFRP tube, respectively. It is also 534 

worth noting that by comparing with F7-H(-R) and F10-H(-R) as well as F7-H(-R) and the double tube composited columns with 535 

F7 as the outer GFRP tube, the proposed GFRP-concrete double tube composite columns are more effective to reach a larger ultimate 536 

axial strain and deformability than increasing the outer confining GFRP tube thickness from F7 to F10.  537 

538 

Fig. 27 Comparison of ultimate axial strain for tested specimens 539 

540 
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Many design equations have been developed to predict the ultimate axial strain for FRP-confined concrete [57,65-68]. Most of them 541 

adopt the form proposed by Teng et al. [57], as shown in the following Eq. (10), relating the ultimate axial strain to the confinement 542 

stiffness ratio and strain ratio.  543 

𝜀𝑐𝑢

𝜀𝑐0
= 𝐶 + 𝑘2𝑓(𝜌𝐾)𝑔(𝜌𝜀)  (10) 544 

in which 𝐶 is constant; 𝑘2 is strain enhancement coefficient; 𝑓(𝜌𝐾) and 𝑔(𝜌𝜀) are functions of the confinement stiffness ratio and545 

the strain ratio. The constant 𝐶 is taken as 1.75 by Teng et al. [57], so that it can yield 𝜀𝑐𝑢 = 0.0035 when 𝜀𝑐0 = 0.002 for concrete546 

with no FRP confinement. 0.002 is generally adopted as the strain at unconfined compressive strength of normal strength concrete, 547 

while 0.0035 is the corresponding ultimate compressive strain. However, it is mentioned that the constant 1.75 can be adjusted to 548 

suit the specific case of unconfined concrete with the different values of 𝜀𝑐0 and 𝜀𝑐𝑢 [57]. For unconfined high strength concrete, the549 

compressive failure is brittle and the ultimate compressive strain 𝜀𝑐𝑢 is normally the same as the strain 𝜀𝑐0 corresponding to the550 

compressive strength 𝑓𝑐0
′ . Therefore, 𝐶 = 1 is adopted in this study for conservative predictions of the ultimate compressive strain551 

of the composite columns with high strength concrete. For simplicity, Eq. (10) is rewritten as follows:  552 

𝜀𝑐𝑢

𝜀𝑐0
= 1 + 𝑘2(𝜌𝐾𝜌𝜀)

𝑏 = 1 + 𝑘2(
𝑓𝑙𝑢

𝑓𝑐0
′ )

𝑏  (11) 553 

in which the ultimate axial strain is directly related to the confining pressure 𝑓𝑙𝑢. This simplified form has equivalently considered554 

the effect of confinement stiffness ratio and strain ratio and has been adopted in the existing design-oriented models for FRP-555 

confined concrete [68,69]. It is found that the strain enhancement coefficient 𝑘2 = 5.4 and the index 𝑏 = 0.3 could best-fit the test556 

results of F7-H(R) and F10-H(R). For the prediction of GFRP-concrete double tube composite columns, 𝑓𝑐0,𝑎𝑣𝑒
′ , which is the average 557 

unconfined strength of core concrete 𝑓𝑐0,𝑐𝑜𝑟𝑒
′ and ring concrete 𝑓𝑐0,𝑟𝑖𝑛𝑔

′ , is adopted and can be calculated as: 558 

𝑓𝑐0,𝑎𝑣𝑒
′ =

(𝑓𝑐0,𝑐𝑜𝑟𝑒
′ 𝐴𝑐𝑜𝑟𝑒 + 𝑓𝑐0,𝑟𝑖𝑛𝑔

′ 𝐴𝑟𝑖𝑛𝑔)
(𝐴𝑐𝑜𝑟𝑒 + 𝐴𝑟𝑖𝑛𝑔)

⁄  (12) 559 

Meanwhile, the larger axial strain 𝜀𝑐0,𝑙𝑟𝑔 between core concrete and ring concrete is used to consider the benefit brought to the560 

ultimate axial strain of double tube composite columns to the utmost extent. Therefore, the following Eq. (13) is generated to predict 561 

the ultimate axial strain 𝜀𝑐𝑢 of GFRP-concrete double tube composite columns:562 

𝜀𝑐𝑢 = 𝜀𝑐0,𝑙𝑟𝑔 + 5.4(
𝑓𝑙𝑢

𝑓𝑐0,𝑎𝑣𝑒
′ )0.3𝜀𝑐0,𝑙𝑟𝑔  (13) 563 

Prediction results 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 are summarized in Table 6 and compared with test results 𝜀𝑐𝑢,𝑡𝑒𝑠𝑡 in Fig. 26(b). Close agreements with564 

the mean value of 1.01 and coefficient of variation (Cov) value of 0.105 indicate the promising predictions on the ultimate axial 565 

strain of the tested specimens.  566 
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It should be noted that the actual GFRP rupture strain of each tested specimen is used for the validation purpose for both ultimate 567 

load carrying capacity and ultimate axial strain. For design purpose, FRP material rupture strain after considering the strain efficiency 568 

factor [52,69-72] can be adopted for the calculation.  569 

570 

6. Conclusions571 

A novel GFRP-concrete double tube composite column was proposed and studied through axial compression tests. Effects of 572 

different parameters, including outer filament winding GFRP tube thickness, inner pultruded GFRP tube thickness and ring concrete 573 

material, were investigated and examined. Compared with corresponding normal GFRP-confined HSC columns, the proposed 574 

GFRP-concrete double tube composite columns exhibit superior compressive behavior. The following conclusions can be drawn 575 

within the current scope of this study:  576 

(1) Failure of all the tested specimens is governed by outer filament winding GFRP tube rupture in the hoop direction. Inner577 

pultruded GFRP tube in the GFRP-concrete double tube composite column failed prior to the outer GFRP tube rupture,578 

then followed by a load drop. The load carrying capacity would still recover to withstand a new strain hardening stage until579 

rupture of the outer GFRP tube.580 

(2) Load carrying capacity of the double tube composite column is increased with the increase of outer filament winding GFRP581 

tube thickness from 2.5 mm (F7) to 3.5 mm (F10) as well as the inner pultruded GFRP tube thickness from 4.0 mm (PF4)582 

to 9.0 mm (PF9). Compared with specimens with NC as ring concrete, the specimens with ECC as ring concrete would583 

develop a relatively lower load carrying capacity due to the lower compressive strength of ECC than that of NC.584 

(3) The proposed GFRP-concrete double tube composite column could develop more uniform hoop strain distribution in585 

comparison to the corresponding GFRP-confined HSC column. It is also noted that the hoop strain would be more uniformly586 

distributed if thicker inner pultruded GFRP tube as well as ECC ring are adopted for the double tube composite column.587 

(4) Compared with the GFRP-confined HSC columns, the GFRP-concrete double tube composite column has a lower hoop588 

strain at the same axial strain and presents a slower development with the increase of axial strain. This effect is more589 

obvious when thicker inner pultruded GFRP tube and ECC ring are used for the double tube composite column.590 

(5) Compared with GFRP-confined HSC column, the ultimate axial strain of GFRP-concrete double tube composite column is591 

improved by 19.2-52.2% and 20.8-46.4% for specimens with F7 and F10 as the outer filament winding GFRP tube,592 

respectively. The improvement is more significant for columns adopting ECC as the ring concrete. It demonstrates that the593 

proposed composite column is effective to achieve an enhanced deformability.594 

(6) Design equations for predicting the ultimate load carrying capacity and ultimate axial strain of the GFRP-concrete double595 

tube composite column are proposed and verified against the test results obtained from this study. The close agreements596 

between prediction results and test results reveal the promising performance of the proposed equations within the current597 

scope of the study.598 
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It is worth noting that the ratio of the inner tube diameter to the outer tube diameter could have influence on the column performance. 599 

Further experimental and numerical investigations will be carried out to achieve a more comprehensive understanding and provide 600 

design guidelines for the GFRP-concrete double tube composite columns. 601 
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