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13 
Abstract: Fibre-reinforced polymer (FRP) bars have become increasingly popular as internal 14 

reinforcement in reinforced concrete (RC) structures due to their excellent corrosion 15 

resistance. However, the compressive strength of FRP bars is generally much inferior to their 16 

tensile strength due to fibre micro-buckling under compression, and their transverse shear 17 

performance is much inferior to that of steel bars with the same diameter. To this end, a novel 18 

form of steel-free hybrid bars, which consist of an outer FRP confining tube, a central FRP 19 

bar and a layer of ultra-high performance concrete (UHPC) (without steel fibres) in the 20 

annular space between them (referred to as FRP-UHPC hybrid bars), have been proposed. In 21 

this study, compressive and transverse shear behaviour of FRP-UHPC hybrid bars have been 22 

investigated via experimentation. The key test variables include fibre winding angles of the 23 

FRP tube, fibre types of the FRP tube, the FRP tube thickness and the diameter of the central 24 

FRP bar. The test results confirm the validation of the novel hybrid bars: i) the compressive 25 

stress-strain curves of hybrid bars exhibit a ductile behaviour with a strain hardening segment, 26 

and the compressive behaviour of the central FRP bar in hybrid bars is superior to that of FRP 27 

bars in isolation; ii) the stress-strain response of hybrid bars can be designed to meet an 28 

elastic-plastic response with a post-yielding strain-hardening response; and iii) the transverse 29 

shear performance of hybrid bars is much better than that of FRP bars in isolation due to the 30 

contribution of FRP-confined UHPC section. 31 

Keywords: fibre-reinforced polymer (FRP) bar; ultra-high performance concrete (UHPC), 32 

hybrid bar; confinement; axial compressive behaviour; transverse shear behaviour. 33 
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1. Introduction 34 

Steel corrosion is the major cause for the deterioration of conventional steel reinforced 35 

concrete (RC) structures, especially for those structures located in marine and other 36 

aggressive environments. To eliminate steel corrosion, the use of fibre-reinforced polymer 37 

(FRP) bars instead of steel bars as internal reinforcement in RC structures has been proposed 38 

and studied by some researchers [1-5]. Existing studies have shown that FRP bars are 39 

expected to become a cost-effective and environmentally-friendly alternative to steel bars in 40 

RC structures due to their merits such as excellent corrosion resistance, high strength-weight 41 

ratio and electromagnetic transparency [6-8]. However, FRP bars as longitudinal 42 

reinforcement in concrete members are inevitable to resist compressive stresses. They are 43 

easily damaged under compression due to fibre micro-buckling, unless they are well 44 

supported by a proper confining device. As a result, their compressive strength is known to be 45 

much lower than their tensile strength [9-11]. ACI 440.1R-15 [12] does not recommend the 46 

use of FRP bars as longitudinal reinforcement in compressed members while CSA S806-12 47 

(R2017) [13] neglects the compressive resistance and stiffness of FRP longitudinal 48 

reinforcement in the compression zone in design. In such cases, FRP bars predominantly 49 

serve as tensile reinforcement in RC structures. It should be mentioned that although the 50 

compressive strength of FRP bars can be neglected in design, inevitable considerable 51 

compressive stresses raised by special loadings (e.g., seismic loading) in FRP bars may lead 52 

to degradation in their tensile strength. The degradation in the tensile strength of FRP bars is 53 

unacceptable. This is because the tensile strength of concrete is generally negligible in the 54 

design of RC structures and tensile stresses can only be resisted by FRP bars in FRP-RC 55 

structures. Therefore, the way to improve the compressive strength of FRP bars becomes a 56 

concern in the field of FRP-RC structures.  57 

 58 

In order to enhance the material properties of FRP bars (e.g., low elastic modulus and brittle 59 

failure manner) or protect the steel from corrosion in aggressive environments, steel-FRP 60 

composite bars (SFCB) which comprise an outer FRP layer and a core steel rod (or steel 61 

wires) [14-18], and hybrid FRP (HFRP) bars which consist of different types of fibres [19-21] 62 

have been proposed. Wu et al. [15,16] studied the mechanical properties of SFCBs under 63 

uniaxial and cyclic tensile loads. It was found that SFCBs can exhibit an elastic-plastic 64 

stress-strain behaviour with a high elastic modulus and a good tensile ductility due to the 65 

contribution from the core steel rod. You et al. [20] developed a novel form of HFRP rods by 66 
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using carbon and E-glass fibres and the results showed that the ultimate strains of the hybrid 67 

rods can be increased by up to 33% compared to the non-hybrid carbon FRP rods. 68 

Additionally, HFRP bars (carbon/basalt fibres) have better transverse shear strength than the 69 

basalt FRP bars, as reported by Protchenko et al. [21]. It is obvious that these investigations 70 

on SFCBs or HFRP bars mainly focus on improving the tensile and shear properties of FRP 71 

bars. The failure of HFRP bars caused by fibre micro-buckling is still inevitable. SFCBs may 72 

also have corrosion problems due to the presence of the steel bar. Particularly, RC structures 73 

reinforced with SFCBs are not applicable to situations where the use of steel reinforcement 74 

must be avoided, including hospital buildings with magnetic resonance imagining (MRI) 75 

facilities.  76 

 77 

Against the above background, Teng et al. [22] recently developed a novel form of steel-free 78 

hybrid bars. The hybrid bar consists of a central FRP bar, an outer FRP confining tube and a 79 

layer of ultra-high performance concrete (UHPC) (without steel fibres) in the annular space 80 

between them (referred to as FRP-UHPC hybrid bars or simply hybrid bars herein), as shown 81 

in Fig. 1. In such a hybrid bar, the central FRP bar is well confined by the FRP-confined 82 

UHPC so that both fibre micro-buckling and overall buckling are prevented or delayed, and 83 

the compressive capacity of the central FRP bar is expected to be fully exploited. UHPC is an 84 

advanced cementitious material which has a dense micro-structure and unique merits such as 85 

high-strength (a compressive strength of over 150 MPa [23-26]), high-ductility and superior 86 

durability [27,28]. As the strength of UHPC is generally much higher than the 87 

normal-strength concrete, UHPC generally fails in a brittle manner. Therefore, FRP 88 

confinement has been introduced for UHPC, and the strength and deformation capacity of 89 

UHPC can be substantially enhanced by FRP confinement [29-32]. In addition, UHPC has a 90 

higher elastic modulus than that of the normal-strength concrete, and the elastic modulus of 91 

UHPC is close to that of the FRP bar under compression (around 40 GPa). This leads to 92 

excellent compatibility of the components in hybrid bars. As the central FRP bar in hybrid 93 

bars can remain intact even after the UHPC has experienced crushing failure, the hybrid bars 94 

exhibit a ductile stress-strain response with a linear first segment and a strain-hardening 95 

second segment. Additionally, hybrid bars can resist both tensile and compressive stresses 96 

effectively, with the tensile stresses being resisted mainly by the central FRP bar and the 97 

compressive stresses being resisted by both the central FRP bar and the UHPC layer.  98 

 99 

Teng et al. [22] have conducted preliminary axial compressive tests on hybrid bars. The 100 
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results indicated that hybrid bars had an excellent performance under compression, and both 101 

FRP bar buckling and fibre micro-buckling were prevented. It was also found that the 102 

stress-strain response of hybrid bars can be designed to meet performance needs (e.g., to 103 

exhibit an elastic-plastic response like that of steel or a strong post-yielding strain-hardening 104 

response). As mentioned earlier, the conventional FRP-concrete members (Fig. 2a) may fail 105 

in a very brittle manner in compression because of the linear brittle behavior of FRP bars. By 106 

using hybrid bars as the longitudinal reinforcement in RC columns (Fig. 2b), the 107 

load-deformation response of hybrid bar RC columns is expected to be superior to that of the 108 

FRP bar RC columns (Fig. 2c). 109 

 110 

So far, there have been only limited studies on the fundamental mechanical properties of 111 

FRP-UHPC hybrid bars (e.g., [22]). These existing studies on hybrid bars failed to clarify the 112 

effects of some key parameters such as winding angle of fibres in the confining FRP tube. On 113 

the other hand, the RC structural members are inevitably subjected to transverse shear forces, 114 

and the design of shear capacity of RC members reinforced with hybrid bars is an essential 115 

requirement. Although existing standards or guidelines (e.g., [33,34]) generally neglect the 116 

shear capacity of longitudinal bars in the design shear resistance, it cannot be denied that the 117 

dowel action of longitudinal bars is beneficial and the understanding on the transverse shear 118 

response of longitudinal bars is important especially in members without shear reinforcement. 119 

As the confining FRP tube and the UHPC layer may also enhance the transverse shear 120 

performance of FRP bars, studies on the transverse shear performance of hybrid bars are 121 

necessary to validate the contribution of confining FRP tubes and UHPC layers in resisting 122 

the shear force. For hybrid bars to be subsequently utilized in construction, further 123 

experimental investigations are needed to explore the effects of various parameters on the 124 

compressive and transverse shear behaviour of hybrid bars. To this end, this paper presents a 125 

first-ever experimental study on the transverse shear behaviour of novel FRP-UHPC hybrid 126 

bars. The effect of various parameters on the axial compressive behaviour of hybrid bars has 127 

also been carefully investigated. The key test variables include fibre winding angles of the 128 

FRP tube (i.e., filament orientation angle with respect to the longitudinal axis of the FRP 129 

tube), fibre types of the FRP tube, the FRP tube thickness and the diameter of the central FRP 130 

bar. In addition to hybrid bars, UHPC-filled FRP tube specimens which have been studied to 131 

some extent [29-32], were also prepared as control group and tested under axial compression 132 

and transverse shear loading to investigate the effect of the central FRP bar on the mechanical 133 

performance of hybrid bars. Therefore, a comprehensive study on mechanical properties of 134 
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hybrid bars, including compression and transverse shear tests of hybrid bars, are conducted in 135 

this study to gain an in-depth understanding of hybrid bars. 136 

 137 

2. Material Properties 138 

2.1 Ultra-high-performance concrete  139 

The UHPC was manufactured in the laboratory by utilizing the mixing methodology reported 140 

in Teng et al. [28]. The raw materials used to produce UHPC, included: i) the P•II 52.5R 141 

Portland cement; ii) the silica fume with a silica content of 93%; iii) the natural river sand 142 

with the maximum particle size less than 2.36 mm; iv) the 20-40 mesh and 70-140 mesh 143 

dried quartz powder (half each by weight, and mesh number is the number of holes in one 144 

square inch of the sieve); v) the polycarboxylate-based super-plasticizer with a solid content 145 

of 20%; and vi) the local tap water sourced from Guangzhou, China, as shown in Table 1. 146 

Note that the composite specimens (including hybrid bars and UHPC-filled FRP tubes) were 147 

cast in two different batches of UHPC materials, and for each batch of UHPC, the actual 148 

compressive properties were determined from the average test results of three standard 149 

cylinders (50 × 100 mm) tested right before the start of testing of the composite specimens, as 150 

per ASTM standards [35,36]. The compressive properties of each batch of UHPC are given in 151 

Table 2.  152 

 153 

It should be mentioned that the two batches of UHPC were produced at different ambient 154 

temperature (the ambient temperature when casting the Batch 2 UHPC (12±4℃) was lower 155 

than that when casting the Batch 1 UHPC (31±4℃)), but their mix proportions (Table 1), 156 

raw materials, mixing methodology and curing condition were identical. The workability of 157 

the Batch 2 UHPC was inferior to that of the Batch 1 UHPC due to the sensitivity of the 158 

super-plasticizer to the temperature. Based on free mini-slump spread tests were conducted as 159 

per ASTM C1856/C1856M-17 [33], the average slump spread diameters for the Batch 1 160 

UHPC (240 mm) were larger than that of the Batch 2 UHPC (200 mm). The low compressive 161 

strength of the Batch 2 concrete is thus resulted from their poor workability.  162 

 163 

2.2 FRP tube 164 

Two types of FRP tubes, including carbon FRP (CFRP) and glass FRP (GFRP) tubes, were 165 

used in the current study. All FRP tubes had an internal diameter of 50 mm. The CFRP tubes 166 
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were manufactured in the laboratory by manually winding a unidirectional high tensile 167 

strength carbon fibre sheet impregnated with epoxy resin around a small-size polyvinyl 168 

chloride (PVC) tube (i.e., the wet-layup process). An overlapping zone with a 50-mm length 169 

was adopted in each FRP tube to avoid the premature FRP debonding failure. The fibres of 170 

FRP tubes were oriented only in the hoop direction (i.e., fibre winding angle at ±90° with 171 

respect to the tube longitudinal axis) so that they served predominantly as a confining device. 172 

Material properties of the CFRP were obtained via standard coupon tensile tests in 173 

accordance with ASTM D3039-15 [37]. The coupon test results showed that the average 174 

elastic modulus of the CFRP was 227.3 GPa based on a nominal thickness of 0.167 mm/ply 175 

of the carbon fibre sheet, while the average rupture strain was 1.60%.  176 

 177 

The GFRP tubes used in this experiment were small-scale filament-wound FRP tubes 178 

provided by Guangdong SUNNY FRP CO., Ltd. The fibre winding angle of GFRP tubes 179 

included ±45°, ±60° and ±80°. Despite having the same number of layers, GFRP tubes with 180 

different fibre winding angles had different actual average thickness. As a result, the material 181 

properties of GFRP tubes were based on their actual average thickness (see the second 182 

column of Table 3). A split disk test method was adopted based on the ASTM D2290-19 [38]. 183 

For each type of small GFRP tube, five rings with a width of 25 mm were prepared and tested. 184 

A total of six hoop strain gauges were installed on the outer surface of each specimen at 185 

opposite locations for strains in the tubes (see Fig. 3a). All FRP rings were loaded by a 186 

100-kN-capacity universal test machine with a displacement-control rate of 2 mm/min. The 187 

typical failure modes of FRP rings are shown in Fig. 3b, where FRP rings showed a combined 188 

failure mode with both fibre ruptures and fibre delamination. The hoop stress-strain curves 189 

are plotted in Fig. 3c, in which the hoop stresses were obtained by dividing the applied tensile 190 

force by two times the cross-sectional area of the ring cross-section and the strains were 191 

averaged from the four hoop strain gauges away from the gaps (Fig. 5a) to eliminate any 192 

effects from the local bending at the gaps. The results illustrate that a lower fibre winding 193 

angle leads to a lower stiffness and higher nonlinear behaviour (e.g., GFRP tubes with a fibre 194 

winding angle at ±45° have a significant nonlinearity) (Fig. 3c). This is because the 195 

deformation of small GFRP tubes was induced by both the stretching of the fibre and the 196 

change of fibre winding angle during the test. The elastic modulus of the nonlinear FRP was 197 

taken as the secant stiffness at the peak point. Results from the tensile tests of small GFRP 198 

rings are summarized in Table 3. 199 

 200 
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Compression tests were also conducted on nine four-layer GFRP rings (including three 201 

duplicate samples for each group GFRP tube) to obtain the compressive material properties of 202 

FRP tubes according to GB/T 5350-2005 [39]. All the FRP rings, cut from the same batch of 203 

FRP tubes used for hybrid bars and their reference specimens (i.e., UHPC-filled small FRP 204 

tube), had a total height of 60 mm (including the test length of 30 mm). Four axial strain 205 

gauges at 90 degree apart and two hoop strain gauges at 180 degree apart were arranged at 206 

the mid-height of FRP rings. FRP rings were loaded axially at a rate of 0.5 mm/min. FRP 207 

rings exhibited a typical local buckling failure mode, accompanied with the splitting of resin 208 

(Fig. 4a). The compressive stress-strain curves are shown in Fig. 4b and key test results of 209 

GFRP rings in compression are given in Table 4. The results show that GFRP rings with a 210 

fibre winding angle of ±60° have the highest compressive strength (slightly larger than those 211 

with a fibre winding angle of ±45°), followed by those with a fibre winding angles of ±45° or 212 

±80°. This is because the actual average thickness of the GFRP rings with a fibre winding 213 

angle of ±45° was larger than that of the GFRP rings with a fibre winding angle of ±60° (see 214 

Table 3).  215 

 216 

2.3 FRP bars 217 

Two types of GFRP bars were used in this study, including a ribbed bar with a nominal 218 

diameter of 25 mm and a sand-coated bar with a nominal diameter of 16 mm. The tensile 219 

properties of FRP bars were obtained via GB/T 30022-2013 [40] (see Fig. 5a). Figure 5c 220 

shows the tensile stress-strain curves, and test results are summarized in Table 5. It was found 221 

that both the tensile strength and the modulus of elasticity of the FRP bar with a nominal 222 

diameter of 16 mm were higher than those of the FRP bar with a nominal diameter of 25 mm. 223 

 224 

To further understand the compressive properties of FRP bars, ten bare FRP bars (i.e., five 225 

duplicated specimens for each group) with an unsupported length-to-diameter ratio of 4 were 226 

also prepared and tested under axial compression. A set of hollow steel caps was specially 227 

designed according to the method of Alajarmeh et al. [11], and was filled with high strength 228 

gypsum to provide confinement to the ends of the FRP bar (see Fig. 5). It should be noted 229 

that the height of steel caps was 30 mm; and thus the total length of the sample with a 230 

nominal diameter of 25 mm was 160 mm, and that of the sample with a nominal diameter of 231 

16 mm was 124 mm. All samples were subjected to axial compression tests with a 232 

displacement-control rate of 1.5 mm/min (see Fig. 5a). As shown in Fig. 5b, GFRP bars with 233 
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a nominal diameter of 25 mm experienced a splitting failure, with many vertical cracks being 234 

developed along the unsupported length; while those with a nominal diameter of 16 mm 235 

experienced a shear failure near the end, accompanied with fibre delamination at the end. 236 

Figure 5c shows the compressive stress-strain curves, and test results are summarized in 237 

Table 5. The average compressive elastic modulus of GFRP bars with the nominal diameters 238 

of 25 mm and 16 mm were 41.0 GPa and 47.6 GPa, respectively; which were equal to 99% 239 

and 103% of the tensile elastic modulus of the corresponding GFRP straight bars, 240 

respectively. Note that the tensile and compressive elastic modulus of FRP bars was 241 

determined from two points on the stress-strain curve of the FRP bar before the peak axial 242 

stress: Point 1 with an axial strain of 0.005% and Point 2 with an axial strain corresponding to 243 

40% of peak axial stress. The higher compressive elastic modulus than tensile elastic 244 

modulus for smaller diameter bars was probably due to the full engagement of all fibres 245 

within the cross-section of the bar [11]. It was also found that the compressive strengths of 246 

these two types of GFRP bars were much smaller than their tensile strengths, especially for 247 

the GFRP bars with a nominal diameter of 25mm.   248 

 249 

3. Compression Tests and Results 250 

3.1 Specimens design and test set-up 251 

A total of 51 small-size circular hybrid bar specimens and reference specimens (i.e., 252 

UHPC-filled small FRP tube specimens) were fabricated and tested. All the testing specimens 253 

had a diameter of 50 mm (i.e., the internal diameter of the prefabricated FRP tube) and a 254 

height of 150 mm. The effects of fibre winding orientation angles of the FRP tube (e.g., ±45°, 255 

±60° and ±80°), fibre types of the FRP tube (e.g., GFRP and CFRP), the FRP tube thickness 256 

and the diameter of central FRP bar (e.g., FRP bar with a nominal diameter of 16 mm or 25 257 

mm) were investigated. Three nominally identical specimens were tested for each group. As 258 

shown in Table 6, for ease of reference, each specimen was labeled with five sets of symbols 259 

separated from each other by a character “-”. The first symbol represents the number of 260 

batches (“S1” for the first batch, “S2” for the second batch). The second symbol indicates the 261 

FRP type (“G” for GFRP, “C” for CFRP) with the corresponding digit representing the 262 

number of FRP layers. The third symbol indicates the fibre winding angle of FRP tubes. The 263 

fourth symbol represents the diameter of the central FRP bar (where “0” indicates 264 

UHPC-filled small FRP tube specimens). The last symbol (“1”, “2” or “3”) is used to 265 

distinguish the three duplicate specimens in each group. For instance, “S1-G4-45-25-1” refers 266 
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to the first hybrid bar specimen confined with a four-layer GFRP tube with a fibre winding 267 

angle at ±45° and reinforced with a central FRP bar with a nominal diameter of 25 mm in the 268 

first batch.  269 

 270 

The preparation of hybrid bars is shown in Fig. 6. Firstly, the central FRP bar and outer FRP 271 

tube was fixed at the wooden laminate through adhesive. Fresh UHPC was then poured into 272 

the annular space between the central FRP bar and the outer FRP tube, during which a small 273 

vibrator was used to compact the UHPC. Prefabricated FRP tubes can be used as not only the 274 

outer confining material but also a mold for UHPC cylinders. All specimens were first cured 275 

at the room temperature in the water tank for 14 days, and they were then cured in the 276 

structural laboratory of Guangdong University of Technology for more than 14 days. The 277 

FRP tube had a length of 620 mm. The 620-mm-length specimen was cut into four 278 

150-mm-length hybrid bar (or UHPC-filled FRP tube) specimens. Both ends of specimens 279 

were strengthened with a 2-ply CFRP sheet with a width of 12 mm to avoid the premature 280 

failure of FRP. 281 

 282 
High strength gypsum was used to level the specimen ends to ensure uniform loading on the 283 

column cross-section (Fig. 7). All specimens were axially loaded on a hydraulic testing 284 

machine (with a maximum load of 4000 kN) with a displacement loading rate of 0.2 mm/min 285 

(Fig. 8). Two measurement methods were used to measure the axial deformation of the 286 

specimen: i) two linear variable displacement transducers (LVDTs) with an interval of 180° 287 

were installed to measure the full-height deformation of the specimen; and ii) four strain 288 

gauges with 20-mm gauge length were installed on the FRP tube to measure axial strains at 289 

the mid-height section. Other four strain gauges were installed to measure hoop strains in the 290 

FRP tubes. All the test results were logged simultaneously by an automatic data acquisition 291 

system. 292 

 293 

3.2. Failure Modes 294 

A complete failure of both hybrid bar specimens and UHPC-filled FRP tube reference 295 

specimens was caused by the rupture of the outer FRP tube at the mid-height region (see Fig. 296 

9 for typical failure modes of specimens). Compared with the specimens produced from 297 

GFRP tubes, the specimens produced from CFRP tubes failed with a larger explosion sound. 298 

It was also found that the central FRP bar in hybrid bar specimens failed prior to the failure of 299 

the outer FRP tube, leading to a sudden decrease in the axial load. In comparison with 300 
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specimens with a fibre winding angle at ±60° or ±80°, specimens with a fibre winding angle 301 

at ±45° had a greater deformation (see S1-G4-45-0-3 and S1-G4-45-25-1 in Figs. 9a and 9b). 302 

After the outer FRP tube was removed, it was witnessed that the UHPC core of UHPC-filled 303 

FRP tube was split into two parts and an obvious shear plane can be observed (see Fig. 9i). In 304 

the hybrid bars, the integrity of concrete was preserved except for the place where the FRP 305 

ruptured. As a result, the central FRP bar only had shear failure in a certain area (Fig. 9j).  306 

 307 

3.3. Axial Stress-Strain Responses 308 

The stress-strain curves (including axial stress-axial strain curves and axial stress-hoop strain 309 

curves) of UHPC-filled small GFRP tube reference specimens and hybrid bar specimens are 310 

shown in Figs. 10-12. The adopted axial stress was the average value of the axial load divided 311 

by the internal cross-sectional area of the outer FRP tube, and the axial contribution of FRP 312 

tubes was ignored in the current study due to their small axial stiffness [32]. The axial strains 313 

presented in this section were based on the data from the full-height LVDTs, and the hoop 314 

strains were obtained from the average readings of strain gauges located at the mid-height 315 

and on the outer surface of the FRP tube (strain gauges outside the overlapping zone for 316 

CFRP tubes). It should be noted that the termination point of each stress-strain curve 317 

corresponds to the rupture of outer FRP tube. However, some hoop strain gauges had failed 318 

before the FRP ruptured. In such a case, a straight line (i.e., dot dash line) with the same slope 319 

as that at the failure point was used to smoothly extend the axial strain-hoop strain curves 320 

until the measured FRP hoop rupture strain; and this will be discussed in the subsequent 321 

section. The values of the failure point of hoop strain gauges were also marked in the 322 

penultimate column of Table A1 in the Appendix. As the data recorded by full-height LVDTs 323 

included the displacement between the specimen and the loading plates of the machine, the 324 

average readings of axial strain gauges were used to correct the full-height LVDT data during 325 

the early loading stages (within the axial strain of around 0.004). The curves in each group 326 

are close to each other, as shown in Figs. 10-12, demonstrating a good test setup and a high 327 

reliability of the test results. It should be noted that the test results of specimen S2-G6-80-0-3 328 

was not obtained due to unexpected breakdown of the loading machine. 329 

 330 

As seen from Fig. 13a, the stress-strain behaviour of hybrid bar specimens can be generally 331 

characterized as a five-portion response: i) an elastic initial portion [(0, 0)→(𝜀𝜀𝑐𝑐1, 𝑓𝑓𝑐𝑐1′ )]; ii) 332 

stress fluctuation second portion [(𝜀𝜀𝑐𝑐1, 𝑓𝑓𝑐𝑐1′ )→(𝜀𝜀𝑐𝑐2,𝑓𝑓𝑐𝑐2′ )]; iii) strain hardening third portion 333 
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[(𝜀𝜀𝑐𝑐2, 𝑓𝑓𝑐𝑐2′ )→(𝜀𝜀𝑐𝑐3,𝑓𝑓𝑐𝑐3′ )]; iv) stress reduction fourth portion induced by failure of the central 334 

FRP bar [(𝜀𝜀𝑐𝑐3, 𝑓𝑓𝑐𝑐3′ )→(𝜀𝜀𝑐𝑐4,𝑓𝑓𝑐𝑐4′ )]; and v) residual stress fifth portion [(𝜀𝜀𝑐𝑐4,𝑓𝑓𝑐𝑐4′ )→(𝜀𝜀𝑐𝑐𝑐𝑐,𝑓𝑓𝑐𝑐𝑐𝑐′ )]. At 335 

the elastic initial portion, the average axial stress increased approximately proportional to the 336 

axial strain (a small part of non-linearity can be seen at the final part of this elastic portion). 337 

After the axial strain approached the crushing strain of UHPC materials, the stress became 338 

unstable and fluctuated. This was caused by the brittleness of UHPC material and the micro 339 

gaps between the UHPC layer and the outer FRP tube [29-31], and the FRP confinement was 340 

not fully activated in this stage [32]. Depending on the confinement level of the outer FRP 341 

tube, the stresses in this portion (i.e., second portion) may have a descending or ascending 342 

trend (see Figs. 10a, 12a-12c). It was also found that the stress fluctuation of hybrid bars was 343 

less significant than that of UHPC-filled small FRP tube specimens due to the presence of 344 

central FRP bar (see each sub-figure in Fig. 11). Subsequently, the UHPC dilated and the 345 

passive confinement of the outer FRP tube was activated. The hybrid bars thus exhibited an 346 

obvious strain-hardening behaviour in the third portion. This strain-hardening portion ends 347 

when the failure of either the central FRP bar or the outer FRP tube happens, depending on 348 

the strain capacity of the outer FRP tube and the ultimate compressive strain of the central 349 

FRP bar. In general, the central GFRP bar failed earlier than the outer FRP tube at a specific 350 

axial deformation, accompanied with a sudden stress reduction. This is because the ultimate 351 

axial strain of FRP bars obtained from material tests is generally smaller than that of 352 

FRP-confined UHPC. The stress reduction and the corresponding axial strain in the fourth 353 

portion were associated with the level of confinement provided by the outer FRP tube (see 354 

Figs. 12a-12c). The larger the confining stress was, the smaller the stress reduction and the 355 

larger the value of 𝜀𝜀𝑐𝑐3 was. In the fifth portion, the hybrid bar specimens were subjected to 356 

residual stresses due to the effective confinement from the outer FRP tube although the 357 

central FRP bar had been damaged. The specimens finally failed by rupture of the outer FRP 358 

tube, accompanied with a substantial decrease in the axial load.  359 

 360 

Unlike hybrid bar specimens, UHPC-filled small FRP tube specimens exhibited an obvious 361 

axial stress-strain relationship with three portions, as shown in Fig. 13b: i) an elastic initial 362 

portion [(0, 0)→(𝜀𝜀𝑐𝑐1, 𝑓𝑓𝑐𝑐1′ )]; ii) stress fluctuation second portion [(𝜀𝜀𝑐𝑐1,𝑓𝑓𝑐𝑐1′ )→(𝜀𝜀𝑐𝑐2, 𝑓𝑓𝑐𝑐2′ )]; and iii) 363 

strain hardening third portion [(𝜀𝜀𝑐𝑐2,𝑓𝑓𝑐𝑐2′ )→(𝜀𝜀𝑐𝑐𝑐𝑐,𝑓𝑓𝑐𝑐𝑐𝑐′ )]. Similarly, the so-called second stress 364 

fluctuation portion was caused by the brittleness of UHPC materials and the confinement lag 365 

effect, as explained by Zeng’s research group [32].  366 
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 367 

It is noted that in the present study, the first peak point (𝜀𝜀𝑐𝑐1,𝑓𝑓𝑐𝑐1′ ), the first post-peak ravine 368 

point (𝜀𝜀𝑐𝑐2,𝑓𝑓𝑐𝑐2′ ), the second peak point (𝜀𝜀𝑐𝑐3,𝑓𝑓𝑐𝑐3′ ), the second post-peak ravine point (𝜀𝜀𝑐𝑐4, 𝑓𝑓𝑐𝑐4′ ) 369 

and the ultimate point (at FRP rupture) (𝜀𝜀𝑐𝑐𝑐𝑐, 𝑓𝑓𝑐𝑐𝑐𝑐′ ) are referred to as characteristic points. Table 370 

A1 summarizes the key data of these characteristic points for all specimens. FRP hoop 371 

rupture strain (𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟) is also given in Table A1. Some of the specimens did not exhibit a 372 

five-portion behavior and their characteristic points are not given (marked by ‘N.A.’) in Table 373 

A1. It is clearly shown that the average FRP hoop rupture strain is generally smaller than the 374 

FRP tensile strain, as reported by some other scholars [41,42]. This also indicates that the 375 

effect of reduced scale of FRP tubes has a little influence on the average strain efficiency 376 

factor of FRP. 377 

 378 

3.4. Dilation Behaviour  379 

The dilation behaviour of UHPC-filled small FRP tube and hybrid bar specimens was 380 

characterized by their axial strain-hoop strain relationship presented in Figs. 14-16. Overall, 381 

the axial strain-hoop strain curves of the three duplicated specimens are close to each other. 382 

As the hoop strains are terminated due to the premature failure of some hoop strain gauges, a 383 

straight line (i.e., dot dash line) with the same slope as that at the failure point was used to 384 

smoothly extend the axial strain-hoop strain curves, as indicated in Figs. 14-16. As seen from 385 

Figs. 14-16, the curves of UHPC-filled small FRP tube and hybrid bar specimens exhibited a 386 

first parabolic portion, second linear portion and a transition zone between them. The 387 

transition zone corresponds to the second stress reduction portion of the stress-strain curve of 388 

the specimen. The curvature of the transition zone is obviously dependent on the fibre 389 

winding angle, the FRP tube thickness and other variables, which will be discussed in detail 390 

in the next section. 391 

 392 

3.5. Effect of various parameters 393 

3.5.1 Fibre winding angle 394 

The fibre winding angle had little effect on the initial stiffness of hybrid bar and UHPC-filled 395 

small FRP tube specimens, as shown in Fig. 10. However, the amount of stress reduction in 396 

the second or fourth portion of stress-strain curves of hybrid bars decreased with an increase 397 

in the fibre winding angle of the outer FRP tube. The amount of stress reduction in the second 398 

portion of stress-strain curves of UHPC-filled small FRP tube specimens also followed the 399 
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similar trend. In addition, the slopes of the third strain hardening portion in the stress-strain 400 

curves of hybrid bar and UHPC-filled small FRP tube specimens as well as those of the fifth 401 

residual stress portion in the stress-strain curves of hybrid bar specimens increased with an 402 

increase in the fibre winding angle of the outer FRP tube. This is because FRP tubes with a 403 

larger fibre winding angle have a larger confinement stiffness. It was found that, for 404 

specimens with a fibre winding angle of ±45°, the slope of the fifth portion of hybrid bar 405 

specimens and the slope of the third portion of UHPC-filled small FRP tube specimens were 406 

close to zero. The ultimate axial strain of those specimens with fibre winding angles of ±45° 407 

was also found to be the largest among the specimens with other values of fibre winding 408 

angles, demonstrating their excellent deformation capacity.  409 

 410 

It can be seen from Fig. 14 that the fibre winding angle had a significant influence on the 411 

dilation behaviour of both hybrid bar and UHPC-filled small FRP tube specimens. A larger 412 

fibre winding angle can lead to a smaller dilation of UHPC at a given axial strain. It can also 413 

be found that the slopes of the first parabolic portion, the second linear portion and the 414 

transition zone between them increased with the increase of the fibre winding angle.  415 

 416 

3.5.2 Diameter of the central FRP bar  417 

As seen from Fig. 11, the presence of the central FRP bar had no effect on the initial 418 

stiffness of hybrid bars; because of the close elastic modulus of the UHPC and the 419 

central FRP bar, as well as the good bonding between them with the presence of the ribs 420 

or sand-coated layer on the central FRP bar. However, the presence of the central FRP 421 

bar significantly alleviated the stress reduction in the second portion of UHPC-filled 422 

small FRP tube specimens, and the specimens with a central FRP bar (i.e., hybrid bars) 423 

had a higher compressive strength and a post-yielding stiffness. As discussed earlier, 424 

upon the failure of the central FRP bar, the behaviour of the fifth portion of hybrid bars 425 

was mainly dominated by the confinement of the outer FRP tube. As a result, the slope 426 

in this portion of the hybrid bar is almost the same as that of the third strain hardening 427 

portion of the corresponding UHPC-filled small FRP tube specimen. It was also found 428 

that the 𝜀𝜀𝑐𝑐𝑐𝑐 values of hybrid bar and UHPC-filled small FRP tube specimens were 429 

similar, which can indicate that the actual hoop rupture strain of the outer FRP tube 430 

(𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟) was independent of the presence of the central FRP bar and the diameter of the 431 
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central FRP bar. 432 

 433 

As shown in Table 5, the compressive elastic modulus of GFRP bars with a nominal diameter 434 

of 25 mm was smaller than that of GFRP bars with a nominal diameter of 16 mm. In order to 435 

eliminate the influence of different compressive elastic modulus of the central FRP bar; the 436 

axial loads of hybrid bar specimens (𝑃𝑃𝐻𝐻𝐻𝐻) were normalized by the summation of axial loads 437 

of the corresponding UHPC (𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) and the central FRP bar (𝑃𝑃𝐵𝐵) (i.e., 𝑃𝑃𝐻𝐻𝐻𝐻/(𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 + 𝑃𝑃𝐵𝐵)), 438 

and the axial strains (𝜀𝜀𝑐𝑐) were normalized by the axial strain at peak axial stress of UHPC 439 

(𝜀𝜀𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) (i.e., 𝜀𝜀𝑐𝑐/𝜀𝜀𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈), as shown in Fig. 17. The value of 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 was taken as the 440 

product of the compressive strength of plain UHPC cylinders and the cross-sectional area of 441 

UHPC layer (i.e., 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑓𝑓𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈
′ 𝐴𝐴𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈). Similarly, the value of 𝑃𝑃𝐵𝐵 was taken as the 442 

product of the axial stress of the central FRP bar at an axial strain of 𝜀𝜀𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 and its 443 

corresponding cross-sectional area (i.e., 𝑃𝑃𝐵𝐵 = 𝐸𝐸𝐵𝐵𝜀𝜀𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝐴𝐴𝐵𝐵, where 𝐸𝐸𝐵𝐵 is the compressive 444 

elastic modulus of GFRP bars). Results from Fig. 17 can show that hybrid bars with a 445 

25-mm-diameter central FRP bar were superior to those with a 16-mm-diameter central FRP 446 

bar before the central FRP bar failed. It was also found that the compressive strength of some 447 

hybrid bars with a 25-mm-diameter central FRP bar was slightly smaller than that of hybrid 448 

bars with a 16-mm-diameter central FRP bar (e.g., S2-C2-90-25-1/2/3 and 449 

S2-C2-90-16-1/2/3), which was due to the much smaller ultimate compressive strain of GFRP 450 

bars with a nominal diameter of 25 mm (see Table 5).  451 

 452 

It can be seen from Fig. 15 that the axial strain-hoop strain curves of hybrid bar and 453 

UHPC-filled small FRP tube specimens were close. However, the presence of the central 454 

FRP bar had a slight effect on the dilation behaviour of hybrid bars. In comparison with 455 

UHPC-filled small FRP tube specimens, hybrid bar specimens had a shorter transition 456 

portion in the axial strain-hoop strain curves, corresponding to smaller stress drop in the 457 

second portion of their stress-strain curves. It was also found that there was a little 458 

difference in the dilation behaviour of hybrid bars with different central FRP bars. 459 

 460 

3.5.3 Thickness of FRP tube 461 

The stiffness, compressive strength and ultimate axial strain of both hybrid bar and 462 

UHPC-filled small FRP tube specimens increased with the increase of the outer FRP tube 463 
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thickness (i.e., the increase of ultimate confining pressure provided by FRP), as seen from Fig. 464 

12. The increase in the outer FRP tube thickness provided a contribution to eliminate the 465 

stress reduction or fluctuation in the second portion. Results from Fig. 16 can also show that 466 

specimens with a thicker FRP tube had smaller hoop strains at a certain axial strain, 467 

indicating that the increase of the FRP tube thickness can effectively inhibit the concrete 468 

expansion, which is consistent with the findings of other studies [31].  469 

 470 

3.6. Behaviour of the central FRP bar in hybrid bars 471 

For a given axial strain, the difference in axial loads between the hybrid bar and the 472 

UHPC-filled FRP tube with the same cross-sectional area as the UHPC layer of hybrid bars, 473 

is expected to represent the contribution of the axial load of the central FRP bar in a hybrid 474 

bar. In this study, the axial stress of the central FRP bar in a hybrid bar at a given axial strain 475 

is obtained from the following equation: 476 

𝜎𝜎𝐵𝐵 = (𝑃𝑃𝐻𝐻𝐻𝐻 − 𝑓𝑓𝑐𝑐,𝐹𝐹𝐹𝐹𝐴𝐴𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)/𝐴𝐴𝐵𝐵                             (1) 477 

where 𝑃𝑃𝐻𝐻𝐻𝐻 is the total load of the hybrid bar; 𝑓𝑓𝑐𝑐,𝐹𝐹𝐹𝐹 is the axial stress of the corresponding 478 

UHPC-filled FRP tube specimen at a given axial strain based on the tests in this study; 479 

𝐴𝐴𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  is the cross-sectional area of the UHPC layer in the hybrid bar; 𝐴𝐴𝐵𝐵  is the 480 

cross-sectional area of the central FRP bar in the hybrid bar. When calculating the axial stress 481 

of the central FRP bar in a hybrid bar at a given axial strain, the contribution of the FRP tube 482 

is not accounted for although the axial load contribution of GFRP tube with a fibre winding 483 

angle of ±45° may be significant. This is because the contribution of FRP tube is existed in 484 

estimating the axial stresses of FRP-confined UHPC based on compression tests of the latter, 485 

and the axial load contribution of the FRP-confined UHPC is subtracted from that of the 486 

hybrid bar when calculating the axial stresses of the central FRP bar in a hybrid bar. 487 

  488 

Figure 18 shows the comparison between the axial stress-axial strain behaviour of the central 489 

FRP bar in hybrid bars and the test results of the bare FRP bar (i.e., test results shown in Fig. 490 

5c). It can be seen from Fig. 18 that the axial stress-axial strain behaviour of the central FRP 491 

bar in hybrid bars was superior to that of the corresponding bare FRP bar. One exception is 492 

Specimen S2-C1-90-16, which has a relatively small confinement stiffness. The initial 493 

stiffness of the central FRP bar, which was very close to that of the corresponding bare FRP 494 

bar, was independent of the level of FRP confinement, the FRP tube thickness and the fibre 495 



16 
 

winding angle. However, the behaviour of the central FRP bar became non-linear and was 496 

greatly affected by the confinement of the outer FRP tube after the outer FRP tube was 497 

activated by the expansion of UHPC. A larger FRP confinement can lead to an enhanced 498 

compressive strength and an enhanced ultimate axial strain of the central FRP bar. Overall, 499 

the compressive strength of the central FRP bar in hybrid bars tested in the current study were 500 

much larger than that of the corresponding FRP bar in isolation, implying that the 501 

confinement provided by the outer FRP tube has a favorable effect on the effective 502 

exploitation of the compressive strength of the FRP bar. Although the central FRP bar in 503 

hybrid bars generally failed earlier than the outer FRP tube owing to the inherent properties 504 

of the material itself, the enhanced strength and strain of the central FRP bar in hybrid bars 505 

were still substantially beneficial to the axial performance of hybrid bars. It is demonstrated 506 

that the compressive strength of FRP bars can be well exploited in such a form of hybrid bars. 507 

The subsequent studies conducted by the authors have demonstrated the superiority of RC 508 

columns reinforced hybrid bars than the corresponding RC columns reinforced with FRP bars 509 

[43]. 510 

 511 

4. Transverse Shear Test and Results 512 

4.1 Specimens preparation and test set-up 513 

A total of 29 specimens, including 12 hybrid bars and 12 UHPC-filled small FRP tubes and 5 514 

bare GFRP bars, were prepared and tested under transverse shear loading. All the hybrid bar 515 

specimens and UHPC-filled small FRP tube specimens adopted the same materials as the first 516 

batch of specimens (see Section 3), and thus the labeling system of the specimens presented 517 

in Section 3.1 was also adopted in this section. In addition, “FRP bar” was used to refer to a 518 

bare FRP bar specimen and a following number was used to distinguish the duplicate 519 

specimens. The main parameters concerned in this section include the fibre winding angle of 520 

the outer FRP tube, and the presence of the central FRP bar. The transverse shear strength 521 

tests of all the specimens were carried out in accordance with the methodology described in 522 

ACI 440.3 R-12 [44]. Figure 19 shows a steel double shear test device, which consists of a 523 

holder, one upper blade, and two lower blades. The detailed dimensions, as given in Fig. 19, 524 

are slightly different from the suggested dimensions in ACI 440.3 R-12 [44] to cater for the 525 

large diameter of the hybrid bars. The thickness of two lower blades was 12 mm and the 526 
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thickness of upper blade was 36 mm. During the test, the holder was fixed to the framework 527 

of the testing machine and the upper blade ran perpendicularly to the specimen axis to ensure 528 

that the bar was under two-plane shear loading. All test specimens had a total length of 300 529 

mm and they were loaded at a displacement-control rate of 1.5 mm/min (see Fig. 19).   530 

 531 
4.2 Transverse shear results 532 

Figure 20 presents the failure modes of all specimens. The test specimens were cut into three 533 

pieces, indicating that shear planes failed at the same time [21,45]. It was also found that 534 

some GFRP bar specimens experienced fibre delamination (Fig. 20h), which is consistent 535 

with the findings of other study [45]. In order to clearly identify the formation of failure 536 

surfaces in a hybrid bar during the test, Fig. 21 illustrates the axial load-displacement curves 537 

of hybrid bars and the reference specimens (i.e., UHPC-filled small FRP tube and GFRP bar) 538 

under transverse shear loading. The results show that hybrid bars have a two-stage formation 539 

of failure surfaces, corresponding to two peak loads, respectively: i) the first one was mainly 540 

caused by the shear failure of the outer FRP tube and the corresponding first peak load 541 

decreased with an increase in the fibre winding angle of the outer FRP tube; and ii) the 542 

second one was induced by the shear failure of the central FRP bar. However, the two peak 543 

loads of the hybrid bar were much larger than those of the reference specimens due to the 544 

optimal combination of each component and good interaction between them, which can 545 

demonstrate an excellent shear resistance of the hybrid bar. To further interpret the 546 

interaction between each component in a hybrid bar, Fig. 21 illustrates the summation of the 547 

loads of the corresponding UHPC-filled small FRP tube and the bare GFRP bar at a given 548 

displacement (represented by a purple line marked by circles). It is clearly shown that the 549 

shear resistance of the hybrid bar was significantly larger than the summation of shear 550 

resistance of UHPC-filled small FRP tube and that of the bare GFRP bar due to the small 551 

deformation capacity of UHPC-filled small FRP tube under transverse shear loading. The 552 

summation of these loads was slightly larger that of the hybrid bar at the initial stage. This 553 

was because the former included an additional load of UHPC with the same cross-sectional 554 

area as the central FRP bar. Although the contribution of the UHPC-filled small FRP tube 555 

part in the total shear load capacity was substantial, the deformation capacity of the 556 

UHPC-filled small FRP tube in isolation under shear was much smaller than that of the FPR 557 

bar (the ultimate deformation of the central FRP bar corresponded to the deformation at the 558 

second peak). It can be seen from Fig. 21 that the load decrease upon the first peak of the 559 
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hybrid bar was caused by the failure of the UHPC-filled FRP tube section, while the load 560 

reduction of this stage was much smaller than the shear load capacity of the UHPC-filled 561 

FRP tube in isolation (see Fig. 21). Thus, it can be demonstrated that the UHPC-filled FRP 562 

tube and the central FRP bar in hybrid bars are in an optimum combination: the presence of 563 

the central FRP bar caused a delay in the failure of the UHPC-filled FRP tube section; and 564 

the shear loading after the first peak was jointly resisted by both the central FRP bar and the 565 

aggregate interlock action in UHPC, leading to an excellent shear load capacity 566 

(corresponding to the second peak) of hybrid bars. 567 

 568 

The transverse shear strength (𝜏𝜏𝑢𝑢) can be obtained as follows: 569 

𝜏𝜏𝑢𝑢 = 𝑃𝑃𝑠𝑠
2𝐴𝐴

                                        (2) 570 

where 𝑃𝑃𝑠𝑠 is the maximum failure force and 𝐴𝐴 is the cross-sectional area of the specimen. 571 

Table 7 gives the transverse shear strength of all specimens. The thickness of the FRP tube 572 

was considered in the calculation of the cross-sectional areas of hybrid bars and UHPC-filled 573 

small FRP tube specimens. As hybrid bar have two different peak loads, both first and second 574 

transverse shear strengths were indicated in the present study. It can be seen from Table 7 575 

that the fibre winding angle has a small effect on the second transverse shear strength of 576 

hybrid bars. However, the first transverse shear strength of both hybrid bar and UHPC-filled 577 

small FRP tube specimens decreased with an increase in the fibre winding angle of the outer 578 

FRP tube. In summary, the transverse shear resistance (e.g., shear load and deformation 579 

capacities) of hybrid bars is superior to that of the bare FRP bars.  580 

 581 

5. Conclusions 582 

This paper has presented experimental studies on the compressive and transverse shear 583 

behaviour of FRP-UHPC hybrid bars. The key parameters examined in the present study 584 

include the fibre winding angle of the FRP tube, fibre types of the FRP tube, the FRP tube 585 

thickness and the diameter of the central FRP bar. Based on the test results and discussions 586 

presented in this paper, the following conclusions can be drawn:  587 

(1) Hybrid bars exhibit a five-portion average stress-strain response (i.e., an initial elastic 588 

portion, second stress fluctuation portion, third strain hardening portion, fourth stress 589 

reduction portion, and fifth residual stress portion). The third strain hardening portion is 590 

dependent on the confining stiffness; the stress-strain response of hybrid bars can be 591 
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designed to meet an elastic-plastic response like that of steel or a strong post-yielding 592 

strain-hardening response by using external FRP tubes with different stiffness. 593 

(2) With an increase in the fibre winding angle of the outer FRP tube; the amount of the 594 

stress reduction in the second or fourth portion of stress-strain curves of hybrid bars and 595 

the amount of stress reduction in the second portion of stress-strain curves of 596 

UHPC-filled small FRP tube specimens decrease, and the slopes of both the third strain 597 

hardening portion and the fifth residual stress portion in the stress-strain curves of hybrid 598 

bars increase. 599 

(3) The presence of the central FRP bar leads to little difference between the initial 600 

stiffnesses of the hybrid bar and the UHPC-filled small FRP tube due to the close elastic 601 

modulus of the two components (the UHPC and the FRP bar), while the presence of the 602 

central FRP bar leads to a smaller stress drop in the second portion of their stress-strain 603 

curves of hybrid bars. Hybrid bars with a 25-mm-diameter central FRP bar are superior to 604 

those with a 16-mm-diameter central FRP bar before the failure of the central FRP bar. 605 

(4) The compressive strength and the ultimate axial strain of both hybrid bar and 606 

UHPC-filled small FRP tube specimens increase with the increase of the confinement 607 

stiffness from the outer FRP tube.  608 

(5) The initial elastic modulus of the central FRP bar is independent of the level of FRP 609 

confinement, the FRP tube thickness and the fibre winding angle. The behavior of the 610 

central FRP bar is much superior to the bare FRP bar, because the ultimate axial strain (as 611 

well as the compressive strength) of the central FRP bar is substantially enhanced; which 612 

demonstrates that the confinement of the outer FRP tube are favorable in enhancing the 613 

compressive performance of the FRP bar in hybrid bars. 614 

(6) Hybrid bars have a two-stage formation of failure surfaces under transverse shear loading, 615 

corresponding to two peaks of the shear load-deformation curves, respectively. The 616 

contribution of the UHPC-filled small FRP tube in the shear load capacity of hybrid bars 617 

is substantial, while the deformation capacity of the UHPC-filled small FRP tube in 618 

isolation under shear is much smaller than that of the FPR bar (the ultimate deformation 619 

of the central FRP bar corresponds to the deformation at the second peak). The 620 
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UHPC-filled small FRP tube and the central FRP bar in a hybrid bar are in an optimum 621 

combination, leading to an excellent shear load capacity.  622 

 623 

To further examine the rationality and reliability of hybrid bars, tests on hybrid bar-reinforced 624 

concrete columns under different loadings (e.g. cyclic axial compression, eccentric 625 

compression and seismic loading) need to be carried out. Moreover, a design-oriented model 626 

proposed for hybrid bars should be established in the near future to enable the design of 627 

hybrid bars in various structural members.  628 
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Table 1. UHPC mix proportions (in weight) 12 

Cement (P·II 52.5R) Quartz powder Silica fume Sand Water Super-plasticizer 

1.00 0.37 0.25 1.10 0.19 0.04 
 13 

Table 2. Properties of UHPC 14 

Batch 
Compressive 

strength 
𝑓𝑓𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 
′  (MPa) 

Ultimate 
axial strain 
𝜀𝜀𝑐𝑐𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  

Compressive 
elastic modulus 
𝐸𝐸𝑐𝑐,𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  (GPa) 

Poison’s ratio  
𝜇𝜇 

1 163.3 0.0033 50.3 0.20 
2 142.3 0.0032 47.7 0.19 

 15 
Table 3. Tensile properties of small GFRP tubes 16 

Fibre winding 
angle （°） 

Thickness 
(mm) 

Number of 
FRP layers 

Secant elastic 
modulus (GPa) 

±45 2.90 4 3.71 
±60 2.25 4 18.31 
±80 1.81 4 38.72 
±80 2.57 6 43.33 

 17 
Table 4. Compressive properties of small GFRP tubes 18 

Fibre winding 
angle （°） 

Compressive 
strength (MPa) Peak strain Secant elastic 

modulus (GPa) 
Poison’s 

ratio  
±45 93.69 0.0189 4.98 0.85 
±60 98.86 0.0199 4.98 0.34 
±80 86.35 0.0130 6.74 0.14 

 19 
Table 5. Tensile and compressive properties of GFRP bars 20 

Nominal 
diameter 

(mm) 

Tensile elastic 
modulus 

(GPa) 

Tensile 
strength 
(MPa) 

Ultimate 
tensile 
strain 

Compressive 
elastic modulus 

(GPa) 

Compressive 
strength 
(MPa) 

Ultimate 
compressive 

strain 
25 41.0 711.6 0.0172 40.6 274.5 0.0077 
16 47.6 892.2 0.0187 49.1 650.3 0.0121 
 21 

Table 6. Details of specimens 22 

Specimen Batch  FRP type Number of 
FRP layers 

FRP thickness 
(mm) 

Fibre winding 
angle（°） 

Diameter of the central 
FRP bar (mm) 

S1-G4-45-0-1/2/3 1 GFRP 4 2.90 45 N.A. 
S1-G4-45-25-1/2/3 1 GFRP 4 2.90 45 25 
S1-G4-60-0-1/2/3 1 GFRP 4 2.25 60 N.A. 

S1-G4-60-25-1/2/3 1 GFRP 4 2.25 60 25 
S1-G4-80-0-1/2/3 1 GFRP 4 1.81 80 N.A. 

S1-G4-80-25-1/2/3 1 GFRP 4 1.81 80 25 
S2-C1-90-0-1/2/3 2 CFRP 1 0.167 90 N.A. 

S2-C1-90-25-1/2/3 2 CFRP 1 0.167 90 25 
S2-C1-90-16-1/2/3 2 CFRP 1 0.167 90 16 
S2-C2-90-0-1/2/3 2 CFRP 2 0.334 90 N.A. 



3 
 

S2-C2-90-25-1/2/3 2 CFRP 2 0.334 90 25 
S2-C2-90-26-1/2/3 2 CFRP 2 0.334 90 16 
S2-G4-80-0-1/2/3 2 GFRP 4 1.81 80 N.A. 

S2-G4-80-25-1/2/3 2 GFRP 4 1.81 80 25 
S2-G4-80-16-1/2/3 2 GFRP 4 1.81 80 16 
S2-G6-80-0-1/2/3 2 GFRP 6 2.57 80 N.A. 

S2-G6-80-25-1/2/3 2 GFRP 6 2.57 80 25 
Note: N.A. —— Not applicable. 23 
 24 

Table 7. Key results of specimens under transverse shear tests 25 

Specimen 
First transverse 

shear strength 𝜏𝜏𝑢𝑢1 
 

Mean 
Standard 
deviation 

Second transverse 
shear strength 𝜏𝜏𝑢𝑢2 

 

Mean 
Standard 
deviation 

Hybrid bar 

S1-G4-45-25-1 70.1 
68.3 2.32 

66.7 
64.5 3.09 S1-G4-45-25-2 69.0 60.1 

S1-G4-45-25-3 64.9 66.6 
S1-G4-45-25-4 69.2 64.4 
S1-G4-60-25-1 58.3 

60.1 3.91 
67.5 

65.6 1.29 S1-G4-60-25-2 56.1 65.0 
S1-G4-60-25-3 60.9 64.6 
S1-G4-60-25-4 65.2 65.4 
S1-G4-80-25-1 51.2 

50.1 1.58 
67.6 

66.3 1.38 S1-G4-80-25-2 51.3 66.1  
S1-G4-80-25-3 47.9 64.4  
S1-G4-80-25-4 50.0 66.9  

UHPC-filled 
small FRP 

tube 

S1-G4-45-0-1 42.6 
44.1 

 
2.60 

 

N.A. 
N.A. N.A. S1-G4-45-0-2 41.6 N.A. 

S1-G4-45-0-3 47.5 N.A. 
S1-G4-45-0-4 44.6 N.A. 
S1-G4-60-0-1 27.9 

30.1 
 

1.52 
 

N.A. 
N.A. N.A. S1-G4-60-0-2 30.9 N.A. 

S1-G4-60-0-3 30.8 N.A. 
S1-G4-60-0-4 31.0 N.A. 
S1-G4-80-0-1 17.3 

19.1 
 

2.69 
 

N.A. 
N.A. N.A. S1-G4-80-0-2 22.7 N.A. 

S1-G4-80-0-3 19.7 N.A. 
S1-G4-80-0-4 16.8 N.A. 

GFRP bar 

FRP bar-1 165.7 

160.7 6.97 

N.A. 

N.A. N.A. 
FRP bar-2 155.8 N.A. 
FRP bar-3 161.9 N.A. 
FRP bar-4 168.5 N.A. 
FRP bar-5 151.6 N.A. 
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FIGURE CAPTIONS 26 

Fig. 1. FRP-UHPC hybrid bar 27 

Fig. 2. FRP bar-reinforced concrete columns (FBRCCs) and hybrid bar-reinforced concrete 28 

columns (HBRCCs) 29 

Fig. 3. Split disk tests on small GFRP tubes 30 

Fig. 4. Compression tests on small GFRP tubes 31 

Fig. 5. Tensile and compression tests on GFRP bars 32 

Fig. 6. Preparation of hybrid bar specimens 33 

Fig. 7. Levelling at two ends 34 

Fig. 8. Compression test set-up 35 

Fig. 9. Typical failure modes of specimens under axial compression tests 36 

Fig. 10. Effect of fiber winding angles on the axial compressive behaviour of specimens 37 

Fig. 11. Effect of the presence of the central FRP bar on the axial compressive behaviour of 38 

specimens 39 

Fig. 12. Effect of the thickness of the outer FRP tube on the axial compressive behaviour of 40 

specimens 41 

Fig. 13. Typical axial stress-axial strain diagrams of hybrid bar and UHPC-filled FRP tube 42 

specimens 43 

Fig. 14. Effect of fiber winding angles on the dilation behaviour of specimens 44 

Fig. 15. Effect of the diameter of the central FRP bar on the dilation behaviour of specimens 45 

Fig. 16. Effect of the thickness of the outer FRP tube on the dilation behaviour of specimens 46 

Fig. 17. Normalized axial stress-axial strain curves of hybrid bars with different central FRP 47 

bars  48 

Fig. 18. Axial stress-axial strain behaviour of the central FRP bar in hybrid bars 49 

Fig. 19. Transverse shear test set-up 50 

Fig. 20. Typical failure modes of specimens under transverse shear tests 51 

Fig. 21. Load-displacement curves of specimens under transverse shear tests 52 
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 53 

Fig. 1. FRP-UHPC hybrid bar 54 

        55 

(a) Cross-section of FBRCCs        (b) Cross-section of HBRCCs 56 
 57 

 58 

(c) Diagrammatic sketch of load-deformation responses of FBRCCs and HBRCCs 59 
Fig. 2. FRP bar-reinforced concrete columns (FBRCCs) and hybrid bar-reinforced 60 

concrete columns (HBRCCs) 61 
 62 
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 63 

(a) Test set-up and layouts of strain gauges 64 

  65 

(b) Typical failure modes              (c) Hoop stress-hoop strain curves 66 

Fig. 3. Split disk tests on small GFRP tubes 67 

 68 

  69 

(a) Typical failure modes                 (b) Stress-strain curves 70 

Fig. 4. Compression tests on small GFRP tubes 71 

 72 
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 73 
(a) Test set-up 74 

             75 
(b) Failure modes of GFRP bars in compression    (c) Stress-strain curves  76 

Fig. 5. Tensile and compression tests on GFRP bars 77 

 78 

 79 

Fig. 6. Preparation of hybrid bar specimens 80 

 81 

Compression test Tension test

LVDTs Extensometer
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      82 

 Fig. 7. Levelling at two ends              Fig. 8. Compression test set-up 83 
 84 

                85 

(a) S1-G4-45-0-3  (b) S1-G4-45-25-1    (c) S1-G4-60-25-1  (d) S1-G4-80-25-3 86 

                87 

(e) S2-G4-80-0-2   (f) S2-C1-90-25-2  (g) S2-C2-90-16-2  (h) S2-C2-90-0-1 88 

LVDTs
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     89 

(i) UHPC core          (j) UHPC layer and central FRP bar 90 

Fig. 9. Typical failure modes of specimens under axial compression tests 91 

 92 

 93 
 (a) Hybrid bar                        94 

 95 
(b) UHPC-filled small FRP tube 96 

Fig. 10. Effect of fiber winding angles on the axial compressive behaviour of specimens 97 
 98 
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 99 
(a) GFRP = 4ply, 80°                        (b) GFRP = 4ply, 60° 100 

 101 
(c) GFRP = 4ply, 45°                        (d) GFRP = 4ply, 80° (S2) 102 

 103 
(e) GFRP = 6ply, 80°                        (f) CFRP = 2ply, 90° 104 
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 105 
(g) CFRP = 1ply, 90° 106 

Fig. 11. Effect of the presence of the central FRP bar on the axial compressive behaviour 107 
of specimens 108 

 109 

 110 
(a) GFRP (80°), 25-mm-diameter FRP bar  (b) CFRP (90°), 25-mm-diameter FRP bar 111 

 112 
(c) CFRP (90°), 16-mm-diameter FRP bar            (d) GFRP (80°) 113 
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 114 
  (e) CFRP (90°) 115 

Fig. 12. Effect of the thickness of the outer FRP tube on the axial compressive behaviour 116 
of specimens 117 

 118 

  119 
   (a) Hybrid bar                      (b) UHPC-filled FRP tube 120 

Fig. 13. Typical axial stress-axial strain diagrams of hybrid bar and UHPC-filled FRP 121 
tube specimens 122 

 123 

 124 
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(a) Hybrid bar 125 

 126 
(b) UHPC-filled small FRP tube 127 

Fig. 14. Effect of fiber winding angles on the dilation behaviour of specimens 128 
 129 

 130 
(a) GFRP = 4ply, 80°                      (b) GFRP = 4ply, 60° 131 

 132 
(c) GFRP = 4ply, 45°                      (d) GFRP = 4ply, 80° (S2) 133 
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 134 
(e) GFRP = 6ply, 80°                      (f) CFRP = 2ply, 90° 135 

 136 
(g) CFRP = 1ply, 90° 137 

Fig. 15. Effect of the diameter of the central FRP bar on the dilation behaviour of 138 
specimens 139 

 140 

 141 
(a) GFRP (80°), 25-mm-diameter FRP bar                (b) GFRP (80°) 142 
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 143 
(c) CFRP (90°), 25-mm-diameter FRP bar    (d) CFRP (90°), 16-mm-diameter FRP bar 144 

 145 
(e) CFRP (90°) 146 

Fig. 16. Effect of the thickness of the outer FRP tube on the dilation behaviour of 147 
specimens 148 

 149 

 150 
(a) GFRP = 4ply, 80° (S2)                   (b) CFRP, 90° 151 

Fig. 17. Normalized axial stress-axial strain curves of hybrid bars with different central 152 
FRP bars 153 

 154 
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 155 
(a) Effect of fiber winding angle (25mm)  (b) Effect of FRP tube thickness (25mm) 156 

 157 
   (c) Effect of FRP tube thickness (16mm) 158 

Fig. 18. Axial stress-axial strain behaviour of the central FRP bar in hybrid bars 159 
 160 
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 161 
Fig. 19. Transverse shear test set-up 162 

 163 



18 
 

 164 

Fig. 20. Typical failure modes of specimens under transverse shear tests 165 
 166 

  167 

(a) Fibre winding angle = ±45°         (b) Fibre winding angle = ±60° 168 
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 169 

(c) Fibre winding angle = ±80° 170 
Fig. 21. Load-displacement curves of specimens under transverse shear tests 171 
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APPENDIX 172 

Table A1. Key results of specimens under axial compression tests 173 

Specimen 𝑓𝑓𝑐𝑐1
,  𝑓𝑓𝑐𝑐2

,  𝑓𝑓𝑐𝑐3
,  𝑓𝑓𝑐𝑐4

,  𝑓𝑓𝑐𝑐𝑐𝑐
,  𝜀𝜀𝑐𝑐1 𝜀𝜀𝑐𝑐2 𝜀𝜀𝑐𝑐3 𝜀𝜀𝑐𝑐4 𝜀𝜀𝑐𝑐𝑐𝑐 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 

S1-G4-80-25-1 209.73 205.52 261.95 236.69 246.79 0.0066 0.0068 0.0146 0.0156 0.0178 -0.0109 
S1-G4-80-25-2 193.73 189.52 246.79 240.90 231.63 0.0056 0.0058 0.0117 0.0121 0.0161 -0.0091 
S1-G4-80-25-3 196.26 185.31 260.27 240.90 252.69 0.0060 0.0059 0.0138 0.0140 0.0201 -0.0141 
S1-G4-60-25-1 164.25 156.67 195.41 144.88 166.77 0.0048 0.0054 0.0122 0.0124 0.0166 -0.0117 
S1-G4-60-25-2 153.30 145.72 187.83 169.30 183.62 0.0044 0.0050 0.0104 0.0109 0.0234 -0.0174 
S1-G4-60-25-3 155.83 150.77 210.57 184.46 198.78 0.0043 0.0044 0.0116 0.0134 0.0243 -0.0171 
S1-G4-45-25-1 160.88 136.45 162.56 128.87 125.50 0.0042 0.0057 0.0112 0.0120 0.0905 -0.1151 (-0.0860) 
S1-G4-45-25-2 168.19 145.41 183.08 146.29 127.89 0.0057 0.0063 0.0125 0.0141 0.1006 -0.0920 (-0.0155) 
S1-G4-45-25-3 172.57 148.92 175.20 131.40 125.27 0.0047 0.0066 0.0118 0.0141 0.1028 -0.0817 (-0.0410) 
S2-C1-90-16-1 168.46 154.98 197.10 133.08 153.30 0.0048 0.0050 0.0126 0.0126 0.0135 -0.0104 
S2-C1-90-16-2 181.09 166.77 208.05 158.35 158.35 0.0065 0.0078 0.0127 0.0135 0.0141 -0.0139 (-0.0128) 
S2-C1-90-16-3 165.93 138.14 191.20 143.19 158.35 0.0039 0.0040 0.0112 0.0114 0.0129 -0.0120 
S2-C1-90-25-1 166.77 149.93 201.31 179.41 183.62 0.0047 0.0051 0.0099 0.0107 0.0121 -0.0106 
S2-C1-90-25-2 163.41 157.51 208.89 203.84 205.52 0.0041 0.0047 0.0106 0.0113 0.0123 -0.0121 
S2-C1-90-25-3 147.40 134.77 193.73 165.93 169.30 0.0038 0.0041 0.0118 0.0121 0.0137 -0.0100 
S2-C2-90-16-1 N.A. N.A. N.A. N.A. 261.11 N.A. N.A. N.A. N.A. 0.0142 -0.0067 
S2-C2-90-16-2 N.A. N.A. N.A. N.A. 287.22 N.A. N.A. N.A. N.A. 0.0162 -0.0083 
S2-C2-90-16-3 N.A. N.A. 314.18 297.33 325.13 N.A. N.A. 0.0183 0.0193 0.0247 -0.0092 (-0.0073) 
S2-C2-90-25-1 240.05 236.69 254.37 203.84 231.63 0.0074 0.0083 0.0105 0.0117 0.0156 -0.0110 
S2-C2-90-25-2 N.A. N.A. 251.85 210.57 235.84 N.A. N.A. 0.0140 0.0147 0.0187 -0.0117 
S2-C2-90-25-3 N.A. N.A. 272.06 256.90 265.32 N.A. N.A. 0.0117 0.0129 0.0192 -0.0109 
S2-G4-80-16-1 201.31 192.89 272.06 217.31 251.00 0.0067 0.0068 0.0167 0.0165 0.0195 -0.0115 
S2-G4-80-16-2 N.A. N.A. 272.06 217.31 252.69 N.A. N.A. 0.0179 0.0179 0.0219 -0.0139 
S2-G4-80-16-3 N.A. N.A. 289.75 227.42 263.64 N.A. N.A. 0.0181 0.0181 0.0223 -0.0112 
S2-G4-80-25-1 N.A. N.A. 253.53 210.57 220.68 N.A. N.A. 0.0141 0.0159 0.0180 -0.0100 
S2-G4-80-25-2 N.A. N.A. 251.00 239.21 231.63 N.A. N.A. 0.0120 0.0132 0.0172 -0.0102 
S2-G4-80-25-3 N.A. N.A. 267.85 247.64 279.64 N.A. N.A. 0.0149 0.0152 0.0221 -0.0120 (-0.0074) 
S2-G6-80-25-1 N.A. N.A. 293.12 285.54 329.34 N.A. N.A. 0.0175 0.0177 0.0309 -0.0169 
S2-G6-80-25-2 N.A. N.A. 289.75 263.64 308.28 N.A. N.A. 0.0127 0.0133 0.0233 -0.0131 
S2-G6-80-25-3 N.A. N.A. 283.01 259.43 299.86 N.A. N.A. 0.0142 0.0151 0.0241 -0.0122 
S1-G4-80-0-1 195.41 187.83 N.A. N.A. 222.37 0.0070 0.0086 N.A. N.A. 0.0161 -0.0103 
S1-G4-80-0-2 176.04 149.93 N.A. N.A. 209.73 0.0049 0.0064 N.A. N.A. 0.0161 -0.0061 
S1-G4-80-0-3 198.78 180.25 N.A. N.A. 225.74 0.0072 0.0078 N.A. N.A. 0.0184 -0.0117 (-0.0101) 
S1-G4-60-0-1 176.88 130.56 N.A. N.A. 185.31 0.0043 0.0058 N.A. N.A. 0.0202 -0.0175 
S1-G4-60-0-2 175.20 135.61 N.A. N.A. 190.36 0.0040 0.0052 N.A. N.A. 0.0232 -0.0147 
S1-G4-60-0-3 163.41 128.87 N.A. N.A. 181.94 0.0045 0.0070 N.A. N.A. 0.0234 -0.0124 
S1-G4-45-0-1 169.30 90.97 N.A. N.A. 98.55 0.0044 0.0052 N.A. N.A. 0.0881 -0.0557 
S1-G4-45-0-2 165.09 70.75 N.A. N.A. 110.34 0.0048 0.0132 N.A. N.A. 0.1009 -0.0932 (-0.0430) 
S1-G4-45-0-3 171.83 105.29 N.A. N.A. 121.29 0.0050 0.0065 N.A. N.A. 0.1160 -0.0907 (-0.0711) 
S2-C1-90-0-1 163.41 124.66 N.A. N.A. 145.72 0.0037 0.0051 N.A. N.A. 0.0115 -0.0114 
S2-C1-90-0-2 171.83 154.98 N.A. N.A. 170.14 0.0045 0.0060 N.A. N.A. 0.0137 -0.0120 
S2-C1-90-0-3 169.30 112.87 N.A. N.A. 155.83 0.0055 0.0057 N.A. N.A. 0.0132 -0.0094 
S2-C2-90-0-1 215.63 184.46 N.A. N.A. 230.79 0.0080 0.0103 N.A. N.A. 0.0178 -0.0113 
S2-C2-90-0-2 205.52 191.20 N.A. N.A. 241.74 0.0077 0.0085 N.A. N.A. 0.0181 -0.0129 
S2-C2-90-0-3 N.A. N.A. N.A. N.A. 249.32 N.A. N.A. N.A. N.A. 0.0228 -0.0132 
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S2-G4-80-0-1 190.36 181.94 N.A. N.A. 224.05 0.0086 0.0103 N.A. N.A. 0.0217 -0.0145 
S2-G4-80-0-2 204.68 187.83 N.A. N.A. 218.16 0.0073 0.0083 N.A. N.A. 0.0171 -0.0119 
S2-G4-80-0-3 192.04 163.41 N.A. N.A. 213.10 0.0071 0.0082 N.A. N.A. 0.0183 -0.0114 
S2-G6-80-0-1 188.67 178.57 N.A. N.A. 281.33 0.0069 0.0077 N.A. N.A. 0.0273 -0.0158 
S2-G6-80-0-2 N.A. N.A. N.A. N.A. 303.12 N.A. N.A. N.A. N.A. 0.0296 -0.0096 (-0.0049) 

Note: 𝑓𝑓𝑐𝑐1′ , 𝜀𝜀𝑐𝑐1, 𝑓𝑓𝑐𝑐2′ , 𝜀𝜀𝑐𝑐2, 𝑓𝑓𝑐𝑐3′ , 𝜀𝜀𝑐𝑐3, 𝑓𝑓𝑐𝑐4′ , 𝜀𝜀𝑐𝑐4, 𝑓𝑓𝑐𝑐𝑐𝑐′ , 𝜀𝜀𝑐𝑐𝑐𝑐 —— Refer to Fig. 13 for definitions; 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 —— Hoop 174 
rupture strain of the outer FRP tube; The value in bracket —— Hoop strain of the outer FRP tube at the time of 175 
failure of strain gauges; N.A. —— Not applicable. 176 
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