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ABSTRACT 14 

This paper presents a study on the compressive behavior of a novel type of highly 15 

deformable hybrid FRP tubular columns. The columns consist of an FRP tube filled 16 

with large-size recycled concrete lumps (RCLs) as aggregates and flowable grout as the 17 

binding material, and are thus termed FRP-RCL-Grout (F-R-G) columns. The use of 18 

large-size RCLs (e.g., up to 63 mm RCLs for 200 mm circular columns) leads to a 19 

relatively high recycling ratio and facilitates the manufacturing process. The flowable 20 

grout can be easily poured/pumped into the FRP tube, leading to ease of construction, 21 

while the FRP tube acts as an effective lateral confining device. The experimental part 22 

of the study involved compression tests on F-R-G columns and similar columns for 23 

comparison, with the main test variables being the FRP tube thickness, the size of the 24 

RCLs, the compressive strength of the concrete for producing RCLs and the WP ratio 25 

of the grout. The test results showed that F-R-G columns possess excellent structural 26 

behavior including ample ductility, and clarified the effects of the key parameters. In 27 

addition, based on the test results, a simple yet accurate model is proposed to predict 28 

the strength of F-R-G columns. 29 
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 33 

1 INTRODUCTION  34 

The conventional way of recycling demolished concrete [1-3], which involves the 35 

crushing of concrete into relatively small particles and the subsequent sorting/sieving 36 

to obtain recycled coarse aggregate, is a labor- and energy-intensive process. An 37 

emerging recycling method initially proposed by [4], in which the demolished concrete 38 

is only crushed into large pieces (e.g., with a size larger than 50 mm) of concrete lumps 39 

(i.e., recycled concrete lumps or RCLs) for direct use in concrete production, has 40 

attracted increasing research attention. Wu’s research group has conducted extensive 41 

studies on the physical and mechanical properties of RCL-based compound concrete 42 

[5-7] and the behavior of various structural members incorporating RCLs [8-10]. These 43 

studies have demonstrated the feasibility of using RCL in producing structural concrete, 44 

but have also shown that RCL-based compound concrete generally suffers from two 45 

issues: (1) the relatively large inhomogeneity of RCLs and the relatively weak bonding 46 

at the interface of RCLs and the fresh concrete [8]; (2) the difficulty in mixing RCLs 47 

with new fresh concrete to form the compound concrete, which often leads to increased 48 

complexity of the construction process [5].  49 

 50 

One effective way to address the first deficiency above is to provide a substantial 51 

amount of confinement to the RCL-based compound concrete by using it in a confining 52 

tube. This was demonstrated by [9-10] who tested RCL-based compound concrete-53 

filled steel tubes, and by [11] who proposed to use the compound concrete in a fibre-54 

reinforced polymer (FRP) confining tube. An FRP confining tube is considered superior 55 

to a steel tube for this purpose, as it provides continuously increasing confining pressure 56 

due to its linear elastic nature and does not suffer from local buckling due to its 57 



relatively small axial stiffness [12]; FRP also has the additional advantage of being 58 

corrosion-resistant.  59 

 60 

This paper presents a study to further develop the FRP-confined RCL-based compound 61 

concrete columns proposed by [11] by using flowable grout to replace normal fresh 62 

concrete, so as to address the second deficiency above of the compound concrete. This 63 

simple change significantly facilitates the construction process of the columns: it 64 

involves prefilling the FRP tube (stay-in-place formwork) with RCLs (and additional 65 

internal longitudinal reinforcement) and then simply pouring/pumping flowable grout 66 

into the tube to fill the remaining voids; the grout is generally made by mixing powder 67 

with water on site where water is generally available, which can highly reduce the 68 

transportation cost; the grout typically has a high water-powder ratio and is thus highly 69 

flowable with a low viscosity, which can highly ease the pouring and lead to reduction 70 

of labour demands and project timelines; The FRP confining tube typically only 71 

contains fibres close to the hoop direction as lateral confinement. The resulting columns 72 

are termed herein hybrid FRP-RCL-grout (F-R-G) columns or F-R-G columns. 73 

Although the flowable grout material used in this study may lead to a higher material 74 

cost, this will not affect the economic efficiency of F-R-G columns due to the reductions 75 

in transportations cost, labour demands and project timelines resulting from the use the 76 

flowable grout. F-R-G columns may also be considered as a variation of the FRP tubular 77 

columns tested by [13] with an infill composed of normal coarse aggregates and high-78 

water material. Like the two column forms investigated in [11] and [13], F-R-G 79 

columns are expected to possess many advantages including their high deformation 80 

capacity and ease for construction. These columns are therefore particularly suitable for 81 

use as compressive members to sustain large deformation such as standing supports in 82 



underground mines [13-14], piles to strengthen weak soil/ground for the foundation of 83 

highway/railway or to replace reinforced sandy piles [15-16] and granular piles [17-18]. 84 

In this study, experimental tests were carried out on the axial compressive behavior of 85 

F-R-G columns. Details of the experimental programme and the obtained test results 86 

are presented and analyzed in the subsequent sections, followed by the development of 87 

an analytical model to predict the strength of such columns.  88 

 89 

2 EXPERIMENTAL PROGRAMME 90 

2.1 Test Specimens 91 

16 specimens in total were built and tested in the experimental programme, consisting 92 

of six pairs of F-R-G specimens and two pairs of control specimens; the two specimens 93 

in each pair are designed to be nominally identical. The latter included: (1) a pair of 94 

grout-filled FRP tube specimens [i.e., F-G specimens without RCLs as shown in Figure 95 

1(b)]; and (2) a pair of unconfined RCL-grout specimens [i.e., R-G specimens without 96 

an FRP tube as shown in Figure 1(c)]. Figure 1 shows the configurations of the cross-97 

sections of the three types of test specimens. All the test specimens had the same cross-98 

sectional diameter of 200 mm (excluding the thickness of FRP tube) and the height of 99 

450 mm.  100 

 101 

In addition to the specimen type, the key test valuables included: (1) the thickness of 102 

FRP tube; (2) the compressive strength of the concrete used to produce RCLs; (3) the 103 

size of RCLs; and (4) the water-powder (WP) ratio of grout. The six pairs of F-R-G 104 

specimens covered two FRP tube thicknesses (i.e., 1.5 mm and 3.0 mm), normal- and 105 

high-strength concrete for producing RCLs, three size combinations of RCLs (i.e., 106 

small size, mixed size and large size) and two WP ratios of grout (i.e., 1.25 and 1.5). 107 



The R-G and F-G specimens each cover one combination of the above variables for 108 

comparison with the corresponding F-R-G specimens. Table 1 summarizes the key 109 

information of all the 16 test specimens.  110 

 111 

As shown in Table 1, a “name” is given to each specimen for convenience of reference. 112 

For the F-R-G specimens, the name starts with a letter “A” or “B” to indicate the FRP 113 

tube thickness (“A” and “B” for 1.5 mm and 3.0 mm tubes, respectively), which is then 114 

followed by a letter “N” or “H” to indicate the concrete compressive strength (normal 115 

strength and high strength) used for producing RCLs and a letter S”, “M”, or “L” to 116 

represent the size combination of RCLs (i.e., “small size”, “mixed size” and “large 117 

size”); the subsequent number 1.25 or 1.5 in the name is used to represent the WP ratio 118 

of the grout, and the last Roman digit “I” or “II” is used to mark the two nominally 119 

identical specimens of each pair. The same naming system is used for the F-G 120 

specimens and R-G specimens, except that the name of the former does not include the 121 

parts for RCLs while that of the latter does on include the parts for the FRP tube.  122 

 123 

2.2 Material Properties 124 

Recycled concrete lumps (RCLs) 125 

The RCLs employed in this project were obtained by crushing concrete cylinders made 126 

of ready-mixed commercial concrete. For both the normal-strength and high-strength 127 

concrete used in this study for making RCLs, standard cylinders (150 mm × 300 mm) 128 

were made and tested under concentric compression to obtain the cylinder compressive 129 

strength according to ASTM C39/C39M-21 [19]. The test results show that during the 130 

time for testing F-R-G and R-G specimens, the average cylinder compressive strengths 131 

of normal- and high-strength RCLs are 25.6 MPa and 80.6 MPa, respectively.  132 



 133 

In addition, water absorption tests were conducted in accordance with BS EN 134 

13369:2018 [20] for the RCLs. In the tests, test samples (RCLs) were immersed in 135 

water and weighed every 24 hours until the “change in weight” in 24 hours became less 136 

than 0.1%; the saturation weight was then deemed to be obtained. After that, the test 137 

samples were dried in a well-ventilated oven at a temperature of 105 ℃  until the 138 

“change in weight” in 24 hours became less than 0.1%; the dry weight was then 139 

obtained. The “weight loss” can be obtained by subtracting the dry weight from the 140 

saturation weight, and the “water absorption ratio” can be obtained by dividing the 141 

weight loss by the dry weight. The test results show that the water absorption ratios of 142 

the normal- and high-strength RCLs are 9.91% and 6.61%, respectively. By dividing 143 

the total saturated weight with the total volume of the saturated test samples, the 144 

saturation densities of the normal- and high-strength RCLs were found to be 2.28 g/cm3 145 

and 2.34 g/cm3, respectively.   146 

 147 

Only the RCLs with a size between 20 mm and 63 mm (i.e., based on the size of 148 

standard sieves) were used (see Figure 2); 63 mm is considered a “large size” for the 149 

FRP tubes (with an inner diameter of 200 mm) used in this study. The size combination 150 

of RCLs is a test variable in this study, with the following three cases considered: (1) 151 

“small-size” RCLs with the size between 20 mm and 30 mm [see Figure 3(a)], (2) 152 

“mixed-size” RCLs with the size between 20 mm and 63 mm [see Figure 3(b)]; and (3) 153 

“large-size” RCLs with the size between 50 mm and 63 mm [see Figure 3(c)]. Figure 4 154 

shows the size distribution of the “mixed-size” RCLs. It should be noted although the 155 

“small-size” RCLs (20-30 mm) are generally classified as course recycled concrete 156 



aggregate in existing studies on recycled aggregate concrete [3], they are termed “RCLs” 157 

in this study for ease of reference and discussion. 158 

 159 

For each size combination, the average volume ratio of RCLs in the test specimens was 160 

measured by the following method: (1) filling up an FRP hollow tube (200 mm × 450 161 

mm) with randomly picked saturated RCLs and recording the mass of the RCLs; (2) 162 

calculating the volume ratio of RCLs using their saturation density; (3) repeating (1) 163 

and (2) for five times and calculating the average volume ratio of RCLs. The so-164 

obtained volume ratios of RCLs and grout are given in Table 1, which show that the 165 

volume ratio of RCLs in a test specimen is hardly affected by their size combinations 166 

and the stacking method, and so are amount of grout used in the specimen.  167 

 168 

Grout material 169 

The grout material used in this study was a type of pumpable commercial chock grout 170 

named “CMT grout” provided by MINOVA Australia. CMT grout consists of mainly 171 

calcium sulphoaluminate, calcium sulfate, portland cement and slags [21], and is 172 

supplied as ready-blended powder can be readily used with the simple addition of water. 173 

The properties of CMT grout depends on the WP ratio, which is suggested to be 174 

between 1.0 and 2.0 [22]. In this study, two WP ratios (i.e., 1.25 and 1.5) were adopted 175 

considering a balance between the gel time and the compressive strength of the grout. 176 

This is because although a higher WP ratio leads to a higher flowability and a longer 177 

gel-time, it also leads to a lower compressive strength of the grout [22]. For both WP 178 

ratios, 50 mm grout cubes were prepared (see Figure 5) and tested under axial 179 

compression according to ASTM C942-15 [23], and the compressive strength of the 180 

grout cubes (𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) at different ages are summarized in Table 2.  181 



 182 

FRP tubes 183 

In this study, FRP tubes containing fibres with an angle of ±75° to their longitudinal 184 

direction were used, and two different tube thicknesses (i.e., 1.5 mm and 3.0 mm) were 185 

considered. To measure the hoop tensile elastic modulus and strength of the FRP tubes, 186 

two types of the ring spitting tests were conducted: (1) standard ring-splitting tests 187 

following ASTM D2290-19a [24] to obtain the hoop strength of the FRP tubes [see 188 

Figure 6(a)]; (2) modified ring-splitting tests following [25] Zhang et al. (2020) to 189 

measure the hoop elastic modulus of the FRP tubes [see Figure 6(b)]. The key feature 190 

of Zhang et al.’s [25] modified ring-splitting tests is to measure hoop strains at the 191 

positions 25 mm away from the gap between the two disks so that the bending effect at 192 

the gap can be eliminated. The test results show that the FRP tubes had a Young’s 193 

modulus and a tensile strength of 41.6 GPa and 756.0 MPa, respectively, in the hoop 194 

direction, yielding an ultimate hoop strain of 0.0182.  195 

 196 

In addition, axial compression tests of hollow FRP tubes were tested to determine their 197 

axial compressive properties according to ASTM D2412-11 [26] [see Figure 7(a)]. For 198 

each of the two types (1.5 mm and 3.0 mm thick) of FRP tube, three tube specimens 199 

with a height of 300 mm were tested. All the specimens failed abruptly by local damage 200 

at/close to the end of the tube [see Figure 7(b)]. Figure 8 shows the axial load- strain 201 

curves of the six tested FRP hollow tubes. The axial strains in this figure were obtained 202 

from the strain gauges applied at the mid-height of each specimen [see Figure 7(a)].  203 

The average axial load capacity of the 1.5 mm and 3.0 mm FRP tubes are 58.0 kN and 204 

121.3 kN, respectively.  205 

 206 



2.3 Preparation of Specimens 207 

The preparation of specimens involved placing saturated RCLs into FRP tubes, which 208 

were mounted to a framework with their bottom being properly sealed to prevent water 209 

leakage, and then pouring flowable grout to fill the FRP tubes. Before the test, the two 210 

ends of each specimen were wrapped with three layers of GFRP strips (30 mm width) 211 

to avoid premature failure there, and the end surfaces were flattened by capping with 212 

high-strength plaster. Figure 9 shows the key steps of fabricating the specimens. 213 

 214 

2.4 Test Setup and Instrumentation 215 

All the specimens were tested under compressive axial displacement load using a rate 216 

of 0.45 mm/min. Figure 10 shows a typical specimen in test. For each test specimen, 217 

the overall axial shortening was measured by two linear variable displacement 218 

transducers (LVDTs), and the hoop strains of the FRP tube were measured using four 219 

strain gauges evenly distributed around the FRP tube at its mid-height. 220 

 221 

3 TEST RESULTS AND DISCUSSIONS 222 

3.1 General Observations 223 

Figure 11(a-b) show the typical failure modes of F-R-G specimens and Figure 11(c) 224 

shows that of F-G specimens. It is evident that the failure modes of F-R-G and F-G 225 

specimens are similar and have the following two features: (1) major hoop rupture 226 

happened to the FRP tube at around the mid-height of the specimen; (2) several 227 

horizontal cracks occurred on the FRP tube along its height. The hoop rupture of FRP 228 

tube was attributed to the lateral dilation of the infilled material (i.e., grout and RCLs) 229 

in the specimens, and the horizontal cracks were due to the cracking of the resin matrix 230 

in the FRP tube under large axial deformation. Figure 11(d) shows the failure mode of 231 



the two R-G specimens without an FRP tube (i.e., N-M-1.25-I&II); it can been seen 232 

that serious spalling of grout and RCLs occurred over the whole height of the specimens. 233 

 234 

After the tests of the two specimens (i.e., A-N-L-1.25-I&II) containing only large-size 235 

RCLs [see Figure 3(c)], the FRP tubes were removed to examine the state of the infilled 236 

material.  As shown in Figure 12, many large-size RCLs had been crushed into smaller 237 

pieces under large deformation during the tests.  238 

 239 

3.2 Effect of FRP Confinement 240 

3.2.1 Effect of the presence of FRP tube 241 

Figure 13 compares the axial stress-strain curves of a pair of R-G specimens (i.e., N-242 

M-1.25-I&II) and a pair of F-R-G specimens (A-N-M-1.25-I&II), and the sole 243 

difference between these two pairs of specimens is the presence of FRP tubes in the 244 

latter. In Figure 13 and hereafter in the paper, the axial strains are calculated from the 245 

overall axial shortenings of the specimens obtained from the LVDT, while the axial 246 

stresses refer to that of the infilled material and are obtained by dividing the loads it 247 

carried with its net cross-section area. The loads carried by the infilled material were 248 

obtained by deducting the axial load taken by the FRP tube from the total load given 249 

by the testing machines following the approach adopted by Ref. [13]: (1) when the axial 250 

strain is smaller than the average ultimate strain of the hollow FRP tubes (i.e., 0.0051 251 

for 1.5 mm FRP tube and 0.0056 for 3.0 mm FRP tube, see Figure 8), it is assumed that 252 

for the same axial strain, the load carried by the FRP tube and that carried by the hollow 253 

FRP tube are the same; (2) when the axial strain is larger than the average ultimate 254 

strain, it is assumed that the load carried by the FRP tube becomes constant and is equal 255 

to the ultimate load of the hollow FRP tube, considering that the FRP tube in F-R-G 256 



(and F-G) specimens is well supported by the infilled material. Figure 14 shows the 257 

assumed axial load-strain curves of the 1.5 mm and 3.0 mm FRP tubes in F-R-G and F-258 

G specimens.  259 

 260 

Figure 13 evidently shows that the axial stress-strain curves of the R-G specimens are 261 

similar to that of unconfined concrete, while the curves of the F-R-G specimens are 262 

similar to that of typical FRP-confined concrete. The latter consists of three different 263 

segments: a linearly ascending initial segment, a smooth nonlinear transition segment 264 

and an approximately linear final ascending segment. Similar to FRP-confined concrete, 265 

the three segments correspond to the initial elastic stage, the stage when significant 266 

damage of the infilled material started to occur, and the final stage when the FRP 267 

confinement was effectively activated.  268 

 269 

For normal concrete, it has been well established that the stress at the start of transition 270 

segment of FRP-confined concrete is approximately equal to the strength of unconfined 271 

concrete [27]. However, Figure 13 shows that the transition stress of F-R-G specimens 272 

is significantly higher than (i.e., around two times) the strength of the corresponding R-273 

G specimens without FRP confinement. This is believed to be due to the highly 274 

inhomogeneous nature of the R-G material as a result of the random distribution of 275 

RCLs and the significant strength difference between the RCLs and the grout. As 276 

clearly shown in the photos of the failure mode (Figure 11d), all the R-G specimens 277 

tested in this study failed by premature separation (cracking) between RCLs and grout 278 

followed by spalling of grout and falling of RCLs. It is not difficult to understand that 279 

the premature separation (cracking) between RCLs and grout is due to (1) the non-280 

uniform stress distribution (e.g., stress concentration) over the column section due to 281 



the inhomogeneous nature of R-G material and (2) the weak bond between RCLs and 282 

grout due to their remarkable different strength. However, the above premature failure 283 

mode will not happen to the R-G materials in F-R-G specimens due to the confinement 284 

effect of the FRP tube. This is the reason for the noteworthy disparity between F-R-G 285 

specimens and R-G specimens shown in Figure 13. 286 

 287 

In addition to the above beneficial effect of FRP confinement, it also plays the same 288 

role that it does for normal concrete [13, 28-30], as reflected by the final approximately 289 

linear segment of the stress-strain curve (Figure 13), leading to significantly enhanced 290 

ultimate axial stress and strain. Notably, the strength of F-R-G specimens is around 291 

seven times that of the corresponding R-G specimens, while the ultimate axial strain of 292 

the former is around 13 times that of the latter.  293 

 294 

In addition, it can be seen from Figure 13 that the axial stress strain curves of the two 295 

nominally identical specimens in each pair (i.e., N-M-1.25-I and N-M-1.25-II; A-N-M-296 

1.25-I and A-N-M-1.25-II) are nearly the same. This indicates that the difference in 297 

staking of RCLs in the specimens has little effect on the compressive behavior of the 298 

specimens. Similar observations can be found for all the other test specimens as shown 299 

in relevant figures presented latter on. 300 

 301 

3.2.2 Effect of the FRP tube thickness 302 

Figure 15 shows the comparison of the axial stress-strain curves of two pairs of F-R-G 303 

specimens (i.e., A-N-M-1.25-I&II and B-N-M-1.25-I&II). The sole difference between 304 

these two pairs of specimens is the FRP tube thickness (i.e., 1.5 mm and 3.0 mm, 305 

respectively). It is evident from Figure 15 that in the early loading stage (with an axial 306 



strain smaller than 0.0055), the two pairs of curves nearly overlaps with each other, 307 

suggesting that the FRP confinement has marginal effect on the curves in this stage. 308 

When the axial strain becomes larger, the curves of the specimens with a 3.0 mm FRP 309 

tube become increasingly higher than their counterparts with a 1.5 mm FRP tube. While 310 

the curves of the F-R-G specimens all feature an approximately bilinear shape, those of 311 

the specimens with a thicker FRP tube have a steeper and longer ascending second 312 

linear portion; this is similar to the observations on the behavior of FRP-confined 313 

normal concrete [29]. Furthermore, it is evident from Figure 15 that the variation of 314 

thickness of the FRP tube has just a minor effect on the transition stress between the 315 

two approximately linear portions of the curves.  316 

 317 

To further study the difference between the confinements of the 1.5 mm and 3.0 mm 318 

thick FRP tubes, Figure 16(a) compares the hoop strain-axial strain curves of the two 319 

pairs of specimens. In this paper, the FRP hoop strains are calculated using the data 320 

from the four strain gauges applied at the mid-height of the FRP tube. Based on the data 321 

in Figure 16(a), Figure 16(b) shows the relationships between the confining pressure 322 

and axial strain for the four specimens. It is evidently indicated that at a given axial 323 

strain, the 3.0 mm FRP tube has a smaller hoop strain [see Figure 16(a)] but provides a 324 

higher confining pressure [see Figure 16(b)] than the 1.5 mm FRP tube; the distinction 325 

between the two pairs of curves tends to increase with axial strain. Figure 16(a) also 326 

shows that for a thicker FRP tube, the hoop strain increases less rapidly with the axial 327 

strain, and thus leads to a higher ultimate axial strain for a certain rupture strain (e.g., 328 

for the same FRP material). Figure 16(b) explains the reason why a thicker FRP tube 329 

leads to a higher axial stress-strain curves of the specimens (see Figure 15). The above 330 



observations are generally similar to those reported for FRP-confined normal concrete 331 

columns [28-30].  332 

 333 

3.3 Effect of RCLs 334 

3.3.1 Effect of the presence of RCLs 335 

Figure 17 compares the axial stress-axial strain curves and hoop strain-axial strain 336 

curves of two pairs of specimens: a pair of F-G specimens (i.e., A-1.25-I&II) and a pair 337 

of F-R-G specimens (i.e., A-N-M-1.25-I&II); the sole difference between the two pairs 338 

is the infilled materials: the F-G specimens were filled with 100% grout, while the F-339 

R-G specimens were filled with 57.5% grout and 42.5% RCLs (by volume, see Table 340 

1).   341 

 342 

By observing the axial stress-strain curves in Figure 17(a), it can be seen that: (1) the 343 

initial portions of the two pairs of curves almost overlap with each other; (2) after an 344 

axial strain of around 0.02, the axial stress of the F-R-G specimens (A-N-M-1.25-I&II) 345 

increases approximately linearly at a rate smaller than their initial stiffness (i.e., the 346 

curves showing a second linear portion), while the curves of the F-G specimens exhibit 347 

a nonlinear shape with the axial stress increasing at a gradually decreasing rate, leading 348 

to increasingly large difference between the two pairs of curves. The above observation 349 

is believed to be at least partially due to the different lateral expansion behavior of the 350 

two types of infilled materials, as shown in Figure 17(b). The figure evidently shows 351 

that when the axial strain is larger than 0.02, the hoop strain of F-G specimens tends to 352 

become gradually smaller than that of the corresponding F-R-G specimens, suggesting 353 

that the lateral dilation of, and thus the lateral confinement received by the former is 354 

increasingly smaller than the latter. Such differences may be attributed to the 355 



significantly higher WP ratio (i.e., 1.25 for the specimens shown in Figure 17) and the 356 

resulting more porous microstructure of the grout, compared with the RCLs. For the 357 

same reason, it may be expected that the effect of confining pressure on the strength 358 

enhancement is less pronounced for the grout than for the grout-RCL compound 359 

material.   360 

 361 

3.3.2 Effect of the size of RCLs 362 

Figure 18 compares the axial stress-strain curves and hoop strain-axial strain curves of 363 

three pairs of F-R-G specimens (i.e., A-N-S-1.25-I&II; A-N-M-1.25-I&II and A-N-L-364 

1.25-I&II), with the sole difference between them being the size combinations of the 365 

employed  RCLs (i.e., small-size, mixed-size and large-size RCLs, respectively, see 366 

Table 1). It is evident from Figures 18(a) and 18(b) that the three pairs of curves are 367 

very close to each other, suggesting that the size (combinations) of RCLs, with the 368 

range examined in this study, has little effect on the axial stress-strain and lateral 369 

dilation behavior of F-R-G specimens. It is also noted that despite the difference in the 370 

size of RCLs, the volume ratio of RCLs in the three pairs of specimens is similar (i.e., 371 

around 42%, see Table 1). Therefore, the difference in these specimens lies mainly in 372 

the inhomogeneity of the compound infilled material (i.e., RCLs and grout). As 373 

explained above, the extent of such inhomogeneity may affect the behavior of 374 

unconfined specimens, but its effect can be effectively mitigated or eliminated by the 375 

confinement from the FRP tube; similar points have also been made by [11] on FRP-376 

confined compound concrete with fresh concrete and RCLs.  377 

 378 



3.3.3 Effect of the compressive strength of RCLs 379 

Figure 19 compares the axial stress-strain curves and hoop strain-axial strain curves of 380 

two pairs of F-R-G specimens (A-N-M-1.25-I&II and A-H-M-1.25-I&II), with the sole 381 

difference between them being the compressive strength of concrete used to make 382 

RCLs (i.e., 25.6 MPa and 80.6 MPa, respectively). As shown in Figure 19(a), for a 383 

given axial strain, the axial stress of the specimens with high-strength RCLs is only 384 

slightly higher (by around 5%) than their counterparts with normal-strength RCLs, 385 

while Figure 19(b) shows that there is no remarkable distinction between the lateral 386 

dilation behavior of the two pair of specimens. This is not a surprise as the strength of 387 

the grout (i.e., 11.9 MPa, see Table 2) is significantly lower than both RCLs, so that the 388 

grout is the weak link in the system and plays a dominant role on the compressive 389 

damage and lateral expansion behavior of the F-B-G specimens  390 

 391 

3.4 Effect of the WP Ratio of the Grout 392 

Figure 20 compares the axial stress-strain curves and hoop strain-axial strain curves of 393 

two pairs of F-R-G specimens (A-N-M-1.25-I&II and A-N-M-1.5-I&II), with the sole 394 

difference between them being the WP ratio of the grout used (i.e., 1.25 and 1.5, 395 

respectively). While the axial stress-strain curves of both pairs of specimens feature an 396 

approximately bilinear shape, Figure 20(a) shows that the increase of WP ratio of grout 397 

from 1.25 to 1.5 leads to a significant decrease in: (1) the initial stiffness of the 398 

specimens; (2) the transition stress between the two linear portions; (3) the slope of the 399 

second linear portion; and (4) the ultimate axial stress. The first two differences above 400 

indicate that the unconfined properties (stiffness and strength) of the grout-RCL 401 

compound material are significantly affected by the WP ratio of grout; this is consistent 402 

with the compressive test results of grout cubes given in Table 2 which shows that the 403 



compressive strength of the grout with a WP ratio of 1.25 is 39.5% higher than its 404 

counterpart with a WP ratio of 1.5. On the other hand, the last two differences above 405 

depend largely on the FRP confinement which is substantially affected by the lateral 406 

expansion of the infilled material. The comparison of hoop strain-axial strain curves in 407 

Figure 20(b) shows that when the axial strain is larger than 0.015, the lateral expansion 408 

of specimens A-N-M-1.25-I&II is remarkably higher than that of A-N-M-1.5-I&II, 409 

leading to significantly higher confining pressure for the former at a given axial strain. 410 

This remarkable difference in the lateral expansion explains the stiffer second-stage 411 

behavior of the specimens with a lower WP ratio (1.25) of grout, and may be attributed 412 

to the denser microstructure of such grout.    413 

 414 

4 STRENGTH MODEL FOR F-R-G COLUMNS 415 

It has been well established by existing studies [27, 31] that the axial strength of FRP-416 

confined concrete 𝑓𝑓𝑐𝑐𝑐𝑐  in a circular column may be related to the lateral confining 417 

pressure using the following equations: 418 

 419 

𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐0 + 𝑘𝑘𝑓𝑓𝑙𝑙                                                       (1) 420 

𝑓𝑓𝑙𝑙 = 𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓𝜀𝜀𝑓𝑓𝑓𝑓 𝑅𝑅⁄                                                        (2) 421 

 422 

where 𝑓𝑓𝑐𝑐0 is the cylinder strength of unconfined concrete, 𝑘𝑘 is a constant and 𝑓𝑓𝑙𝑙 is the 423 

lateral confining pressure provided by FRP; 𝐸𝐸𝑓𝑓, 𝑡𝑡𝑓𝑓 and 𝜀𝜀𝑓𝑓𝑓𝑓 are the hoop elastic modulus, 424 

the thickness and the hoop strain of FRP, respectively; 𝑅𝑅 is the radius of the circular 425 

column.  426 

 427 



Similar to FRP-confined normal concrete with sufficient confinement, the stress-strain 428 

curves of the F-R-G specimens feature an approximately bilinear shape with a second 429 

ascending branch [see Figures 15, 18(a), 19(a) and 20(a)]. It is thus expected that Eqs. 430 

1 and 2 may also be applied to F-R-G columns for their confined strength. Therefore, a 431 

regression analysis based on the present test results was conducted to obtain the 432 

constant 𝑘𝑘 in Eq. 1 for the infill material in F-R-G columns. In doing so, seven points 433 

were extracted from the experimental stress-strain curve of each F-R-G specimen to 434 

generate a test database; the seven points represent different confinement levels, and 435 

the confining pressure at each point was calculated by Eq. 2 using the corresponding 436 

experimental lateral strain.  The so-obtained data points are plotted in Figure 21, where 437 

it is evident that the points falls into two sets: one with the WP ratio of 1.25 and the 438 

other with the WP ratio of 1.5. It is also evident that both sets of data show a linear 439 

pattern, demonstrating the validity of Eq. 1 for F-R-G columns. The best-fit lines for 440 

the two sets of data are also plotted in Figure 21 together with the corresponding liner 441 

equation, where the slope of the lines represents the value of 𝑘𝑘 in Eq.1. It is evident that 442 

for both WP ratios,  𝑘𝑘 can be taken as the same value of 1.7.  443 

 444 

The intercept of the best-fit lines with the stress axis represents the unconfined strength 445 

(𝑓𝑓𝑐𝑐0) in Eq. 1; these numbers (i.e., 15.0 MPa and 11.0 MPa for the infill material with 446 

WP ratios of 1.25 and 1.50, respectively, see Figure 21) are shown to be significantly 447 

higher than the compressive strength of the corresponding grout cubes (see Table 2), 448 

although the failure of the unconfined infill material in such columns generally occurs 449 

within the grout due to its relatively low strength compared with the RCLs. The lower 450 

compressive strengths of grout cubes are believed to be due to the brittle nature of the 451 

grout, which makes it prone to internal defects when being tested without confinement; 452 



the effects of internal defects, however, can be significantly reduced by providing a 453 

small amount of confinement which allows the stress redistribution within the material. 454 

Based on the test results, it appears that an enhancement factor of 1.30 may reflect the 455 

enhancement of 𝑓𝑓𝑐𝑐0  in F-R-G columns compared with that of standard grout cubes for 456 

both WP ratios of 1.25 and 1.50 (see Table 2). Nevertheless, it should also be noted that 457 

this enhancement factor (i.e., 1.30) is based on the limited test results and its value may 458 

be adjusted when more test results become available.   459 

 460 

With the above discussion, the following equation based on Eq. 1 may be used for 461 

predicting the confined strength of the infilled material in F-R-G columns:  462 

      463 

𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐0 + 1.7𝑓𝑓𝑙𝑙                                                       (3) 464 

 465 

where 𝑓𝑓𝑙𝑙 can be calculated using Eq. 2 and 𝑓𝑓𝑐𝑐0 can be taken as 1.30 times the strength 466 

from standard cube tests of the grout (see Table 2).  467 

 468 

5 CONCLUSIONS AND FUTURE STUDIES 469 

In this study, the compressive behavior of a new type of hybrid columns (F-R-G 470 

columns) incorporating an FRP confining tube, recycled concrete lumps (RCLs) and 471 

flowable grout with a high water-powder ratio was investigated, and a strength model 472 

was proposed for such columns with the confinement effect of the FRP tube being 473 

properly considered. The following conclusions can be drawn from this study: 474 

(1) The presence of the FRP tube can significantly increase the compressive 475 

strength (e.g., by around 400% for 1.5 mm FRP tube in this study) and the 476 



deformation capacity (e.g., by around 1100% for 1.5 mm FRP tube in this study) 477 

of the compound grout-RCL material in F-R-G columns. 478 

(2) The increase of FRP tube thickness can remarkably increase the lateral 479 

confinement provided by the FRP tube and thus lead to appreciable increases in 480 

both the compressive strength and ultimate axial strain of the columns. 481 

(3) The presence of RCLs tends to increase the lateral dilation of F-R-G columns 482 

for a given axial strain, leading to an increased level of FRP confinement.  483 

(4) The variation of the size of RCLs has marginal effects on the compressive 484 

behavior of F-R-G columns. 485 

(5) The variation of the compressive strength of RCLs from 25.6 MPa to 80.6 MPa 486 

has marginal effects on the compressive behavior of the F-R-G columns. 487 

(6) The increase of the WP ratio of grout (e.g., from 1.25 to 1.5 in this study) can 488 

lead to a significant reduction of the compressive strength of F-R-G columns 489 

and a significant increase of their ultimate axial strain. 490 

(7) The proposed strength model captures the effects of FRP confinement and can 491 

provide close prediction of the present test results of F-R-G columns, while it 492 

may be verified or refined when more test results become available.   493 

(8) The following two disadvantages of F-R-G columns should be noted: (i) the 494 

proposed F-R-G columns may mainly be used to support compression load as 495 

they have no tensile reinforcement and thus little tensile or flexural resistance; 496 

(ii) the CMT grout generally has an initial stiffness smaller than that of concrete, 497 

thus in practice the stiffness of F-R-G columns should be properly designed.   498 

 499 

The following are some important topics to be covered in future studies on F-R-G 500 

columns: (1) the crushing resistance and soundness of RCLs should be measured to 501 



further evaluate the properties of RCLs; (2) accurate models should be proposed to 502 

predict the axial stress-strain behaviour of F-R-G columns; (3) the behaviour of the 503 

inter-surface zone (ITZ) between RCLs and grout in F-R-G specimens should be further 504 

studied to deeply understand the mechanism of the interaction between them. 505 

 506 
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Table 1 Test matrix 

Specimen name 
 Height/ 

Diameter 
(mm) 

Compressive 
Strength of 

RCLs (MPa) 
Size of RCLs (mm) 

FRP tube 
thickness 

 (mm) 
WP ratio Volume ratio 

of grout (%) 
Volume ratio 
of RCLs (%) 

A-1.25  

450/200 

N/A N/A 1.5 1.25 100 0 
N-M-1.25  25.6 Mixed size (20-63) N/A 1.25 57.5 42.5 
A-N-S-1.25  

25.6 

Small size (20-30) 1.5 1.25 57.3 42.7 
A-N-L-1.25  Large size (53-63) 1.5 1.25 58.2 41.8 
A-N-M-1.25  Mixed size (20-63) 1.5 1.25 57.5 42.5 
A-N-M-1.5  Mixed size (20-63) 1.5 1.50 57.5 42.5 
B-N-M-1.25  Mixed size (20-63) 3.0 1.25 57.5 42.5 
A-H-M-1.25  80.6 Mixed size (20-63) 1.5 1.25 57.5 42.5 

 

Table 2. Compressive strength of GMT grout cubes (𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). 

WP ratio Compressive strength of GMT grout cubes 𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (MPa) 
7-day   28-day   Test-time   

1.25 7.9 11.3 11.9 
1.50 5.8 8.1 8.3 

 

 

 

 

 

 



 

 

Table 3. Key results of test specimens. 

Specimens *Axial strength 
(MPa) 

*Average axial 
strength (MPa) 

Ultimate axial 
strain 

Average ultimate 
axial strain 

Ultimate FRP 
hoop strain 

Average ultimate 
FRP hoop strain 

N-M-1.25-I 5.6 5.8 0.0037 0.0040 N/A N/A N-M-1.25-II 6.0 0.0042 
A-1.25-I 26.5 26.3 0.0461 0.0470 0.0152 0.0138 A-1.25-II 26.1 0.0479 0.0123 
A-N-S-1.25-I 29.7 29.9 0.0454 0.0474 0.0145 0.0152 A-N-S-1.25-II 30.0 0.0493 0.0159 
A-N-L-1.25-I 31.5 31.8 0.0493 0.0501 0.0173 0.0167 A-N-L-1.25-II 32.0 0.0509 0.0161 
A-N-M-1.25-I 31.6 32.2 0.0480 0.0519 0.0153 0.0161 A-N-M-1.25-II 32.8 0.0557 0.0169 
A-N-M-1.5-I 25.0 25.0 0.0579 0.0594 0.0128 0.0139 A-N-M-1.5-II 25.0 0.0608 0.0150 
B-N-M-1.25-I 44.2 43.2 0.0735 0.0700 0.0163 0.0160 B-N-M-1.25-II 42.1 0.0665 0.0157 
A-H-M-1.25-I 33.7 33.3 0.0466 0.0468 0.0146 0.0153 A-H-M-1.25-II 32.9 0.0469 0.0159 

*For Specimens with FRP tubes, the axial strength value does not include the contribution of the FRP tube. 

 

 

 



 

Figure 1. Cross-sectional configurations of the three types of specimens. 

 

Figure 2. RCLs obtained by crushing concrete columns. 

   

                               (a)                                   (b)                                    (c) 

Figure 3. Photos of RCLs of different size combination: (a) small size, (b) mixed size and (c) 

large size. 
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Figure 4. Size distribution of the normal strength and high strength mixed-size RCLs. 



 

 

Figure 5. CMT grout cubes for axial compression tests. 

   

                                                  (a)                                       (b)  

Figure 6. Ring splitting test of FRP tubes: (a) following ASDM D2290-19a and (b) following 

Zhang et al. 2020 [25]. 

   

                                              (a)                                         (b) 

Figure 7. Compression test of hollow FRP tubes: (a) test setup; (b) typical failure mode. 
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Figure 8. Axial load-strain curves of hollow FRP tubes under axial compression 

   

                            (a)                                         (b)                                      (c) 

Figure 9. Preparation of specimens: (a) filling FRP tubes with RCLs; (b) pouring grout; (c) 

curing of test specimens. 

 

 

Figure 10. Test setup for column specimens. 



              

                       (a)                             (b)                            (c)                            (d) 

Figure 11. Typical failure modes of F-R-G, F-G and R-G specimens. 

  

Figure 12. Crushing of normal strength RCLs in F-R-G specimens after test. 
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Figure 13. Comparisons of axial stress-strain curves of F-R-G and R-G specimens: effect of 

FRP confinement.  



0.00 0.02 0.04 0.06 0.08
0

20

40

60

80

100

120

140

 

 

Ax
ia

l l
oa

d 
(k

N
)

Axial strain

 1.5 mm FRP tube
 3.0 mm FRP tube

 
Figure 14. Assumed axial load-strain curves of FRP tubes in F-R-G and F-G specimens.  
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Figure 15. Effect of FRP tube thickness on the axial stress-strain curves of the F-R-G 

specimens. 
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                                           (a)                                                               (b) 

Figure 16. Effect of FRP tube thickness on (a) FRP hoop strain-axial strain curves and (b) 

FRP confining pressure-axial strain curves of F-R-G specimens 
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                                    (a)                                                                        (b) 

Figure 17. Effect of the presence of RCLs on the behaviour of F-R-G specimens: (a) axial 

stress-axial strain curves and (b) FRP hoop strain-axial strain curves. 
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                                     (a)                                                                      (b) 

Figure 18. Effect of the size of RCLs on the behaviour of F-R-G specimens: (a) axial stress 

strain curves and (b) FRP hoop strain-axial strain curves. 
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                                     (a)                                                                      (b) 

Figure 19. Effect of the compressive strength of RCLs on the (a) axial stress strain curves and 

(b) FRP hoop strain-axial strain curves of F-R-G specimens. 
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Figure 20. Effect of WP ratio on the (a) axial stress strain curves and (b) FRP hoop strain-

axial strain curves of F-R-G specimens. 
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Figure 21. The comparison between the employed database and proposed strength model for 

the infill material in F-R-G specimens. 
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