
1 

Compound Concrete-Filled FRP Tubular Columns under Cyclic 1 

Axial Compression 2 

3 

J.K. Zhou1, Guan Lin2,*, J.G. Teng3, F.ASCE 4 

5 

Abstract: The direct use of large pieces of crushed demolition concrete (referred to as recycled 6 

concrete lumps or RCLs) for mixing with fresh concrete to create a new kind of recycled 7 

concrete (referred to as compound concrete), has obvious advantages in terms of recycling 8 

efficiency, cost-effectiveness and maximum recycling ratio compared with the recycling of 9 

concrete as aggregates. Existing research has revealed certain performance concerns with such 10 

compound concrete, including reductions in strength and durability, due to the presence of 11 

RCLs. The confinement of compound concrete with an external fiber-reinforced polymer (FRP) 12 

confining tube has recently been explored as an effective technique to improve its mechanical 13 

properties and durability. This paper presents the results of the first ever experimental study on 14 

compound concrete filled FRP tubular (CCFFT) columns aimed at the understanding and 15 

modelling of the cyclic stress-strain behavior of FRP-confined compound concrete. The effects 16 

of RCL mix ratio, FRP tube thickness, and loading scheme are examined. A monotonic stress-17 

strain model and two cyclic stress-strain models previously developed for FRP-confined 18 

normal concrete are used to predict the test results. It is shown that the inclusion of RCLs has 19 

a marginal effect on the cyclic stress-strain behavior of FRP-confined concrete. 20 

21 

Keywords: Fiber reinforced polymer (FRP); Recycled concrete lump (RCL); Stress-strain 22 

behavior; Filament-wound FRP tube; Confinement; Cyclic loading. 23 

24 

1. Introduction25 

A typical method of using demolition concrete is to recycle it into concrete aggregates, which 26 

are then used in making new concrete (referred to as recycled aggregate concrete or RAC). In 27 

a typical RAC, the natural coarse aggregate is partially or completely replaced with recycled 28 

coarse aggregate (RCA). A significant number of studies have been conducted on the use of 29 

RAC in structural members (e.g. [1-8]). The existing research has concluded that the presence 30 

of RCA leads to inferior performance of the concrete, including reductions in strength and 31 

stiffness as well as increases in creep and shrinkage, when compared with its natural aggregate 32 

concrete counterpart [2,9]. In addition, the recycling process of RCA involves crushing, 33 

screening and cleaning of aggregate, leading to a costly process, which limits the application 34 

of RAC. 35 

36 

More recently, Wu et al. [10] proposed a new recycling technique in which demolition concrete 37 

is coarsely broken into large lumps with a size of 50 mm to 300 mm (referred to as recycled 38 

concrete lumps or RCLs hereafter), which are then directly mixed with fresh concrete to create 39 
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a new kind of recycled concrete; such recycled concrete has been referred to as compound 40 

concrete by Teng et al. [11]. This novel recycling technique has the following advantages over 41 

the traditional recycling method of converting demolition concrete into concrete aggregates 42 

[11,12]: (1) the recycling process is substantially simplified as the concrete is crushed only into 43 

large lumps; (2) the recycling ratio (ratio between the weight of the recycled portion and the 44 

total weight of the old concrete) can be significantly increased. The feasibility of the new 45 

recycling method has been demonstrated by Wu’s research group through a series of 46 

experimental studies on structural members made of such compound concrete (e.g. [13-15]). 47 

However, it has been found that the presence of RCLs leads to reductions in the performance 48 

of concrete, especially when the strength of RCLs is lower than that of the fresh concrete, which 49 

is expected to be common in the practical application of this recycling technique. These 50 

negative effects of RCLs are mainly attributable to the weak interfaces between fresh concrete 51 

and RCLs, and the much greater heterogeneity of compound concrete compared to 52 

conventional concrete. 53 

 54 

To reduce or eliminate the drawbacks associated with the use of RCLs, a promising method is 55 

to use compound concrete as the filler material in tubular columns, where the tube confines the 56 

compound concrete and isolates it from direct exposure to the ambient environment. Wu’s 57 

research group has explored the use of compound concrete in concrete-filled steel tubular 58 

(CFST) columns through a series of experimental studies on such columns under different 59 

loading conditions (e.g., concentric/eccentric loading and cyclic lateral loading) [16-19] 60 

However, they have found that the detrimental effects of RCLs could not be fully eliminated 61 

partly because of the limited confinement provided by a steel tube [16,17]. More recently, Teng 62 

et al. [11,20] proposed the combination of fiber-reinforced polymer (FRP) tubes with 63 

compound concrete to form the so-called compound concrete-filled FRP tubular (CCFFT) 64 

columns. The fibers in such FRP tubes are oriented close to the hoop direction of the tube, so 65 

the tubes are strong and stiff in the hoop direction to provide confinement and shear resistance 66 

to CCFFT columns. The use of FRP tubes rather than steel tubes has the following advantages: 67 

(1) better confinement as the FRP tube has negligible axial resistance/stiffness so its lateral 68 

dilation is much smaller than the concrete core right from the beginning of loading; (2) better 69 

durability as the FRP tube has excellent corrosion resistance. To demonstrate the feasibility of 70 

the new approach, Teng et al. [11] and subsequently Zhou et al. [21] have presented systematic 71 

experimental investigations into CCFFT columns with different RCL mix ratios (i.e., the 72 

weight ratio of the RCLs and the compound concrete containing the RCLs) under monotonic 73 

axial compression. Their study revealed an additional but very important benefit offered by the 74 

FRP tube: due to FRP confinement, the ultimate axial stress and ultimate axial strain of the 75 

compound concrete become comparable to those of the fresh concrete even though the latter 76 

has a much higher strength than the RCLs. This observation means that FRP confinement can 77 

effectively eliminate the drawbacks associated with the use of RCLs. More importantly, this 78 

observation implies that although old concrete generally has a comparatively low compressive 79 

strength, the strength of the compound concrete is not limited or significantly affected by this 80 

low strength; instead, by using high strength fresh concrete with RCLs, the resulting compound 81 

concrete can be expected to be almost as strong as the fresh concrete under an appropriate level 82 

of confinement. 83 

 84 

Only two studies [11,21] have been conducted on CCFFTs and both were concerned with 85 

monotonic axial compression. No study has been carried out on CCFFTs under cyclic axial 86 

compression. Such studies are essential for the understanding and modelling of the cyclic 87 

stress-strain behavior of FRP-confined compound concrete. Indeed, the cyclic stress-strain 88 

behavior of FRP-confined normal concrete has by now been extensively investigated and well 89 
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understood (e.g. [22-28]). Against this background, the present paper presents the results of the 90 

first ever series of cyclic axial compression tests on CCFFT columns. The variables examined 91 

in the present study include the RCL mix ratio, the FRP tube thickness (i.e., the level of 92 

confinement), and the loading scheme. The cyclic axial stress-axial strain curves of FRP-93 

confined compound concrete in the test CCFFT columns are also compared with predictions 94 

from two existing cyclic stress-strain models previously developed for FRP-confined normal 95 

concrete. 96 

 97 

2. Experimental Program 98 

2.1. Specimen Details 99 

A total of 14 column specimens were prepared and tested, 12 of which were specimens confined 100 

with a glass FRP (GFRP) tube. Filament wound GFRP tubes were used as they are 101 

commercially available and can be used directly as molds for casting concrete. All the column 102 

specimens had a diameter of 200 mm and a height of 400 mm for the concrete core, and were 103 

confined with a 0-ply, 6-ply, or 9-ply GFRP tube. Three RCL mix ratios (i.e., 0%, 15%, and 104 

30%). Three different loading schemes, including the monotonic axial compression scheme 105 

and two cyclic axial compression schemes, were employed. Table 1 provides the details of the 106 

specimens. Each specimen in Table 1 is given a name in the form of Cx-Ry-Tz-M/C1/C2, where 107 

x represents the nominal compressive strength of fresh concrete, y represents the RCL mix ratio, 108 

and z represents the number of plies of the GFRP tube. The name ends with a letter M or C1/C2 109 

to represent the monotonic loading scheme or one of the cyclic loading scheme. 110 

 111 

2.2. Material Properties 112 

2.2.1. RCLs and fresh concrete 113 

The RCLs in the present experimental study were produced by crushing standard concrete 114 

cylinders (150 mm × 300 mm) into concrete lumps with the lump characteristic dimensions 115 

being between 60 mm and 100 mm (i.e., with RCLs retained on a test sieve of 60 mm mesh 116 

size and passing a test sieve of 100 mm mesh size). The concrete cylinders had been cured at 117 

room temperature for at least 28 days after casting before the crushing operation. The number 118 

of RCLs with a characteristic dimension of 80-100 mm was around twice the number of RCLs 119 

with a characteristic dimension of 60-80 mm. The compressive strength of the RCLs was found 120 

to be 41.8 MPa based on the compression tests of three concrete cylinders made of the same 121 

concrete as was used to produce the RCLs. The water absorptions in mass and density of the 122 

RCLs in the saturated surface-dry condition were measured to be 4.53% and 2.36 g/cm3, 123 

respectively, in accordance with BS 812 [29] (Table 1). Figure 1 shows the photo of three RCLs 124 

with the typical highly irregular surfaces, where the mortar and the coarse aggregate particles 125 

of the old concrete can be clearly seen. 126 

 127 

Three standard concrete cylinders were prepared and then tested at the same time of testing the 128 

column specimens to obtain the fresh concrete properties. The average compressive strength 129 

of fresh concrete was measured to be 90.9 MPa, which is much larger than the compressive 130 

strength of RCLs (41.8 MPa). The elastic modulus and the axial strain at peak stress of fresh 131 

concrete were 31363 MPa and 0.00329, respectively. 132 

 
133 
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2.2.2. FRP tubes 134 

Filament wound GFRP tubes made of E-glass fibers and unsaturated polyester resin from a 135 

supplier from Guangzhou, China, were used in the experimental program. The fibers were 136 

oriented at ± 81° to the longitudinal axis of the tube as specified by the manufacturer. The 137 

nominal thickness of fibers per ply of the tubes was 0.22 mm, while the actual thicknesses of 138 

the 6-ply and 9-ply GFRP tubes were 2.2 mm and 4.5 mm, respectively. The tensile properties 139 

of GFRP tubes in the hoop direction were obtained from tensile tests on curved coupons cut 140 

from a 6-ply GFRP tube segment with a width of 35 mm (Figure 2). The arc length of each 141 

curved coupon was 250 mm (corresponding to around 40% of the perimeter of the 200-mm-142 

diameter tube). Three strain gauges (gauge length = 20 mm) were installed on each coupon, 143 

two on the inner surface at the mid-length (at 5 mm from the adjacent edge of the coupon) and 144 

one at the center of the outer surface (Figure 2b). Each end of the coupon was anchored into a 145 

laboratory-made clamping fixture with a clamping length of 50 mm (Figure 2b). The clamping 146 

fixtures were connected to an MTS machine through hinges which allowed the curved coupon 147 

ends to rotate freely during the loading process. 148 

 149 

Figure 3a shows the typical experimental tensile stress-stain curves of a curved coupon, where 150 

the tensile stresses were obtained from the tensile forces divided by the cross-sectional area of 151 

the coupon based on its actual thickness, while the tensile strains were obtained from the three 152 

strain gauges on the coupon (
1
  is the strain from the strain gauge on the outer surface of the 153 

coupon; 
2


  
and 

3


  
are the strains from the two strain gauges on the inner surface of the 154 

coupon). It is obvious that the curves from the three strain gauges exhibit a two-stage behavior. 155 

During the early stage of loading, tensile and compressive strains developed on the inner and 156 

outer surfaces respectively due to the dominant bending deformation. As the deformation of 157 

the curved coupon increased (namely as the curvature of the coupon decreased), the loading 158 

process entered the second stage where the stress increases approximately linearly with respect 159 

to strains on both the inner and the outer surfaces (Figure 3a). During this stage, the membrane 160 

deformation starts to dominate the response. The tensile stress-average tensile strain curve, 161 

where the average tensile strain ave
  was averaged from the two surface strains [i.e., the average 162 

of 
1
  and  2 3

2  ], is also shown in the figure. It is evident that this curve is almost linear 163 

over the full range of loading except the very beginning of the loading process, which can be 164 

used to obtain the elastic modulus of the FRP coupon. Figure 3b shows that the tensile stress-165 

average tensile strain curves of all the five coupons are close to each other and all exhibit a 166 

linear response after the axial strain exceeds around 0.0004. The linear behavior of the coupons 167 

is mainly attributable to the fibers being close to the hoop direction (± 81° to the longitudinal 168 

axis) of the FRP tubes [30]. The slightly nonlinear initial portion may be a result of slips of the 169 

coupon at both ends into tight contact with the clamping fixtures during the initial loading stage. 170 

This nonlinear initial portion was excluded in calculating the elastic modulus of the FRP 171 

coupons. Instead, the linear portions with axial strains ranging from 0.001 to 0.004 were used, 172 

leading to an average elastic modulus of 35.4 GPa for the tubes. It should be noted that the 173 

coupons were not tested to rupture due to the slips between the coupon and the clamping 174 

fixtures at a later loading stage, and thus the rupture strains of the FRP tubes were not obtained 175 

from the curved coupon tests. It should be noted that due to the large bending strains introduced 176 

by the testing process, the rupture strain determined from a curved coupon test is also not 177 

representative of that of the FRP tube under hoop tension. The obtained elastic modulus of the 178 

6-ply GFRP tubes was adjusted appropriately to consider the difference in actual fiber volume 179 

fraction for the 9-ply GFRP tubes by assuming that each ply of the tubes of different thicknesses 180 

carried the same tensile force at a given tensile strain and thus the two tubes had the same value 181 

of Eftf/n, where Ef is the elastic modulus based on the actual thickness tf and n is the number of 182 
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plies of the FRP tube. It should be noted that the above treatment ignores the contribution from 183 

the resin, which led to a slightly underestimated value for the elastic modulus of the 9-ply 184 

GFRP tubes. 185 

 186 

Axial compression tests on five GFRP rings with a height of 60 mm cut from a 6-ply GFRP 187 

tube were also carried out to obtain the axial properties of the GFRP tubes in accordance with 188 

GB/T5350-2005 [31] (Figure 4). Before the compression test, each of the two ends of the FRP 189 

ring was strengthened by wrapping a 15 mm wide carbon FRP (CFRP) strip on both the inner 190 

and outer surfaces to avoid local failure at the ends (Figure 4a). Four 10-mm axial strain gauges 191 

and four 10-mm hoop strain gauges were installed at 90 degrees apart on the outer surface of 192 

the FRP ring at the mid-height. Displacement control was used (rate = 0.036 mm/min) in the 193 

compression tests. Figure 4c shows the axial stress-axial strain curves of the five FRP rings. 194 

The average ultimate axial stress and ultimate axial strain were 79.3 MPa and 1.1%, 195 

respectively. The average elastic modulus measured between axial strains of 0 and 0.005, 196 

which generally represents the initial elastic behavior of the tubes, was 9.1 GPa [27]. 197 

 198 

2.3. Preparation of Specimens 199 

All the RCLs were placed in water for 24 hours before being mixed with fresh concrete (Figure 200 

5a). The surfaces of all the RCLs were dried using dry towels before casting so that the water-201 

cement ratio of the fresh concrete was not affected. The GFRP tubes were used directly as 202 

molds for casting concrete. The GFRP tube was first fixed on a wooden plate using steel rods 203 

(Figure 5b). Fresh concrete was then added to form a thin base layer at the bottom of the tube. 204 

RCLs and fresh concrete were then alternately poured into the tube. Meanwhile, the tube was 205 

put on a vibration table to guarantee the compaction of compound concrete. All the specimens 206 

were cured in the laboratory environment for at least 28 days. Before the compression test, 207 

each column was strengthened with a 30 mm wide CFRP strip at each end to avoid undesired 208 

local failure at the ends (Figure 5c). For the unconfined specimens, PVC tubes instead of GFRP 209 

tubes were used as molds for concrete casting. The PVC tubes were removed from the 210 

specimens after curing for 28 days at room temperature. 211 

 212 

2.4. Test Set-Up and Instrumentation 213 

For each CCFFT specimen, eight 20-mm strain gauges were evenly distributed around the 214 

circumference of the mid-height section to measure the hoop strains, and four 100-mm axial 215 

strain gauges at 90 degrees apart were installed to measure the axial strains (Figure 6a). Two 216 

linear variable displacement transducers (LVDTs) were installed at 180 degrees apart covering 217 

a mid-height region of 210 mm (referred to as the mid-height LVDTs hereafter) to measure the 218 

axial shortenings of the specimens (Figure 6a). In addition, four LVDTs were used to measure 219 

the total axial shortenings (referred to as the full-height LVDTs hereafter). For each unconfined 220 

column, four 50-mm hoop strain gauges and four 100-mm axial strain gauges were installed at 221 

90 degrees apart at the column mid-height to measure the hoop strains and the axial strains, 222 

respectively. The number and arrangement of LVDTs were the same as those used for the 223 

CCFFT specimens. All the specimens were tested on a large testing machine with a load 224 

capacity of 10000 kN (Figure 6b). Loading was applied via displacement control with a rate of 225 

0.24mm/min for all the specimens. All test data, including the loads, strains, and displacements, 226 

were simultaneously recorded by a data logger. 227 

 228 
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2.5. Loading Schemes 229 

Two cyclic loading schemes were employed: Type C1 and Type C2. Full unloading/reloading 230 

cycles were used in both loading schemes, which means that the unloading path of each cycle 231 

reaches the zero-stress axis, and the reloading path reaches the previous unloading 232 

displacement or the envelope curve. For the Type C1 scheme, at each prescribed unloading 233 

displacement value, one single full unloading/reloading cycle was applied before the failure of 234 

specimen (Figure 7a). For the Type C2 scheme, at a given prescribed unloading displacement 235 

value, several repeated internal unloading/reloading cycles were applied on the specimen 236 

(Figure 7b). The prescribed unloading displacement values for each test specimen are listed in 237 

Table 2. The displacement values averaged from the four full-height LVDTs were used to 238 

control the process of unloading/reloading of each specimen. 239 

 240 

3. Test Results and Discussions 241 

3.1. General Observations 242 

All the CCFFT specimens failed by the rupture of the FRP tube due to hoop tension in a region 243 

away from the two column ends, and the rupture failure generally involve the column mid-244 

height region (Figure 8). The failure processes of all the CCFFT specimens were similar. The 245 

presence of RCLs or the type of loading scheme did not seem to have an obvious effect on the 246 

failure modes of the test specimens. FRP tube damage was first revealed by the appearance of 247 

some white patches on the FRP tube along the fiber directions. This generally occurred when 248 

the axial strain exceeded the axial strain at peak stress of unconfined concrete (
co
 ). As the 249 

loading process continued, the white patches expanded, which was accompanied by continuous 250 

snapping sounds. Finally, abrupt rupture of fibers occurred with an explosive sound indicating 251 

the attainment of the ultimate state of the specimen. 252 

 253 

3.2. Axial Strains and Hoop Strains 254 

The axial strains of a test specimen can be obtained from the following three methods of 255 

measurement: (1) the average readings from the four full-height LVDTs (referred to as nominal 256 

axial strains); (2) the average readings from the two mid-height LVDTs (referred to as LVDT-257 

210 axial strains); (3) the average readings from the four axial strain gauges at the column mid-258 

height (referred to as SG-100 axial strains). It was found that the LVDT-210 axial strain was 259 

close to the SG-100 axial strain throughout the loading process for all the test specimens. For 260 

specimens with a 6-ply FRP tube, the nominal axial strain was close to the other two axial 261 

strains only during the early loading stage (when the axial strain was smaller than around 0.005), 262 

after which the nominal axial strain became significantly larger than the other two axial strains. 263 

The same observation was reported in Zhang et al. [27] for normal concrete-filled FRP tubular 264 

columns. This observation implies that large localized deformations occurred outside the mid-265 

height 210 mm region covered by the mid-height LVDTs. The possible slips between the GFRP 266 

tube and the concrete may also be responsible for some of the above discrepancy in the axial 267 

strain. As a result, the nominal axial strain is a more reasonable representation of the average 268 

deformation of the entire column and is thus used in the subsequent discussions of the present 269 

paper. For the test specimens with a thicker GFRP tube (i.e., 9-ply FRP tube), however, the 270 

axial strains obtained from the three methods were close to each other throughout the loading 271 

process, indicating a more uniform deformation of concrete over the column height due to a 272 
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stronger FRP confinement. Table 3 lists the key test results, including the peak axial stresses 273 

(
cc

f ) and the corresponding nominal axial strains (
cc
 ), the ultimate nominal axial strains at 274 

FRP rupture (
cu
 ) and the corresponding axial stresses (

cu
f ), and the average FRP hoop rupture 275 

strains (
h rup


,
) of all the test specimens. Tensile stresses/strains in the FRP tubes are taken to be 276 

positive while compressive stresses/strains in the concrete are taken to be positive in the present 277 

paper unless otherwise specified. 278 

 279 

3.3. Stress-Strain Curves of Concrete 280 

The axial stress-axial strain (nominal axial strain) curves of concrete in the specimens under 281 

monotonic compression are shown in Figure 9. The axial stress was obtained from the axial 282 

load carried by the concrete divided by the concrete cross-sectional area. The axial load carried 283 

by the concrete core in a CCFFT specimen was determined by deducting the axial load carried 284 

by the GFRP tube from the total axial load carried by the specimen. The axial load carried by 285 

the GFRP tube was obtained using the results of compression tests on hollow GFRP rings (short 286 

hollow FRP tubes). The ultimate axial strains of hollow GFRP rings, however, were generally 287 

much smaller than those of the CCFFT specimens. As the FRP tube receives support from the 288 

concrete core, it is assumed that the load resisted by the GFRP tube in a CCFFT specimen 289 

remained constant beyond the ultimate axial strain determined from the GFRP rings [27]. 290 

Furthermore, during unloading/reloading, the load resisted by the GFRP tube is assumed to 291 

change proportionally to the total load acting on the specimen (thus, the load carried by the 292 

GFRP tube becomes zero when the total load reduces to zero) [27].  293 

 294 

Figure 9 shows the effects of RCLs and FRP tube thickness on the monotonic stress-strain 295 

behavior of concrete. The stress-strain curve of specimen C90-R0-T6-M without RCLs exhibits 296 

a descending second portion after the peak stress followed by an ascending third portion, which 297 

indicates that the confinement provided by a 6-ply FRP tube was insufficient to ensure a typical 298 

monotonically increasing bilinear stress-strain curve for the FRP-confined concrete in this case. 299 

The inclusion of RCLs led to obviously different stress-strain curves as indicated by the results 300 

for specimens C90-R15-T6-M and C90-R30-T6-M: the axial stresses during and after the 301 

transition region are significantly reduced due to the presence of RCLs. This is different from 302 

the observation made in a previous study by the authors that the inclusion of RCLs did not have 303 

an obvious effect on the stress-strain curve of FRP-confined compound concrete [21]. Note 304 

that the RCLs had a compressive strength smaller than that of the fresh concrete in both studies. 305 

The difference between these two studies lies in the fact that the specimens in Zhou et al. [21] 306 

were provided with a sufficiently large confinement which allowed the corresponding FRP-307 

confined concrete without RCLs to exhibit a monotonically increasing bilinear stress-strain 308 

curve, while in the present study, the confinement provided by a 6-ply GFRP tube was 309 

insufficient to ensure such behavior as shown by the curve of specimen C90-R0-T6-M in Figure 310 

9. It may thus be concluded that the detrimental effect associated with the use of RCLs can be 311 

eliminated only when the compound concrete is provided with a sufficiently large confinement. 312 

The quantification of such a threshold confinement, however, requires further studies in the 313 

future. When a thicker GFRP tube with 9 plies was used, the resulting stress-strain curve of the 314 

FRP-confined compound concrete (C90-R30-T9-M) exhibits an obviously bilinear shape. The 315 

axial stresses after the transition region remain at a high level (close to the fresh concrete 316 

strength of 90.0 MPa after the transition region), which means that the detrimental effect of 317 

RCLs seems to have been largely eliminated by the confinement of a 9-ply FRP tube. 318 

 319 
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The stress-strain curves of concrete in all the specimens are shown in Figure 10. The curves of 320 

the specimens under cyclic axial compression are compared with those of the corresponding 321 

specimens under monotonic axial compression. It is evident that the envelope curve of the 322 

specimen under cyclic axial compression is close to the curve of the corresponding specimen 323 

under monotonic axial compression. The figure also shows that the cyclic stress-strain curves 324 

of FRP-confined compound concrete possess the following key characteristics similar to those 325 

of FRP-confined normal concrete [25,27]: (1) the unloading curve is nonlinear, whereas the 326 

reloading curve is almost linear; (2) during the unloading process, the slope of the unloading 327 

path decreases as the load reduces; (3) the plastic strain at the end of each unloading path is 328 

dependent on the unloading stress/strain; (4) the plastic strain and the stress deterioration is 329 

dependent on the loading history. 330 

 331 

3.4. Effect of RCLs 332 

The effect of RCLs on the cyclic stress-strain behavior of FRP-confined compound concrete 333 

can be investigated by examining two key parameters: (1) plastic strain (
pl ) when an 334 

unloading path intersects the strain axis at a zero-stress point under the Type C1 loading scheme; 335 

and (2) strain recovery ratio (
n

 ) under the Type C2 loading scheme which is defined by the 336 

following equation: 337 

  , ,

, , 1

  2
un n pl n

n

un n pl n

n
 


  


 


  (1) 338 

where ,pl n   and ,un n   are the plastic strain and the unloading strain of the nth internal 339 

unloading/reloading cycle, respectively. 340 

 341 

The plastic strain 
pl  has been found to be a function of the envelope unloading strain ,un env  342 

[25,28]. Figure 11 shows the plastic strain versus the envelope unloading strain for three 343 

specimens with different RCL mix ratios. A clear proportional relationship between the two 344 

parameters can be identified in the figure. The inclusion of RCLs seems to produce only a 345 

marginal effect on the relationship. Figure 12 shows the relationship between the strain 346 

recovery ratio and the number of full cycles for the same three specimens with different RCL 347 

mix ratios. Despite the scatters in the strain recovery ratios of the three specimens, the inclusion 348 

of RCLs does not seem to have a clear effect on the relationship between the two parameters. 349 

It may thus be concluded that the inclusion of RCLs does not significantly affect the cyclic 350 

stress-strain behavior of FRP-confined compound concrete subjected to either the Type C1 or 351 

the Type C2 loading scheme. 352 

 353 

4. Comparison with Existing Stress-Strain Models 354 

4.1. Monotonic Stress-Strain Curves 355 

The experimental stress-strain curves of specimens under monotonic axial compression are 356 

compared with the curves predicted using Jiang and Teng’s model [32] previously developed 357 

for FRP-confined normal concrete (Figure 13). Jiang and Teng’s model [32] has been 358 

demonstrated to be among the most accurate analysis-oriented stress-strain models for FRP-359 

confined normal concrete [33-34]. In making the predictions, the compound concrete 360 

containing RCLs was first assumed to be homogenous and have a compressive strength equal 361 
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to that of the fresh concrete (denoted by c fc
f 

, ) as suggested by Zhou et al. [21]. The predicted 362 

stress-strain curves are terminated when the average FRP hoop rupture strain measured in the 363 

column test is reached. 364 

 365 

Figure 13a shows that, for the specimen without RCLs (C90-R0-T6-M), the predicted curves 366 

agree reasonably well with the test curves, especially for the initial peak axial stress and the 367 

ultimate axial strain. However, the axial stresses of specimen C90-R30-T6-M with an RCL mix 368 

ratio of 30% are significantly overestimated by Jiang and Teng’s model [32] (Figure 13b). As 369 

discussed in the preceding sections, the 6-ply GFRP tube in this case did not provide a 370 

sufficiently large confinement to the compound concrete and the negative effect of RCLs could 371 

not be eliminated. However, for the specimen with the same RCL mix ratio but with a stiffer 372 

FRP tube with 9 plies (i.e., C90-R30-T9-M), the predicted curves agree much better with the 373 

test curves, although the axial stresses in the transitional region are overestimated by the model 374 

as shown in Figure 13c [11,21]. For specimen C90-R30-T6-M, if the compressive strength of 375 

the corresponding unconfined compound concrete (i.e., the compressive strength of specimen 376 

C90-R30-T0-M) (denoted by c ucc
f 

, ) is used in making predictions with Jiang and Teng’s  model 377 

[32], the predicted curves agree much better with the test curves, especially in the transition 378 

region (Figure 12b). The peak axial stress and the ultimate axial strain, however, are still 379 

overestimated due to the negative effect of RCLs on the ultimate condition of compound 380 

concrete under weak confinement. For specimen C90-R30-T9-M, however, the predicted 381 

curves using c ucc
f 

,  are much lower than the test curves as shown in Figure 13c. 382 

 383 

Figure 13 also shows that the initial slopes of the predicted stress-strain curves are generally 384 

larger than the experimental values. This is believed to be caused by the use of nominal axial 385 

strains from the full-height LVDTs in generating the experimental stress-strain curves. As 386 

discussed earlier, the nominal axial strain is slightly larger than that recorded at the mid-height 387 

of the specimen during the initial loading stage. It was found that, when the mid-height axial 388 

strains were used, the predicted initial slopes agreed better with the test results. A similar 389 

observation was reported by Zhang et al. [27] for FRP-confined normal concrete. 390 

 391 

4.2. Cyclic Stress-Strain Curves 392 

The stress-strain curves of FRP-confined compound concrete in the test specimens under cyclic 393 

compression are compared with two existing cyclic stress-strain models for FRP-confined 394 

normal concrete, namely, Lam and Teng’s model [25] and Yu et al.’s model [28]. Lam and 395 

Teng’s model [25] was originally developed for normal-strength concrete confined with an 396 

FRP wrap formed via the wet lay-up process. Yu et al. [28] later refined Lam and Teng’s model 397 

[25] to arrive at a unified cyclic stress-strain model applicable to both normal-strength concrete 398 

and high-strength concrete confined with either an FRP tube or an FRP wrap by making use of 399 

a database containing test results of both concrete filled FRP tubes and concrete cylinders 400 

confined with an FRP wrap. For the former, the axial load carried by the FRP tube should be 401 

deducted from the total axial load in calculating the axial stress of confined concrete as 402 

mentioned in Section 3.3, while the axial load carried by the FRP wrap in the latter is negligibly 403 

small and can be ignored. Lam and Teng’s model [25] has been found to be more accurate than 404 

other existing models in predicting the cyclic stress-strain behavior of normal-strength concrete 405 

confined with an FRP wrap [26] and Yu et al.’s model [28] was modified from Lam and Teng’s 406 

model [25]. As a result, these two models are included in the comparison of the present study 407 

and they are briefly reviewed in this section, followed by comparisons between their 408 
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predictions and the experimental results. While there have been some other recent cyclic stress-409 

strain models for FRP-confined concrete (e.g. [35-38]), they were not specifically developed 410 

for high-strength concrete and thus were not included in the comparison of the present study. 411 

 412 

4.2.1. Lam and Teng’s model [25] 413 

The unloading curves in Lam and Teng’s model [25] are divided into two types: (1) envelope 414 

unloading where the unloading path starts from the envelope curve; and (2) internal unloading 415 

where the previous reloading process terminates before reaching the envelope curve. The 416 

unloading path of the Type C1 loading scheme in the present experimental program belongs to 417 

the first type of unloading, while the unloading path, except for the first unloading path, of the 418 

Type C2 loading scheme belongs to the second type of unloading in Lam and Teng’s model 419 

[25]. For both types of unloading, the unloading path is depicted by the following nonlinear 420 

equation: 421 

 c c ca b c      (2) 422 

where c
   and c

   = axial strain and axial stress of confined concrete, respectively;    is an 423 

exponent controlling the shape of the unloading path; and a, b, c are constants defined by: 424 

 
,0

1

( )

( )

un un un pl

un pl pl un pl

E
a

  

  

    

 


  
 (3) 425 

 
1

.0un plb E a     (4) 426 

 pl plc a b     (5) 427 

where 
un

  and 
un
  = unloading stress and strain at the initiation of unloading, respectively; 428 

and 
0,un

E   = slope of unloading path at zero-stress. Both    and 
0,un

E   are a function of the 429 

unloading strain: 430 

 350 3un     (6) 431 

 .0

0.5
min( , )co un

un

un un pl

f
E



  





 (7) 432 

 433 

For envelope unloading (the Type C1 loading scheme), the plastic strain is given as a function 434 

of the concrete strength co
f   and the envelope unloading strain ,un env : 435 

  
,

,1 , ,

,

0                                                                       0 0.001

1.4(0.87 0.004 ) 0.64 ( 0.001)   0.001 0.0035

(0.87 0.004 ) 0.0016               

un env

pl co un env un env

co un env

f

f



  



 

     

  ,        0.0035 un env cu 






 

 (8) 436 

 437 

For internal unloading (the Type C2 loading scheme), the plastic strain is calculated from the 438 

following equations of the strain recovery ratio n
  in combination with Eq. (1): 439 

,

, ,

1                                                                0 0.001

(2 5) 1 400(0.0212 0.12)( 0.001)   0.001 0.0035

0.0212 0.88                                         

un env

n un env un envn n

n



  

 

       

 ,0.0035 un env cu 






 

  (9a) 440 

 ( 6) 1n n     (9b) 441 

where ,pl n , ,un n , and n are defined under Eq. (1). 442 
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 443 

The reloading path of Lam and Teng’s model [25] consists of two portions: a linear portion 444 

from the reloading point  ,re re   to the reference point  ,ref new   and a parabolic portion 445 

connecting the reference point to the envelope curve. The reference strain 
ref  is equal to the 446 

envelope unloading strain 
,un env . The stress at the reference strain is referred to as the new 447 

stress new , which is smaller than the stress on the previous unloading path due to the stress 448 

deterioration effect. The full reloading path is described by the following equation: 449 

 
 

 2

,

( )    

         

re re c re re c ref

c

c c ref c ret env

E

A B C

     


    

    
 

   

  (10) 450 

where ( ) / ( )re new re ref reE         is the slope of the linear portion; 
,ret env   is the envelope 451 

returning strain where a reloading path meets the envelope curve; and A, B, C are constants to 452 

be determined based on the condition that the parabolic portion is connected to the linear 453 

reloading path and the envelope curve smoothly. The detailed expressions for A, B, C, as well 454 

as the calculation for new , can be found in Lam and Teng’s model [25]. 455 

 456 

4.2.2. Yu et al.’s model [28] 457 

The expressions of Eqs. (2) and (10) of Lam and Teng’s model [25] were directly adopted by 458 

Yu et al. [28] to describe the unloading and reloading paths, respectively, but some revisions 459 

were made to the key parameters in these equations. They found that   in Eq. (6) not only 460 

depends on the unloading strain but also on the unconfined concrete strength: 461 

 40(350 3) /un cof      (11) 462 

 463 

The plastic strain of an envelope unloading (the Type C1 loading scheme) was revised to be 464 

independent of the unconfined concrete strength as follows: 465 

 

,

,1 , ,

, ,

0                                   0 0.001

0.184 0.0002   0.001 0.0035

0.703 0.002       0.0035
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

   


  

 (12) 466 

 467 

The equation of the strain recovery ratio n
  was revised to become: 468 

,

, ,

,

1                                                   0 0.001

( 2) 1 32( 0.001) / ( 1)      0.001 0.0035

0.08 / ( 1) +1                        0.0035
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n un env un env
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n n
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  

 

  


      

   

 (13) 469 

Other revisions include the equations of stress deterioration ratios to calculate the new stress 470 

new . The readers are referred to Yu et al. [28] for more details about the revisions. 471 

 472 

4.2.3. Comparison with test results 473 

In Figure 11, the results predicted using Lam and Teng’s model [25] [Eq. (8)] and Yu et al.’s 474 

model [28] [Eq. (12)] respectively for the relationship between the envelope unloading strain 475 

and the plastic strain are shown against the experimental results. It is obvious that Eq. (12) of 476 

Yu et al.’s model [28] predicts the tests result much better than Eq. (8) of Lam and Teng’s 477 

model [25] for the three specimens with different RCL mix ratios. Lam and Teng’s model [25] 478 
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significantly underestimates the plastic strains. Figure 12 shows the predictions of the two 479 

models [Eqs. (9) and (13)] respectively for the relationship between the strain recovery ratio 480 

and the number of full cycles. It is also seen that Yu et al.’s model [28] performs better than 481 

Lam and Teng’s model [25], especially for the first 4 effective cycles. 482 

 483 

Figure 14 shows a comparison of envelope unloading/reloading curves between the predictions 484 

from the two models and the test results for specimens under the Type C1 loading scheme. The 485 

experimental envelope curves were directly used in making the predictions of the models; 486 

therefore, the possible errors from the models in predicting the envelope stress-strain curves 487 

can be excluded. Being consistent with Figure 11, it is seen that the plastic strains predicted by 488 

Yu et al.’s model [28] agree much better with the experimental results. Nevertheless, Yu et al.’s 489 

model [28] predicts larger plastic strains for all loading cycles of specimen C90-R30-T9-C1 490 

confined with a 9-ply GFRP tube (Figure 14d). This observation is consistent with the finding 491 

given in Yu et al. [28] that Eq. (12) overestimates the plastic strains for specimens with a 492 

relatively high level of FRP confinement. 493 

 494 

To exclude the errors of Eqs. (8) and (12) in predicting the plastic strains ,1pl , another set of 495 

predictions using directly the experimental values of ,1pl  was generated and compared with 496 

the experimental cyclic curves in Figure 15. It is interesting to see that now the unloading paths 497 

predicted by Lam and Teng’s model [25] agree much better with the experimental curves than 498 

those predicted by Yu et al.’s model [28], which means that Eq. (6) of Lam and Teng’s model 499 

[25], which controls the shape of an unloading path, is more accurate than Eq. (11) of Yu et 500 

al.’s model [28]. Lam and Teng’s model [25] performs well for specimens with different RCL 501 

mix ratios (0%, 15%, and 30%), which also implies that the inclusion of RCLs does not have 502 

an obvious effect on the cyclic behavior of FRP-confined compound concrete. 503 

 504 

The internal unloading/reloading cycles of the specimens under the Type C2 loading scheme 505 

are compared with model predictions in Figure 16. Each cycle is shown individually in the 506 

figure in a region with a width representing a strain range of 0.01 to avoid the overlapping of 507 

internal cycles with the same unloading strain. Only the first, fourth, seventh, and last cycles 508 

are shown in the figure for a clear comparison. Again, the experimental unloading strain and 509 

unloading stress were directly used in making the predictions so that the comparison only 510 

reflects the accuracy of the models in predicting the internal unloading/reloading curves. It is 511 

evident from Figure 16 that both models predict reasonably well the unloading/reloading paths 512 

of specimens confined with a 6-ply GFRP tube, with Lam and Teng’s model [25] being slightly 513 

better. For specimen C90-R30-T9-C2 with a 9-ply GFRP tube, Lam and Teng’s model [25] 514 

performs much better than Yu et al.’s model [28]; the latter overestimates the plastic strains of 515 

specimens with a relatively high level of FRP confinement as mentioned earlier. 516 

5. Conclusions  517 

A novel and attractive technique to recycle demolition concrete is to crush old concrete coarsely 518 

into concrete lumps (RCLs) for direct mixing with fresh new concrete, leading to what may be 519 

referred to as compound concrete. Existing research has revealed a number of performance 520 

concerns with such compound concrete, including reductions in the strength and durability of 521 

the concrete. Encasement of compound concrete with an FRP tube has recently been explored 522 

as an effective option to improve the properties of compound concrete. This paper has 523 

presented the results of the first ever experimental study on the behavior of compound concrete 524 

filled FRP tubular (CCFFT) columns under cyclic axial compression. The effects of RCL mix 525 
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ratio and level of FRP confinement (i.e., FRP tube thickness) on the cyclic stress-strain 526 

response of FRP-confined compound concrete have been examined. Based on the experimental 527 

results and their comparisons with predictions from two stress-strain models, the following 528 

observations and conclusions may be made: 529 

 530 

1. All the CCFFT columns failed by FRP rupture due to hoop tension; the presence of RCLs 531 

or the details of the cyclic loading scheme did not have an obvious effect on the column 532 

failure mode. 533 

2. For the CCFFT specimens with a 6-ply FRP tube, the axial stresses in and after the 534 

transition region were significantly reduced due to the presence of RCLs; however, for the 535 

specimens with a 9-ply FRP tube, the axial stresses after the transition region remained at 536 

the expected high level. This observation indicates that the negative effect associated with 537 

the use of RCLs can be eliminated only when the compound concrete is provided with a 538 

sufficiently strong confinement. 539 

3. For CCFFT columns confined with a stiff FRP tube (e.g., the CCFT specimens with a 9-540 

ply FRP tube in the present study), the predictions of Jiang and Teng’s model [32] agree 541 

well with the test results if the compressive strength of the compound concrete is assumed 542 

to be the same as that of the fresh concrete. However, for the CCFFT columns with a 543 

relatively weak confinement (6-ply FRP tube), the compressive strength of the 544 

corresponding unconfined compound concrete should be used for a close prediction of the 545 

stress-strain curve. 546 

4. The inclusion of RCLs has only a marginal effect on the cyclic stress-strain behavior, 547 

including the plastic strain and the strain recovery ratio, of FRP-confined concrete. 548 

5. Yu et al.’s model [28] performs better than Lam and Teng’s model [25] in predicting the 549 

envelope unloading/reloading curves of FRP-confined compound concrete in CCFFT 550 

specimens under the Type C1 loading scheme. Both models provide reasonably accurate 551 

predictions for the internal unloading/reloading paths of FRP-confined compound concrete 552 

in CCFFT specimens under the Type C2 loading scheme. Yu et al.’s model [28], however, 553 

overestimates the plastic strains for CCFFT specimens with a relatively high level of FRP 554 

confinement.  555 
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Figure 1. Recycled concrete lumps (RCLs) 

 

 

 

(a) Curved coupons                   (b) A coupon under tension 

Figure 2. Tensile tests on curved coupons 
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(a) Typical stress-strain curves from three strain gauges on a curved coupon 

 

(b) Average stress-strain curves of five coupons 

Figure 3. Tensile stress-strain curves of GFRP curved coupons 



 

   

(a) Test specimen                         (b) Test setup 

 

(c) Axial stress-axial strain curves 

Figure 4. Compression tests on GFRP rings 



  

(a) RCLs submerged in water                                         (b) FRP tubes 

 

(c) End strengthening with CFRP strips 

Figure 5. Fabrication of FRP-confined concrete specimens 

 



 

(a) Layout of LVDTs and strain gauges 

 

(b) Test set-up 

Figure 6. Test set-up and instrumentation 

  



 
(a) Cyclic loading scheme C1       (b) Cyclic loading scheme C2 

 

Figure 7. Cyclic loading schemes 

  



  
(a) Unconfined specimens 

 

   
(b) CCFFT specimens (RCL mix ratio = 0%, 6-ply FRP tube) 

 

 
 (c) CCFFT specimens (RCL mix ratio = 15%, 6-ply FRP tube) 



 
 (d) CCFFT specimens (RCL mix ratio = 30%, 6-ply FRP tube) 

 
 (e) CCFFT specimens (RCL mix ratio = 30%, 9-ply FRP tube) 

Figure 8. Specimens after test 

  



 

Figure 9. Axial stress-strain curves of specimens under monotonic axial compression 

 

  



 
(a) C90-R0-T6-C1 

 

(b) C90-R0-T6-C2 

 



 

(c) C90-R15-T6-C1 

 

(d) C90-R15-T6-C2 



 

(e) C90-R30-T6-C1 

 

(f) C90-R30-T6-C2 



 

(g) C90-R30-T0-C1 

 

(h) C90-R30-T9-C1 

 



 

(i) C90-R30-T9-C2 

 

 Figure 10. Axial stress-axial strain curves of concrete in all test specimens 



 

Figure 11. Plastic strain versus envelope unloading strain 

 

 

Figure 12. Strain recovery ratio versus number of effective cycles 



 

(a) C90-R0-T6-M 

 

(b) C90-R30-T6-M 



 

(c) C90-R30-T9-M 

Figure 13. Performance of Jiang and Teng’s model [32] in predicting monotonic stress-strain 

curves  

  



 

(a) C90-R0-T6-C1 

 

(b) C90-R15-T6-C1 



 

(c) C90-R30-T6-C1 

 

 

(d) C90-R30-T9-C1 

Figure 14. Performance of two models for specimens with Type C1 loading scheme 



 

(a) C90-R0-T6-C1 

 

(b) C90-R15-T6-C1 



 

(c) C90-R30-T6-C1 

 

 

(d) C90-R30-T9-C1 

Figure 15. Performance of two models for specimens under Type C1 loading scheme using the 

experimental value of ,1pl  

 



  

(a) C90-R0-T6-C2 

 

  

(b) C90-R15-T6-C2 

  



 

(c) C90-R30-T6-C2 

 

  

(d) C90-R30-T9-C2 

Figure 16. Performance of two models for specimens under loading scheme C2 



Table 1. Specimens details 

Specimen 

GFRP 

thickness 

Mix ratio 

(%) 

Loading scheme 

C90-R30-T0-M 0-ply 30 Monotonic 

C90-R30-T0-C2 0-ply 30 Cyclic loading scheme 2 

C90-R0-T6-M 6-ply 0 Monotonic 

C90-R0-T6-C1 6-ply 0 Cyclic loading scheme 1 

C90-R0-T6-C2 6-ply 0 Cyclic loading scheme 2 

C90-R15-T6-M 6-ply 15 Monotonic 

C90-R15-T6-C1 6-ply 15 Cyclic loading scheme 1 

C90-R15-T6-C2 6-ply 15 Cyclic loading scheme 2 

C90-R30-T6-M 6-ply 30 Monotonic 

C90-R30-T6-C1 6-ply 30 Cyclic loading scheme 1 

C90-R30-T6-C2 6-ply 30 Cyclic loading scheme 2 

C90-R30-T9-M 9-ply 30 Monotonic 

C90-R30-T9-C1 9-ply 30 Cyclic loading scheme 1 

C90-R30-T9-C2 9-ply 30 Cyclic loading scheme 2 
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Table 2. Loading schemes for specimens under cyclic axial compression 

Specimen 

Unloading displacement (mm) found from full-length LVDTs 

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 

C90-R30-T0-C2 1.07(4) a        

C90-R0-T6-C1 1.02 2.15 3.38 4.14 4.97 5.95   

C90-R0-T6-C2 2.9(8)a        

C90-R15-T6-C1 1.00 2.02 3.01 4.00 5.00 6.04   

C90-R15-T6-C2 2.88(9) a        

C90-R30-T6-C1 0.94 1.88 2.81 3.77 4.79 5.80 6.76  

C90-R30-T6-C2 2.86(10) a        

C90-R30-T9-C1 0.98 2.00 3.02 4.05 5.04 6.04 7.02 8 

C90-R30-T9-C2 4.00(9) a        

a The number in the bracket indicates the number of repeated unloading/reloading cycles 

imposed at that prescribed unloading displacement value. 

  



Table 3. Key test results of specimens 

Specimen cu


 cu
f  (MPa)

 cc


 cc
f  (MPa)

 
 

C90-R30-T0-M 0.00291 59.0 0.00291 59.0 - 

C90-R30-T0-C2 0.00326 60.8 0.00326 60.8 - 

C90-R0-T6-M 0.0162 91.0 0.00496 94.4 0.0144 

C90-R0-T6-C1 0.0148 91.0 0.00494 94.1 0.0132 

C90-R0-T6-C2 0.0162 87.5 0.00503 90.2 0.0146 

C90-R15-T6-M 0.0163 76.9 0.0163 76.9 0.0144 

C90-R15-T6-C1 0.0161 79.4 0.0161 79.4 0.0142 

C90-R15-T6-C2 0.0156 85.6 0.0156 85.6 0.0152 

C90-R30-T6-M 0.0154 82.5 0.0154 82.5 0.0154 

C90-R30-T6-C1 0.0195 89.6 0.0195 89.6 0.0170 

C90-R30-T6-C2 0.0171 85.8 0.0171 85.8 0.0147 

C90-R30-T9-M 0.0259 157.1 0.0259 157.1 0.0179 

C90-R30-T9-C1 0.0244 142.1 0.0244 142.1 0.0159 

C90-R30-T9-C2 0.0291 163.6 0.0291 163.6 .0.0181 
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