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 7 

Abstract  8 

An innovative composite column, which consists of high strength concrete (HSC) core, engineered 9 

cementitious composites (ECC) ring and fiber-reinforced polymer (FRP) tube, has been developed and 10 

tested subjected to monotonic axial compression by the authors recently. In this study, cyclic 11 

compressive behavior of this proposed FRP-ECC-HSC composite column was examined. Test 12 

parameters including HSC core strength, FRP tube thickness and ECC ring thickness were investigated. 13 

Typical failure modes, dilation behavior and axial load versus axial strain behavior were discussed and 14 

analyzed. It is found that the FRP-ECC-HSC composite columns could exhibit improved deformability 15 

compared with the counterpart traditional FRP-confined HSC columns, with the ultimate axial 16 

compressive strain increased by 0.7-69.1% for the tested specimens. Meanwhile, the ultimate axial 17 

strain for cyclically loaded specimens is larger than that for monotonically loaded specimens in general, 18 

indicating a delayed column failure. Cyclic axial load-axial strain models, including the envelope 19 

model, unloading and reloading models, plastic strain equation and stress deterioration equation, were 20 

proposed to predict the cyclic compressive behavior of the tested specimens. The proposed model was 21 

verified with the test results and exhibited good performance.  22 

Author keywords: Confinement; Cyclic compression; Cyclic load-strain model; FRP-ECC-HSC 23 

composite column; Hoop strain; Ultimate axial strain 24 

 25 

Introduction  26 

Fiber-reinforced polymer (FRP) confined concrete column is an effective structural form with the 27 

significantly improved compressive strength and strain of concrete under lateral confinement provided 28 

by FRP (Ozbakkaloglu, et al., 2013; Zhu et al., 2020; Lai et al., 2020). However, FRP confining 29 
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efficiency can be reduced with the increase of compressive strength of concrete (Pessiki et al., 2001; 30 

Wu and Jiang, 2013). The increased concrete brittleness may lead to premature failure of FRP-confined 31 

high strength concrete (HSC) columns and cause poor ductility (Pour et al., 2018; Yang and Feng, 32 

2021; Sirach et al., 2021). This brings an obstacle to a wider engineering application of HSC columns 33 

using FRP confinement, especially when the FRP-confined HSC columns cannot withstand the 34 

relatively large deformations under seismic loadings (Abdallah and El-Salakawy, 2022). Various FRP-35 

steel-concrete composite columns have been developed in recent years to improve the confined 36 

concrete column performance utilizing the good ductility of steel (Zhang et al., 2021; Wei et al., 2022). 37 

Steel tubes and FRP tubes were used as the inner tubes and outer tubes to provide lateral confinement 38 

to the concrete and contribute to the load resistance in the composite columns, such as double-skin 39 

tubular columns (DSTCs) (Zhang et al., 2021) and double tube tubular columns (DTTCs) (Li and Zhao, 40 

2020). Advanced theoretical models were also proposed to describe the stress-strain responses of 41 

concrete under the dual confinements of FRP and steel.  42 

An innovative composite column, which consists of high strength concrete (HSC) core, engineered 43 

cementitious composites (ECC) ring and fiber-reinforced polymer (FRP) tube, was developed by the 44 

authors recently as shown in Fig. 1. ECC is a cementitious material reinforced with short fibers and 45 

can develop good ductility performance with the tensile strain capacity of 1%-8% (Li et al., 2001, Xu 46 

et al., 2022). The fiber bridging effect will prevent the width of a single crack from growing 47 

continuously and lead to the generation of multiple fine cracks with limited width. In recent research, 48 

the use of ECC has been explored in various structural members and exhibited improved performance 49 

(Li et al., 2019; Lee et al., 2020; Nguyen and Lee, 2021). Dang et al. (2020) and Yuan et al. (2021) 50 

tested the compressive responses of ECC stub columns under FRP confinement and reported that FRP-51 

confined ECC could exhibit slower lateral dilation and larger axial compressive strain at FRP rupture 52 

compared to FRP-confined normal concrete with similar compressive strength under the similar FRP 53 

confinement. Li et al. (2022a) investigated the structural behavior of GFRP-concrete double tube 54 

composite column, in which an additional pultruded FRP tube was added between the ring concrete 55 

and core concrete compared with the FRP-ECC-HSC column in the current study. Both normal 56 



concrete and ECC with comparable compressive strengths were used in the ring for the double tube 57 

columns. It was noted that the columns having ECC ring could develop larger ultimate axial 58 

compressive strain and better deformability compared to the columns having normal concrete ring. In 59 

this study, ECC ring in this proposed FRP-ECC-HSC column is used to ease the HSC core brittleness 60 

and increase the deformability and ductility of the column. Compared with the aforementioned FRP-61 

concrete-steel composite columns, the steel-free FRP-ECC-HSC column is without corrosion 62 

problems and also has the potential to be used in coastal areas and marine environments. 63 

Understanding cyclic compressive performance of FRP-confined concrete is of vital importance to 64 

seismic retrofitting of various concrete columns. Extensive cyclic stress-strain models have been 65 

developed for predicting the hysteresis responses of FRP-confined concrete columns (Bai et al., 2021; 66 

Zhou et al., 2021; Zeng et al., 2021). Shao et al. (2006) proposed the first cyclic stress-strain model 67 

with limited test data. Lam et al. (2006) evaluated the model and found that it could not provide 68 

accurate predictions on the unloading path. Lam and Teng (2009) proposed a new model with more 69 

accurate descriptions of unloading and reloading cycles, plastic strain and stress deterioration. With 70 

the incorporation of FRP-confined HSC test data, Yu et al. (2015) proposed a modified cyclic model 71 

based on Lam and Teng’s model (Lam and Teng, 2009). Wang et al. (2012) and Hany et al. (2015) 72 

extended the study of cyclic models to FRP-confined concrete with larger size and with non-circular 73 

sections. Li et al. (2018) considered the confinement rigidity in the equations of the proposed cyclic 74 

model, which could depict the cyclic compressive behavior including both softening and hardening in 75 

the post-peak stage. In recent years, with the development of FRP-concrete-steel columns, advanced 76 

cyclic models were further proposed with the considerations of combined effects of different 77 

components (Bai et al., 2017; Zhang et al., 2022).  78 

In this study, axial compressive performance of the proposed FRP-ECC-HSC composite column was 79 

experimentally investigated, in which 9 specimens were loaded subjected to monotonic axial 80 

compression and firstly reported in Li et al. (2023) and 13 new specimens were loaded subjected to 81 

cyclic axial compression. Corresponding traditional FRP-confined HSC columns were prepared and 82 

investigated for comparisons as well. Typical failure modes, dilation behavior and axial load versus 83 



axial strain behavior were discussed and analyzed. Cyclic load-strain models, which were generated 84 

with the cyclic stress-strain models of HSC and ECC under FRP confinement, were proposed for 85 

predicting the cyclic compressive performance of the FRP-ECC-HSC columns.  86 

 87 

Experimental investigation 88 

Material properties  89 

Concrete  90 

Two grades of HSC, C70 and C90 with the mixtures provided in Table 1, were considered to form the 91 

HSC core in this study. Five 150 mm × 300 mm concrete cylinders were tested for C70 and C90 92 

respectively, to get the compressive properties as shown in Table 2. The mixture design of ECC50, as 93 

presented in Table 1, was used to cast the ECC ring. 2% of polyethylene (PE) fiber (by volume), with 94 

fiber properties shown in Table 3, was adopted in the ECC mixture. ECC compressive properties were 95 

obtained with on five 75 mm × 150 mm cylinders through compression tests and presented in Table 2. 96 

The sizes of both HSC cylinders and ECC cylinders could meet the requirements of the test standards 97 

ASTM C192 (2019) and ASTM C31 (2019).  98 

 99 
ECC tensile coupon tests were also conducted based on JSCE (2008) to obtain the direct tensile 100 

properties. Typical failure modes and tensile stress versus strain curves are shown in Fig. 2. Strain 101 

hardening behavior with ductile manner and multiple cracking are noted for the ECC coupons. The 102 

tensile strength and tensile strain capacity are 5.0 MPa and 3-4%, respectively.  103 

FRP 104 

Filament winding manufacturing process was used for the FRP tubes. The orientation of glass fibers 105 

is 80 degree with respective to the longitudinal axis. This can lead to a large hoop stiffness and provide 106 

lateral confinement on the inner concrete effectively. FRP tubes are with the nominal inner diameter 107 

of 200 mm. 7 layers (F7) and 10 layers (F10) of glass fiber were considered to form two different 108 

thicknesses of the FRP tube and generate different levels of confinement. Five FRP rings (50 mm for 109 

the height) were cut from the FRP tubes and examined through split-disk tests based on ASTM D2290-110 

08 (2008) standard to get the tensile properties in the circumferential direction for F7 and F10, 111 



respectively. Another five FRP rings (60 mm for the height) were compressed according to GB/T5350 112 

(2005) to get the compressive properties in the longitudinal direction. Test results for the FRP tubes 113 

are summarized in Table 4.  114 

Test specimens  115 

A total of 22 composite columns were included in the test program, in which 9 specimens were loaded 116 

subjected to monotonic axial compression and firstly reported in Li et al. (2023) and 13 new specimens 117 

were loaded subjected to cyclic axial compression. The nominal diameter and height of tested 118 

specimens are 200 mm and 400 mm, respectively. Two ECC thicknesses (15 mm and 25 mm), two 119 

HSC grades (C70 and C90) and two FRP thicknesses (F7 and F10) were considered. Specimen labels 120 

are presented in Table 5. “F7” or “F10” refers to the FRP tube having 7 or 10 layers of fiber, “H70” or 121 

“H90” stands for C70 or C90 used for the HSC core, and “E50” stands for ECC50 used for the ECC 122 

ring. “15” or “25” is the thickness of ECC ring being 15 mm or 25 mm. “M” or “C” stands for the 123 

monotonic or cyclic compression. For example, “F7-E50-H70-15-C” refers to the specimen with F7 124 

as FRP tube, ECC50 as ECC ring with the thickness of 15 mm and C70 as HSC core under cyclic axial 125 

compression. Two identical cyclically loaded specimens were prepared for some cases and were 126 

marked as “C1” and “C2”. Compression tests on traditional FRP-confined HSC columns were also 127 

carried out for comparisons. Fig. 3 shows the preparation process of FRP-ECC-HSC columns in the 128 

laboratory. HSC core was firstly cast and then placed in the center of FRP tube. ECC was finally cast 129 

into the region between HSC core and FRP tube to form the composite column. In engineering practice, 130 

ECC ring can be cast firstly, followed by FRP filament winding on the surface of the ECC ring to 131 

prefabricate the FRP-ECC tube in the factory, which can then be transported to construction sites to 132 

cast the HSC core. With this approach, the construction process of the composite column can be eased 133 

to save the cost of time and on-site labor. 20 mm-wide CFRP wrapping strips were used to strengthen 134 

two ends of the column. Gypsum capping was used to flatten the top and bottom column surfaces, to 135 

ensure that the specimen was fully contacting the loading plates and pure axial compression could be 136 

applied.  137 

Test setup and loading 138 



Figs. 4(a) and (b) show the test setup and specimen instrumentation for the compression test. Twelve 139 

hoop strain gauges and four axial strain gauges were attached on the FRP tube surface at the mid-140 

height level to monitor hoop strains and axial strains, respectively. Four LVDTs were used to measure 141 

the axial displacement of the column between two ends. Axial loads, reading of strain gauges and 142 

LVDTs were simultaneously recorded through a data logger. Displacement control was used for the 143 

compression tests and the loading rate was 0.24 mm per minute. For monotonic compression, the axial 144 

load was stopped when FRP rupture occurred. For cyclic compression test, the loading scheme is 145 

presented in Fig. 4(c). Compressive loading was applied to the first target displacement, followed by 146 

the unloading process to approximate 0 kN to complete the first loading cycle. In the subsequent 147 

loading cycles, the corresponding target displacement was larger than the previous one and the 148 

difference was kept nearly constant. A pre-set program was adopted to control this loading/unloading 149 

procedure until column failure. The above loading scheme is adopted based on the literatures (Lam 150 

and Teng, 2009; Zhang et al., 2015; Zhou et al., 2021) in which the influence of loading and unloading 151 

cycles at different strain levels on the performance of concrete columns under FRP confinement was 152 

investigated.  153 

 154 

Test results and discussions 155 

Failure modes 156 

Typical failure modes for tested specimens are presented in Fig. 5. FRP tube rupture in the 157 

circumferential direction governed the column failure as presented in Fig. 5(a). White patches of resin 158 

failure were observed firstly during the test before the FRP rupture. Cracking of concrete can be 159 

observed after removing the FRP tubes as shown in Fig. 5(b). Relatively large and localized cracks 160 

can be noticed for FRP-confined HSC columns, indicating the brittle shear failure. By contrast, FRP-161 

ECC-HSC composite columns could generate multiple fine cracks on the ECC ring, which were 162 

uniformly distributed. Meanwhile, the cracks were slightly finer for the FRP-ECC-HSC columns with 163 

thicker ECC ring. Similar failure modes could be noted for the FRP-ECC-HSC specimens having 164 

different HSC core strengths and FRP tube thicknesses during the tests and from the failed specimens. 165 



Besides the failure modes, the investigated test variables can also bring effects on the load and strain 166 

responses, which are further discussed in the following sections.  167 

Axial load-axial strain responses 168 

Fig. 6 show the axial load-axial strain curves of the specimens. Axial strains obtained from axial strain 169 

gauges and LVDTs agreed well with each other in the initial stage, while started to deviate at the plastic 170 

stage. Readings obtained from the four axial strain gauges would become different because of the non-171 

uniform concrete cracking and damage after entering plastic stage and would be not accurate when 172 

white patches occurred at the strain gauge locations. Therefore, the axial strains calculated with the 173 

averaged displacements measured from the LVDT, which reflected the overall axial shortening 174 

behavior of the column, and the corresponding column heights were used in Fig. 6 and the discussions 175 

presented in this study.  176 

All the specimens under monotonic loading exhibit the typical three-stage axial load-axial strain curves. 177 

A strain softening stage after the first peak load can be noted, followed by stress recovery till FRP 178 

rupture. For FRP-confined HSC specimens with tube thickness of F7, the ultimate load corresponding 179 

to FRP rupture is nearly the same as the first peak load as shown in Figs. 6(a) and (d). It indicates that 180 

the confinement is not strong enough to achieve an improved strength for the confined HSC. For 181 

specimens with F10 as the FRP tube, an enhanced ultimate load can be obtained compared to the first 182 

peak load as shown in Fig. 6(g). Comparing the columns having C90 HSC core as shown in Figs. 6(d-183 

e) with the columns with C70 HSC core as shown in Figs. 6(a-c), the load drop during the strain 184 

softening period is relatively more obvious due to the higher HSC core brittleness. For FRP-ECC-HSC 185 

specimens as shown in Figs. 6(b,c,e,f,h,i), the load drop is less obvious and the strain hardening stage 186 

is more stable, compared to those of the counterpart FRP-confined HSC specimens. When ECC 187 

proportion increases, load resistance of the FRP-ECC-HSC composite column will decrease since the 188 

ECC ring strength is lower than HSC core strength. Compared with traditional FRP-confined HSC 189 

specimens, the ultimate axial compressive strain of FRP-ECC-HSC specimens can be effectively 190 

improved, and the improvement will be larger if the ECC proportion is larger, which demonstrates the 191 

enhanced deformability. Envelope curves for columns under cyclic compression are close to the axial 192 



load-strain curves for columns under monotonic compression as shown in Fig. 6, which agrees with 193 

the typical behavior of FRP-confined concrete reported in the literature (Lam et al., 2006; Yu et al., 194 

2015; Dang et al., 2020; Li et al., 2022b). First peak load 𝐹1, ultimate load 𝐹𝑐𝑢 and ultimate axial strain 195 

𝜀𝑐𝑢 corresponding to FRP rupture of the specimens are listed in Table 5. Cyclically loaded specimens 196 

could generally develop 0.7-25.5% larger ultimate axial compressive strain than the corresponding 197 

monotonically loaded specimens as presented in Table 5, except for the specimen F7-E50-H90-25-C2 198 

that endured an earlier failure. It was reported in Lam et al. (2006) that the average FRP rupture strain 199 

could be improved for FRP-confined concrete under cyclic loading than the counterpart under 200 

monotonic loading. With the enhanced FRP rupture strain, the column failure could be delayed with 201 

enhanced ultimate compressive strength and ultimate axial strain. This behavior has also been observed 202 

by Dang et al. (2020) and Li et al. (2022b) for FRP-confined ECC stub columns. In the current study, 203 

the same reason is believed to be applicable to FRP-ECC-HSC columns.  204 

Hoop strain-axial strain responses  205 

Fig. 7 presents the hoop strain-axial strain relations for the tested columns. Axial compressive strains 206 

and hoop tensile strains are assigned with positive values and negative values, respectively. Similar to 207 

the load-strain curves, envelope curves for columns under cyclic loading are close to the hoop strain-208 

axial strain curves for the counterpart monotonically compressed columns. Cyclically loaded columns 209 

have the larger ultimate axial strain and FRP hoop rupture strain compared to the corresponding 210 

monotonically loaded columns in general. Fig. 8 presents the comparisons of hoop strain-axial strain 211 

behavior. It can be noted that FRP-ECC-HSC specimens can generally exhibit a lower hoop strain than 212 

the counterpart FRP-confined HSC specimens under the same axial strain during the loading process 213 

for both monotonic and cyclic loadings, which reflects that FRP-ECC-HSC columns present a slower 214 

hoop strain development. This may be caused by the unique dilation behavior of ECC. Due to the 215 

effect of fiber bridging through the cracks, lateral dilation of FRP-confined ECC is restrained under 216 

compressive loads and will present a slower development of hoop strain compared with FRP-confined 217 

normal concrete (Dang et al., 2020; Yuan et al., 2021). With this slower development of hoop strain, 218 

the ultimate axial compressive strain will be consequently enhanced, considering the same FRP hoop 219 



rupture strain is reached. Compared Figs. 7(d-f) with Figs. 7(g-i), it can also be observed that the 220 

increase of hoop strain will be slower under the larger lateral confinement provided by the thicker FRP 221 

tube. If HSC core strength increases from C70 to C90, the ultimate axial compressive strain will 222 

decrease accordingly as observed in Figs. 7(a-c) and Figs. 7(d-f). Ultimate axial strains 𝜀𝑐𝑢 and hoop 223 

rupture strains 𝜀ℎ,𝑟𝑢𝑝 for the tested specimens are summarized in Table 5.  224 

Hoop strain distributions  225 

Typical hoop strain distributions for the tested columns are presented in Fig. 9. It is found that FRP-226 

ECC-HSC specimens can generate more uniform hoop strain distributions than FRP-confined HSC 227 

specimens, comparing Figs. 9(c,e) with Fig. 9(a) for monotonic loading and comparing Figs. 9(d,f) 228 

with Fig. 9(b) for cyclic loading. Hoop strain distribution mechanisms for the two types of columns 229 

can be explained as presented in Fig. 10. When HSC generates localized large cracks due to its high 230 

brittleness, the FRP tube hoop strain at the corresponding locations will be increased as well (as shown 231 

in Fig. 10(a)). If the concentrated hoop strains reach the material ultimate tensile strain, FRP premature 232 

rupture will occur at these locations. Under this circumstance, the FRP tube will not be fully utilized 233 

since the strain level is still relatively lower at other locations. In the FRP-ECC-HSC composite column, 234 

ECC ring could generate multiple fine microcracks to re-distribute the concentrated hoop strain from 235 

inner HSC core to outer FRP tube. More uniform FRP strain distribution can be realized (as shown in 236 

Fig. 10(b)). Therefore, it mitigates the FRP premature rupture to yield an increased average FRP 237 

rupture strain. This full FRP utilization will also delay the overall column failure and result in the 238 

enhanced ultimate axial strain, which has been confirmed with the hoop strain-axial strain responses 239 

as shown in Fig. 7. This behavior mentioned above could also be proved by the ECC ring multiple 240 

cracking as shown in Fig. 5(b). 241 

Hoop strain distributions are more uniform for the columns under cyclic compression (Figs. 9(b,d,f)) 242 

compared with those under monotonic compression (Figs. 9(a,c,e)). This phenomenon has also been 243 

reported previously (Lam et al., 2006; Dang et al., 2020). It is believed that cracks could be more 244 

uniformly distributed during the repeated loading and unloading cycles, in comparison to that the 245 



cracks may tend to be concentrated for specimens subjected to monotonic compression. Consequently, 246 

both the average hoop strain corresponding to FRP rupture and the ultimate axial compressive strain 247 

of cyclically compressed columns are relatively larger than those of monotonically compressed ones.  248 

 249 

Cyclic load-strain models 250 

Prediction of axial load  251 

Load carrying capacity analysis of FRP-ECC-HSC composite columns is more complicated compared 252 

to that of the traditional FRP-confined concrete columns, because of the two concrete types involved 253 

in the core region and ring region. Fig. 11 shows the mechanism diagram of the FRP-ECC-HSC 254 

composite column. 𝐴ℎ𝑠𝑐, 𝐴𝑒𝑐𝑐 and 𝐴𝑓𝑟𝑝 are the cross-sectional areas of HSC core, ECC ring and FRP 255 

tube, respectively. 𝑓𝑙,𝑓𝑟𝑝 is the FRP tube confining pressure, while 𝑓𝑙,ℎ𝑠𝑐 is the confining pressure on 256 

the HSC core. Meanwhile, 𝑓𝑙,𝑓𝑟𝑝 and 𝑓𝑙,ℎ𝑠𝑐 are equal to the lateral confining pressures applied on the 257 

outer and inner ECC ring. ECC ring could not generate extra lateral confinement on HSC core, because 258 

ECC is under tri-axial compression. Therefore, the lateral confining pressures applied on HSC core 259 

and ECC ring can be regarded as the same and both equal to that contributed by the FRP tube in the 260 

composite column. The confining pressure 𝑓𝑙 is calculated as follows:  261 

𝑓𝑙 = 𝐾𝑙𝜀ℎ =
2𝐸𝑓𝑡𝑓𝜀ℎ

𝐷
                                                             (1)  262 

where 𝐸𝑓, 𝑡𝑓, 𝐷 and 𝜀ℎ are the hoop elastic modulus, thickness, inner diameter and hoop strain of the 263 

FRP tube; 𝐾𝑙 is the confining stiffness. Eq. (1) is derived based on the linear elastic property of FRP 264 

and force equilibrium in the hoop direction of the circular concrete section under lateral FRP 265 

confinement and is widely used in the literature (Lam and Teng, 2003; Yang et al., 2021; Yuan et al., 266 

2021). The lateral confining pressure 𝑓𝑙𝑢 at FRP rupture is calculated with the following equation by 267 

substituting the hoop strain with FRP hoop rupture strain:  268 

𝑓𝑙𝑢 = 𝐾𝑙𝜀ℎ,𝑟𝑢𝑝                                                                 (2) 269 

in which 𝜀ℎ,𝑟𝑢𝑝 is the actual FRP hoop rupture strain. The calculated 𝑓𝑙𝑢 are summarized in Table 5 for 270 

tested specimens.  271 



Total axial load of the composite column is calculated by combining the corresponding axial loads 272 

carried by different portions, which is an approach widely adopted for composite columns under 273 

compressive loadings (Zhang et al., 2017; Zhang et al., 2021; Li et al., 2022a). The recommended 274 

expression is shown as follows: 275 

𝐹 = 𝐴ℎ𝑠𝑐𝜎𝑐,ℎ𝑠𝑐 + 𝐴𝑒𝑐𝑐𝜎𝑐,𝑒𝑐𝑐 + 𝐴𝑓𝑟𝑝𝜎𝑐,𝑓𝑟𝑝                                          (3)  276 

in which 𝜎𝑐,ℎ𝑠𝑐 and 𝜎𝑐,𝑒𝑐𝑐 are the confined compressive stresses of HSC core and ECC ring; 𝜎𝑐,𝑓𝑟𝑝 is 277 

the compressive stress of FRP tube. FRP tube stress can be determined through the compressive stress-278 

strain relation obtained by the material tests (FRP ring compression tests). The ultimate compressive 279 

strain corresponding to FRP ring failure obtained from the material tests is lower than the ultimate 280 

axial compressive strain of the FRP-ECC-HSC column corresponding to FRP hoop rupture. Since FRP 281 

tube is fully supported by the inner concrete in the composite column, it is assumed that the FRP tube 282 

compressive strength is unchanged after reaching the compressive strain corresponding to FRP ring 283 

failure obtained from the material tests till the column failure by FRP hoop rupture. Meanwhile, the 284 

axial load contributed by the FRP tube is quite limited, and only counts 3.5% - 6.2% of the total load 285 

carried by the composite column for all the tested specimens according to the calculation with the 286 

obtained test results in the current study. The assumption that the compressive strength of FRP tube 287 

can be considered to be unchanged after reaching its ultimate compressive strain till composite column 288 

failure by FRP hoop rupture has also been widely adopted by the existing literatures for FRP tube 289 

confined concrete (Zhang et al., 2015; Zhang et al., 2017; Zhang et al., 2021; Zhou et al., 2021; Xie et 290 

al., 2022) to simplify the design equations, which will not cause any significant effects. The confined 291 

compressive strength of HSC and ECC can be determined by the stress-strain models, as presented in 292 

the following sections. 293 

Cyclic stress-strain model and terminology  294 

For FRP-confined concrete, typical cyclic stress-strain model is composed of the envelope curve, 295 

unloading and reloading paths as shown in Fig. 12. The envelope curve is regarded as the upper 296 

boundary of the cyclic curves. In the unloading path as shown in segment AB in Fig. 12, axial stress 297 

would reduce when axial strain increases. Axial strain 𝜀𝑢𝑛 and axial stress 𝜎𝑢𝑛 at the unloading point 298 



A are defined as the unloading strain and unloading stress, respectively. When stress in the unloading 299 

curve becomes zero at point B, the corresponding strain is termed as plastic strain 𝜀𝑝𝑙. Reloading path 300 

starts at point B with the increase of axial stress and strain and meets the envelope curve at point D 301 

(𝜀𝑟𝑒𝑡,𝑒𝑛𝑣, 𝜎𝑟𝑒𝑡,𝑒𝑛𝑣). At reference point C in the reloading curve, the axial strain 𝜀𝑟𝑒𝑓  equals to the 302 

unloading strain 𝜀𝑢𝑛. The corresponding stress 𝜎𝑛𝑒𝑤 at point C is lower than the unloading stress 𝜎𝑢𝑛 303 

at point A, which reflects the stress deterioration behavior. The envelope curve, unloading curve, 304 

reloading curve, plastic strain and stress deterioration together determine the cyclic stress-strain model 305 

for FRP-confined concrete and will be further presented in the following sections.  306 

It should be noted that Fig. 12 and the terminologies defined above are corresponding to the unloading 307 

occurring from the envelope curve. There are also the cases that the unloading may occur under the 308 

envelope curve, which is termed as the internal unloading-reloading cycle. Since it is not involved in 309 

the experimental investigation, this internal cyclic stress-strain model is also not discussed in the 310 

current study.  311 

Envelope curve  312 

It is widely accepted that the envelope curve of cyclically loaded FRP-confined concrete is close to 313 

the stress-strain curve of monotonically loaded FRP-confined concrete (Lam et al., 2006; Lam and 314 

Teng, 2009; Yu et al., 2015). Therefore, the envelope curve can be generated by the design-oriented 315 

model for monotonic compression. Most of the monotonic stress-strain models adopt a first parabolic 316 

stage and a second linear stage, with the smooth transition in between (Lam and Teng, 2009) as shown 317 

in Fig. 12. Lam and Teng’s model (Lam and Teng, 2003) was adopted to generate the stress-strain 318 

(𝜎𝑐 − 𝜀𝑐) responses for FRP-confined HSC and ECC subjected to monotonic compression, with the 319 

following expressions:  320 

𝜎𝑐 = {
𝐸𝑐𝜀𝑐 −

(𝐸𝑐−𝐸2)2

4𝑓𝑐0
′ 𝜀𝑐

2               (0 ≤ 𝜀𝑐 ≤ 𝜀𝑡)

𝑓𝑐0
′ + 𝐸2𝜀𝑐                         (𝜀𝑡 < 𝜀𝑐 ≤ 𝜀𝑐𝑢)

                                       (4) 321 

in which 𝐸𝑐 and 𝑓𝑐0
′  are compressive elastic modulus and strength of concrete without confinement. 𝐸2 322 

is the slope of the second linear portion and can be calculated as follows:  323 



𝐸2 =
𝑓𝑐𝑢

′ −𝑓𝑐0
′

𝜀𝑐𝑢
                                                                  (5) 324 

where 𝑓𝑐𝑢
′  and 𝜀𝑐𝑢 are the ultimate compressive strength and the corresponding strain of FRP-confined 325 

concrete. 𝜀𝑡 is the transition strain between the first parabolic portion and the second linear portion, 326 

which can be calculated as follows:  327 

𝜀𝑡 =
2𝑓𝑐0

′

𝐸𝑐−𝐸2
                                                                  (6) 328 

Teng et al. (2009) developed the design equations of ultimate compressive strength 𝑓𝑐𝑢
′  and ultimate 329 

axial strain 𝜀𝑐𝑢 with the following formula forms:  330 

𝑓𝑐𝑢
′

𝑓𝑐0
′ = 𝐶1 + 𝑘1(𝜌𝐾 − 𝑎)𝜌𝜀                                                     (7) 331 

𝜀𝑐𝑢

𝜀𝑐0
= 𝐶2 + 𝑘2𝑓(𝜌𝐾)𝑔(𝜌𝜀)                                                    (8) 332 

𝜌𝐾 =
𝐾𝑙

𝑓𝑐0
′

𝜀𝑐0
⁄

=
2𝐸𝑓𝑡𝑓

(
𝑓𝑐0

′

𝜀𝑐0
⁄ )𝐷

                                                        (9) 333 

𝜌𝜀 =
𝜀ℎ,𝑟𝑢𝑝

𝜀𝑐0
                                                                    (10) 334 

in which 𝑓𝑐0
′  and 𝜀𝑐0 are compressive strength and the corresponding strain of unconfined concrete; 𝐶1 335 

and 𝐶2 are constants; 𝑘1 and 𝑘2 are strength and strain enhancement coefficients; 𝜌𝐾 is confinement 336 

stiffness ratio between FRP and concrete; 𝜌𝜀  is termed as the strain ratio and reflects FRP strain 337 

capacity; 𝑎 is defined as the threshold of effective confinement stiffness ratio; 𝑓(𝜌𝐾) and 𝑔(𝜌𝜀) are 338 

expressions of 𝜌𝐾 and 𝜌𝜀. These formula forms have also been accepted by the UK Concrete Society 339 

(2021) and ACI 440.2R-17 (2017) as well as the literatures on FRP-confined concrete (Chen et al., 340 

2021; Liao et al., 2022) with modifications on the coefficients to best-fit their test results. In this study, 341 

the same formula forms as shown in Eqs. (7-10) were used with the modifications on the coefficients 342 

based on the obtained test results to form the following equations for the predictions of ultimate 343 

compressive strength of HSC 𝑓𝑐𝑢,ℎ𝑠𝑐
′  and ultimate compressive strength of ECC 𝑓𝑐𝑢,𝑒𝑐𝑐

′ :  344 

𝑓𝑐𝑢,ℎ𝑠𝑐
′

𝑓𝑐0,ℎ𝑠𝑐
′ = 1 + 3.5(𝜌𝐾 − 0.035)𝜌𝜀                                            (11) 345 

𝑓𝑐𝑢,𝑒𝑐𝑐
′

𝑓𝑐0,𝑒𝑐𝑐
′ = 1 + 2.5(𝜌𝐾 − 0.02)𝜌𝜀                                              (12) 346 

where 𝑓𝑐0,ℎ𝑠𝑐
′  and 𝑓𝑐0,𝑒𝑐𝑐

′  are the compressive strengths of unconfined HSC and ECC, respectively. 347 

Strength enhancement coefficients 𝑘1 in Eqs. (11) and (12) are taken to be 3.5 and 2.5, respectively, 348 

based on the recommendations of Teng et al. (2009) for FRP-confined normal concrete and Dang et 349 



al. (2020) for FRP-confined ECC. Confinement stiffness ratio thresholds 𝑎 in Eqs. (11) and (12) are 350 

taken as 0.035 and 0.02, respectively, based on the regression of the obtained test data.  351 

For ultimate axial strain of the composite column, the following expressions are proposed:  352 

𝜀𝑐𝑢

𝜀𝑐0,𝑙𝑟𝑔
= 1 + 1.71(𝜌𝐾,𝑒𝑞𝑢)0.56(𝜌𝜀,𝑒𝑞𝑢)1.85                                         (13) 353 

𝜌𝐾,𝑒𝑞𝑢 =
𝐾𝑙

𝑓𝑐0,𝑎𝑣𝑒
′

𝜀𝑐0,𝑙𝑟𝑔
⁄

=
2𝐸𝑓𝑡𝑓

(
𝑓𝑐0,𝑎𝑣𝑒

′

𝜀𝑐0,𝑙𝑟𝑔
⁄ )𝐷

                                              (14) 354 

𝜌𝜀,𝑒𝑞𝑢 =
𝜀ℎ,𝑟𝑢𝑝

𝜀𝑐0,𝑙𝑟𝑔
                                                                       (15) 355 

𝑓𝑐0,𝑎𝑣𝑒
′ =

(𝑓𝑐0,ℎ𝑠𝑐
′ 𝐴ℎ𝑠𝑐 + 𝑓𝑐0,𝑒𝑐𝑐

′ 𝐴𝑒𝑐𝑐)
(𝐴ℎ𝑠𝑐 + 𝐴𝑒𝑐𝑐)

⁄                                     (16) 356 

𝜀𝑐0,𝑙𝑟𝑔 = max (𝜀𝑐0,ℎ𝑠𝑐 , 𝜀𝑐0,𝑒𝑐𝑐)                                                        (17) 357 

in which 𝜌𝐾,𝑒𝑞𝑢 and 𝜌𝜀,𝑒𝑞𝑢 are the equivalent confinement stiffness ratio and equivalent strain ratio, 358 

respectively. 𝜀𝑐0,𝑙𝑟𝑔 is the larger one between the compressive strains of unconfined HSC 𝜀𝑐0,ℎ𝑠𝑐 and 359 

ECC 𝜀𝑐0,𝑒𝑐𝑐. Since 𝜀𝑐0,𝑒𝑐𝑐 is larger than 𝜀𝑐0,ℎ𝑠𝑐 is this study, 𝜀𝑐0,𝑙𝑟𝑔 equals to 𝜀𝑐0,𝑒𝑐𝑐 for the FRP-ECC-360 

HSC column. It considers the beneficial effect on the ultimate axial strain caused by the ECC ring. In 361 

Teng et al. (2009), 𝐶2 = 1.75 is adopted for unconfined normal strength concrete with the strain at the 362 

peak stress of 0.002 and ultimate compressive strain of 0.0035. However, due to the brittleness of HSC 363 

that compressive stress will loss completely when reaching the peak stress and the typical compressive 364 

behavior of ECC that the compressive stress will drop significantly to yield a low residual stress when 365 

reaching the peak stress, 𝐶2 = 1 is adopted in Eq. (13) to consider that the ultimate compressive strain 366 

is equal to the strain corresponding to the peak stress for unconfined HSC and ECC. The other 367 

parameters in Eq. (13), including the strain enhancement coefficient 𝑘2 and the indices for 𝜌𝐾,𝑒𝑞𝑢 and 368 

𝜌𝜀,𝑒𝑞𝑢, are regressed based on the test results obtained from the current study.  369 

With the design equations of ultimate compressive strength for HSC and ECC given in Eqs. (11) and 370 

(12), ultimate load capacity of FRP-confined HSC and FRP-ECC-HSC columns can be calculated with 371 

Eq. (3). Prediction results of the ultimate load capacity and ultimate axial strain for all the tested 372 

specimens are presented in Table 6 and Fig. 13. Close agreements through comparing the test results 373 

with predicted results can be obtained, with the mean value, coefficient of variation (CoV) value and 374 

coefficient of determination (R2) value of 1.00, 0.056 and 0.73 for ultimate load capacity prediction 375 



and 1.00, 0.051 and 0.93 for ultimate axial strain prediction, respectively. All the predictions are within 376 

±10% error, except that the specimen F10-E50-H90-25-C has a 12% higher ultimate load capacity 377 

prediction which is believed to be caused by the test data fluctuation. This demonstrates the good 378 

performance of the proposed equations on the prediction of the ultimate conditions. It should be noted 379 

that Eqs. (11-17) were recommended and validated using the test data obtained in the current study, in 380 

which the HSC core strength is in the range of 75.4 MPa to 96.8 MPa and the ECC ring strength is 381 

55.2 MPa. The applicability of the equations may need to be further examined when a wider range of 382 

concrete strength is covered in future studies.  383 

Eqs. (11-17) can be used in Eqs. (4-6) to generate the monotonic stress-strain curves for HSC core and 384 

ECC ring in the FRP-ECC-HSC composite column, followed by the determination of axial load-axial 385 

strain curves using Eq. (3). Predictions of the axial load-axial strain curve are generally in agreement 386 

with the corresponding test results as shown in Fig. 14. It also indicates that the presented monotonic 387 

stress-strain model (Eqs. (4-17)) can generate reasonable predictions on the envelope curve of FRP-388 

ECC-HSC composite columns under cyclic compression.  389 

Unloading curve  390 

Unloading path for cyclically loaded FRP-confined concrete usually shows the approximately linear 391 

initial stage, followed by the nonlinear stage at the low stress level as shown in Fig. 12. Existing 392 

unloading models, which are able to capture the characteristics of the unloading curve, are summarized 393 

in Appendix I. In Lam and Teng’s polynomial equation (Lam and Teng, 2009), the exponent 𝜂, which 394 

is related to the unloading strain 𝜀𝑢𝑛, and the slope of unloading path at zero stress 𝐸𝑢𝑛,0, which is 395 

related to the unloading strain 𝜀𝑢𝑛 and concrete strength 𝑓𝑐0
′ , are the two parameters used to control the 396 

curve shape. Yu et al. (2015) adopted the same equation as Lam and Teng’s model (Lam and Teng, 397 

2009), but further considered concrete strength 𝑓𝑐0
′  in the calculation of the exponent 𝜂 to better predict 398 

the unloading behavior of FRP-confined high strength concrete. Wang et al. (2012) and Hany et al. 399 

(2015) used the same equation for unloading prediction, with the curve shape featured by the exponent 400 

parameters 𝐵0  and 𝐵1 . 𝐵1  is related to unloading strain  𝜀𝑢𝑛  for both models. 𝐵0  depends on the 401 



confining pressure in Wang et al.’s model (Wang et al., 2012). While in Hany et al.’s model (Hany et 402 

al., 2015), 𝐵0 is assigned with a constant value. Li et al. (2018) developed the unloading equation 403 

considering the slope of unloading path at zero stress 𝐸𝑢𝑛,0 and the exponent 𝑚 as the influencing 404 

parameters. 𝐸𝑢𝑛,0 and 𝑚 are functions of concrete strength 𝑓𝑐0
′ , unloading strain 𝜀𝑢𝑛 and confinement 405 

rigidity 𝜌. All the unloading models are related to the plastic strain 𝜀𝑝𝑙 as well. 406 

These unloading models were used to calculate the unloading stress-strain curves for the HSC core 407 

and ECC ring respectively in the FRP-ECC-HSC composite column specimens. Axial load-axial strain 408 

curves can then be determined with Eq. (3) and evaluated through comparing with test results for the 409 

cyclically loaded specimens as shown in Fig. 15. As suggested by Zhang et al. (2015; 2021), it can be 410 

assumed that the load carried by the FRP tube reduces linearly to zero at the same time as the total 411 

load becomes zero in the unloading process. It is observed that unloading curves predicted by the above 412 

models are in good agreements with each other and can match well with the test curves, except for 413 

relatively larger deviations of Yu et al.’s model (Yu et al., 2015) at larger axial strains. It indicates that 414 

these existing unloading models can provide close predictions on the unloading curves for the FRP-415 

confined HSC column and FRP-ECC-HSC composite column specimens.   416 

It is noted that actual unloading strains and plastic strains were used in the calculation, so that the 417 

prediction accuracy only depends on the unloading model. Unloading stresses of HSC core and ECC 418 

ring cannot be determined directly in the FRP-ECC-HSC composite column. They were firstly 419 

calculated based on the corresponding envelope model as presented in the previous section with the 420 

unloading strain, followed by the determination of the unloading load with Eq. (3). The unloading load 421 

of the predicted curves was also kept the same as that of the test curve to ensure that it would not 422 

influence the comparison of the unloading model. Therefore, the same increment factor or reduction 423 

factor, which depends on the predicted value being lower or higher than the test value, was adopted 424 

for HSC and ECC to calculate the new unloading stresses that could ensure the unloading load of the 425 

predicted value being the same as that of the test value. The new unloading stresses of HSC and ECC 426 

were finally used for the unloading model calculation in Fig. 15. 427 



Plastic strain 428 

As a key parameter in the cyclic stress-stain model, plastic strain determines the location of the 429 

intersection point of unloading curve and zero-stress axis and has effect on the hysteresis curve shape. 430 

The existing prediction models of plastic strain for FRP-confined concrete are summarized in 431 

Appendix I. All the models considered a linear relation between plastic strain 𝜀𝑝𝑙 and unloading strain 432 

𝜀𝑢𝑛, while Lam and Teng’s model (Lam and Teng, 2009) and Li et al.’s model (Li et al., 2018) further 433 

took the effect of concrete strength 𝑓𝑐0
′  into consideration. Similar to the unloading model, Li et al. 434 

(2018) also related plastic strain 𝜀𝑝𝑙  to the confinement rigidity 𝜌 . Plastic strains of each 435 

unloading/reloading cycle for the tested specimens in this study are collected and plotted versus 436 

unloading strain in Fig. 16. It can be seen that the plastic strain increases with the increase of unloading 437 

strain, basically following the linear trend. Meanwhile, both the concrete strength and confinement 438 

rigidity have negligible effects on the plastic strain within the current test dataset. In order to better 439 

predict the relations between plastic strain and unloading strain, the following power function, which 440 

performs better than the linear function, is regressed based on the test data:  441 

𝜀𝑝𝑙 = 1.386(𝜀𝑢𝑛)1.16 − 0.00159                                               (18) 442 

Comparisons between test results and predictions generated by Eq. (18) and the existing models are 443 

presented in Fig. 17. Outstanding performance of the proposed equation can be observed with the mean 444 

value of 1.00 and CoV value of 0.089 for the ratio of test results to predicted results. On the contrary, 445 

the existing models could not provide satisfying predictions. Therefore, Eq. (18) will be used in this 446 

study to generate the plastic strain under each specific unloading strain.  447 

Stress deterioration 448 

As shown in Fig. 12, the stress 𝜎𝑛𝑒𝑤 at the reference point C in the reloading curve at the strain of 𝜀𝑟𝑒𝑓, 449 

which is the same as the unloading strain 𝜀𝑢𝑛 , is lower than the unloading stress 𝜎𝑢𝑛 . Stress 450 

deterioration 𝜑, which is defined as follows, is used to reflect the damage behavior of concrete under 451 

cyclic loading:  452 

𝜑 =
𝜎𝑛𝑒𝑤

𝜎𝑢𝑛
                                                               (19) 453 



Appendix I summarizes that the 𝜑 is generally in the range of 0.912 to 0.938 for stress deterioration 454 

prediction. In this study, the stress deterioration is assumed to be the same for HSC core and ECC ring 455 

in the FRP-ECC-HSC composite column. The axial load carried by HSC core and ECC ring can be 456 

determined with Eq. (3), by subtracting the load carried by FRP tube from the total axial load. 457 

Therefore, stress deterioration for each loading cycle of the tested specimens can then be calculated 458 

based on the ratio of the axial load carried by the HSC and ECC ring at the strain 𝜀𝑟𝑒𝑓 in the reloading 459 

curve to that at the strain 𝜀𝑢𝑛 in the unloading curve. In Fig. 18, it shows that the stress deterioration 460 

is generally irrelevant to concrete strength, confinement level and unloading strain. 𝜑 = 0.923 is 461 

regressed with the test data and will be used to generate the cyclic stress-strain models for HSC core 462 

and ECC ring under FRP confinement. 463 

Reloading curve  464 

The typical reloading path is characterized by a linear first portion and nonlinear second portion for 465 

FRP-confined concrete as shown in Fig. 12. The nonlinear portion could provide smooth transition 466 

from the linear portion to the envelope curve. In Appendix I, it summarizes equations for the existing 467 

reloading models. Wang et al. (2012) and Hany et al. (2015) adopted the linear equations from the 468 

reloading point to the envelope curve and omitted the nonlinear transition portion. The slope of the 469 

reloading curve is related to the unloading strain 𝜀𝑢𝑛, plastic strain 𝜀𝑝𝑙 and the new stress 𝜎𝑛𝑒𝑤 that is 470 

the product of the unloading stress 𝜎𝑢𝑛 and the stress deterioration 𝜑. Lam and Teng (2009) and Yu et 471 

al. (2015) adopted the linear curve from the reloading point A to the reference point C, followed by a 472 

parabolic portion from the reference point C to point D where the reloading curve intersects with the 473 

envelope curve. In the parabolic portion, the slope at point C is the same as that of the first linear 474 

portion while the slope at point D is the same as that of the envelope curve. The equations are same 475 

for Lam and Teng’s model (Lam and Teng, 2009) and Yu et al.’s model (Yu et al., 2015), only with 476 

different equations for plastic strain and stress deterioration. Li et al.’s reloading model (Li et al., 2018) 477 

adopted the four-parameter function, describing the nonlinear curve with two approximately linear 478 

portions and a nonlinear transition portion in between. Since Wang et al.’s model (Wang et al., 2012) 479 



and Hany et al.’s model (Wang et al., 2015) cannot describe the nonlinear parts of the reloading curve, 480 

they are not discussed in this study. Lam and Teng’s and Yu et al.’s model (Lam and Teng, 2009; Yu 481 

et al., 2015) as well as Li et al.’s model (Li et al., 2018) will be evaluated with the newly proposed 482 

equations of plastic strain and stress deterioration in the following section.  483 

Evaluation of proposed cyclic load-strain models   484 

In previous sections, modified envelope model based on Lam and Teng’s monotonic stress-strain 485 

model (Lam and Teng, 2003) was developed for HSC and ECC with the newly proposed equations for 486 

ultimate conditions. Five existing unloading models were evaluated and exhibited good performance 487 

on the predictions of the unloading curves of FRP-ECC-HSC composite columns, except that Yu et 488 

al.’s model (Yu et al., 2015) showed relatively larger deviations at larger axial strains. Equations of 489 

plastic strain and stress deterioration were proposed based on the test data obtained in this study. Five 490 

existing reloading models were introduced and Lam and Teng’s and Yu et al.’s model (Lam and Teng, 491 

2009; Yu et al., 2015) as well as Li et al.’s model (Li et al., 2018) were selected for capturing the 492 

features of the reloading curve in a more accurate manner. With these components determined, cyclic 493 

stress-strain models can be obtained for FRP-confined HSC and ECC. Furthermore, cyclic axial load-494 

axial strain curves can be calculated with Eq. (3). In the calculation, the load carried by FRP tube is 495 

determined by the stress-strain relation obtained from FRP ring compression tests in the reloading 496 

process and is considered to decrease linearly in the unloading process.  497 

Predicted curves are plotted and compared with test curves in Fig. 19. Because of the similar 498 

performance of the five presented unloading models, only Lam and Teng’s model (Lam and Teng, 499 

2009) and Li et al.’s model (Li et al., 2018) were adopted to match with the corresponding reloading 500 

models by Lam and Teng (2009) and Li et al. (2018). In Fig. 19, Model Ⅰ represents the cyclic model 501 

consisting of the modified envelope curve model, Lam and Teng’s unloading and reloading models 502 

(Lam and Teng, 2009), as well as the proposed equations of plastic strain and stress deterioration; 503 

Model Ⅱ represents the cyclic model consisting of the modified envelope model, Li et al.’s unloading 504 

and reloading models (Li et al., 2018), as well as the proposed equations of plastic strain and stress 505 

deterioration. It should be noted that all the other parameters used are calculated by the cyclic models, 506 



except for the actual unloading strain for each loading cycle. It can be observed that the cyclic load-507 

strain curves predicted by Model Ⅰ could agree well with the test curves, in terms of the envelope 508 

curves, plastic strains, unloading curves and reloading curves. For Model Ⅱ, however, the predicted 509 

reloading curves present larger deviations compared with test curves. It indicates that Li et al.’s model 510 

(Li et al., 2018) cannot provide close reloading predictions within the scope of the current test data. 511 

Although Li et al.’s model (Li et al., 2018) could describe the features of the reloading curves, the 512 

predicted reloading slopes are not in line with the test results. Meanwhile, the reloading curve 513 

calculated by Li et al.’s model (Li et al., 2018) cannot intersect with the envelope curve for most of 514 

the tested specimens. The reloading process will end, and the next unloading process will start when 515 

the next unloading strain is reached. For Model Ⅱ, the unloading stresses (except for the first one) are 516 

calculated based on the reloading model, instead of the envelope model, with the corresponding 517 

unloading strains. Therefore, the proposed Model Ⅰ can be adopted to predict the load-strain behavior 518 

of the FRP-ECC-HSC composite columns under cyclic compression.  519 

 520 

Conclusions  521 

Cyclic compressive behavior of the innovative FRP-ECC-HSC composite column was experimentally 522 

investigated in this study. Test variables including HSC core strength, FRP tube thickness and ECC 523 

ring thickness were examined. Typical failure modes, dilation behavior and axial load versus axial 524 

strain responses were discussed. Cyclic load-strain models were developed to predict the compressive 525 

behavior of the composite columns. Based on the reported test data, the following conclusions can be 526 

drawn within the current scope of this study:  527 

(1) ECC ring could realize a more uniform hoop strain distribution in the FRP-ECC-HSC 528 

composite columns. The average FRP rupture strain was improved, and column failure was 529 

consequently delayed. Compared with the corresponding FRP-confined HSC columns, FRP-530 

ECC-HSC composite columns exhibited 0.7-69.1% larger ultimate axial strains, indicating the 531 

enhanced column deformability.  532 



(2) It was observed from the test results that the ultimate axial strain would increase with the 533 

increase of ECC thickness while decrease with the increase of HSC core strength. Both ultimate 534 

compressive strength and ultimate axial strain increased with the increase of FRP tube 535 

thickness. For cyclically loaded columns, the investigated test variables could influence the 536 

unloading and reloading curves and were considered in the corresponding prediction models. 537 

However, plastic strain and stress deterioration were found to be independent of the test 538 

variables.  539 

(3) Hoop strain distribution for cyclically loaded columns was generally more uniform in 540 

comparison to the corresponding monotonically loaded columns. Both FRP-confined HSC 541 

columns and FRP-ECC-HSC composite columns under cyclic compression could develop the 542 

larger ultimate axial strain than those under monotonic compression.  543 

(4) With the proposed equation of axial load, load-strain curves of the FRP-ECC-HSC composite 544 

columns can be generated based on the stress-strain curves of FRP-confined HSC and ECC. 545 

Lam and Teng’s monotonic stress-strain model was modified with the proposed equations of 546 

ultimate conditions. It can provide close predictions on the load-strain behavior for the 547 

monotonically loaded columns and can be used to predict the envelope curves for the cyclically 548 

loaded columns.  549 

(5) Existing unloading and reloading models were evaluated and selected to predict the unloading 550 

and reloading curves for the tested columns. New equations of plastic strain and stress 551 

deterioration were proposed based on the test results obtained in this study. Two proposed 552 

cyclic load-strain models were used to generate the axial load-axial curves for the cyclically 553 

loaded columns. It shows that Model Ⅰ could provide close predictions compared with test 554 

results.  555 



Appendix I: Existing cyclic stress-strain models for FRP-confined concrete 556 

Objects  Lam and Teng (2009) Yu et al. (2015) Wang et al. (2012) Hany et al. (2015) Li et al. (2018) 

Unloading 

model  

𝜎𝑐 = 𝑎𝜀𝑐
𝜂

+ 𝑏𝜀𝑐 + 𝑐 

𝑎 =
𝜎𝑢𝑛−𝐸𝑢𝑛,0(𝜀𝑢𝑛−𝜀𝑝𝑙)

𝜀𝑢𝑛
𝜂

−𝜀𝑝𝑙
𝜂

−𝜂𝜀𝑝𝑙
𝜂−1

(𝜀𝑢𝑛−𝜀𝑝𝑙)
  

𝑏 = 𝐸𝑢𝑛,0 − 𝜂𝜀𝑝𝑙
𝜂−1

𝑎  

𝑐 = −𝑎𝜀𝑝𝑙
𝜂

− 𝑏𝜀𝑝𝑙  

𝐸𝑢𝑛,0 = min (
0.5𝑓𝑐0

′

𝜀𝑢𝑛
,

𝜎𝑢𝑛

𝜀𝑢𝑛−𝜀𝑝𝑙
)  

𝜂 = 350𝜀𝑢𝑛 + 3  

 

 

Same as Lam and Teng 

(2009) except for 𝜂 

𝜂 = 40(350𝜀𝑢𝑛 + 3)/𝑓𝑐0
′   

 

 

𝜎𝑐

𝜎𝑢𝑛
= 𝐵0(

𝜀𝑐−𝜀𝑝𝑙

𝜀𝑢𝑛−𝜀𝑝𝑙
)𝐵1 + (1 − 𝐵0)(

𝜀𝑐−𝜀𝑝𝑙

𝜀𝑢𝑛−𝜀𝑝𝑙
)  

𝐵0 = 0.5 + 0.3(
𝑓𝑙

𝑓𝑐0
′ )0.07 − 0.1(

𝑓𝑙𝑠

𝑓𝑐0
′ )0.04  

for 𝜀𝑢𝑛 ≤ 0.02, 

𝐵1 = −0.02 (
𝜀𝑢𝑛

𝜀𝑐0
)

2

+ 0.46 (
𝜀𝑢𝑛

𝜀𝑐0
) + 1.76  

for 𝜀𝑢𝑛 > 0.02, 

𝐵1 = 4.36  

 

 

𝜎𝑐

𝜎𝑢𝑛
= 𝐵0(

𝜀𝑐−𝜀𝑝𝑙

𝜀𝑢𝑛−𝜀𝑝𝑙
)𝐵1 + (1 − 𝐵0)(

𝜀𝑐−𝜀𝑝𝑙

𝜀𝑢𝑛−𝜀𝑝𝑙
)  

𝐵0 = 0.8  

𝐵1 = 2.172 (
𝜀𝑢𝑛

𝜀𝑐0
)

0.324

  

 

 

𝜎𝑐 = 𝐸𝑢𝑛,0 (
𝜀𝑐

𝜀𝑝𝑙
)

𝑚

(𝜀𝑐 − 𝜀𝑝𝑙)  

𝐸𝑢𝑛,0

𝐸𝑐
= 0.21(

𝑓𝑐0
′

𝑓30
′ )0.195𝜌−0.031(

𝜀𝑢𝑛

𝜀𝑐0
)−1.115  

𝑚 = log(
𝜀𝑢𝑛
𝜀𝑝𝑙

)(
𝜎𝑢𝑛

𝐸𝑢𝑛,0(𝜀𝑢𝑛−𝜀𝑝𝑙)
)  

 

 

Plastic 

strain 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜀𝑝𝑙 = 0  

for0.001 < 𝜀𝑢𝑛 < 0.0035,  

𝜀𝑝𝑙 = [1.4(0.87 − 0.004𝑓𝑐0
′ ) − 0.64](𝜀𝑢𝑛 − 0.001)  

for 0.0035 ≤ 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜀𝑝𝑙 = (0.87 − 0.004𝑓𝑐0
′ )𝜀𝑢𝑛 − 0.0016  

 

 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜀𝑝𝑙 = 0  

for 0.001 < 𝜀𝑢𝑛 ≤ 0.0035,  

𝜀𝑝𝑙 = 0.184𝜀𝑢𝑛 − 0.0002  

for 0.0035 < 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜀𝑝𝑙 = 0.703𝜀𝑢𝑛 − 0.002  

 

 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜀𝑝𝑙 = 0  

for 0.001 < 𝜀𝑢𝑛 ≤ 0.004,  

𝜀𝑝𝑙 = 0.42𝜀𝑢𝑛 − 0.0004  

for 0.004 < 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜀𝑝𝑙 = 0.815𝜀𝑢𝑛 − 0.002  

 

 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜀𝑝𝑙 = 0  

for 0.001 < 𝜀𝑢𝑛 ≤ 0.0035,  

𝜀𝑝𝑙 = 0.4552𝜀𝑢𝑛 − 0.0003  

for 0.0035 < 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜀𝑝𝑙 = 0.7827𝜀𝑢𝑛 − 0.0014  

 

 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜀𝑝𝑙 = 0  

for 0.001 < 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜀𝑝𝑙 = 0.353 (
𝑓𝑐0

′

𝑓30
′ )

−0.4

(𝜀𝑢𝑛 − 0.001) +

3.36𝜌−0.178(𝜀𝑢𝑛 − 0.001)1.414   

 

 

Stress 

deterioration 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜑 = 1  

for 0.001 < 𝜀𝑢𝑛 < 0.002, 

𝜑 = 1 − 80(𝜀𝑢𝑛 − 0.001)  

for 0.002 ≤ 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜑 = 0.92  

 

 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜑 = 1  

for 0.001 < 𝜀𝑢𝑛 ≤ 0.0035, 

𝜑 = 1 − 32(𝜀𝑢𝑛 − 0.001)  

for 0.0035 < 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜑 = 0.92  

 

 

𝜑 = 0.912  

 

 

for 0 < 𝜀𝑢𝑛 ≤ 0.001, 

𝜑 = 1  

for 0.001 < 𝜀𝑢𝑛 ≤ 𝜀𝑐𝑢, 

𝜑 = 0.938  

 

 

N.A. 

 

 

Reloading 

model 

for 𝜀𝑟𝑒 ≤ 𝜀𝑐 ≤ 𝜀𝑟𝑒𝑓 , 

𝜎𝑐 = 𝜎𝑟𝑒 + 𝐸𝑟𝑒(𝜀𝑐 − 𝜀𝑟𝑒)  

for 𝜀𝑟𝑒𝑓 ≤ 𝜀𝑐 ≤ 𝜀𝑟𝑒𝑡,𝑒𝑛𝑣, 

𝜎𝑐 = 𝐴𝜀𝑐
2 + 𝐵𝜀𝑐 + 𝐶  

𝐸𝑟𝑒 = (𝜎𝑛𝑒𝑤 − 𝜎𝑟𝑒)/(𝜀𝑟𝑒𝑓 − 𝜀𝑟𝑒)  

𝜎𝑛𝑒𝑤 = 𝜑𝜎𝑢𝑛  

𝐵 = 𝐸𝑟𝑒 − 2𝐴𝜀𝑟𝑒𝑓  

𝐶 = 𝜎𝑛𝑒𝑤 − 𝐴𝜀𝑟𝑒𝑓
2 − 𝐵𝜀𝑟𝑒𝑓  

for 𝜀𝑟𝑒𝑡,𝑒𝑛𝑣 < 𝜀𝑡, 

𝐴 =
(𝐸𝐶−𝐸2)2(𝐸𝑟𝑒𝜀𝑟𝑒𝑓−𝜎𝑛𝑒𝑤)+(𝐸𝐶−𝐸𝑟𝑒)2𝑓𝑐0

′

4(𝜎𝑛𝑒𝑤−𝐸𝑐𝜀𝑟𝑒𝑓)𝑓𝑐0
′ +(𝐸𝐶−𝐸2)2𝜀𝑟𝑒𝑓

2
  

𝜀𝑟𝑒𝑡,𝑒𝑛𝑣 =
𝐸𝑐−𝐵

2𝐴+
(𝐸𝐶−𝐸2)

2

𝑓𝑐0
′

  

for 𝜀𝑟𝑒𝑡,𝑒𝑛𝑣 ≥ 𝜀𝑡, 

𝐴 =
(𝐸𝑟𝑒−𝐸2)2

4(𝜎𝑛𝑒𝑤−𝑓𝑐𝑜
′ −𝐸2𝜀𝑟𝑒𝑓)

  

𝜀𝑟𝑒𝑡,𝑒𝑛𝑣 =
𝐸2−𝐵

2𝐴
  

Same as Lam and Teng 

(2009) 

𝜎𝑐 = 𝐸𝑟𝑒(𝜀𝑐 − 𝜀𝑝𝑙)  

𝐸𝑟𝑒 =
𝜎𝑛𝑒𝑤

𝜀𝑢𝑛−𝜀𝑝𝑙
  

𝜎𝑛𝑒𝑤 = 𝜑𝜎𝑢𝑛  

𝜎𝑐 = 𝐸𝑟𝑒(𝜀𝑐 − 𝜀𝑝𝑙)  

𝐸𝑟𝑒 =
𝜎𝑛𝑒𝑤

𝜀𝑢𝑛−𝜀𝑝𝑙
  

𝜎𝑛𝑒𝑤 = 𝜑𝜎𝑢𝑛  

𝜎𝑐 =
(𝐸𝑟𝑒−𝐸2)(𝜀𝑐−𝜀𝑝𝑙)

(1+(
(𝐸𝑟𝑒−𝐸2)(𝜀𝑐−𝜀𝑝𝑙)

𝑓𝑟
)𝑛)1/𝑛

+ 𝐸2(𝜀𝑐 − 𝜀𝑝𝑙)  

𝐸𝑟𝑒

𝐸𝑐
= (

𝑓𝑐0
′

𝑓30
′ )0.032𝜀̅−0.409 − 0.317𝜌−0.064𝜀̅  

for 𝐸2 ≥ 0, 
𝑓𝑟

𝑓𝑐0
′ = 0.693

𝜎𝑢𝑛

𝑓𝑐0
′ + 0.337𝜌−0.053  

for 𝐸2 < 0, 
𝑓𝑟

𝑓𝑐0
′ = 0.969

𝜎𝑢𝑛

𝑓𝑐0
′ + 1.981𝜌−2.012  

𝜀̅ = 𝜀𝑢𝑛 𝜀𝑐0⁄ ≤ 10  

𝑛 = 2.61 (
𝜀𝑢𝑛

𝜀𝑐0
) + 4.88  

557 
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 697 

Table 1. Concrete mix proportions (kg/m3) 698 

Concrete  Water Cement Fly ash Sand Agg-10 Agg-20 S.P.* Fiber 

C70 133 550 - 693 410 613 8.8 - 

C90 120 603 - 693 410 613 10.6 - 

ECC50 310.5 554.4 665.2 443.7 - - 13.5 19.4 
         S.P.*: Super plasticizer.  699 

 700 
Table 2. Concrete material properties 701 

Concrete  

Compressive 

cylinder strength 

(MPa) 

Compressive 

strain 

Elastic modulus 

(GPa) 
Poisson’s ratio 

C70 75.4 0.0028 32.0 0.21 

C90 96.8 0.0032 35.3 0.21 

ECC50 55.2 0.0046 15.3 0.21 
 702 

 703 

Table 3. Polyethylene (PE) fiber properties 704 

Diameter  

(µm) 

Length  

(mm) 

Density  

(g/cm3) 

Elastic modulus 

(GPa) 

Tensile strength 

(MPa) 

24 12 0.97 120 3000 

 705 

Table 4. FRP tube material properties 706 

FRP tube  
Thickness  

(mm) 

Hoop tensile properties Axial compressive properties  

Strength  

(MPa) 
Strain 

Elastic 

modulus (GPa) 

Strength  

(MPa) 
Strain 

Elastic 

modulus (GPa) 

F7 2.5 620.8 0.0156 39.8 70.6 0.0106 9.5 

F10 3.5 630.9 0.0164 38.5 84.6 0.0111 9.7 

 707 
Table 5. Key results of tested specimens  708 

Specimen label 
𝐹1 

(kN) 
𝐹𝑐 

(kN) 
𝜀𝑐𝑢 𝜀ℎ,𝑟𝑢𝑝 

𝑓𝑙𝑢 
(MPa) 

𝐹𝑐 𝐹1⁄  𝜀𝑐𝑢 𝜀𝑐0⁄  

F7-H70-M* 2777 2792 0.0144 0.0116 11.5 1.01 5.14 

F7-H70-C 2664 2817 0.0152 0.0125 12.4 1.06 5.43 

F7-E50-H70-15-M* 2506 2773 0.0145 0.0117 11.6 1.11 5.18 

F7-E50-H70-15-C 2653 2731 0.0182 0.0146 14.5 1.03 6.50 

F7-E50-H70-25-M* 2194 2707 0.0209 0.0143 14.2 1.23 7.46 

F7-E50-H70-25-C - 2718 0.0257 0.0180 17.9 - 9.18 

F7-H90-M* 3195 3166 0.0123 0.0117 11.6 0.99 3.84 

F7-H90-C1 3056 3134 0.0136 0.0126 12.5 1.03 4.25 

F7-H90-C2 3279 3084 0.0149 0.0134 13.3 0.94 4.66 

F7-E50-H90-15-M* 2980 3021 0.0137 0.0125 12.4 1.01 4.28 

F7-E50-H90-15-C1 2935 2899 0.0138 0.0132 13.1 0.99 4.31 

F7-E50-H90-15-C2 2904 2726 0.0155 0.0130 12.9 0.94 4.84 

F7-E50-H90-25-M* 2579 2809 0.0152 0.0133 13.2 1.09 4.75 

F7-E50-H90-25-C1 2690 2733 0.0167 0.0143 14.2 1.02 5.22 

F7-E50-H90-25-C2 2654 2674 0.0142 0.0122 12.1 1.01 4.44 

F10-H90-M* 3446 3730 0.0130 0.0117 15.8 1.08 4.06 

F10-H90-C1 3358 3563 0.0133 0.0114 15.4 1.06 4.16 

F10-H90-C2 3494 3626 0.0149 0.0127 17.1 1.04 4.66 

F10-E50-H90-15-M* 2985 3361 0.0167 0.0124 16.7 1.13 5.22 

F10-E50-H90-15-C 3127 3303 0.0181 0.0129 17.4 1.06 5.66 

F10-E50-H90-25-M* 2766 3196 0.0187 0.0130 17.5 1.16 5.84 

F10-E50-H90-25-C 2955 3065 0.0216 0.0148 19.9 1.04 6.75 
*Note: The test data for monotonic loading were firstly reported by the authors in Li et al. (2023). 709 



Table 6. Predictions on ultimate conditions for tested specimens   710 

Specimen label 

Ultimate load capacity (kN) Ultimate axial strain 

𝐹𝑐,𝑡𝑒𝑠𝑡 𝐹𝑐,𝑝𝑟𝑒𝑑 
𝐹𝑐,𝑡𝑒𝑠𝑡

𝐹𝑐,𝑝𝑟𝑒𝑑
⁄  𝜀𝑐𝑢,𝑡𝑒𝑠𝑡 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 

𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

⁄  

F7-H70-M 2792 2547 1.10 0.0144 0.0133 1.09 

F7-H70-C 2817 2552 1.10 0.0152 0.0148 1.03 

F7-E50-H70-15-M 2773 2545 1.09 0.0145 0.0142 1.02 

F7-E50-H70-15-C 2731 2605 1.05 0.0182 0.0191 0.95 

F7-E50-H70-25-M 2707 2619 1.03 0.0209 0.0189 1.10 

F7-E50-H70-25-C 2718 2727 1.00 0.0257 0.0265 0.97 

F7-H90-M 3166 3070 1.03 0.0123 0.0121 1.02 

F7-H90-C1 3134 3063 1.02 0.0136 0.0134 1.01 

F7-H90-C2 3084 3058 1.01 0.0149 0.0146 1.02 

F7-E50-H90-15-M 3021 2931 1.03 0.0137 0.0143 0.96 

F7-E50-H90-15-C1 2899 2939 0.99 0.0138 0.0154 0.90 

F7-E50-H90-15-C2 2726 2937 0.93 0.0155 0.0151 1.03 

F7-E50-H90-25-M 2809 2873 0.98 0.0152 0.0160 0.95 

F7-E50-H90-25-C1 2733 2895 0.94 0.0167 0.0176 0.95 

F7-E50-H90-25-C2 2674 2848 0.94 0.0142 0.0143 0.99 

F10-H90-M 3730 3600 1.04 0.0130 0.0137 0.95 

F10-H90-C1 3563 3590 0.99 0.0133 0.0133 1.00 

F10-H90-C2 3626 3632 1.00 0.0149 0.0155 0.96 

F10-E50-H90-15-M 3361 3450 0.97 0.0167 0.0159 1.05 

F10-E50-H90-15-C 3303 3473 0.95 0.0181 0.0168 1.08 

F10-E50-H90-25-M 3196 3384 0.94 0.0187 0.0176 1.06 

F10-E50-H90-25-C 3065 3484 0.88 0.0216 0.0211 1.02 

Mean   1.00   1.00 

CoV   0.056   0.051 

R2   0.73   0.93 

   711 
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Fig. 1. FRP-ECC-HSC composite column. 

 



 

 

Fig. 2. Tensile behavior of ECC coupons. 



 

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

Fig. 3. Preparation process of FRP-ECC-HSC composite columns in laboratory: (a) HSC core casting; 

(b) Placing HSC core inside FRP tube; (c) After pouring ECC; (d) Capping of two ends. 



 

 

                               
  (a) Test setup                                     (b) Specimen instrumenttion                           (c) Cyclic loading scheme 

Fig. 4. Test setup, specimen instrumentation and loading scheme. 
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(b) Cracking behavior of inner concrete (with FRP tubes removed) 

Fig. 5. Typical failure modes of tested specimens. 
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Fig. 6. Axial load-axial strain curves for tested specimens. 
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Fig. 7. Hoop strain-axial strain curves for tested specimens. 

 

 



 

              

                           (a) Under monotonic loading                                             (b) Under cyclic loading  

Fig. 8. Comparisons of hoop strain-axial strain behavior between FRP-ECC-HSC composite columns and FRP-

confined HSC columns. 
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Fig. 9. Typical hoop strain distribution behavior of tested specimens. 

 

 



 

             

                        (a) FRP-confined HSC column                        (b) FRP-ECC-HSC composite column 

Fig. 10. Hoop strain distribution mechanism. 

 



 

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

Fig. 11. Mechanical diagram of FRP-ECC-HSC composite column: (a) cross section; (b) FRP tube; (c) ECC 

ring; (d) HSC core. 

 



 

 

Fig. 12. Cyclic stress-strain model and key parameters. 



 

                

                                 (a) Ultimate load capacity                                    (b) Ultimate axial strain  

Fig. 13. Predictions on ultimate conditions by the proposed equations.  
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Fig. 14. Predictions of axial load-axial strain curves using the proposed monotonic stress-strain models.  
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Fig. 15. Comparisons of unloading paths between test results and predictions by existing unloading models. 



 

 

Fig. 16. Plastic strains for different unloading strains. 

 



 

                                

Fig. 17. Predicted plastic strains by different models. 
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Fig. 18. Stress deterioration ratios for different unloading strains.  
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Fig. 19. Comparisons of cyclic axial load-axial curves between test results and model predictions.  
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