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ABSTRACT 10 

Fiber-reinforced polymer (FRP)-concrete-steel hybrid double-skin tubular columns 11 

(hybrid DSTCs) consist of an outer FRP tube, an inner steel tube and a concrete infill 12 

between the two tubes. Extensive research has been conducted on the monotonic 13 

behavior of hybrid DSTCs, but only a limited number of studies have examined their 14 

behavior under cyclic axial compression. In particular, no systematic experimental 15 

study has been conducted on hybrid DSTCs under repeated unloading/reloading cycles. 16 

This paper first presents a systematic experimental study on hybrid DSTCs under two 17 

types of loading schemes: (a) a single unloading/reloading cycle to evaluate the 18 

relationship between the unloading strain and the plastic strain; (b) repeated 19 

unloading/reloading cycles to investigate the effect of loading history. In the present 20 

study, hybrid DSTCs were prepared using filament-wound FRP tubes of a relatively 21 

large scale (up to 300 mm in diameter), and the experimental program covered a wide 22 

range of concrete strengths (from 40.9 MPa to 104.4 MPa). The systematic 23 

experimental study with extensive instrumentation allowed the cyclic stress-strain 24 

behavior of the concrete in hybrid DSTCs to be examined in detail, clarifying the 25 

cumulative effect of the loading history on both the stress deterioration and the plastic 26 

strain of the concrete. This paper also presents a detailed comparison between the test 27 

results and the predictions of an existing cyclic stress-strain model for FRP-confined 28 

concrete in solid columns, in terms of the repeated unloading/reloading cycles. The 29 

cyclic stress-strain model is shown to provide reasonably accurate predictions, and thus 30 

can be used together with a monotonic stress-stress model for the concrete in hybrid 31 

DSTCs to predict the complete cyclic stress-strain curve of such concrete. 32 
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 38 

1 INTRODUCTION 39 

Fiber-reinforced polymer (FRP)-concrete-steel hybrid double-skin tubular columns 40 

(hybrid DSTCs) (Figure 1) consist of an outer FRP tube, an inner steel tube and a 41 

concrete infill between the two tubes [1, 2]. Because of the use of an FRP tube with 42 

excellent corrosion resistance as the external skin, hybrid DSTCs are particularly 43 

suitable for use in harsh environments. Hybrid DSTCs are also an attractive column 44 

form for seismic regions because of their excellent ductility. In recent years, a large 45 

number of studies have been conducted on the monotonic behavior of hybrid DSTCs 46 

[1-13], which confirmed the confinement effectiveness provided by the two tubes (i.e. 47 

FRP and steel), and the excellent ductility/seismic resistance of these columns.  48 
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 49 

The cyclic stress-strain behavior of the concrete in hybrid DSTCs is of particular 50 

importance in the modeling of their seismic performance. Yu et al. [14] presented the 51 

first-ever study on hybrid DSTCs subjected to cyclic axial compression, in which six 52 

specimens (205 mm in diameter and 400 mm in height) made of a wet-layup FRP tube 53 

(WL FRP tube) filled with normal strength concrete (NSC) (having an unconfined 54 

strength of 43.9 MPa) were tested. Yu et al.’s [14] study confirmed the ductile behavior 55 

of hybrid DSTCs with NSC under cyclic axial compression. The effect of loading 56 

history on the repeated unloading/reloading cycles was not analyzed in Yu et al. [14] 57 

due to the limited number of specimens. Ozbakkaloglu’s research group [15-18] 58 

reported their cyclic compression tests on small-scale hybrid DSTCs (150 mm in 59 

diameter and 300 mm in height) with WL FRP tubes, which demonstrated the ample 60 

ductility of the columns even with high strength concrete (HSC) up to 110 MPa. 61 

However, these specimens were tested with only one unloading/reloading cycle at each 62 

unloading displacement [15-18]. Abdelkarim and ElGawady [19] presented a series of 63 

cyclic compression tests on hybrid DSTCs of 210mm in diameter and 406 mm in height; 64 

the fibers in the FRP tube of the hybrid DSTCs were oriented at ±45° to the longitudinal 65 

axis. Xiong et al. [20] conducted cyclic compression tests on hybrid DSTCs (300 mm 66 

in diameter and 600 mm in height) with concrete produced using recycled coarse 67 

aggregate. In the tests presented in both Ref. [19] and Ref. [20], three repeated 68 

unloading/reloading cycles were executed at each unloading displacement. As the 69 

loading history has been shown to have a significant cumulative effect on the behaviour 70 

of FRP-confined concrete [21], there is a need to further clarify this effect on the 71 

concrete in hybrid DSTCs by cyclic compression tests with more (e.g. >5) repeated 72 

unloading/reloading cycles at each unloading displacement. 73 

 74 

Against this background, the present paper reports a systematic program of cyclic 75 

compression tests on hybrid DSTCs under two types of loading schemes: (a) a single 76 

unloading/reloading cycle to evaluate the relationship between the unloading strain and 77 

the plastic strain; (b) repeated unloading/reloading cycles (up to 10 repeated cycles) to 78 

investigate the effect of loading history. Compared with existing experimental studies, 79 

hybrid DSTCs in the present study were designed with special attention to the following 80 

three issues that are important in terms of practical applications: the testing of relatively 81 

large-scale specimens (up to 300 mm in diameter and 600 mm in height), the use of 82 

filament-wound (FW) FRP tubes, and the use of HSC (up to 104.4 MPa). Because of 83 

their excellent ductility derived from confinement by the two tubes, hybrid DSTCs 84 

provide an ideal opportunity for the use of HSC. For new construction, FW FRP tubes 85 

are more suitable for use as the permanent formwork for concrete casting. Extensive 86 

strain gauges (up to 5 sections and 20 hoop strain gauges) were attached on the FW 87 

FRP tube to evaluate the distribution of hoop rupture strains. The authors [22] has 88 

previously proposed a unified cyclic stress-strain model applicable to both NSC and 89 

HSC in FRP-confined circular solid section columns. This paper also presents a critical 90 

assessment of the applicability of Yu et al.’s [22] model to confined NSC/HSC in hybrid 91 

DSTCs using the test results of the present study. 92 

 93 

2 EXPERIMENTAL PROGRAM 94 

2.1 Specimen Details 95 

A total of 14 hybrid DSTCs were tested under cyclic axial loading as detailed in Table 96 

1. In parallel, 12 corresponding specimens were tested under monotonic loading and 97 

their results were presented in Zhang et al. [23]. For ease of comparison, the key 98 
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information of the 12 monotonically loaded specimens is also summarized in Table 1.  99 

 100 

The specimens were fabricated in six batches with six different concrete strengths (from 101 

40.9 MPa to 104.4 MPa). These specimens mainly had two sizes: (1) 200 mm in 102 

diameter and 400 mm in height (specimens of batches 1-3); (2) 300 mm in diameter 103 

and 600 mm in height (specimens of batches 4-6). Glass FRP tubes which were 104 

manufactured via a filament-winding process were employed. In these FRP tubes, the 105 

fibers were orientated at ±80 degrees to the longitudinal axis. In hybrid DSTCs, the 106 

FRP tube serves as a corrosion-resistant protective skin, a stay-in-place form, and a 107 

confining device for the concrete inside. Due to its functions, the FRP tube should have 108 

fibres close to the hoop direction of the tube (e.g. ±80 degrees to the longitudinal axis 109 

as those used in the tests presented in this paper) [2]. In Table 1, the void ratio 𝜑 is 110 

defined as the ratio of the inner diameter 𝐷𝑠 to the outer diameter 𝐷 of the concrete 111 

section of a DSTC; ts and tfrp are the thicknesses of the steel tube and the FRP tube, 112 

respectively. The present study covered three void ratios (i.e., 0.600, 0.730 and 0.795) 113 

and three types of steel tubes (i.e. types A, B and C) (Tables 1 and 2).  114 

 115 

Each specimen is given a name which has four components in sequence: (1) a letter “D” 116 

to represent “DSTC”, followed by a number to represent the unconfined concrete 117 

strength (in MPa); (2) a one-digit number to indicate the thickness (in mm) of the FRP 118 

tube, together with two letters “FW” to represent filament-wound FRP tubes; (3) a letter 119 

“C” or “M” to represent cyclic or monotonic axial compression; (4) a number “1” or 2” 120 

in some names to differentiate two nominally identical specimens. The steel tube type 121 

is not reflected in the name, except for the specimens with a steel tube of type B (e.g., 122 

specimen D84-4FW-CB); the names of these specimens have an additional letter “B” 123 

at the end. Typical cross-sections of hybrid DSTCs are shown in Figure 2. 124 

 125 

2.2 Material Properties 126 

2.2.1 Concrete  127 

In the test specimens of hybrid DSTCs, the annular concrete layer between the inner 128 

steel tube and the outer FRP tube had a small thickness. To ensure the quality of 129 

concrete casting, self-compacting concrete was adopted instead of regular concrete. 130 

Table 3 summarizes the mix proportions of the concrete. Three standard concrete 131 

cylinders (152.5 mm in diameter and 305 mm in height) were prepared and tested for 132 

each batch of concrete to obtain their mechanical properties following ASTM 133 

C39/C39M [24]. Strain gauges with a gauge length of 100 mm were attached on the 134 

concrete cylinder to obtain the axial strains. The key test results, including the elastic 135 

modulus 𝐸𝑐, cylinder compressive strength 𝑓𝑐𝑜
′  and the corresponding strain 𝜀𝑐𝑜, are 136 

summarized in Table 4.  137 

 138 

2.2.2 FRP Tubes 139 

Five types of FW FRP tubes were used, which were nominally the same as those used 140 

in the corresponding DSTCs tested under monotonic loading (see Zhang et al. [23]). 141 

Tensile split-disk tests and compression tests of these FRP tubes were conducted. The 142 

details of the tests are presented in Zhang et al. [23] and are summarized below for ease 143 

of reference. 144 

 145 

Tensile split-disk tests were carried out in accordance with ASTM D2290-08 [25] to 146 

obtain the hoop tensile properties of FRP tubes. All the FW FRP tubes with the same 147 

diameter (i.e. 200 mm or 300 mm) had the same orientations of fibers and the same 148 
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nominal volume ratio, so tests were only conducted on one selected type of tubes for 149 

each diameter. The average secant elastic modulus, hoop stress, and hoop strain at 150 

failure obtained from five FRP rings of each type were 45.9 GPa, 659.1 MPa and 1.49%, 151 

respectively, for the 200 mm tubes, while the results were 43.6 GPa, 663.7 MPa and 152 

1.55%, respectively, for the 300 mm tubes.  153 

 154 

Compression tests were conducted following the Chinese Standard GB/T5350 [26] to 155 

obtain the axial compressive properties of FRP tubes. Only FRP rings from a selected 156 

tube with a diameter of 200 mm were tested, and it was found that the average secant 157 

elastic modulus, axial stress and axial strain at failure were 10.0 GPa, 95.1 MPa and 158 

0.95%, respectively. The 300 mm tubes had fibers oriented in directions which were 159 

the same as those of the 200 mm tubes, so their compressive stress-strain curves in the 160 

longitudinal direction are assumed to be the same as those of the 200 mm tubes.  161 

 162 

2.2.3 Steel Tubes 163 

For each type of steel tubes, the elastic modulus 𝐸𝑠, the yield stress 𝑓𝑦 and the ultimate 164 

stress 𝑓𝑢 were obtained from three tensile coupon tests following BS 18 [27]. Table 2 165 

summarizes the test results. In addition, monotonic compression tests were conducted 166 

on two hollow steel tubes of each type, while another tube of each type was tested under 167 

cyclic compression. The heights of the hollow tubes were the same as those used in the 168 

corresponding hybrid DSTCs. It is known that the use of shorter tubes reduces the 169 

likelihood of global buckling of the hollow steel tube. The hollow steel tubes tested in 170 

the present study all failed by local buckling in the elephant-foot mode, so the effect of 171 

the tube height on their axial compressive behavior is believed to be small. The axial 172 

stress-axial strain curves of these specimens are shown in Figure 3, where the axial 173 

strains were calculated from the overall shortenings of the specimen. It is evident that 174 

the slopes of the unloading/reloading paths of the cyclic stress-strain curves are almost 175 

the same as the initial elastic modulus of the steel. 176 

 177 

2.3 Experimental Setup and Instrumentation 178 

A large testing facility with an axial compression capacity of 10,000 kN was used to 179 

conduct the axial compression tests (Figure 4). For each specimen of the first three 180 

batches, four LVDTs (LVDT-400) were installed to obtain the axial shortening (Figure 181 

5a). At the same time, four axial strain gauges with a 20 mm gauge length (i.e. SG-20) 182 

and four axial strain gauges with a 100 mm gauge length (i.e. SG-100) were attached 183 

on the outer surface of each FRP tube at the mid-height section. The hoop strains were 184 

measured by a large number of strain gauges (of a 20 mm gauge length) at three 185 

different sections of each FRP tube: mid-height, 100 mm below and 100 mm above 186 

than the mid-height; at each section, four strain gauges were evenly distributed around 187 

the circumference. In addition, two 10 mm strain rosettes were attached on the internal 188 

surface of the steel tube to monitor the strain state at its mid-height. 189 

 190 

For each specimen of batches 4-6 (Figure 5b), four LVDTs (i.e. LVDT-320) were 191 

installed to measure the axial deformation of the 320 mm mid-height region, while 192 

another four (i.e. LVDT-600) were installed to obtain the total axial shortening. Eight 193 

axial strain gauges, which were the same as those for the specimens of batches 1-3, 194 

were installed at the mid-height of the FRP tube. Hoop strains at five different heights 195 

of the FRP tube were measured: mid-height, 80 mm and 160 mm below the mid-height, 196 

80 mm and 160 mm above the mid-height. Eight hoop strain gauges were installed at 197 

the mid-height section, while four hoop strain gauges were installed at each of the other 198 



5 

 

heights. Again, the strain state of the inner steel tube was monitored by two 10 mm 199 

strain rosettes at its mid-height. 200 

 201 

2.4 Loading Schemes 202 

All compression tests were conducted with displacement control (0.24 mm/min for the 203 

specimens of batches 1-3, and 0.36 mm/min for those of batches 4-6). The axial load 204 

was applied on all components of the specimen (i.e. FRP tube, concrete and steel tube) 205 

simultaneously. The cyclic loading schemes were executed using the displacement 206 

readings averaged from the LVDTs (i.e. LVDT-400 for specimens of batches 1-3; LVDT-207 

600 for specimens of batches 4-6) and the load readings from the column testing facility 208 

as the controlling parameters.  209 

 210 

In order to investigate the effect of loading history, two cyclic loading schemes were 211 

adopted: (1) type C1: a single unloading/reloading cycle at a prescribed unloading 212 

displacement value; (2) type C2: several repeated unloading/reloading cycles at a 213 

prescribed unloading displacement value. Both types of loading schemes employed the 214 

so-called full unloading/reloading cycles, where the unloading was terminated at zero 215 

force and the reloading was terminated when the unloading displacement of the same 216 

cycle was reached [28]. For the specimens of batches 1-3, they were each subjected to 217 

a combination of type C1 and C2 loading: type C1 loading for the first few prescribed 218 

unloading displacement values, followed by type C2 loading involving 10 repeated 219 

cycles at the final prescribed unloading displacement value. For specimen D84-4FW-220 

CB, only three of the 10 intended repeated cycles were finished before the failure of the 221 

specimen. For the groups in batches 4-6 with two nominally identical, cyclically loaded 222 

specimens for each sectional configuration (i.e. D40-6FW, D66-6FW, D85-6FW), one 223 

was tested under type C1 loading while the other was tested under type C2 loading. For 224 

specimen D85-10FW-C, type C1 loading was adopted. Table 5 summarizes the details 225 

of the loading schemes. 226 

 227 

3 TEST OBSERVATIONS 228 

3.1 General 229 

The failure process of cyclically loaded hybrid DSTCs is similar to that of the 230 

monotonically loaded hybrid DSTCs as presented in Zhang et al. [23]. The failure of 231 

the FRP tube started with the progressive snapping of fibers, and ended with the 232 

explosive rupture of the tube with a big noise. Axial load fluctuations and/or a sudden 233 

load drop were observed for cyclically loaded hybrid DSTCs with HSC (Figure 8), 234 

which is similar to the observation made by Zhang et al. [23] about the monotonically 235 

loaded specimens. 236 

 237 

After the tests, the specimens were carefully examined. Damages to the FRP tube, the 238 

concrete and the inner steel tube are shown for typical specimens in Figure 6. As 239 

expected, damage localization was found in all specimens. The rupture of FRP tube 240 

occurred at or close to locations where the concrete experienced severe damage while 241 

the steel tube experienced inward deformation/buckling. 242 

 243 

3.2 Axial Strains 244 

Both axial strain gauges and LVDTs were used to measure the axial deformation of the 245 

specimens, which provided several ways to obtain the axial strains of the specimen. The 246 

average strain of the whole specimen, which was calculated using readings from four 247 

LVDTs (i.e. LVDTs-400 for specimens of batches 1-3; LVDTs-600 for specimens of 248 
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batches 4-6), is referred to as the nominal axial strain. Similar to the discussions in 249 

Zhang et al. [23], the nominal axial strain generally agrees well with strain gauge 250 

readings before the strain value reaches around 0.005; after that the former becomes 251 

significantly larger than the latter. For specimens in batches 4-6, four LVDTs (i.e. 252 

LVDTs-320) were also installed to measure the deformation of the 320 mm mid-height 253 

region. The nominal axial strain was found to be close to the strain calculated from the 254 

LVDT-320 readings, except for the specimens which experienced local damage outside 255 

the 320 mm mid-height region. It is evident that after significant local damage of 256 

concrete, the readings of LVDT-320 or axial strain gauges may not closely reflect the 257 

strain state of the confined concrete. The nominal axial strain is thus used to represent 258 

the axial strain of concrete, unless otherwise specified. Readers may refer to Zhang et 259 

al. [23] for detailed discussions of the axial strains. 260 

 261 

3.3 Hoop Strains 262 

Many strain gauges were attached on the FW FRP tube to measure the hoop strains at 263 

different locations. The distributions of hoop strains are shown in Figure 7 for the 264 

ultimate state of all the specimens. 265 

 266 

It is evident in Figure 7 that the hoop rupture strain of cyclically loaded specimens is 267 

generally smaller than that of the corresponding monotonically loaded specimens, 268 

which is believed to be due to the accumulation of localized damage in the FRP tube 269 

caused by cyclic straining. In addition, the following observations, which are similar to 270 

those reported by Zhang et al. [23] for monotonically loaded specimens, can be made: 271 

(1) the maximum and minimum hoop strains generally occurred not at the mid-height; 272 

(2) while the hoop strain readings are quite scattered, the average of all the readings 273 

(εℎ,𝑟𝑢𝑝1) is close to the average reading at the mid-height section (εℎ,𝑟𝑢𝑝2); (3) the 274 

average hoop rupture strain is relatively small for the specimens with HSC and/or a 275 

weak FRP tube. 276 

 277 

4 BEHAVIOR OF CONFINED CONCRETE 278 

4.1 Axial Load-Axial Strain Curves of Hybrid DSTCs 279 

Axial load-axial strain curves of cyclically loaded hybrid DSTCs are compared with 280 

those of their monotonically loaded counterparts in Figure 8. It is evident that the 281 

envelope curves of all the cyclically loaded specimens coincide well with the 282 

corresponding monotonic curves. This observation is consistent with that reported for 283 

hybrid DSTCs with a WL FRP tube [14, 16, 17]. 284 

 285 

4.2 Axial Stress-Axial Strain Behavior of Concrete 286 

In hybrid DSTCs, the axial load is taken by the confined concrete, the steel tube as well 287 

as the FRP tube. Similar to Zhang et al. [23], in the present study, the load taken by the 288 

concrete section is assumed to be equal to the overall load carried by the specimen 289 

subtracted by those taken by the FRP tube and the steel tube at the same axial strain, 290 

while the axial stress of the concrete is calculated by dividing the load it takes by its 291 

cross-sectional area.  292 

 293 

Similar to Zhang et al. [23], the load taken by the FRP tube under monotonic loading 294 

is found from compression tests on hollow FRP tubes, assuming that the load taken by 295 

FRP is equal to its ultimate load when the axial strain exceeds the ultimate strain from 296 

the hollow FRP tube tests. For the load taken by the FRP tube subjected to 297 

unloading/reloading cycles, it is assumed that the load taken by the FRP tube decreases 298 
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(or increases) proportionally to the total axial load taken by the specimen. This 299 

assumption is believed to cause only marginal errors considering the small axial 300 

stiffness and small cross-sectional area of the FRP tube. 301 

 302 

To find the load taken by the inner steel tube during cyclic loading is more involved. 303 

Yu et al. [14] found that the plastic strain of the steel tube is generally larger than that 304 

of the concrete, and the axial strain at zero force of the specimen is generally between 305 

the two. This means that tensile stresses may be developed in the steel tube during the 306 

unloading process of hybrid DSTCs, with balancing compressive stresses in the 307 

concrete. The bond/friction between the steel tube and the concrete ensures force 308 

equilibrium to be reached. In the present study, both monotonic and cyclic axial 309 

compression tests on hollow steel tubes were conducted, but the behavior of steel tubes 310 

under reversed cyclic axial loading was not tested due to the limitation of testing 311 

machine. 312 

 313 

Many models have been proposed for the reversed cyclic stress-strain relationship of 314 

steel, and they mainly fall into two types: (a) Ramberg-Osgood type model [29]; and 315 

(b) Guiffre-Menegotto-Pinto type model [30]. In the present study, the Ramberg-316 

Osgood type model proposed by Yokoo and Nakamura [31], which was found to be 317 

accurate yet simple [32], was adopted to find the load taken by the inner steel tube from 318 

the experimental axial strain readings. Yokoo and Nakamura’s [31] model can be 319 

expressed by the following equation: 320 

 321 

𝜀𝑠 − 𝜀𝑖 =
𝑓𝑠 − 𝑓𝑖

𝐸𝑠
[1 + 𝐴−𝑅 |

𝑓𝑠 − 𝑓𝑖

𝑓𝑦
|

𝑅−1

] (1) 

where: 𝑓𝑠 and 𝜀𝑠 are the stress and strain of cyclically loaded steel, respectively; 𝑓𝑖 322 

and 𝜀𝑖 are the stress and strain of cyclically loaded steel at the load reversal point, 323 

respectively; 𝐸𝑠 is the Young’s modulus of steel; 𝑓𝑦 is the yield stress of steel; 𝐴 =324 

1.9𝑘𝑝
−0.2  and 𝑅 = 10𝑘𝑝

−0.2 ; 𝑘𝑝  is the plastic strain ratio, which is defined as 325 

𝜀𝑝/𝜀𝑛  = (𝜀𝑖 − 𝜀𝑛)/𝜀𝑛. Here, 𝜀𝑛 is the initial yield strain, and 𝜀𝑝 is the plastic strain. 326 

Readers may refer to Yokoo and Nakamura [31] and Mansour et al. [32] for more details 327 

of this model.  328 

 329 

Figure 9 shows the cyclic stress-strain curves of confined concrete in two of the tested 330 

hybrid DSTCs (i.e. specimens D40-6FW-C2 and D85-10FW-C) obtained by using Eq. 331 

1 and the average axial strains obtained from the two axial strain gauges on the inner 332 

steel tube. Figure 9 shows that for the first two prescribed unloading strains which were 333 

smaller than 0.005, the concrete stress reached zero when the specimens were unloaded 334 

to zero load. However, for the larger unloading strains, compressive stresses in the 335 

concrete, and thus tensile stresses in the steel existed when the overall load taken by the 336 

specimen became zero. It is also interesting to note that the concrete stresses at the zero 337 

overall load point are almost identical for different unloading strains (all being larger 338 

than 0.005), which is probably due to the limit of bond strength between the steel tube 339 

and the concrete. 340 

 341 

As explained above, readings from the axial strain gauges on the steel tube need to be 342 

used to deduce the axial stress-strain curves of concrete. However, in all the specimens 343 

except specimens D40-6FW-C2 and D85-10FW-C, the strain gauges stopped 344 

functioning before the end of the test due to the localized damage of concrete and steel. 345 

Typically these strain readings were only available for the first 4-6 prescribed 346 
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unloading/reloading cycles. For these specimens, the following methodology was 347 

adopted to obtain the load taken by the steel tube:  348 

(a) For unloading/reloading cycles where the axial strain readings of the steel tube were 349 

available, Eq. 1 was used together with these strain readings; 350 

(b) For other cycles, based on the observation from Figure 9, it was assumed that the 351 

tensile stresses of steel at the zero overall load point were all equal to a constant 352 

value; this constant value was found following step (a) using the average stress of 353 

steel at zero overall load from the few cycles at unloading strains larger than 0.005 354 

of the same specimen;  355 

(c) it was further assumed that the load taken by the steel tube changed proportionally 356 

to the overall axial load taken by the specimen, with the steel reaching a tensile load 357 

corresponding to the tensile stress found from step (b) when the overall load became 358 

zero.  359 

 360 

Figure 9 shows a comparison between the stress-strain curves of concrete obtained 361 

using the assumptions listed above and those found using Eq. 1 for the two hybrid 362 

DSTC specimens (i.e., specimens D40-6FW-C2 and D85-10FW-C) whose strain 363 

gauges on the steel tube remained functioning until the end of test. A very good 364 

agreement is seen for both specimens in Figure 9, which demonstrates the validity of 365 

the proposed assumptions.  366 

 367 

The axial stress-strain curves of the confined concrete in hybrid DSTCs obtained with 368 

the above assumptions are shown in Figure 10 for both cyclically loaded and 369 

monotonically loaded specimens. As demonstrated in Figure 10, the concrete in hybrid 370 

DSTCs possesses the following key characteristics: (1) the envelope curve generally 371 

coincides with the monotonic stress-strain curve; (2) the loading history has a 372 

cumulative effect on both the stress deterioration and plastic strain; (3) the unloading 373 

path is significantly nonlinear while the reloading path is almost linear. These 374 

characteristics are similar to those of FRP-confined concrete in a solid column (Yu et 375 

al. 2015). 376 

 377 

4.3 Key Results 378 

Table 6 summarizes the key test results of all hybrid DSTCs. In Table 6, 𝐹𝑎𝑙𝑙 is the 379 

peak axial load taken by the whole specimen; 𝐹𝑐 is the peak axial load resisted by the 380 

concrete; 𝑓𝑐𝑐
′

 is the peak axial stress of the concrete; 𝜀𝑐𝑢 is the ultimate axial strain 381 

of the concrete when the FRP tube ruptures; 𝑓𝑐𝑜
′

 and 𝜀𝑐𝑜 are the peak axial stress and 382 

the strain at the peak axial stress of unconfined concrete, respectively. 383 

 384 

5 CYCLIC AXIAL STRESS-STRAIN MODEL 385 

5.1 General 386 

The authors [22] proposed a unified cyclic stress-strain model for NSC and HSC 387 

confined by FRP, which was developed based on a test database of FRP-confined solid 388 

concrete columns [15, 33-37]. Yu et al.’s [22] model is a revised version of the model 389 

proposed by Lam and Teng [28], and provides a set of equations to depict the cyclic 390 

stress-strain curves (Figure 11). Some of the equations of Yu et al.’s [22] model are 391 

provided below wherever necessary, while readers may refer to Yu et al [22] for details 392 

of the model.  393 

 394 
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Considering the similarity between the concrete in hybrid DSTCs and that in FRP-395 

confined solid columns, as discussed in section 4.2, it is not unreasonable to expect that 396 

the same model may work for both cases. In the following subsections, the applicability 397 

of Yu et al.’s [22] model to hybrid DSTCs with NSC/ HSC is critically assessed in terms 398 

of the unloading path, stress deterioration and plastic strain of the envelope curve, 399 

effects of loading history (i.e., on the plastic strain recovery ratio and stress 400 

deterioration ratio of internal cycles), and the overall performance of 401 

unloading/reloading cycles. 402 

 403 

5.2 Unloading Path 404 

In Yu et al.’s [22] model, the unloading path is predicted by Eqs. 2-6, in which the effect 405 

of unconfined concrete strength 𝑓𝑐𝑜
′  is considered: 406 

 407 

𝜎𝑐 =  𝑎𝜀𝑐
𝜂

+ 𝑏𝜀𝑐 + 𝑐 (2) 

𝑎 =
𝜎𝑢𝑛 − 𝐸𝑢𝑛,0(𝜀𝑢𝑛 − 𝜀𝑝𝑙)

𝜀𝑢𝑛
𝜂

− 𝜀𝑝𝑙
𝜂

− 𝜂𝜀𝑝𝑙
𝜂−1

(𝜀𝑢𝑛 − 𝜀𝑝𝑙)
 (3) 

𝑏 = 𝐸𝑢𝑛,0 − 𝜂𝜀𝑝𝑙
𝜂−1

𝑎 (4) 
𝑐 = −𝑎𝜀𝑝𝑙

𝜂
− 𝑏𝜀𝑝𝑙 (5) 

𝜂 = 40(350𝜀𝑢𝑛 + 3)/𝑓𝑐𝑜
′  (6) 

where: 𝜎𝑐 
and 𝜀𝑐 

are the axial stress and axial strain of concrete respectively; 𝐸𝑢𝑛,0 408 

is the slope of the unloading path at zero stress; 𝜂 is a coefficient which is dependent 409 

on the unconfined concrete strength 𝑓𝑐𝑜
′  and the unloading strain 𝜀𝑢𝑛; 𝑎, 𝑏, and 𝑐

 
410 

are the three coefficients for Eq. 2 which are determined by the unloading strain 𝜀𝑢𝑛, 411 

the plastic strain 𝜀𝑝𝑙 , the slope of the unloading path at zero stress 𝐸𝑢𝑛,0  and the 412 

coefficient 𝜂. 413 

 414 

Eqs. 2-6 are used here to predict the unloading curves of concrete in hybrid DSTCs as 415 

shown in Figure 12. In doing so, the experimental unloading strain 𝜀𝑢𝑛, experimental 416 

unloading stress σ𝑢𝑛  and experimental plastic strain 𝜀𝑝𝑙  were used. Therefore, the 417 

comparison shown in Figure 12 reflects only the performance of the equations for the 418 

unloading path (i.e. Eqs. 2-6). As the compressive stresses of the confined concrete at 419 

the termination point of unloading path were not zero (Figure 12), the plastic strain 420 

values 𝜀𝑝𝑙 were evaluated by extending the unloading path of the experimental stress-421 

strain curve smoothly to the zero stress point, as suggested by Lam et al. [35]. Figure 422 

12 shows that Yu et al.’s [22] equations for the unloading path (i.e. Eqs. 2-6) provide 423 

accurate predictions for the concrete in hybrid DSTCs. 424 

 425 

5.3 Plastic Strain of an Envelope Cycle 426 

In Lam and Teng [28], the equation for predicting the plastic strain of an envelope 427 

unloading curve ε𝑝𝑙,1  of FRP-confined concrete has two controlling parameters, 428 

which are the unconfined concrete strength 𝑓𝑐𝑜
′  and the envelope unloading strain 429 

𝜀𝑢𝑛,𝑒𝑛𝑣. The new test data [15, 21] indicated that the unconfined concrete strength 𝑓𝑐𝑜
′  430 

has no significant effect on the envelope plastic strain ε𝑝𝑙,1. In Yu et al.’s [22] model, 431 

the following equation was proposed for predicting the plastic strain of envelope, in 432 

which the unconfined concrete strength 𝑓𝑐𝑜
′  was excluded as a parameter: 433 

 434 

ε𝑝𝑙,1 = {

0 0 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.001

0.184𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.0002 0.001 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.0035

0.703𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.002 0.0035 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢

 (7) 

 435 
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For the concrete in hybrid DSTCs under cyclic compression, the envelope plastic strains 436 

ε𝑝𝑙,1  are shown against the envelope unloading strains 𝜀𝑢𝑛,𝑒𝑛𝑣  in Figure 13. It is 437 

evident from Figure 13 that there is a linear relationship between ε𝑝𝑙,1 and 𝜀𝑢𝑛,𝑒𝑛𝑣 438 

when the latter is larger than 0.0035; this observation is consistent with Eq. 7. To further 439 

examine this issue, regression analysis was conducted for the data points of each hybrid 440 

DSTC in the present study (for 0.0035 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢 ), and the statistical 441 

characteristics of the linear trend lines are summarized in Table 7. Similar to FRP-442 

confined concrete [22], this linear relationship appears to be not considerably affected 443 

by 𝑓𝑐𝑜
′ . The coefficient a in Table 7 (i.e. the slope of the trend line) is further shown 444 

against 𝑓𝑐𝑜
′  in Figure 14, which clearly indicates that a is almost the same for most 445 

hybrid DSTCs despite the variation of unconfined concrete strength (i.e. from 40.1 MPa 446 

to 104.4 MPa). 447 

 448 

By averaging the a and b (i.e. the y-intercept of the trendline) values of all specimens 449 

in Table 7, the third sub-equation (for 0.0035 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢) of Eq. 7 can be revised. 450 

By doing so, the second sub-equation (for 0.001 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.0035) needs to be 451 

revised correspondingly to ensure the continuity of ε𝑝𝑙,1. The following equations are 452 

thus obtained for the envelope plastic strain ε𝑝𝑙,1, without using 𝑓𝑐𝑜
′  as a parameter: 453 

 454 

ε𝑝𝑙,1 = {

0 0 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.001

0.292𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.0003 0.001 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.0035

0.781𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.003 0.0035 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢

 (8) 

 455 

It is seen in Figure 15 that Eq. 8 is able to predict the test results reasonably accurately. 456 

For comparison, the predictions of Eq. 7, which were developed based on a large 457 

amount of test data of cyclically loaded FRP-confined concrete, are also shown against 458 

the experimental results of hybrid DSTCs in Figure 15. It is interesting to note that Eq. 459 

7 also provides reasonably accurate predictions of ε𝑝𝑙,1 for hybrid DSTCs, although 460 

its performance is slightly worse than Eq. 8. Considering the scatter of experimental 461 

results and the possible errors that might have been caused by the methodology for 462 

obtaining the experimental stress-strain curves, it is reasonable to suggest that Eq. 7 is 463 

also applicable to the confined concrete in hybrid DSTCs. 464 

 465 

 466 

5.4 Stress Deterioration of Envelope Cycles 467 

In Yu et al.’s [22] model, the new stress 𝜎𝑛𝑒𝑤,1 on the first reloading path at the 468 

envelope unloading strain is calculated as the product of the envelope unloading stress 469 

𝜎𝑢𝑛,𝑒𝑛𝑣 and the stress deterioration ratio 𝜙1 of envelope cycles, which is determined 470 

by the following equation: 471 

 472 

𝜙1 =
𝜎𝑛𝑒𝑤,1

𝜎𝑢𝑛,𝑒𝑛𝑣
= {

1 0 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.001

1 − 32(𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.001) 0.001 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.0035

0.92 0.0035 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢

 (9) 

 473 

Figure 16 shows a comparison between the predictions of Eq. 9 and the test results of 474 

the confined concrete in hybrid DSTCs, and demonstrates that Eq. 9 can be directly 475 

adopted for hybrid DSTCs. 476 

 477 

5.5 Effect of Loading History 478 

It is evident that the loading history (i.e. repeated unloading/reloading cycles) has a 479 
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cumulative effect on both stress deterioration and the plastic strain of the concrete in 480 

hybrid DSTCs (Figure 10). Equations for the cumulative effects of loading history are 481 

given in Lam and Teng [28], which were based on limited test results with the maximum 482 

number of full unloading/reloading cycles being three. Yu et al. [22] modified these 483 

equations on the basis of a larger test database with the maximum number of full 484 

unloading/reloading cycles being 12.  485 

 486 

In Yu et al.’s [22] model, two factors are adopted to define the effects of loading history: 487 

the strain recovery ratio ω𝑛 which defines the accumulation of plastic strain with the 488 

number of repeated cycles, and the stress deterioration ratio 𝜙𝑛  which defines the 489 

cumulative effect of repeated cycles on stress deterioration. For full 490 

unloading/reloading cycles, ω𝑛  (𝑛 ≥ 2) and 𝜙𝑛  are defined by the following two 491 

equations, respectively: 492 

 493 

ω𝑛 =
𝜀𝑢𝑛,𝑛 − 𝜀𝑝𝑙,𝑛

𝜀𝑢𝑛,𝑛 − 𝜀𝑝𝑙,𝑛−1
= {

1 0 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.001

1 − 32(𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.001)/(𝑛 − 1) 0.001 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.0035

−0.08/(𝑛 − 1) + 1 0.0035 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢

 (10) 

𝜙𝑛 =
𝜎𝑛𝑒𝑤,𝑛

𝜎𝑟𝑒𝑓,𝑛
= {

1 0 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.001

1 − 80(𝜀𝑢𝑛,𝑒𝑛𝑣 − 0.001)/𝑛 0.001 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 0.002

−0.08/𝑛 + 1 0.002 < 𝜀𝑢𝑛,𝑒𝑛𝑣 ≤ 𝜀𝑐𝑢

 (11) 

where: 𝑛 is the counting number of the current full unloading/reloading cycle; ω𝑛 is 494 

the strain recovery ratio for the 𝑛𝑡ℎ full unloading/reloading cycle; 𝜙𝑛 is the stress 495 

deterioration ratio for the 𝑛𝑡ℎ full unloading/reloading cycle; 𝜀𝑢𝑛,𝑛, 𝜀𝑟𝑒𝑓,𝑛and 𝜀𝑝𝑙,𝑛 
496 

are the unloading strain, the reference strain and the plastic strain for the 𝑛𝑡ℎ  full 497 

unloading/reloading cycle, respectively; 𝜎𝑢𝑛,𝑛, 𝜎𝑛𝑒𝑤,𝑛 and 𝜎𝑟𝑒𝑓,𝑛 
are the unloading 498 

stress, the new stress and the reference stress for the 𝑛𝑡ℎ full unloading/reloading cycle, 499 

respectively; 𝜎𝑢𝑛,𝑛 = 𝜎𝑛𝑒𝑤,𝑛−1  and 𝜀𝑢𝑛,𝑛 = 𝜀𝑟𝑒𝑓,𝑛−1  for full unloading/reloading 500 

cycles in the present study. 501 

 502 

It should be noted that in the experiments presented in this paper, although unloading 503 

was terminated at zero force, the stress of concrete was not exactly zero at the 504 

termination point (Figure 10). Therefore, these unloading paths are not perfectly “full 505 

unloading paths” according to the definition of Yu et al [22]. Nevertheless, as the 506 

concrete stress was typically small at the termination point of unloading, Eqs. 10 and 507 

11 were used to predict the test results in the present study. This simplification is 508 

believed to have led to only a marginal difference in the predictions.  509 

 510 

Figures 17 and 18 shows that Yu et al.’s [22] equations for predicting the plastic strain 511 

recovery ratio (i.e. Eq. 10) and the stress deterioration ratio (i.e. Eq. 11) of internal 512 

cycles can also yield accurate predictions for the mean experimental values for the 513 

concrete in hybrid DSTCs, and thus can be directly used for hybrid DSTCs.  514 

 515 

5.6 Overall Performance for Unloading/Reloading Cycles 516 

The overall performance of the Yu et al.’s [22] model is evaluated in Figures 19 and 20 517 

in terms of the envelope unloading/reloading curves and the repeated 518 

unloading/reloading curves, respectively.  519 

 520 

In making the predictions given in Figure 19, the experimental strain 𝜀𝑢𝑛,𝑒𝑛𝑣 and stress 521 

𝜎𝑢𝑛,𝑒𝑛𝑣 on the envelope curve were used as the starting point of the prediction. It is 522 

evident from Figure 19 that Yu et al.’s [22] model can provide reasonably accurate 523 
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predictions for the envelope unloading/reloading curves of the confined concrete in 524 

hybrid DSTCs. 525 

 526 

In making the predictions given in Figure 20, the experimental strain 𝜀𝑢𝑛,𝑒𝑛𝑣 and stress 527 

𝜎𝑢𝑛,𝑒𝑛𝑣 on the envelope curve as well as the experimental plastic strain of envelope 528 

curve ε𝑝𝑙,1  were used. Each experimental cycle is shown against the prediction 529 

separately. Typical comparisons (for the 1st, 4th, 7th and 10th cycles) are shown in Figure 530 

20 for specimens in batches 1-3, while the comparisons for other cycles are generally 531 

similar. Again, Yu et al.’s [22] model is seen to capture the plastic strain and the stress 532 

deterioration of the confined concrete with reasonable accuracy, and can yield 533 

reasonably accurate predictions for repeated unloading/reloading curves of the concrete 534 

in hybrid DSTCs. 535 

 536 

5.7 Remarks 537 

It is evident from the above discussions that Yu et al.’s [22] model can provide 538 

reasonably accurate predictions for the unloading/reloading paths and the effects of 539 

loading history for the concrete in hybrid DSTCs. However, in the above discussions, 540 

the test results of stresses/strains on the envelop curves are adopted. It should be noted 541 

that Yu et al.’s [22] model was proposed for the concrete in FRP-confined solid columns, 542 

so the equations in their model for the envelope curve cannot be directly applied to the 543 

concrete in hybrid DSTCs whose behavior depends also on the void ratio of the DSTCs 544 

[5]. To provide a complete prediction of the cyclic stress-strain behaviour of the 545 

concrete in hybrid DSTCs, Yu et al.’s [22] model should be used together with a 546 

monotonic stress-strain model specially developed for the concrete in hybrid DSTCs 547 

[5] .  548 

 549 

It should also be noted that Yu et al.’s [22] model includes equations for the cases of 550 

partial unloading/reloading cycles, where unloading is terminated at a stress 551 

considerably larger than zero and/or the reloading is terminated before reaching the 552 

reference strain. These equations are not validated due to the lack of test results, but are 553 

herein recommended to be used before further research on these issues becomes 554 

available. 555 

 556 

6 CONCLUSIONS  557 

This paper has presented the results of cyclic axial compression tests on hybrid DSTCs 558 

under two loading schemes: (a) a single unloading/reloading cycle; (b) repeated 559 

unloading/reloading cycles (up to 10 repeated cycles). The following conclusions can 560 

be drawn based on the results and discussions presented in the paper: 561 

 562 

(1) The envelope stress-strain curve of concrete in a cyclically loaded hybrid DSTC is 563 

nearly the same as the stress-strain curve of concrete in the corresponding 564 

monotonically loaded specimen; 565 

(2) The hoop rupture strain (either εℎ,𝑟𝑢𝑝1 or εℎ,𝑟𝑢𝑝2) of a cyclically loaded specimen 566 

is generally smaller than that of the corresponding monotonically loaded specimen, 567 

which is believed to be due to damage accumulation in the FRP tube caused by 568 

cyclic straining; 569 

(3) The characteristics of unloading/reloading behavior of confined concrete in 570 

cyclically loaded hybrid DSTCs are generally similar to those of confined concrete 571 

in FRP-confined solid concrete columns; 572 

(4) The loading history (i.e. repeated unloading/reloading cycles) has a cumulative 573 
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effect on both stress deterioration and the plastic strain of concrete in hybrid DSTCs; 574 

(5) The part of Yu et al.’s [22] model for unloading/reloading cycles can be used 575 

together with a monotonic stress-strain model for the concrete in hybrid DSTCs to 576 

provide accurate predictions of the cyclic stress-strain response of such concrete.  577 

 578 
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Figure 1: Hybrid DSTC 

 

 

 

 

      

(a) Specimen with type A steel tube      (b) Specimen with type B steel tube 

 

 

(c) Specimen with type C steel tube 

Figure 2: Cross-sections of hybrid DSTC specimens (dimensions in mm) 
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(a) Type A steel tube 

 
(b) Type B steel tube 

 
(c) Type C steel tube 

 

Figure 3: Axial stress-axial strain curves of steel tubes 

  



 

 

 

Figure 4: Experimental setup 

 

 

 

 

(a) Specimens of batches 1-3 

 

(b) Specimens of batches 4-6 

Figure 5: Layout of strain gauges and LVDTs 
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(a) D54-2FW-C 

 

(b) D104-4FW-C 

 

(c) D40-6FW-C1 

 

(d) D85-6FW-C2 

Figure 6: Typical specimens after test 
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(a) Specimens of batches 1-3 

 

(b) Specimens of batches 4-6 

Figure 7: Hoop strain distributions  



 

 

 

 

 

 

(a) Specimens of batches 1-3 

Figure 8: Axial load-axial strain curves of typical hybrid DSTCs 

(to be continued) 
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(b) Specimens of batches 4-6 

Figure 8: Axial load-axial strain curves of typical hybrid DSTCs  
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(a) D40-6FW-C2 

 

(b) D85-10FW-C 

Figure 9: Cyclic axial stress-strain curves of concrete obtained using two different methods  



 

 

 

 

 

 

(a) Specimens of batches 1-3 

Figure 10: Cyclic axial stress-strain curves of concrete 

(to be continued) 

 



 

 

 

 

 

 

(b) Specimens of batches 4-6 

Figure 10: Cyclic axial stress-strain curves of concrete  



 

 

 

(a) Envelope cycle 

 

(b) Internal cycles 

Figure 11: Key parameters of cyclic stress-strain curves of FRP-confined concrete 

 

  

 

 

 Envelope curve model

 Envelope cycle

Axial Strain 

A
x

ia
l 

S
tr

es
s 

and : ultimate strain and ultimate stress of confined concrete

: initial Young’s Modulus of confined concrete

: slope of the second branch

: transition strain between the parabola portion and the linear portion

: plastic strain of the envelope curve

and : reference strain and new stress on the reloading curve

and : return strain and return stress on the reloading curve

and : envelope unloading strain and envelope unloading stress

and : reloading strain and reloading stress on the reloading curve

: slope of the unloading curve when the unloading stress is zero

               

               

                      

      

      

   
 

   

      

      

               

                 

               

                 

                     

  

   
 

 

 

 Envelope curve model

 Envelope cycle

 Internal cycle

Axial Strain   

A
x
ia

l 
S

tr
es

s 
 
 

      and      : envelope unloading strain and envelope unloading stress

      and      : second unloading strain and second unloading stress

      and      : first reloading strain and first reloading stress

      and      : second reloading strain and second reloading stress

      and       : first reference strain and first new stress

      and       : second reference strain and second new stress

         and         : return strain and return stress on the reloading curve

     : plastic strain of the first unloading curve

     : plastic strain of the second unloading curve



 

 

 

(a) D54-2FW-C                         (b) D54-4FW-C 

 

(c) D104-4FW-C                         (d) D104-9FW-C 

 

(e) D40-6FW-C2                         (f) D66-6FW-C2 

 

(g) D85-6FW-C2                         (h) D85-10FW-C 

Figure 12: Prediction of unloading curves  
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(a) Specimens of batches 1-3 

 

(b) Specimens of batches 4-6 

Figure 13: Relationship between plastic strains and envelope unloading strains 

 

 

 

Figure 14: Effect of concrete strength on the plastic strain 
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Figure 15: Performance of equations for the plastic strain of envelope cycles 

 

 

 

Figure 16: Performance of equations for the stress deterioration ratio of envelope cycles 
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Figure 17: Performance of equations for the strain recovery ratio of internal cycles 

 

 

 

Figure 18: Performance of equations for the stress deterioration ratio of internal cycles  
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(a) D54-2FW-C                         (b) D54-4FW-C 

 

(c) D104-4FW-C                         (d) D104-9FW-C 

 

(e) D40-6FW-C2                         (f) D66-6FW-C2 

 

(g) D85-6FW-C2                         (h) D85-10FW-C 

Figure 19: Performance of equations for envelope unloading/reloading curves  
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(a) D54-2FW-C                         (b) D54-4FW-C 

 

(c) D84-4FW-C                         (d) D84-9FW-C 

 

(e) D104-4FW-C                         (f) D104-9FW-C 

Figure 20: Performance of equations for repeated unloading/reloading curves 
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Table 1: Details of DSTC specimens 
 

Specimen 

Specimen dimensions Steel tube FRP tube 
Concrete 

batch 
Diameter 

(mm) 

Height 

(mm) 
𝜑 Type 𝐷௦

𝑡௦ൗ  Type 
𝑡௙௥௣ 

(mm) 

D54-2FW-M 200 400 0.795 A 31.8 2FW 2.2 

1  

(54.1MPa) 

D54-2FW-C 200 400 0.795 A 31.8 2FW 2.2 

D54-4FW-M 200 400 0.795 A 31.8 4FW 4.7 

D54-4FW-C 200 400 0.795 A 31.8 4FW 4.7 

D84-4FW-M1 200 400 0.795 A 31.8 4FW 4.7 

2  

(84.6MPa) 

D84-4FW-M2 200 400 0.795 A 31.8 4FW 4.7 

D84-4FW-C 200 400 0.795 A 31.8 4FW 4.7 

D84-4FW-MB 200 400 0.600 B 26.7 4FW 4.7 

D84-4FW-CB 200 400 0.600 B 26.7 4FW 4.7 

D84-9FW-M 200 400 0.795 A 31.8 9FW 9.5 

D84-9FW-C 200 400 0.795 A 31.8 9FW 9.5 

D104-4FW-M 200 400 0.795 A 31.8 4FW 4.7 

3  

(104.4MPa) 

D104-4FW-C 200 400 0.795 A 31.8 4FW 4.7 

D104-9FW-M 200 400 0.795 A 31.8 9FW 9.5 

D104-9FW-C 200 400 0.795 A 31.8 9FW 9.5 

D40-6FW-M 300 600 0.730 C 36.5 6FW 6.0 
4  

(40.9MPa) 
D40-6FW-C1 300 600 0.730 C 36.5 6FW 6.0 

D40-6FW-C2 300 600 0.730 C 36.5 6FW 6.0 

D66-6FW-M 300 600 0.730 C 36.5 6FW 6.0 
5  

(66.1MPa) 
D66-6FW-C1 300 600 0.730 C 36.5 6FW 6.0 

D66-6FW-C2 300 600 0.730 C 36.5 6FW 6.0 

D85-6FW-M 300 600 0.730 C 36.5 6FW 6.0 

6  

(85.8MPa) 

D85-6FW-C1 300 600 0.730 C 36.5 6FW 6.0 

D85-6FW-C2 300 600 0.730 C 36.5 6FW 6.0 

D85-10FW-M 300 600 0.730 C 36.5 10FW 10.0 

D85-10FW-C 300 600 0.730 C 36.5 10FW 10.0 

 

 

Table 2: Dimensions and properties of steel tubes 
 

Type 
𝐷௦ 

 (mm) 
𝑡௦  

(mm) 
Elastic modulus 

𝐸௦ (GPa) 
Yield stress 𝑓௬ 

(MPa) 
Ultimate stress 𝑓௨ 

(MPa) 

A 159 5.0 205.8 320.4 512.3 
B 120 4.5 199.6 419.5 565.7 
C 219 6.0 198.7 319.4 441.5 

 
  



 
 

Table 3: Mix proportions of concrete 
 

Specimen 
batch 

Water-
cement 

ratio 

Water Cement 
Fly 
ash 

Silica 
fume 

Super 
plasticizer* 

Coarse 
aggregate 

Sand 

(kg/m3)
1 0.35 175 300 200 --- 9 829 796
2 0.29 174 377 203 29 11 793 762
3 0.23 155 442 170 68 16 819 712
4 0.42 186 239 203 --- 3 822 715
5 0.35 175 300 200 --- 10 845 812
6 0.30 174 377 203 29 11 793 762

*The brand of the super plasticizer is "Grace HK", and the product model is "ADVA109". 
 
 

Table 4: Properties of concrete 
 

Batch No. 𝑓௖௢ (MPa) 𝐸௖ (GPa) εco (%) 

1 54.1 27.8 0.26 
2 84.6 33.1 0.27 
3 104.4 36.4 0.31 
4 40.9 23.5 0.22 
5 66.1 30.0 0.25 
6 85.8 33.9 0.27 

 
 

Table 5: Cyclic loading schemes 
 

Specimen 

Unloading displacement (mm)  

Step 

1 

Step 

2 

Step 

3 

Step 

4 

Step 

5 

Step 

6 

Step 

7 

Step 

8 

Step 

9 

Step 

10 

D54-2FW-C 0.92 1.90 2.90 3.93 4.94 5.94/10* --- --- --- --- 

D54-4FW-C 0.91 1.89 3.87 5.90 7.90/10* --- --- --- --- --- 

D84-4FW-CB 1.00 2.04 4.13 6.15 8.13/3* --- --- --- --- --- 

D84-4FW-C 0.89 1.92 2.91 3.98 5.00 6.03/10* --- --- --- --- 

D84-9FW-C 0.94 1.92 3.91 5.92 7.96 9.86/10* --- --- --- --- 

D104-4FW-C 0.95 1.94 2.85 3.90 4.92 5.91/10* --- --- --- --- 

D104-9FW-C 0.92 1.91 3.90 5.94 8.01 10.0/10* --- --- --- --- 

D40-6FW-C1 1.34/3* 2.36/3* 5.07/3* 10.1/3* 15.3/3* --- --- --- --- --- 

D40-6FW-C2 1.26 2.56 5.03 6.71 8.48 10.14 11.7 13.5 15.2 16.9 

D66-6FW-C1 1.08/3* 2.05/3* 3.34/3* 6.10/3* 9.13/3* --- --- --- --- --- 

D66-6FW-C2 1.06 2.07 2.87 5.12 6.12 7.12 8.12 9.13  --- 

D85-6FW-C1 1.04/3* 2.05/3* 3.91/3* 6.23/3* 9.29/3* --- --- --- --- --- 

D85-6FW-C2 1.05 2.05 3.05 4.10 5.14 6.20 7.14 8.20 9.07 10.1 

D85-10FW-C 1.05 2.04 4.41 6.23 8.20 10.0 12.0 14.2 16.1 18.2 

* The number after the back slash is the number of repeated cycles at the prescribed unloading 
displacement; for those without this number, a single unloading/reloading cycle was applied. 



 
 

Table 6: Key test results of DSTC specimens 
 

Specimen 
𝐹௔௟௟  

(kN) 

𝐹௖  

(kN) 

𝑓௖௖ᇱ  

(MPa) 

𝜀௖௨ 

(%) 

𝑓௖௖ᇱ

𝑓௖௢ᇱ
 

𝜀௖௨
𝜀௖௢

 
ε௛,௥௨௣ଵ 

(%) 

ε௛,௥௨௣ଶ 

(%) 

D54-2FW-M 1965 1053 91.1 1.85 1.69 7.19 0.79 0.92 
D54-2FW-C 1885 982 85.0 1.73 1.57 6.73 0.68 0.69 
D54-4FW-M 2530 1401 121.2 2.79 2.25 10.7 0.80 0.78 
D54-4FW-C 2509 1381 119.5 3.07 2.21 11.9 0.83 0.83 
D84-4FW-MB 4461 3410 169.7 2.47 2.01 8.98 0.94 0.91 
D84-4FW-CB 4106 3077 153.1 2.25 1.81 8.17 0.77 0.91 
D84-4FW-M1 2650 1567 135.6 2.20 1.60 8.15 0.80 0.60 
D84-4FW-M2 2763 1683 145.7 2.30 1.72 8.52 0.73 0.79 
D84-4FW-C 2597 1533 132.7 2.08 1.57 7.58 0.62 0.62 
D84-9FW-M 3413 2005 173.5 2.86 2.05 10.6 0.78 0.55 
D84-9FW-C 3260 1853 160.4 2.86 1.90 10.6 0.61 0.66 
D104-4FW-M 2616 1550 134.2 1.95 1.29 6.26 0.53 0.64 
D104-4FW-C 2682 1605 138.9 2.15 1.33 6.90 0.57 0.59 
D104-9FW-M 3512 2082 180.2 3.17 1.73 10.2 0.74 0.69 
D104-9FW-C 3400 1982 171.5 3.17 1.64 10.2 0.59 0.54 
D40-6FW-M 6002  4079 123.6 3.74 3.02 16.9 1.23 1.20 
D40-6FW-C1 5059 2998 90.8 2.94 2.22 13.3 0.92 0.88 

D40-6FW-C2 5290 3213 97.4 2.93 2.38 13.2 0.93 0.85 
D66-6FW-M 5284  3299 100.0 2.14 1.51 8.50 0.93 0.95 
D66-6FW-C1 5304 3326 100.8 1.90 1.52 7.56 0.69 0.65 

D66-6FW-C2 5045 3131 94.9 1.75 1.44 6.94 0.70 0.72 
D85-6FW-M 5482  3771 114.3 1.79 1.33 6.68 0.83 0.91 
D85-6FW-C1 5846 4154 125.9 1.91 1.47 7.13 0.77 0.73 

D85-6FW-C2 5651 3637 110.2 2.13 1.28 7.94 0.83 0.78 
D85-10FW-M 7089  4610 139.7 3.33 1.62 12.4 0.85 0.80 
D85-10FW-C 6695 4360 132.1 3.71 1.53 13.8 0.85 0.80 

 

   



 
 

Table 7: Regression analysis for plastic strains 
 

Specimen 
Unconfined concrete 

strength 𝑓௖௢ᇱ  (MPa) 

ε௣௟,ଵ ൌ 𝑎𝜀௨௡,௘௡௩ ൅ 𝑏 
Rଶ 

𝑎 𝑏 

D54-2FW-C 54.1 0.766 -0.0032 0.970 

D54-4FW-C 54.1 0.742 -0.0034 0.972 

D84-4FW-CB 84.6 0.831 -0.0032 0.997 

D84-4FW-C 84.6 0.762 -0.0034 0.997 

D84-9FW-C 84.6 0.750 -0.0032 0.975 

D104-4FW-C 104.4 0.763 -0.0032 0.993 

D104-9FW-C 104.4 0.797 -0.0034 0.985 

D40-6FW-C2 40.1 0.802 -0.0027 0.991 

D66-6FW-C2 66.1 0.846 -0.0032 0.985 

D85-6FW-C2 85.8 0.752 -0.0020 0.993 

D85-10FW-C 85.8 0.782 -0.0025 0.995 

 




