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Abstract: One effective method of reducing the cement content and carbon footprint so 14 

as to produce eco-concrete is to add limestone fines to replace an equal volume of 15 

cementitious paste. This method is herein applied to the concrete infill of concrete filled 16 

steel tubes (CFSTs). To study the properties of the eco-concrete so produced and the 17 

effects of using such eco-concrete on the axial performance of CFSTs, circular steel tubes 18 

infilled with such eco-concrete or conventional concrete had been tested under axial 19 

compression. The steel tubes were of grade S355 and had diameters ranging from 88.9 20 

to 168.3 mm, whereas the concrete infills had water/cement ratio of 0.35~0.55, and 21 

limestone fines content by concrete volume of 8%. The results revealed that at same 22 

water/cement ratio, the eco-concrete generally had higher compressive strength and the 23 

CFSTs infilled with the eco-concrete had better axial performance. However, at same 24 

concrete strength level, the CFSTs infilled with the eco-concrete had similar axial 25 

performance. Lastly, the test results were compared with predictions by the existing 26 

design equations in various codes and it was found that the existing design equations may 27 

also be applied to CFSTs infilled with such eco-concrete. 28 
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1. Introduction 35 

 36 

 Concrete filled steel tubes (CFSTs) are widely used structural members for their 37 

excellent structural performance benefitted from the synergistic actions of the steel tube 38 

providing confinement to the concrete core and the concrete core preventing early local 39 

buckling of the steel tube [1]. They have been used as mega-columns in high-rise 40 

buildings, chord members in long-span bridges, bridge piers, transmission towers and 41 

piled foundations [2]. More recently, they are also being considered to be used in 42 

submarine pipeline structures [3,4]. Among them, circular CFSTs are the most popular 43 

because of better confinement effect. In the past few decades, experimental, numerical 44 

and analytical investigations have been carried out to study the structural behaviour of 45 

circular CFSTs under various loading conditions, as summarized in literature [5-8]. With 46 

advancements in materials and fabrication techniques, high-performance materials have 47 

become available; for examples, high-strength steel tubes with proof stress higher than 48 

1000 MPa [9] and high-strength concrete with cylinder strength up to 190 MPa [10]. 49 

These advancements have led to the advent of high-performance CFST columns made of 50 

high-strength steel and high-strength concrete [10]. 51 

 On the other hand, efforts are being made to develop more environmentally 52 

friendly construction materials. Particularly, it has been advocated in recent years to 53 

replace conventional concrete by eco-concrete with lower cement content in order to 54 

reduce the cement consumption and carbon footprint of the concrete production so as to 55 

mitigate global warming due to manufacturing of cement [11]. To reduce the cement 56 

content in concrete structures, various attempts from the materials standpoint have been 57 

made, such as adding alkali activated binders to completely replace cement [12-16] and 58 

adding limestone fines to partially replace cement [17-21], etc. Attempts from the 59 

structural standpoint have also been made to employ more efficient structural forms, such 60 

as CFSTs, so that at same structural strength requirement, the member size and cement 61 

consumption may be reduced, as in the present study, which is on the use of eco-concrete 62 

as the concrete infill of CFSTs. 63 

 It should, however, be noted that the cement content should not be inadvertently 64 

reduced. First, there is a need to maintain the water/cementitious materials (W/CM) ratio, 65 

which governs the strength and durability. If the cement content is reduced, a 66 

supplementary cementitious material should be added to replenish the cementitious 67 

materials content so that the W/CM ratio remains unchanged. This is equivalent to adding 68 
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a supplementary cementitious material as cement replacement, i.e. adding a 69 

supplementary cementitious material to replace an equal weight of cement. Second, there 70 

is a need to maintain the paste volume for filling the voids between aggregate particles 71 

and forming paste films on aggregate surfaces to impart workability. If the paste volume 72 

is reduced because of the reduction in cementitious materials content, then a powder 73 

material should be added to replenish the paste volume so that the paste volume remains 74 

unchanged. For the powder to form part of the paste, the powder has to be finer than 75 75 

µm so that it would intermix with the cementitious materials and water to form a paste 76 

[21]. And, if the powder is not cementitious, then the water content also has to be reduced 77 

so that the W/CM ratio is not changed [22]. This is equivalent to adding a powder as 78 

cementitious paste replacement, i.e. adding a powder to replace an equal volume of 79 

cementitious paste (cementitious materials plus water) without changing the W/CM ratio 80 

[21,22]. 81 

 This research focused mainly on the use of limestone fines (LF) as the powder to 82 

replace part of the cementitious paste for reducing the cement content of the concrete 83 

infill of CFSTs. LF is a by-product of the limestone quarry industry, which, if not used, 84 

has to be dumped as solid waste [21]. Conventionally, LF has been used either as 85 

replacement of the fine aggregate [23-27] or as replacement of the cement [28-33]. 86 

However, the usage of LF as replacement of the fine aggregate would not reduce the 87 

cement content and the usage of LF as replacement of the cement would increase the 88 

W/CM ratio and thus adversely affect the strength and durability. Recently, it has been 89 

proposed to use the LF as cementitious paste replacement, which not only reduces the 90 

cement content (the percentage reduction in cement content is the same as the percentage 91 

reduction in cementitious paste volume), but also significantly increases the compressive 92 

strength, tensile strength and stiffness of the concrete [21], and improves the dimensional 93 

stability by reducing the heat generation during curing [34] and the drying shrinkage 94 

strain [35]. However, since such eco-concrete with LF added as cementitious paste 95 

replacement is still relatively new, there has been little research on the use of such eco-96 

concrete in various structural elements. 97 

 Particularly, eco-concrete with LF added as cementitious paste replacement has 98 

not been used as the concrete infill of CFSTs yet, albeit it is envisaged that the structural 99 

system of CFSTs with eco-concrete used as the concrete infill should have relatively low 100 

cement content and carbon footprint and relatively high structural efficiency. In this 101 

research, to explore the feasibility and to facilitate the structural design of this new 102 
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structural system, the axial compression behaviours of circular CFSTs infilled with such 103 

eco-concrete or conventional concrete were investigated and compared. A total of 40 104 

CFST specimens were tested. These were constructed of hot-finished steel tubes and eco-105 

concrete with various amounts of LF added as cementitious paste replacement and 106 

water/cement ratios. Lastly, the applicability of the existing design equations in the codes 107 

AISC [36], ACI [37], AIJ [38] and EC4 [39] to CFSTs infilled with such eco-concrete 108 

was assessed by comparing the measured yield loads of the specimens tested to the 109 

predicted strengths by these design equations. 110 

 111 

 112 

2. Experimental investigation 113 

 114 

2.1 Material properties of circular steel tubes 115 

 Hot-finished steel circular hollow sections were used as the steel tubes of the 116 

CFST specimens. The nominal cross-sectional dimensions (D×t) of the steel tubes were 117 

88.9×5.0 mm, 139.7×5.0 mm, 139.7×6.3 mm and 168.3×12.5 mm, where D and t are the 118 

outer diameter and thickness, respectively. The four different sized steel tubes were all 119 

made of grade S355 steel. Coupons with a nominal gauge length of 25 mm and a width 120 

of 4 mm were cut from the steel tubes for tensile tests [9]. The outer radius, width and 121 

thickness of the coupons were first measured and then the coupons were each tested in a 122 

50-kN MTS testing machine under displacement control at loading rates of 0.05 mm/min 123 

and 0.20 mm/min within the elastic range and plastic range, respectively. Figure 1 shows 124 

the tested stress-strain curves of the coupons while Table 1 lists the material properties 125 

of the steel so determined. 126 

 127 

2.2 Material properties of ingredients for concrete 128 

 An ordinary Portland cement (OPC) of strength class 52.5N complying with 129 

European Standard EN 197-1: 2000 [40] and a limestone fines (LF) containing 95% 130 

calcium carbonate were used for the concrete mixes. The OPC and LF used had similar 131 

fineness and were the same as those used in a previous study on just the eco-concrete 132 

itself [21]. For each and every concrete mix, the powder paste volume (cementitious paste 133 

volume plus LF volume, expressed as a percentage of concrete volume) was fixed, such 134 

that when the LF volume was increased by adding more LF, the cementitious paste 135 

volume was decreased by the increased LF volume. It should be noted that the LF was 136 
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added as cementitious paste replacement, not as cement replacement. As the LF was 137 

added, both the cement content and water content were decreased but the water/cement 138 

(W/C) ratio was not changed. 139 

 The fine aggregate (maximum size 5 mm) and coarse aggregate (maximum size 140 

20 mm) used were both crushed granite rock. With the powder paste volume fixed, the 141 

total aggregate volume (fine aggregate volume plus coarse aggregate volume) was also 142 

fixed. In every concrete mix, the fine to total aggregate ratio was set at 0.40 and the 10 143 

mm to 20 mm aggregate ratio was set at 1.0. Hence, in every concrete mix, the fine 144 

aggregate content, 10 mm aggregate content and 20 mm aggregate content were fixed at 145 

689, 517 and 517 kg/m3, respectively. A superplasticizer (SP) was added to increase the 146 

workability of each concrete mix to higher than 200 mm slump. The methodology of the 147 

concrete mix design had been described by Li and Kwan [21]. 148 

 149 

2.3 Concrete mixes and properties of concrete 150 

 In this study, eight concrete mixes were produced for infilling into the CFSTs. 151 

The eight concrete mixes had five different W/C ratios of 0.35, 0.40, 0.45, 0.50 and 0.55, 152 

two different LF volumes of 0% and 8%, and a constant powder paste volume of 34%. 153 

Those concretes with a LF volume of 0% were actually conventional concrete with no 154 

LF added and a cementitious paste volume of 34%, whereas those concretes with a LF 155 

volume of 8% were eco-concrete with LF added as cementitious paste replacement and 156 

a cementitious paste volume of 34% - 8% = 26%. The concrete mixes were each 157 

identified by a label of W/C-LF, in which W/C is the W/C ratio and LF is the LF volume 158 

(%). Details of the concrete mix proportions are presented in Table 2. It should be noted 159 

that because of the reduction of the cementitious paste volume from 34% to 26%, the 160 

cement contents of the eco-concrete mixes were each 23.5% lower than the respective 161 

conventional concrete mixes with the same W/C ratio. 162 

 The workability of each concrete mix was measured in terms of slump and flow 163 

by the slump-flow test in accordance with British Standard BS EN 12350-8: 2010 [41]. 164 

After the workability measurement, the concrete mix was re-mixed and used to cast 165 

cylinders for testing of compressive strength and to infill into the steel tubes to make the 166 

CFST specimens. The cylinders had diameter of 150 mm and height of 300 mm. From 167 

each concrete mix, four cylinders were cast, two for testing at the age of 28 days and 168 

another two for testing at the day of testing the CFST specimens (about 2 months after 169 

casting). The average strength of the two cylinders tested at same time was taken as the 170 
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concrete cylinder strength (fc). The workability and strength results of the eight concrete 171 

mixes are presented in Table 3. Similar to the findings by Li and Kwan [21], at W/C ≥ 172 

0.40, the eco-concrete with LF added as cementitious paste replacement generally 173 

attained higher compressive strength than the corresponding conventional concrete with 174 

the same W/C ratio and no LF added. For example, the concrete 0.55-8 attained cylinder 175 

strengths of 35% and 38% higher than the concrete 0.55-0 at the age of 28 days and at 176 

the time of testing the CFST specimens, respectively, albeit the concrete 0.55-8 had 177 

23.5% lower cement content than the concrete 0.55-0. 178 

 179 

2.4 CFST stub column specimens and labelling 180 

 A series of circular CFST stub column specimens were made from the four 181 

different sized steel tubes and the eight different concrete mixes. For reflecting the effects 182 

of the infilled concrete, the unfilled steel tubular stub columns i.e., the hollow steel tubes, 183 

were tested first, as depicted in Table 4. These unfilled steel tubular stub column 184 

specimens were labelled according to their nominal (D×t) dimensions, as listed in the 185 

first column of the table. However, the actual measured D and t dimensions were slightly 186 

different, as depicted in the second and third columns of the table. One repeated test for 187 

the steel tube 88.9×5.0 was conducted, as indicated by the “-r” at the end of the specimen 188 

label. The length (L) of each steel tube was set as 2.5D in order to avoid overall buckling, 189 

as listed in the fourth column of the table. 190 

 The four different sized steel tubes were then each infilled with one of the eight 191 

concrete mixes labelled W/C-LF to form 32 concrete filled steel tubular stub column 192 

specimens for testing, as depicted in Tables 5 and 6. Each specimen was identified by a 193 

label starting with the steel tube label in the form of the nominal (D×t) dimensions and 194 

following by the concrete mix label of 0.35-0, 0.35-8, 0.40-0, 0.40-8, 0.45-8, 0.50-8, 195 

0.55-0 or 0.55-8. In addition to these 32 specimens, 8 repeated specimens, each marked 196 

with “-r” at the end of the specimen label, were also made for testing. In total, 40 circular 197 

CFST stub column specimens were tested. 198 

 199 

2.5 Testing of unfilled steel tubes and CFST specimens 200 

 The unfilled steel tubes and CFST specimens were tested by a 5000 kN servo-201 

controlled testing machine. Figure 2 shows a typical test setup. Four 50-mm range 202 

LVDTs (Linear Variable Displacement Transducers) were used to measure the end 203 

shortening of the specimen. These four LVDTs were placed between the top and bottom 204 
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bearing plates at evenly located positions. To prevent “elephant foot” failure, end-205 

stiffeners in the form of steel rings with 30 mm width were screwed onto the specimen 206 

near its ends. As the top surfaces of the infilled concrete and the steel tube might not be 207 

at same level, a plaster material was used to fill the small gap between the top surfaces 208 

of the infilled concrete and the steel tube [42]. 209 

 A ball bearing was added at the top end of the specimen. Axial compression was 210 

then applied to the specimen. An initial pre-load of 5 kN was applied to the specimen 211 

before testing. During pre-loading, any possible gaps between the specimen and the 212 

contacting surfaces of the testing machine were eliminated. The compressive load was 213 

applied under displacement control at a constant rate of 0.5 mm/min until the load had 214 

reached a peak value and then dropped by more than 15%. Due to limited stroke of the 215 

actuator of the testing machine, the test was sometimes stopped earlier when the axial 216 

shortening of the specimen had reached 15 mm. A data logger was used to record the 217 

readings from the LVDTs and the testing machine at time intervals of 1 second. 218 

Photographs were taken during the test to record the failure modes. 219 

 220 

 221 

3. Experimental results 222 

 223 

3.1 Load-strain curves 224 

 The axial load-strain curve of each unfilled steel tube and CFST specimen, in 225 

which the axial load was taken from the testing machine and the axial strain was 226 

calculated as the average of the four LVDT readings divided by the specimen length (L), 227 

is plotted in Figures 3-6 for the specimens with steel tube (D×t) sizes of 88.9×5.0, 228 

139.7×5.0, 139.7×6.3 and 168.3×12.5, respectively. From each load-strain curve, the first 229 

peak load within 2% axial strain (Ppeak), the proof load at 2% axial strain (P2%) and the 230 

ultimate load (Pu) are obtained, as tabulated in Tables 4 to 6. When there is no peak in 231 

the load-strain curve within 2% axial strain, the value of Ppeak in such case is just given 232 

as “-”. Since the test had to be stopped when the axial shortening of the specimen 233 

exceeded 15 mm albeit the load was still increasing and had not reached the ultimate yet, 234 

the value of Pu in such case is just taken as the maximum load recorded during the test, 235 

as marked by an asterisk “*” in the table. The values of Ppeak and P2% of the two 236 

specimens, 168.3×12.5-0.35-0 and 168.3×12.5-0.35-8, were not available because the 237 

applied load had reached the 5000 kN capacity of the testing machine. 238 
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 Overall, it is seen that the specimens all showed similar linear behaviour up to 239 

the axial strain of 0.4%, at which yielding started. However, after yielding, some 240 

specimens exhibited continual increase of axial load even when the axial strain further 241 

increased to beyond 2% (i.e. exhibited strain hardening), but some specimens reached 242 

their respective peak loads before the axial strain reached 2% and thereafter exhibited 243 

gradual decrease of axial load as the axial strain further increased. In this regard, previous 244 

studies [43,44] had shown that the axial strain corresponding to the peak load was 245 

generally smaller than 2.0%. Hence, for detailed analysis in this study, the yield load (Py) 246 

of the specimen is taken as the first peak load within 2% axial strain (Ppeak) or the proof 247 

load at 2% axial strain (P2%), whichever is the larger. 248 

 For checking the repeatability of the axial compression tests of the CFST 249 

specimens, the load-strain curves of the repeated specimens (those with “-r” at the end 250 

of the specimen label) are compared with those of the respective original specimens in 251 

Figure 7, and the Ppeak, P2% and Pu values of the repeated specimens are also tabulated in 252 

Tables 5 and 6 for comparison. From these comparisons, it can be seen that the load-253 

strain curves and the Ppeak, P2% and Pu values of the repeated specimens agree quite well 254 

with those of the respective original specimens, indicating that the tests conducted were 255 

repeatable and thus reliable. 256 

 257 

3.2 Effects of using eco-concrete as concrete infill 258 

 From the load-strain curves, it can be seen that the curves of the steel tubes 259 

infilled with the eco-concrete 0.35-8, 0.40-8 or 0.55-8 are on the whole very similar to 260 

those of the same steel tubes infilled with the conventional concrete 0.35-0, 0.40-0 or 261 

0.55-0. This indicates that the use of the eco-concrete in place of the conventional 262 

concrete as the concrete infill has no significant effects on the overall load-strain 263 

characteristics. Hence, the addition of LF as cementitious paste replacement to reduce 264 

the cement content of the concrete infill also provides sound axial performance. In fact, 265 

comparing the load-strain curves and the values of the yield load (Py) of the CFST 266 

specimens with the same W/C ratio, it can be seen that the CFST specimens made of the 267 

eco-concrete have yield loads up to 10% higher than the CFST specimens made of the 268 

conventional concrete. For example, the 2126.1 kN yield load of the specimen 269 

139.7×6.3-0.55-8 made of eco-concrete is higher than the 1937.7 kN yield load of the 270 

specimen 139.7×6.3-0.55-0 made of conventional concrete by 9.7%. This was due to the 271 

higher compressive strength of the eco-concrete.  272 
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3.3 Failure modes 273 

 For the unfilled steel tube specimens, both inward and outward local buckling 274 

occurred during testing, as depicted at the left side of Figure 8, which shows the failure 275 

mode of the specimen 88.9×5.0. Basically, all the unfilled steel tube specimens failed not 276 

just by yielding, but also by local buckling except the specimen 168.3×12.5, which has a 277 

relatively small D/t ratio. Nevertheless, for the CFST specimens, no inward buckling 278 

occurred due to restraint by the concrete core, and only minor outward bulging occurred 279 

at some locations, as depicted at the right side of Figure 8, which shows the failure mode 280 

of the specimen 88.9×5.0-0.40-8. Such restraint of the concrete core against local 281 

buckling of the steel tube had allowed the composite action between the steel tube and 282 

the concrete core to be more fully developed to exploit the synergistic effects of the steel 283 

tube confining the concrete core and the concrete core restraining local buckling of the 284 

steel tube. 285 

 The typical failure modes of the CFST specimens made of the 139.7×5.0 steel 286 

tubes and conventional concrete or eco-concrete are depicted in Figure 9. It is noted that 287 

the failure modes shown therein are similar to each other. Hence, the use of the eco-288 

concrete in place of the conventional concrete as the concrete infill has little effect on the 289 

failure mode. One interesting point about the failure modes shown in the figures is that 290 

in the failure mode of each CFST specimen, two obvious bulge-outs were formed at 291 

opposite faces, indicating that the concrete core inside had an inclined shear crack formed 292 

due to shear sliding failure under tri-axial compression [44]. 293 

 294 

 295 

4. Detailed analysis of experimental results 296 

 297 

4.1 Strength enhancement index 298 

 The synergistic effects of the steel tube confining the concrete core and the 299 

concrete core restraining bulking of the steel tube may increase the yield load (Py) to 300 

higher than the sum of the strength of the steel tube (fyAs) and the strength of the concrete 301 

core (fcAc), where As and Ac are the sectional areas of the steel tube and the concrete core, 302 

respectively. Such synergistic effects may be quantified in terms of the dimensionless 303 

strength enhancement index (SEI) defined by SEI = Py/(fyAs + fcAc). The SEI values of 304 

the specimens tested have been calculated, as presented in Tables 7 and 8. From these 305 

SEI values, it can be seen that within the ranges of structural parameters covered in this 306 
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study, the SEI varied from 1.18 to 1.33 for the CFST specimens infilled with conventional 307 

concrete and from 1.12 to 1.36 for the CFST specimens infilled with eco-concrete. Hence, 308 

the eco-concrete infill offers similar synergistic effects to give more or less the same 309 

range of SEI. 310 

 For further analysis, the values of the section constraining factor (ξ) defined by ξ 311 

= (fyAs)/(fcAc) are also calculated, as listed in Tables 7 and 8. Basically, the section 312 

constraining factor (ξ) is a dimensionless measure of the relative strength of the steel tube. 313 

To study the effect of the factor ξ on the SEI, the variation of the SEI with the value of ξ 314 

is plotted in Figure 10. It is seen that the SEI did vary with the value of ξ, but no clear 315 

trend of how the SEI varied with the value of ξ could be identified. Hence, to analyse or 316 

predict the value of SEI, further research is needed. 317 

 318 

4.2 Infilled to unfilled strength ratio 319 

 To evaluate the effectiveness of the concrete infill in increasing the strength of 320 

the tubular stub column, the ratio of the yield load of the steel tube infilled with concrete 321 

(listed in Tables 5 and 6) to the respective yield load of the unfilled steel tube (listed in 322 

Table 4) has been worked out. Such infilled to unfilled strength ratio of the tubular stub 323 

column is hereafter abbreviated as the strength ratio, and the strength ratios so worked 324 

out are listed in the second last column of Tables 7 and 8. It is evident from these results 325 

that the infilling of the steel tubes with the conventional concrete had increased the yield 326 

load up to 2.44 times (Specimen 139.7×5.0-0.35-0), and the infilling of the steel tubes 327 

with the eco-concrete had increased the yield load up to 2.51 times (Specimen 139.7×5.0-328 

0.35-8). The higher strength ratio of Specimen 139.7×5.0-0.35-8 than Specimen 329 

139.7×5.0-0.35-0 was because of the increase in concrete strength after adding LF as 330 

cementitious paste replacement. 331 

 For further analysis, the variations of the strength ratio with the D/t ratio and the 332 

concrete strength are plotted in Figure 11. It should be noted that in the lower part of the 333 

figure, the data points with concrete strength equal to zero are those of the unfilled steel 334 

tubes. Generally, the strength ratio increased almost linearly with both the D/t ratio and 335 

the concrete strength. Such variations are expected because a larger D/t ratio implies a 336 

larger concrete sectional area and a higher concrete strength implies a larger strength 337 

increase due to the infilling of concrete. 338 

 On the other hand, the effect of ξ on the strength ratio is depicted by plotting the 339 

strength ratio against the value of ξ in Figure 12, from which it can be seen that as the 340 
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value of ξ increased from 0.97 to 4.18, the strength ratio gradually decreased from the 341 

highest value of 2.51 to the lowest value of 1.44. More importantly, the data points for 342 

the CFST specimens infilled with conventional concrete (solid symbols) and the data 343 

points for the CFST specimens infilled with eco-concrete (hollow symbols) are all very 344 

close to the same trend line, indicating that the relation between the strength ratio and the 345 

value of ξ is not dependent on whether the concrete infill is conventional concrete or eco-346 

concrete. 347 

 348 

4.3 Strain-hardening ductility performance 349 

 Whether the CFST specimen had exhibited strain-hardening can be judged from 350 

the shape of its load-strain curve. If the load-strain curve, after passing through the point 351 

of 2% axial strain, gradually increased to reach an ultimate load (Pu) higher than the yield 352 

load (Py), then it may be said that strain-hardening had occurred. The specimens that had 353 

exhibited strain-hardening are marked by “Yes” in the last columns of Tables 7 and 8. 354 

Without the specimens made of conventional concrete and the specimens made of the 355 

eco-concrete separately considered, the conditions for strain-hardening to occur may be 356 

analysed as follows. Out of the 40 CFST specimens tested, 30 specimens had exhibited 357 

strain-hardening and the other 10 had not exhibited strain-hardening. Checking their ξ 358 

values, it is noted that those specimens that had exhibited strain-hardening had ξ values 359 

of 1.23 or higher, whereas those specimens that had not exhibited strain-hardening had ξ 360 

values of 1.21 or lower. Hence, as a rough guide, a minimum ξ value of 1.23 is needed 361 

for attaining strain-hardening ductility performance. With the specimens made of 362 

conventional concrete and the specimens made of the eco-concrete separately considered, 363 

the corresponding minimum ξ values are found to be 1.23 and 1.25, respectively, which 364 

are almost the same. 365 

 366 

 367 

5. Applicability of codified design rules 368 

 369 

 Design rules for circular CFST stub columns have been provided in the following 370 

design codes: American Specification for Structural Steel Buildings (AISC 360-16) [36]; 371 

Building Code Requirements for Structural Concrete (ACI 318M-14) [37]; Japanese 372 

Specification: Recommendations for Design and Construction of Concrete Filled Steel 373 

Tubular Structures (AIJ) [38]; and Eurocode 4: Design of Composite Steel and Concrete 374 
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Structures (EC4) [39]. These design rules were developed based on tests on steel tubes 375 

infilled with conventional concrete, and therefore it is not known whether these design 376 

rules are also applicable to steel tubes infilled with other types of concrete. Herein, the 377 

applicability of these design rules to steel tubes infilled with eco-concrete are assessed 378 

by comparing their predicted strengths with the measured yield loads of the specimens 379 

tested in this study. 380 

 381 

5.1 American Specification AISC 360-16 382 

 In AISC 360-16 [36], design rules for estimating the nominal compressive 383 

strength (PAISC) of circular CFSTs subjected to axial compression are given in Section 384 

I2.1b. Cross-sections are categorized as compact, non-compact or slender sections 385 

according to the diameter to thickness (λ = D/t) ratio of the steel tube, as stipulated in 386 

Section I1.4 and Table I1.1a. Strength reductions and critical buckling stress of the steel 387 

tube are then considered for non-compact and slender sections, respectively. In this study, 388 

the circular hollow steel tubes may all be categorized as compact section (λ ≤ 0.15 Es/fy). 389 

Hence, the nominal compressive strength (PAISC) can be determined using the following 390 

equation given in the specification: 391 

 𝑃𝐴𝐼𝑆𝐶 = 𝑓𝑦𝐴𝑠 + 0.95𝑓𝑐𝐴𝑐 (1) 392 

In the above equation, the strength enhancement due to the confinement effect of the 393 

steel tube on the concrete core has been conservatively neglected. 394 

 395 

5.2 American Building Code ACI 318M-14 396 

 In ACI 318M-14 [37], design rules for estimating the nominal compressive 397 

strength (PACI) of circular CFSTs subjected to axial compression are given in Chapter 10. 398 

Cross-sections are not categorized into compact or non-compact sections but the 399 

thickness of the steel tube is required to be large enough to avoid outward buckling before 400 

yielding. Specifically, it is required to satisfy the condition of D/t ≤ 2.828(Es/fy)
0.5, as 401 

stipulated in Section 10.3.1.6. In this study, the circular hollow steel tubes all satisfy this 402 

condition and thus the nominal compressive strength (PACI) may be determined using the 403 

following equation given in the code: 404 

 𝑃𝐴𝐶𝐼 = 𝑓𝑦𝐴𝑠 + 0.85𝑓𝑐𝐴𝑐 (2) 405 
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In the above equation, the strength enhancement due to the confinement effect of the 406 

steel tube on the concrete core has been conservatively neglected. 407 

 408 

5.3 Japanese Specification AIJ 409 

 In AIJ [38], provided the section slenderness of the steel tube satisfies the 410 

slenderness limit D/t ≤ 0.18Es/fy, the nominal compressive strength (PAIJ) of circular 411 

CFSTs subjected to axial compression may be estimated using the following equation 412 

given in the specification: 413 

 𝑃𝐴𝐼𝐽 = 1.27𝑓𝑦𝐴𝑠 + 0.85𝑓𝑐𝐴𝑐 (3) 414 

In this study, the circular hollow steel tubes are all within the above slenderness limit and 415 

thus the above equation may be used. It should be noted that in the above equation, the 416 

coefficient of 1.27 applied to the strength of the steel tube is to account for the increase 417 

in strength of the concrete core due to confinement. This coefficient represents a hoop 418 

stress of 0.19fy and an axial stress of 0.89fy in the steel tube. 419 

 420 

5.4 Eurocode EC4 421 

 In EC4 [39], design rules for estimating the nominal compressive strength (PEC) 422 

of circular CFSTs subjected to axial compression are given in Section 6.7. A limit on the 423 

local slenderness of the steel tube is imposed as D/t ≤ 90(235/fy), beyond which local 424 

buckling needs to be explicitly accounted for. With both the beneficial confining effect 425 

of the steel tube on the concrete core and the reduction in strength of the steel tube caused 426 

by the circumferential stresses arising from the restriction of the lateral expansion of the 427 

concrete core allowed for, the nominal compressive strength (PEC) may be estimated as: 428 

 𝑃𝐸𝐶 = 𝑓𝑦𝐴𝑠𝜂𝑎0 + 𝑓𝑐𝐴𝑐 [1 + 𝜂𝑐0
𝑡

𝐷

𝑓𝑦

𝑓𝑐
] (4) 429 

where the steel reduction factor 𝜂𝑎0 and the concrete enhancement factor 𝜂𝑐0 are given 430 

by the equations below: 431 

 𝜂a0 = 0.25 (3 + 2 λ̅) ≤ 1 (5a) 432 

 η
c0

 = 4.9 - 18.5 λ̅ + 17.0 (λ̅)2 ≥ 0 (5b) 433 

and �̅� is the relative member slenderness.  434 
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5.5 Comparisons of measured yield loads with code predictions 435 

 To assess the applicability of the various design codes, the measured yield loads 436 

of the CFST specimens tested are compared with the respective predicted strengths by 437 

the design codes in Tables 9 and 10. In the calculations of the predicted strengths, all 438 

safety factors were set to unity and the actual measured material properties and 439 

dimensions were used. The comparison is made in the form of measured yield load to 440 

predicted strength ratios. A ratio close to 1.0 indicates accurate prediction, whereas a ratio 441 

lower than 1.0 means un-conservative prediction and a ratio higher than 1.0 means 442 

conservative prediction. The mean and COV (coefficient of variation) of such ratios are 443 

presented in the last two rows of the tables. 444 

 From Table 9 for CFST specimens infilled with conventional concrete, it can be 445 

seen that the mean ratios of Py/PAISC, Py/PACI and Py/PAIJ are equal to 1.27, 1.32 and 1.12, 446 

respectively, which are all higher than 1.0. Likewise, from Table 10 for CFST specimens 447 

infilled with eco-concrete, it can be seen that the mean ratios of Py/PAISC, Py/PACI and 448 

Py/PAIJ are equal to 1.26, 1.32 and 1.13, respectively, which are all higher than 1.0. Hence, 449 

the strength predictions by AISC, ACI and AIJ are conservative. More importantly, each 450 

of these codes gives similar measured yield load to predicted strength ratios regardless 451 

of whether conventional concrete or eco-concrete is used as the concrete infill. On the 452 

other hand, the mean Py/PEC ratio for CFST specimens infilled with conventional 453 

concrete and the mean Py/PEC ratio for CFST specimens infilled with eco-concrete are 454 

equal to 0.91 and 0.92, respectively, which are both lower than 1.0. Hence, the strength 455 

prediction by EC4 is un-conservative. Moreover, EC4 gives similar measured yield load 456 

to predicted strength ratios regardless of the type of concrete infill. 457 

 Among the four design codes, AISC, ACI and AIJ are conservative, whereas EC4 458 

is un-conservative. Both AISC and ACI are conservative because they do not account for 459 

the strength enhancement due to the confinement effect of the steel tube on the concrete 460 

core. On the other hand, AIJ and EC4 do account for the strength enhancement due to the 461 

confinement effect and are therefore more accurate than the other design codes. However, 462 

AIJ is slightly conservative whereas EC4 is slightly un-conservative. More importantly, 463 

the four design codes are equally applicable regardless of whether conventional concrete 464 

or eco-concrete is used as the concrete infill. In other words, CFSTs infilled with eco-465 

concrete with LF added as cementitious paste replacement may be just designed using 466 

these four design codes. 467 

  468 
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6. Conclusions 469 

 470 

 The feasibility of using an eco-concrete with part of its cementitious paste 471 

replaced by an equal volume of limestone fines (LF) as the concrete infill for circular 472 

CFSTs has been studied by testing the axial compression behaviour of 5 unfilled steel 473 

tubes and 40 CFSTs infilled with such eco-concrete or similar conventional concrete with 474 

the same W/C ratios. Four different sized hot-finished steel tubes and eight concrete 475 

mixes with or without LF added as cementitious paste replacement were used to make 476 

the CFST specimens for testing. The findings are summarized as follows: 477 

(1) The addition of 8% LF as cementitious paste replacement without changing the 478 

W/C ratio could increase the 28-day cylinder strength by up to 35%, despite 479 

23.5% decrease in cement content. Hence, the LF concrete so produced is more 480 

environmentally friendly than conventional concrete and thus may be classified 481 

as an eco-concrete. 482 

(2) Apart from the effects caused by the increase in concrete strength, the use of such 483 

eco-concrete in place of conventional concrete as the concrete infill would not 484 

cause any fundamental change in the axial behaviour of circular CFSTs. 485 

Particularly, regardless of whether eco-concrete or conventional concrete is used, 486 

the circular CFSTs have similar axial load-strain curves and failure modes. 487 

(3) Overall, the use of such eco-concrete as the concrete infill would also provide 488 

sound axial performance as for the use of conventional concrete. In fact, due to 489 

the increase in concrete strength, the use of such eco-concrete in place of 490 

conventional concrete as the concrete infill could increase the yield load of the 491 

circular CFSTs by up to 10%. 492 

(4) Regardless of whether conventional concrete or eco-concrete is used as the 493 

concrete infill, circular CFSTs could have a yield load higher than the sum of the 494 

strength of the steel tube and the strength of the concrete core. Quantifying such 495 

synergistic effect in terms of the strength enhancement index (SEI) defined by 496 

SEI = Py/(fyAs + fcAc), the range of SEI obtained is within 1.12 to 1.36. 497 

(5) Regardless of whether conventional concrete or eco-concrete is used as the 498 

concrete infill, the section constraining factor (ξ) defined by ξ = (fyAs)/(fcAc) has 499 

major effects on the axial performance of circular CFSTs. First, there is good 500 

correlation between the infilled to unfilled strength ratio and ξ. Second, at ξ ≥ 501 

1.23, the circular CFSTs would exhibit strain-hardening ductility.  502 
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 Lastly, the applicability of the existing design equations in AISC [36], ACI [37], 503 

AIJ [38] and EC4 [39] to circular CFSTs infilled with the eco-concrete was assessed. It 504 

was found that these design equations give similar measured yield load to predicted 505 

strength ratios regardless of whether the circular CFSTs are infilled with eco-concrete or 506 

conventional concrete. Hence, these equations should remain applicable after using eco-507 

concrete in place of conventional concrete as the concrete infill. However, the AISC and 508 

ACI equations are overly conservative, the AIJ equation is slightly conservative and the 509 

EC4 equation is slightly un-conservative. In this regard, further research is recommended 510 

to improve their accuracies. 511 

 512 

 513 

Acknowledgment 514 

 515 

 The authors are thankful to the assistance of Mr. On TO and Mr. Chi Cheung 516 

POON, who helped with some of the experimental works as parts of their respective MSc 517 

project and final year BEng project at The University of Hong Kong. 518 

 519 

 520 

Conflict of interest 521 

 522 

 The authors declare that there is no conflict of interest in the research work 523 

presented in this paper. 524 

 525 

 526 

References 527 

 528 

[1] Y. Ouyang, A.K.H. Kwan, S.H. Lo, J.C.M. Ho. Finite element analysis of concrete-529 

filled steel tube (CFST) columns with circular sections under eccentric load, Eng. 530 

Struct. 148 (2017) 387-398. 531 

[2] J. Wei, X. Luo; Z. Lai, and A. H. Varma, Experimental behavior and design of high-532 

strength circular concrete-filled steel tube short columns, J. Struct. Eng. 146(1) 533 

(2020) 04019184. 534 

[3] F.C. Wang, L.H. Han, and W. Li, Analytical behavior of CFDST stub columns with 535 

external stainless steel tubes under axial compression. Thin-Walled Struct. 127 536 

(2018) 756-768. 537 

[4] F.C. Wang, L.H. Han. Analytical behavior of carbon steel-concrete stainless steel 538 



17 
 

double-skin tube (DST) used in submarine pipeline structure, Mar. Struct. 63 (2019) 539 

99-116. 540 

[5] T. Son, H.-T. Thai, B. Uy, T. Ngo. Concrete-filled steel tubular columns: Test 541 

database, design and calibration, J. Constr. Steel Res. 157 (2019) 161-181. 542 

[6] D.K. Kim, A database for composite columns. MS thesis, School of Civil and 543 

Environmental Engineering, Georgia Institute of Technology, 2005. 544 

[7] C.D. Goode. Composite columns - 1819 tests on concrete-filled steel tube columns 545 

compared with Eurocode 4, Struct. Eng. 86(16) (2008) 33-38. 546 

[8] L.H. Han, W. Li, R. Bjorhovde. Developments and advanced applications of 547 

concrete-filled steel tubular (CFST) structures: Members, J. Constr. Steel Res. 100 548 

(2014) 211-228. 549 

[9] J.-L. Ma, T.-M. Chan, B. Young. Material properties and residual stresses of cold-550 

formed high strength steel hollow sections, J. Constr. Steel Res. 109 (2015) 152-551 

165. 552 

[10] M.X. Xiong, D.X. Xiong, J.Y.R. Liew. Axial performance of short concrete filled 553 

steel tubes with high- and ultra-high-strength materials, Eng. Struct. 136 (2017) 554 

494-510. 555 

[11] N. Mahasenan, S. Smith, K. Humphreys. The Cement Industry and Global Climate 556 

Change: Current and Potential Future Cement Industry CO2 Emissions. 557 

Proceedings of the 6th International Conference on Greenhouse Gas Control 558 

Technologies 1-4 October 2002, Kyoto, Japan. Volume II, 2003, pp995-1000. 559 

[12] E.I. Diaz-Loya, E.N. Allouche, S. Vaidya. Mechanical properties of fly-ash- based 560 

geopolymer concrete, ACI Mater. J. 108 (2011) 300-306. 561 

[13] G.S. Ryu, Y.B. Lee, K.T. Koh, Y.S. Chung. The mechanical properties of fly ash-562 

based geopolymer concrete with alkaline activators, Const. Build. Mater. 47 (2013) 563 

409-418. 564 

[14] M. Chi. Mechanical strength and durability of alkali-activated fly ash/slag concrete, 565 

J. Marine Sci. Tech. 24(5) (2016) 958-967. 566 

[15] M. Albitar, M.S. Mohamed Ali, P. Visintin, M. Drechsler. Durability evaluation of 567 

geopolymer and conventional concretes, Constr. Build. Mater. 136 (2017) 374-385. 568 

[16] P. Nuaklong, V. Sata, P. Chindaprasirt. Properties of metakaolin-high calcium fly 569 

ash geopolymer concrete containing recycled aggregate from crushed concrete 570 

specimens, Constr. Build. Mater. 161 (2018) 365-373. 571 

[17] S. Tsivilis, E. Chaniotakis, G. Batis, C. Meletiou, V. Kasselouri, G. Kakali, A. 572 

Sakellariou, G. Pavlakis, C. Psimadas. Effect of clinker and limestone quality on 573 

the gas permeability, water absorption and pore structure of limestone cement 574 

concrete, Cem. Concr. Res. 21(2) (1999) 139-146. 575 

[18] M. Sonebi, L. Svermova, P.J.M. Bartos. Factorial design of cement slurries 576 

containing limestone powder for self-consolidating slurry-infiltrated fiber concrete, 577 

ACI Mater. J. 101(2) (2004) 136-145. 578 

https://www.sciencedirect.com/science/article/pii/S0143974X1831321X#!
https://www.sciencedirect.com/science/article/pii/S0143974X1831321X#!
https://www.sciencedirect.com/science/article/pii/S0143974X1831321X#!
https://www.sciencedirect.com/science/article/pii/S0143974X1831321X#!
https://www.sciencedirect.com/science/journal/0143974X/157/supp/C
https://www.sciencedirect.com/science/article/pii/S0143974X15000449#!
https://www.sciencedirect.com/science/article/pii/S0143974X15000449#!
https://www.sciencedirect.com/science/article/pii/S0143974X15000449#!
https://www.sciencedirect.com/science/journal/0143974X/109/supp/C
https://www.sciencedirect.com/science/article/pii/B9780080442761501574#!
https://www.sciencedirect.com/science/article/pii/B9780080442761501574#!
https://www.sciencedirect.com/science/article/pii/B9780080442761501574#!
https://www.sciencedirect.com/science/article/pii/S0950061813004674#!
https://www.sciencedirect.com/science/article/pii/S0950061813004674#!
https://www.sciencedirect.com/science/article/pii/S0950061813004674#!
https://www.sciencedirect.com/science/article/pii/S0950061813004674#!
https://www.sciencedirect.com/science/journal/09500618
https://www.sciencedirect.com/science/journal/09500618/47/supp/C


18 
 

[19] D.P. Bentz. Replacement of “coarse” cement particles by inert fillers in low W/C 579 

ratio concretes: II experimental validation, Cem. Concr. Res. 35(1) (2005) 185-188. 580 

[20] M. Schneider, M. Romer, M. Tschudin, H. Bolio. Sustainable cement production - 581 

present and future, Cem. Concr. Res. 41(7) (2011) 642-650. 582 

[21] L.G. Li, A.K.H. Kwan. Adding limestone fines as cementitious paste replacement 583 

to improve tensile strength, stiffness and durability of concrete, Cem. Conc. 584 

Compos. 60 (2015) 17-24. 585 

[22] T. Proske, S. Hainer, M. Rezvani, C.A. Graubner. Eco-friendly concretes with 586 

reduced water and cement contents - mix design principles and laboratory tests. 587 

Cem. Concr. Res. 51 (2013) 38-46. 588 

[23] E. Yaşar, Y. Erdoğan, A. Kılıç. Effect of limestone aggregate type and water - 589 

cement ratio on concrete strength. Mater. Lett. 58(5) (2004) 772-777. 590 

[24] B. Menadi, S. Kenai, J. Khatib, A. Aït-Mokhtar. Strength and durability of concrete 591 

incorporating crushed limestone sand. Constr. Build. Mater. 23(2) (2009) 625-633. 592 

[25] B. Li, J. Wang, M. Zhou. Effect of limestone fines content in manufactured sand 593 

on durability of low- and high-strength concretes. Constr Build Mater. 23(8) (2009) 594 

2846-2850. 595 

[26] C. Aquino, M. Inoue, H. Miura, M. Mizuta, T. Okamoto. The effects of limestone 596 

aggregate on concrete properties. Constr. Build. Mater. 24(12) (2010) 2363-2368. 597 

[27] I. Joudi-Bahria, A. Lecomteb, M.B. Ouezdoua, T. Achourc. Use of limestone sands 598 

and fillers in concrete without superplasticizer. Cem. Concr. Compos. 34(6) (2012) 599 

771-780. 600 

[28] S. Tsivilis, E. Chaniotakis, G. Batis, C. Meletiou, V. Kasselouri, G. Kakali, A. 601 

Sakellariou, G. Pavlakis, C. Psimadas. Effect of clinker and limestone quality on 602 

the gas permeability, water absorption and pore structure of limestone cement 603 

concrete. Cem. Concr. Res. 21(2) (1999) 139-146. 604 

[29] M. Sonebi, L. Svermova, P.J.M. Bartos. Factorial design of cement slurries 605 

containing limestone powder for self-consolidating slurry-infiltrated fiber concrete. 606 

ACI Mater J. 101(2) (2004) 136-145. 607 

[30] D.P. Bentz. Replacement of “coarse” cement particles by inert fillers in low W/C 608 

ratio concretes: II experimental validation. Cem. Concr. Res. 35(1) (2005) 185-188. 609 

[31] O. Esping. Effect of limestone filler BET(H2O)-area on the fresh and hardened 610 

properties of self-compacting concrete. Cem. Concr. Res. 38(7) (2008) 938-944. 611 

[32] D.P. Bentz, E.F. Irassar, B. Bucher, W.J. Weiss. Limestone fillers conserve cement: 612 

Part 1: an analysis based on Powers’ model. Concr. Inter. 31(11) (2009) 41-46. 613 

[33] M. Schneider, M. Romer, M. Tschudin, H. Bolio. Sustainable cement production - 614 

present and future. Cem. Concr. Res. 41(7) (2011) 642-650. 615 

[34] J.J. Chen, A.K.H. Kwan. Adding limestone fines to reduce heat generation of curing 616 

concrete. Mag. Concr. Res. 64(12) (2012) 1101-1111. 617 

[35] A.K.H. Kwan, M. McKinley, J.J. Chen. Adding limestone fines as cement paste 618 



19 
 

replacement to reduce shrinkage of concrete. Mag. Concr. Res. 65(15) (2013): 942-619 

950. 620 

[36] AISC. Specification for structural steel buildings, American Institute of Steel 621 

Construction, ANSI/AISC 360-16, Chicago, 2016. 622 

[37] ACI. Building Code Requirements for Structural Concrete (ACI 318M-14) and 623 

Commentary (ACI 318RM-14), American Concrete Institute, Detroit, USA, 2014. 624 

[38] AIJ. Recommendations for design and construction of concrete filled steel tubular 625 

structures. Architectural Institute of Japan (AIJ), Tokyo, 2008. 626 

[39] EC4. Eurocode 4: Design of composite steel and concrete structures. 1-1: General 627 

rules and rules for buildings control, European Committee for Standardization 628 

(CEN) EN 1994-1-1, Brussels, Belgium: CEN, 2004. 629 

[40] BS EN 197-1: 2000. Cement. Composition, specifications and conformity criteria 630 

for common cements. British Standards Institution; 2000. 631 

[41] BS EN 12350-8: 2010. Testing fresh concrete. Self-compacting concrete - slump-632 

flow test. British Standards Institution; 2010. 633 

[42] Y. Cai, W.M. Quach, B. Young, Experimental and numerical investigation of 634 

concrete-filled hot-finished and cold-formed steel elliptical tubular stub columns, 635 

Thin-Walled. Struct. 145 (2019) 106437. 636 

[43] B. Uy, Z. Tao, L.H. Han. Behaviour of short and slender concrete-filled stainless 637 

steel tubular columns, J. Constr. Steel Res. 67(3) (2011) 360-378. 638 

[44] M. Lai. Behaviour of CFST columns with external confinement under uni-axial 639 

compression, PhD Thesis (2015), The University of Hong Kong, Hong Kong.  640 



20 
 

 641 
 642 
 643 
 644 
 645 
 646 

Table 1: Material properties of circular steel tubes. 647 

D × t  

(mm×mm) 
Es (GPa) fy (MPa) fu (MPa) ɛu (%) ɛf (%) 

88.9×5.0 193 388.0 495.0 18.1 34.2 

139.7×5.0 204 458.0 546.1 13.8 27.3 

139.7×6.3 207 397.0 502.2 14.9 31.1 

168.3×12.5 193 460.0 536.9 7.8 19.5 

Note: Es = Young’s modulus; fy = yield strength, fu = ultimate strength; εu = strain at ultimate 648 
strength; εf = strain at fracture. 649 
 650 
 651 
 652 
 653 
 654 
 655 

Table 2: Mix proportions of infilled concrete. 656 

Concrete 

mix 

W/C  

ratio 

LF  

volume 

(%) 

Cementitious 

paste volume 

(%) 

Water  

content 

(kg/m3) 

Cement  

content 

(kg/m3) 

SP  

dosage 

(kg/m3) 

0.35-0 0.35 0 34 177 505 5.1 

0.35-8 0.35 8 26 135 386 12.7 

0.40-0 0.40 0 34 188 470 4.1 

0.40-8 0.40 8 26 144 359 10.3 

0.45-8 0.45 8 26 151 336 6.8 

0.50-8 0.50 8 26 158 315 5.7 

0.55-0 0.55 0 34 214 389 2.1 

0.55-8 0.55 8 26 164 297 5.0 

 657 
 658 
 659 
 660 
 661 
  662 
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 663 
 664 
 665 
 666 
 667 
 668 

Table 3: Workability and strength results of the concrete mixes. 669 

Concrete  

mix 

Slump  

(mm) 

Flow  

(mm) 

Cylinder strength fc (MPa) 

At 28-day 
At day of  

CFST testing 

0.35-0 230 525 75.3 72.9 

0.35-8 230 530 74.9 72.6 

0.40-0 250 725 64.0 66.8 

0.40-8 240 660 78.1 78.7 

0.45-8 230 665 65.5 65.2 

0.50-8 230 615 63.3 61.7 

0.55-0 220 480 39.8 39.9 

0.55-8 240 580 53.9 55.2 

 670 
 671 
 672 
 673 
 674 
 675 

Table 4: Experimental results of unfilled steel tubular stub columns. 676 

Specimen label 
D 

(mm) 

t 

(mm) 

L 

(mm) 

Ppeak 

(kN) 

P2% 

(kN) 

Pu 

(kN) 

88.9×5.0 89.13 4.96 222.2 - 554.2 650.3 

88.9×5.0-r 89.06 5.03 222.2 - 543.9 650.3 

139.7×5.0 139.02 5.10 349.2 - 1053.7 - 

139.7×6.3 140.88 6.37 349.0 - 1115.9 1282.1 

168.3×12.5 168.50 12.08 420.9 - 3059.5 3505.4* 

Note: “*” means the ultimate load was only the maximum load recorded during the test. 677 
 678 
 679 
 680 
 681 
 682 
  683 
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 684 
 685 
 686 
 687 
 688 

Table 5: Results of CFST stub columns infilled with conventional concrete. 689 

Specimen label 
D 

(mm) 

t 

(mm) 

L 

(mm) 

Ppeak 

(kN) 

P2% 

(kN) 

Pu 

(kN) 

88.9×5.0-0.35-0 89.00 5.04 222.9 1064.7 1060.9 1064.7* 

88.9×5.0-0.35-0-r 88.98 5.10 222.8 1047.9 1030.3 1047.9* 

88.9×5.0-0.40-0 89.14 4.93 222.0 - 982.6 1047.4* 

88.9×5.0-0.55-0 89.01 5.02 222.6 - 859.6 1000.7* 

139.7×5.0-0.35-0 139.35 5.06 349.9 2569.7 2555.9 2569.7 

139.7×5.0-0.40-0 139.06 5.13 349.1 - 2315.5 2330.2 

139.7×5.0-0.55-0 139.56 5.08 350.0 - 1968.1 2085.8* 

139.7×6.3-0.35-0 140.66 6.32 349.5 - 2445.2 2450.4 

139.7×6.3-0.40-0 141.14 6.35 349.0 - 2373.0 2386.0 

139.7×6.3-0.55-0 140.39 6.28 349.7 - 1937.7 2190.5* 

139.7×6.3-0.55-0-r 140.54 6.26 349.7 - 1998.1 2225.5* 

168.3×12.5-0.35-0 168.53 11.93 420.0 - - 4979.7* 

168.3×12.5-0.40-0 168.27 12.06 420.7 - 4760.0 4984.9* 

168.3×12.5-0.55-0 168.14 12.06 420.5 - 4407.9 4917.2* 

Note: “*” means the ultimate load was only the maximum load recorded during the test. 690 
 691 
 692 
 693 
 694 

  695 
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 696 
 697 
 698 
 699 

Table 6: Results of CFST stub columns infilled with eco-concrete. 700 

Specimen label 
D 

(mm) 

t 

(mm) 

L 

(mm) 

Ppeak 

(kN) 

P2% 

(kN) 

Pu 

(kN) 

88.9×5.0-0.35-8 89.03 5.03 222.9 1055.3 1018.1 1062.3* 

88.9×5.0-0.40-8 89.11 4.97 222.5 - 1004.6 1085.4* 

88.9×5.0-0.45-8 89.04 5.00 222.9 - 998.5 1077.5* 

88.9×5.0-0.45-8-r 89.04 4.94 222.7 - 1011.7 1054.8* 

88.9×5.0-0.50-8 89.02 5.06 222.7 - 972.4 1050.7* 

88.9×5.0-0.50-8-r 89.04 4.99 222.8 - 971.5 1053.9* 

88.9×5.0-0.55-8 89.00 4.92 222.8 - 946.3 1050.9* 

139.7×5.0-0.35-8 139.6 5.10 349.7 2645.2 2551.0 2645.2 

139.7×5.0-0.40-8 138.9 5.15 349.1 2510.3 2510.3 2510.3 

139.7×5.0-0.45-8 139.4 5.10 349.3 - 2320.6 2332.2 

139.7×5.0-0.50-8 139.3 5.07 349.3 - 2284.7 2308.8 

139.7×5.0-0.50-8-r 139.48 5.09 350.0 - 2287.7 2312.4 

139.7×5.0-0.55-8 139.35 5.09 347.8 - 2088.6 2131.7* 

139.7×5.0-0.55-8-r 139.68 5.09 349.0 - 2154.2 2204.1* 

139.7×6.3-0.35-8 140.33 6.29 349.7 2663.7 2622.1 2663.7 

139.7×6.3-0.40-8 140.92 6.34 349.0 - 2537.4 2550.3 

139.7×6.3-0.45-8 140.54 6.28 349.5 - 2380.0 2418.0* 

139.7×6.3-0.45-8-r 140.78 6.31 379.0 - 2350.9 2406.6* 

139.7×6.3-0.50-8 140.75 6.29 349.6 - 2241.8 2302.8* 

139.7×6.3-0.55-8 140.80 6.28 349.6 - 2126.1 2238.9* 

139.7×6.3-0.55-8-r 140.88 6.32 349.2 - 2129.1 2249.6* 

168.3×12.5-0.35-8 168.44 11.98 420.8 - - 5000.0* 

168.3×12.5-0.40-8 168.33 12.08 421.0 - 4792.4 4955.5* 

168.3×12.5-0.45-8 168.57 11.98 420.5 - 4881.4 4992.1* 

168.3×12.5-0.50-8 168.33 11.85 420.2 - 4786.4 4992.3* 

168.3×12.5-0.55-8 168.44 11.98 420.7 - 4431.2 4873.5* 

Note: “*” means the ultimate load was only the maximum load recorded during the test. 701 
 702 
  703 
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Table 7: Axial behaviour of CFST stub columns infilled with conventional concrete. 712 

Specimen label D/t 
Ac 

(mm2) 

As 

(mm2) 
SEI ξ 

Strength  

ratio 

Strain- 

hardening 

88.9×5.0-0.35-0 17.65 4891 1330 1.22 1.45 1.94 Yes 

88.9×5.0-0.35-0-r 17.45 4874 1344 1.20 1.47 1.91 Yes 

88.9×5.0-0.40-0 18.08 4936 1304 1.18 1.53 1.79 Yes 

88.9×5.0-0.55-0 17.75 4900 1323 1.21 2.63 1.57 Yes 

139.7×5.0-0.35-0 27.54 13117 2134 1.33 1.02 2.44 No 

139.7×5.0-0.40-0 27.11 13029 2158 1.25 1.14 2.20 No 

139.7×5.0-0.55-0 27.50 13152 2144 1.31 1.87 1.87 Yes 

139.7×6.3-0.35-0 22.25 12872 2668 1.22 1.13 2.19 No 

139.7×6.3-0.40-0 22.23 12957 2689 1.23 1.23 2.13 Yes 

139.7×6.3-0.55-0 22.36 12835 2646 1.24 2.05 1.74 Yes 

139.7×6.3-0.55-0-r 22.45 12873 2641 1.28 2.04 1.79 Yes 

168.3×12.5-0.35-0 14.12 16436 5870 - - - Yes 

168.3×12.5-0.40-0 13.95 16320 5918 1.25 2.50 1.56 Yes 

168.3×12.5-0.55-0 13.94 16291 5913 1.31 4.18 1.44 Yes 
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Table 8: Axial behaviour of CFST stub columns infilled with eco-concrete. 723 

Specimen label D/t 
Ac 

(mm2) 

As 

(mm2) 
SEI ξ 

Strength 

ratio 

Strain- 

hardening 

88.9×5.0-0.35-8 17.71 4899 1326 1.21 1.45 1.92 Yes 

88.9×5.0-0.40-8 17.93 4923 1314 1.12 1.32 1.83 Yes 

88.9×5.0-0.45-8 17.82 4907 1319 1.20 1.60 1.82 Yes 

88.9×5.0-0.45-8-r 18.04 4923 1304 1.22 1.58 1.84 Yes 

88.9×5.0-0.50-8 17.58 4888 1336 1.19 1.72 1.77 Yes 

88.9×5.0-0.50-8-r 17.86 4910 1316 1.19 1.69 1.77 Yes 

88.9×5.0-0.55-8 18.08 4921 1300 1.22 1.86 1.72 Yes 

139.7×5.0-0.35-8 27.35 13141 2155 1.36 1.03 2.51 No 

139.7×5.0-0.40-8 26.98 12995 2164 1.25 0.97 2.38 No 

139.7×5.0-0.45-8 27.36 13118 2150 1.26 1.15 2.20 No 

139.7×5.0-0.50-8 27.51 13113 2137 1.28 1.21 2.17 No 

139.7×5.0-0.50-8-r 27.41 13130 2149 1.28 1.21 2.17 No 

139.7×5.0-0.55-8 27.36 13103 2148 1.22 1.36 1.98 Yes 

139.7×5.0-0.55-8-r 27.42 13169 2154 1.26 1.36 2.04 Yes 

139.7×6.3-0.35-8 22.32 12819 2648 1.34 1.13 2.39 No 

139.7×6.3-0.40-8 22.23 12916 2681 1.22 1.05 2.27 No 

139.7×6.3-0.45-8 22.38 12865 2648 1.26 1.25 2.13 Yes 

139.7×6.3-0.45-8-r 22.32 12902 2665 1.24 1.26 2.11 Yes 

139.7×6.3-0.50-8 22.36 12900 2658 1.21 1.33 2.01 Yes 

139.7×6.3-0.55-8 22.40 12915 2656 1.20 1.48 1.91 Yes 

139.7×6.3-0.55-8-r 22.30 12918 2671 1.20 1.49 1.91 Yes 

168.3×12.5-0.35-8 14.06 16395 5887 - - - Yes 

168.3×12.5-0.40-8 13.93 16324 5930 1.19 2.12 1.57 Yes 

168.3×12.5-0.45-8 14.07 16423 5895 1.29 2.53 1.60 Yes 

168.3×12.5-0.50-8 14.20 16426 5827 1.30 2.64 1.56 Yes 

168.3×12.5-0.55-8 14.06 16393 5890 1.23 2.99 1.45 Yes 
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Table 9: Comparison of measured yield loads with strength predictions by various 734 
design codes for CFST stub columns infilled with conventional concrete. 735 

Specimen label Py/PAISC Py/PACI Py/PAIJ Py/PEC 

88.9×5.0-0.35-0 1.25 1.30 1.11 0.91 

88.9×5.0-0.35-0-r 1.22 1.27 1.09 0.89 

88.9×5.0-0.40-0 1.20 1.25 1.06 0.87 

88.9×5.0-0.55-0 1.23 1.26 1.05 0.85 

139.7×5.0-0.35-0 1.36 1.44 1.25 1.01 

139.7×5.0-0.40-0 1.28 1.34 1.16 0.94 

139.7×5.0-0.55-0 1.33 1.38 1.16 0.92 

139.7×6.3-0.35-0 1.25 1.32 1.14 0.93 

139.7×6.3-0.40-0 1.26 1.32 1.13 0.92 

139.7×6.3-0.55-0 1.26 1.30 1.10 0.87 

139.7×6.3-0.55-0-r 1.30 1.35 1.13 0.90 

168.3×12.5-0.35-0 - - - - 

168.3×12.5-0.40-0 1.27 1.30 1.09 0.91 

168.3×12.5-0.55-0 1.32 1.35 1.10 0.91 

Mean 1.27 1.32 1.12 0.91 

COV 0.037 0.038 0.046 0.044 

 736 
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Table 10: Comparison of measured yield loads with strength predictions by various 745 
design codes for CFST stub columns infilled with eco-concrete. 746 

Specimen label Py/PAISC Py/PACI Py/PAIJ Py/PEC 

88.9×5.0-0.35-8 1.24 1.29 1.10 0.91 

88.9×5.0-0.40-8 1.14 1.20 1.03 0.84 

88.9×5.0-0.45-8 1.22 1.27 1.08 0.89 

88.9×5.0-0.45-8-r 1.25 1.30 1.10 0.90 

88.9×5.0-0.50-8 1.21 1.26 1.06 0.87 

88.9×5.0-0.50-8-r 1.22 1.26 1.07 0.88 

88.9×5.0-0.55-8 1.24 1.29 1.09 0.88 

139.7×5.0-0.35-8 1.40 1.47 1.28 1.04 

139.7×5.0-0.40-8 1.28 1.35 1.18 0.96 

139.7×5.0-0.45-8 1.29 1.36 1.17 0.95 

139.7×5.0-0.50-8 1.31 1.37 1.18 0.95 

139.7×5.0-0.50-8-r 1.30 1.37 1.18 0.95 

139.7×5.0-0.55-8 1.25 1.31 1.12 0.90 

139.7×5.0-0.55-8-r 1.28 1.34 1.15 0.92 

139.7×6.3-0.35-8 1.38 1.45 1.25 1.02 

139.7×6.3-0.40-8 1.25 1.32 1.15 0.93 

139.7×6.3-0.45-8 1.29 1.35 1.16 0.94 

139.7×6.3-0.45-8-r 1.27 1.33 1.14 0.92 

139.7×6.3-0.50-8 1.24 1.29 1.11 0.90 

139.7×6.3-0.55-8 1.23 1.28 1.09 0.88 

139.7×6.3-0.55-8-r 1.23 1.28 1.09 0.88 

168.3×12.5-0.35-8 - - - - 

168.3×12.5-0.40-8 1.21 1.25 1.05 0.88 

168.3×12.5-0.45-8 1.31 1.35 1.12 0.94 

168.3×12.5-0.50-8 1.31 1.35 1.12 0.94 

168.3×12.5-0.55-8 1.24 1.27 1.05 0.88 

Mean 1.26 1.32 1.13 0.92 

COV 0.043 0.045 0.054 0.049 

 747 




