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 12 

ABSTRACT 13 

Fibre-reinforced polymer (FRP)-confined concrete-encased cross-shaped steel columns 14 
(FCCSCs) consist of a square FRP outer tube with round corners, a cross-shaped inner steel 15 
section and concrete filled in the between. The unique configuration of FCCSCs ensures that 16 
the concrete in the columns is well confined despite the square column shape, as demonstrated 17 
by the relevant existing research. The existing work on FCCSCs, however, has been limited to 18 
the behavior of short FCCSCs under axial compression. With their optimal configuration, the 19 
use of FCCSCs means that considerably reduced section dimensions may be adopted for the 20 
same load demand, leading to relatively slender columns in practice. In addition, the load 21 
eccentricity is an important parameter to consider in the column design. This paper presents the 22 
first-ever experimental study on the behaviour of slender FCCSCs. The test variables in this 23 
study included the load eccentricity, the slenderness ratio of the column and the thickness of 24 
FRP tube. The test results confirm the excellent structural performance of slender FCCSCs, and 25 
show that the load capacity of FCCSCs decreases with the slenderness ratio and the load 26 
eccentricity. Nevertheless, the confinement effects on the behavior of FCCSCs were found to 27 
be remarkable even when the column slenderness ratio and load eccentricity are large.  28 
 29 
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1 INTRODUCTION 34 

In the past three decades, fibre-reinforced polymer (FRP) has gained increasingly wide 35 

applications in structural engineering due to its well-known advantages such as its high 36 

strength-to-weight ratio and excellent corrosion resistance [1]. One of the most popular 37 

applications of FRP is for the strengthening of existing reinforced concrete (RC) columns [1-38 

8]. More recently, hybrid columns incorporating an FRP confining tube as well as steel and 39 

concrete have attracted increasing research attention [9-19]. Such columns can be collectively 40 

termed hybrid FRP-concrete-steel (FCS) tubular columns [20]. FRP-confined concrete-encased 41 

cross-shaped steel columns (FCCSCs) are a new form of hybrid FCS columns recently proposed 42 

by the authors [21]. An FCCSC consists of a square FRP outer tube with round corners, a cross-43 

shaped inner steel section and concrete filled in the between. The FRP outer tube acts as both 44 

an external confining device and an anti-corrosion protection skin, while the inner steel section 45 

acts as both longitudinal and lateral reinforcement to the concrete core. Huang et al. [21] 46 

presents the conceptual development of FCCSCs as well as an experimental study which 47 

demonstrated some structural advantages of the new column. The experimental study presented 48 

by Huang et al. [21], however, has been limited to short FCCSCs under axial compression. It is 49 

well known that most of the columns in practice are subjected to combined axial compression 50 

and bending due to load eccentricities. Additionally, the effect of column slenderness on the 51 

compressive behaviour of a column is an important issue to be addressed. 52 

 53 

Many experimental studies have been conducted on slender FRP-confined concrete columns 54 

with (e.g. Ref [22-24]) or without steel reinforcing bars (e.g. Ref [25-27]). These studies have 55 



confirmed that FRP confinement can enhance the strength and ductility of the slender columns. 56 

It has also been reported in these studies that the increase of the load eccentricity and/or column 57 

slenderness generally leads to reduction of the load capacity of the column.  58 

 59 

No existing experimental study has been done on slender FCCSCs. Karimi et al. [28-29] 60 

reported experimental studies on slender columns with a similar cross-sectional configuration: 61 

concrete-filled FRP tubes with a steel H-section. It was confirmed by Karimi et al. [28-29] that 62 

the tested columns have good structural performance including high loading capacity and good 63 

ductility. Karimi et al.’s studies [28-29] appear to be the only studies on slender hybrid FCS 64 

columns with an open steel section, and they did not investigate the effect of load eccentricity. 65 

 66 

Against this background, an experimental study has recently been completed by the authors on 67 

the short-term behaviour of FCCSCs with various slenderness ratios under both concentric and 68 

eccentric compression. The detailed experimental program and the test results are presented and 69 

discussed in the following sections. 70 

 71 

2 EXPERIMENTAL PROGRAM  72 

2.1 Specimens 73 

In total, 16 FCCSC specimens were prepared and tested in this study, including 12 relatively 74 

slender specimens and four short specimens for comparison. All 16 specimens had the same 75 

side length 𝑏 200 mm. Steel sections of identical cross-sectional dimensions were used for 76 

all the 16 specimens, and the dimensions of the steel section were selected based on the 77 



dimensions of typical steel H sections in the relevant technical standards [e.g., 30-31] and the 78 

steel plates available in the market. Prefabricated square glass FRP tubes were used for these 79 

specimens, and they each had four round corners with a radius of 25 mm (i.e. 1/8 of the side 80 

length). The glass fibres in the FRP tubes were oriented in nearly the hoop direction of the tube 81 

to provide confinement to the concrete and steel, with the angles between the fibres and the 82 

longitudinal axis of the FRP tube being ±80 degrees. Similar FRP confining tubes have been 83 

widely used in existing studies for the same purpose [e.g., 14, 16]. The cross-sectional 84 

configuration of the specimens and its key dimensions are shown in Figure 1. The short columns 85 

all had a height of 500 mm, while three different column heights (i.e., 𝐿 =1000, 1600, 2400 86 

mm) were adopted for the 12 relatively slender specimens, lending to three different height to 87 

side length ratios (i.e., 𝐿 𝑏⁄  = 5, 8, 12). Among the 12 specimens, three specimens had a 𝐿 𝑏⁄  88 

ratio of 5, six specimens had a 𝐿 𝑏⁄  ratio of 8 and the remaining three specimens had a 𝐿 𝑏⁄  89 

ratio of 12. The specimens with the 𝐿 𝑏⁄  ratio of 5 and 12 all had a 1.2 mm thick FRP tube. 90 

Among the six specimens with a 𝐿 𝑏⁄  ratio of 8, three specimens had a 1.2 mm thick FRP tube 91 

while the other three had a 2.4 mm thick FRP tube. Therefore, the 12 relatively slender 92 

specimens can be categorized into four groups with three specimens in each group as shown in 93 

Table 1. Three different load eccentricities (i.e., 0, 35, 70 mm) were applied for the three 94 

specimens in each of the four groups, respectively; the load eccentricities at the two ends of 95 

each specimen were the same. The four short FCCSCs had the same height of 𝐿 500 mm, 96 

leading to a height to side length ratio of 𝐿 𝑏⁄  = 2.5. They included two pairs of nominally 97 

identical specimens, with FRP tube thicknesses of 1.2 mm and 2.4 mm, respectively (Table 1).   98 

 99 



The slenderness ratio (𝜆) are also listed in Table 1 for all the specimens. For an FCCSC with a 100 

side length 𝑏 and a corner radius 𝑟, its gross cross-sectional area 𝐴  and second moment of 101 

inertia 𝐼   can be found by Eqs. 1 and 2, respectively. The radius of gyration 𝑟   can be 102 

calculated by Eq. 3 and then the slenderness ratio 𝜆 can be found by Eq. 4 [32]. 103 

 𝐴 𝑏 4 𝜋 𝑟                              (1) 104 

 105 

 𝐼 𝑟 4 𝜋 𝑟 𝑟              (2) 106 

 107 

 𝑟 𝐼 𝐴⁄                                     (3) 108 

 109 

 𝜆 𝑘𝐿/𝑟                                       (4) 110 

 111 

where 𝐿  is the physical column length and 𝑘𝐿  is the effective column length: for hinged-112 

hinged supported columns 𝑘 1  and for fixed-fixed supported columns 𝑘 0.5  [32]. It 113 

should be pointed out that the calculation of 𝜆 based on Eqs. 1, 2, 3 and 4 does not account for 114 

the effect of the steel section in the FCCSC. When accounting for the effect of the steel section, 115 

the so-called transformed cross-sectional area 𝐴 , transformed second moment of inertia 𝐼  , 116 

transformed radius of gyration 𝑟  and the resulting transformed slenderness ratio 𝜆  can be 117 

calculated by Eqs. 5, 6, 7 and 8, respectively, as follows [24]: 118 

 119 

 𝐴 𝐴 𝑛 1 𝐴                            (5) 120 

 121 



 𝐼 𝐼 𝑛 1 𝐼                              (6) 122 

 123 

 𝑟 𝐼 𝐴⁄                                    (7) 124 

 125 

 𝜆 𝑘𝐿/𝑟                                     (8) 126 

 127 

where 𝐴  and 𝐼  are the cross-sectional area and the second moment of inertia of the steel 128 

section, respectively; 𝑛  is the ratio between the elastic modulus of the steel and that of the 129 

concrete in FCCSCs.  130 

 131 

According to the above equations, for an FCCSC with given values of side length 𝑏  and 132 

effective length 𝑘𝐿, the value of the corner radius 𝑟 has little effect on the slenderness ratio 133 

of the FCCSC. In addition, it is found that the steel section in FCCSCs has only marginal effects 134 

on the calculated slenderness ratio of the FCCSCs. For the specimens in the current study, the 135 

value of 𝜆  calculated form Eq. 8 is smaller than the value of 𝜆 calculated from Eq. 4 by only 136 

around 2.0%. The slenderness ratios calculated from Eq. 4 are thus simply used in the present 137 

study as listed in Table 1. 138 

 139 

For convenience of reference, each of the test specimens was given a name: the name starts 140 

with the capital letter ‘F’ which refers to FCCSC, followed by a number (i.e., 2.5. 5, 8 or 12) 141 

which indicates the height to side length ratio (𝐿 𝑏⁄ ) of the specimen. Following the number is 142 

another Capital letter ‘A’ or ‘B’, denoting the FRP tube thickness (A for 1.2 mm and B for 2.4 143 



mm). For the relatively slender FCCSC specimens, the name then ends with another number 144 

(i.e., 0, 35 or 70) which refers to the load eccentricity applied to the specimen. For the short 145 

FCCSC specimens, the name ends with a Roman numeral (i.e., I or II) to differentiate the two 146 

nominally identical specimens of each pair. For example, F-8-A35 refers to the FCCSC 147 

specimen of which the height to side length ratio is 𝐿 𝑏⁄  =8, confined by the FRP tube of 1.2 148 

mm thickness and was subjected to 35 mm load eccentricity; F-2.5-B-I refers to the first short 149 

FCCSC specimen with the height to side length ratio of 𝐿 𝑏⁄  =2.5 and the FRP tube of 2.4 mm 150 

thickness. Table 1 summarizes the key information of the specimens. 151 

 152 

2.2 Material Properties  153 

The relatively slender FCCSC specimens and the short FCCSC specimens were prepared with 154 

two different batches of ready-mixed concrete of the same target strength. Standard plain 155 

concrete cylinders (150 mm  300 mm) were prepared and tested to obtain the mechanical 156 

properties of each batch of concrete. Based on compression tests of these concrete cylinders 157 

according to Ref [33], the average cylinder strength of the concrete in the test period was 32.2 158 

MPa for the relatively slender specimens and 32.8 MPa for the short specimens. For the 159 

concrete used for the four short FCCSC specimens, the axial strain at the peak stress was 160 

measured to be 0.0024. For the relatively slender specimens, the axial strain at the peak stress 161 

of the concrete was not measured due to an equipment problem, but it can be expected to be 162 

similar to that of the short specimens. The obtained concrete properties are summarized in Table 163 

2. 164 

 165 



The cross-shaped steel sections in the present study were made from rectangular steel plates of 166 

the required dimensions by welding. The rectangular steel plates were cut from large pieces of 167 

steel sheets of the required thicknesses (i.e., 3.2 mm and 4.5 mm). For each of the two types of 168 

steel plates, two steel coupons were cut from the cross-shaped steel sections in the longitudinal 169 

direction, and tensile tests were conducted on the steel coupons according to Ref [34]. 170 

According to the coupon test results, the steel plates with the thicknesses of 3.2 mm and 4.5 171 

mm had yield stresses of 290 MPa and 284 MPa, respectively, while had ultimate stresses of 172 

400.5 MPa and 403 MPa, respectively, as listed in Table 2. 173 

 174 

The square FRP tubes were fabricated by a filament-winding process using a mould which was 175 

specifically designed for this project. Three FRP coupons were cut from each type of FRP tube 176 

in the hoop direction, and tensile tests were conducted on these FRP coupons according to Ref 177 

[35]. According to the coupon test results, for both the thin FRP tube (1.2 mm thickness) and 178 

the thick FRP tube (2.4mm thickness), the elastic modulus was 26.8 GPa as listed in Table 2.  179 

 180 

2.3 Preparation of Specimens 181 

To facilitate the connection between the steel section and the hinge supports, additional cross-182 

shaped steel plates (15.0 mm thickness) with six threaded holes (see Figure 2) were first welded 183 

to each of the ends of the each cross-shaped steel sections with good alignment. The steel 184 

sections and the FRP tubes were then vertically fixed in a formwork with the steel sections 185 

being placed inside the corresponding FRP tubes. The seams between the bottoms of the FRP 186 

tubes and the baseboard were sealed with silicone gel to avoid water leakage. Concrete was 187 



then cast for all the specimens with proper vibration. The threaded holes of the steel plates 188 

(Figure 2) were well protected during the casting to avoid being filled with concrete. The 189 

specimens were cured at ambient temperature until the test date. Figure 3 shows the specimens 190 

in preparation.  191 

 192 

2.4 Test Setup and Instrumentation 193 

The relatively slender specimens were tested under concentric or eccentric compression and the 194 

four short specimens were all tested under concentric compression. During the test, two steel 195 

hinge supports were used for each relatively slender specimen, while the short specimens were 196 

tested with the column ends in direct contact with the loading plates of the test machine, which 197 

is the same as most previous tests [21].  198 

 199 

The photos of the steel hinge support are shown in Figure 4. The hinge support consists of two 200 

parts: the cup-shaped part (see Figure 4a and 4b) with a round groove (or two round grooves) 201 

at its bottom and the wedge-shaped (see Figure 4c) part with a cylindrical edge. The cylindrical 202 

edge of the wedge-shaped part and the round groove(s) of the cup-shaped part were designed 203 

to closely and smoothly fit each other to form the hinge support. Before the test, the two ends 204 

of the specimen were first concentrically fit into the cup-shaped parts of the two hinge supports. 205 

Bolts were then used to tie the cup-shaped parts to the steel plates (Figure 2) welded on the steel 206 

section via the predrilled holes (see Figures 4a and 4b), so that reliable transmission of tensile 207 

forces can be ensured between the steel section and cup-shaped parts. In addition, several bolts 208 

were also used on the sidewalls of the cup-shaped parts (see Figure 4a) to further ensure that 209 



the cup-shaped parts were tightly connected to the specimen. The load eccentricity (𝑒) applied 210 

on the specimen was determined by the relative position of the round groove on the cup-shaped 211 

part of the hinge support as shown in Figure 4d. With the cup-shaped parts properly mounted 212 

on the specimen, the specimen was then installed in the test machine with the cylindrical edges 213 

of the wedge-shaped parts fitted into the round grooves of the cup-shaped parts. 214 

 215 

Figure 5 shows the layout of strain gauges on the cross-shaped steel section and those attached 216 

on the FRP tube at the mid-height of the FCCSC specimens. For each relatively slender 217 

specimen, eight axial strain gauges of 10 mm gauge length were attached on the steel section 218 

to measure the axial strains at different locations, while four axial strain gauges and eight lateral 219 

strain gauges of 20 mm gauge length were applied on the FRP tube to measure the axial and 220 

hoop strains at different locations (see Figure 5a). For each short specimen, two axial strain 221 

gauges and two lateral strain gauges of 10 mm gauge length were attached on the webs of the 222 

steel section to measure the axial and lateral strains, while eight lateral strain gauges of 20 mm 223 

gauge length were used to measure the hoop strains of the FRP tube at the round corners and 224 

the middle of the flat sides (see Figure 5b). 225 

 226 

Figures 6 shows the test setups. Seven linear variable displacement transducers (LVDTs) were 227 

used for each relatively slender specimen as shown in Figure 6(a): two LVDTs (L1 and L2) 228 

were used to measure the total shortening of the distance between the two loading plates of the 229 

test machine; one LVDT (L3) was used to measure the lateral deflection of the specimen at the 230 

mid-height; the other four LVDTs (L4, L5, L6 and L7) were used to measure the average 231 



curvature in the 200 mm mid-height region of the specimen. L4 and L5 were used to measure 232 

the average compressive strain 𝜀  on the compressive side of the specimen while L6 and L7 233 

were used to measure the average tensile strain 𝜀  on the tensile side. The lateral distance 234 

between the two pairs of LVDTs was 𝐷 550 mm, and the average curvature can be obtained 235 

as 𝜀 𝜀 𝐷⁄ . For short FCCSCs, only four LVDTs were used in the test as shown in 236 

Figure 6(b): two LVDTs were used to measure the total displacement of the specimens and the 237 

other two LVDTs were used to measure the displacement of the 150 mm mid-region of the 238 

specimens. The photos of the relatively slender FCCSC specimens and short FCCSC specimens 239 

in the test are shown in Figure 7. 240 

 241 

3 TEST RESULTS AND DISCUSSIONS 242 

3.1 General Test Observation and Failure Modes 243 

The tests of the relatively slender specimens were terminated when the rupture of FRP tube 244 

occurred. For all specimens except for F-8-A0 and F-8-A70, the FRP rupture happened at 245 

around the mid-height of the specimens on the compression side; for F-8-A0 and F-8-A70, the 246 

FRP rupture prematurely happened at the end region due to local stress concentration. The 247 

typical failure modes of the relatively slender specimens of various slenderness ratio under 248 

eccentric compression (𝑒 0) are presented in Figure 8a. As shown in this figure, the relatively 249 

slender columns failed with large bending deformation which tended to localise in their mid-250 

height regions, leading to the rupture of FRP tube in this region. The typical close-up photos of 251 

the rupture of FRP tubes of the relatively slender FCCSCs are presented in Figure 8b. It is 252 

shown in this figure that the rupture of the FRP tubes all occurred within the flat side on the 253 



compression side. The typical failure modes of the short FCCSCs under concentric compression 254 

are presented in Figure 9. As shown in this figure, failures of the short specimens were marked 255 

by rupture of the FRP outer tube within the flat side at around the mid-height of the specimen, 256 

which was similar to the test observations presented in Ref [21]. 257 

 258 

The FRP tubes of the relatively slender specimens were removed at the rupture position to 259 

inspect the deformation of the steel sections, and the typical photos are shown in Figure 10. As 260 

presented in this figure, slight local buckling, in the form of small ripples bent outward, was 261 

found on the flange of the steel section on the compression side of the specimens. The slight 262 

local buckling is believed to occur close to or at the rupture of FRP tube. 263 

 264 

3.2 Axial Load-Displacement Behaviour 265 

The axial load-displacement curves and axial load-axial strain curves of the four short 266 

specimens are shown in Figure 11. Figures 12-14 show the axial load-displacement curves of 267 

the relatively slender specimens. The axial strains in Figure 11b were calculated using the 268 

readings of the LVDTs mounted at the mid-height region of the specimens (see Figure 6), while 269 

the axial displacement shown in Figure 11-14 were the shortenings of the distance between the 270 

two loading points at the column ends, which were measured by two LVDTs (see Figure 6). It 271 

should be noted that for the eccentrically loaded relatively slender specimens, the loading points 272 

were not the geometric centres of the end sections, so the axial displacement shown in the 273 

figures included that caused by the rotation of the end sections and is typically larger than the 274 

axial displacement between the geometric centres of the two end sections.  275 



 276 

As can be seen in Figure 11a, the short FCCSC specimens all have approximately bilinear axial 277 

load-displacement curves and axial load-axial strain curves. The curves are all terminated at the 278 

rupture of the FRP tube. As listed in Table 3, the average ultimate axial load of the two identical 279 

short specimens F-2.5-A-I and F-2.5-A-II is 2374 kN, while that of F-2.5-B-I and F-2.5-B-II is 280 

higher (i.e. 2820 kN) as their FRP outer tubes were thicker and thus the concrete core was better 281 

confined. As further indicated in Figure 11b, the average ultimate axial strain of F-2.5-A-I and 282 

F-2.5-A-II is 0.018 while that of F-2.5-B-I and F-2.5-B-II reaches 0.031.  283 

 284 

Before making further discussions on the relatively slender specimens, it should be pointed out 285 

that two of the specimens (i.e., F-8-A0 and F-8-A70) failed prematurely at the end region, which 286 

could have somehow affected their behaviour, especially their ultimate state. The test results of 287 

these two specimens are still presented in the relevant figures as references, but their premature 288 

failure mode is given due consideration in making the conclusions. 289 

 290 

The comparisons in Figures 12 show the effect of slenderness ratio on the axial load-291 

displacement curves of the relatively slender specimens. It is apparent in Figure 12 that the 292 

initial stiffness of the curves generally decreases with the slenderness ratio for the eccentrically-293 

loaded specimens. With the increase of axial load and thus the lateral deflection, the stiffness 294 

of the specimens started to decrease and such decrease appears to be quicker for longer 295 

specimens (e.g. Figure 12c) which had a larger lateral deflection at the same axial load. Figure 296 

12 also shows that the increase of slenderness ratio resulted in substantial reduction in the 297 



ultimate axial loads of the specimens. This is because a larger slenderness ratio resulted in a 298 

larger second order moment acting on the specimen at the ultimate state.  299 

 300 

The effect of slenderness ratio on the ultimate axial load of the specimens is further illustrated 301 

in Figure 15. As shown in Figure 15 and listed in Tables 3 and 4, when the loading eccentricity 302 

is zero (𝑒 0), the increase of slenderness ratio from 4.35 (F-2.5-A-I, II) to 17.4 (F-5-A0) 303 

resulted in only a slight decrease (3.7%) of ultimate axial load while further increase of 304 

slenderness ratio results in relatively large decreases of ultimate axial load (e.g. the increase of 305 

slenderness ratio from 17.4 to 27.9 led to a reduction of 14.2% in the ultimate axial load). In 306 

the existing studies (e.g. [37]), a threshold of slenderness ratio (i.e. slenderness limit) is 307 

generally defined for slender columns, of which the slenderness effect on the load capacity 308 

cannot be ignored (e.g. >5% as specified in Ref [37]). Based on the definition of Ref [37], the 309 

specimens of Groups F-8 and F-12 can be categorized as slender columns.  310 

 311 

Figure 13 illustrates the effect of load eccentricity on the axial load-displacement behaviour of 312 

the relatively slender specimens. It is clearly seen in this figure that the increase of load 313 

eccentricity led to a decrease of the initial stiffness of the axial load-displacement curves. This 314 

is because the increase of load eccentricity magnifies the bending moment acting on the 315 

specimen even at the initial stage. For the same reason, the increase of load eccentricity also 316 

led to decrease in the ultimate axial load, as shown in Figure 13 and further illustrated in Figure 317 

16. Although there are only three data points for each slenderness ratio, it can be seen in Figure 318 

16 that the ultimate axial load decreases significantly with the load eccentricity. 319 



 320 

Figure 14 shows the effect of FRP tube thickness on the axial load-displacement behaviour of 321 

the specimens. It can be seen that the increase of FRP tube thickness can obviously increase the 322 

ultimate axial load of the specimens and similar observation can be made in Figure 16 as well. 323 

The difference between the peak loads of F-8-A0 and F-8-B0 is 190 kN as shown in Figure 324 

16(a). It is obvious that this difference should not have been larger than 190 kN if F-8-A0 had 325 

not failed prematurely. For the corresponding short specimens F-2.5-A-I, II and F-2.5-B-I, II, 326 

however, the difference between the ultimate axial loads is around 450 kN (see Table 3), which 327 

is much larger than 190 kN. This observation thus indicates that the effect of FRP outer tube 328 

thickness on the ultimate axial load appears to be more pronounced for specimens having a 329 

smaller slenderness ratio. 330 

 331 

3.3 Axial Load-Lateral Deflection Behaviour  332 

The axial load-lateral deflection curves of all the relatively slender specimens are shown in 333 

Figures 17-19. The lateral deflection of the specimens plotted in these figures was recorded by 334 

an LVDT (i.e. L3 in Figure 6a) at the mid-height of the specimens.  335 

 336 

Figure 17 shows the effect of slenderness ratio on the axial load-lateral deflection curves of the 337 

specimens. It should be pointed out that the curves of F-8-A0 and F-8-A70 in Figure 17 are 338 

somewhat abnormal at the late stage of loading due to their premature failure at the end region. 339 

Nevertheless, it is evident from Figure 17 that the increase of slenderness ratio generally led to 340 

a decrease in the ultimate axial load and an increase in the lateral deflection at the ultimate state. 341 



For the specimens loaded concentrically [i.e. e = 0, see Figure 17(a)], the lateral deflection was 342 

nearly zero until a certain load, while for the eccentrically loaded specimens [see Figure 17(c)], 343 

considerable lateral deflection occurred even at the early loading stage. The lateral deflection 344 

at the ultimate state was only about 55 mm for Specimen F-5-A70, while it reached over 150 345 

mm for Specimen F-12-A70. Because of the rapider increase of lateral deflection for specimens 346 

with a larger slenderness ratio, especially after the load started to decrease, the curves of these 347 

specimens generally had a more gradual and longer descending branch compared with their 348 

shorter counterparts as shown in Figure 17. Similar observations were also reported in Tao et 349 

al.’s experimental study [36] and verified by Jiang and Teng’s theoretical study [37], both on 350 

slender FRP-confined circular RC columns. 351 

 352 

Figure 18 shows the effect of load eccentricity on the axial load-lateral deflection curves of the 353 

relatively slender specimens. As expected, the curves of the specimens loaded with a larger 354 

eccentricity generally have a smaller initial stiffness and a more gradual and longer descending 355 

branch which ends with a larger lateral deflection.  356 

 357 

Figure 19 illustrates the effect of FRP tube thickness on the axial load-lateral deflection curves 358 

of the relatively slender specimens. As shown in Figure 19(a), Specimen F-8-B35 has a higher 359 

(by around 10%) ultimate axial load and a significantly larger ultimate lateral deflection (by 360 

over 50%) than Specimen F-8-A35. This is believed to be mainly due to the better confined 361 

concrete core in Specimen F-8-B35 as the fibres in the FRP tube oriented nearly in the hoop 362 

direction. Specimen F-8-A70 failed prematurely at the end region, but based on the curves 363 



shown in Figure 19(b), it is not unreasonable to expect that the FRP thickness has similar effects 364 

as discussed above for Figure 19(a). It may thus be concluded that both the load capacity and 365 

deformation capacity of FCCSCs increase with the thickness of the FRP outer tube, even when 366 

the load eccentricity and the slenderness ratio are large. The effect of FRP thickness on 367 

relatively slender FCCSCs appears to be more pronounced on their deformation capacity than 368 

for their load capacity.  369 

 370 

The effectiveness of FRP confinement for slender columns has also been reported by Tao et al. 371 

[36] in their experimental study on FRP-confined slender circular RC columns under eccentric 372 

compression. According to Ref. [36], depending on the confinement stiffness of FRP, it may 373 

lead to an increase of 15%-40% in the ultimate load of the column, even for circular RC 374 

columns with a height-to-diameter ratio up to 20.4. 375 

 376 

3.4 Axial Load-Moment Curves 377 

Figures 20 and 21 show the axial load-moment curves of the mid-height section of the 378 

specimens. In the two figures, the moment is the total moment acting on the mid-height section 379 

of the specimens and consists of two parts, namely, the first order moment and second order 380 

moment. The former equals to the product of the axial load and the original load eccentricity, 381 

while the latter is the product of the axial load and the lateral deflection (recorded by the lateral 382 

LVDT) at the mid-height section. The first order moment, the second order moment and the 383 

total moment at the ultimate state of all specimens are listed in Table 5.  384 

 385 



Figure 20 shows the effect of column slenderness on the axial load-moment curves and Figure 386 

21 shows the effect of load eccentricity on the axial load-moment curves. It is shown in Figures 387 

20 and 21 that the axial load-moment curves all have a linear initial segment, after which the 388 

moment tends to increase at an increasingly large rate until the ultimate axial load is approached. 389 

This is because the lateral deflection and thus the second order moment at the mid-height 390 

section are negligible in the early stage but become increasingly large afterwards. At the initial 391 

stage the total moment is approximately equal to the first order moment, which is not affected 392 

by the slenderness ratio (see Figure 20) and only dependent on the initial load eccentricity (see 393 

Figure 21).  394 

 395 

Figure 20 shows that the increase of the column slenderness ratio resulted in a decrease in the 396 

ultimate axial load of the specimen. This is because for a given axial load, the second order 397 

moment at the mid-height section increases with the slenderness ratio because of the increasing 398 

lateral deflection. Figure 21 indicates that the increase of load eccentricity also led to a decrease 399 

in the ultimate axial load, and this is mainly due to the significant increase of the first order 400 

moment at the mid-height section.  401 

 402 

3.5 Axial Load-Curvature and Moment-Curvature Curves 403 

Figures 22 and 23 show the effect of slenderness ratio and that of load eccentricity, respectively, 404 

on the axial load-curvature and moment-curvature curves of the mid-height sections of the 405 

relatively slender FCCSC specimens. The curvatures presented in these two figures are the 406 

average curvature within the 200 mm mid-height region of the specimens and were calculated 407 



using the readings of the four vertical LVDTs [e.g., L4, L5, L6 and L7 in Figure 6(a)] as 408 

explained in Section 2.4. Similar to the discussions in Section 3.4, the moments presented in 409 

these two figures are the total moment (i.e. the sum of the first order and second order moment) 410 

at the mid-height section. 411 

 412 

It can be seen in Figure 22(a) that the three curves initially almost coincide with each other, 413 

while in the late stage of loading, the axial load at a given curvature decreases significantly with 414 

the slenderness ratio. This is easy to understand as the first-order moment dominates at the 415 

initial stage, while the second-order moment becomes increasingly larger in the later stage. The 416 

three specimens shown in Figure 22(a), with the same load eccentricity, are subjected to the 417 

same first-order moment at the same axial load, while the second-order moment depends on the 418 

lateral deflection which increases with the slenderness ratio for the same axial load. By contrast, 419 

the total moment-curvature curves shown in Figure 22(b) do not seem to be significantly 420 

affected by the slenderness ratio. It is well known that the moment-curvature curve is a property 421 

of the cross-section and is only related to the axial load level for a given cross-section. Figure 422 

22(b) suggests that the variation of axial load in the range shown in Figure 22(a) has only a 423 

small effect on the moment-curvature behaviour of the given cross-section of FCCSC. The 424 

observation from Figures 22(c) and (d) are similar to that from Figures 22(a) and (b), and the 425 

gap between the two moment-curvature curves in Figure 22(d) is believed to be due to that the 426 

difference in the axial load taken by the two specimens.  427 

 428 

As expected, Figure 23(a) shows that the axial load at a given curvature decreases with the load 429 



eccentricity, as the first-order moment increases with the load eccentricity. Figure 23(b) shows 430 

that the ultimate curvature of Specimen F-5-A0 is nearly negligible compared to those of 431 

Specimens F-5-A35 and F-5-A70. This is because F-5-A0 was subjected to concentric 432 

compression and the axial load level on this specimen was much higher than that of the other 433 

two specimens at the same curvature. Similar observations can be seen from Figures 23(c) and 434 

(d).  435 

 436 

3.6 Strains of the Steel Section 437 

A number of strain gauges were attached at the mid-height of the cross-shaped steel sections in 438 

the relatively slender FCCSC specimens to monitor the axial strains at various positions as 439 

shown in Figure 5(a) (i.e., FC1, FC2, WC, WM1, WM2, WT, FT1 and FT2).  440 

 441 

To study the distribution of axial strains of the steel section over its cross section, the (average) 442 

reading of the strain gauge(s) at a series of axial displacement levels were plotted in Figure 24 443 

for two typical specimens (Specimens F-8-A35 and F-8-B35) up to their respective peak load. 444 

It is observed in Figure 24 that: (1) the axial strains on the steel section had an approximately 445 

linear distribution, which means the so-called ‘plane section assumption’ is generally valid; (2) 446 

the steel flanges in both the tensile side and the compressive side of the specimens already 447 

yielded before reaching the peak axial load. These observations are important for the 448 

development of theoretical models and simple design approaches for FCCSCs. 449 

 450 



3.7 Strains of the FRP Tube 451 

The FRP outer tubes can enhance the load capacity of FCCSCs by confining the concrete core 452 

as presented in the previous sections. To further illustrate the behaviour of the FRP tubes of 453 

relatively slender FCCSCs subjected to eccentric compression, the hoop strain behaviour of the 454 

FRP outer tubes are discussed in detail in this section. Comparisons of hoop strain-lateral 455 

deflection (at the mid-height section) curves were made to study the effects of the FRP tube 456 

thickness, load eccentricity and column slenderness on the behaviour of the FRP tubes as shown 457 

in Figures 25 -27.  458 

 459 

For an FCCSC under eccentric compression, the hoop strains of the FRP tube on the 460 

compression side are generally much higher than that on the tension side. This is because the 461 

lateral expansion of the concrete in the compression side is much more significant. In Figures 462 

25-27, the comparisons of hoop strain-lateral deflection curves on both the compression sides 463 

and the tension sides of the specimens are made. In these figures, the term “mid flat-side” refers 464 

to the hoop strain at the middle of the compression side (i.e., “CL” in Figure 5) or the middle 465 

of the tension side (i.e., “TL” in Figure 5); the term “corners” refers to the average hoop strain 466 

of the two corners on the compression side (i.e., “CCL1” and “CCL2” in Figure 5) or that of 467 

the two corners on the tension side (i.e., “TCL1” and “TCL2” in Figure 5). 468 

 469 

Figure 25 illustrates the effect of FRP tube thickness on the hoop strain-curvature curve by the 470 

comparisons between F-8-A35 and F-8-B35. For the FRP hoop strain behaviour on the 471 

compression side, the following two observations can be made from Figure 25(a): (1) there is 472 



little distinction between the hoop strains at mid flat-side and those at the corners; (2) for a 473 

given lateral deflection, the increase of FRP tube thickness led to a decrease of FRP hoop strain. 474 

This is simply because a thicker FRP tube thickness can better restrain the expansion of the 475 

concrete core and improve the load capacity of the column (see Figure 19). On the other hand, 476 

Figure 25(b) shows that the variation of FRP tube thickness has a much smaller effect on the 477 

hoop strains of the FRP tube on the tension side of the specimens. This is not surprising as 478 

significant lateral expansion of concrete occurred only on the compression side.  479 

 480 

Figure 26 shows the effect of load eccentricity on the hoop strain-lateral deflection curves by 481 

the comparisons between F-12-A35 and F-12-A70. It is clearly illustrated that at the same 482 

lateral deflection, the hoop strains of F-12-A35 were slightly larger than that of F-12-A70 on 483 

both the compression side and the tension side. This is because at the same lateral deflection, 484 

the higher axial load acting on F-12-A35 (see Figure 18d) makes the concrete core of F-12-A35 485 

(especially on the compression side) expand more significantly. 486 

 487 

Similar comparisons of the hoop strain-lateral deflection curves were made between F-8-A35 488 

and F-12-A35 in Figure 27 to study the effect of the column slenderness ratio on the hoop strain 489 

behaviour of the FRP tubes of relatively slender FCCSCs. It is evident in Figure 27 that at the 490 

same lateral deflection, the hoop strain of F-8-A35 is obviously larger than that of F-12-A35. 491 

Again, this is mainly due to the fact that F-8-A35 carried a higher axial load than F-12-A35 at 492 

the same lateral deflection (see Figure 17b) and thus the expansion of the concrete core in F-8-493 

A35 is more significant. As the same FRP tube (with the same rupture strain) was used in both 494 



specimens, this observation also explains why Specimen F-12-A35 has a larger lateral 495 

deflection than Specimen F-8-A35 at the ultimate state (Figure 17b).  496 

  497 

4 CONCLUSIONS 498 

This paper has provided the first insight into the compressive behaviour of slender FCCSCs 499 

through a detailed experimental study. The test variables in this experimental study included 500 

the column slenderness ratio, the load eccentricity and the FRP tube thickness. The effects of 501 

these important factors on various aspects of the column behaviour have been clarified in the 502 

paper. The following conclusions can be drawn based on the test results and discussions:  503 

 504 

(1) The slender FCCSC specimens under eccentric compression failed by rupture of the 505 

FRP tubes on the compression side at the mid-height of the column.  506 

 507 

(2) Even for the FCCSC specimens with a slenderness ratio of up to 27.9 (𝐿/𝑏 8), the 508 

FRP tube still provides considerable confinement to the concrete and thus increases the 509 

load and deformation capacity of the specimens. Nevertheless, the increase of column 510 

slenderness ratio tends to reduce the effectiveness of FRP confinement for FCCSCs. 511 

 512 

(3) The thickness of FRP tube has a considerable effect on the behaviour of slender FCCSCs, 513 

especially their deformation capacity. The increase of FRP tube thickness from 1.2 mm 514 

to 2.4 mm in this study led to an increase of around 10% in the ultimate axial load and 515 

an increase of over 50% in the ultimate lateral deflection, for FCCSC specimens with a 516 



slenderness ratio of 27.9 and a load eccentricity of 35 mm.  517 

 518 

(4) The load capacity of FCCSCs reduces with the slenderness ratio and the load 519 

eccentricity. However, the lateral deformation of FCCSCs at the ultimate state (i.e. FRP 520 

rupture) may increase with the slenderness or the load eccentricity. After the peak load, 521 

slender FCCSCs tend to have a more gradual descending branch of the load-lateral 522 

deformation curve, compared with their short counterparts. 523 

 524 

(5) The deformation of the steel section in slender FCCSCs under eccentric compression 525 

generally satisfies the ‘plane section assumption’.  526 

 527 
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Table 1. Test matrix 

Specimen 
Thickness of 

FRP tube 
(mm) 

Column 
height L 

(mm) 

Sectional Side 
length b (mm) 

𝐿/𝑏 
Slenderness ratio 

𝜆 𝑘𝐿/𝑟  

Load 
eccentricity 

(mm) 

F-2.5-A-I 
1.2 

500 200 2.5 4.35 ( 0.5)k   0 
F-2.5-A-II 

F-2.5-B-I 
2.4 

F-2.5-B-II 
F-5-A0 

1.2 1000 200 5 17.4 ( 1)k   
0 

F-5-A35 35 
F-5-A70 70 
F-8-A0 

1.2 1600 200 8 27.9 ( 1)k   
0 

F-8-A35 35 
F-8-A70 70 
F-8-B0 

2.4 1600 200 8 27.9 ( 1)k   
0 

F-8-B35 35 

F-8-B70 70 
F-12-A0 

1.2 2400 200 12 41.8 ( 1)k   
0 

F-12-A35 35 

F-12-A70 70 

 
 
 
 



 
Table 2. Material properties 

Concrete 
Short FCCSCs 

Compressive strength (MPa) Axial strain at the peak stress 
32.2 0.0024 

Slender FCCSCs 32.8 N/A 

Steel 
3.2 mm thickness 

Yield stress (MPa) Ultimate stress (MPa) 
280.0 400.5 

4.5 mm thickness 284.0 403.0 

FRP 
Elastic modulus (GPa) Ultimate tensile strain 
26.8 0.0145 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table 3 Key test results 

Specimen 𝐹  (kN) 𝑆  (mm) 𝐷  (mm) 𝐶  (10-3mm-1) 𝜀 .  

F-2.5-A-I 2327 7.9 

N/A N/A 

0.0115 
F-2.5-A-II 2421 9.8 0.0136 
F-2.5-B-I 2783 13.3 0.0119 
F-2.5-B-II 2858 15.0 0.0127 
F-5-A0 2286 23.8 -- 0.49 0.0092 
F-5-A35 1362 7.5 9.1 0.65 0.0125 
F-5-A70 901 10.0 11.7 0.60 0.0130 
F-8-A0* 1963 10.6 -- -- -- 
F-8-A35 1136 7.6 14.4 0.30 0.0106 
F-8-A70* 746 11.0 14.33 0.23 -- 
F-8-B0 2151 20.0 11.0 0.31 0.0040 
F-8-B35 1262 7.7 14.3 0.24 0.0071 
F-8-B70 806 9.0 14.0 0.33 0.0121 
F-12-A0 1713 8.4 13.4 0.35 0.0093 
F-12-A35 1024 6.1 18.4 0.21 0.0099 
F-12-A70 664 10.6 22.2 0.19 0.0097 

𝐹 : the ultimate axial load; 𝑆 : the axial displacement at the ultimate axial load; 𝐷 : the lateral deflection at ultimate axial load; 𝐶 : the curvature 

at the ultimate axial load; 𝜀 . : the average FRP hoop strain at the ultimate state. 

* Specimen failed at the end regions 
 



Table 4 Ratio between the ultimate axial load of the slender FCCSC specimens and that 
of the corresponding short column under concentric compression. 
 

Specimen 𝐹 /𝐹 ,   
F-5-A0 96.3% 
F-5-A35 57.4% 
F-5-A70 38.0% 
F-8-A0* 82.7% 
F-8-A35 47.9% 
F-8-A70* 31.4% 
F-12-A0 72.2% 
F-12-A35 43.1% 
F-12-A70 28.0% 
F-8-B0 76.3% 
F-8-B35 44.8% 
F-8-B70 28.6% 

𝐹 : the ultimate axial load; 𝐹 , : the ultimate axial load of the corresponding short 
column under concentric compression.  
* Specimen failed at the end regions 
 
 
Table 5 Ultimate moment of slender columns. 

Specimen 
First order moment 

(kN.m) 
Second order moment 

(kN.m) 
Total moment 

(kN.m) 
F-5-A0 0.0 2.65 2.65 
F-5-A35 41.83 30.79 72.62 
F-5-A70 55.73 27.00 82.73 
F-8-A0* 0.0 13.74 13.74 
F-8-A35 27.26 41.93 69.19 
F-8-A70* 52.16 10.68 62.84 

F-8-B0 0.0 65.21 65.21 
F-8-B35 27.36 57.08 84.44 
F-8-B70 36.41 51.28 87.69 
F-12-A0 0.0 60.24 60.24 
F-12-A35 16.86 55.82 72.68 
F-12-A70 27.06 41.92 68.98 

* Specimen failed at the end regions 



 

 
Figure 1. Cross-sectional configuration of FCCSCs 

 

 
Figure 2. Cross-shaped steel plate (15 mm thickness) with threaded holes 

 
 



 

 

Figure 3. Specimens in preparation 
 

 



 

 

(a) The cup-shaped part (seen from top) 
 

  

(b) The cup-shaped part (seen from bottom) 
 

  

(c) The wedge-shaped part 
 

 
(d) Load eccentricity e 

Figure 4. The cup-shaped part and the wedge-shaped part of the pinned support



 

 

Figure 5. Layout of strain gauges on the steel section and the FRP tube of the 
specimens 

 
 



 

 
(a) Slender FCCSCs 

 

 

(b) Short FCCSCs 
Figure 6. Schematics of the test setup and the layout of LVDTs 

 
 



 

 
(a) Slender specimen  

 
(b) Short specimen 

 
Figure 7. Photos of specimens in test 

 



 

   
 (a) Overall failure mode of slender FCCSCs 

 

   

(b) Rupture of the FRP tubes of FCCSCs 
Figure 8. Typical failure modes of slender FCCSCs 

 

  

 Figure 9. Typical failure modes of short FCCSCs 
 
 
 
 



 

   
(a)                   (b)                   (c) 

Figure 10. Small ripples on the steel sections at the failure of some typical specimens 
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 (a) Axial load-axial displacement curves    (b) Axial load-axial strain curves 
Figure 11. Axial load- displacement and axial load-axial strain curves of the short 

FCCSC specimens 
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  (b) e = 35 mm                        (c) e = 70 mm 
Figure 12. Effect of slenderness ratio on the axial load-axial displacement behavior of 

the specimens 
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   (a) 𝜆 17.4                         (b) 𝜆 27.9 
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   (c) 𝜆 27.9                          (d) 𝜆 41.8 
Figure 13. Effect of load eccentricity on the axial load-axial displacement behavior of 

specimens 
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(b) e = 35 mm                           (c) e = 70 mm 
Figure 14. Effect of FRP tube thickness on the axial load-axial displacement behavior 

of specimens 
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Figure 15. Effect of slenderness ratio on the ultimate axial load of specimens (with 
thin FRP tube) 
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Figure 16. Effect of load eccentricity on the ultimate axial load of the specimens 
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 (b) e =35 mm                          (c) e = 70 mm 
Figure 17. Effect of slenderness ratio on the axial load-lateral deflection curves of the 

specimens 
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  (a) 𝜆 17.4                        (b) 𝜆 27.9 
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  (c) 𝜆 27.9                         (d) 𝜆 41.8 
Figure 18. Effect of load eccentricity on the axial load-lateral deflection curves of the 

specimens 
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  (a) e=35 mm                         (b) e=70 mm 
Figure 19. Effect of FRP tube thickness on the axial load-lateral deflection curves of 

the specimens 
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   (a)                            (b) 
Figure 20. Effect of slenderness ratio on axial load-moment curves. 
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   (b)                                   (c) 
Figure 21. Effect of load eccentricity on axial load-moment curves 
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(c)                                  (d) 
Figure 22. Effect of slenderness ratio on the axial load-curvature curve and moment-

curvature curve of FCCSCs. 
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 (c)                            (d) 
Figure 23. Effect of load eccentricity on the axial load-curvature curve and moment-

curvature curve of FCCSCs. 
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     (a)                                (b) 
Figure 24. Distribution of axial strains over the cross section of the steel sections in 

FCCSCs: (a) F-8-A35; (b) F-8-B35 
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    (a)                              (b) 
Figure 25. Effect of FRP tube thickness on the hoop strain behavior of the FRP tube at 

the mid-height section 
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   (a)                                     (b) 
Figure 26. Effect of load eccentricity on the hoop strain behavior of the FRP tube at 

the mid-height section 
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     (a)                                    (b) 
Figure 27. Effect of slenderness ratio on the hoop strain behavior of the FRP tube at 

the mid-height section 
 

 


	Behavior of slender FCCSCs_text_Revised_Final
	Behavior of slender FCCSCs_Table_Revised_Final
	Behavior of slender FCCSCs_Figure_Revised_Final



