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Abstract: 6 

The combined use of an FRP tube with steel and concrete to form hybrid structural members 7 

has attracted increasing research attention. Hybrid FRP-concrete-steel multitube concrete 8 

columns (MTCCs) are a new form of such members, comprising an external FRP tube and a 9 

number of internal steel tubes, with all the space inside the tubes filled with concrete. Hybrid 10 

MTCCs allow the use of small-scale standard steel tube products to construct large-scale 11 

columns, and possess many advantages including excellent ductility, as demonstrated by recent 12 

studies. The existing studies on MTCCs, however, have been limited to the testing of small-13 

scale specimens. For a new column form particularly suitable for large-scale construction, the 14 

potential size effect on the behavior of MTCCs needs to be clarified. This paper presents the 15 

first-ever experimental study on large-scale MTCCs through the testing of specimens with an 16 

outer diameter (for circular specimens) or side length (for square specimens) of 500 mm, and 17 

a height of 1500 mm. The configuration of steel tubes in these specimens, designed to be similar 18 

to real columns, are different from those in the small-scale MTCCs reported by the existing 19 

studies. The test results show that the large-scale MTCCs all possess excellent structural 20 

performance including ample ductility, and that the size effect appears to be negligible for 21 

MTCCs with sufficient confinement. The test results also show that the configuration of steel 22 

tubes may have a significant effect on the behavior of the confined concrete in MTCCs. In 23 

addition, an analytical method based on the transformed section approach and an existing 24 

model for FRP-confined concrete-filled steel tubes is presented and shown to provide close 25 

predictions of the test results in the present study.  26 
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1 INTRODUCTION  36 

In the last two decades, extensive studies have been conducted on the use of fiber-reinforced 37 

polymer (FRP) for new construction (Teng et al. 2007; Hollaway 2010). In particular, the 38 

combined use of an FRP tube with steel and concrete to form hybrid structural members has 39 

attracted increasing research attention (e.g. Teng et al. 2007; Karimi et al. 2011; Fanggi and 40 

Ozbakkaloglu 2015; Yu et al. 2019). In these hybrid members, the FRP tube typically serves 41 

as a corrosion-resistant skin and a confining device for the steel and concrete, while the steel 42 

serves as ductile longitudinal reinforcement for the concrete to resist axial load and bending 43 

moments. Various forms of steel reinforcement have been used in such applications, including 44 

steel bars (e.g., Yu and Teng 2010), steel plates (Yu et al. 2017a), a steel tube (e.g., Teng et al. 45 

2007, 2018; Fanggi and Ozbakkaloglu 2015) and a steel section (e.g., Karimi et al. 2011; Huang 46 

et al. 2017), leading to various forms of FRP-concrete-steel hybrid tubular structural members 47 

(Yu 2018).   48 

FRP-concrete-steel hybrid multitube concrete columns (MTCCs) are a new form of hybrid 49 

structural members recently proposed by the second author (Yu et al. 2017b). An MTCC 50 

comprises an external FRP tube and a number of internal steel tubes, with all the space inside 51 

the tubes filled with concrete [e.g., Figs. 1(a) and 1(e)]. In MTCCs, the three materials (i.e., 52 

FRP, concrete and steel) are optimally combined to achieve several advantages, including their 53 

excellent ductility, excellent durability and ease for construction (Yu et al. 2017b). In particular, 54 

the new column form allows the use of small-scale (SS) standard steel tube products to 55 

construct large-scale columns, thereby eliminating the difficulties associated with the 56 

manufacturing, transportation, and installation of large steel tubes. Compared with concrete-57 

filled FRP tubes (CFFTs) with steel bars, the use of steel tubes allows a relatively large steel 58 

volume ratio to be used without affecting the quality of concrete casting. Consequently, the 59 

stiffness and load capacity of MTCCs can be larger compared with steel bar-reinforced CFFTs 60 



of the same dimensions. In addition, the circular internal steel tubes provide effective 61 

confinement to the concrete in MTCCs, leading to further enhanced load capacities and 62 

ductility. Furthermore, the use of steel tubes eliminates the need for or significantly reduces 63 

the amount of transverse reinforcement (e.g., steel stirrups) and facilitates the construction 64 

process. 65 

Yu et al. (2017b) present the conceptual development of MTCCs as well as the results from a 66 

series of axial compression tests on SS circular MTCC specimens to demonstrate some of their 67 

expected advantages. Chan et al. (2018) present an experimental study on the axial compressive 68 

behavior of square MTCCs by testing SS specimens. The results from Yu et al. (2017b) and 69 

Chan et al. (2018) confirmed that the concrete in both circular and square MTCCs is very well 70 

confined, and the buckling of internal steel tubes is effectively prevented, leading to very 71 

ductile structural responses. The experimental studies presented in Yu et al. (2017b) and Chan 72 

et al. (2018), however, have been limited to SS specimens with the outer diameter/side length 73 

being less than or about 200 mm.  74 

Many researchers (e.g., Carey and Harries 2005; Wang and Wu 2011; De Luca et al. 2010; 75 

Ozbakkaloglu 2013; Wang et al. 2016; Zeng et al. 2018) have investigated the size effects of 76 

FRP-confined concrete columns. In these studies, the effects of column size have been 77 

examined mainly in terms of: (1) the unconfined strength of concrete; and (2) the confinement 78 

effectiveness of FRP. The size effect on the unconfined strength of concrete in FRP-confined 79 

columns appears to be dependent on the shape of columns. For circular columns, the majority 80 

of the existing studies (e.g., Carey and Harries 2005; Ozbakkaloglu 2013) show that such size 81 

effect is insignificant, while some researchers (e.g., Wang and Wu 2011) observed that the 82 

unconfined strength of concrete decreased significantly with the column size. For square 83 

columns, the existing studies (e.g., De Luca et al. 2010; Wang et al. 2016; Zeng et al. 2018) 84 

generally agree that the size effect on the unconfined concrete strength cannot be ignored, but 85 



different studies proposed different reduction factors for it, which range at least from 0.78 to 86 

0.94. If the size effect on the unconfined strength is properly considered, the existing studies 87 

(e.g., De Luca et al. 2010; Ozbakkaloglu 2013) generally show that the same stress-strain 88 

models of FRP-confined concrete can be directly used for specimens of various scales, as long 89 

as the concrete is sufficiently confined with a bilinear ascending stress-strain curve. This 90 

observation implies that for sufficiently-confined concrete in columns with the same 91 

confinement stiffness ratio: (1) the size effect on the slope of the second linear branch of the 92 

stress-strain curve can generally be ignored; and (2) the size effect on the ultimate axial strain 93 

at the rupture of FRP can generally be ignored if the same type of FRP is used. 94 

As a variation of FRP-confined concrete columns, the behavior of MTCCs is complicated by 95 

the multiple steel tubes which provide significant additional confinement to the concrete. As a 96 

result, the conclusions obtained from tests of normal FRP-confined concrete columns on the 97 

size effects may not directly apply here. For example, it may be reasonable to expect that the 98 

size effect on the unconfined strength of concrete in square MTCCs is not as pronounced as in 99 

normal FRP-confined square columns because of the existence of multiple circular steel tubes 100 

in the former. Therefore, it is necessary to test large-scale (LS) MTCC specimens to clarify the 101 

size effects so that the results from SS specimens can be confidently used to develop design 102 

approaches. For a new column form particularly proposed for large-scale construction, the 103 

testing of LS specimens are also important to fully demonstrate the structural concept of 104 

MTCCs: the configurations of typical practical MTCCs [Figs. 1(a) and (e)] are difficult to be 105 

investigated through SS specimens whose size limits the number of steel tubes that can fit in 106 

(Yu et al. 2017b).  107 

Against the above background, this paper presents the first-ever experimental study on LS-108 

MTCCs. The LS specimens tested in the present study had an outer diameter (for circular 109 

specimens) or side length (for square specimens) of 500 mm, and a height of 1500 mm. The 110 



experimental program and results of the study are presented and discussed in the following 111 

sections. 112 

2 EXPERIMENTAL PROGRAM 113 

2.1 Test specimens  114 

A total of 11 LS specimens were prepared and tested under concentric axial compression, 115 

including eight LS-MTCCs and three LS plain concrete-filled FRP tubes (LS-CFFTs) for 116 

comparison. Fig. 1 shows the cross-sections of the specimens while Table 1 summarizes their 117 

details. In Table 1, tfrp is the thickness of FRP tube; tst and D are the thickness and diameter of 118 

steel tube, respectively; h is the height of specimens; and 𝜌𝜌𝑠𝑠𝑠𝑠 is the steel volume ratio. The LS-119 

MTCC specimens included five square and three circular specimens. The fibers in the FRP 120 

tube of all specimens were oriented at ±87° to the longitudinal direction.  121 

The square specimens covered two thicknesses of FRP tube (i.e., 3.0 mm and 6.0 mm) and 122 

three steel tube configurations, which were formed by 16, 8 and 4 steel tubes, respectively [Figs. 123 

1(a)-(c)]. The two FRP tube thicknesses were selected based on existing studies on FRP-124 

confined concrete (Lam and Teng 2003b; Wang and Wu 2008), so that for CFFTs, the larger 125 

one (6.0 mm) leads to an approximately bilinear ascending axial load-strain curve (i.e. 126 

sufficiently-confined concrete) while the smaller one leads to an axial load-strain curve with a 127 

descending branch (i.e. weakly-confined concrete). The number of steel tubes was chosen to 128 

be a multiple of four (i.e. 16, 8 or 4) so that these tubes can be symmetrically placed inside a 129 

square FRP tube. The circular columns all had the same FRP tube with a thickness of 2.5 mm, 130 

and covered two steel tube configurations formed by 12 and 6 steel tubes, respectively [Figs. 131 

1(e) and(f)]. For ease of comparison, three types of steel tubes (Types A-C) were selected for 132 

use in the LS-MTCC specimens so that the total volume ratio of steel (𝜌𝜌𝑠𝑠𝑠𝑠) is similar (i.e., 133 

4.23%-4.68%) for all the specimens despite their quite different configurations (see Table 1). 134 



The selected volume ratios of steel in the present study are similar to those of typical FRP-135 

concrete-steel hybrid tubular structural members in existing studies (e.g., Fanggi and 136 

Ozbakkaloglu 2015; Huang et al. 2017) and are generally higher than those of typical steel-137 

reinforced concrete columns.  138 

The three LS-CFFT specimens covered the three types of FRP tubes (i.e., two square ones and 139 

one circular one) used in the LS-MTCC specimens. All the LS specimens had a height of 1500 140 

mm. The FRP tube of all the square specimens had an inner side length of 500 mm, while that 141 

of all the circular specimens had an inner diameter of 500 mm, leading to a height-to-142 

diameter/side length ratio of 3:1. Similar height-to-diameter/side length ratios have been 143 

widely adopted in the existing experimental studies on the compressive behaviour of FRP-144 

confined concrete columns (e.g., Fanggi and Ozbakkaloglu 2015; Teng et al. 2018; Huang et 145 

al. 2017; Zeng et al. 2018).  146 

Each specimen is given a name for ease of reference. The name includes the following parts in 147 

sequence: (1) a letter ‘M’ or ‘F’ to represent MTCC and CFFT, respectively; (2) another letter 148 

‘S’ or ’C’ to represent square and circular specimens, respectively; (3) a number followed by 149 

a letter ‘A’, ‘B’ or ‘C’ to represent the number and the type of inner steel tubes; (4) a two-digit 150 

number to represent the thickness of FRP tube. To ensure the repeatability of the results, two 151 

nominally identical specimens were prepared for each of two selected section configurations. 152 

For these specimens, their names end with an additional Roman numeral (“I” or “II”) to 153 

differentiate the two nominally identical specimens. For example, Specimen M-S-8B-3.0-I is 154 

the first square MTCC specimen with eight Type-B steel tubes and a 3.0 mm thick FRP tube. 155 

2.2 Material properties 156 

All specimens were cast in a single batch using ready-mix concrete with a maximum aggregate 157 

size of 10 mm. Two groups of three standard cylinders (150 mm x 300 mm) were tested at the 158 



beginning and the end of the LS specimen tests to determine the unconfined concrete strength 159 

during the test period (about three weeks), in accordance with AS1012.9 (2014). The average 160 

compressive strengths (f’co) at the beginning and the end of the tests were found to be 34.4 MPa 161 

and 36.2 MPa, respectively. As the difference in the two strengths is relatively small, an 162 

average value of 35.3 MPa is used in the discussions in this paper. Due to an equipment issue, 163 

the axial strain corresponding to the peak stress of unconfined concrete (ɛco) was not measured 164 

in the tests, and a value of 0.228% is used in the discussions in this paper. This value was 165 

obtained using the unconfined concrete strength and the following equation proposed by 166 

Popovics (1973):  167 

𝜀𝜀𝑐𝑐𝑐𝑐 = 9.37 × 10−4  �𝑓𝑓𝑐𝑐𝑐𝑐′
4        (𝑓𝑓𝑐𝑐𝑐𝑐′  in MPa)               (1) 168 

For each type of steel tubes, five steel coupons were cut in the longitudinal direction of the tube 169 

and were tested under tension in accordance with BS18 (1987). Three of the five steel coupons 170 

were cut away from the welding seam of the tube, while the other two included the welding 171 

seam to examine that effect. The key test results are summarized in Table 2, including the 172 

elastic modulus (𝐸𝐸𝑠𝑠𝑠𝑠), yield stress (𝜎𝜎𝑦𝑦) and ultimate tensile stress (𝜎𝜎𝑢𝑢). The results show that 173 

the welding process led to significant increases in the yield stress and ultimate stress and slight 174 

decreases in the elastic modulus of the steel. In addition to the steel coupon tests, axial 175 

compression tests were conducted on three bare steel tubes of each type. The tested steel tubes 176 

all had a height-to-diameter ratio of 3:1 to eliminate the effects of end restraints and slenderness. 177 

The dimensions of these steel tubes and their average ultimate axial loads (Lst) obtained from 178 

the tests are also summarized in Table 2. 179 

Three types of prefabricated glass FRP tubes were used in the present study, including (1) 180 

circular tube with an inner diameter of 500 mm and a nominal thickness of 2.5 mm, (2) square 181 

tube with an inner side length of 500 mm and a nominal thickness of 3 mm, and (3) square tube 182 



with an inner side length of 500 mm and a nominal thickness of 6 mm. All the FRP tubes were 183 

manufactured via a filament-winding process. The tubes all had a nominal fiber volume 184 

fraction of 49%, according to the data provided by the manufacturer. To obtain the mechanical 185 

properties of FRP tube, five FRP coupons were cut from a flat side of a 3 mm square FRP tube 186 

along its transverse direction, and were tested under tension in accordance with ASTM 187 

D3039/D3039M (2014). The test results showed that the FRP tubes had an average elastic 188 

modulus of 33.3 GPa and an average tensile strength of 573 MPa in the transverse direction, 189 

based on a nominal thickness of 3 mm and an average rupture strain of 0.0172. Despite the 190 

large size of the FRP tubes, the circular tube used in the present study had a weight of only 191 

9.67 kg. 192 

2.3 Preparation of specimens 193 

The preparation of LS-MTCC specimens included the following procedures: (1) putting the 194 

steel tubes in place to form a “steel wall” with a temporary holder; (2) employing point electric 195 

arc welding near the ends of the steel tubes to secure them in the desired configuration before 196 

removing the temporary holder; (3) welding four steel rods to each end of the steel wall as 197 

spacers to ensure that they were concentrically placed in the FRP tube; (4) attaching strain 198 

gauges at the mid-height of the steel tubes; (5) putting the FRP tubes in place; (6) casting 199 

concrete; (7) strengthening the two ends of each specimen using carbon fiber sheets of 100 mm 200 

width. The preparation of LS-CFFT specimens is similar, except that Steps (1)-(4) were not 201 

needed. For practical applications of MTCCs, the placement of steel tubes may also be 202 

facilitated by adopting steel angle brackets or steel bars (Yu et al. 2017). 203 

2.4 Test set-up and instrumentation  204 

A total of six linear variable displacement transducers (LVDTs) were employed for each 205 

specimen, including two LVDTs (i.e., LVDT-A and B) to measure the axial shortening of the 206 



specimen and four LVDTs to measure the axial deformation of the 500 mm mid-height region. 207 

The layout of the LVDTs is shown in Fig. 2(a).  208 

For each square LS-MTCC specimen, a total of 16 lateral strain gauges were attached to the 209 

inner steel tubes and the outer FRP tube. For each circular LS-MTCC specimen, a total of 14 210 

lateral strain gauges were attached to the inner steel tubes and the outer FRP tube. In addition, 211 

six axial strain gauges (i.e., four on the outer FRP tube and two on the inner steel tubes) were 212 

attached to each LS-MTCC specimen. The layout of the strain gauges is shown in Fig. 2(b). 213 

The layout of strain gauges on the FRP tube of the CFFT specimens is the same as that for the 214 

corresponding MTCC specimens. 215 

All compression tests on the LS specimens were conducted using a 7200-tonne Popwil 216 

(Hangzhou, PRC) compression test machine at the Beijing University of Technology (Fig. 3), 217 

with a displacement control rate of 0.6 mm/min. The compressive load was applied to the entire 218 

cross-section of the specimens. To ensure uniform loading to the specimen ends, the two end 219 

surfaces were ground before test. A preload of 1000 kN was applied for each LS specimen to 220 

check the instrumentation; this load is only about 1/8-1/12 of the nominal squash load of the 221 

specimen and thus had no effect on the compressive behavior of the specimen. The nominal 222 

squash load is calculated by 𝑁𝑁0 =  𝐴𝐴𝑠𝑠𝑠𝑠  𝜎𝜎𝑦𝑦 + 𝐴𝐴𝑐𝑐  𝑓𝑓𝑐𝑐𝑐𝑐′ , where 𝐴𝐴𝑠𝑠𝑠𝑠 and 𝐴𝐴𝑐𝑐 are the cross-sectional 223 

areas of steel and concrete, respectively. The specimens were then unloaded to near zero force 224 

before the formal compression test. A data logger was employed to simultaneously record the 225 

test data, including strain gauge readings, loads from the test machine and displacements from 226 

the LVDTs. 227 

In general, the failure of FRP-confined concrete columns is controlled by the rupture of FRP 228 

under hoop tension. Such failure is normally accompanied with release of a large amount of 229 

energy. Therefore, the failure of LS FRP-confined specimens such as those tested in the present 230 



study might be risky for the testing machine and the surroundings. Due to safety concerns, the 231 

compression tests of all the LS-MTCC specimens were intentionally terminated when the 232 

average hoop strain of FRP reached about 50% of the FRP rupture strain obtained from tensile 233 

coupon tests, as per the strict requirement of the laboratory. While the use of this measure 234 

means that the ultimate state of the specimens could not be captured in the tests, it still allows 235 

the main characteristics of the column behavior (e.g., with a sufficiently long second branch of 236 

the axial load-axial strain curves) to be examined, as further discussed in the following sections. 237 

Similar to the observation of previous tests on LS FRP-confined specimens (e.g., Wang and 238 

Wu 2011; Zeng et al. 2018), the failure modes of LS-MTCCs are expected to be similar to 239 

those of SS specimens and readers may refer to Yu et al. (2017b) and Chan et al. (2018) for 240 

such details.  241 

3.0 RESULTS AND DISCUSSIONS 242 

3.1 Axial load-strain behavior 243 

The axial load-strain curves of all the LS specimens are shown in Fig. 4, where the axial strains 244 

were obtained from the average readings of the four LVDTs covering the 500 mm mid-height 245 

region (Fig. 2). In this paper, the axial strains were all obtained in this way unless otherwise 246 

specified. For the circular specimens, the curves are terminated at a point corresponding to the 247 

average FRP hoop strain of 0.008. For all the square MTCC specimens, the last point of the 248 

curves corresponds to the average FRP lateral strain of 0.008 at the corners. The curve of 249 

Specimen F-S-3.0 has a descending branch and it is terminated at an axial load which is equal 250 

to 80% of the peak load. Hereafter in this paper, the axial load and axial strain of the last point 251 

of the curves are referred to as the final axial load and final axial strain, respectively.   252 

For all the MTCC specimens, the curves feature an approximately bilinear shape with two 253 

ascending branches (Fig. 4), which is similar to the results of other FRP-confined concrete 254 



columns with sufficient confinement (e.g., Lam and Teng 2003a; Yu et al. 2019). As expected, 255 

the curves of the MTCC specimens are significantly higher than that of the corresponding 256 

CFFT specimens because of the existence of internal steel tubes. Fig. 4(a) further shows that 257 

the slopes of the second branches of the curves of circular MTCC specimens are similar to and 258 

slightly larger than that of the corresponding circular CFFT specimen, while the final axial 259 

strains of the former are significantly larger than that of the latter. This observation confirms 260 

that the internal steel tubes in circular MTCC specimens play a significant role in providing 261 

additional confinement to the concrete. 262 

For the square specimens with a 3.0 mm FRP tube, Fig. 4(b) shows that the curves of MTCC 263 

specimens are significantly different from that of the CFFT specimen (i.e., Specimen F-S-3.0). 264 

The MTCC specimens all have a continuously ascending curve while the curve of the CFFT 265 

specimen has a descending branch, suggesting that the effect of additional confinement from 266 

the internal steel tubes is particularly important when the FRP confinement is relatively weak. 267 

For the square specimens with a 6.0 mm FRP tube, the observation is similar to that of circular 268 

specimens: the MTCC specimen has a much longer curve than that of the CFFT specimen while 269 

the slopes of the second branches of the two are almost the same [Fig. 4(b)]. During the tests, 270 

a number of horizontal cracks appeared on the FRP tubes after the axial strain reached about 271 

0.003 (Fig. 5). These cracks, due mainly to the axial straining of FRP, did not affect the general 272 

behavior of the specimens, as evident from the axial load-strain curves in Fig. 4. However, they 273 

may be considered as early warning signs in practical applications and should generally be 274 

avoided by design for the serviceability limit state. 275 

The key test results of all specimens are summarized in Table 3. For consistency, all values in 276 

this table are rounded to three significant digits. In this table, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓 is the final axial load of 277 

the LS specimens; 𝜀𝜀𝑐𝑐,𝑓𝑓 is the final axial strain from the tests; 𝜀𝜀𝑙𝑙𝑓𝑓𝑠𝑠,𝑓𝑓 and 𝜀𝜀𝑙𝑙𝑐𝑐,𝑓𝑓 are the final lateral 278 



strains of square specimens at the flat sides and the corners, respectively; 𝜀𝜀ℎ,𝑓𝑓 is the final hoop 279 

strain of circular specimens; 𝑁𝑁0 is the nominal squash load and is calculated by 𝑁𝑁0 =  𝐴𝐴𝑠𝑠𝑠𝑠  𝜎𝜎𝑦𝑦 +280 

𝐴𝐴𝑐𝑐 𝑓𝑓𝑐𝑐𝑐𝑐′ , where 𝐴𝐴𝑠𝑠𝑠𝑠  and 𝐴𝐴𝑐𝑐  are the cross-section area of the steel tubes and the concrete, 281 

respectively, while 𝑓𝑓𝑦𝑦 and 𝑓𝑓𝑐𝑐𝑐𝑐′  are the yield stress of steel and unconfined strength of concrete, 282 

respectively. In this paper, the lateral strains of square LS specimens at the flat sides and the 283 

corners (i.e., 𝜀𝜀𝑙𝑙𝑓𝑓𝑠𝑠,𝑓𝑓 and 𝜀𝜀𝑙𝑙𝑐𝑐,𝑓𝑓) were each averaged from four lateral strain gauges; while the hoop 284 

strain of circular LS specimens was averaged from eight hoop strain gauges.  285 

It should be noted that although 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓 is already significantly higher than 𝑁𝑁0 (by up to around 286 

30%), it does not represent the load capacity of the columns as the tests were terminated before 287 

the final failure. However, it can be observed that: (1) the test MTCCs generally have an 288 

approximately bilinear axial load-axial strain curves (Fig. 4); and (2) the lateral strain of the 289 

MTCCs generally increases linearly with the axial strain after a certain axial strain (Fig. 6). 290 

Therefore, based on the slope of the second linear branch of the axial load-axial strain curves 291 

and the lateral strain-axial strain curves, the ultimate load of the test MTCCs corresponding to 292 

the FRP rupture strain (i.e. 0.0172) may be estimated. Compared with 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓, the so-estimated 293 

ultimate load is around 30% higher for the circular MTCCs, around 20% higher for the square 294 

MTCC with a 6.0 mm FRP tube, and around 10% higher for the square MTCCs with a 3.0 mm 295 

FRP tube except Specimen M-S-16A-3.0.  296 

3.2 Effect of configuration of internal steel tubes  297 

The LS-MTCC specimens tested in the present study all had a similar volume ratio of steel (see 298 

Table 1), so their results can be compared to directly illustrate the effect of configuration of 299 

steel tubes. It is evident from Fig. 4(a) that the axial load-strain curves of the three circular 300 

MTCC specimens are quite close to each other, suggesting that the variation of steel tube 301 



configuration (from 6-tube configuration to 12-tube configuration) in the present study has 302 

little effect on circular MTCCs.    303 

By contrast, Fig. 4(b) shows that the steel tube configuration can have a significant effect on 304 

the behavior of square MTCCs. For the specimens with a 3.0 mm FRP outer tube, the 4-tube 305 

configuration and the 8-tube configuration led to very similar axial load-strain curves, but the 306 

curve of the specimen with 16 steel tubes (i.e., Specimen M-S-16A-3.0) is significantly lower 307 

than the others, despite the fact that all specimens had a similar steel volume ratio. This is 308 

believed to be due to the relatively slender steel tubes (height-to-diameter ratio = 17.1) used in 309 

Specimen M-S-16A-3.0, whose tendency to globally buckle is higher than the tubes in other 310 

specimens. When tested under compression, such slender steel tubes in an MTCC may have 311 

slightly bent outwards especially when the confinement from the external FRP tube is relatively 312 

weak, as was the case for Specimen M-S-16A-3.0. It is believed that the outward bending of 313 

the steel tubes led to reduced lateral confinement to the concrete core and thus a lower axial 314 

load-strain curve.  315 

To further illustrate this issue, the lateral-axial strain curves of all the square LS-MTCC 316 

specimens with a 3.0 mm FRP tube are compared in Fig. 6, where the lateral strain was 317 

averaged from readings of the eight lateral strain gauges (i.e., four at flat sides and four at 318 

corners). Unlike other specimens in the figure, the lateral strains of Specimen M-S-16A-3.0 in 319 

the early stage increased rapidly, while the slope of the lateral-axial strain curve (i.e., the 320 

dilation rate) became significantly lower than other specimens after axial strain of 0.005. This 321 

observation suggests that the FRP tube at the mid-height of Specimen M-S-16A-3.0 322 

significantly expanded well before the peak load of the concrete was reached due to the early 323 

outward bending of the internal steel tube. As a result, the load of Specimen M-S-16A-3.0 324 

remained nearly constant after the transition point of the axial load-strain curve [Fig. 4(a)], in 325 

contrast to the considerably increasing load for other LS-MTCC.  326 



It should be noted that in practical applications, such outward bending of steel tubes in MTCCs 327 

should generally be prevented by properly selecting the height-to-diameter ratio of steel tubes, 328 

and/or increasing the confinement stiffness of FRP tube and the thickness of concrete cover. 329 

When necessary, additional steel stirrups may also be used outside the steel tubes to provide 330 

additional constraints. 331 

3.3 Effect of thickness of FRP tube  332 

The effect of thickness of FRP tube is obvious for the CFFT specimens, as shown in Fig. 4(b) 333 

and Table 3. Compared with Specimen F-S-3.0 with a 3.0 mm FRP tube, Specimen F-S-6.0 334 

had much larger load capacity and ductility. In addition, the axial load-strain curve of the latter 335 

has an approximately bilinear ascending shape while that of the former has a descending branch 336 

due to the insufficient confinement.  337 

By contrast, the effect of FRP thickness is not as pronounced for the MTCC specimens. Fig. 338 

4(b) shows that the curves of Specimens M-S-8B-3.0-I, II (with a 3.0 mm FRP tube) are only 339 

slightly lower than that of Specimen M-S-8B-6.0 (with a 6.0 mm FRP tube), but the latter is 340 

much longer with a larger final axial strain. This observation suggests that the additional FRP 341 

thickness has only a small effect on the second-stage stiffness of the square MTCC specimens, 342 

but it may significantly affect the ductility of the specimens. This can be further explained by 343 

the lateral-axial strain curves of the three specimens (i.e., M-S-8B-3.0-I, II and M-S-8B-6.0), 344 

as shown in Figs. 6(a) and (b), where the lateral strains are averaged from the strain readings 345 

of flat sides and corners, respectively. It is evident that at the same axial strain, the lateral 346 

expansion of the specimen with a thicker tube (M-S-8B-6.0) is significantly lower than that of 347 

their counterparts with a thinner tube (M-S-8B-3.0-I, II) [Figs. 6(a) and (b)]. 348 

3.4 Lateral expansion behavior  349 



The hoop/lateral strain distributions of typical specimens are shown in Fig. 7 using the radar 350 

charts. For each specimen, the hoop/lateral strain distributions for various axial strain levels 351 

are shown in a subfigure.  352 

For the square CFFT specimens (i.e., F-S-3.0 and F-S-6.0), the lateral strain distributions 353 

feature an approximately square-shaped pattern, with the lateral strain gauge readings at the 354 

four flat sides (i.e., S1, S2, S3, S4) being significantly larger than that at the four corners (i.e., 355 

S12, S23, S34 and S41) [Figs. 8(a) and (b)]. This is consistent with the findings reported by 356 

the existing studies (e.g., De Paula and Da Silva 2002; Huang et al. 2017); the relatively large 357 

lateral strain readings at the flat sides are partially due to their outward bending as a result of 358 

the expansion of concrete. By contrast, the hoop strain distributions of the circular CFFT and 359 

MTCC specimens are relatively uniform due to the symmetric nature of the specimens [Figs. 360 

7(c) and (d)]. 361 

The lateral strain distributions of the square MTCC specimens appear to be dependent on the 362 

configuration of internal steel tubes. For most of the specimens (e.g., M-S-8B-3.0-I; M-S-4C-363 

3.0; M-S-8B-6.0), the pattern of lateral strain distributions is similar to the circular specimens, 364 

with the lateral strains at the flat sides being comparable to those at the corners [Figs. 7(e)-(g)]. 365 

This is due to the significant additional confinement from the multiple concrete-filled steel 366 

tubes in the MTCC specimens, which effectively constrained the expansion of the concrete 367 

towards the flat sides. By contrast, for Specimen M-S-16A-3.0, the lateral strains at the flat 368 

side are significantly larger than those at the corners, leading to an approximately square-369 

shaped pattern of the distributions [Fig. 7(h)]. This is believed to at least partially due to the 370 

outward bending of the slender steel tubes in this specimen, as discussed in Section 3.1.  371 

3.5 Stress-strain behavior of confined concrete  372 



The normalized axial stress-normalized axial strain curves of the concrete in all the specimens 373 

are shown in Fig. 8, in which the axial stress and axial strain are normalized by the unconfined 374 

concrete strength and the corresponding axial strain, respectively. The axial stress was obtained 375 

by dividing the load carried by the concrete by its cross-section area. For the CFFT specimens, 376 

the load carried by the concrete is assumed to be equal to the load measured during the test. 377 

For the MTCC specimens, the load carried by the concrete is assumed to be equal to the 378 

difference between the load carried by the specimen and the load carried by the steel tubes at 379 

the same axial strain; the latter was obtained using the results of the steel tubes loaded alone 380 

under compression. The axial load taken by the FRP tube, which was small, is ignored. Again, 381 

the curves of the concrete in the MTCC specimens are terminated at an average hoop strain of 382 

0.008 (for circular specimens) or an average lateral strain at the corners of 0.008 (for square 383 

specimens).  384 

Fig. 8(a) shows the curves for the three CFFT specimens. The concrete in the circular specimen 385 

(F-C-2.5) and that in the square specimen with a thick FRP tube (F-S-6.0) have a bilinear 386 

ascending stress-strain curve, which is typical for concrete sufficiently confined by FRP (Lam 387 

and Teng 2003a). The normalized axial stress at the transition point of the curve, however, is 388 

significantly different for the two specimens: it is approximately equal to 1.0 for the circular 389 

specimen, while is approximately equal to 0.9 for the square specimen. For the square specimen 390 

with a thin FRP tube (F-S-3.0), the curve has a descending branch after the transition point due 391 

to the relatively weak FRP confinement, but the transition point is almost the same as that of 392 

the other square specimen (F-S-6.0). It has been well recognized that the first branch of the 393 

stress-strain curve of FRP-confined concrete is similar to that of unconfined concrete (Lam and 394 

Teng 2003a). Therefore, the above observation suggests that the unconfined strength of the 395 

concrete in the large circular CFFT specimen (F-C-2.5) was about the same as the unconfined 396 

strength of standard small cylinders, while for the large square CFFT specimens, the 397 



unconfined concrete strength was reduced by about 10%. This is consistent with the findings 398 

reported by some previous studies (e.g., De Luca et al. 2010; Ozbakkaloglu 2013).   399 

Fig. 8(b) compares the curves of all the circular MTCC specimens with that of the 400 

corresponding CFFT specimen. All the curves of the MTCC specimens feature an 401 

approximately bilinear ascending shape, and the transition points of the two branches of the 402 

curves all have a normalized axial stress slightly larger than 1.0 [Fig. 8(b)].  It is also evident 403 

that the curves of the MTCC specimens are significantly higher than that of the CFFT specimen 404 

because of the additional confinement from the steel tubes.   405 

Fig. 8(c) compares the curves of all the square MTCC specimens with those of the 406 

corresponding CFFT specimens. Except Specimen M-S-16A-3.0, all the MTCC specimens 407 

have an approximately bilinear ascending curve. Specimen M-S-16A-3.0 may have suffered 408 

from the outward bending of the slender internal steel tubes as discussed above, so the concrete 409 

was not as well confined as in the other specimens. Nevertheless, the normalized axial stress 410 

of the transition point is shown to be slightly higher than 1.0 for all the curves of the large 411 

MTCC specimens. This observation suggests that different from square CFFTs, the size effect 412 

on the unconfined concrete strength is insignificant for square MTCCs. 413 

3.6 Comparison between LS-MTCCs and SS-MTCCs: Square specimens 414 

To further investigate the size effect on the confinement effectiveness of square MTCCs, the 415 

test results of the present study are compared with those presented in Chan et al. (2018) on 416 

square SS-MTCC specimens. The details of the specimens in comparison are summarized in 417 

Table 4, in which Efrp is the elastic modulus of FRP. In the comparison, focuses are placed on 418 

the size effect on: (1) unconfined strength; and (2) the second-stage stiffness of MTCCs 419 

representing the confinement effectiveness. It should be noted that although the steel 420 

configuration and steel volume ratio of the specimens in Chan et al. (2018) are not the same as 421 



those in the present study, these two variables have been shown to have only a minor effect on 422 

the second-stage stiffness of MTCCs (Chan et al. 2018). 423 

Fig. 9 shows the comparison for the normalized stress-strain curves, while the comparison for 424 

the normalized lateral-axial strain curves are shown in Fig. 10. In both figures, the curves of 425 

the SS-MTCC specimens are also terminated at an average lateral strain of 0.008 at the corners, 426 

for ease of comparison. It is evident from Fig. 9 that the curves of the LS-MTCC specimens 427 

are generally close to those of the SS-MTCC specimens, although considerable differences 428 

exist in the final axial strain of different specimens. These differences can be explained by Fig. 429 

10, which shows evidently the different lateral expansion behavior of these specimens. Such 430 

differences in the lateral expansion behavior are not a surprise, as these specimens had quite 431 

different volume ratios of steel and different type of FRP tube (Table 4). It is easy to understand 432 

that the lateral expansion of concrete depends on the amount of confining materials (i.e., FRP 433 

and steel), so that the SS specimens, which had a larger steel volume ratio (see Table 4), 434 

generally had a longer curve than their LS counterparts. This observation is also consistent with 435 

the findings by Chan et al. (2018) through a comparison made among SS-MTCCs with different 436 

steel volume ratios. 437 

Based on the above discussions, it is not unreasonable to conclude that (1) there is no evidence 438 

of any significant size effect on the confinement effectiveness of square MTCCs; (2) the 439 

volume ratios of steel and the confinement stiffness of the FRP tube, within the ranges of the 440 

respective values in Table 4, do not have a significant effect on the second-stage stiffness of 441 

the concrete in square MTCCs, but may have a considerable effect on its deformation capacity. 442 

3.6 Comparison between LS-MTCCs and SS-MTCCs: Circular specimens 443 



Similarly, the test results of the present study are compared with those presented in Yu et al. 444 

(2017b) on circular SS-MTCC specimens to investigate the size effect. The details of the 445 

specimens in comparison are summarized in Table 5. 446 

Figs. 11 and 12 show the comparisons for the normalized stress-strain curves and the 447 

normalized lateral-axial strain curves, respectively, in which all the curves are terminated at an 448 

average hoop strain of 0.008. Figs. 11 and 12 show that the LS-MTCC specimens generally 449 

have higher normalized stress-strain curves but smaller final axial strains. These appear to be 450 

no evidence of size effect on the confinement effectiveness. The smaller final axial strains of 451 

LS-MTCC specimens are believed to at least partially due to their relatively smaller steel 452 

volume ratio (see Table 5), which led to a quicker lateral expansion of the specimens (Fig. 12). 453 

The higher second branches of these specimens may be due to the combined effects of the 454 

following factors: (1) the unconfined concrete strength of the LS specimen (35.3 MPa) is lower 455 

than that of the LS specimen (45.0 MPa); (2) at the same axial strain, the hoop strain of the LS 456 

specimens was higher, leading to a larger hoop stress in the FRP tube; (3) the different steel 457 

configurations in the LS and SS specimens; and/or (4) the scatter of test results.  458 

3.7 Comparison with predictions of a simple analytical method 459 

A simple analytical method was proposed for circular MTCCs based on Teng et al.’s (2013) 460 

model for FRP-confined concrete-filled steel tubes (F-CFSTs). In Teng et al.’s (2013) model, 461 

the axial stress-axial strain responses of concrete and steel are generated through an incremental 462 

and iterative procedure. For a given axial strain, the axial stress of concrete is determined using 463 

an active-confinement model (Jiang and Teng 2007) based on the confining pressure (𝜎𝜎𝑟𝑟), 464 

which can be calculated by the following equation considering the contributions from both the 465 

steel tube and FRP: 466 



𝜎𝜎𝑟𝑟 =  2 𝜎𝜎ℎ,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+2𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝜀𝜀ℎ 
𝐷𝐷𝑐𝑐

                 (2) 467 

where 𝜎𝜎ℎ,𝑠𝑠𝑠𝑠  is the hoop stress in the steel tube; 𝐸𝐸𝑓𝑓𝑟𝑟𝑒𝑒 , 𝑡𝑡𝑓𝑓𝑟𝑟𝑒𝑒  and 𝜀𝜀ℎ  are the elastic modulus, 468 

thickness and hoop strain of FRP, respectively; and 𝐷𝐷𝑐𝑐 is the diameter of the concrete.  469 

For a given axial strain (𝜀𝜀𝑐𝑐), the hoop strain of FRP (𝜀𝜀ℎ) can be calculated by the following 470 

equation using the confining pressure: 471 

𝜀𝜀𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐

= 0.85 �1 + 8 𝜎𝜎𝑓𝑓
𝑓𝑓𝑐𝑐𝑐𝑐′
� ��1 + 0.75 � 𝜀𝜀ℎ

𝜀𝜀𝑐𝑐𝑐𝑐
��
0.7
− 𝑒𝑒𝑒𝑒𝑒𝑒 �−7 � 𝜀𝜀ℎ

𝜀𝜀𝑐𝑐𝑐𝑐
���       (3) 472 

The steel tube is assumed to be an elastic-perfectly plastic material, and its axial strain and 473 

hoop strain are assumed to be the same as those of concrete considering strain compatibility. 474 

With the axial strain and hoop strain, the axial stress and hoop stress of steel tube can be 475 

determined based on the Hook’s Law for the elastic range and based on the J2 flow theory for 476 

the plastic range.  477 

Once the axial stresses of concrete and steel tube are determined, the axial load taken by the 478 

column can be determined by:  479 

𝑁𝑁 =  𝜎𝜎𝑐𝑐 𝐴𝐴𝑐𝑐 + 𝜎𝜎𝑐𝑐,𝑠𝑠𝑠𝑠 𝐴𝐴𝑠𝑠𝑠𝑠                   (4) 480 

where 𝜎𝜎𝑐𝑐 and 𝜎𝜎𝑐𝑐,𝑠𝑠𝑠𝑠 are the axial stresses of concrete and steel, respectively. The reader may 481 

refer to Teng et al. (2013) for more details of the model.  482 

In the simple analytical method, an MTCC is transformed into an equivalent F-CFST so that 483 

Teng et al.’s (2013) model can be used: the parameters of the external FRP tube remain 484 

unchanged, while the multiple internal steel tubes in MTCCs are transformed to an equivalent 485 

large steel tube which has an outer diameter being the same as the inner diameter of the external 486 



FRP tube, and a cross-section area being the same as the sum of all the small steel tubes. The 487 

thickness of the equivalent large steel tube (tst,eq) is given in Table 5. 488 

In this way, the behavior of the concrete in an MTCC can be approximated by that in the 489 

equivalent F-CFST using Teng et al.’s (2013) model. The predictions of the analytical method 490 

are compared with the test results of typical LS and SS specimens in terms of both axial load-491 

strain curves and hoop-axial strain curves (Figs. 14 and 15). In making the predictions, the final 492 

experimental hoop strain (i.e., 0.008) was adopted so that the predictions can compare with the 493 

test results in terms of the final axial strain and axial load.  494 

It is evident from Fig. 14 that although the analytical method slightly overestimates the axial 495 

load-strain curves of some specimens, the predictions are generally in reasonable agreement 496 

with the test results. The slight overestimation may be due to the assumption adopted in the 497 

transformation method: in MTCCs part of the concrete is neither inside the steel tube nor 498 

surrounded by the steel tube, while in F-CFSTs the concrete is all subjected to combined 499 

confinement from the FRP and thee steel tube.  500 

Fig. 15 shows that the analytical method can provide reasonably accurate predictions of the 501 

hoop-axial strain curves of both LS and SS specimens, suggesting that the lateral expansion 502 

behavior of MTCCs depend mainly on the FRP confinement stiffness and steel volume ratio 503 

but not the steel tube configuration.  504 

𝟒𝟒.0 CONCLUSIONS 505 

This paper has presented results from an experimental study involving axial compression tests 506 

of LS-MTCCs with a square or circular FRP confining tube. The main test variables included 507 

the shape of cross-section, the configuration of internal steel tubes and the thickness of FRP 508 



tube. Based on the test observations, results and discussions presented in this paper, the 509 

following conclusions can be drawn: 510 

1. The large-scale MTCCs all possessed excellent structural performance including ample 511 

ductility. The effectiveness of the confinement provided by the internal steel tubes is 512 

particularly pronounced when the FRP tube is relatively weak and/or when the column 513 

is of a non-circular shape (i.e. when the stress-strain curve of the concrete in the 514 

corresponding CFFT has a descending branch before FRP rupture). 515 

2. The size effect on the unconfined concrete strength is significant for square CFFTs, but 516 

not for circular CFFTs. 517 

3. The size effects on the behavior of MTCCs, in terms of the unconfined concrete strength, 518 

axial load-strain curve and lateral-to-axial strain curve, were not observed from the test 519 

results. 520 

4. For MTCC specimens with very slender steel tubes, the confinement effectiveness may 521 

be negatively affected by the outward bending of the steel tubes due to their tendency 522 

of global buckling. The configuration of steel tubes may thus have a significant effect 523 

on the behavior of the confined concrete in MTCCs. In practical applications, such 524 

outward bending of steel tubes should generally be avoided by properly selecting the 525 

steel tubes, FRP tube and the concrete cover thickness, or by providing additional steel 526 

stirrups when necessary. 527 

5. The volume ratio of steel may have a significant effect on the ultimate axial strain of 528 

MTCCs, but does not seem to significantly affect the second-stage stiffness of the 529 

columns.  530 

6. The analytical method based on the transformed section approach and an existing model 531 

for FRP-confined concrete-filled steel tubes can provide reasonable predictions of the 532 

test results of the test specimens without outward bending of the steel tubes. 533 



The present study has been limited to short columns in which the second order effect on the 534 

column behavior is negligible. Future research is needed to investigate the behavior of slender 535 

MTCCs. In slender MTCCs, the steel tubes may have a high tendency of global buckling, so a 536 

focus of future research should be on the development of a reliable design approach for 537 

preventing such global buckling of steel tubes. For a given confinement stiffness of FRP tube 538 

and concrete cover thickness, a limit of height-to-diameter ratio of steel tubes may be 539 

specified/calculated, beyond which additional steel stirrups should be provided. 540 
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(a) Layout of LVDTs (b) Layout of strain gauges 

Fig. 2 Test set-up 

 

 

  



  

Fig. 3 Specimen during test  
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(a) Circular specimens 
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(b) Square specimens 

Fig. 4 Axial load-axial strain curves 

  



 
Fig. 5 Horizontal cracks on a typical specimen 
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(a) Lateral strain from flat side 
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(b) Lateral strain from corner 

Fig. 6 Lateral-axial strain curves of square MTCC specimens 
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(a) F-S-3.0 (b) F-S-6.0 (c) F-C-2.5 (d) M-C-12A-2.5 
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Fig. 7 Lateral strain distributions of typical specimens 
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(a) CFFT specimens 
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(b) Circular MTCC specimens 
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(c) Square MTCC specimens 

Fig. 8 Normalised axial stress-normalised axial strain curves 
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Fig. 9 Normalised axial stress-strain curves: Square MTCCs 
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Fig. 10 Normalised lateral-axial strain curves: Square MTCCs 
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Fig. 11 Normalised stress-strain curves: Circular MTCCs 
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Fig. 12 Normalised lateral-axial strain curves: Circular MTCCs 
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Fig. 13 Cross-section of SS-MTCCs  
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Fig. 14 Performance of the analytical method: Axial load-axial strain curves  
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Fig. 15 Performance of the analytical method: Hoop-axial strain curves  
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