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Abstract This paper proposes an innovative thin-walled square concrete-filled steel 5 

tubular (CFST) column with a circular/octagonal steel lining tube, in which the outer 6 

steel tube and the lining tube are fabricated independently of each other and then 7 

connected by slot welds. The advantages of a simplified manufacturing process, an 8 

insensitivity to local buckling, and a good confinement could be expected in this 9 

composite column. Twelve short columns were tested to failure under compression, and 10 

various key parameters including nominal width-to-thickness ratios of steel tubes, 11 

stiffener types, yield strengths of steel tubes and lining tubes were considered. The test 12 

results indicated that the proposed steel lining tubes were able to improve the axial 13 

behavior of these thin-walled square CFST short columns in various ways, including a 14 

more uniformly spaced buckling pattern with smaller intervals, larger axial stiffness, 15 

higher section resistances, and enhanced confinement and ductility. The octagonal 16 

lining tubes were more effective than the circular ones in terms of buckling constraints 17 

while the circular lining tubes were superior in terms of confining enhancement. A finite 18 

element parametric analysis was also carried out to assess the axial resistances of these 19 

thin-walled square CFST columns with lining tubes. A simplified model was developed 20 

incorporating both the post-local buckling of the square steel tubes and the confinement 21 

of the lining tubes. 22 
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1 Introduction 40 

Concrete-filled steel tubular (CFST) columns have been increasingly popular in high-41 

rise buildings, underground projects, and arch bridges due to the advantages of high 42 

section resistance, good ductility, and accelerated construction (Wei et al. 2020; Xiong  43 

et al. 2017; Han et al. 2014). However, in multi-story buildings, bridge piers, and other 44 

structures under relatively small axial loads, the use of CFST columns is not widespread 45 

due to increased construction costs comparing to those of conventional structures. One 46 

of the primary reasons is a large proportion of steel in these CFST structures. Current 47 

codes and specifications (AIJ 1997; AISC 2016; CEN 2004; MOHURD 2014) provide 48 

a maximum diameter/width-to-thickness ratio of steel tubes that prevents local buckling 49 

in the steel section under compression. Taking a square CFST column with Grade S355 50 

steel as an example, the maximum width-to-thickness ratio of the steel tube is 42 51 

according to EN1994-1-1 (CEN 2004). This indicates that the minimum steel-to-52 

concrete area ratio of this CFST column that makes full use of the material strengths is 53 

about 9%, which is nearly 3 to 4 times that of a typical reinforced concrete column. 54 

Moreover, with an increase in the steel yield strength, the limitation of the maximum 55 

width-to-thickness ratio of the steel tubes in CFST columns will become more strict 56 

(Lee et al. 2016), which is unfavorable for promotion of effective use of high-strength 57 

steel in construction. 58 

 59 

1.1 Thin-walled steel tubes with various stiffening schemes 60 

Using thin-walled steel tubes in CFST structures is an effective way to improve the 61 

structural economy, including material saving, reduced welding workload, and 62 

simplified installation. Extensive experimental and theoretical investigations on thin-63 

walled CFST columns have been conducted, and simplified models to predict their post-64 



buckling resistances were proposed (Uy 2000; Liang et al. 2000). Despite the fact that 65 

local buckling does not significantly reduce the resistances of these thin-walled CFST 66 

columns owing to the advantageous confining effects on concrete ( ; 67 

Han et al. 2005), the potential ductility problem caused by premature buckling of the 68 

steel tubes under seismic loads is still a real concern to engineers, especially for the 69 

thin-walled square CFST columns which are susceptible to local buckling under limited 70 

confinement (Wu et al. 2012). 71 

 72 

Various stiffening schemes have been proposed to postpone the local buckling, and 73 

hence, to improve the deformation characteristics of the thin-walled square CFST 74 

columns. Provision of longitudinal stiffeners to the inner surfaces of these square steel 75 

tubes is an effective way to enhance the longitudinal out-of-plane bending stiffness of 76 

the tube walls, and to divide them into multiple buckling zones in the transverse 77 

direction, thereby delaying the local buckling and changing the buckling patterns of 78 

these thin-walled square tubes. In addition, the composite effects between the steel 79 

tubes and the concrete are improved by the longitudinal stiffeners. Researchers (Ge et 80 

al. 1992; Tao et al. 2005; Huang et al. 2011; Petrus et al. 2010; Lee et al. 2019) have 81 

conducted a large number of axial compression tests to examine various key parameters 82 

including width-to-thickness of steel tubes, stiffness of stiffeners, and steel grades, etc. 83 

to verify the effectiveness of longitudinal stiffeners in improving the performance of 84 

these CFST columns. These test results indicated that the ductility of these thin-walled 85 

square CFST columns with longitudinal stiffeners should be further enhanced. Using 86 

transverse stiffeners or ties to restrict the out-of-plane buckling of the steel tubes and to 87 

improve confinement effects is another improvement scheme for these square CFST 88 

columns. Similar schemes include binding bars between opposite longitudinal stiffeners 89 



(Tao et al. 2008; Dong et al. 2018), orthogonal/diagonal binding bars or ties (Huang et 90 

al. 2002; Yang et al. 2014; Wang et al. 2017), and diagonal binding ribs (Zhou et al. 91 

2019).  92 

 93 

1.2 Effectiveness of various stiffening schemes 94 

Some existing test results of the thin-walled square CFST short columns under 95 

compression were collected to compare the effectiveness of different types of stiffeners, 96 

as shown in Fig. 1, where (1) only the specimens with width-to-thickness ratios of 97 

square tubes exceeding the limits specified in the Chinese Code GB 50936 (MOHURD 98 

2014) ( max[ ] 60 235 yB t f ) are included, (2) the average compressive strength of 99 

concrete is unified based on the conversion factors defined in the CEB-FIP Model Code 100 

(CEB-FIP 1993), and (3) SI and DI represent the strength index and the ductility index, 101 

respectively, and they are determined as follows: 102 
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with B = width of cross-section, t = wall-thickness of square steel tube, Nu = 103 

experimental ultimate strength of the CFST columns, fc = average compressive strength 104 

of concrete, fy,t, fy,s = yield strengths of steel tube and stiffeners, respectively, Ac, At = 105 

cross-sectional areas of concrete core and steel tube, respectively, As,e = equivalent 106 

cross-sectional area of stiffeners per unit height, 85% = axial strain when the load falls 107 

to 85% of the maximum load, y = yield axial strain corresponding to the yield load 108 

determined by the geometric graphic method (Park 1988). Fig. 1 further highlights the 109 

importance of using stiffeners in these thin-walled square CFST columns in terms of 110 

material utilization efficiency and ductility improvement. The specimens with 111 



transverse stiffeners generally showed a more ductile behavior than those with 112 

longitudinal stiffeners. In a particular, the stiffening scheme by diagonal binding ribs 113 

(Zhou et al. 2019) shows superior effectiveness in improving both strength and ductility.  114 

 115 

1.3 Proposed stiffening scheme using inner lining tubes 116 

While provision of typical stiffeners in these thin-walled CFST short columns is 117 

important to achieve large section resistances under compression, these processes are 118 

often labor-intensive, and hence, expensive and time-consuming, leading to a 119 

significant decrease in the overall economy of these composite columns.  Hence, an 120 

innovative stiffening scheme to thin-walled CFST columns is proposed by the authors 121 

in which inner lining tubes, in the forms of either circular or octagonal sections, are slot 122 

welded onto the outer steel tubes, as shown in Fig. 2. Potential benefits of the proposed 123 

stiffening scheme include: 124 

a) the welding process for stiffening the outer steel tubes is significantly simplified, 125 

b) the outer steel tubes are effectively restrained with the inner lining tubes so that 126 

 their local buckling behavior is significantly enhanced, and 127 

c) the structural behavior of these thin-walled CFST columns under compression is 128 

considerably improved owing to increased confinement to the concrete. 129 

Thus, the proposed liner-stiffened steel tubes are expected to simplify the fabrication 130 

process as well as to improve the structural behavior of these thin-walled CFST 131 

columns considerably. 132 

 133 

It is worthy to note that discontinuous slot welding allows the outer steel tube and the 134 

inner lining tube to be manufactured independently of each other, which simplifies the 135 

fabrication process and reduces the amount of welding materials. For example, the 136 



welding of the square steel tube with an octagonal lining tube is reduced by about 50~60% 137 

when compared with that of the same square steel tube with double longitudinal ribs. 138 

As a result, adverse effects of welding-induced residual stresses and defects on thin-139 

walled steel tubes will be reduced considerably. Both the circular and the octagonal 140 

lining tubes, as closed hollow steel sections, can provide an effective enhancement in 141 

strength and confinement to the concrete core (Liu et al. 2018; Wang et al. 2015; Ding 142 

et al. 2016; Zhu et al. 2018). 143 

 144 

Although the proposed steel lining tubes with slot welds are convenient and efficient 145 

for fabrication, only discontinuous point constraints are provided to the outer thin-146 

walled square steel tubes. It is thus necessary to assess the post-local buckling 147 

performance of these liner-stiffened thin-walled CFST columns. Moreover, the 148 

confinement mechanism of the innovative composite sections is different from that of 149 

the conventional stiffened CFST columns. Thus, a complementary resistance model 150 

should be established.  151 

 152 

1.4 Objectives and scope of work 153 

This paper reports an experimental and numerical investigation into the structural 154 

behavior of the proposed liner-stiffened thin-walled CFST short columns under 155 

compression. The key test parameters are the stiffener types, the width-to-thickness 156 

ratios of the steel tubes, the yield strengths of the steel tubes. A finite element model is 157 

then established after a careful calibration against the test results while a good 158 

comparison between the measured and the predicted deformation characteristics of 159 

these columns is achieved. An extensive parametric analysis is carried out to provide 160 

sufficient numerical data for the development of a simplified resistance model 161 



incorporating both the post-local buckling behavior of the square steel tubes and the 162 

confinement of the steel lining tubes. 163 

 164 

2 Experimental investigation  165 

Twelve thin-walled square CFST short columns were tested to failure under 166 

compression. All the specimens are 720 mm in height and 240 mm in sectional width 167 

(height-to-width ratio = 3.0) with key parameters of the nominal width-to-thickness 168 

ratio of steel tube (B/t =120, 160), stiffener types (unstiffened, circular liner, and 169 

octagonal liner), yield strengths of steel tube/lining tube (271.9~424.7 N/mm2). Details 170 

of the specimens are listed in Table 1, where H is the column height, tl is the wall-171 

thickness of the liner (tl = t), At, Al, Ac are respectively the cross-sectional areas of steel 172 

tube, liner, and concrete core,  is the steel ratio = (At+Al)/Ac, and [B/t]max and [ ]min are 173 

respectively the maximum width-to-thickness ratio of the square steel tube and the 174 

corresponding minimum steel-to-concrete area ratio which are determined by the 175 

Chinese Code GB 50936 (MOHURD 2014) for a square CFST column with the same 176 

steel grade with the test specimen  noted that the studied width-to-thickness ratios of 177 

the square steel tubes have significantly exceeded the code limits. The total steel ratios 178 

of the lined specimens were only 47~80%[ ]min. For simplification, the unstiffened thin-179 

walled square CFST specimens, the specimens with circular liners and those with 180 

octagonal liners are referred The key 181 

parameters of the specimens are reflected in their nomenclature, where the initial 182 

abbreviation represents the specimen type, the number is the nominal width-to-183 

thickness of the steel tube, and the last letter is used for labeling the specimens with the 184 

same parameters. For example, s SC-120L means that the width-185 

to-thickness ratio of the steel tube is 120, and it is Grade S235 steel, which is lower 186 



than that of the other specimens (S355). 187 

 188 

Fig. 3 shows the dimensions and configuration details of the SC and the SO specimens. 189 

All the square steel tubes, the circular liners, and the octagonal liners were fabricated 190 

by cold-forming thin-walled steel plates with only one longitudinal butt weld in each 191 

cell. The butt welds of the square and the octagonal steel tubes were respectively located 192 

at the corner of the square section and the middle of the sloping side of the octagonal 193 

section. The steel plates used for fabricating the square tubes of SC specimens and SO 194 

specimens were respectively pre-grooved with 4 and 8 columns of openings (30 mm 195 

long and 5 mm wide) according to the design drawing. The external sectional 196 

dimensions of the circular and the octagonal lining tubes are 2~4 mm smaller than the 197 

internal sectional sizes of the square tube for easy assembly. Both ends of the fabricated 198 

tubes were polished flatly to ensure that the lining tube has the same height as the square 199 

tube. A 16 mm thick enlarged endplate was welded at the bottom end of the square steel 200 

tube, then the circular or octagonal steel lining tube was placed into the square tube, 201 

and they were connected by the slot welding. The ready-mix concrete was cast into the 202 

lining tube and the sandwich cavity between the liner and the outer square steel tube. 203 

After the initial setting of concrete, high-strength cement was used for leveling the top 204 

surface, and then another endplate was welded to the top end of the square steel tube. 205 

Besides, the column ends were enhanced by end stiffeners. The SU specimens had a 206 

similar manufacturing process with the lined specimens except that no inner tube and 207 

slot holes were provided. 208 

 209 

Tensile coupons were tested to determine the mechanical properties of the steel plates 210 

used in the specimens, as shown in Table 2 with fy, fu, Es respectively representing the 211 



yield strength, the ultimate strength, and the elastic modulus of the steel plate. Sets of 212 

concrete cubes of 150 150 150 mm were prepared under the same condition as 213 

specimens and tested. Based on the average cubic strength (fcu,150 = 44.7MPa), the 214 

average compressive strength of concrete used in the calculation is obtained according 215 

to the Model Code 1990 (CEB-FIP 1993) (fc=36.5MPa). 216 

 217 

Fig. 4 shows the testing machine and the instrumentations. All the specimens were 218 

tested under monotonically increasing compression using a hydraulic press, and the 219 

applied axial load was measured by a built-in load sensor. The specimen was placed 220 

directly on  rigid plate and centered using a self-leveling cross-line laser. 221 

Four longitudinal linear variable displacement transducers (LVDTs) were mounted 222 

around the specimens to record the end-shortening. Several pairs of orthogonally 223 

arranged strain gauges were pasted on the external surface of the square steel tube at 224 

the column mid-height to monitor the longitudinal and transverse strains. Besides, the 225 

2D GOM digital image correlation (DIC) technology (GOM 2015) was used to monitor 226 

the full-field displacement of the front surfaces where speckle patterns were sprayed. 227 

 228 

2.1 Failure modes and observations 229 

As shown in Fig. 5 and Fig. 6, the specimens failed in a combined manner of local 230 

buckling of steel tubes, rupture of welding or steel tubes, and crushing of concrete. The 231 

main damage characteristics are summarized in Table 3. The circular/octagonal lining 232 

tubes changed the failure mode of the thin-walled square CFST short columns in two 233 

aspects: (1) a more uniformly spaced buckling pattern with smaller spacings, and (2) 234 

more significant overall shear deformation of the concrete core.  235 

 236 



Since the 2D DIC technology used in this test cannot capture the out-of-plane 237 

displacement of the steel tube, the longitudinal displacement field of the steel tube 238 

drawn by the DIC was employed to monitor the local buckling of the steel tube (Fig. 239 

7). The initial buckling loads were estimated by the loads corresponding to the 240 

appearance of the first gray spot in the DIC pictures. In general, the lining tubes 241 

postponed the local buckling and almost doubled the buckling number on each side of 242 

the square steel tubes. Even though a few lined specimens even buckled earlier than the 243 

unstiffened ones due to initial imperfections or welding defects, this did not have a 244 

significant effect on both the buckling patterns and the axial behavior of these columns. 245 

For example, an initial buckling was observed in Specimen SC-160-a at a relatively 246 

small buckling load of 0.37Nu. However, this premature buckling failed to develop into 247 

the main buckling and did not change the ultimate buckling pattern of this specimen 248 

(Fig. 5d). It could be concluded that the thin-walled square CFST columns with 249 

circular/octagonal lining tubes were not sensitive to initial imperfections or premature 250 

buckling. One of the reasons for this phenomenon is the stepwise buckling process of 251 

the lining specimens. As illustrated in Fig. 8, the buckling of the outer square steel tube 252 

will occur prior to that of the circular/octagonal liners and be restricted by the slot 253 

welding. As the load increases, more and more buckling waves appear, forming a multi-254 

buckling pattern on the square steel tube. After the maximum loads, the circular and the 255 

octagonal lining tubes also undergo local buckling, which will reduce the confinement 256 

effect. This stepwise buckling mode would also help improve deformability and energy- 257 

dissipation ability of the composite column under seismic actions.  258 

 259 

Rupture in the steel tube or the welding seam was another typical failure of the 260 

specimens, which was more likely to be observed in the lined CFST columns (6 261 



specimens) rather than the unstiffened ones (1 specimen) due to the larger compressive 262 

strains and more severe buckling in the lined specimens (Fig. 6 and Table 3). Rupture 263 

in the steel tubes of the SC specimens was found mainly at the edges of the steel tubes 264 

with longitudinal welding seams while rupture in the SO specimens was common in 265 

the bent edges. Although initial rupture was mostly observed under the maximum loads, 266 

it did not cause a rapid drop in the section resistances of the lined specimens owing to 267 

the confinement of the circular or the octagonal lining tubes. Moreover, fracture in slot 268 

welding was seen only in two specimens at the unloading stage, indicating that the 269 

defects caused by slot welding had little influence on the compressive resistances. After 270 

the tests, the steel tubes were removed to observe the deformation of the concrete. For 271 

the SC and the SO specimens, the concrete between the square steel tubes and the lining 272 

tubes was found to be crushed and separated from the lining tubes.  273 

 274 

2.2 Discussions on the main mechanical properties 275 

Fig. 9 provides a comparison on the loads versus end-shortening curves of the 276 

specimens. It is found that the circular/octagonal lining tubes are able to improve the 277 

behavior of the thin-walled square CFST short columns under compression effectively, 278 

including larger axial stiffness, higher section resistance, prolonged elastoplastic stage, 279 

and a gradual load drop. Besides, the compressive resistances and the ductility of the 280 

specimens were also improved with the decreasing B/t ratios as well as the yield 281 

strengths of the steel tubes. 282 

 283 

Table 4 shows the mechanical properties and performance indexes of the specimens, in 284 

which K is the tested axial stiffness of the specimen determined by the initial slope of 285 

the axial load (P) versus average axial strain ( l, and l = /H) curves, Nu and u are 286 



respectively the maximum loads and peak average axial strain corresponding to Nu 287 

obtained from the test, K0 is the nominal axial stiffness determined by Eq. (3), Nn is 288 

nominal resistance determined by Eq. (4), KI is the stiffness index of K to K0 ratio, SI 289 

is the strength index of Nu to Nn ratio, and DI is the ductility index determined by Eq.(2). 290 

Moreover, the performance indexes of the two identical specimens are averaged and 291 

plotted as histograms in Fig. 10.  292 
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According to Table 4 and Fig. 10, the mechanical properties in terms of axial stiffness, 293 

section resistance, and ductility are discussed as follows. 294 

a) Axial stiffness 295 

The axial stiffness of specimens with B/t = 120 and specimens with B/t = 160 was 296 

decreased by more than 5% and 20% with respect to the nominal axial stiffness, 297 

respectively. Provision of circular/octagonal lining tubes increased the initial 298 

stiffness due to the increase in the steel area, but it did not improve the stiffness 299 

index (KI) of these thin-walled CFST columns. Note that a significant difference 300 

(more than 30%) of axial stiffness between the two specimens with the same 301 

parameters was observed in certain groups, implying that the axial stiffness is 302 

sensitive to the initial imperfections of specimens and local buckling of the thin-303 

walled steel tubes. 304 

 305 

b) Section resistance 306 

Although the B/t ratio of the steel tube is outside the limit of applicability 307 

recommended in the code, the two groups of unstiffened thin-walled CFST 308 

columns still reached their nominal resistance, which may be the results from the 309 



dual effects of the tube confinement and local buckling canceling each other out. 310 

Both the circular and the octagonal liners played a useful role in improving the 311 

axial resistances of thin-walled square CFST columns. The average resistance of 312 

Specimens SC-160 with a steel ratio of 4.5% was still 13% higher than the nominal 313 

resistance. Changing from the  S355 steel to the S235 steel decreased the 314 

resistances of the specimens with circular liners by about 10%, but it had a 315 

moderate influence on SI.  316 

 317 

c) Ductility 318 

Significant improvement in axial deformability was gained for the lined CFST 319 

columns. The average peak axial strain of the specimens in group SC-120 was more 320 

than twice that of the specimens in group SU-120, and the ductility index of the 321 

former was nearly four times that of the latter. The ductility index of SC specimens 322 

decreased more than 50% with the wall-thickness of the square steel tube and the 323 

circular lining tube simultaneously reducing from 2.0mm to 1.5mm. Compared to 324 

the octagonal liners, the circular liners were more effective in improving ductility 325 

due to their enhanced confinement. Moreover, the scheme of circular/octagonal 326 

steel lining tubes in thin-wall square CFST columns has an advantage in term of 327 

ductility improvement, in comparison to the use of conventional longitudinal or 328 

transverse stiffeners (Fig. 1). 329 

 330 

2.3 Strain analysis of steel tubes 331 

Fig. 11 shows the relationship between the tube strains measured by the strain gauges 332 

( st = transverse strain, sl = longitudinal strain) and the average axial strain l ( l = /H) 333 

for typical specimens. The longitudinal tube strains showed an approximately 334 



synchronous increasing trend with the average axial strain in the initial elastic loading 335 

stage, with the ratio of st to sl being approximately the Poisson ratio. Since the strain 336 

gauges are used to monitor the strain development of the outer surfaces of the steel 337 

tubes at specific locations, the measured data is susceptible to factors such as initial 338 

defects and local buckling of the steel tubes. The occurrence of local buckling of the 339 

steel tubes at the measuring points is expected to affect the slopes of the strain curves, 340 

and the abrupt stiffness changing for the SU specimen is more significant than the liner-341 

stiffened specimens. The steel lining tubes could generally increase both the 342 

longitudinal and the transverse strains of the square steel tubes at the peak loads. 343 

Compared to the strains measured in the middle of the sectional side, both the 344 

longitudinal and the transverse tube strains at the corners were fully developed, 345 

especially after the peak load. Therefore, the corners are the essential parts of the steel 346 

tubes for carrying the axial loads as far as confining the core concrete.   347 

 348 

3. Finite element modeling  349 

Finite element analyses using the ABAQUS software were carried out to simulate the 350 

behavior of the test specimens. The equivalent stress-strain relationship of concrete 351 

proposed by Han et al. (Han et al. 2007) was employed to determine the concrete 352 

properties in the finite element model. For the liner-stiffened specimens, the concrete 353 

model for the circular section is used with the following confinement factor, 354 

,l y l

c c

A f

A f
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The material properties of the steel tube in the finite element models were simplified as 355 



an elastic-perfectly plastic model. Other primary information of the finite element 356 

models includes: (1) The square steel tubes and the circular/octagonal lining tubes were 357 

modeled by the 4-nodes reduced integral shell element (S4R) with the simplified elastic 358 

perfectly-plastic material. (2) The concrete was modeled by the 8-nodes reduced 359 

integral solid element (C3D8R) with the material model of Concrete Damage Plasticity 360 

(CDP). (3) The plastic properties in the CDP model were taken as follows: Dilation 361 

Angle = 40, Eccentricity = 0.1, fb0/fc0 = 1.16, Kc = 0.6667, Viscosity Parameter = 0.0001. 362 

(4) The mesh size of the model was taken as 20mm (1/12 of the sectional width). (5) 363 

The interaction between the square steel tube and the concrete was defined as Surface-364 

to-Surface Contact, in which the normal behavior is defined as a Hard Contact allowing 365 

separation after the contact, and the tangential behavior is defined as Penalty Model 366 

with the friction coefficient taken as 0.6. (6) The slot welding was simulated by the Tie 367 

constraint technique. (7) The liner embedded into the concrete was constrained by the 368 

Embedded Region. (8) The endplates were simulated by two Rigid Body Constraints, 369 

which are respectively tied to the top surface and the bottom surface of the specimen, 370 

and the fixed boundary conditions were assigned to the Reference Points of the rigid 371 

surfaces. (9) The axial compression loads were applied to the reference point of the 372 

rigid top surface in the form of axial displacement. 373 

 374 

3.1 Finite element results  375 

As shown in Fig. 9, the finite element models are able to well predict the loads versus 376 

end-shorting curves of the specimens in terms of stiffness, section resistance, and 377 

ductility. The failure modes predicted by the finite element models are compared with 378 

the test results in Fig. 12, and a good agreement is apparent. To further verify the finite 379 

element model, the predicted axial resistances are examined by additional test data, as 380 



shown in Fig. 13. The mean of the predicted to the measured resistance ratios is 1.01, 381 

with a standard deviation of 0.04. 382 

 383 

Based on the finite element models, the load-carrying mechanism and the stress 384 

distribution of the specimens were analyzed. The uniaxial stress contours of the steel 385 

tubes at the maximum loads are displayed in Fig. 14. The circular/octagonal lining tubes 386 

are effective to spread out the axial stresses uniformly in the thin-walled square steel 387 

tubes, and increase the resistance efficiency by constraining local buckling. By contrast, 388 

the octagonal lining scheme is superior to the circular one in term of buckling constraint. 389 

However, due to the discontinuous point-constrained mode of the slot-weld connections, 390 

it is still impossible to achieve an effective compression of the full-section of the thin-391 

walled square steel tube. Fig. 15 shows the uniaxial stress contours of the concrete at 392 

the mid-height section corresponding to the maximum loads. Compared to the 393 

unstiffened specimen, the core concrete in the stiffened specimens is under effective 394 

confinement by the liners and bears increased uniaxial stresses. The circular liner 395 

provides more effective and uniform confinement to the concrete than that from the 396 

octagonal liner.  397 

 398 

3.2 Parametric studies 399 

Based on the finite element model, a systematic parametric study including 216 cases 400 

was carried out to assess the axial resistances of the thin-walled square CFST columns 401 

with lining tubes. The external dimensions of the studied cases are the same as the test 402 

specimens, and details of the parameter are listed in Table 5, where dw is the longitudinal 403 

distance between the adjacent slot welding centers, and Bo is the side length of the 404 

octagonal liner parallel to the square steel tube. Fig. 16 illustrates the main results of 405 



the parametric study. The axial resistances of the calculated cases are found to be 406 

significantly influenced by the material strengths, the width to thickness ratios of the 407 

square steel tubes, and the thickness of the lining tubes. Enlarging the longitudinal 408 

distances of adjacent slot welds will slightly decrease the axial resistances of the SC 409 

cases, but this has little impact on the SO cases. Moreover, the axial resistances of the 410 

SO cases are almost the same when the side length of the octagonal liner (Bo) changed 411 

from 1/3(B-2t) to 1/2(B-2t). 412 

 413 

4 Axial resistances of liner-stiffened thin-walled square CFST columns  414 

Based on the test and the numerical results, the following simplifications are adopted 415 

to predict the axial resistances N0 of the thin-walled square CFST columns with 416 

circular/octagonal lining tubes (Fig. 17). 417 

a)  The effective width model (Liang et al. 2000) is adopted to assess the post-buckling 418 

strength of the thin-walled square steel tube, in which any confining effect of the 419 

liners is ignored due to the discontinuous point-constrained mode of the slot-weld 420 

connections. The effective width (Be) of the plates is determined as follows: 421 
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where cr is the critical stress, fy,t is the yield strength of the square steel tube, s is the 422 

Poisson ratio of the steel tube. 423 

 424 

b) The circular/octagonal lining tubes are assumed to carry no axial loads but to 425 



provide confinement to the concrete only. The effective confined area of concrete 426 

(Mander et al. 1988) is simplified to the area enclosed by the liners (Fig. 17). 427 

Therefore, the equivalent confining stress fel may be calculated as follows, 428 

el e lf k f  (8) 

,c e
e

c

A
k

A
 (9) 

,
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s y l

l

s y l o

t f B t
f

t f B t
 (10) 

where ke is the ratio of the effective confined concrete area (Ac,e) to the entire 429 

concrete area (Ac), fl is the confining stress of the circular liner or that of the 430 

octagonal liner, which is determined according to Wang et al. (2015) and Ding et 431 

al. (2016), respectively, fy,l is the yield strength of the liner, Bo1 is the shorter edge 432 

length of the octagonal liner section. 433 

 434 

Based on the simplifications, the axial resistance N0 of the lined CFST columns is 435 

determined by, 436 

0 ,
e

t y t c cc

B
N A f A f

B
 (11) 

where fcc is the confined concrete compressive strength estimated by the model 437 

proposed by Richart (for low lateral confinement < 7MPa) (Richart et al. 1928), and the 438 

increase in concrete strength by confinement was found to be 5.1 times the equivalent 439 

confining stress: 440 

= +5.1cc c elf f f  (12) 

The axial resistances predicted by Eq. 11 are compared with the test results and those 441 

of the parametric study, as shown in Fig. 18. the simplified method makes good 442 



predictions to both the test and the numerical results. The average and the standard 443 

deviation of the ratios of N0 calculated by Eq.11 to that predicted by the numerical 444 

model are found to be 0.97 and 0.03, respectively, demonstrating high accuracy of the 445 

proposed equations. 446 

 447 

5 Conclusions 448 

In this paper, an innovative thin-walled square CFST column with a circular/octagonal 449 

steel lining tube was proposed, and advantages of the proposed column include a 450 

simplified manufacturing process, an insensitivity to local buckling, and a good 451 

confinement. Twelve short columns were tested under compression, and their key 452 

parameters are the types of stiffeners, the width-to-thickness ratios of steel tubes, and 453 

the yield strengths of steel tubes. Finite element analyses were also carried out to assess 454 

the stress development and the axial resistances of the columns. The following 455 

conclusions were drawn. 456 

(1) By providing circular/octagonal steel lining tubes, local buckling of thin-walled 457 

square CFST columns was postponed with a more uniformly spaced buckling 458 

pattern between smaller intervals. The lined specimens had a stepwise buckling 459 

mode that the external square steel tube buckled first then followed by the inner 460 

liner. This makes them insensitive to initial imperfections or premature buckling. 461 

Fracture of the longitudinal welds at the tube corners was observed in some 462 

specimens after mobilization of the peak loads, while the discontinuous slots were 463 

found to be relatively more robust due to the minimized welding defects. 464 

(2) The circular/octagonal lining tubes improve the axial behavior of the thin-walled 465 

square CFST short columns effectively, including increased axial stiffness, larger 466 

section resistances, prolonged elastoplastic stage, and a gradual load drop. By 467 



increasing the steel ratios by 2.0~2.6% (out of a total steel ratio at 4.5~5.9%), the 468 

axial resistances and the strength indexes of these lined specimens were 469 

approximately increased by 30% and 10%, respectively, compared with those of the 470 

unstiffened specimens, and the ductility indexes were increased by a factor of 1.6 471 

to 3.9. 472 

(3) The strength indexes of SC specimen were not influenced by the wall-thicknesses 473 

of the steel tubes in the scope of this study. However, the ductility index decreased 474 

more than 50% with the wall-thickness of the square steel tube and the circular liner 475 

simultaneously reducing from 2.0mm to 1.5mm. Changing the SC specimens from 476 

Grade S355 steel to Grade S235 steel could slightly decrease both the stiffness and 477 

the ductility indexes but this had a moderate influence on the strength index. 478 

(4) The finite element results show that the inner liner improves the structural behavior 479 

of the thin-walled square CFST columns by restricting buckling of the square steel 480 

tube, and improving the confinement of the concrete. The octagonal lining tubes are 481 

more effective than the circular ones in term of buckling constraints, while the 482 

circular liners are superior in term of confining enhancement. 483 

(5) An axial resistance model of the thin-walled square CFST column with a circular 484 

or octagonal steel lining tube was proposed after incorporating both the post-local 485 

buckling behavior of square steel tubes and the confinement of steel lining tubes. 486 

This model is shown to give axial resistances very close to both the measured and 487 

the predicted results.  488 

 489 

It is worth noting that the conclusions drawn in this study and the proposed axial 490 

resistance model are readily applicable to the thin-walled CFST structures (B/t > 80). 491 

However, the liner-stiffened CFST columns with discontinuous slot weld proposed in 492 



this paper would also have a potential application in traditional thick-walled CFST 493 

columns, with advantages in reducing welding whilst enhancing confinement. Related 494 

research projects need to be further carried out. 495 

 496 
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Table 1. Specimen details 9 

No. Specimen 
H 

(mm) 
B 

(mm) 
t 

(mm) 
B/t [B/t]max 

Liner 
type 

tl 
(mm) 

At 
(mm2) 

Al 
(mm2)

Ac 
(mm2) 

(%) 
[ ]min 
(%) 

1 SU-120-a 720 240 1.89 120 47 / 1.89 1800 0 55800 3.2 9.2 

2 SU-120-b 720 240 1.89 120 47 / 1.89 1800 0 55800 3.2 9.2 

3 SU-160-a 720 240 1.46 160 45 / 1.46 1393 0 56207 2.5 9.6 

4 SU-160-b 720 240 1.46 160 45 / 1.46 1393 0 56207 2.5 9.6 

5 SC-120-a 720 240 1.89 120 47 Circular 1.89 1800 1391 54409 5.9 9.2 

6 SC-120-b 720 240 1.89 120 47 Circular 1.89 1800 1391 54409 5.9 9.2 

7 SC-120L-a 720 240 1.97 120 56 Circular 1.97 1876 1449 54276 6.1 7.6 

8 SC-120L-b 720 240 1.97 120 56 Circular 1.97 1876 1449 54276 6.1 7.6 

9 SC-160-a 720 240 1.46 160 45 Circular 1.46 1393 1081 55126 4.5 9.6 

10 SC-160-b 720 240 1.46 160 45 Circular 1.46 1393 1081 55126 4.5 9.6 

11 SO-120-a 720 240 1.89 120 47 Octagonal 1.89 1800 1460 54340 6.0 9.2 

12 SO-120-b 720 240 1.89 120 47 Octagonal 1.89 1800 1460 54340 6.0 9.2 

  10 



Table 2. Properties of the steel plate 11 

Steel grade t (mm) fy (MPa) fu (MPa) Es (GPa) 

S355 1.46 424.7 556.1 216 

S355 1.89 389.0 520.7 174 

S235 1.97 271.9 361.4 167 

  12 



Table 3. Damage characteristics 13 

Specimen Buckling loads 
Buckling number in 

each side-face nb 
Fracture position Fracture loads 

SU-120-a 0.77 Nu 1~2 / / 

SU-120-b 0.58 Nu  2~3 Longitudinal weld Nu 

SU-160-a 0.69 Nu  2~3 / / 

SU-160-b 0.76 Nu  2~3 / / 

SC-120-a 0.87 Nu  3~5 Longitudinal & slot weld Nu 

SC-120-b 0.81 Nu  4~5 Longitudinal & slot weld 0.85Nu
* 

SC-120L-a 0.81 Nu  4~5 / / 

SC-120L-b 0.91 Nu  3~5 Longitudinal weld Nu 

SC-160-a 0.37 Nu  3~6 Longitudinal weld 0.85Nu
* 

SC-160-b 0.65 Nu  4~5 / / 

SO-120-a 0.85 Nu  3~6 Tube edge with no weld Nu 

SO-120-b 0.94 Nu  3~5 Tube edge with no weld Nu 
*Note: 0.85Nu

*
 means that the axial bearing capacity drops to 85% of the maximum loads. 14 
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Table 4. Mechanical properties 16 

Specimen (%) 

K (106kN) K0  

(106kN) 
KI 

Nu (kN) 
N0 (kN) SI 

u (10-6) DI 

/ AVG / AVG / AVG / AVG 

SU-120-a 3.2 1.88 
1.82 1.91 0.95 

2855.4 
2891.6 2736.9 1.06 

2799 
3003 

1.93 
1.95 

SU-120-b 3.2 1.75 2927.7 3206 1.96 

SU-160-a 2.5 1.20 
1.50 1.91 0.79 

2809.0 
2716.5 2643.2 1.03 

3742 
3282 

1.69 
2.15 

SU-160-b 2.5 1.81 2624.0 2821 2.60 

SC-120-a 5.9 2.28 
2.02 2.11 0.96 

3763.8 
3734.5 3227.2 1.16 

6619 
6849 

8.21 
7.53 

SC-120-b 5.9 1.76 3705.2 7078 6.85 

SC-120L-a 6.1 1.89 
1.88 2.11 0.89 

3294.4 
3307.3 2885.1 1.15 

6534 
5614 

5.82 
5.60 

SC-120L-b 6.1 1.88 3320.1 4693 5.38 

SC-160-a 4.5 1.46 
1.55 2.11 0.73 

3540.4 
3467.7 3062.8 1.13 

6457 
5266 

3.54 
3.49 

SC-160-b 4.5 1.63 3395.0 4075 3.44 

SO-120-a 6.0 1.47 
1.85 2.12 0.87 

3795.4 
3798.7 3251.6 1.17 

5052 
4545 

4.25 
5.70 

SO-120-b 6.0 2.22 3802.0 4037 7.15 
 17 
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Table 5. Parameter details 19 

Parameters Values 

B/t 80, 110, 140 

tl/t 0.8, 1.0, 1.2 

dw/B 0.3, 0.5 

Bo/(B-2t) (SO specimens) 1/3, 1/2 

fy (MPa) 235, 420 

fc (MPa) 25, 40 
 20 



40 80 120 160
0.8

0.9

1.0

1.1

1.2

40 80 120 160
0

1

2

3

4

Transverse ties/stiffeners

Longitudinal stiffeners

B/t

                    Huang (2002)
           Tao (2004)

                    Han (2005)
  Tao (2008)

           Huang (2011)
           Zhou (2019)

Unstiffened

B/t

 

 









Initial buckling

0.37Nu



  

   

 

 







0 3 6 9 12 15 18
0

1000

2000

3000

4000

FEA:SU-120

FEA:SO-120

 (mm)

 SU-120-a
 SU-120-b
 SC-120-a
 SC-120-b
 SO-120-a
 SO-120-b

 
0 3 6 9 12 15 18

0

1000

2000

3000

4000

FEA:SU-160

FEA:SC-160

 (mm)

 SU-160-a
 SU-160-b
 SC-160-a
 SC-160-b
 SC-120-a
 SC-120-b

 
0 3 6 9 12 15 18

0

1000

2000

3000

4000
FEA:SC-120

FEA:SC-120L

 (mm)

 SC-120L-a
 SC-120L-b
 SC-120-a
 SC-120-b

 

   

 

 





0 4 8 12 16
-4

-3

-2

-1

0

1

2

3

4

-1

1

sl

SU-120-a
SC-120-b
SO-120-b
Peak load

 

l
 (10-3)

st

0

 

 

0 4 8 12 16
-4

-3

-2

-1

0

1

2

3

4

-1

1

sl

SU-120-a
SC-120-b
SO-120-b
Peak load

 

l
 (10-3)

st

0

 

 

  

 

 





0 1000 2000 3000 4000
0

1000

2000

3000

4000

Han et al. 2005
Huang et al. 2011
This paper

N
FEA

 (kN)

+10%

-10%

 

 

 







2000

2500

3000

3500

4000

4500

5000

5500

f
y
 = 420MPa

f
c
 = 40MPa

 t
l
 / t=0.8

 t
l
 / t=1.0

 t
l
 / t=1.2

14011080
B/t

 d
w
/B = 0.3

 d
w
/B = 0.5

f
c
 = 25MPa

f
y
 = 235MPa

 

2000

2500

3000

3500

4000

4500

5000

5500

f
y
 = 420MPa

f
c
 = 40MPa

 t
l
 / t=0.8

 t
l
 / t=1.0

 t
l
 / t=1.2

14011080
B/t

 d
w
/B = 0.3

 d
w
/B = 0.5

f
c
 = 25MPa

f
y
 = 235MPa

 

2000

2500

3000

3500

4000

4500

5000

5500

f
y
 = 420MPa

f
c
 = 40MPa

 t
l
 / t=0.8

 t
l
 / t=1.0

 t
l
 / t=1.2

14011080
B/t

 B
o
 / (B-2t)=1/3

 B
o
 / (B-2t)=1/2

f
c
 = 25MPa

f
y
 = 235MPa

 

   

 

 





2000 3000 4000 5000 6000
2000

3000

4000

5000

6000
 FE of SC specimens
 FE of SO specimens
 Test

N
u
 (kN) by FE model or test

+5%

-10%

 

 

 




