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Abstract：In this paper, a new type of steel section is proposed comprising adjacent H-sections 10 

linked together by intermediate steel plates welded along their flanges. Experiments on three 11 

hot-rolled steel built-up H-sections and five columns infilled with concrete are conducted, with 12 

results showing that both variants having much better ductility compared to conventional columns 13 

(i.e. hollow section columns and concrete filled steel tube (CFST) columns). Experimental results 14 

showed that the bearing capacity of the built-up hot-rolled steel hollow section column improved 15 

by 45.1% to 55% after it was filled with concrete, and the yield bearing capacities of the 16 

specimens ZC-4 and ZC-5 are 26.6% and 17.1% higher than that of ZC-1, which shows that the 17 

increase of material consumption can improve the structural behaviour of the specimen. A finite 18 

element software ABAQUS is used for parametric study. The newly developed finite element 19 

models were validated against test results in terms of failure modes and load-displacement curves. 20 

A total of 482 numerical results, 132 hot-rolled steel built-up section columns and 350 21 

concrete-filled built-up section columns, have been generated. Based on the experimental and 22 

numerical results, the compressive behaviours of hot-rolled steel built-up section columns and 23 

concrete-filled built-up section columns are studied. A new design method for the compression 24 

capacity of these two types of columns is proposed. It is found that the newly proposed design 25 

method could provide accurate and consistent predictions – the mean value of predicted to 26 

experimental results are0.963 for hollow section columns (with coefficient of variation being 27 

0.061) and 1.04 for composite section columns (with coefficient of variation being 0.043). 28 
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 34 

1  Introduction 35 

The hot-rolled steel built-up section column is a new type of column built up by welding 36 

hot-rolled steel H-section members and steel plates. These built-up section columns could be 37 

infilled by concrete and become concrete-filled steel built-up tube columns. The new built-up 38 

sections (see Fig. 1) can be directly welded by existing hot-rolled steel H-sections, and they enjoy 39 

benefits such as high bearing capacity, less welds, high construction efficiency and low 40 

construction cost compared to other built-up sections. Furthermore, this new type of built-up 41 

section has overhanging H-section flanges, which can be widely used in the frame system of 42 

assembled steel plate shear wall (see Fig. 2(a) and (b)), without additional joint construction. In 43 

addition, steel beams can also be directly connected with steel brackets welded on the H-section 44 

flanges in advance; this form of joint connection is simple with clear load path, as shown in Fig. 45 

2(c).  46 

A great number of experimental and theoretical studies on the compression performance of 47 

concrete-filled steel tube (CFST) columns or special-shaped columns could be found in the 48 

literature. Han et al. [1-2] carried out experimental studies on the axial compression behaviour of 49 

concrete-filled circular/square/rectangular steel tube columns. Considering the confining factor 50 

and concrete strength as variables, the design rules for the compression capacity of CFST with 51 

different cross-sections were proposed. A number of researches [3-7] have also been carried out to 52 

test T-shaped, L-shaped and cross-shaped CFST columns, and analyse the influence of various 53 

parameters on the stability of these special-shaped composite columns. The design rules for the 54 

stability bearing capacity of the aforementioned composite columns with axial restraint effect were 55 

developed by Liu et al. [3] and Han et al. [7]. Besides, researchers have also started to work on 56 

columns with more innovative shapes. For instance, Chen and Young [8, 9] conducted 57 

comprehensive investigations on the compressive behaviour of cold-formed steel novel-shaped 58 

sections (elliptical and semi-oval sections) through extensive experimental and numerical studies, 59 

based on which accurate modified design methods were proposed. Han et al. [10, 11] carried out 60 

compression tests on CFST stub columns of five special sections: triangular, semi-circular, 61 

D-shaped, 1/4 circular and fan-shaped sections. The results showed that the failure modes of these 62 

columns were similar to those of rectangular CFST stub columns. Tu et al. [12, 13] carried out a 63 

series of compression tests on multi-chamber CFST columns of short medium-length, and 64 

proposed a design method for the stability bearing capacity prediction of multi-chamber CFST 65 

composite T-pillars. Besides, there are some other experimental, numerical and theoretical 66 

investigations [14, 15] on the compression behaviour of combined cold-formed steel box section 67 



 

 

columns. The summary of past research is shown in Table 1. 68 

Although there have been extensive research studies on the compressive behaviour of 69 

concrete-filled steel tube columns with different shapes, no study is available on the 70 

concrete-filled steel built-up section columns comprised of H-sections. This new type of columns 71 

are flexible in shapes, which can be applied in various systems of buildings improve the utilization 72 

rate of indoor area and allow for more flexible arrangement of furniture. However, the new type of 73 

columns also suffer with disadvantages including large residual stress, difficult welding of the 74 

internal plates and the instability of their overhanging flanges. This study investigates the 75 

compressive behaviour of three hot-rolled steel built-up section columns and five concrete-filled 76 

steel built-up section columns. Numerical models for these columns were developed and validated 77 

against test results. Upon validation, the finite element (FE) models were used to perform an 78 

extensive parametric study to generate a total of 132 numerical results on hot-rolled steel built-up 79 

section columns and 350 numerical results on concrete-filled steel built-up section columns. Based 80 

on the newly generated test and numerical results, the design rules for the compression capacity 81 

are also proposed herein. 82 

2  Experimental study 83 

2.1  Test specimens 84 

A total of eight specimens are designed for the test programme, of which specimens Z-1，Z-2 and 85 

Z-3 are bare steel built-up section columns, and specimens ZC-1 to ZC-5 are concrete-filled steel 86 

built-up section columns. A 10 mm thick end plate is welded to each end of the column. The top 87 

end plate has a number of holes concrete filling. The steel tubes of specimens Z-1 and ZC-1 are 88 

the same and welded from hot-rolled steel H-section members. The other specimens are welded 89 

from H-section steel members and steel plates. The geometries of the employed H-section 90 

(HW175×175) are shown in Fig. 3, while the nominal thickness of the utilised steel plate is 10 mm. 91 

The cross-sectional dimensions of all the specimens are presented in Fig. 4, where point “0” 92 

indicates the centroid of section. The material grade of both the H-section members and steel 93 

plates are Q235B, and the grade of the concrete infill is C40. The mix proportions of the concrete 94 

are 1: 0.93: 2.28: 0.39 (cement : sand: stone: water (by weight) and the measured slump value is 95 

81 mm. The nominal height of all the columns is 600 mm. A series of tensile coupon tests was 96 

carried out to determine the material properties of the H-section members and steel plates 97 

according to the GB/T 228-2002 Standard [16]. The locations from which the coupon specimens 98 

were taken are shown in Fig. 5. The dimensions of the coupon specimens are presented in Fig. 6. 99 

The measured material properties of concrete and steel are presented in Tables 2 and 3, 100 

respectively. 101 



 

 

2.2  Testing programme 102 

The compression tests were conducted by servo controlled electro-hydraulic testing machine in the 103 

Structural Laboratory of Chongqing University. The test configuration and measurement scheme 104 

are shown in Fig. 7. The axial displacement of the specimens was measured by four displacement 105 

sensors (LVDT) (Fig. 7(a)). The strain of the specimen surface (i.e. the steel built-up section) was 106 

measured by strain gauges. Before testing, the specimens were geometrically centred and 107 

preloaded to one-tenth of the estimated ultimate load in order to check the operation condition of 108 

each instrument (Fig. 7(b) and (c)). During the loading process, multi-stage loading approach was 109 

adopted. In the elastic stage, specimens were loaded at 1/10 of the predicted ultimate capacity 110 

intervals. Upon observing the plastic behaviour of the specimen, the loading interval was changed 111 

to 1/20 of the predicted ultimate capacity. When the specimens were significantly deformed and 112 

severely damaged, the tests were stopped. 113 

3  Experimental results and analysis 114 

3.1  Structural behaviours and failure modes 115 

The failure modes of all the specimens are shown in Figs. 8(a) to 8(h). As shown in Figs. 8(a)-8(c), 116 

specimens Z-1, Z-2 and Z-3 behaved in a similar way during loading. In the early stage of loading, 117 

cracks appeared on the surface near the both ends of the columns. When continuing to load to 90% 118 

of the ultimate load, the outstand flanges began to slightly buckle. Since the outward flanges were 119 

subjected to less constraint compared to flanges of internal H-sections, local buckling occurred 120 

first in the outward flanges. When the load continued to increase, the outstand flanges notably 121 

buckled, and the welds of the H-section flanges with large width to thickness ratio in the middle 122 

section of the specimen Z-1 was dislocated with "corrugated drum" (see Fig. 8(a)). Specimen Z-2 123 

had single-wave-form buckling at the welded joint between steel plate and flange, as well as 124 

double-wave-form buckling at the corner steel plate (see Fig. 8(b)). As for specimen Z-3, 125 

single-wave-form buckling occurred at the corner steel plate and double-wave buckling occurred 126 

in the flange of H-section (see Fig. 8(c)). Because of the different positions of stiffener plates, the 127 

plates with large width to thickness ratio of Z-2 and Z-3 are in different positions, so Z-2 and Z-3 128 

have different buckling deformation. 129 

The internal steel plates in the specimens ZC-1 to ZC-5 were subjected to the lateral restraint of 130 

the concrete, and therefore only the out-of-plane local buckling occurs. The failure mode of the 131 

specimen was local buckling. The steel plate formed by welding of a steel plate to an H-section 132 

flange with large width to thickness ratio of specimens ZC-2 to ZC-5 buckling occurred earlier. As 133 

shown in Figs. 8(e) and 8(f), the specimens ZC-2 and ZC-3 had similar failure modes with ZC-5. 134 



 

 

As the load increases, the H-section flanges of specimen ZC-2 buckled locally at the welding part 135 

of the steel plates, but no local buckling were observed on steel plates at the corner. The two steel 136 

plates on the outer side of the specimen ZC-3 buckled near the mid-height, and cracks appeared in 137 

the fillet weld of the steel plate at the middle height of the specimen. As shown in Figs. 8(d), 8(g) 138 

and 8(h), the specimens ZC-1, ZC-4 and ZC-5 had similar loading responses. Similarly, at the 139 

early stage of loading, minor cracks occurred near both ends of the columns. As the load increased, 140 

the outstand flanges began to slightly buckle. When the load continued to increase, the outstand 141 

flanges of H-section showed notable buckling, and the joints of the H-section flanges in the 142 

middle sections of specimens began to have outward local buckling. The flanges of the H-sections 143 

at the end of the specimens ZC-1, ZC-4 and ZC-5 display buckling deformation, and local 144 

buckling was observed at welding place at the steel plate and H-section flange of mid-height 145 

specimens. In the late stage of specimens loading, the welding seam had continuous peeling 146 

phenomenon. The ends of all specimens were welded to end plates, which provide restraint to the 147 

ends of the specimens. Therefore, the buckling of the specimens was mainly observed at the 148 

mid-height of columns. 149 

3.2  Load-displacement curves 150 

The load-displacement curves of the specimens Z-1 to ZC-3 are shown in Fig. 9(a) to 9 (f). 151 

Comparing specimen Z-1 (see Fig. 9 (a)) with specimen ZC-1 (see Fig. 9 (d)), it can be seen that 152 

the stiffness and ductility of the concrete-filled specimen are found to be improved, and the yield 153 

bearing capacity is also increased by 45.1%, which shows that the increase of material 154 

consumption can improve the structural behaviour of the specimen. It can be seen from Fig. 9 (b) 155 

and 9 (c) that the ultimate bearing capacity of specimen Z-2 is improved compared to that of 156 

specimen Z-3, indicating that stiffening of short steel plate is effective to improve the buckling 157 

bearing capacity of steel plate. Although the amount of material is the same, it can be seen from 158 

Fig. 9 (e) and Fig. 9(f) that the ductility and bearing capacity of ZC-3 is lower than that of ZC-2, 159 

with the main reason being that the spacing of internal steel plate in ZC-2 is smaller, which offers 160 

a better constraint on concrete. specimen ZC-2 is 52.3% higher than that of specimen Z-2, and the 161 

bearing capacity of specimen ZC-3 is 54.9% higher than that of specimen Z-3. The yield bearing 162 

capacity and ultimate bearing capacity of pure steel specimens can be significantly enhanced after 163 

infilling concrete. 164 

The yield bearing capacities of the specimens ZC-4 (see Fig. 9(g)) and ZC-5 (see Fig. 9(g)) 165 

are 26.6% and 17.1% higher than that of ZC-1, due to increasing of material consumption. 166 

However, the ductility of ZC-4 is lower than that of ZC-5, since the steel plate in the middle 167 

section of ZC-4 has large width to thickness ratio, which makes it easier to buckling under axial 168 



 

 

compression. The ductility of both the concrete-filled columns are greater than that of the bare 169 

steel column. Meanwhile, the external steel tube can provide confinement to the concrete infill.  170 

3.3  Load-strain curves 171 

Taking specimens Z-1 and ZC-1 as examples, the load-strain responses of the considered columns 172 

during loading are analysed. Fig. 10 and Fig. 11 show the load-strain curves for the specimens Z-1 173 

and ZC-1, respectively, where "negative value" represents compressive strain and "positive value" 174 

represents tensile strain. Please be noted that a discrepancy of strain readings was observed near 175 

the ultimate load, which is believed due to the reliability of electrical strain gauge measurement 176 

(especially during unbalance event, yielding, cracking, etc.) [17, 18]. 177 

As shown in Fig. 10, when the applied load is about 4000 kN (corresponding to the yield strain 178 

of the steel at 1600 με), the strains of specimen Z-1 in three directions are similar and the 179 

specimen Z-1 is at the elastic stage. Continue to load to 80% of the ultimate load, the strains of the 180 

shear wall at the three directions started to differ from each other, the specimen is in the 181 

elastoplastic stage. During the loading process, the vertical strain at the measured point “4” 182 

changed from compression to tension (Fig. 10(b)). That was because that the steel plate at the 183 

measured point “4” is subjected to compression at early stage and in a state of complex stress as 184 

the load increases. 185 

As shown in Fig. 11, the measured point “2” was located at the junction of the web and flange, 186 

and it had a strong constraint and a strong bearing capacity, the vertical strain at the measured 187 

point “2” was larger than those at other measured points. The steel plate at the flange joint at the 188 

measured point “5” was subjected to the out-of-plane expansion and compression of concrete, and 189 

the calculated horizontal and vertical strains are below the yield strain of steel.  190 

4  Finite element analysis 191 

4.1  Development of models 192 

The finite element (FE) analysis was performed using ABAQUS package. The simplified 193 

secondary plastic flow model in literature [19] was adopted for steel material, and the stress-strain 194 

curve was divided into the elastic region, the yielding platform, the strain hardening region and the 195 

secondary yielding region and the parameters are determined according to the test results of steel 196 

properties. The specific mathematical expression is shown as follows: 197 



 

 

s y

y y y

s y y y 2 y

u 2 y

,

, 0.1
=

0.01 ( ) ,   0.1

,

E

f

E f k

f k

  

  


    

 




 


− +  
   

（1） 

u y

2

s y

0.1
0.01

f f
k

E 

−
= +  （2） 

Where, σ is the stress of the steel plate; Es is the elastic modulus of steel; fy is the yield strength 198 

of steel; fu is the ultimate strength of steel; ɛy is the yield strain of steel. 199 

The constitutive model of concrete subjected to compression and tension was also referred to 200 

Liu [19]. And the stress-strain relationship of concrete under uniaxial compression can be 201 

determined by Eq. (3). 202 
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Where, ξ is confining factor; fc' is the axial compressive strength of concrete cylinder; fck is the 203 

characteristic strength of concrete. 204 

In the FE models, the steel H-section and steel plate are simulated by eight-node uncoordinated 205 

three-dimensional solid element (C3D8I), while the core concrete is simulated by eight-node 206 

reduced integral three-dimensional solid element (C3D8R). The appropriate element sizes were 207 

selected in the FE models based on the sensitivity analysis and the balance between accuracy and 208 

time cost [20, 21]. Therefore, mesh size sensitivity analysis has been carried out in this study.  209 

The column is pin-supported. The top end of the column is coupled with a reference point and the 210 

lateral displacement of the reference point is limited. The load was applied to this reference point. 211 

The normal direction of the interface between steel tube and concrete adopts the "hard 212 

contact"[22], while the tangential direction adopts the coulomb friction contact with the friction 213 

coefficient as 0.6 [19]. 214 

The residual stress of the hot-rolled steel built-up section columns and concrete-filled built-up 215 



 

 

section columns due to welding [23-25]; the residual stresses were carefully measured and the 216 

codified predictive models were evaluated and the initial global geometric imperfection of the 217 

specimens were considered in the FE model. The residual stress is added to the FE model in the 218 

form of initial stress and the size and distribution of residual stress in the FE model are shown in 219 

Fig. 12 [1]. The residual stress distribution are incorporated for both flanges and steel plates. The 220 

initial geometric imperfection was taken as the first global buckling mode obtained by the 221 

buckling analysis by ABAQUS. The magnitude of the imperfection was chosen as 1/1000 of the 222 

height of the specimen [7]. 223 

4.2  Model validation 224 

Fig. 13 shows the failure modes of the specimens obtained by FE modelling, which agree well 225 

with the failure modes observed in experimental programme. Fig. 9 compares the numerical and 226 

experimental load-deformation curves of all the specimens. Although the failure modes shown in 227 

Figs. 8 and 13 are practically identical, all graphs of Fig. 9 presented the numerical result a little 228 

more rigid than the experimental one. Table 4 shows that comparison of yield bearing capacities, 229 

which are determined based on the yield displacement of the load-displacement curve calculated 230 

by the Park method [26]. Good agreements between the tests and FE simulation have been 231 

achieved on the initial stiffness, load-displacement curves and yield bearing capacities.  232 

5  Parametric study 233 

In order to study the effects of material strengths and section slenderness on the ultimate bearing 234 

capacity of the specimens, this study analyses the key parameters by parametric study based on the 235 

validated FE model. In the parametric study, except that the steel constitutive model is modified to 236 

an elastic-perfectly plastic model, other parameters and boundary conditions of the FE models 237 

were kept the same. Considering that the effect of material strength on the ultimate bearing 238 

capacity is similar for different specimens, only the specimen ZC-1 was taken as an example for 239 

investigation. However, as for the effects of member slenderness ratio, hollow section columns 240 

and concrete-filled section columns were studied based on the specimens Z-1 and ZC-1, 241 

respectively. 242 

5.1  Effects of steel yield strength and concrete strength 243 

The load-displacement curves of the specimen ZC-1 with different material strengths are shown in 244 

Fig. 14. The steel yield strength and concrete strength have significantly influence on the bearing 245 

capacity and structural behaviour of the specimen. The yield strength grade of different steels had 246 

minor effect on the initial stiffness of the specimen. With the increase of the yield strength of steel, 247 



 

 

the ultimate bearing capacity of the specimen gradually increased. Fig. 14(b) also shows that the 248 

concrete strength has limited effect on the initial stiffness of the specimens. With the increase of 249 

the concrete strength, the ultimate bearing capacity of the specimen increased gradually, and the 250 

displacement corresponding to the ultimate bearing capacity also increased. The higher the 251 

concrete strength grade, the bigger the displacement corresponding to the peak load point. After 252 

the peak load point, with the increased of displacement, the load-displacement curves showed a 253 

trend of asymptotic. 254 

5.2  Effects of member slenderness ratio of hollow section 255 

column 256 

Fig. 15(a) shows the relationship between the slenderness ratio λ, and λ is calculated according to 257 

Eq. (9) below: 258 

min/ 235 / /yl f I A =   (9)  

Where, λ is the calculated slenderness ratio of the column; l is the calculated length of the columns; 259 

Imin is the minimum moment of inertia of cross section; A is the cross section area. 260 

It can be seen that the larger the slenderness ratio, the lower the axial compressive capacity of the 261 

specimen and the difference of bearing capacity of different steel strength grade was smaller. Fig. 262 

15(b) shows the normalised φ-λ relation curves of the specimens based on the steel strength grades. 263 

It can be seen that the normalised φ-λ curve of steels with different strength grades were basically 264 

the same, therefore, the same φ-λ curve can be used for the pure steel columns with different steel 265 

strength grades. 266 

5.3  Effects of member slenderness ratio of composite sections 267 

Fig. 16(a) shows the relationship between the slenderness ratio λ of the specimen ZC-1. It can be 268 

seen that with the increase of slenderness ratio, the bearing capacity of the specimen gradually 269 

decreases and the gap in the bearing capacity of specimens shows a decreasing trend. Fig. 16(b) 270 

showed the stability coefficient φ-λ curves based on the strength grade of the steel. With the 271 

increase of slenderness ratio, the stability coefficient of the specimen decreases gradually, but the 272 

stability coefficients of different steel strengths have little difference. 273 

Fig. 16(c) shows the curves of the slenderness ratio λ and the bearing capacity considering the 274 

strength grade of the concrete of the specimen ZC-1. From Fig. 16(c), it can be seen that the 275 

normalized φ-λ curves demarcation point of the concrete-filled built-up section columns is larger 276 

than that of the hot-rolled steel built-up section columns and the steel strength utilization ratio can 277 

be improved and the premature elastic failure can be avoided by lateral restraint of concrete. It can 278 



 

 

be seen that as the slenderness ratio increases, the bearing capacity difference of the specimens 279 

with different concrete strength grades becomes smaller. Fig. 16(d) shows the normalized φ-λ 280 

curves of the specimen ZC-1 based on the concrete strength grade. It can be seen that the concrete 281 

strength grade has no effect on the stability coefficient after normalization of the specimen when 282 

the slenderness ratio is relatively small. When 50<λ<100, the higher the concrete strength grade, 283 

the smaller the stability coefficient, with the increase of slenderness ratio, the stability coefficient 284 

of the specimen decreases gradually. 285 

6  Development of design rules 286 

In this study, both experimental and numerical studies have been carried out on hot-rolled steel 287 

built-up section columns and concrete-filled steel built-up section columns. Effects of governing 288 

parameters such as steel strength, concrete strength and section slenderness, have been 289 

investigated. Based on the newly generated test and numerical results, design methods of 290 

compressive capacity and stability bearing capacity are developed for hot-rolled steel built-up 291 

section columns and concrete-filled steel built-up section columns. 292 

6.1  Compression strength  293 

The comparative analysis of the test yield bearing capacity and nominal yield bearing capacity are 294 

given in Table 4. The nominal yield bearing capacity Nn of the specimen is calculated according to 295 

Eq. (10) below: 296 

n s y c ckN A f A f= +  (10) 

Where, As is the sectional area of steel; Ac is the area of concrete (Ac =0 for pure steel specimens). 297 

As can be seen in Table 4, the experimental yield bearing capacity of the steel built-up section 298 

columns is basically equal to the nominal yield bearing capacity, while the experimental yield 299 

bearing capacity of concrete-filled steel built-up section columns is greater than the nominal yield 300 

bearing capacity. It shows that the confinement effect of steel built-up section notably improves 301 

the strength of concrete. Fig.17 shows the classification of confinement effect of hot-rolled steel 302 

H-section plate. In this study, only the constraint effect of steel components directly contacting 303 

concrete is considered, and the contribution of H-section flange As1 is ignored. The improvement 304 

of concrete strength is related to the confining factor of the specimen [2]. The specific calculation 305 

of the confining factor is shown in Eq. (11). Please note that the contribution of steel plate As3 306 

should be considered when calculating the confining factor of steel plate on concrete Ac1 and 307 

Ac2.According to the calculation method of bearing capacity based on superposition theory 308 

proposed in [2], the bearing capacity of concrete-filled steel built-up section columns is regarded 309 

as the sum of the steel bearing capacity and the concrete bearing capacity considering the hoop 310 



 

 

effect of steel tube. The detailed calculation was shown in Eq. (12) and Eq. (13).  311 

y sc

ck c

f A

f A
 =  (11) 

u y s ck cN f A f A= +   (12) 

( )0.9 - 0.126,   0.5 4  =  
 

(13) 

Where, θ is the concrete strength enhancement coefficient; Asc is the cross-sectional area of the 312 

steel around the concrete; Nu is the bearing capacity of the axial compressive strength of the 313 

columns.  314 

Comparison between all test and predicted results are shown in Table 5. As can be seen from 315 

Table 5, the design rules proposed in this paper is very accurate for compression strength and 316 

coefficients of variation (COV) is very small. Fig. 18 shows the Regression curve for the 317 

relationship between the confining factor and the concrete strength enhancement coefficient and 318 

Fig. 19 shows comparison between predicted capacities and experimental (and numerical) results 319 

respectively. It can be seen that the calculation method proposed in this paper is in good agreement 320 

with the finite element calculation results, and has a relatively small error with the test results. The 321 

formula presented in this paper can be directly used to calculate the axial compression bearing 322 

capacity of concrete-filled built-up section columns. 323 

6.2 Stability of columns under axial compression  324 

6.2.1  Steel hollow sections columns  325 

It can be seen from the analysis results of Fig. 20 that the stability bearing capacity of the columns 326 

with different steel strength grades can be calculated by the same stability coefficient φ, and the 327 

axial compressive bearing capacity of the pure steel columns can be calculated according to Eq. 328 

(14). The calculation formulas are detailed in (15) to (16). As can be seen from Fig. 20(b), the 329 

calculated data points are in good agreement with the calculation formula proposed in this paper. 330 

Therefore, the calculation accuracy of the stability bearing capacity of hot-rolled steel H-section 331 

columns is higher by using the calculation formula proposed in this paper. 332 

uN N =  (14) 
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138 /p yf =  (16) 

min/ 235 / /yl f I A =   (17) 

Where, Nφ is the stability bearing capacity of the steel columns; φ is stability coefficient; λp is the 333 

boundary slenderness ratio of the elastic-plastic failure and elastic failure of the columns: 334 

whenλp≥λ≥0, the specimen is in the elastic-plastic stage when it loses stability. When λ>λp, the 335 

specimen is elastically unstable.  336 

As can be seen from Fig. 20(b), the calculated data points are in good agreement with the 337 

calculation formula proposed in this paper. Therefore, the formula presented in this paper is 338 

accurate for calculating the stability bearing capacity of hot-rolled steel H-section columns. 339 

6.2.2  Composite sections columns 340 

It can be seen from the analysis results in Fig. 16 that the steel strength grade has little effect on 341 

the normalized φ-λ curves of the columns. Therefore, the calculation formulae of the columns 342 

stability coefficient proposed in this paper only consider the influence of the concrete grade, and 343 

do not consider the influence of the steel grade. Therefore, the φ-λ curves of the hot-rolled steel 344 

H-section concrete-filled built-up section columns are shown in Fig. 21(a). In order to consider the 345 

influence of different concrete grades on the φ-λ curves, the variable βc is introduced, and the 346 

stability bearing capacity of the steel-concrete composite columns can be calculated according to 347 

Eqs. (9)~(13).  348 
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(22) 

Where, Nφc is the stability bearing capacity of the steel-concrete composite columns; λ0 is the 349 

boundary length ratio of plastic failure and elastic-plastic failure of the columns, βc is the influence 350 

coefficient of concrete strength grade. 351 

Fig. 21(b) and Fig. 21(c) show the regression curve for the relationship of fck/20-A and βc-λ, 352 

respectively. It can be seen that fck/20-A and βc-λ have a good linear relationship and the 353 

coincidence degree is better. Fig. 21(d) shows the comparison between the stability coefficient 354 



 

 

regression curve and the finite element calculation data point proposed in this paper. It can be 355 

concluded that the two are in good agreement. Therefore, it is reasonable and safe to calculate the 356 

stability bearing capacity of the combined steel-concrete column with hot rolled h-section steel by 357 

using the formula proposed in this paper. 358 

7  Conclusions 359 

Three hot-rolled steel built-up section columns and five concrete-filled built-up section columns 360 

comprised of H-sections and steel plates were tested. Corresponding numerical models were 361 

developed and validated against test results. Experimental results showed that the outer flange of 362 

the H-section member at the corner of the specimen is weakly restrained and first buckled under 363 

compression load. The local stability, bearing capacity and ductility of pure steel columns was 364 

found to be improved significantly with infilled concrete: (1) The bearing capacity of specimen 365 

Z-1, Z-2 and Z-3 was improved by 45.1%, 52.3% and 54.9% with infilled concrete, respectively; 366 

(2) The yield bearing capacities of the specimens ZC-4 and ZC-5 are 26.6% and 17.1% higher 367 

than that of ZC-1, and the ductility of ZC-4 is lower than that of ZC-5 with the main reason being 368 

that the steel plate in the middle section of ZC-4 with large width to thickness ratio. Based on the 369 

experimental and numerical results, the design rules for hot-rolled steel built-up section stub 370 

columns and concrete-filled built-up section stub columns under compression were proposed 371 

based on the superposition theory. In addition, the design rules of the stability bearing capacity of 372 

the medium and long columns have also been developed. The new design rules are found to be 373 

accurate and consistent (mean Ne/Nu = 0.963 and COV = 0.061 for hollow sections and mean 374 

Ne/Nu = 1.04 and COV = 0.043 for composite sections), which can provide the calculation basis 375 

for the bearing capacity of such sections in practical engineering applications.  376 
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 382 

Nomenclature 383 

λ the calculated slenderness ratio of the columns 

l the calculated length of columns 

fy yield strength of the steel 

fu the ultimate strength of steel 



 

 

Imin the minimum moment of inertia of cross section 

A the cross section area  

Nn nominal yield bearing capacity  

Ac the area of concrete (Ac =0 for pure steel specimens) 

As the sectional area of steel 

fck characteristic strength of concrete, defined as fck = 0.76fcu 

fc'  the axial compressive strength of concrete cylinder. 

θ the concrete strength enhancement coefficient 

Asc the cross-sectional area of the steel around the concrete 

fcu characteristic 28-day cubic strength of concrete 

Nu the bearing capacity of the axial compressive strength of the columns 

Nφ the stability bearing capacity of the steel columns 

Nφc the stability bearing capacity of the steel-concrete composite columns 

ξ confining factor 

φ stability coefficient 

λp the boundary slenderness ratio of the elastic-plastic failure and elastic failure   

λ0 the boundary length ratio of plastic failure and elastic-plastic failure   

βc the influence coefficient of concrete strength grade 
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(a)  One-shaped built-up section (b)  T-shaped built-up section (c)  L-shaped built-up section 

Concrete

 

 
 

(d)  Concrete-filled one-shaped built-up section (e)  Concrete-filled T-shaped built-up section (f)  Concrete-filled L-shaped built-up section 

Fig. 1  Schematic drawing of cross-sections of tested columns  
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(a)  Composite section columns (b)  Hot-rolled steel built-up section columns (c)  Beam-column joint connection  

Fig. 2  Schematic diagram of steel frame system 
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Fig. 3  Dimensions of hot-rolled steel H-section 
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Steel plate

 

(a)  Z-1 (b)  Z-2 

Steel plate

 

 

(c)  Z-3 (d)  ZC-1 

Steel plate

 

Steel plate

 

(e)  ZC-2 (f)  ZC-3 

Steel plate

 

Steel plate

 

(g)  ZC-4 (h)  ZC-5 

Fig. 4  Dimensions and detail information of tested specimens 
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Fig. 5  Coupons taken from the  hot-rolled steel 

H-section 
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Fig. 6  Dimensions of tensile coupons 
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(a)  Measurement scheme of Specimen Z-1 

  

 (b) Schematic diagram of test setup  

 

(c)  Specimens under loading  

Fig. 7  Test setup and arrangement of measuring points 
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(a)  Z-1 (b)  Z-2 (c)  Z-3 (d)  ZC-1 

    

(e)  ZC-2 (f)  ZC-3 (g)  ZC-4 (h)  ZC-5 

Fig. 8  Failure modes of the tested specimens 
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(a)  Z-1 (b)  Z-2 
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(c)  Z-3 (d)  ZC-1 
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(e)  ZC-2 (f)  ZC-3 
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(g)  ZC-4 (h)  ZC-5 

Fig. 9  Experimental and numerical load-displacement curves 
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(a)  The horizontal direction (b)   The vertical direction (c)  The 45-degree direction 

Fig. 10  Load-strain curves of specimen Z-1 
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(a)  The horizontal direction (b)   The vertical direction (c)  The 45-degree direction 

Fig. 11  Load-strain curves of specimen ZC-1 
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Fig. 12  Measured residual stress distribution 
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(a)  Z-1 (b)  Z-2 (c)  Z-3 (d)  ZC-1 

  
 

 

(e)  ZC-2 (f)  ZC-3 (g)  ZC-4 (h)  ZC-5 

Fig. 13  Failure modes of specimens obtained from finite element modelling 
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(a)  Steel yield strength fy (b)  Concrete strength fck 

Fig. 14  Effects of material strengths on the loading behaviour of specimen ZC-1 
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(a)  Steel yield strength fy (b)  The normalized φ-λ curves 

Fig. 15  Effects of material strengths on the φ-λ curves of specimen Z-1 
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(a)  Steel yield strength fy (b)  The normalized φ-λ curves 
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(c)  Concrete strength fck (d)  The normalized φ-λ curves 

Fig. 16  Effects of material strengths on the φ-λ curves of specimen ZC-1 
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Fig. 17  Constraint effect classification of the steel plate in specimens 
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Fig. 18  Regression curve for the relationship between the confining factor and the concrete strength 

enhancement coefficient 
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Fig. 19  Comparison between predicted capacities and experimental (and numerical) 

results 
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(a)  The typical φ-λ curves of pure steel specimens 
(b)  Comparison between calculation model and stability factor of 

finite element results 

Fig. 20  Regression curve for the relationship of stability coefficients φ between Eq.(5) and Finite Element of 

steel hollow sections columns 
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(a)  The typical φ-λ curves of composite specimens (b)  the fck/20-A curve 
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Fig. 21  Regression results of stability coefficients φ between Eq.(11) and Finite Element of composite sections 

columns 
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Table 1  Summary of key findings in literature 514 

Researchers Specimens Specimen parameters Number of results Key conclusions 

Han et al. [1-2] 

Concrete-filled 

circular/square/rectangular steel 

tube columns 

fy : 200-700 MPa 

fcu : 30-120 MPa 

ξ: 0.2-5 

Circular:356,square:240 

and  rectangular: 73(Exp) 
- Proposal of new design rules. 

Liu et al. [3] 
L-shaped and T-shaped CFST 

stub columns 

fy : 200-700 MPa 

fcu : 30-120 MPa 

ξ: 0.4-4 

18 (Exp) and 160 (FE) - Proposed design formulae. 

Cai el at. [4] 
L-shaped CFT stub columns 

with binding bars 

fy : 465 MPa 

fcu: 47.60 MPa  
7 (Exp) 

- Setting binding bars could improve 

the bearing capacity and ductility of 

specimens by 7% and 26%. 

Cao et al.[5] 

Improved composite T-shaped 

concrete-filled steel tubular 

columns 

λ : 9.6-22.4 

ξ: 0.83-1.88Steel ratio : 

0.097 - 0.209 

18 (Exp) 

- The strength grade of concrete was 

changed from C30 to C50, the axial 

bearing capacity of specimens was 

increased by about 15%. 

- Proposed a design method. 

Tu et al. [6] L-shaped CFST columns 
fy : 310-465 MPa 

fck : 36.2-45.7 MPa 
6 (FE) 

- D/B is about 2.5, steel tube has the 

best restraint effect on concrete. 

Tao et al. [7] 

Concrete-filled stiffened 

thin-walled steel tubular 

columns 

fcu : 25.5-51.2 MPa; 

 
12 (Exp) 

- DBJ13-51-2003 and Eurocode 4 are 

suitable for calculating the bearing 

capacity of tested composite columns. 

Chen and Young 

[8] 

Cold-formed steel semi-oval 

hollow section beams 

fy : 419-555 MPa 

fu: 530-625 MPa 
20 (Exp) 

- Proposed accurate modified design 

methods. 

Chen and Young 

[9] 

Cold-formed steel 

novel-shaped section columns 

fy: 340-533 MPa 

fu: 392-653 MPa 
5 (Exp) and 20 (FE) 

- Proposed the modified continuous 

strength method. 

Han et al. [10] 

Triangular, semi-circular, 

D-shaped, 1/4 circular and 

fan-shaped section columns 

fy: 384-441 MPa 

fu: 532.1-538 MPa 
44(Exp) 

- The failure modes of these columns 

were similar to those of rectangular 

CFST stub columns. 

Han et al. [11] 

Triangular, semi-circular, 

D-shaped, 1/4 circular and 

fan-shaped section columns 

fy: 235-690 MPa 

fc′: 24-70 MPa 

fck : 20-56 MPa 

40(FE) 

- Column ultimate strengths increase, 

with increasing of both material 

strengths, but higher strength 

en-hancement efficiency as 

fyincreases 

Tu et al. [12, 13] 

Multi-cell composite T-shaped 

CFST slender and short 

columns 

fy : 313-333 MPa 

fu: 398-422 MPa 

fcu : 77.2 MPa; 

λ : 12.2-69.4 

15(Exp) 
- Proposed a simplified formula for 

bearing capacity. 

Whittlek et al. 

[14] 

Cold-formed, built-up 

C-channel columns 
- 153(Exp) 

- Conservatively designed members for 

the capacity specified based on the 

unmodified slenderness ratio and C4.5 

fasteners and spacing. 

Kherbouche et al. 

[15] 

Thin-walled cold-formed steel 

built-up open and closed 

section columns 

fy : 310 MPa 

fu: 436 MPa 

Es: 210 GPa 

71 (FE) 
- Design method (DSM-t) are more 

conservative. 
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Table 2 Material properties of concrete 517 

Concrete cube (Unit: mm) 

28-day compressive strength (MPa) 

Specimen 1 Specimen 2 Specimen 3 Average 

150×150×150 39.60 42.22 38.98 40.27 
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Table 3  Material properties of steel 519 

Specimens  Thickness(mm) 

Yield 

strength(MPa) 

Ultimate 

strength(MPa) 

Young’s 

Modulus(GPa) 

Yield strain(με) 

Flange of H-section 10.35 271 445 190 1421 

Web of H-section 6.90 338 480 202 1673 

Steel plate 9.18 335 475 196 1709 
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Table 4  Comparison of yield bearing capacity between test and predicted results 521 

Specimens 

Nominal area 

of steel 

section(mm2) 

Nominal area of 

concrete 

section(mm2) 

Nominal yield 

bearing 

capacity 

Nn(kN) 

Test yield 

bearing 

capacity 

Ne(kN) 

Finite 

element 

results 

NFE(kN) 

Ne / Nn NFE /Ne  

Z-1 14490 0 3983.4 4035 4046 1.01 1.01 

Z-2 20332 0 6230.7 5903 6145 0.95 1.04 

Z-3 20332 0 6230.7 5780 5912 0.93 1.02 

ZC-1 14490 50964 5453.3 5853 5950 1.07 1.02 

ZC-2 20332 88257 8776.3 8993 8880 1.02 0.99 

ZC-3 20332 88257 8776.3 8951 9210 1.02 1.03 

ZC-4 17250 74209 7048.4 7412 7523 1.05 1.02 

ZC-5 17121 60384 6606.5 6854 7043 1.04 1.03 
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Table 5   Comparisons between all test and predicted results 524 

Specimens  Ne Nu Ne/Nu Mean, Ne/Nu COV, Ne/Nu 

Hollow sections 

Z-1 4035 3983.4 1.01 

0.963 0.061 Z-2 5903 6230.7 0.95 

Z-3 5780 6230.7 0.93 

Composite sections 

ZC-1 5853 5453 1.07 

1.04 0.043 

ZC-2 8993 8897 1.01 

ZC-3 8951 8705 1.03 

ZC-4 7412 7048.4 1.05 

ZC-5 6854 6606.5 1.04 

 525 


