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Abstract 8 

A systematic experimental and numerical investigation on the behaviour of octagonal concrete-filled 9 

steel tube short columns fabricated with S690 high-strength steel and C90 high-strength concrete, and 10 

subjected to combined compression and bending is reported in this paper. Experiments were firstly 11 

performed on twelve short column specimens with different plate width-to-thickness ratios. The 12 

experimental results and observations including the ultimate loads, load versus displacement responses 13 

and failure modes of the specimens were discussed. In supplementary to the experimental investigation, 14 

numerical investigation using a validated finite element model was performed to examine the 15 

behaviour of the structures with a wide range of plate width-to-thickness ratios, yield strength of high-16 

strength steel and compressive strength of high-strength concrete that subjected to various 17 

combinations of compression and bending. Based on the experimental and numerical results, the 18 

applicability of existing design approaches in standards was also evaluated. The assessment shows that 19 

the design approaches provide conservative strength predictions for the high-strength octagonal 20 

concrete-filled steel tube short columns under combined compression and bending and can be applied 21 

to provide safe designs for the structures.  22 

Keywords: Combined compression and bending, Experiments, High-strength concrete, High-strength 23 

steel, Numerical modelling, Octagonal concrete-filled steel tube, Structural design. 24 

1. Introduction 25 

Concrete-filled steel tube (CFST) members have gained increasing popularity for the application in 26 

the civil infrastructure construction [1-4] since the CFSTs demonstrate enhanced strength and ductility 27 
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compared to the steel or reinforced-concrete counterparts due to the composite action between the 28 

outer steel tubes and concrete infill. Besides, the CFST members also bring the benefit of faster and 29 

economic construction due to the omission of formworks required for constructing reinforced-concrete 30 

structures. Over the years, effective research progresses have been made to investigate the behaviour 31 

of normal strength CFST members with circular, rectangular, elliptical and octagonal sections [3, 5-32 

12] under realistic loading conditions to obtain reliable design of the structures. Among these cross-33 

sectional shapes, the octagonal CFSTs demonstrate higher strength enhancements from the 34 

confinement provided by the octagonal outer tubes than the rectangular CFSTs [12] since the 35 

confinement mainly exists at the corners and centre part of the cross-sections and more corner regions 36 

for confinement effects are provided within octagonal cross-sections [12-13]. Compared with circular 37 

or elliptical CFSTs, the octagonal shape CFST members allow for more flexible connection 38 

construction using the flat surfaces of the octagonal cross-sections [12, 14] such as the use of end-plate 39 

connections. With these advantages, the octagonal CFST structures have attracted increasing interests 40 

from the construction industry and researchers for wide structural applications and were applied as 41 

mega-columns for high-rise buildings in China [15].            42 

In addition to the research examining the structural performance of CFSTs with different cross-43 

sectional shapes, increasing research attention has also been paid to high-strength CFST members that 44 

are fabricated using high-strength steel (HSS) with nominal yield strength (fy) above 460MPa and high-45 

strength concrete (HSC) with nominal cylinder compressive strength (fc) above 70MPa [16-17]. By 46 

using these high-strength materials, stronger members with reduced weight consumption of materials 47 

can be obtained and generate subsequent savings of energy consumed for transportation and 48 

construction of the structural members [18-19]. To take advantage of these benefits, the behaviour of 49 

the structures made with high-strength materials needs to be investigated, which can be different from 50 

that of the CFST structures fabricated with conventional strength materials due to the higher brittleness 51 

of HSC and more susceptibility of HSS tubes to local buckling [20-21]. To address this research need, 52 

numerous research studies have been conducted with the primary focus on the behaviour of the 53 

members with circular or rectangular sections under compression, bending or combined loadings [9, 54 
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21-24]. However, research on the behaviour of high-strength CFST members with octagonal sections 55 

that provide high confinement effect from the outer tubes for strength enhancements and ease for 56 

connection construction is limited.  57 

Existing research studies on high-strength octagonal CFST members have been limited to short 58 

columns subjected to concentric compression. Fang et al. [25] investigated octagonal CFST short 59 

columns fabricated using S690 HSS with nominal fy of 690MPa for the outer octagonal tubes and 60 

normal- or high-strength concrete infill with nominal fc between 50MPa and 90MPa. Short columns 61 

with different plate width-to-thickness ratios were tested and investigated numerically through a 62 

validated finite element model. It was found that the strength enhancements due to the confinement 63 

from outer HSS octagonal tubes and ductility of the structures decreased with increasing plate width-64 

to-thickness ratios or fc of concrete infill. Besides, a design approach with the capability of accurately 65 

estimating the strength enhancements was also proposed and provides more accurate strength 66 

predictions in comparison with those obtained based on approaches in the standards or literature. Chen 67 

and Chan [26] experimentally investigated octagonal CFST short columns formed using S460 HSS 68 

with nominal fy of 460MPa and normal- or high-strength concrete infill with fc ranging from 27.9 to 69 

92.1MPa. Observations for the effects of plate width-to-thickness ratios and fc of concrete infill were 70 

similar to those obtained by Fang et al. [25]. It was found that the design approach in GB 50936-2014 71 

[27] and that suggested by Zhu and Chan [12] can be applied to generate strength predictions for safe 72 

design. Although these systematic studies have been conducted for octagonal CFST short columns 73 

fabricated with high-strength materials, the research on the behaviour of the structures subjected to 74 

combined compression and bending as the typical loading condition for various structural applications 75 

[22, 28, 29] remains unexplored and is necessary for safe and economical designs of the structures.   76 

This study is carried out with the aim to investigate the structural performance of high-strength 77 

octagonal CFST short columns under combined compression and bending. Experiments were 78 

performed on 12 short column specimens with different plate width-to-thickness ratios and subjected 79 

to various combinations of compression and bending. Furthermore, numerical simulation was also 80 

performed using a validated finite element model. Parametric studies were carried out on high-strength 81 
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octagonal CFST short columns with a wide range of cross-sectional dimensions and material strengths 82 

under combined compression and bending. Based on the experimental and numerical results, the 83 

applicability of specifications in the European, Australian and North American standards [30-32] for 84 

predicting the strengths of the structures was assessed and the accuracy of the design approaches in 85 

the standards was compared and discussed to reduce the conservatism of strength predictions for 86 

economical designs.     87 

2. Test program 88 

2.1 Specimens and material properties 89 

Twelve high-strength octagonal CFST specimens were prepared for the experimental investigation, as 90 

summarized in Table 1 based on the nomenclature described in Fig. 1. The specimens are labelled 91 

based on the nominal cross-sectional sizes and eccentricities for the compressive loading. For example, 92 

the label of Oct-50×6-e20 defines the specimen with the nominal edge length (B) and plate thickness 93 

(t) of 50mm and 6mm respectively and tested under combined compression and bending with nominal 94 

loading eccentricity of 20mm. The B is counted based on the middle of the outer side of corner regions. 95 

For the repeated test, a letter “R” is shown in the label. For the specimens, the outer cold-formed 96 

octagonal HSS tubes were fabricated using 6mm thick S690 HSS plates through press-braking into 97 

half-sections and subsequent welding of half-sections [25, 33]. Two nominal sectional sizes for the 98 

tubes were used with the nominal B as 50mm and 70mm while the measured dimensions, outer corner 99 

radius (Ro) and length (L) of the tubes are given in Table 1. Each cold-formed HSS octagonal tube was 100 

welded with two 25mm thick end-plates to the ends of the tube. Subsequently, HSC with the grade of 101 

C90 was produced using the mix proportion given in Table 2 and poured into the tubes through the 102 

openings of the top end-plates. This arrangement for specimen preparation was adopted to avoid the 103 

possible cracking of HSC infill due to the welding of end-plates if the HSC was poured in advance. 104 

Besides, casting HSC through the holes until filling the holes in end-plates can also preclude possible 105 

gaps between the infill and endplates for efficient loading transferred to both outer steel tubes and HSC 106 

infill. These specimen preparation processes were considered to ensure the high quality and reliability 107 

of experimental investigations based on the consistent and reliable results obtained in the previous 108 
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study on octagonal CFST short columns under concentric compression [25]. In parallel to the process 109 

of concrete pouring for the short column specimens, 9 cylinder specimens with the standard size of 110 

150×300 mm were also prepared for measuring the fc of the HSC at the time of testing the short column 111 

specimens. Both the cylinder and short column specimens were cured under the ambient condition for 112 

more than 28 days before they were tested.  113 

 114 

Fig. 1. Cross-section of high-strength octagonal CFST specimens.  115 

 116 

 117 

 118 

Table 1. Geometric properties of high-strength octagonal CFST test specimens. 119 

Specimen Edge 

length B 

(mm) 

Thickness 

t (mm) 

Outer 

corner 

radius Ro 

(mm) 

Length L 

(mm) 

e0 

(mm) 

Effective 

length Leff 

(mm) 

Oct-50×6-e10 54.0 6.11 17.0 249.9 10.8 547.9 

Oct-50×6-e20 49.9 6.07 18.0 249.6 20.3 547.6 

Oct-50×6-e40 51.1 6.12 17.8 249.0 40.4 547.0 

Oct-50×6-e60 50.5 6.12 18.0 248.8 59.9 546.8 

Oct-50×6-e75 49.5 6.13 17.5 249.0 76.1 547.0 

Oct-50×6-e90 50.3 6.11 18.0 249.2 90.1 547.2 

Oct-70×6-e20 68.7 6.00 17.5 398.1 20.8 696.1 

Oct-70×6-e35 68.8 6.01 18.0 398.0 35.5 696.0 

Oct-70×6-e60 65.4 6.02 18.0 399.8 60.1 697.8 

Oct-70×6-e60R 65.4 6.03 17.5 397.9 60.9 695.9 

Oct-70×6-e75 68.0 6.10 17.0 399.0 75.6 697.0 

Oct-70×6-e90 66.5 6.05 18.0 400.0 91.2 698.0 

 120 

Table 2. Mix proportions of C90 concrete per m3 and the average fc from measurements on nine 121 

cylinder specimens. 122 

Concrete 

grade 

Water 

(kg) 

Cement 

(kg) 

Sand 

(kg) 

10mm 

aggregate 

(kg) 

20mm 

aggregate 

(kg) 

Superplasticizer 

(kg) 

fc (MPa) at 

the time of 

testing 

C90 128 510 510 423 635 15 104.2 

(CoV of 

0.04) 

 123 
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The material properties of the outer cold-formed octagonal HSS tubes and the HSC infill were also 124 

measured. Tensile coupon specimens were extracted from the flat and corner regions of the tubes and 125 

tested with detailed procedures and results reported in the previous studies [25, 33] using the tubes 126 

fabricated in the same batch. Thus, only key results of the measured material properties are introduced 127 

in this study. The average material properties from the measurements are summarized in Table 3, where 128 

Es, .2, u, u and f represent the elastic modulus, 0.2% proof stress, ultimate tensile strength, ultimate 129 

tensile strain, and elongation at fracture, respectively. As can be seen in the table, the materials at the 130 

corner regions demonstrate higher ultimate strength but lower ductility than those of the materials at 131 

the flat regions due to the cold-working effect caused by the press-braking fabrication. This 132 

observation agrees with those obtained for cold-formed steel circular and rectangular tubular members 133 

which are widely applied in structural designs and construction [18]. For the HSC infill, the cylinder 134 

specimens were tested during the period of testing the high-strength octagonal CFST short column 135 

specimens [34]. The measured fc varies between 100.15 MPa and 112.63 MPa with CoV of 0.04 and 136 

the average fc is 104.2MPa, as shown in Table 2. Based on the fc, the elastic modulus of the HSC infill 137 

can be estimated for structural analysis and design [25].     138 

Table 3. Average flat and corner material properties measured for cold-formed octagonal HSS tubes 139 

[25, 33].  140 

Cross-sectional 

region 

Es (GPa) 0.2 

(MPa) 

u (MPa) u (%) f (%) 

Flat 214 758 801 4.5 13.8 

Corner 198 783 845 1.3 11.6 

          141 

2.2 Tests on specimens under combined compression and bending 142 

The high-strength octagonal CFST short column specimens were tested under eccentric compression 143 

providing the combined compression and bending condition. The tests were conducted using a 5000kN 144 

capacity Instron testing machine, as shown in Fig. 2 for the test set-up. The knife edges and wedge 145 

plates connected to the specimen with high-strength bolts were used to obtain the pin-ended conditions. 146 

The effective length (Leff) of each specimen is the vertical distance between the top and bottom knife 147 

edges and shown in Table 1. Slot holes grooved on each wedge plate were used to accommodate 148 

loading eccentricities by offsetting the centreline of each specimen from the loading line. The initial 149 
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loading eccentricity (e0) was the same at the top and bottom to generate uniform end moments. Various 150 

values for e0 up to about 90mm were applied in order to obtain a wide range of bending-to-compression 151 

ratios. The e0 for the specimens with B of 50mm and 70mm are about the same. The e0 of 10mm was 152 

not used for testing the specimens with B of 70mm to avoid the possibility of having an ultimate load 153 

higher than 4500kN which is the upper limit for safely testing with the machine. The Oct-70×6-e60R 154 

is a repeated specimen tested using the e0 of 60mm to confirm the reliability of the experimental 155 

investigation. The actual value of e0 in each test between the centre of the specimen and the middle of 156 

the knife edges was measured using a total station based on the space coordinates [33].  157 

Furthermore, three linear variable displacement transducers (LVDTs) with two located at the back and 158 

one in front were used to measure axial displacements. One LVDT was also placed at mid-height of 159 

each specimen to measure the lateral deflection. Besides, strain gauges were attached to the surfaces 160 

of the outer tubes at mid-height to measure the longitudinal strains at these locations. During each test, 161 

the specimen was loaded based on the displacement control at the rate of 0.25mm/min so that the 162 

structural performance of the specimen in the post-ultimate stage can also be observed.   163 

         164 

Fig. 2. Test set-up. 165 

2.3 Test results 166 

From the testing on the high-strength octagonal CFST specimens, the load - axial shortening and load 167 

– mid height deflection relationships were obtained and are plotted in Figs. 3 and 4 respectively. As 168 

Front 

transducer 

Back 

transducers 

Mid-

height 

transducer 
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can be seen in the figures, the initial increment of loads with axial shortening or mid-height deflection 169 

is linear. After the loads reached about 70% of the ultimate loads (Nu,exp), the loads increased gradually 170 

with the rate lower than that for the increment of axial shortening or mid-height deflection. For 171 

specimens with the same nominal cross-sectional size, the Nu,exp and initial stiffness reduced with 172 

increasing e0 due to the increasing end moments. Besides, the load - axial shortening and load – mid 173 

height deflection relationships  obtained for the Oct-70×6-e60R almost coincide with those obtained 174 

for the Oct-70×6-e60, revealing the excellent reliability and quite low deviation of the test results. 175 

Based on these results, the Nu,exp for the short columns were also obtained, as summarized in Table 4. 176 

The moment (Mu,exp) corresponding to the Nu,exp was also estimated based on the actual values of e0 177 

and measured mid-height deflection. In addition, it can be observed that the specimens with B of 70mm 178 

demonstrate lower ductility compared with the specimens with B of 50mm due to the higher plate 179 

width-to-thickness ratios, which leads to lower steel ratios and reduced confinement effects that can 180 

influence the deformation capacity of CFST structures [3, 25].   181 

  182 
                     (a)Oct-50×6 specimens                                             (b) Oct-70×6 specimens 183 

Fig. 3. Load versus axial-shortening curves obtained for different test specimens. 184 
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   185 

                     (a)Oct-50×6 specimens                                             (b) Oct-70×6 specimens 186 

Fig. 4. Load versus mid-height deflection curves obtained for different test specimens. 187 

Table 4. Experimental and FE results on high-strength octagonal CFST test specimens. 188 

Section Nu,exp 

(kN) 

Mu,exp 

(kNm) 

Nu,FE 

(kN) 

Mu,FE 

(kNm) 

Nu,FE/ 

Nu,exp 

Mu,FE/ 

Mu,exp 

Oct-50×6-e10 2641.4 37.5 2687.1 37.1 1.02 0.99 

Oct-50×6-e20 2184.0 54.7 2125.4 56.5 0.97 1.03 

Oct-50×6-e40 1592.8 72.6 1560.3 70.4 0.98 0.97 

Oct-50×6-e60 1191.4 78.2 1170.9 78.2 0.98 0.99 

Oct-50×6-e75 996.0 83.0 959.9 78.6 0.96 0.95 

Oct-50×6-e90 866.1 84.1 839.5 81.4 0.97 0.97 

Oct-70×6-e20 3208.7 70.8 3321.1 76.6 1.04 1.08 

Oct-70×6-e35 2836.7 110.2 2921.2 119.0 1.03 1.08 

Oct-70×6-e60 1974.5 124.4 1938.9 128.0 0.98 1.02 

Oct-70×6-e60R 1945.9 124.0 1922.1 128.1 0.99 1.03 

Oct-70×6-e75 1895.1 153.0 1922.5 157.7 1.01 1.03 

Oct-70×6-e90 1531.9 147.4 1549.5 152.1 1.01 1.03 

    Mean 1.00 1.01 

    CoV 0.02 0.04 

 189 

The load versus mid-height longitudinal strains responses were also measured and the results are 190 

presented in Fig. 5 for typical specimens. For Oct-50×6-e10 and Oct-70×6-e20 specimens under the 191 

loading with relatively lower e0, the compressive strains with negative values were observed in the 192 

initial loading stage, demonstrating that the specimens were mainly under compression due to the 193 

relatively lower end moments. After the Nu,exp were reached for the specimens, the tensile strains from 194 

strain gauges SG3 attached on the tension side of the specimens were observed due to the larger 195 

moments with increasing mid-height deflection. For the specimens tested under higher e0 values, 196 
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tensile strains from SG3 strain gauges were obtained and are higher in the ascending path under the 197 

same load with increasing e0 due to the increasing moments acting on the specimens [35], as observed 198 

in Figs. 5(a) and (b). These observations of the strains from the compression and tension sides of 199 

specimens can support the evaluation of design approaches based on the stress distribution with 200 

increasing bending moment exerted on the structures, as discussed in Section 4.1.   201 

Further to these load versus displacement or strain responses, the failure modes of the specimens were 202 

also observed from the tests. For all the short column specimens, the observed failure was the outward 203 

local buckling of the outer octagonal HSS tubes due to the prevention of inward buckling with 204 

concrete-infill, and the crushing of concrete infill due to the higher strains than that for concrete failure 205 

under compression. Typical specimens after testing are shown in Fig. 6 for the failure modes. The 206 

observations of inelastic local buckling near the ends of some specimens may be caused by the 207 

combined effect of relatively large local imperfections caused by the welding of end plates at the two 208 

ends of each HSS octagonal tube, and the high stress concentration at these locations when the applied 209 

loading was transferred to the specimen ends.      210 

 211 
(a) Oct-50×6 specimens 212 
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 213 

(b) Oct-70×6 specimens 214 

Fig. 5. Load versus longitudinal strains for typical test specimens. 215 

       216 

Fig. 6. Failure modes of typical test specimens. 217 

 218 

3. Finite element modelling 219 

Supplementary to the experimental testing, numerical simulation through finite element modelling was 220 

carried out to investigate the structural performance of high-strength octagonal CFST short columns 221 

with a wide range of parameters and under combined compression and bending. The finite element 222 

(FE) model developed using the ABAQUS 6.14 software package [36], model validation and 223 

parametric studies are presented in the following sections.     224 

3.1 Description of the finite element model 225 

To simulate the high-strength octagonal CFST short columns, S4R shell elements were adopted to 226 

model the outer octagonal HSS tubes [14, 38] while the C3D8R solid elements were used for the HSC 227 

infill [25, 37]. The element mesh size of about B/8 was applied to the outer tubes and HSC infill based 228 
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on the mesh convergence study. The interaction between the outer octagonal HSS tubes and HSC infill 229 

was simulated using the surface-to-surface contact. In the normal direction, the hard contact was 230 

employed. In the tangential direction, the Coulomb friction model was applied with the friction 231 

coefficient taken as 0.25 [25, 39].  232 

The material properties input for the outer octagonal HSS tubes were based on the measured properties 233 

for the tubes, as shown in Table 3. The measured stress-strain relationship reported in Fang et al. [25] 234 

for the material was converted into the true stress - true plastic strain relationship that was incorporated 235 

in the FE model. To simulate the properties of the HSC infill, the concrete damage plasticity model 236 

based on the mathematical constitutive model developed and validated with the capability of 237 

simulating the behaviour of concrete [35, 40-41] was used in this study. For the properties of HSC 238 

infill in the elastic stage, the elastic modulus (Ec) was taken as 4700 × fc
0.5 [6, 25] while the Poisson’s 239 

ratio equals to 0.2. To take into account the confinement effect in CFST structures [22, 35], the 240 

constitutive model suggested by Han et al. [42] for circular CFSTs was used to estimate the stress-241 

strain relationship for the HSC infill since it was found to generate accurate FE predictions for high-242 

strength octagonal CFST short columns under concentric compression in the previous study [25]. Its 243 

suitability for simulating the structures subjected to combined compression and bending was further 244 

calibrated in this study through FE model validation. Besides, other parameters required for the 245 

concrete damage plasticity model include the dilation angle (), flow potential eccentricity (e), the 246 

ratio of the compressive strength under biaxial loading to uniaxial compressive strength (fb0/fck), the 247 

ratio of the second stress invariant on the tensile meridian to that on the compressive meridian (Kc) and 248 

viscosity parameter. The  was estimated using Eqs. (1) and (2) provided in Tao et al. [43]. In the 249 

equations, the As and Ac are the cross-sectional area for the outer steel tube and concrete infill, 250 

respectively. For e and viscosity parameter, default values of 0.1 and 0 respectively were adopted. The 251 

fb0/fck was estimated using Eq. (3) given by Papanikolaou and Kappos [44] while the Kc was obtained 252 

based on Eq. (4) from Tao et al. [43] and Yu et al. [45]. The tensile properties of the HSC infill also 253 

need to be defined in the model and were incorporated with the tensile strength as 0.1× fc and the 254 
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fracture energy (Gf) estimated from Eq. (5) [43]. The dmax in Eq. (5) refers to the maximum coarse 255 

aggregate size in mm and was 20mm for the HSC infill in this study.    256 

Ψ = {
56.3 × (1 − 𝜉)   𝑓𝑜𝑟 𝜉 ≤ 0.5

6.672 × 𝑒
7.4

4.64+𝜉   𝑓𝑜𝑟 𝜉 > 0.5
                                                    (1) 257 

𝜉 =
𝐴𝑠𝑓𝑦

𝐴𝑐𝑓𝑐
                                                                         (2) 258 

𝑓𝑏0
𝑓𝑐𝑘

⁄ = 1.5/𝑓𝑐
0.075                                                               (3) 259 

𝐾𝑐 =
5.5

5+2𝑓𝑐
0.075                                                                    (4) 260 

𝐺𝐹 = (0.0469𝑑𝑚𝑎𝑥
2 − 0.5𝑑𝑚𝑎𝑥 + 26) (

𝑓𝑐

10
)

0.7

                                        (5) 261 

Residual stresses and local geometric imperfections were investigated for octagonal HSS tubes and 262 

may influence the resistance of HSS octagonal hollow section structures [33, 46]. For the structures 263 

with concrete infill, the effect of residual stresses on the structural performance was negligible [25, 47] 264 

and thus was not considered in the current study. As for the incorporation of local geometric 265 

imperfections, the pattern as the lowest eigenmode shape obtained from the separate eigenvalue 266 

buckling analysis was scaled by the local geometric imperfection magnitudes that can be estimated 267 

using Eq. (6) for HSS octagonal tubes in [33, 48]. In Eq. (6),  is the geometric imperfection while the 268 

fcr is the elastic buckling stress for the plate with the highest slenderness in a cross section [48]. 269 

Boundary conditions for the high-strength octagonal CFST short columns were defined using reference 270 

points coupled with the end surfaces of each short column and located offset with the loading 271 

eccentricities. At the reference points, the pin-ended boundary conditions were applied. A typical FE 272 

model created for the simulation of high-strength octagonal CFST short columns under combined 273 

compression and bending is presented in Fig. 7. The loading on each structure was applied by 274 

specifying the displacement rate at the reference point on the loaded side in a Static step for predicting 275 

the structural performance.  276 

𝜔 = 0.307𝑡 (
𝜎0.2

𝑓𝑐𝑟
)

0.5

                                                           (6) 277 
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3.2 Validation of the FE model 278 

The FE model described earlier in this paper was validated by comparing the FE predictions with test 279 

results for the short column specimens involved in the experimental investigations. The FE results for 280 

the ultimate loads (Nu,FE) and the corresponding maximum moments (Mu,FE) were first compared with 281 

the test results, as shown in Table 4. From the table, it can be observed that the Nu,FE and Mu,FE accorded 282 

well with the Nu,exp and Mu,exp for the high-strength octagonal CFST short columns subjected to 283 

different combinations of compression and bending. The mean Nu,FE/Nu,exp ratio is 1.00 with the 284 

coefficient of variation (CoV) of 0.02 and the mean Mu,FE/Mu,exp ratio equals to 1.01 with the CoV of 285 

0.04.  286 

The load versus mid-height deflection responses predicted through FE modelling for the high-strength 287 

octagonal CFST short columns were also compared with those obtained in the tests, as presented in 288 

Fig. 8. It can be observed in the figure that the load versus mid-height deflection responses were quite 289 

accurately predicted using the FE model. Furthermore, the failure modes of the structures were also 290 

replicated in the FE modelling, as demonstrated in Fig. 9. Based on these comparisons between the FE 291 

predictions and test results, the FE model is validated with the capability of accurately predicting the 292 

behaviour of the high-strength octagonal CFST short columns under combined compression and 293 

bending.   294 

 295 
Fig. 7. A typical FE model created for the simulation of high-strength octagonal CFST short columns 296 

under combined compression and bending. 297 

Reference points were 

offset from the centre 

for loading eccentricity. 

Boundary condition: U1 = U2 = 0; UR1 

= UR3 = 0 

 

Boundary condition: U1 = U2 = U3 = 0; 

UR1 = UR3 = 0 
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 298 
Fig. 8. Comparison of load versus mid-height deflection responses predicted by FE modelling with 299 

test results for typical high-strength octagonal CFST short columns under combined compression and 300 

bending. 301 

                                       302 

(a)                                                                               (b) 303 

Fig. 9. Comparison of failure mode predicted by FE modelling with the test result for (a) Oct-50×6-304 

e60 and (b) Oct-70×6-e35. 305 

 306 

3.3 Parametric studies 307 

By taking advantage of the validated FE model, parametric studies were carried out to investigate the 308 

behaviour of high-strength octagonal CFST short columns with a wide range of cross-sectional 309 

dimensions and strengths of HSS octagonal tubes (steel grades) and HSC infill (HSC grades) and under 310 

various combinations of compression and bending. The results of parametric studies can also enhance 311 

the data that are necessary for evaluating the design approaches to generate reliable design for the 312 

structures under combined compression and bending. For the high-strength octagonal CFST short 313 
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columns considered in the parametric studies, the width (B) of the outer octagonal tubes was taken as 314 

70mm and the Leff of the structures equals to 700mm. Different values of t between 4.5mm and 8.75mm 315 

were used for the outer octagonal tubes in order to consider varying plate width-to-thickness ratios 316 

(8.0, 12.06 and 15.56) and investigate their effects on the structural performance of high-strength 317 

octagonal CFST short columns. Besides, S460 and S690 HSS were considered since the material 318 

properties of octagonal tubes fabricated with these HSS grades were measured and can be used in the 319 

parametric studies [25, 33, 49]. Furthermore, HSC infill grades as C70, C100 and C120 with nominal 320 

fc of 70MPa, 100MPa and 120MPa were also considered. A summary of the range of parameters 321 

considered for the high-strength octagonal CFST short columns in the parametric studies is presented 322 

in Table 5. In order to cover various combinations of compression and bending, ten loading 323 

eccentricities ranging from 0mm to 400mm were applied for each high-strength octagonal CFST short 324 

column. 325 

Table 5. Range of parameters for geometric and material properties of high-strength octagonal CFST 326 

short columns considered in parametric studies. 327 

B (mm) t (mm) HSS grades  fc of HSC infill (MPa) 𝜉 

70 4.5, 5.8, 8.75 S460, S690 70, 100, 120 0.56-2.65 

     328 

Based on the parametric study results, the effects of different parameters on the behaviour of high-329 

strength octagonal CFST short columns under combined compression and bending can be observed. 330 

Fig. 10 shows the effect of steel grade on the structural performance of the short columns. As can be 331 

seen in Fig. 10(a) that shows the compressive load versus moment curves, under the same loading 332 

eccentricity, the structural resistance against combined compression and bending increased 333 

significantly with increasing steel grades. Typical load versus mid-height deflection responses for the 334 

short columns are also presented in Fig. 10(b). It can be observed from Fig. 10(b) that the ultimate 335 

loads increase with increasing steel grade for the outer HSS octagonal tubes since more strength 336 

contribution can be obtained from the outer tubes with the higher HSS grade [22, 35]. The influence 337 

on the flexural stiffness is minimal since the elastic modulus of the outer octagonal tubes remains the 338 

same. In addition, the effect of the B/t ratio on the compressive load versus moment curves is presented 339 

in Figs. 11(a) and 12(a) for the short columns with S460 and S690 octagonal outer tubes respectively. 340 
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It can be observed in the figures that the curves for the high-strength octagonal CFST short columns 341 

enlarge with decreasing B/t ratios. The structures with relatively lower B/t ratios demonstrate the higher 342 

resistance against combined compression and bending. The increment in resistance for those high-343 

strength octagonal CFST short columns can also be observed in Figs. 11(b) and 12(b) showing the 344 

load-mid-height deflection responses of the short columns. Besides, the flexural stiffness also increases 345 

with decreasing B/t ratios, as shown in Figs. 11(b) and 12(b). The higher resistance and flexural 346 

stiffness obtained with decreasing B/t ratios are due to the increasing structural strength and stiffness 347 

contribution from the outer octagonal steel tubes with increasing steel ratios [22, 35, 50-51].  348 

Furthermore, the influence of the HSC infill grade was also investigated based on the parametric study 349 

results, as shown in Figs. 13 and 14 for the short columns with S460 and S690 octagonal outer tubes 350 

respectively. As can be seen in the figures, the structural resistance of the high-strength octagonal 351 

CFST short columns increased with increasing grades of the HSC infill. The resistance increment is 352 

more obvious when the compressive loads are higher under relatively lower loading eccentricities since 353 

larger proportion of HSC infill is under compression and generates more strength contributions. In 354 

addition to the effect of HSC infill grade on structural resistance, the flexural stiffness increment is 355 

quite low, as revealed in Figs. 13(b) and 14(b). The low influence on flexural stiffness is due to the 356 

very high stiffness contribution from the HSS outer tubes of the short columns with high steel ratios 357 

and relatively lower stiffness of the HSC infill than that of HSS tubes. Further to these observations of 358 

effects from different parameters, these resultant compressive load versus moment curves demonstrate 359 

the variation pattern of compression resistance with increasing bending moment, which should be 360 

reflected in the design approaches to generate accurate designs of the structures.         361 
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 362 
(a) 363 

 364 
(b) 365 

Fig. 10. Effect of the HSS grade on the (a) compressive load versus moment curves; and (b) load – 366 

mid-height deflection relationship, for high-strength octagonal CFST short columns. 367 

 368 
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 371 
(b) 372 

Fig. 11. Effect of the plate width-to-thickness ratio on the (a) compressive load versus moment 373 

curves; and (b) typical load versus mid-height deflection responses, for high-strength octagonal 374 

CFST short columns fabricated with S460 octagonal HSS tubes. 375 

 376 
(a) 377 

 378 
(b) 379 

Fig. 12. Effect of the plate width-to-thickness ratio on the (a) compressive load versus moment 380 

curves; and (b) typical load versus mid-height deflection responses, for high-strength octagonal 381 

CFST short columns fabricated with S690 octagonal HSS tubes. 382 
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 383 
(a) 384 

 385 
(b) 386 

Fig. 13. Effect of the HSC grade on the (a) compressive load versus moment curves, and (b) typical 387 

load versus mid-height deflection responses, for high-strength octagonal CFST short columns 388 

fabricated with S460 octagonal HSS tubes. 389 
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 392 
(b) 393 

Fig. 14. Effect of the HSC grade on the (a) compressive load versus moment curves, and (b) typical 394 

load versus mid-height deflection responses, for high-strength octagonal CFST short columns 395 

fabricated with S690 octagonal HSS tubes. 396 

4. Design approaches 397 

Safe and accurate design approaches are required in order to conduct reliable design for high-strength 398 

octagonal CFST structures. The existing design codes have been mainly developed based on CFST 399 

structures made of conventional strength materials and their suitability for structures made of high 400 

strength materials needs to be evaluated [8, 21, 24]. Besides, existing codes of practice do not cover 401 

CFST structural members with the octagonal shaped sections. Thus, in this study, the strengths 402 

obtained in the experiments and parametric studies for high-strength octagonal CFST short columns 403 

with S460 and S690 HSS, HSC fc between 70MPa and 120MPa, and B/t ratios from 8.00 to 15.56 (with 404 

B between 50 mm and 70 mm) were compared with the strength predictions based on the design 405 

approaches in the Eurocode 4, AS 2327 and AISC 360 standards [30-32]. Hence, the applicability of 406 

these standards to the structures can be evaluated to form the basis for conducting reliable design of 407 

the structures, as described in the subsequent sections.  408 

4.1 Eurocode 4 and AS 2327 409 

Eurocode 4 and AS 2327 provide the same axial load – moment interaction diagrams for predicting 410 

the strengths of CFST members subjected to combined compression and bending, as depicted in Fig. 411 

15 (a). Thus, the Eurocode 4 is referred in this study. The interaction diagram describes the variation 412 

of ultimate compressive load (Nu,EC4) of a CFST member under the bending moment of Med. The 413 
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diagram can be obtained based on the change of stress distribution from compressive stress under pure 414 

compression to tensile stresses in part of the cross-sections due to the existence of bending moment, 415 

as shown in Fig. 15(a). This trend of stress distribution variation agrees with the experimental 416 

observation of strain variations, as discussed in Section 2.3, for the high-strength octagonal CFST short 417 

columns subjected to different end-moments. To derive the interaction diagrams for high-strength 418 

octagonal CFST structures, the Nus is the axial compression capacity and the Mus is the plastic bending 419 

moment capacity which can be estimated based on the plastic stress distribution given for point B in 420 

Fig. 15(a). The Nus for high-strength octagonal CFST short columns can be conservatively predicted 421 

using Eq. (7) provided in the standards for square CFST structures based on the previous research 422 

studies [25, 26]. In these studies, approaches are also recommended to obtain more accurate predictions 423 

of Nus for the structures formed using S460 and S690 HSS octagonal tubes, as given in Eqs. (8) and (9) 424 

respectively. The a0 and c0 in Eq. (8) can be estimated using Eqs. (10) and (11) respectively based 425 

on the relative member slenderness (𝜆̅) specified in the Eurocode 4. The D in Eq. (8) refers to the 426 

diameter of the circumcircle for each octagonal cross-section [26]. In order to obtain accurate strength 427 

predictions, the Eqs. (8) and (9) were used in this study to estimate Nus for the interaction curve. The 428 

Mus for the interactive diagram can be estimated based on the plastic stress distribution specified in the 429 

Eurocode 4 and AS 2327. In the strength predictions, the 0.2 for the flat and corner regions was used 430 

for the respective areas contributing to the strength of the structures.  431 

𝑁𝑢𝑠,𝐸𝐶4/𝐴𝑆 = 𝜎0.2𝐴𝑠 + 𝑓𝑐𝐴𝑐                                                        (7) 432 

𝑁𝑢𝑠,𝑆460 = 𝜂𝑎0𝜎0.2𝐴𝑠 + 𝑓𝑐𝐴𝑐 [1 + 0.73𝜂𝑐0
𝑡

𝐷

𝜎0.2

𝑓𝑐
]                                       (8) 433 

𝑁𝑢𝑠,𝑆690 = [1 − 0.063𝑙𝑛 (0.12
𝐵

𝑡
)] 𝜎0.2𝐴𝑠 + [1 + (

𝑡

𝐵𝑓𝑐
)

0.35

] 𝑓𝑐𝐴𝑐                        (9) 434 

𝜂𝑎0 = 0.25(3 + 2𝜆̅)                                                             (10) 435 

𝜂𝑐0 = 4.9 − 18.5𝜆̅ + 17𝜆̅2                                                       (11) 436 

Based on the provisions in these standards, the Nu,EC4 estimated for the high-strength octagonal CFST 437 

short columns are compared with the Nu,exp+FE obtained by the testing and numerical parametric studies 438 
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for the structures, as shown in Fig. 16 and Table 6 for the statistical evaluation. As can be seen in the 439 

figure, the Nu,EC4 correlate reasonably well with the Nu,exp+FE, due to the similar pattern of the interaction 440 

diagram from Eurocode 4 in comparison with the compressive load – moment curves obtained from 441 

parametric studies for the high-strength octagonal CFST short columns. The mean Nu,exp+FE/Nu,EC4 ratio 442 

equals to 1.05 with the CoV of 0.05, revealing the conservative strength predictions based on the 443 

standards.     444 

       445 
(a) Eurocode 4 & AS2327                                                  (b) AISC 360 446 

Fig. 15. Compression and bending interaction diagrams given in different standards [30-32]. 447 

 448 

 449 
Fig. 16. Comparison of strength predictions based on Eurocode 4 and AS 2327 with the experimental 450 

and FE results. 451 

 452 

Table 6. Comparison of ultimate loads from experiments and FE parametric studies with strength 453 

predictions based on design approaches in standards. 454 
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4.2 AISC 360 456 

The AISC 360 standard also provides the axial load – moment interaction diagram for strength 457 

predictions of CFSTs under combined loading, as depicted in Fig. 15(b). The diagram can be obtained 458 

based on Eq. (12). This interaction diagram is specified for the design of CFST structures with the 459 

cross-sections other than rectangular or circular shapes. Other approaches in the standard require the 460 

parameters related to rectangular or circular CFSTs and thus are not considered in this study on high-461 

strength octagonal CFST structures. To estimate the Nus and Mus, the methods for estimating Nus and 462 

Mus introduced in the Section 4.1 of this paper were applied since the design of octagonal CFST 463 

structures is not covered in the AISC 360 standard and direct comparison of the interaction diagrams 464 

from different standards can also be made.  465 

{

𝑁𝑢,𝐴𝐼𝑆𝐶

𝑁𝑢𝑠
+

8

9

𝑀𝑒𝑑,𝐴𝐼𝑆𝐶

𝑀𝑢𝑠
≤ 1,    𝑓𝑜𝑟 

𝑁𝑢,𝐴𝐼𝑆𝐶

𝑁𝑢𝑠
≥ 0.2

𝑁𝑢,𝐴𝐼𝑆𝐶

2𝑁𝑢𝑠
+

𝑀𝑒𝑑,𝐴𝐼𝑆𝐶

𝑀𝑢𝑠
≤ 1,    𝑓𝑜𝑟

𝑁𝑢,𝐴𝐼𝑆𝐶

𝑁𝑢𝑠
< 0.2

                                             (12) 466 

The accuracy of Nu,AISC estimated for the high-strength octagonal CFST short columns was evaluated 467 

by comparing with the Nu,exp+FE obtained through the testing and parametric studies, as shown in Fig. 468 

17 and Table 6. It can be observed in the figure that the Nu,AISC are lower than the Nu,exp+FE, revealing 469 

the conservative strength predictions based on the AISC 360 standard. The mean Nu,exp+FE/Nu,AISC ratio 470 

equals to 1.19 with the CoV of 0.09. Compared with the Nu,EC4 based on Eurocode 4, more conservative 471 

strength predictions were generated using AISC 360 because the strength contribution from concrete 472 

for the structures under combined compression and bending was not efficiently considered in the 473 

interaction diagram from AISC 360 [8, 52].   474 
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 475 
Fig. 17. Comparison of strength predictions based on AISC 360 with the experimental and FE 476 

results. 477 

 478 

5. Conclusions 479 

The structural performance of high-strength octagonal CFST short columns under combined 480 
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quite well with the ultimate loads of the short columns obtained from the results of experiments and 496 

numerical modelling and are conservative by 5% on average. Much more conservative strength 497 

predictions by 19% on average were obtained using the provisions in the AISC 360 standard, which 498 

does not effectively incorporate the strength contribution from concrete for the structures under 499 

combined compression and bending. Overall, from the evaluation, these design standards can be safely 500 

used for designs of high-strength octagonal CFST short columns under combined compression and 501 

bending.  502 
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