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ABSTRACT 7 

Multi-cell concrete-filled steel tubular (CFST) column is a kind of composite structures developing 8 

from conventional CFST columns. The multi-cell CFST columns have greater cross-sectional 9 

dimensions and utilize internal webs to separate the inner concrete into smaller isolated cells. They 10 

have been used in super high-rise buildings recently as the main vertical load bearing members. 11 

However, existing research on CFST members is mainly focused on the conventional single-cell 12 

CFST members. To fill this research gap, this paper numerically investigates the mechanical 13 

performance of hexagonal multi-cell CFST stub columns under axial compression. A finite element 14 

analysis (FEA) model is initially established to simulate the mechanical performance of hexagonal 15 

multi-cell CFST columns. The FEA model is validated against existing experimental data. The 16 

mechanical performance of the multi-cell CFST columns are analysed, including the full-range load 17 

versus deformation relationships, the stress distributions of the main components and the 18 

distribution of contact stress on each concrete cell. A parametric study is then conducted to 19 

investigate the sensitivity of various geometric and material parameters on the compressive 20 

behaviour of multi-cell CFST columns. Finally, analytical formulae are derived to predict the axial 21 

compressive ultimate strength of hexagonal multi-cell CFST columns. The methods are found to be 22 

acceptable with reasonably good accuracy.  23 

 24 

KEYWORDS 25 

Concrete-filled steel tubular (CFST); hexagonal multi-cell; Axial compression; Finite element 26 

analysis (FEA); Full-range analysis; Ultimate strength 27 

* Corresponding author. Tel.: +86 10 62797067; fax: +86 10 62781488. E-mail address: lhhan@tsinghua.edu.cn 28 

(L.-H. Han). 29 



2 

Nomenclature   30 

Ac Cross-sectional area of concrete 

Aso Cross-sectional area of outer steel tube 

Asi Cross-sectional area of internal steel web 

fck Characteristic strength of concrete (=0.67fcu for normal strength concrete) 

fcu Cube strength of concrete 

fc′ Cylinder strength of concrete 

fy Yield stress of steel plate 

fyo Yield stress of outer steel tube 

fyi Yield stress of internal steel web 

fy,b Yield stress of steel bar 

fscy Nominal average strength of the steel tube after filling with concrete 

Ec Young’s modulus of concrete 

Es Young’s modulus of steel plate 

Es,b Young’s modulus of steel bar 

Esh,b Hardening modulus of steel bar 

t Wall thickness of steel plate 

to Wall thickness of outer steel tube 

ti Wall thickness of internal steel web 

H Height of stub column specimen 

D Overall depth of section 

B Overall width of section 

bi Sub-panel plate width (i=1,2......) 

αo steel ratio of outer steel tube (αo=Aso/Ac) 

αi steel ratio of internal web (αi=Aso/Ac) 

N Axial load 

Nu Ultimate strength of composite sections 

Nosc,u Compressive force of single-cell CFST member 

Ni,u Compressive force of internal steel webs 

Nb,u Compressive force of rebar cages 

Nu,test Measured ultimate strength of composite sections 

Nu,FEA Predicted ultimate strength of composite sections by FEA model 

Nu,Prop Predicted ultimate strength of composite sections by simplified formulae 

Δ Axial deformation 

 Average strain, =Δ/H 

ξ0 Nominal confinement factor (=αn fyo/ fck) 

δc Relative values of the load carried by concrete to its sectional capacity 

δo Relative values of the load carried by outer tube to its sectional capacity 

δi Relative values of the load carried by internal webs to its sectional 

capacity 
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1. Introduction 31 

Concrete-filled steel tubular (CFST) members have been widely utilized in numerous engineering 32 

structures due to their advantages, including higher strength, better ductility and larger energy 33 

absorption capacities, when compared to conventional steel and reinforced concrete members 34 

[1]-[3]. It is noticed that, three typical CFST sections, i.e., concrete filled circular hollow section 35 

(CHS), concrete filled square hollow section (SHS) and concrete filled rectangular hollow section 36 

(RHS), have been extensively investigated and used in numerous engineering structures owing to 37 

their excellent structural behaviours and wide applicability [4]-[12]. Recently, CFST members with 38 

special-shaped cross-sections have been used in some super high-rise structures as the result of 39 

increasing demand in structural safety and architectural aesthetics, e.g., hexagonal sectional CFST 40 

column in Tianjin Goldin Finance 117 building (Qian et al. [13]) and octagonal sectional CFST 41 

column in China Zun (Xu et al. [14]). 42 

However, as the dimensions of CFST cross-section increase, it could be much easier for the outer 43 

steel tube to buckle due to its larger width-to-thickness ratio. Moreover, the shrinkage and creep of 44 

mass concrete can adversely affect the composite action between the steel tube and the concrete. 45 

Thus, some enhancing measures, such as binding bars, vertical ribs, horizontal diaphragms, vertical 46 

webs and rebar cages, have been developed and applied in engineering practice. Existing design 47 

codes for composite structures also specify the construction details of CFST columns when the 48 

maximum dimension of CFST section exceeds a certain degree. For example, Chinese code JGJ 49 

138–2016 [15] specifies that vertical webs should be utilized between the tube walls when the 50 

minimum side length exceeds 2000 mm for rectangular CFST, and vertical ribs or rebar cages 51 

should be utilized when the minimum side length exceeds 1500 mm.  52 

The original single cell of the CFST member is divided by the internal vertical webs into several 53 

isolated cells with concrete infilled, thus forming the enhanced CFST member. The confinement 54 

effect of steel tube on the isolated concrete cells in this enhanced CFST member could be different 55 

from the original one. For clarity, these new enhanced CFST members are called multi-cell CFST 56 
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members herein. The contribution of internal webs to the compressive behaviour of multi-cell CFST 57 

could be complex and difficult to be predicted quantitatively because it is influenced by the 58 

cross-sectional configuration. Although existing specifications, such as JGJ 138-2016 [15], 59 

Eurocode 4 [16], ACI 318-14 [17], ANSI/AISC 360-16 [18], DBJ/T 13-51-2010 [19], AIJ-2008 [20], 60 

BS5400 [21], AS3600 [22] provide design methods for CFST members, especially for the member 61 

with square, rectangular and circle cross-sections, the feasibility of these methods for designing 62 

multi-cell sectional CFST members are unknown. Generally, the design approach for polygonal 63 

CFST members always adopted in the engineering practice neglects the concrete confinement and 64 

assumes that sufficient strains have developed in the steel and concrete for both to reach their yield 65 

strength. Although this approach is simple for application, it sometimes could lead to conservative 66 

design and economic inefficiency.  67 

So far, existing studies on CFST members mostly focus on square, rectangular and circle 68 

cross-sections, while the researches on the behaviour of polygonal CFST members and multi-cell 69 

CFST members are limited. One of the multi-cell CFST cross-sections that recently gained 70 

significant attention is the mono-symmetric hexagonal shape which is used in Goldin Financial 117 71 

Building in China. The schematic view of the hexagonal sectional multi-cell CFST member is 72 

shown in Fig. 1. It can be seen in Fig.1 that several vertical webs were placed into the original 73 

single cell to make a multi-cell cross-section. The multi-cell CFST cross sections were designed to 74 

be hexagonal in shape. This not only meets the requirements of bearing capacity, ductility, fire 75 

resistance and durability, but also increases the feasibility of the connection with beams [14].  76 

As we all know, the performance of CFST member benefits from the composite action between the 77 

outer steel tube and core concrete. The confinement effect provided by the steel plate segments in 78 

the above hexagonal multi-cell CFST members may differ from that of the conventional CFST 79 

members due to the special configurations of the steel plates.  80 

Previously, some research has been conducted on single-cell CFST members with hexagonal cross 81 

section. Xu et al. [14] experimentally and numerically investigated the compressive behaviour of 82 
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dual-axisymmetric single-cell hexagonal CFST members. It is found that the concrete behaviour of 83 

dual-axisymmetric hexagonal CFST member is identical to that of the rectangular CFST member. 84 

Also, the ultimate compressive strength of dual-axisymmetric hexagonal CFST stub columns could 85 

be calculated accurately according to the equations of rectangular CFST columns specified in 86 

Eurocode 4 [16] and DBJ/T13-51-2010 [19]. Hassanein et al. [23] numerically investigated the 87 

compressive behaviour of regular-shaped single-cell hexagonal CFST members. It is found that the 88 

geometric internal angle (θ) as shown in Fig. 1(b) can act as an indicator of the confinement effect 89 

in a hexagonal CFST member.  90 

The researches on multi-cell hexagonal CFST members are also available. Cao et al. [24] conducted 91 

compression tests on three 1/12 scale hexagonal multi-cell CFST columns based on the CFST 92 

columns of Goldin Finance 117 Tower. The test parameters included concrete strength and the 93 

existence of rebar cages. The load bearing capacity, stiffness, residual deformation and failure 94 

modes were analysed contrastively. It is found that the multi-cell CFST column with rebar cages 95 

being used has high ductility under compression. Also, Xu et al. [25] conducted compression tests 96 

on seven 1/20 scale hexagonal multi-cell CFST columns based on the CFST columns of Goldin 97 

Finance 117 Tower. The failure modes, load versus deformation curves and bearing capacity were 98 

analysed. The results show that concrete strength contributes most to the bearing capacity, while the 99 

existence of rebar cages have minor influence on the bearing capacity; increasing the wall thickness 100 

of the outer tube can not only enhance the bearing capacity, but also improve the ductility. A 101 

practical calculation formula for calculating the bearing capacity of stub multi-cell CFST columns 102 

under axial compression was proposed. However, the reliability of the formula needs to be further 103 

verified because the number of tests is limited. It should be noted that the above two investigations 104 

are both concerned with hexagonal multi-cell CFST columns with internal angle θ=135°, while 105 

researches on other hexagonal sectional multi-cell columns were very rare. 106 

Thus, based on the existing experimental data, this paper numerically investigates the compressive 107 

behaviour of hexagonal multi-cell CFST members with internal angle θ=135°. Nonlinear finite 108 
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element analysis (FEA) model is established and validated against existing test data. The validated 109 

FEA model is employed to conduct the mechanism analysis of hexagonal sectional multi-cell CFST 110 

stub columns under axial compression. Parametric study is conducted to investigate the 111 

compressive behaviour of such composite column with various geometric and material parameters. 112 

Finally, simplified analytical formulae for predicting the ultimate strength of hexagonal multi-cell 113 

CFST stub columns subjected to axial compression are derived.  114 

2. Finite element analysis (FEA) model and validation 115 

2.1 General descriptions of the model 116 

The ABAQUS software package [26] is used in this paper to establish the FEA model of hexagonal 117 

multi-cell CFST stub columns under axial compression. The general static module was used. The 118 

schematic view of a typical FEA model established is shown in Fig. 2. The FEA model was 119 

composed of seven components, i.e., top endplate, outer steel tube, internal web, core concrete, 120 

vertical rib, rebar cage and bottom endplate. Solid elements (C3D8R) were used to model the 121 

concrete and the endplates, truss elements (T3D2) were adopted for the steel bar reinforced cages, 122 

while shell elements (S4R) were used for the outer steel tube, internal webs and vertical ribs. 123 

Displacement controlled loading was employed to achieve a better convergence. A mesh sensitivity 124 

study was performed to identify an appropriate mesh density which meets both accuracy and 125 

computational efficiency. Through this mesh-density analysis, it is found that the element size in 126 

longitudinal direction has a significant influence on the descending branch of the load versus 127 

deformation curve and the failure mode. Based on extensive FEA trials, element size of 25 mm is 128 

used to model steel tube and concrete in the longitudinal direction, and approximate global size of 129 

15mm is taken to model steel tubes and the concrete in the hoop directions. The maximum aspect 130 

ratio limit of 0.1 was used within the cross section. The mesh is shown in Fig. 2. 131 

2.2 Material constitutive models 132 
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2.2.1 Material modelling of steel 133 

The elastic-plastic stress-strain relationships of structural steel proposed by Han et al. [27] are used 134 

for the outer steel tube, vertical ribs and internal webs. The relationships consist of five stages, i.e., 135 

elastic stage, elastic-plastic stage, plastic stage, hardening stage and fracture stage. And they are 136 

depicted in Fig.3(a), where fp, fy, and fu are the proportional limit, yield, and ultimate strength of 137 

steel respectively, and εe=0.8fy/Es, εe1=1.5εe, εe2=10εe1, εe3=100εe1. The steel is assumed to have 138 

isotropic hardening behaviour, which means the yield stress changes in all stress directions as 139 

plastic strain occurs [26]. More details of the relationships can be found in [27]. The bi-linear 140 

stress-strain relationship proposed by Zhao et al. [28] is used for the longitudinal rebars and 141 

horizontal hooped rebars. This plasticity model considers the strain hardening effect. It is depicted 142 

in Fig.3(b), where Es,b and Esh,b are the Young’s modulus and hardening modulus of rebars, 143 

respectively; and εsy,b=fy,b/Es,b is the yield strain of rebars. Esh,b is taken as 0.01Es,b.  144 

The elastic modulus (Es) and Poisson's ratio (νs) of steel plates and rebars are taken as 2×105 145 

(N/mm2) and 0.3, respectively. The measured values from tests were adopted when validating the 146 

FEA model. 147 

2.2.2 Material modelling of concrete 148 

For a multi-cell CFST column under axial compression, the lateral expansion of the concrete at each 149 

cell is confined by the surrounding steel plates. This confinement can increase the strength and 150 

ductility of concrete. This mechanism is often referred to as “composite action” between the steel 151 

and concrete [29]. It is believed that the confined concrete is in a triaxial stress state and the steel is 152 

in a biaxial state after interaction between the two components forms. FEA can consider the 153 

composite action by incorporating a rational and accurate concrete model to describe the behaviour 154 

of concrete under passive confinement.  155 
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Concrete Damage Plasticity (CDP) model is adopted for the concrete in the multi-cell hexagonal 156 

CFST column. This model adopts a unique yield function with non-associated flow and a 157 

Drucker-Prager hyperbolic flow potential function to describe the plasticity of concrete. The 158 

stress-strain relationships for the general three-dimensional multiaxial condition are given by the 159 

scalar damage elasticity equation. This damage plasticity model can be used to analyse the behaviour 160 

of concrete under multiaxial state, although it was initially developed for concrete under low 161 

confining pressure [26]. 162 

The CDP concrete model has been used in previous studies to investigate the behaviour of CFST 163 

column [29,30]. However, default values were used in [29] for many material parameters, such as 164 

the dilation angle (ψ), flow potential eccentricity (ef), ratio of the compressive strength under biaxial 165 

loading to uniaxial compressive strength (fb0/fc
′) and the ratio of the second stress invariant on the 166 

tensile meridian to that on the compressive meridian (Kc), which can give reasonable predictions for 167 

normal CFST columns. Thus, the same CDP model is adopted in this paper. The constant values of 168 

30°, 0.1, 1.16 and 2/3 were used for ψ, ef, fb0/fc and Kc in this study, respectively.  169 

Moreover, the stress-strain relationships of confined concrete proposed by Han et al. [29] are 170 

employed to model the concrete in multi-cell CFST members. These uniaxial compressive 171 

stress-strain relationships were initially developed for the concrete in single CFST members, and a 172 

confinement factor was employed to reflect the confinement effect of the rectangular outer steel 173 

tube. These relationships were proposed for FEA analysis of conventional CFST members, and 174 

reasonably good agreements were obtained compared with experimental results. The confinement 175 

factor (ξ) defined by Han et al. [29] is as follows:  176 

                             ckyon /  = ffαξ                                  (1) 177 

where αn is the nominal steel ratio of CFST columns and is defined by αn= Aso/Ac. Ac is the 178 
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cross-sectional area of concrete, Aso is the cross-sectional area of outer steel tube, fyo is the yield 179 

stress of outer steel tube, and fck is the characteristic compression strength of concrete. The value of 180 

fck is equal to approximately 67% of the compressive cube strength of concrete (fcu) for normal 181 

strength concrete.  182 

Since the concrete in each multi-cell CFST cell is isolated due to the division of the internal webs, 183 

the confinement effect provided by the steel plates to each concrete cell could be different. Thus, the 184 

confinement factor was calculated individually for each concrete cell according to the geometric 185 

and material characteristic of its surrounding subpanel plates by Eq. (1). 186 

The initial modulus of elasticity (Ec) and Poisson's ratio (νc) of concrete are determined according to 187 

the recommendations in ACI 318-14 [17], given as '4730 cc fE  and νc=0.2, respectively. The 188 

measured values from tests were adopted when validating the FEA model. 189 

2.3 Interactions and boundary conditions 190 

A surface-based interaction was used to simulate the contact behaviour between the steel tube cell and 191 

the core concrete. This interaction adopts a ‘hard contact’ in the normal direction which allows the 192 

separation of the interface in tension and no penetration of that in compression. The tangent contact 193 

can be simulated by the Coulomb friction model and a coulomb friction model with a friction 194 

coefficient of 0.6 in the tangential direction, which agrees with most test results [31]. Surface-based 195 

interaction was also employed between the endplates and the concrete. The ‘shell to solid coupling’ 196 

constraint was used between the endplates and all the shell edges, including the outer steel tube, the 197 

internal webs and the vertical ribs. In this coupling constraint, the displacements and rotations of the 198 

connected elements are identical during analysis. The steel tube, the vertical ribs and the internal 199 

webs were built in one part, hence the interactions between these parts were considered by the 200 

inherent method of sharing common nodes. The vertical ribs and rebar cages were embedded into the 201 
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concrete, where the calculation of stiffness of the embedded elements will be carried out separately 202 

from the concrete elements. Moreover, the displacement of embedded elements will be compatible 203 

with the displacement of surrounding concrete elements. 204 

The two endplates were coupled with two reference points respectively using the ‘rigid body’ 205 

constraint in ABAQUS. The boundary conditions were applied by the two reference points. 206 

2.4 Verifications of the FEA model 207 

To validate the FEA model, existing experimental studies conducted by other researchers on the 208 

axial compression of the hexagonal sectional multi-cell CFST stub columns were selected. The test 209 

data reported by Cao et al. [24] and Xu et al. [25] were adopted. Table 1 summarizes the 210 

information of the selected specimens, where H is the clear height of the column, ts is the wall 211 

thickness of the steel plate, fcu is the concrete cube strength, Ec is the elastic modulus of concrete, fy 212 

is the yield strength of steel plate, fy,b is the yield strength of rebar, Es is the elastic modulus of steel 213 

plate, and Es,b is the elastic modulus of steel bar. 214 

Fig.4 shows the comparisons of the FEA-predicted and measured load (N) versus axial deformation 215 

(Δ) relationships. Table 1 also shows the tested and FEA-predicted ultimate strengths of the 216 

specimens. It can be seen from Table 1 and Fig.4 that the FEA model provides generally good 217 

predictions of the N-Δ relationships of hexagonal multi-cell CFST columns under axial compression. 218 

The predicted ultimate strength and the post-peak softening behaviour of the column are in good 219 

agreement with the experimental data. The mean value of Nu,FEA/ Nu,test is 1.064 with a coefficient of 220 

variation (COV) of 0.043, where Nu,FEA and Nu,test are FEA-predicted and measured ultimate 221 

strength, respectively.  222 

The ratio of the changed capacity of each component to its sectional capacity is also presented in 223 

Table 1. These values for concrete, outer steel tube and internal web are labelled as δc, δo and δi, 224 
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respectively. The sectional capacity is calculated by multiplying the cross-sectional area of the 225 

component by the yield strength. The positive values represent increases while negative values 226 

represent decreases. It can be seen in Table 1 that the δc-value and δo-value change from 11.79% to 227 

9.37% and from -14.26% to -17.33% respectively when the cube strength of concrete increases from 228 

67.8 MPa to 84.1 MPa, while δi-value changes by only approximately 1%. This is probably because 229 

(1) the confinement effect decreases with the increase of concrete strength, which results in the 230 

decrease of δc-value (2) more severe transverse bulge occurs on the outer tube leading to the decrease 231 

of δo-value (3) the internal webs were encased in the concrete and restrained by the side concrete 232 

which results in minor change of the transverse stress. 233 

3. Mechanism analysis 234 

The behaviour of hexagonal multi-cell CFST stub columns under axial compression is analysed 235 

using the FEA model in this section.  236 

3.1 Failure modes 237 

Previously, Xu et al [14] has already compared the axial compressive behaviour of CFST stub 238 

columns of different single-cell cross-sectional shapes (square cross-section, hexagonal 239 

cross-section and circular section), including the effect of cross-sectional shape on the load (N) 240 

versus axial shortening (Δ/H) relationships and the stress distribution of core concrete. Results 241 

showed that the N-Δ/H curve of the hexagonal sectional CFST is similar to that of the rectangular 242 

CFST. Moreover, the stress concentration and contact stress are observed at corners of the 243 

hexagonal sectional CFST within limited area which is similar with that of the square sectional one, 244 

while the contact stress distributes uniformly along the circular cross section. It indicates that the 245 

confinement of the steel tube to the core concrete in the hexagonal CFST is similar to that in the 246 

rectangular one. Thus, only the axial compressive behaviour of single-cell hexagonal CFSTs and 247 
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multi-cell hexagonal CFSTs are compared in the paper. 248 

Fig.5 illustrates the schematic buckling modes within the cross section of the outer steel tubes in 249 

hexagonal CFST stub cross sections under axial compression, in which Fig.5 (a) has no internal steel 250 

webs (single-cell) and Fig.5 (b) has internal steel webs (multi-cell). These schematic failure modes 251 

were simplified based on the results from the FEA model. It can be seen from Fig.5 that all the outer 252 

steel plates bulge outwards within the cross section for both single-cell CFST columns and multi-cell 253 

CFST columns. This phenomenon tends to be more obvious when the steel ratio was smaller. 254 

Comparing the two failure modes, it can be found that the outer steel plates in multi-cell CFT 255 

columns buckled later than those in the single-cell CFST columns. And double half-wave buckling 256 

mode occurs at the outer steel plates which are intersected by the internal web, whilst single 257 

half-wave buckling occurs at the counterparts in the single-cell CFT columns. For multi-cell CFST 258 

columns, the internal webs significantly affect the overall local buckling failure mode. And no 259 

apparent buckling can be observed for the internal webs. 260 

3.2 Full-range load versus deformation relationships  261 

In this section, a numerical example is employed to study the full-range compressive behaviour of 262 

hexagonal multi-cell CFST stub column. The basic parameters used in calculations are taken from the 263 

specimen CC-5 in Xu et al. [25]. The parameters of this specimen are listed in Table 1. The reason of 264 

choosing this particular specimen is that the cross section of this specimen consists of all the 265 

components of multi-cell CFST cross section without any other enhancing measures used. The cross 266 

section is composed of outer steel tube, internal steel webs and concrete. The full-range loading 267 

process herein includes two stages, i.e., an increasing stage from the initial loading to the attainment 268 

of the ultimate strength, and a descending stage from the ultimate strength to the failure when the 269 

load drops to 85% of the peak load. The predicted load (N) versus average strain () relationship of 270 
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this specimen is shown in Fig.6. And the loads carried by the concrete (Nc), the outer steel tube (Nso) 271 

and the internal steel webs (Nsi) are also presented. This N- relationship is characterized by four 272 

stages, i.e., OA, AB, BC and CD. 273 

Stage 1: Elastic stage (OA). Point A represents the yielding point of the specimen, when both the 274 

outer steel tube and internal steel webs start to yield. In stage OA, the values of Nc, Nso and Nsi 275 

increase linearly, indicating elastic behaviour of each component. The load is distributed among all 276 

components according to their compressive stiffness.  277 

Stage 2: Elasto-plastic stage (AB). The member attains its ultimate strength at point B. The 278 

interaction between the concrete core and outer steel tube (internal steel webs) formed at this stage. 279 

The outer steel tube and internal steel webs are subjected to transverse tension and longitudinal 280 

compression, which results in a plastic development and slight decrease of Nso and Nsi. The concrete 281 

core is restrained by the outer steel tube and internal steel webs which results in the continuous 282 

increase of Nc. At point B, Nc also reaches its peak value. It is found that the buckling of steel plate 283 

initially occurred when the ultimate load carrying capacity was attained because the yield strength 284 

of outer steel tube was achieved. This is possibly because the local buckling of outer steel plate 285 

segments was effectively delayed by the internal webs.  286 

Stage 3: Plastic stage (BC). Point C denotes the point when the load decreases to 0.85 times of the 287 

peak load, and this state is taken as the failure of the column. After point B, the curve enters the 288 

descending stage when Nc declines due to the crush of core concrete and Nso start to decrease 289 

slightly due to the occurrence of the outward local bucking. However, Nsi keeps stable mainly 290 

because approximate equal restraints were applied by the concrete on two sides of the internal steel 291 

webs. This can be further confirmed by the similar stress development of the two sides (side 1 and 292 

side 2) of the inner steel webs in Fig.7 and the contact stress distribution in Fig.9. 293 
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Stage 4: Post-failure stage (CD). Point D corresponds to an axial shortening nominal strain of 0.01. 294 

After point C, Nc continues to decrease due to the crush of core concrete while Nso and Nsi keep 295 

steady. For this particular specimen, Nr equals to 0.612 Nu,FEA. 296 

3.3 Stress distributions 297 

To better understand the performance and interactions of different parts of the multi-cell CFST 298 

column, the predicted stress developments were obtained and discussed in this section. The 299 

specimen CC-5 reported by Xu et al. [25] was selected and modelled. The stress (σ) versus average 300 

strain () relationships of steel plate segments at different locations within the mid-height cross 301 

section are shown in Fig. 7. The longitudinal stress (σl) and transverse stress (σt) at the two sides of 302 

steel plate are all depicted, and they are labelled by σl-1, σl-2, σt-1, σt-2, respectively. In Fig.7, the 303 

longitudinal stress (σl) and transverse stress (σt) are shown in black and blue lines respectively, and 304 

the stress on two sides of the steel plates are shown in straight and dashed lines respectively. The 305 

longitudinal stress (σl) and the contact stress (p) distribution of the individual concrete at typical 306 

points (corresponding to Fig.6) are further compared in Fig. 8 and Fig.9, respectively. The stress 307 

distribution is analysed based on the stage division in Fig. 6.  308 

Stage 1: Elastic stage (OA). It can be seen from Fig. 7 (a)~(j) that, the longitudinal stress reaches 309 

the yield point when  is approximately 1800 , which is consistent with the yield status in Fig.6 310 

(point A). The longitudinal stress (σl) at each location exhibits an initial linear increase, during 311 

which the transverse stress (σt) is close to zero. Two reasons may account for this: firstly, the lateral 312 

deformation of the outer steel tube is greater than that of the concrete since the Poisson's ratio of the 313 

former is higher than the latter; secondly, the confinement of the adjacent concrete on the internal 314 

steel webs restrains the in-plane transverse deformation in the internal steel webs, as shown in 315 

Fig.9(a). It can be seen in Fig.8 (a) that the longitudinal stress of concrete σl uniformly distributes, 316 



15 

ranging from 0.70 fc′ to 0.90 fc′ across the cross-section. Localized stress concentration occurs in 317 

corners, where the σl reaches 0.90 fc′ to 1.14 fc′.  318 

Stage 2: Elasto-plastic stage (AB). The column reaches the ultimate strength at point B, then the 319 

longitudinal stress of steel plates begins to decrease and transverse stress begins to increase due to 320 

the interaction between the steel plates and concretes. It can be found in Fig.7 (b) and (d) that the 321 

stress of each side of the steel plates develops considerable difference at these two positions due to 322 

the influence of local buckling within the cross section. By contrast, the stress of each side of the 323 

steel plates develops similarly at the other positions because minor local buckling occurs. It is found 324 

in Fig.8 (b) that the maximal longitudinal stress of concrete reaches 1.30 fc′, and it appears at the 325 

corners because of the non-uniform confinement provided by the surrounding steel plates. It can 326 

also be found in Fig.9 (b) that the contact stress on the two sides of the internal steel webs still 327 

distributes symmetrically. The contact press starts to increase due to the transverse expansion of the 328 

core concrete during stage AB. 329 

Stage 3: Plastic stage (BC). Comparing Fig.8 (b) and (c), it can be found that the stress of concrete 330 

close to the outer steel tube decrease due to the concrete crush and the local buckling of outer steel 331 

tube. By contrast, the stress of concrete at the outer right-angle corners still increases to a maximum 332 

of 2.30 fc′, while that at the inner right-angle corner increases to about 1.80 fc′. The contact pressure 333 

on the sides of the internal steel webs still distributes symmetrically and begins to decrease due to 334 

the failure of the concrete, as shown in Fig. 9 (c). 335 

Stage 4: Post-failure stage (CD). Both the longitudinal stress and contact pressure of concrete 336 

decrease continuously due to the failure of concrete and the development of local buckling at the 337 

outer steel tube, as shown in Fig.8(d) and Fig.9 (d), respectively. 338 

It can be found from Fig.9 that the contact stress tends to be greater near the corners than 339 
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in-between the corners during the whole loading process, which is similar to that of the single-cell 340 

hexagonal CFST under compression [14]. Moreover, the contact stress distributes symmetrically on 341 

the two sides of the internal steel webs during the whole process. It should be noted that the contact 342 

stress is obviously greater at the position where the outer steel plates intersect with the internal webs. 343 

This is because the internal webs can effectively restrain the out-of-plane deformation of the outer 344 

steel plates at this position during the axial compression testing. 345 

4. Parametric study  346 

Parametric study is conducted on the compression behaviour of the hexagonal multi-cell CFST 347 

columns based on specimen CC-5 in Xu et al. [25]. The aims of the parametric study are to extend 348 

the parameters which were not covered by the limited tests, and to provide data to derive a formula 349 

for predicting the ultimate strengths of hexagonal multi-cell CFST columns. All specimens have 350 

identical overall sectional dimensions to specimen CC-5. The basic parameters used in the 351 

calculations are: to=3mm, ti=3mm, fyo=345MPa, fyi=345MPa, fcu=40MPa, '4730 cc fE  , where '

cf  352 

is the cylinder strength of the concrete. The overall width of the hexagonal cross-sections are B = 353 

262 mm and D = 562 mm, with an internal angle being θ =135°. The height of all specimens, H, is 354 

1000 mm. The height of all specimens were designed to be less than three times the overall width of 355 

hexagonal section to avoid the effects of overall buckling (SAA [32], Zhao and Hancock [33], Han 356 

[34]). The fixed-fixed boundary conditions are assumed. The bottom end of the column is fixed, 357 

while the top end is only axially moveable. The load is applied on the top end. The investigated 358 

parameters include concrete strength (fcu), internal steel webs (fyi), yield stress of outer tube (fyo), 359 

wall thickness of internal steel webs (ti) and wall thickness of outer steel tube (to). The values of the 360 

parameters are determined based on construction practice. The ranges of the parameters are: 361 

fcu=40~120MPa, fyi=235~490MPa, fyo=235~490MPa, ti=1~5mm (αi: 0.92%~4.60%), and to=1~5mm 362 
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(αo: 1.22%~6.09%). 363 

The effects of various parameters on the N-Δ relationships are presented in Fig.10. It can be noticed 364 

that fcu has minor effect on the initial stiffness of the columns (Fig.10 (a)). The main differences in 365 

curves are found in post-yield stage, where the ductility decreases as fcu increases. The ultimate 366 

strength of the columns increases as the value of fcu increases. Moreover, the N-Δ relationships of 367 

normal strength concrete (C40 and C60) decreases gradually to the residual strength in the 368 

descending stage. By contrast, the N-Δ relationships of high strength concrete (C80, C100 and C120) 369 

decrease sharply after the peak load. This is probably because the confinement effect decrease with 370 

the increase of concrete strength. The influence of other parameters shows similar trends. From 371 

Figs.10 (b)-(e), it can be noticed that the ultimate strength and residual strength increase as these 372 

parameters increase. The parameters of fyo and fyi have minor influence on the initial stiffness, 373 

probably because the strength of steel has minor influence on its modulus of elasticity. By contrast, 374 

the parameters of ti and to have moderate effect on the initial stiffness. The initial stiffness shows an 375 

increasing trend when either ti or to increases.  376 

The effects of various parameters on the ultimate strengths of hexagonal multi-cell CFST columns 377 

under axial compression are presented in Fig.11, where the linear regression are also presented. It can 378 

be seen from Fig.11 (a)-(e) that the ultimate strengths increase linearly as the values of the parameters 379 

increase. It is found that fcu shows the most significant influence on the ultimate strength (Fig.11(a)), 380 

since the concrete contributes most to the axial load bearing capacity. Comparing Fig.11(b) and (d), it 381 

is found that increasing either fyi or ti can increase the ultimate strength. However, it is more economic 382 

to use higher steel grades (to increase fyi) than to increase ti to achieve a higher ultimate strength. The 383 

same phenomenon can also be observed for outer steel tube as seen in Fig.11(c) and (e). Comparing 384 

Fig.11(d) and (e), it is found that increasing the wall thickness of outer steel tube (to) is more effective 385 
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in increasing the ultimate strength than the internal steel webs. The main reason is that the 386 

cross-sectional area of the outer steel tube is greater than that of the internal steel webs. Another 387 

possible reason is that the local buckling of the outer steel tube is less likely to occur when to increases 388 

(the width-to-thickness ratio decreases), which provides stronger concrete confinement.  389 

The effects of various parameters on the deformation patterns of hexagonal multi-cell CFST 390 

columns at ultimate point are presented in Fig.12. For clarity, the deformation scaling factor is set 391 

as 10. Comparing the five parameters investigated, it is found the wall thickness of outer steel tube 392 

(to) has a significant influence on the failure modes (Fig.12 (e)), while the others have a minor 393 

influence on the failure modes, as shown in Fig.12 (a)-(d). Local buckling is observed when the 394 

wall thickness of outer steel tube (to) is less than 3 mm, as shown in Fig.12 (e). By contrast, global 395 

outward bulge is observed at the mid-height when to exceeds 3mm.  396 

The effects of wall thickness of internal steel webs (ti) on the ultimate strength of the column are 397 

illustrated in Fig.11 (d), where to=5mm represents the case of global outward bulge failure mode and 398 

to=3mm represents the case of local buckling failure mode, respectively. It can be seen in Fig.11 (d) 399 

that the ultimate strength shows increasing trends as ti increases in both cases. The increasing rate of 400 

ultimate strength is approximately equal to the yield strength of inner steel webs for global outward 401 

bulge, while that is slightly lower for local buckling failure mode. This is because the confinement 402 

effect on the core concrete is enhanced when to increases. As can be seen in Fig.11(e), the increasing 403 

rate of ultimate strength in the case of ti=5mm is approximately equal to that of ti=0mm. It seems 404 

that ti has minor effect on the confinement effect. It should be noted that Xu et al. [14] found that 405 

the ultimate compressive strength of dual-axisymmetric hexagonal single-cell CFST stub columns 406 

could be calculated accurately according to the equations of rectangular CFST columns in Eurocode 407 

4 [16] and DBJ/T13-51-2010 [19]. Hence, the simplified equations presented in DBJ/T13-51-2010 408 
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[19] are selected temporarily to calculate the ultimate strength of axial compressive 409 

dual-axisymmetric hexagonal CFST stub columns with ti=0 mm. 410 

The effect of width-to-thickness ratios of outer steel plates on the behaviour of the hexagonal 411 

multi-cell CFST stub columns under axial compression is presented in Fig.11(f). The variations of 412 

width-to-thickness ratio were attained by changing the wall thickness of outer steel tube while 413 

keeping other parameters constant. Since the outer steel tube is made up of several piece differing in 414 

width (bi), the bi/to of each piece was calculated and the maximum (bi/to)max is taken as the 415 

investigated parameter. It can be noticed in Fig.11(f) that the ultimate strength of the hexagonal 416 

multi-cell CFST stub columns significantly increases with the decrease of (bi/to)max when it is not 417 

exceed 46.3. This value is a critical value relating to the failure mode. When (bi/to)max is not exceed 418 

46.3, global outward bulge failure mode is likely to occur. Otherwise, the longitudinal local 419 

buckling failure mode is likely to occur. It illustrates that the effects of (bi/to)max on the ultimate 420 

axial strength is obvious in the case of the global outward bulge failure mode. When (bi/to)max 421 

exceeds the critical value, the ultimate axial strength increases slowly with the decrease of (bi/to)max. 422 

Also, it can be found that the critical value is approximately equal to the slenderness limit of 423 

y
23552 f  specified in Eurocode 4 [16].  424 

By comparison, it is unlikely that local buckling could occur in the internal steel webs since the 425 

internal steel webs are encased in the concrete. It is expected that the width-to-thickness ratio of 426 

internal steel webs has minor effect on the mechanical behaviour of the hexagonal multi-cell CFST 427 

columns. Hence, the influence of width-to-thickness ratio on the ultimate strength was not studied. 428 

It is certain that the thickness of the internal steel webs affects the ultimate strength and ductility of 429 

the columns to some extent. But according to the design code for steel structures, the internal steel 430 

webs cannot be too thin in thickness to facilitate welding and construction. 431 
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5. Discussions on the ultimate load  432 

Based on the above analysis, It can be assumed that the load carried by the multi-cell CFST stub 433 

column at peak point can be divided by two parts, one part is the load carried by a single-cell CFST 434 

column which is composed by the outer hexagonal steel tube and the concrete, and the other part is 435 

the load carried by the internal webs. Thus, the ultimate strength (Nu,prop) of hexagonal multi-cell 436 

stub column can be obtained by using superposition method as follows: 437 

ub,ui,uosc,propu, NNNN   (2) 

Where, uosc,N  is the load carried by the hexagonal single-cell CFST column, siyiui, AfN   is the 438 

load carried by the internal steel webs and sbybub, AfN   is the load carried by rebar cage, if any.  439 

Xu et al. [14] pointed out that the confinement effect and the stress distribution of the hexagonal 
440 

CFST column with internal angle θ=135° are similar to those of the rectangular one. And they 
441 

found that the methods of calculating the sectional strength of rectangular CFST column proposed 
442 

in DBJ/T13-51-2010 [19] and EC4 [16] give reasonably good predictions when used to predict the 
443 

strength of hexagonal CFST column. In the Chinese code DBL/J1351-2010 [19], the CFST column 
444 

is assumed to be made of one type of material with a nominal yield strength factor of fscy, and a 
445 

confinement factor (ξ) is used to describe the composite action between the steel tube and concrete. 
446 

To consider the concrete confinement, the method in DBJ/T13-51-2010 [19] is adopted herein to 
447 

calculate the sectional strength of hexagonal single-cell hexagonal CFST. The formulae are as 
448 

follows: 
449 

)( csoscyuosc, AAfN   (3) 

ck0scy )85.018.1( ff   (4) 

ckcyoso / = fAfAξ0  (5) 

Where, fscy is the nominal average strength of a square or rectangular steel tube section with 450 
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concrete infilled, in MPa; fck is the characteristic compressive strength of concrete, in MPa. The 451 

value of fck is approximately equal to 67% of the cube strength of concrete (fcu) for normal strength 452 

concrete. 0  is the sectional confinement factor. 453 

To verify the accuracy of Eq. (2), the ultimate strength of hexagonal multi-cell CFST stub columns 454 

obtained from the FEA model in the parametric study are used. The ultimate strengths are also 455 

calculated with the simplified formulae. The mean value of Nu,prop/ Nu,FEA is 0.902 with a 456 

corresponding COV of 0.034, where Nu,prop and Nu,FEA are the formula-calculated and FEA predicted 457 

values, respectively. Moreover, available test data from Cao et al. [24] and Xu et al. [25] are also 458 

compared with the formula-calculated ones, as shown in Table 1. The mean value of Nu,prop/ Nu,test is 459 

0.959 with a COV of 0.033, where Nu,test is the ultimate strength obtain in tests. 460 

The comparisons between the experimental results and the calculated results predicted by other 461 

existing design standards using the plastic strength approach have also been presented in Fig.13, 462 

such as Eurocode 4 [16], ACI 318-14 [17], ANSI/AISC 360-16 [18], AIJ-2008 [20], BS5400 [21] 463 

and AS3600 [22]. It should be noted that Eurocode 4 [16], ACI-318-14 [17], AS3600 [22], AIJ-2008 464 

[20] and BS5400 [21] use the similar formula for calculating the ultimate axial capacity of the 465 

rectangular sectional CFST stub columns, in which the confinement effect between the steel tube 466 

and concrete is ignored and a factor of 0.85 is employed for concrete strength. The above five 467 

equations have minor difference with the equation presented by ANSI/AISC 360-16 [18], in which 468 

the longitudinal reinforcement is converted to concrete by multiplying its area with the value of 469 

Es/Ec.  470 

It can be seen in Fig.13 that the predicted results which are calculated using the plastic strength 471 

approach from Eurocode 4 [16], ACI 318-14 [17], ANSI/AISC 360-16 [18], AIJ-2008 [20], BS5400 472 

[21] and AS3600 [22] are conservative mainly because they ignore the confinement effect between 473 
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the steel tube and concrete. By contrast, Chinese code DBL/J13-51-2010 [19] accounts for the 474 

concrete confinement and gives the most accurate results.  475 

In general, Eq.(2) which based on DBL/J1351-2010 [19] gives reasonably good predictions when 476 

compared with numerical and experimental results. It seems that the proposed method can well 477 

predict the ultimate strength of the hexagonal multi-cell CFST stub columns.  478 

6. Conclusions  479 

This paper numerically investigates the performance of hexagonal multi-cell CFST stub columns 480 

under axial compression. The following conclusions can be drawn within the limitations of this 481 

study: 482 

(1) A simplified FEA model of hexagonal multi-cell CFST stub columns under axial compression is 483 

established and validated against existing experimental data. In general, the FEA model can predict 484 

the behaviour of hexagonal multi-cell CFST stub columns subjected to axial compression with 485 

reasonably good accuracy. 486 

(2) A mechanism analysis including full-range analysis and stress distribution are performed using 487 

the validated FEA model. It is found that the contact stress between the outer steel plate the concrete 488 

tends to be greater near the corners than in-between the corners during the whole loading process, 489 

which is similar to that of the single-cell hexagonal CFST. The contact stress on each side of the 490 

internal steel webs distributes symmetrically during the whole process.   491 

(3) A parametric study is conducted to investigate the sensitivity of various geometric and material 492 

parameters on the compressive behaviour of the hexagonal multi-cell CFST stub columns. It is 493 

found that the ultimate strength increases linearly as the values of the investigated parameters 494 

increase. It is found that the concrete strength shows the most significant influence on the ultimate 495 

strength, since the concrete contributes most to the axial load bearing capacity. Increasing the 496 
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concrete strength can be the most effective method to increase the ultimate strength. Increasing the 497 

wall thickness of outer steel tube is more effective in increasing the ultimate strength than the 498 

internal steel webs. Increasing the wall thickness of internal steel webs can effectively increase the 499 

ultimate strength, while it seems that ti has minor effect on the confinement effect on the core 500 

concrete. 501 

(4) A simplified formula for calculating the ultimate strength of axially loaded hexagonal multi-cell 502 

CFST stub columns is proposed based on the methods of calculating the sectional strength of 503 

rectangular CFST column proposed in DBJ/T13-51-2010 [19]. The contributions of the single-cell 504 

hexagonal CFST column and the inner steel elements have been taken into consideration 505 

individually in the formula. The proposed formula can provide reasonably good predictions when 506 

compared with numerical and experimental results. 507 
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