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Abstract 16 

 17 

It is well known that the effect of confinement in concrete filled steel tube (CFST) can enhance 18 

the axial compressive strength of the concrete core. The confining pressure is a key issue to 19 

determine the compressive strength of concrete while the development of confining pressure is 20 

related to the lateral responses of steel tube and concrete core. This paper firstly presents a 21 

review on the lateral behaviour of circular CFST and existing lateral-axial strain models for 22 

concrete. These models are assessed by the authors’ previous experimental observations. 23 

Assessment results reveal deficiencies of current lateral-axial strain models, especially on the 24 

CFST with high strength concrete. A modified lateral-axial strain model for both normal and 25 

high strength concrete core in CFST was then proposed to accurately capture the interaction 26 

behaviour of the steel tube and the concrete. An analytical model of CFST with uniformly 27 

confined concrete core (i.e. with circular section) was then proposed to capture the 28 

development of confining pressure in CFST. A reduction factor was considered when the high 29 

strength concrete was used. The proposed analytical model can well predict the load bearing 30 

capacity, load-shortening curve, axial strain-lateral strain relationship of CFST with normal 31 

and high strength concrete. 32 
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1. Introduction 36 

Concrete filled steel tube (CFST) is superior to traditional reinforced concrete columns due to 37 

better structural performances from the interaction between concrete and steel. One of the 38 

important benefits from the composite action is that the steel tube in CFST can confine the 39 

concrete core under compression to enhance the strength and ductility of the concrete. 40 

Extensive literature reviews have been conducted on CFST [1-7] and conclude that the effect 41 

of confinement is beneficial to the load capacity of CFSTs with circular cross-section shape. 42 

The effect of confinement is normally contributed from the lateral confining pressures by the 43 

external reinforcements. The popular confining components in existing literature are steel 44 

stirrup [8, 9], steel tube [1-3, 6, 10, 11] and fibre-reinforced polymer (FRP) sheet [12, 13]. 45 

Researchers [6, 13] investigated the stress-strain relationship of the confined concrete with 46 

different external confining components. According to the stress-strain response, the 47 

confinement stress-strain model can be categorized into active-confinement model and passive-48 

confinement model. The active-confinement model indicates that the concrete is actively 49 

confined with a constant confining pressure and the confining pressure is independent with the 50 

lateral stress-strain relationship. The confinement provided by components such as steel 51 

stirrups could be classified as passive confinement before yielding and active confinement after 52 

yielding because the hoop stress in steel stirrup is constant after yielding. The passive-53 

confinement model indicates that the confining pressure is related to the expansion of concrete 54 

core, for instance, in FRP confined concrete the confining pressure is related to the hoop stress 55 

in FRP which increases with the increasing of the hoop strain in concrete. In concrete filled 56 

steel tube, the confinement is indicated as passive confinement [10, 14], different from steel 57 

stirrup, steel tube in CFST is under a biaxial stress state which follows the von Mises yield 58 

criterion. After the yielding of the steel tube, the hoop stress is kept increasing with the hoop 59 

strain of the concrete core and the axial stress in the steel tube decreases [5, 14]. A well-known 60 

concrete stress-strain model was proposed by Mander et al. [8] for the steel stirrup confined 61 

(active confined) concrete based on the model proposed by Popovics [15]. This model is 62 

applicable to both active confined concrete and unconfined concrete and was served as a base 63 

model in the subsequent research to both normal and high strength concrete. 64 

To fully understand the effect of confinement on the enhanced ultimate strength of concrete, a 65 

review on the existing literature about ultimate strength of confined concrete has been 66 

conducted [8, 9, 13, 16-31]. It should be noted that the base model from Mander et al. [8] is 67 

only for the active confined concrete. As for the passive-confinement stress-strain model, a 68 

series of stress-strain curves under various confining pressure were firstly developed using the 69 

active-confinement model [13, 32], and the corresponding axial stress could then be obtained 70 

from these stress-strain curves based on the value of the hoop strain which is related to the 71 

confining pressure in passive confinement. To achieve this approach, the hoop strain to axial 72 

strain relationship is crucial to the development of passive-confinement model. Teng et al. [13] 73 

developed a relationship of the hoop strain and the axial strain of the confined concrete, 74 

validated against experimental results with concrete cylinder strength ranging from 32.8-103.3 75 

MPa. This model could be easily adopted in FRP confined concrete as the elastic relationship 76 

between the confining pressure and the hoop strain is straightforward due to the unidirectional 77 
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property of FRP components. However, in CFST, due to the biaxial stress condition in the steel 78 

tube, the confining pressure is not only related to the hoop strain but also related to the axial 79 

strain of the column. Recently Kwan et al. [14] proposed a theoretical model through a “trial 80 

and error” process to capture the confining pressure in CFST columns. The basic concept of 81 

this model is deformation compatibility between the concrete core and the steel tube when the 82 

steel tube is confining the concrete core. The equilibrium could be established based on the 83 

constitutive models of the concrete core and the steel tube. Based on this model, Kwan et al. 84 

[14] indicated that the behaviour of the passively confined concrete core in CFST could be 85 

captured. 86 

In recent years, high strength concrete has been increasingly adopted in modern construction. 87 

When compared with normal strength concrete, high strength concrete could reduce the column 88 

size and free up more lettable floor area especially in high-rise buildings. However, it is 89 

indicated that the effect of confinement on the load bearing capacity of CFST is limited by the 90 

low steel contribution ratio when high strength concrete is used [33]. Besides the stress-strain 91 

behaviour of high strength concrete is also different from that in normal strength concrete. 92 

Clark [34] indicated that the divergence of the stress-strain relationship as well as the lateral 93 

dilation behaviour from its initial linearity happens at 70% of peak stress for normal strength 94 

concrete while the percentage increases to 90 % in high strength concrete. Numerous studies 95 

observed that the stress-strain model of confined normal strength concrete is not applicable for 96 

the high strength concrete [14, 18, 22, 23, 28, 30].  97 

In summary, based on the current investigations, an incremental numerical procedure to reflect 98 

the stress-strain behaviour of confined concrete with both normal and high strength in CFST 99 

columns has been developed and is validated by the experimental results. 100 

 101 

2. Interaction of concrete core and steel tube in CFST 102 

The interaction of the steel tube and the concrete core in CFST columns is essential to the 103 

understanding of the compressive behaviour of the composite column. In current investigations, 104 

it is assumed that the axial compression would apply to steel tube and concrete core 105 

simultaneously which leads to a same axial shortening of each component during the loading 106 

process. Based on this assumption two stages could be recognized in CFST columns under 107 

axial compression: unconfined stage and confining stage. At the initial stage of loading, the 108 

concentric axial compression is applied to both the steel tube and the in-filled concrete core. 109 

As the steel tube expands more than the concrete core in hoop and radial directions due to a 110 

higher Poisson’s ratio, there is no confining pressure from steel tube to concrete core. Therefore, 111 

it can be regarded as unconfined stage. With the increase of axial compression, the axial stress 112 

of concrete approaches its ultimate strength and the expansion of the concrete core becomes 113 

larger than the steel tube. Eventually, the steel tube starts to confine the concrete core and the 114 

lateral stresses are generated in the steel tube. Therefore, the stress condition when the 115 

confinement starts is crucial to differentiate the unconfined and confining stages which could 116 

be investigated based on accurate lateral-to-axial strain models of steel and concrete.  117 

 118 



 M-4/18 
 

3. Unconfined stage 119 

It has been observed that the confinement initiates when the lateral strain of concrete reaches 120 

the lateral strain of steel tube. To capture the initiation of confinement, the axial strain-to-lateral 121 

strain relationship should be developed for each of the components.  122 

3.1 Axial and lateral behaviour of steel 123 

In unconfined stage, the steel tube is under uniaxial compression, where the elastic-perfect 124 

plastic model could be adopted for the stress-strain model. The lateral strain of steel tube could 125 

be calculated from the Poisson’s ratio with the corresponding axial strain because of the 126 

uniaxial stress state. For external steel tube, the Poisson’s ratio is assumed to be 0.3 in the 127 

elastic stage, while the Poisson’s ratio at the plastic stage is 0.5 [35]. Thus, the lateral strain at 128 

a given axial strain could be obtained from Eqs. 1 and 2: 129 

l,s a,s0.3 =  (Elastic stage) (1) 

l,s a,se a,sp0.3 0.5  = +  (Plastic stage) (2) 

where εl,s and εa,s are the lateral strain and axial strain of steel tube, εa,se and εa,sp are the yield 130 

strain and plastic axial strain, respectively. It should be noted that the elastic modulus of steel 131 

tube is assumed as 200 GPa and the yield strain (εa,se) is calculated from yield stress divided by 132 

elastic modulus which is based on an elastic-perfect plastic stress-strain model. Test results 133 

reported in [33] were used to validate the accuracy of this axial-lateral strain relationship, which 134 

will be further discussed later. 135 

 136 

3.2 Axial and Lateral behaviour of concrete 137 

 138 

For the concrete core in unconfined stage, which is under a uniaxial compression case, the 139 

stress-strain relationship with cylinder strengths from 12 to 90 MPa from Eurocode 2 [36] is 140 

adopted, as expressed in Eqs. 3-5: 141 

( )

2

c co
1 2

k
f

k

 




 −
=  

+ − 

 (3) 

( )c co co1.05 /k E f=  (4) 

c co/  =  (5) 

where σc and εc are the uniaxial compressive stress and strain of concrete, fco is the compressive 142 

cylinder strength of concrete, Ec is the elastic modulus of concrete and εco is the axial strain at 143 

peak stress. 144 

The lateral strain could be obtained through a well validated axial-to-lateral strain model of 145 

concrete. There have been numerous axial strain-lateral strains models for concrete in existing 146 

literature. Teng et al. [13] firstly proposed a model which could capture the lateral strain-axial 147 

strain response of actively confined, passively confined and unconfined concrete. It is indicated 148 
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that this model is applicable for both normal strength concrete and high strength concrete. Lim 149 

and Ozbakkaloglu [37] also proposed a lateral-axial strain model for the actively and passively 150 

confined concrete, and this model was based on the experimental database of FRP confined 151 

concrete (passively confined) which covers the concrete cylinder strength from 6.2 to 169.7 152 

MPa and the confining stress ratio (i.e. confining pressure to concrete cylinder strength ratio) 153 

ranges from 0 to 1. Recently, Kwan et al. [14] proposed a lateral-axial strain model of confined 154 

concrete which separates the relationship into two portions, before and after the formation of 155 

splitting cracks. A formula was proposed to predict the axial strain at transition points based on 156 

an experimental database of confined concrete in which the cylinder strength ranges from 25 157 

to 112 MPa and the confining stress ratio varies from 0 to 0.99. Lai et al. [38] also proposed an 158 

axial-lateral strain relationship which considers not only the effect of confining pressure but 159 

the influence of concrete strength. The unconfined and ring-confined, spiral-confined and tie-160 

confined CFST test results were used as the database which covers the concrete cylinder 161 

strength ranging from 27 to 125.3 MPa, and the confinement ratio, defined as the ratio of 162 

sectional capacity of steel over sectional capacity of concrete core, ranges from 0.16 to 4.22. 163 

The abovementioned four models are all proposed for the confined concrete, and these models 164 

are also applicable to the unconfined concrete where the confining pressure is zero. These four 165 

models were then assessed by existing experimental responses of the lateral behaviour of 166 

concrete (cylinders tests conducted in [33]) in unconfined stage. Figure 1 compares the 167 

predicted axial strain-lateral strain curves with the experimental results. It could be found that 168 

for concrete with cylinder strength of 38 MPa, the models from Teng et al.[13], Kwan et al. 169 

[14] and Lai et al. [38] reasonably capture the lateral behaviour from test results, whilst the 170 

model from Lim and Ozbakkaloglu [37] underestimates the lateral strain of the concrete 171 

cylinder under axial compression. However, when the concrete cylinder strength increases to 172 

80.5 MPa, the models from Teng et al. [13], Kwan et al. [14] and Lai et al. [38] slightly 173 

overestimate the lateral strain, and when the concrete cylinder strength increases to 112.1 MPa, 174 

it is obviously that the lateral strain of concrete is overestimated by all the models. Thus, an 175 

accurate axial-lateral strain model should be developed for the high strength concrete. As the 176 

concrete is under uniaxial compression in unconfined stage, secant value of Poisson’s ratio 177 

could be used to express the relationship between axial strain and lateral strain, as formulated 178 

in Eq. 6, 179 

c,l c c,av =  (6) 

where vc is the secant value of Poisson’s ratio of concrete, εc,l and εc,a are the lateral strain and 180 

axial strain of concrete, respectively. For concrete, the initial Poisson’s ratio ranges from 0.15 181 

to 0.2 [18], however, when the compressive stress is approaching to the ultimate strength, the 182 

Poisson’s ratio increases rapidly. Ottosen [39] proposed Eqs. 7 and 8 for the Poisson’s ratio in 183 

concrete until failure: 184 

c c,iv v=  when β≤ β0 (7) 
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2

0
c c,f c,f c,i

0

( ) 1
1

v v v v
 



 −
= − − −  

− 
 when β> β0 (8) 

where vc,i is the Poisson’s ratios at initial stage, and vc,f is the secant value of Poisson’s ratio at 185 

peak stress. β is defined as the ratio between the current axial stress to the ultimate stress of 186 

concrete. β0 is the stress point when the Poisson’s ratio start to deviate from the initial value, 187 

vc,i. Ottosen [39] and Candappa et al. [18] suggested a β0 value of 0.8 for concrete cylinder 188 

strength ranging from 40 to 100 MPa which is adopted in current investigation. The initial 189 

Poisson’s ratio vc,i is adopted from Candappa et al. [2] with a formula based on the experimental 190 

results with concrete cylinder strength ranging from 40-100 MPa which is shown as follows: 191 

( )
26

c,i co co8 10 0.0002 0.138v f f−=  + +  (9) 

where fco is the compressive cylinder strength of concrete. For the secant value of Poisson’s 192 

ratio at peak stress, Ottosen [39] suggested a vc,f value of 0.36, however, Candappa et al. [18] 193 

indicated that the value of 0.36 is quite low, and suggested using 0.5 instead. The Poisson’s 194 

ratio at ultimate stage is significant in determining the axial strain point where the confinement 195 

starts. The concrete cylinder tests reported in [33] and some additional cylinder tests with 196 

compressive cylinder strength ranging from 37.3 MPa to 125.5 MPa were used to assess the 197 

secant value of Poisson’s ratio at peak stress. In these cylinder tests, both axial and lateral 198 

strains were recorded by 60 mm strain gauges with a measuring limit of 2%. The Poisson’s 199 

ratio at peak stress for each specimen is reported in Table 1 where fco is the measured 200 

compressive cylinder strength of concrete, εco and εco,l are the axial strain and lateral strain at 201 

peak stress, and CoV represents the coefficient of variance. It was found that the vc,f value 202 

suggested by Candappa et al. [18], i.e. 0.5, is suitable for those concrete cylinders with strength 203 

lower than 60 MPa. However, when the concrete cylinder strength varies from 60 to 90 MPa, 204 

the average value decreases to 0.39. For concrete with cylinder strength higher than 90 MPa 205 

the average value of vc,f is only about 0.28. Based on this observation and the results of 206 

compressive test on concrete standard cylinders, the following equation was proposed for the 207 

secant value of Poisson’s ratio for concrete. 208 

co

c,f

co co

0.45 60 MPa
             

0.45 0.00252( 60) 60 MPa

f
v

f f


= 

− − 
 (10) 

As the lateral strains of the steel tube and the concrete core are captured, the interaction point 209 

of steel and concrete can be then found. In the experimental investigations on CFSTs [33], both 210 

the CFST columns and the individual components (hollow steel tube and plain concrete 211 

columns) were tested under axial compression, and the axial and lateral strains were recorded. 212 

Thus, the axial-lateral strain relationship from each individual component was collected to 213 

investigate the interaction in CFST. Figure 2 shows the axial strain-lateral strain curves of 214 

concrete cores and steel tubes obtained from tests and predictions based on Eqs. 6-10, in which 215 

fco,c is the measured compressive strength of plain concrete columns and fco is the compressive 216 

cylinder strength. In Figure 2, the intersection of two curves means that the lateral strain of 217 

concrete reaches the lateral strain of steel tube, where the confinement starts. It should be noted 218 
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that the end of curve of concrete means the peak load is reached. It could be found that the 219 

proposed axial strain-lateral strain models could well predict the experimental results. Figure 220 

2 also indicates that for the circular CFST specimen with concrete cylinder strength of 38 MPa 221 

(fco,c = 37.1 MPa), the confining stage initiates before the peak load of the concrete (the 222 

intersection is before the peak load of concrete) however when the concrete cylinder strength 223 

increases to 80.5 MPa (fco,c = 71.4 MPa), the confining stage almost starts at the same time as 224 

the concrete reaches its peak load (the intersection is near the end of the concrete curve). For 225 

those concrete with cylinder strength of 112.1 MPa (fco,c = 100.5 MPa), the peak load is attained 226 

before the steel tube starts to confine the concrete (no intersection). In the experimental 227 

observation of the compressive test of high strength concrete, brittle failure always happened 228 

at peak stress of concrete due to a large energy release. Such brittle failure may cause a serious 229 

damage on concrete core even if the external steel tube could provide confinement immediately 230 

after peak stress of concrete. The failure mode of the CFST specimens also indicated the 231 

damage of concrete core is more serious in those CFSTs where the confinement happened after 232 

the concrete core reached its unconfined compressive strength [33]. 233 

 234 

4. Confined stage  235 

Under confined stage, the stress-strain relationship of CFST could be divided into (1) a 236 

passively confined concrete stress-strain model and (2) a descending axial stress-strain model 237 

of steel under biaxial stresses due to the increasing lateral strain. The basic assumption in this 238 

stage is that the axial strain and lateral strain of concrete core and steel tube increases 239 

simultaneously. The following subsections describe the behaviours of the steel tube and the 240 

concrete core in CFST under the confined stage. 241 

4.1 Axial and lateral behaviour of steel 242 

In confined stage, the steel tube is under biaxial stress state, and the stresses in axial and lateral 243 

direction could be determined by the increment of strains in these two directions. In the 244 

incremental analysis, J2 flow theory of plasticity [40] was used for the steel constitutive model. 245 

The stresses of steel tubes are calculated by the generalized Hooke law and incremental 246 

Prandtl-Reuss equations respectively, as expressed in following equations [40]. 247 

s1 1s

ss2 2

1

11

i i

i i

vd dE

vvd d

 

 

    
=    

−     

   (Elastic stage) (11) 

2

a a b
s

c c1 1s

2
s2 2a b b

s

c c

1

1
1

i i

i i

S S S
v

S Sd dE

vd dS S S
v

S S

 

 

 
− − 

    =   
 −   

− − 
  

 (Plastic stage) (12) 

a 1 s 2S s v s= +  
 

(13) 
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b 2 s 1S s v s= +  
 

(14) 

2 2

c 1 2 s 1 22S s s v s s= + +  
 

(15) 

( )1 1

1 1 2

1
2

3

i is  − −= −  
 

(16) 

( )1 1

2 2 1

1
2

3

i is  − −= −  
 

(17) 

 248 

where σ1 and σ2 are the axial and the lateral stresses, respectively, ε1 and ε2 are the axial and the 249 

lateral strains, respectively, Es is the Young’s modulus of steel, vs is the Poisson’s ratio of steel, 250 

and i presents the increment number. Eq. 11 is for the elastic stage of steel and Eq. 12 is for the 251 

plastic stage. The von Mises yield surface was used to identify whether the material yields or 252 

not. 253 

( ) ( ) ( )
2 2

1 1 1 1 2

1 2 1 2 y 0i i i i f   − − − −+ − − =  (18) 

In this incremental analysis, the compressive stress and strain in axial direction are defined as 254 

positive and the tensile stress and strain in lateral direction are defined as negative. The lateral 255 

strain to lateral stress relationship in the steel tube now could be developed and used in the 256 

passive-confinement model in CFST. 257 

4.2 Axial and lateral behaviour of concrete 258 

As mentioned before, in confined stage, concrete is passively confined under triaxial stress 259 

state. Teng et al. [13] indicated that in passive-confinement model of concrete, under the same 260 

confining pressure, the axial stress and strain are identical to that in active-confinement model 261 

with constant confining pressure. In other words, the loading path is independent on the stress-262 

strain relationship of passively confined concrete. Teng et al. [13] suggested that a step-by-step 263 

incremental process could be developed for the stress–strain curve of passively confined 264 

concrete by using a series of stress–strain curves from actively confined concrete with different 265 

confining pressures. Thus, a passive-confinement model could be derived from the following 266 

relationships: (i) a well-developed active-confinement stress-strain model, (ii) a relationship 267 

between lateral strain of confined concrete to its confining pressure and (iii) a lateral strain to 268 

axial strain model of confined concrete under confining pressure. 269 

The stress-strain equation of active-confinement model used in this investigation is firstly 270 

proposed by Popovics [15] and then adopted in Mander et al. [8] in steel confined concrete 271 

model: 272 

( )

( )
c ccc

cc c cc

/

1 /
r

r

f r

 

 
=

− +
 (19) 

c

c cc cc

E
r

E f 
=

−
 (20) 

where fcc is the compressive strength of confined concrete and εcc is the axial strain of confined 273 
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concrete at peak stress. The ultimate stress of confined concrete and the corresponding strain 274 

have been investigated by many researchers [8, 16, 18, 30, 32]. In current investigation, the 275 

following equations from Jiang and Teng [32] were adopted for those concrete with cylinder 276 

strength lower than 60 MPa. 277 

cc l

co co

1 3.5
f f

f f
= +  (21) 

1.2

cc l

co co

1 17.5
f

f





 
= +  

 
 (22) 

where fl is the confining pressure. For the high strength concrete, Xiao et al. [30] updated the 278 

peak stress and corresponding strain of confined high strength concrete and the following 279 

equations were adopted for the CFST with high strength concrete with cylinder strength higher 280 

than 60 MPa: 281 

0.8

cc l

co co

1 3.24
f f

f f

 
= +  

 
 (23) 

1.06

1 17.5cc l

co co

f

f





 
= +  

 
 (24) 

 282 

To implement the incremental process of the analytical model, the relationship of confining 283 

pressure to the lateral strain of confined concrete should be well understood. It is clear that the 284 

passive confining pressure is related to the lateral stress in the external confining jacket. With 285 

circular section, the confining pressure and lateral stress has the following relationship: 286 

l
l

2

2

t
f

D t


=

−
 (25) 

where σl is the lateral stress in external confining jacket such as FRP or steel tube, t is the 287 

thickness of the jacket, and D is the external diameter of column. In FRP confined concrete, 288 

the relationship of lateral stress and lateral strain is linear. However, in CFST, the steel tube is 289 

under biaxial stress state, so the lateral stress in steel tube, σs,l, is related to the both axial strain 290 

and lateral strain. The following relationship in the incremental process exists and Eqs. 11 and 291 

12 were adopted for this function: 292 

( )s,l s,a s,l,  d f d d  =  (26) 

The final required relationship, the lateral strain to axial strain relationship of confined concrete, 293 

was adopted from Teng et al. [13]. The equation is shown as follows: 294 

0.7

c,l c,lc l

co co co co

1 8 0.85 1 0.75 exp 7
f

f

 

  

    − −      
+ = + − −        

          

 (27) 

where fl is the confining pressure; εc,l is the lateral strain of the concrete core. Teng et al. [13] 295 

indicated that this equation is applicable for both normal strength concrete and high strength 296 

concrete under confinement. Using Eqs. 19-27, the stress-strain relationship of confined 297 
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concrete core in CFST could be established. 298 

 299 

5. Analytical model of CFST 300 

Based on the abovementioned stages of CFST under uniaxial compression and the stress-strain 301 

relationship of each component (concrete core and steel tube). An analytical model for CFST 302 

is proposed in this investigation through an iteration process to capture a confining pressure 303 

related stress-strain model of CFST stub columns. 304 

5.1 Implementation of analytical model 305 

A sub-routine was written to implement the incremental process of the analytical model of 306 

CFST. The whole analysis process is illustrated in a flow chat as shown in Figure 3 and each 307 

step of the analytical model is detailed as follows: 308 

Step 1, Unconfined stage: 309 

Firstly, an increment in axial strain (dεa) of both steel and concrete is given. Eqs. 1-5 and were 310 

used to update the axial stresses of concrete (σc,a) and steel (σs,a), respectively. Then the yield 311 

condition of steel is checked based on the von Mises yield function and the lateral strain of 312 

steel tube (εs,l) is calculated by Eq. 1 (before yielding) or Eq. 2 (after yielding). Meanwhile, 313 

Eqs. 6-10 were used to calculate the Poisson’s ratio of concrete and the lateral strain of concrete 314 

(εc,l). Finally, the lateral strain of concrete is checked if it is larger than the lateral strain of steel 315 

tube. The incremental process continues until the lateral strain of concrete is equal or larger 316 

than that of steel tube.  317 

Step 2, Confinement initiates: 318 

Then the dεa in current step is adjusted to converge εs,l and εc,l with error less than 0.1%. In the 319 

subsequent incremental process εs,l and εc,l increase simultaneously.  320 

Step 3, Confining stage: 321 

In confining stage, the axial strains and lateral strains of concrete core and steel tube are 322 

increasing simultaneously. Firstly, an increment in lateral strain (dεl) is given and a value of 323 

confining pressure (fl
’) is assumed. Then Eq. 27 is used to calculate the current axial strain of 324 

concrete core. And the increment of axial strain (dεa) and lateral strain (dεl) are used to 325 

determine the axial stress (σs,a) and lateral stress (σs,l) of steel tube using Eqs. 11-18. Then the 326 

lateral stress of steel is used to determine the confining pressure (fl) via Eq. 25. If the calculated 327 

confining pressure fl is not equal to the assumed confining pressure fl
’, then update the assumed 328 

fl
’ and calculate a new confining pressure until fl is equal to fl

’. And then the calculated fl and 329 

axial strain εa are used to calculate the axial stress of confined concrete using Eqs. 19-24. 330 

Finally, the determined axial stress of confined concrete σc,a and the axial stress of steel tube 331 

from the J2 flow theory σs,a together with the cross-sectional areas are used to calculate the axial 332 

bearing load of CFST.  333 

 334 

5.2 Effective confining pressure for high strength concrete 335 

It was observed that high strength concrete has a brittle failure at peak stress which may result 336 
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in a premature damage of concrete before the confinement starts. The recorded lateral strains 337 

from strain gauges at different locations of mid-height of the specimens 30C-1, 50C-1 and 80C-338 

1 in Zhu and Chan [33] are presented in Figure 4. It can be found that for specimens 50C-1 and 339 

80C-1, the readings of strain gauges from each location differ after the unconfined concrete 340 

reaches its peak load where the confining stage starts (illustrated in Figure 2b and 2c), however, 341 

this phenomenon is minor in specimen 30C-1 whose concrete core could be confined before 342 

its peak stress. This observation indicated that the damage of local failure in high strength 343 

concrete core results in a non-uniformly confinement in the circular CFST and may affect its 344 

behaviour after confinement. Experimental data of high strength CFST with concrete cylinder 345 

strength larger than 60 MPa in Zhu and Chan [33] and results from Han et al. [41] where both 346 

load capacity and corresponding axial deformation are available were collected to assess this 347 

effect on load capacity and the axial deformation at peak load of CFST. Table 2 lists the 348 

collected experimental data, in which D is the external diameter of the steel tube, t is the wall 349 

thickness of the steel tube, and εu is the strain at ultimate load. Figure 5 shows the comparison 350 

of the analytical model and experimental results. It could be found that the load capacity of the 351 

CFST specimens could be captured but the model overestimates the axial deformation 352 

significantly. This is caused by the above-mentioned premature local damage in high strength 353 

concrete core and non-uniform confinement. Therefore, a reduction factor kl was proposed to 354 

the equation of confining pressure to account for the reduction of confining pressure in high 355 

strength concrete. 356 

l
l 1

2

2

t
f k

D t


=

−
 (28) 

where 357 

co

1

co

1
50 MPa

             50
50 MPa

co

f
k

f
f




= 




 (29) 

Figure 5 presents the comparison of the analytical model with the effective confining pressure 358 

with the test results and accurate prediction could be obtained in both load capacity and the 359 

corresponding deformation. 360 

6. Assessment of model 361 

In the assessment of the analytical model, the axial load capacity, the load-axial deformation 362 

response and lateral-axial strain relationship of CFST with circular section were examined. In 363 

the assessment of load capacity, a test database consisting of 597 specimens collected from 364 

existing literature was used [2, 6, 11, 42-85]. The database covers the concrete cylinder strength 365 

from 13.3-184.4 MPa and steel yield stress from 186-853 MPa. The validation of load bearing 366 

capacity is shown in Figure 6 and Table 2. The mean value of the Nu,model/Nu,test of the 597 367 

circular CFST specimens is 0.99 and the corresponding coefficient of variance (CoV) is 0.13, 368 

in which Nu,model is the predicted axial load capacity using the proposed analytical model and 369 

Nu,test is the experimental load capacity. In the assessment of load-axial deformation response, 370 

as there are limited information available from literature, in this research, 2 test results from 371 

Han and Yao [84], 2 test results from Sakino et al. [11] and test results from Zhu and Chan [33] 372 
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investigation were used for the validation. Figure 7 depicts the assessment of load-axial 373 

shortening relationship of CFST. It could be found that the analytical model from Kwan et al. 374 

[14] overestimates the test results of CFST with high strength concrete, the current model can 375 

replicate the load-strain history of CFST precisely for both hardening behaviour and softening 376 

behaviour. This analytical model also could capture the lateral-axial strain response on steel 377 

tube in CFST. Due to limited test results of lateral strain available from existing literature, the 378 

recorded lateral-axial strain relationship in Zhu and Chan [33], Lai et al. [86] and Lin et al. [87] 379 

were used to assess the accuracy of the analytical model. Figure 8 shows the prediction of axial-380 

lateral strain response on steel tube. The proposed model and the model from Kwan et al. [14] 381 

yields accurate predictions on lateral behaviour of CFST with normal strength concrete (Figure 382 

8a, 8d, 8e, 8g and 8h), however the model from Kwan et al. [14] slightly underestimates the 383 

lateral strain in CFST with high strength concrete (Figure 8b). The proposed model can well 384 

capture the lateral behaviour in the specimens with concrete cylinder strength of 38 MPa and 385 

89.9 MPa, but only satisfactory for specimens with concrete cylinder strength of 112.1 MPa in 386 

which brittle failure and non-uniform confinement lead to an inconsistent lateral behaviour as 387 

evidenced in Figure 8c, the curves from repeated specimens 80C-1, 80C-2 and 80C-3 deviate 388 

from each other. 389 

7. Assumptions and Limitations 390 

The proposed analytical model for CFST is established based on material constitutive models 391 

and interaction behaviour between concrete and steel tube, which considers the distinct lateral 392 

behaviour of high strength concrete and an effective confining pressure because of non-uniform 393 

confinement due to the premature failure of concrete core. However, there are some 394 

assumptions and limitations that should be stated which are summarised as follows: 395 

1. At the initial stage of loading, the model assumes there is no interaction between concrete 396 

and steel tube, which neglects the initial bonding stress between concrete and steel tube. 397 

However, the bonding stress may affect the lateral behaviour of steel tube and concrete core. 398 

The dilation of steel tube is larger than concrete, therefore the bonding stress may restrain 399 

the expansion of the steel tube. A previous study [88] shows that the initial bonding stress 400 

has minor influence on the confining stress-axial strain relationship of CFST with high 401 

strength concrete at initial stage of loading. Thus, the interfacial bonding stress at initial 402 

stage is not considered in this model. 403 

2. The analytical model assumes the stress-strain behaviour of passive confined concrete is 404 

stress-path independent. However, investigations [30, 89, 90] have mentioned that the path 405 

independence assumption may deviate from the actual behaviour of passively confined 406 

concrete with high strength concrete. The axial stress in passively confined concrete is 407 

lower than that in actively confined concrete due to the concrete stiffness and development 408 

of concrete microcracks. Further investigations are needed to evaluate the effect of stress-409 

path dependence on the stress-strain behaviour of confined concrete in CFST. 410 

3. The analytical model has not considered the buckling behaviour of the steel tube. The local 411 

buckling behaviour of steel tube in CFST is restrained by the existence of inner concrete 412 

core, thus the buckling theory for hollow steel tube is not applicable. In this study, a 413 
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conservative limit based on the Eurocode 3 [91] of D/t<90(235/fy) for steel tube is 414 

suggested to avoid any local buckling of steel tube. Further investigations on the local 415 

buckling behaviour of thin steel tubes in CFSTs are needed. 416 

 417 

8. Conclusions 418 

This paper presents an analytical model of CFST with a strain incremental process. The key 419 

contributions of this analytical model are summarized as follows: 420 

1. The model captures the initiation of confinement in CFSTs and the distinct lateral behaviour 421 

of high strength concrete is considered 422 

2. A strain incremental process with an iteration process based on the constitutive model of 423 

the passively confined concrete and the biaxially-stressed steel tube was proposed to predict 424 

both the axial and lateral behaviour of CFST stub columns.  425 

3. An effective confining pressure with a reduction factor is applied to the CFST to consider 426 

the non-uniform confinement for the high strength concrete. 427 

4. The proposed model was validated by 597 existing experimental data and the results show 428 

that the analytical model could capture the load capacity of circular CFST and also well 429 

predict the axial load-strain relationship as well as the lateral-axial strain relationship. 430 

5. The analytical model could be used to establish a confining pressure-related constitutive 431 

model for the confined concrete in CFST and contributes to future numerical investigations 432 

such as finite element modelling of CFST. 433 
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Figure 1. Validation of lateral behaviour of unconfined concrete. 
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Figure 2. Test results of axial-lateral strain curves of steel and concrete. 
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Figure 3. Flow chart of analytical model. 
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(a) Zhu and Chan [33], 30C-1 

 

 
(b) Zhu and Chan [33], 50C-1  

 

 
(c) Zhu and Chan [33], 80C-1 

 

Figure 4. Lateral strain distribution in CFST with different concrete grade. 
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(a) Load capacity 

 

 
(b) Strain at peak load 

 

Figure 5. Comparison of analytical model and experimental data of high strength concrete filled steel 

tubes. 
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Figure 6. Assessment of load capacity of analytical model. 
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(a) Han and Yao [84], scsc1-1 

 

(b) Han and Yao [84], scsc1-1 

 

  
(c) Sakino et al. [11], CC8-A-8 

 

(d) Sakino et al. [11], CC8-D-8 
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(f) Zhu and Chan [33], 50C 
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(g) Zhu and Chan [33], 80C 

 

 

Figure 7. Assessment of load-axial shortening relationship of analytical model. 
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(a) Zhu and Chan [33], 30C (b) Zhu and Chan [33], 50C 

  
(c) Zhu and Chan [33], 80C (d) Lai et al. [86], CN0-4-139-30_S 

  
(e) Lai et al. [86], CN0-5-114-50 (f) Lai et al. [86], CN0-10-139-90 

  
(g) Lin et al. [87], 400-48-31WL (h) Lin et al. [87], 400-24-31WL 

Figure 8. Assessment of axial-lateral strain relationships of analytical model. 
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Table 1 Experimental data of Poisson’s ratio at peak stress. 

fco εco εco,l vc,f 

37.3 0.0023 0.0011 0.47 

38.1 0.0022 0.0011 0.51 

38.2 0.0027 0.0010 0.36 

39.0 0.0022 0.0010 0.46 

39.1 0.0022 0.0013 0.59 

38.8 0.0022 0.0012 0.55 

53.4 0.0023 0.0012 0.52 

55.3 0.0023 0.0011 0.48 

55.8 0.0024 0.0012 0.50 

 Mean  0.49 

 CoV  0.06 

63.7 0.0028 0.0012 0.42 

65.4 0.0030 0.0011 0.37 

60.4 0.0025 0.0009 0.37 

80.0 0.0027 0.0010 0.36 

80.9 0.0026 0.0010 0.38 

80.6 0.0026 0.0012 0.45 

85.2 0.0030 0.0012 0.41 

86.3 0.0031 0.0012 0.40 

84.7 0.0029 0.0011 0.38 

 Mean  0.39 

 CoV  0.07 

92.0 0.0025 0.00070 0.27 

98.0 0.0027 0.00085 0.32 

113.5 0.0030 0.00074 0.25 

111.0 0.0030 0.00079 0.26 

113.9 0.0031 0.00091 0.30 

120.2 0.0032 0.00094 0.29 

120.2 0.0031 0.00084 0.27 

125.5 0.0034 0.00109 0.32 

 Mean  0.28 

 CoV  0.09 

 

  



Table 2. Collected experimental data for the assessment of high strength circular concrete filled 

steel tubes 

Specimens fco 

(MPa) 

fy 

(MPa) 

D 

(mm) 

t 

(mm) 

Nu,test 

(kN) 

Nu,model 

(kN) 
εu 

Confinement 

ratio 

 Han et al. [41] 

CA1-1 70 282 60 1.87 312 318 0.0090 0.55 

CA1-2 70 282 60 1.87 320 318 0.0081 0.55 

CA2-1 70 282 100 1.87 822 774 0.0060 0.32 

CA2-2 70 282 100 1.87 845 774 0.0054 0.32 

CA3-1 70 282 150 1.87 1701 1592 0.0053 0.21 

CA3-2 70 282 150 1.87 1670 1592 0.0055 0.21 

CA4-1 70 282 200 1.87 2783 2678 0.0048 0.16 

CA4-2 70 282 200 1.87 2824 2678 0.0041 0.16 

CA5-1 70 282 250 1.87 3950 4029 0.0038 0.12 

CA5-2 70 282 250 1.87 4102 4029 0.0052 0.12 

CB1-1 70 404 60 2 427 378 0.0086 0.85 

CB1-2 70 404 60 2 415 378 0.0107 0.85 

CB2-1 70 404 100 2 930 885 0.0050 0.49 

CB2-2 70 404 100 2 920 885 0.0075 0.49 

CB3-1 70 404 150 2 1870 1772 0.0050 0.32 

CB3-2 70 404 150 2 1743 1772 0.0065 0.32 

CB4-1 70 404 200 2 3020 2930 0.0046 0.24 

CB4-2 70 404 200 2 3011 2930 0.0038 0.24 

CB5-1 70 404 250 2 4442 4354 0.0041 0.19 

CB5-2 70 404 250 2 4550 4354 0.0040 0.19 

CC1-1 75 404 60 2 432 386 0.0085 0.80 

CC1-2 75 404 60 2 437 386 0.0086 0.80 

CC2-1 75 404 150 2 1980 1830 0.0047 0.30 

CC2-2 75 404 150 2 1910 1830 0.0046 0.30 

CC3-1 75 404 250 2 4720 4521 0.0036 0.18 

CC3-2 75 404 250 2 4800 4521 0.0038 0.18 

 Zhu and Chan [33] 

50C-1 72.4 453 200 6 4463 4446 0.0085 0.73 

50C-2 72.4 453 200 6 4423 4446 0.0073 0.73 

80C-1 100.1 453 200 6 5071 5124 0.0064 0.53 

80C-2 100.1 453 200 6 5040 5124 0.0059 0.53 

80C-3 100.1 453 200 6 5099 5124 0.0058 0.53 
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