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Abstract 
 

Local buckling remarkably reduces the strength of steel plates in rectangular thin-walled 

concrete-filled steel tubular (CFST) columns at ambient temperature. This effect is more 

remarkable at elevated temperature. However, there have been very limited experimental and 

numerical investigations on the local and post-local buckling behavior of steel plates in CFST 

columns at elevated temperatures. This paper presents numerical studies on the local and post-

local buckling behavior of thin steel plates under stress gradients in rectangular CFST columns 

at elevated temperatures. For this purpose, finite element models are developed, accounting for 

geometric and material nonlinearities at elevated temperatures. The initial geometric 

imperfections and residual stresses presented in steel plates are considered. Based on the finite 

element results, new formulas are proposed for determining the initial local buckling stress and 

post-local buckling strength of clamped steel plates under in-plane stress gradients at elevated 

temperatures. Moreover, new effective width formulas are developed for clamped steel plates 

at elevated temperatures. The proposed formulas are compared with existing ones with a good 

agreement. The effective width formulas developed are used in the calculations of the ultimate 

axial loads of rectangular CFST short columns exposed to fire and the results obtained are 
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compared well with the finite element solutions provided by other researchers. The initial local 

buckling and effective width formulas can be implemented in numerical techniques to account 

for local buckling effects on the responses of rectangular thin-walled CFST columns at elevated 

temperatures.  

 

Keywords: Concrete-filled steel tubes; Effective width; Elevated temperatures; Finite element 

analysis; Local buckling; Post-local buckling 

 

1. Introduction 

 

Filling concrete into a rectangular thin-walled steel tubular column as shown in Fig. 1 results 

in a significant increase in its ultimate strength and fire resistance as reported by Schneider [1], 

Sakino et al. [2], Liang et al. [3] and Dundu [4]. However, the thin steel tube walls of a 

rectangular concrete-filled steel tubular (CFST) column under applied loads may undergo 

outward local buckling, which remarkably reduces the strength of the column as discussed by 

Liang [5]. In a fire condition, the strength and stiffness of steel plates decrease significantly 

with an increase in the elevated temperature [6, 7]. As a result, the local buckling of thin steel 

plates at elevated temperatures is more likely to occur than the ones at ambient temperatures. 

In addition, the local and post-local buckling strengths of a thin steel plate at elevated 

temperature are much lower than those of the plate at ambient temperature. It is assumed that 

the steel tube walls of a rectangular CFST column under axial load and bending have a clamped 

boundary condition that recognizes the restraint provided by the rigid concrete core and are 

subjected to in-plane stress gradients [5]. The CFST columns have been widely used in high-

rise composite buildings that could be exposed to fire. The behavior of CFST columns at 

elevated temperatures has been investigated by researchers [8-11]. However, little attention has 
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been devoted to the study of the local and post-local buckling problem of clamped steel plates 

under stress gradients in CFST columns at elevated temperatures. Therefore, this paper 

addresses this challenging problem.  

 

The local and post-local buckling behavior of steel plates under edge stresses at ambient 

temperature has been investigated by many researchers [12-17]. Shanmugam et al. [16] 

presented an analytical study on the post-local buckling strengths of steel plates in thin-walled 

steel box columns under biaxial loads. The steel plates of the hollow steel box column were 

assumed to be simply-supported. Effective width expressions were proposed by Shanmugam et 

al. [16] for calculating the post-local buckling strengths of simply-supported steel plates under 

stress gradients. Uy and Bradford [18] and Uy [19] conducted experiments to examine the local 

buckling characteristics of thin steel plates in rectangular CFST columns. Liang et al. [20] 

developed nonlinear finite element models to study the critical local and post-local buckling 

strengths of steel plates in biaxially loaded CFST columns where the steel tube walls could be 

subjected to stress gradients. They proposed design formulas for computing the critical local 

and post-local buckling strengths of clamped steel plates under stress gradients. Moreover, 

effective width formulas were developed by Liang et al. [20] and implemented in numerical 

models by Liang [21, 22] to account for local buckling effects on the strength and ductility of 

rectangular CFST columns  

 

Thin steel plates at elevated temperatures are more susceptible to local buckling because the 

elevated temperatures significantly reduce their stiffness and strength [7, 23]. Heidarpour and 

Bradford [24] used a spline finite strip method of buckling analysis to investigate the local 

buckling of flange outstands subjected to elevated temperatures and proposed the plasticity and 

yield slenderness limits. The local buckling temperatures of plates under certain boundary 
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conditions were also anticipated. Knoblock [7] investigated the local buckling behavior of steel 

sections at elevated temperatures. He suggested that the methods commonly used for 

calculating the strength of steel sections and for section classification subjected to elevated 

temperatures should be revised. Couto et al. [25] used a finite element analysis software to study 

the local buckling of simply-supported steel plates at elevated temperatures. These steel plates 

were subjected to in-plane bending or compressive edge stresses. The residual stress pattern at 

ambient temperatures was assumed for the plates at elevated temperatures. A constant initial 

geometric imperfection at the plate centre was considered regardless of the plate thickness. 

Design formulas were proposed for determining the ultimate strength of simply-supported 

plates at elevated temperatures. Quiel and Garlock [26] utilized the computer program SAFIR 

to determine the local buckling strengths of steel plates exposed to fire. The loaded edges of the 

steel plate were assumed to be simply-supported while the unloaded edges were either simply-

supported or clamped. However, the effect of residual stresses was not considered in their study. 

They proposed expressions for estimating the ultimate strengths of steel plates with various 

boundary conditions. 

 

However, none of the studies reported in the literature investigated the local and post-local 

buckling behavior of clamped steel plates under stress gradients in CFST columns at elevated 

temperatures. There is a lack of effective width formulas for steel plates that could be 

incorporated in numerical models to account for local buckling effects on the strength of 

rectangular thin-walled CFST columns at elevated temperatures. Therefore, to bridge the 

knowledge gap, this paper utilizes the finite element program ANSYS 16 [27] to study the local 

and post-local buckling behavior of clamped steel plates under stress gradients in rectangular 

CFST columns at elevated temperatures. The effects of residual stresses and initial geometric 

imperfections presented in the steel plates are taken into account. Based on the results obtained 
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from the nonlinear finite element analyses, design formulas are proposed for determining the 

initial local and post-local buckling strengths of clamped steel plates under stress gradients at 

elevated temperatures and verified by comparisons with the ones proposed by other researchers 

and with finite element results on rectangular CFST short columns at elevated temperatures.  

 

2. Nonlinear finite element analysis of plates 

 

2.1. General 

 

The finite element analysis program ANSYS 16 [27] was employed in the present study to 

investigate the critical local and post-local buckling strengths of steel plates in CFST columns 

at elevated temperatures. The steel tube walls of a rectangular CFST column under compression 

can only buckle locally outward due to the restraint provided by the concrete core. This restraint 

effect was considered in the finite element model by incorporating an initial geometric 

imperfection caused by the lateral pressure applied on the plate. This implies that the steel plate 

can only buckle locally outward in the nonlinear analysis. The local and post-local buckling of 

steel plates in CFST columns at ambient temperatures has been studied by Liang et al. [20] and 

the effective width formulas proposed by them have been incorporated in the fiber element 

models to accurately account for local buckling effects on the behavior of CFST columns by 

Liang [21,22]. As suggested by Liang et al. [20], the four edges of the steel tube wall were 

treated as clamped due to the restraint provided by the rigid concrete core. The boundary 

conditions of the clamped plate are schematically depicted in Fig. 2. A square steel plate was 

chosen to simulate the webs and flanges of a CFST column at elevated temperatures. The von 

Mises yield criterion was used in the material models to treat the material plasticity. The four-

node shell/plate element SHELL 181 in ANSYS 16 was used to discretize the steel plate into a 
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2020  mesh. The sensitivity analysis of the element size was conducted and the results 

obtained are shown in Fig. 3, which indicates that the 2020  mesh is suitable in terms of the 

computational time and the accuracy of the results.  

 

2.2. Applied edge stresses on steel plates 

 

The two adjacent steel tube walls of a rectangular CFST columns under axial load and biaxial 

bending may be subjected to non-uniform compressive stresses while the other two adjacent 

walls are under in-plane bending stresses as discussed by Liang et al. [20], Liang [21,22] and 

Liang [5]. Figure 2 illustrates a steel plate under non-uniform edge compressive stresses. For a 

rectangular CFST column under axial compression, its four steel tube walls are subjected to 

uniform compressive stresses. The top flange of the CFST column under uniaxial bending is in 

uniform compression while other steel tube walls are subjected to either tension or in-plane 

bending stresses. The stress gradient coefficient is used to define the stress ratio of the non-

uniform compressive stresses on the steel plate. The stress gradient is maintained by the applied 

edge stresses on the plate as shown in Fig. 2. Only steel plates under compressive edge stresses 

are considered in the present study.  

 

2.3. Geometric imperfections  

 

The initial geometric imperfections have a significant effect on the local buckling of thin steel 

plates. Feng et al. [28] conducted numerical analyses to examine the effect of initial geometric 

imperfections on the ultimate strengths of rectangular cold-formed hollow steel columns 

exposed to uniform elevated temperatures. They concluded that the magnitude of the initial 

imperfection had a remarkable effect on the strength of the hollow steel columns. Liang et al. 
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[20] used an initial geometric imperfection of t1.0  (where t is the plate thickness) at the plate 

center in the nonlinear local and post-local buckling analyses of steel plates at ambient 

temperatures. Quiel and Garlock [26] examined the effects of initial geometric imperfections 

of t1.0 and 200/b  (where b is the plate width) on the buckling strengths of steel plates at 

elevated temperatures. The numerical results obtained indicated that there were not much 

differences between the buckling strengths predicted using these two initial geometric 

imperfections. Couto et al. [25] considered an initial geometric imperfection of 80% b/t for the 

steel plates in their models.  In the present study, the initial geometric imperfection at the plate 

center was taken as t1.0 . A lateral uniform pressure was applied to the plate to induce the 

required initial geometric imperfection. The value of the lateral pressure was determined by a 

trial-and-error method and by conducting a nonlinear analysis on the plate until the 0.1t 

deflection at the plate centre was obtained.  

 

2.4. Residual stresses 

 

The residual stress pattern depicted in Fig. 4 was applied to the steel plate as suggested by Liang 

et al. [20] and Abambres and Quach [29]. The tensile residual stresses were presented at the 

welds while the rest of the plate was subjected to the compressive residual stresses. The 

compressive residual stress was taken as 25% of the steel yield strength. In the finite element 

model, the residual stresses were applied to the steel plate by prestresses. Research studies 

indicated that the residual stresses locked in the steel plate were released at a temperature above 

400°C [30-34]. Therefore, the residual stresses were not considered for steel plates at 

temperatures above 400°C in the present study.  

 



9 
 

2.5. Stress-strain relationships for steels at elevated temperatures 

 

The stress-strain relationships given in Eurocode 3 [35] were adopted in the finite element 

model to simulate the material behavior of steel plates at elevated temperatures. Figure 5 depicts 

the stress-strain curve for structural steels without strain hardening at elevated temperatures, 

which is expressed by 
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where TE is the elastic modulus of steel, Tpf , is the proportional limit, Tyf , is the effective yield 

strength, Tp, is the strain corresponding to Tpf , , Ty, is the yield strain, and Tu, is the ultimate 

strain at elevated temperatures.  

 

The strain hardening is considered for structural steels at temperatures less than C300ο using the 

following equation [35]: 
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TyTuTyTuT ffff ,,T,,  2 ]02.0/)[(            for  04.002.0  T                                                (5) 

  

For 04.0T , T equals to the ultimate tensile strength of the steel at elevated temperature.  

 

Elevated temperatures significantly reduce the material properties of structural steels. The 

reduction factors applied to the material properties of structural steels at elevated temperatures 

given in Eurocode 3 [35] are shown in Fig. 6, where Tpk , is the reduction factor of the 

proportional limit, Tyk , is the reduction factor of the yield strength, Tpk ,2.0 is the reduction factor 

of the proof stress, TEk , is the reduction factor of the Young’s modulus, Tuk , is the reduction 

factor of the ultimate tensile strength. 

 

2.6. Verification of the finite element model 

 

Before utilizing the finite element model to investigate the local and post-local buckling 

behavior of steel plates at elevated temperatures, comparisons have been made to verify the 

finite element model at both ambient and elevated temperatures. A rectangular simply-

supported steel plate with an initial imperfection of t1.0 at ambient temperature reported by 

Quiel and Garlock [26] was analysed. The ultimate strength curve of the steel plate obtained by 

the finite element analysis is compared with that given by Quiel and Garlock [26] in Fig. 7. The 

figure shows that a good agreement between these two solutions is obtained. A nonlinear finite 

element analysis on a simply-supported rectangular steel plate with ba ratio of 5 (where a is 

the plate length) and initial geometric imperfection of 0.1  and no residual stresses at an 

elevated temperature of C700o was performed. It can be seen from Fig. 8 that the finite element 
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model predicts well the performance of the steel plates with various slenderness ratios at 

elevated temperature.  

 

3. Post-local buckling behavior at elevated temperatures  

 

The nonlinear finite element model developed was employed to investigate the local and post-

local behavior of clamped steel plates at temperatures ranging from 20 to Co700  and subjected 

to in-plane stress gradients as shown in Fig. 2. Four temperature levels were considered in 

addition to the ambient temperature, which were 200, 400, 600, and Co700 . The square steel 

plates of mm 500500  with initial geometric imperfections of t1.0  and b/t ratios ranging from 

30 to 110 with an increment of 10 were considered. The stress gradient coefficient )( is defined 

as the ratio of the minimum edge stress to the maximum edge stress. The stress gradient 

coefficient )( varied from 0.0 to 1.0 with an increment of 0.2. The yield strength of steel plates 

at ambient temperature was 300 MPa and the Young’s modulus was 210 GPa. At elevated 

temperatures, the reduction coefficients for the material properties given in Eurocode 3 [35] 

were used. The typical local and post-local buckling modes of steel plates under uniform edge 

compressive stresses at elevated temperatures are shown in Fig. 9.  

 

Figures 10 and 11 show the load-lateral deflection curves for the steel plate with a b/t ratio of 

70 subjected to stress gradients at ambient temperature and 600°C, respectively. It appears that 

the post-local buckling strength or the ultimate strength of the steel plate decreases with an 

increase in the stress gradient coefficient regardless of the temperature levels. However, for 

the plate under the same stress gradient, increasing the temperature significantly reduces its 

post-local buckling strength. It can be observed from Figs. 10 and 11 that at both temperature 

levels, the steel plate under uniform edge stresses ( 0.1 ) could not attain its yield strength 
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due to the effects of initial geometric imperfection, residual stresses and the deterioration of 

material properties at elevated temperatures. When the stress gradient coefficient is small and 

the temperature is low, the post-local buckling strength of the steel plate with a small b/t ratio 

may be higher than its yield strength. This is attributed to the strain hardening of the steel 

material as reported by Usami [14, 15] and Liang et al. [20].  

 

Figure12 shows load-lateral deflection curves for steel plates with 80tb subjected to uniform 

edge stresses at different temperatures. It can be seen from the figure that the post-local buckling 

strength of steel plates decreases significantly with an increase in the temperature level. 

Moreover, increasing the temperature remarkably reduces the flexural stiffness of the steel 

plate. The ultimate strength curves of steel plates at ambient temperature and temperatures of 

200°C, 400°C, 600°C and 700°C are shown in Figs. 13-17, respectively.  It appears that the 

post-local buckling strength of clamped steel plates generally decreases with increasing their 

slenderness ratios regardless of the temperature levels and stress gradients. Under the same 

temperature level, increasing the stress gradient coefficient significantly reduces the post-local 

buckling strength of the steel plate. Furthermore, for a steel plate with the certain b/t ratio and 

stress gradient, its post-local buckling strength is shown to be reduced by increasing the 

temperature. When the temperature level increases from 20°C to 700°C, the ultimate strength 

of steel plates decreases from yf804.0  to Tyf ,55.0 . 

 

4. Critical local buckling strengths at elevated temperatures 

 

As shown in Figs. 10-12, it is obvious that there is no way to determine the initial local buckling 

stress of a steel plate because of geometric imperfections. The method presented by Liang et al. 

[20] was utilized to predict the initial local buckling stress of steel plates with imperfections. In 
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this method, the non-dimensional central lateral deflection versus the ratio of the deflection to 

the applied load is plotted as shown in Figs. 18 and 19 for steel plates with a b/t ratio of 100 at 

ambient temperature and at 600°C, respectively. The minimum value on the curve represents 

the onset of the critical local buckling of the plate. It can be observed from Figs. 18 and 19 that 

the general trend of the curves is that the 1w ratio of the plate decreases with an increase in 

its lateral deflection at the plate center. This is because the lateral deflection of the plate at the 

initial loading stages is small before initial local buckling. After reaching the minimum, 

however, the 1w ratio increases significantly with increasing the lateral deflection. This is 

attributed to the fact that after the onset of the plate local buckling, the plate undergoes large 

deflections under the load increments. It appears that the minimum 1w ratio indicates the 

onset of local buckling. For a steel plate under the same stress gradient and lateral deflection, 

the 1w  ratio at elevated temperature is higher than that at ambient temperature. This means 

that at the same deflection the critical local buckling stress of the plate decreases with increasing 

the temperature level. This is reasonable because increasing the temperature reduces the 

material properties and strength.  

 

The critical local buckling strengths of steel plates subjected to various temperature levels as a 

function of the relative slenderness ratio are given in Figs. 20-24. It appears that the reduction 

in strength at any level of temperature increases with increasing the b/t ratio and stress gradient 

coefficient. The numerical results presented show that the elevated temperature significantly 

reduces the criterial local buckling stress of steel plates. The local buckling strength of steel 

plates at the ambient temperature with a tb  ratio of 60 subjected to uniform edge stress is 

about yf61.0 , while at a temperature of 600°C is about Tyf ,181.0 . As illustrated in Figs. 20-24, 

the stress gradient ratio has a significant effect on the critical buckling strength of plates 
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especially at higher temperatures. The critical buckling strength decreases with increasing the 

stress gradient ratio. 

 

5. Proposed design formulas 

 

5.1. Design formulas for critical local buckling strengths 

 

The factors that affect the local buckling behavior of clamped steel plates with an initial 

imperfection of 0.1t and residual stresses include the /  ratio, stress gradient coefficient ( , 

and the yield strength of steel plate at ambient and elevated temperatures. It is worth to mention 

that the b/t ratio has been replaced with the non-dimensional slenderness ratio   c,T  for 

comparison purposes. Based on the results obtained from the nonlinear finite analyses, design 

formulas for determining the critical local buckling strengths of clamped steel plates under 

stress gradients have been proposed and presented herein. 

 

For steel plates at temperature of 600°C, the critical local buckling stresses of the plates is 

proposed as: 

 

  3,2
2

,1
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where Tc,1 is the critical local buckling strength of the steel plate at elevated temperatures, and

Tc, is the plate slenderness ratio at elevated temperature, which is expressed by 
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in which  is the Poisson’s ratio, yf is the steel yield strength at ambient temperature, 95.9k

is the elastic local buckling coefficient and E is the Young’s modulus of steel material at 

ambient temperature. 

 

The coefficients 1m , 2m  and 3m in Eq. (6) are given as 

 

8969.0 275.2 0685.1 2
1  m                                                                                             (8) 

8475.1 7791.4 3075.2 2
2  m                                                                                             (9) 

0083.1 086.1 825.0 2
3  m                                                                                              (10) 

 

For any other temperatures, the critical local buckling stress of steel plates is proposed as 
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where the coefficients 1 , gg  and 2 g  are 

 

701.4 29.11 9339.7 2  g                                                                                               (12) 

0431.0 1248.0 0863.0 2
1  g                                                                                            (13) 
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719.1 9902.0 2656.0 2
2  g                                                                                               (14) 

 

The critical buckling strengths of thin steel plates under stress gradients at various temperatures 

calculated using the proposed formulas are compared with those obtained from the nonlinear 

finite element analyses in Figs. 20-24. It can be observed that good agreement between these 

two solutions is obtained.  

 

5.2. Design formulas for post-local buckling strengths 

 

The post-local buckling strength of thin steel plates depends on the plate slenderness ratio )( ,Tc

, the stress gradient coefficient )(  and the level of temperature. Based on the results obtained 

from the finite element analyses, the design formula for determining the post-local buckling 

strengths of clamped thin steel plates in CFST columns is proposed as  
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where yTu f25.1,1  for temperature less than 300°C and q  and 1q  are written as 

 

03355.0 05275.0 04007.0 2  q                                                                                           (16) 

65.1 7027.0 1007.0 2
1  q                                                                                                        (17) 

 

The post-local buckling strengths of thin steel plates under stress gradients at various 

temperatures computed by using Eq. (15) are compared with those obtained from the nonlinear 
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post-local buckling analyses in Figs. 13-17. The figures demonstrate that the proposed formula 

yields good predations of the finite element results.  

 

5.3 Effective width formulas 

 

The effective width concept [36] is used to describe the post-local buckling behavior of thin 

steel plates in Eurocode 3 [35] and AISC [37] as illustrated in Fig. 25. In Eurocode 3, the 

effective width of steel plates at elevated temperatures is taken as that of the plates at ambient 

temperatures using the proof stress. Reduction factors are applied to the material properties due 

to high temperature effects. AISC [37] uses a similar effective width approach to calculate the 

buckling strength of steel plates at elevated temperatures. The effective width formulas have 

been proposed for estimating the post-local buckling strengths of thin steel plates under 

different boundary conditions at ambient and elevated temperatures by various researchers. 

Liang et al. [20] proposed effective width formulas for clamped steel plates under stress 

gradients at ambient temperature. Quiel and Garlock [26] developed equations for computing 

the effective widths of steel plates under thermal loading where the two loaded edges were 

simply-supported. Couto et al. [25] presented an expression for determining the ultimate 

strengths of simply-supported steel plates at elevated temperatures. Effective width formulas 

can be implemented in the nonlinear analysis procedures to account for local buckling effects 

on the behavior of rectangular thin-walled CFST columns [21, 22].  

 

Based on the results obtained from the finite element analyses, the effective width formulas for 

clamped steel plate under stress gradients at any temperatures are proposed as follows: 
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in which  and  are the effective widths shown in Fig. 25, q  and 1q  are defined in Eqs. 

(16) and (17) respectively,  and  1 . 

 

6. Comparisons with existing formulas 

 

The effective width formulas proposed in this study for steel plates at ambient and elevated 

temperatures are validated by comparisons of the predicted ultimate strengths with those 

computed using expressions provided by Liang et al. [20], Couto et al. [25] and Quiel and 

Garlock [26]. For clamped steel plates at ambient temperature, Liang et al. [20] proposed 

formulas for calculating the ultimate strength of steel plates in CFST columns under stress 

gradients as follow: 
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where  is the ultimate strength corresponding to the maximum applied edge stress 1  and 

1c , 2c , 3c  and 4c are coefficients for every stress gradient ratio [20]. 
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The expression for calculating the effective widths of steel plates at elevated temperatures 

presented by Quiel and Garlock [26] is written as 

 

0.1
96.0

1
41.1

5.0
,,

,

,











 

TcTy

Tp

Tc

e

kk

k

kb

b


                                                                                   (22) 

                                                                                                            

where k  is taken as 4.0 for simply-supported plates and 7.0 for plates with two fixed unloaded 

edges and two simply-supported loaded edges [26]. 

 

Couto et al. [25] proposed an effective width formula for simply-supported steel plates at 

elevated temperatures as follow: 
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where cryc f  /  is the plate slenderness at ambient temperature, where cr is the elastic 

local buckling of the plate at ambient temperature [5], and other parameters are defined as 
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The calculated ultimate strengths of thin steel plates under uniform edge compression at 

ambient temperature by using the proposed Eq. (15) are compared with those computed using 

formulas given by Liang et al. [20], and Quiel and Garlock [26] in Fig. 26. It can be observed 

that an excellent agreement between the strength curve computed by the proposed Eq. (15) and 

that given Liang et al. [20] is obtained. It should be noted that the effective width formulas for 

clamped steel plates proposed by Liang et al. [20] have been verified by experimental results 

on rectangular CFST columns. The strength curve predicted by the present study is conservative 

compared to the one given by Quiel and Garlock [26]. The reason for this is that the residual 

stresses are considered in the current model, but are not used in the model by Quiel and Garlock 

[26]. The comparison for elevated temperatures is depicted in Fig. 27. The post-local buckling 

strengths of steel plates predicted by the proposed formula are in good agreement with those 

given by Quiel and Garlock [26]. However, the results obtained by the formula of Couto et al. 

[25] are very conservative compared to the other two solutions as shown in Fig. 27. This is 

because the effective width formula given by Couto et al. [25] was developed for simply 

supported steel plates with initial geometric imperfections which were much larger than those 

incorporated in the finite element models in the present study.   

 

7. Applications 

 

The proposed effective width formulas for clamped steel plates at elevated temperatures can be 

used to account for local buckling effects on the ultimate axial loads of rectangular CFST short 

columns subjected to standard fire. A simple expression for determining the ultimate axial load 

of a CFST short column at elevated temperatures is proposed as 

 

TccTysecalu fAfAP ,,,                                                                                                                   (27) 
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where, caluP ,  is the calculated ultimate axial load of the CFST short column, seA is effective 

cross-sectional area of the steel section computed using the proposed effective width formula 

Eq. 18, cA is the concrete area of the section, and Tcf ,  the compressive strength of concrete at 

elevated temperatures. 

 

Dai and Lam [38] investigated the shape effects on the behavior of CFST short columns at 

elevated temperature using the commercial software package ABAQUS. Table 1 shows the 

geometric and material properties of square and rectangular CFST short columns provided by 

Dai and Lam [38]. The proposed effective width formulas and Eq. (27) were employed to 

calculate the ultimate axial loads of these columns and the results obtained are compared with 

those given by Dai and Lam [38] in Table 1. The reduction factors for the steel yielding strength 

and concrete at elevated temperatures given in Eurocode 3 [35] were adopted. As given in Table 

1, the maximum temperature )( maxT appeared at the corner of the steel cross-section, while the 

minimum temperature )( minT presented at the middle of the steel tube wall under consideration. 

It was assumed that the distribution of temperatures between the corner and the middle of the 

steel tube wall was linear. The concrete temperature was taken as 0.45 of the maximum 

temperature on the steel tube as suggested by Dai and Lam [38]. Local buckling of steel plates 

with b/t ratio greater than 20 was taken into account in the calculations of the ultimate axial 

loads. As demonstrated in Table 1, the calculated ultimate axial loads of CFST short columns 

at elevated temperatures are in good agreement with numerical results predicted using the finite 

element software ABAQUS. The mean ultimate axial loads computed by the proposed formulas 

are about 97 % and 94% of those reported by Dai and Lam [38] for the applied loads )( ,appuP of 

500 kN and 600 kN, respectively.  

 

The above comparative study demonstrates that the effective width formulas developed for steel  
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plates at elevated temperatures predict well the post-local buckling strengths of steel tube walls 

of CFST short columns exposed to fire. In addition, the assumed clamped boundary conditions 

for steel plates are able to simulate the boundary conditions of the steel tube walls of CFST 

columns at elevated temperatures.  

 

8. Conclusions 

 

The nonlinear critical local and post-local buckling behavior of thin steel plates under stress 

gradients in rectangular CFST columns at elevated temperatures has been investigated by using 

the finite element models developed. Geometric imperfections and residual stresses have been 

taken into account in the finite element models. The material stress-strain relationships for steels 

at elevated temperatures given in Eurocode 3 [35] have been adopted to simulate the material 

behavior. The critical local buckling and post-local buckling strength curves for clamped steel 

plates under compressive stress gradients at ambient and elevated temperatures have been 

determined from the finite element analysis results. Based on the numerical results obtained, 

design formulas for determining the critical local buckling and post-local buckling strengths of 

steel plates at ambient and elevated temperatures have been proposed. The effective width 

formulas have also been developed for clamped steel plates in rectangular CFST columns 

subjected to elevated temperatures.  

 

The proposed formulas have been utilized to account for local buckling effects on the ultimate 

axial loads of CFST short columns exposed to fire. The results obtained are in good agreement 

with numerical solutions predicted by the finite element analysis software ABAQUS . The 

effective width models developed in this study can be incorporated in nonlinear analysis 

procedures to account for progressive post-local buckling effects on the behavior of thin-walled 

rectangular CFST columns exposed to fire. Furthermore, the proposed formulas can be used 



23 
 

directly in the design of CFST columns made of non-compact and slender steel sections at 

elevated temperatures. 
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Figures and Tables 

 

 

Fig. 1. Cross-section of square CFST beam-column. 

 

 

 

 

 

 

 

 

Fig. 2. Boundary conditions of clamped steel plate under compressive edge stresses. 
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Fig. 3. Sensitivity analysis of element size on the load-deflection curves of square steel plate 
under uniform edge compression. 

 

 

 

 

 

 

 

 

 

Fig. 4. Residual stress pattern in CFST beam-column. 
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Fig. 5. Typical strain-stress curve of structural steel at elevated temperatures based on 
Eurocode 3 [35] 

 

 

 

 

 

 

 

  

Fig. 6. Reduction factors Tk for stress-strain relationships allowing for strain-hardening of 
structural steel at elevated temperatures based on Eurocode 3 [35]. 
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Fig. 7. Comparison of plate strength curves at ambient temperature predicted by the current 
model and Quiel and Garlock model [26]. 

 

 

 

 

 

 

  

Fig. 8. Comparison of plate strength curves at temperate 700°C predicted by the current 
model and Quiel and Garlock model [26]. 
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(a) Local buckling mode 

 

(b) Post-local buckling  mode 

Fig. 9. Buckling modes of clamped square steel plate under uniform edge compression at 
elevated temperatures.  

 

 

 

 

 

 

Fig. 10.  Load-deflection curves for steel plates with b/t =70 under stress gradients at ambient 
temperature. 

α=0.0
α=0.2

α=0.4
α=0.6
α=0.8

α=1.0

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5

Lo
ad

 σ
1
/f y

Lateral deflection at plate center w/t



32 
 

 

Fig.11. Load-deflection curves for steel plates with b/t =70 under stress gradients at 
temperature 600°C. 

 
 
 

 
 
 
 
 
 
 
 

 

 

Fig. 12. Effect of temperatures on the load-deflection curves for steel plates with b/t=80 
under uniform edge compression.  
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Fig. 13. Ultimate strengths of steel plates at ambient temperature. 
 
 

 

 

 

 

 

 

 

 

 

Fig. 14. Ultimate strengths of steel plates at temperature of 200°C. 
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Fig. 15. Ultimate strengths of steel plates at temperature of 400°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 16. Ultimate strengths of steel plates at temperature of 600°C. 
 

α=0.0
α=0.2
α=0.4
α=0.6
α=0.8
α=1.0

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2

Plate slenderness ratio λc,T

Finite element analysis

Proposed Eq. (15)

α=0.0

α=0.2
α=0.4
α=0.6
α=0.8
α=1.0

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2

U
lti

m
at

e 
st

re
ng

th
 σ

1u
/f y

,T

Plate slenderness ratio λc,T

Finite element analysis
Proposed Eq. (15)



35 
 

 

Fig. 17. Ultimate strengths of steel plates at temperature of 700°C. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Load-deflection curves for determining the critical local buckling strengths of steel 
plates with b/t ratio of 100 at ambient temperature. 
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Fig. 19. Load-deflection curves for determining the critical local buckling strengths of steel 
plates with b/t ratio of 100 at temperature of 600° C. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 20. Critical local buckling strengths of steel plates at ambient temperature. 
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Fig. 21. Critical local buckling strengths of steel plates at temperature of 200°C. 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Critical local buckling strengths of steel plates at temperature of 400°C. 
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Fig. 23. Critical local buckling strengths of steel plates at temperature of 600°C. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 24. Critical local buckling strengths of steel plates at temperature of 700°C. 
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Fig. 25. Effective width of steel plate under stress gradient. 
 
 
 
 
 
 
 
 
 
 
 

  

Fig. 26. Comparison of plate strength curves at ambient temperature predicted by the current 
proposed design formula with existing formulas. 
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Fig. 27. Comparison of plate strength curves at temperature of 400°C predicted by the current 
proposed design formula with those given by Couto et al. [25] Quiel and Garlock [26]  

 

 

 

 

 

Table1 Ultimate axial loads of rectangular CFST short columns at elevated temperatures. 

Specimen Dimensions kN 500, appuP  kN 600, appuP  

B×D×t  
(mm) 

maxT  

)C(o  
minT  

)C(o  
caluP ,  

(kN) appu

calu

P

P

,

,  maxT  

)C(o  
minT  

)C(o  
caluP ,  

(kN) appu

calu

P

P

,

,  

SHS 123×123×5 690 652 490.1 0.98 648 607 559.7 0.93 
SHS1 118.9×118.9×5 712 678 431.7 0.86 644 605 534.6 0.89 
SHS2 125.9×125.9×5 700 661 494.3 0.99 675 634 536.8 0.89 
RHS 84.5×169×5 695 633 499 1.00 645 579 595.4 0.99 
RHS1 79.3×158.5×5 687 628 460.4 0.92 632 570 560.1 0.93 
RHS2 89.5×179×5 716 655 517.7 1.04 676 610 588.2 0.98 
Mean  0.97  0.94 
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Proposed Eq.(15)

 Eq.(23) by Couto et al.  [25]

Eq. (22) by  Quiel and Garlock  [26]
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