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Abstract 

This paper presents the results of a comprehensive numerical modelling study on the performance 

and design of stainless steel square, rectangular and circular hollow section beam-column 

members subjected to axial compressive load and uniform bending moment at elevated 

temperatures. The numerical results generated have been used to assess the level of safety and 

predictive accuracy of the combined axial compressive load and bending moment resistances of 

hollow section stainless steel beam-column members determined from EN 1993-1-2 fire design 

rules. New design recommendations, which include: (i) new elevated temperature flexural 

buckling formulation for SHS, RHS and CHS stainless steel columns to obtain accurate 

predictions of the pure compression capacity and (ii) new combined loading interaction factors 

for the combined axial load and bending moment interaction equations, are proposed. The higher 

accuracy and improved reliability of the proposals for predicting the load-carrying capacity of 

stainless steel SHS, RHS and CHS beam-column members in fire is demonstrated through 

numerical comparisons and reliability assessments. 

Keywords: Beam-column; Elevated temperature, Fire design; Numerical modelling; Reliability; 

Stainless steel. 

1. Introduction 

Stainless steels are used in a diverse range of structural applications that take advantage of the 

unique durability and strength characteristics that are offered by the variety of available stainless 

steel grades. The behaviour, analysis and design of stainless steel structures at both room and 

elevated temperature conditions have been the subject of a number of experimental and numerical 

modelling research studies in recent years, which have enabled the development and expansion 

of dedicated structural design guidance rules worldwide e.g. EN 1993-1-4 [1] in Europe, AS/NZS 

4673:2001 [2] in Australia and New Zealand, AISC Design Guide 27 [3] and ASCE/SEI-8 [4] in 

the United States and CECS-410 [5] in China. The performance of stainless steel structures at 

elevated temperatures has been of particular importance as the structural elements are often left 

without passive fire protection and need to show adequate fire resistance. The behaviour of 

unprotected stainless steel structural members exposed to high temperatures has been investigated 
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at material level, member level and system level by a number of researchers, an overview of which 

is provided hereafter.  

Chen and Young [6] proposed a series of equations for predicting the yield stress, elastic modulus, 

ultimate tensile stress and strain at the ultimate tensile stress of stainless steel, covering the EN 

1.4462, 1.4301 and 1.4571 grades, at elevated temperature based on the results of isothermal and 

anisothermal tests. In addition, a stress-strain model for stainless steel at elevated temperature was 

also developed, whereby the compound Ramberg-Osgood material model [7] was recalibrated for 

elevated temperatures. Gardner et al. [8] proposed revised strength and stiffness reduction factors 

at elevated temperatures for a range of stainless steel grades, based on examination of all the then 

available reported test data. Reduction factors rationalised on the basis of grouping grades that 

exhibit similar elevated temperature properties were also proposed. In addition, a material model 

for the continuous prediction of the stress-strain response by means of a modified Ramberg-

Osgood formulation, utilising the stress at 2% total strain, was proposed. It was found that the 

proposed model is more accurate, when compared to test results, and simpler to apply than the 

EN 1993-1-2 [9] elevated temperature stress-strain model. Huang and Young [10] carried out a 

test programme to examine the elevated temperature material properties of a relatively new cold-

formed lean-duplex (EN 1.4162) stainless steel grade and proposed new strength and stiffness 

reduction factors. In the Design Manual for Structural Stainless Steel [11] stainless steels with 

similar elevated temperature properties have been put into seven groups and reduction factors 

which apply to these groups are provided. The studies on the stainless steel material behaviour at 

elevated temperature discussed above have shown that it offers better retention of strength and 

stiffness that carbon steel due to the variation in the microstructure and alloying content between 

the materials especially at the important temperature range of 550-750 ºC, as illustrated in Figure 

1. 

Experimental and numerical modelling investigations on stainless steel structural members have 

been carried out to investigate the influence of stainless steels’ distinct mechanical and thermal 

properties on the response of its members and to assess the suitability of the existing fire design 

codes. The elevated temperature flexural buckling behaviour and design of austenitic (EN 1.4301) 

stainless steel hollow box section columns have been studied by Ng and Gardner [12] and Fan et 

al. [13] where in each, the EN 1993-1-2 buckling curve was assessed and a modified version of 

which was proposed that more accurately fitted the numerically generated structural performance 

data. Huang and Young [14] carried out a numerical modelling analysis on cold-formed lean 

duplex stainless steel columns subjected to elevated temperatures and assessed the accuracy of 
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the existing codified design provisions, including those of AS/NZS, EC3 and ASCE, and the 

newly proposed design methods, including the Continuous Strength Method and the Direct 

Strength Method. Tondini et al [15] conducted anisothermal fire tests on ferritic (EN 1.4301) 

stainless steel hollow box section columns, which had not been investigated previously. Lopes et 

al. [16] studied the compression behaviour of stainless steel I-section columns in fire and proposed 

a new elevated temperature buckling curve formulation for their design, which was later extended 

to circular hollow section columns by Arrais et al. [17]. Huang and Young [18] investigated the 

structural performance of stainless steel lean duplex SHS and RHS beams at elevated temperatures 

and assessed the results against current codified design standards  and proposed a modified direct 

strength method, which was shown to give reliable predictions for flexural beam members at 

elevated temperatures. More recently, Kucukler et al. and Xing et al. [19-20] also studied the 

flexural buckling behaviour of stainless steel I-section columns at elevated temperature and 

proposed a series of temperature dependent buckling curves which were calibrated against data 

from an extensive numerical parametric modelling programme covering austenitic, duplex and 

ferritic stainless steels. Huang et al. [21] investigated flexural buckling response and design of 

cold-formed austenitic, duplex, and lean duplex stainless steel SHS and RHS beam-columns 

elements in the minor axis at elevated temperature and proposed that the Australian/New Zealand 

Standard to be used for the fire design of cold-formed stainless steel RHS and SHS beam-columns, 

due to its reliable beam-column predictions. More recently the fire performance of stainless steel 

frame assemblies were investigated by Segura et al. [22], which building on the studies on 

restrained stainless steel structural columns [23] and beams [24] in fire, investigated the combined 

effects of material degradation with temperature and the interaction between the individual frame 

elements on the fire resistance.  

In this context, this paper makes a contribution to the state of the art on the behaviour of hollow 

section beam-columns made from austenitic, duplex and ferritic stainless steel in fire by 

examining the applicability of existing design guidance based on a large set of structural 

performance data, covering SHS, RHS (Major and Minor axis) and CHS hollow sections, 

generated through finite element analysis. The paper begins with an overview of the Eurocode 3 

design guidance rules for steel beam-columns in fire, followed by the description of the developed 

finite element models and the validation results. The proposed beam-column design equations for 

stainless steel SHS, RHS and CHS in fire are then described. The details of the parametric study 

models used to generate the structural performance data for the assessment of the proposed design 

equations together with the results of the analysis and comparisons are presented.   
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2. Eurocode 3 design rules for beam-columns members in fire 

In this section the Eurocode fire design expressions for stainless steel beam-column members 

under axial compressive load plus major and minor uniaxial bending are described. EN 1993-1-4 

[1], which is the Eurocode 3 part with supplementary design guidelines for structures made of 

stainless steel, makes reference to the guideline in EN 1993-1-2 [9] for fire design provisions, 

where the design rules provided are mainly based on those developed for carbon steel structures. 

The current fire design expressions for stainless steel beam-columns under compressive axial load 

plus uniaxial bending in the major and minor axes are given in Eqs (1) and (2) for Class 1 and 

Class 2 cross-sections with and without lateral-torsional buckling (LTB), respectively and Eqs (3) 

and (4) for Class 3 cross-section with and without lateral-torsional buckling (LTB), respectively.  

For axial load + Major axis bending + Minor axis bending (without LTB) – Class 1 and 2 

Nfi,Ed

χmin,fiAky,θfy/γM,fi 
+ ky

My,fi,Ed

Wpl,yky,θfy/γM,fi 
+ kz

Mz,fi,Ed

Wpl,zky,θfy/γM,fi 
≤ 1 (1) 

For Axial load + Major axis bending + Minor axis bending (with LTB) – Class 1 and 2 

Nfi,Ed

χz,fiAky,θfy/γM,fi 
+ kL.T.

My,fi,Ed

χLT,fiWpl,yky,θfy/γM,fi 
+ kz

Mz,fi,Ed

Wpl,zky,θfy/γM,fi 
≤ 1 (2) 

For Axial load + Major axis bending + Minor axis bending (without LTB) – Class 3 

Nfi,Ed

χmin,fiAky,θfy/γM,fi 
+ ky

My,fi,Ed

Wel,yky,θfy/γM,fi 
+ kz

Mz,fi,Ed

Wel,zky,θfy/γM,fi 
≤ 1 (3) 

For Axial load + Major axis bending + Minor axis bending (with LTB) – Class 3 

Nfi,Ed

χz,fiAky,θfy/γM,fi 
+ kL.T.

My,fi,Ed

χLT,fiWel,yky,θfy/γM,fi 
+ kz

Mz,fi,Ed

Wel,zky,θfy/γM,fi 
≤ 1 (4) 

The definition of symbols in Eqs (1)-(4) is as follows: Nfi,Ed, My,fi,Ed and Mz,fi,Ed are the design 

values for the axial load, major axis moment and minor axis moment in the fire situation, 

respectively, χ
min,fi

 is the smallest of reduction factors for flexural, torsional and torsional-flexural 

buckling at elevated temperature, χ
z,fi

 and χ
LT,fi

 are the reduction factors for minor axis flexural 

buckling and lateral torsional buckling at elevated temperature, respectively, A is the cross-

sectional area, ky,θ is the elevated temperature reduction factor for yield stress fy, γM,fi 
is the partial 

safety factor for member resistance in fire, ky, kL.T., kz are the combined loading interaction factors 

for elevated temperature.  
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The combined loading interaction factors at elevated temperature, ky and kz, are given by Eqs (5) 

and (6) for major and minor axes, respectively, where β
M,y

 and β
M,z

 are the equivalent uniform 

moment factors for the major and minor axes, respectively, χ
y,fi

 and χ
z,fi

 are the flexural buckling 

reduction factors for major and minor axes, respectively at elevated temperature and λ̅y,θ and λ̅z,θ 

are the non-dimensional member slenderness for major and minor axes, respectively at elevated 

temperature θ, which are defined by Eqs (7) and (8), where λ̅y and λ̅z are the respective member 

slendernesses at room temperature and kE,θ is the stiffness reduction factor. 

ky = 1 −
μyNfi,Ed

χy,fiAky,θfy/γM,fi 
≤ 3 

with μy = (2βM,y − 5) λ̅y,θ + 0.44βM,y + 0.29 ≤ 0.8 with λ̅y,20 ≤ 1.1 

(5) 

kz = 1 −
μzNfi,Ed

χz,fiAky,θ fy γM,fi⁄
≤ 3 

with μz = (1.2βM,z − 3)λ̅z,θ + 0.71βM,z − 0.29 ≤ 0.8 

(6) 

λ̅y,θ = λ̅y [
ky,θ

kE,θ
]

0.5

 (7) 

λ̅z,θ = λ̅z [
kz,θ

kE,θ
]

0.5

 (8) 

3. Development and validation of numerical models 

Numerical models for predicting the combined axial compressive load and uniform bending 

moment resistances of stainless steel beam-column members in fire were developed. This section 

describes the development and validation of the finite element (F.E.) models which are then used 

to generate the performance data required for the assessment of the existing design rules presented 

in Section 2 and the development and analysis of the proposed design method in Sections 4 and 

5, respectively. The additional modelling assumption related to the parametric study models are 

further reported in Section 4.3. 

3.1 Literature tests for validation 

A selection of elevated and room temperature tests on stainless steel and carbon steel hollow 

section beam-column members were used for the validation of the F.E. models. A number of 

experimental test programmes on stainless steel beam-column SHS, RHS and CHS members at 

room temperature were conducted by Zhao et al. [25-26], the selection of which used for the 
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model validation herein is presented in Table 1, where ey and ez are the applied major and minor 

axes eccentricities, respectively, L is the member length and Nu,test is the measured ultimate 

compressive load. Two tests on stainless steel SHS beam-column members at elevated 

temperature were carried out by Fan et al. [13] and are reported in Table 2. These tests had 

anisothermal loading, where the specimens were first loaded at room temperature to load N, which 

was then held constant, followed by temperature increase until failure was reached at critical 

specimen temperature θtest, the measured values of which are reported in Table 2, where all other 

parameters are as previously defined. Owing to the limited number of stainless steel beam-column 

tests at elevated temperature, additional test data on carbon steel RHS beam-column members 

carried out by Pauli et al. [27] were also adopted for the validation of the models. Isothermal 

loading was employed for these tests, where the specimens were heated to a specified temperature 

θ, which was held constant, followed by an increase in the applied compressive load until failure 

at Nu,test as reported in Table 3. Table 1, 2 and 3 presents the non-dimensional slenderness 𝜆̅.  

3.2 Development of numerical models 

The finite element analysis package ABAQUS was employed to develop the numerical models 

[28]. The shell element S4R was used to discretise the models. The size of the shell elements was 

based on the results of a mesh sensitivity study. For the SHS and RHS, an element size equal to 

the cross-section thickness was assigned to the flat regions of the sections, whilst a finer mesh of 

four elements were employed in the corner regions. For the CHS the element size was set equal 

to the cross-section thickness. The measured cross-section dimensions and length of the 

specimens were adopted, and suitable displacement and rotational constraints were applied at the 

model ends to mimic the test pinned boundary conditions. For columns and beam-column models 

with pinned end boundary conditions, all translational degrees of freedom, except axial 

displacement at the loaded end, were restrained (i.e. ux=0, uy=0 and uz≠0) with the rotational 

degrees of freedom restrained at both ends, except that related to the plane of buckling (uRx=0, 

uRy≠0 and uRz=0 for buckling about y-y (major) axis and uRx≠0, uRy=0 and uRz=0 for buckling 

about z-z (minor) axis). Figure 2 illustrates the boundary condition for buckling about the major 

axis. 

The measured room and elevated temperature stress-strain responses reported in the test 

programmes [13, 25-27] were used to define the material behaviour in ABAQUS in the form of 

true strain εT and true stress σT using the well-known relations εT = l n(1+εn) and σT = σn (1+εn), 

where εn is the engineering strain and σn is the engineering stress. For beam-columns reported in 

[26], the measured corner material properties were adopted in the FE model. For Fan et al. [13] 
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beam-columns, the material properties used for the corner regions of the sections were not 

measured, and hence flat material properties were used, as the numerical study counterpart 

performed in [29]. Geometric imperfections, global and local, were included in the numerical 

models. The lowest form of the global and local imperfection was employed as an imperfection 

shape, extracted through a linear buckling analysis. The imperfection amplitudes were based on 

either measured or predicted values. Measured global imperfection amplitudes was employed for 

all the models, except for models of the tests in [25], where a value of L/1000, L being the length 

of the element, was adopted. For local imperfection amplitudes, the CHS was set at t/10, where t 

is the cross-section thickness of the CHS, as recommended in [30], and predictions from the 

Dawson and Walker model for the SHS and RHS, as recommended in [31].  

Residual stresses are introduced into the cold-formed specimens during the production process, 

with a combination of membrane residual stresses from welding and through-thickness bending 

residual stresses due to cold-forming. Careful measurements [32] have shown the latter to be 

relatively insignificant in stainless steel hollow sections and largely swamped by the dominant 

bending residual stresses. Furthermore, the effect of the bending residual stresses is inherently 

present in the material stress-strain properties [32-33] since the residual stresses that are released 

during the cutting of the coupons (causing longitudinal curvature) are essentially reintroduced by 

straightening of the coupons during testing. This has been adopted in many studies 

[12,15,17,31,34] at room and elevated temperature. Residual stresses were not therefore explicitly 

introduced into the described models, but their influence was present in the material modelling. 

For the room temperature and the isothermal elevated temperature tests, the modified Riks method 

was used to solve the materially and geometrically nonlinear problem. For the anisothermal 

elevated temperature tests, general static analysis was performed in two steps which involved (1) 

application of a static concentric compressive load equal to the test load and (2) increasing the 

specimen temperature according to the test measured temperature-time curves until failure.  

The measured specimen temperature-time data reported in [13] was utilised in the numerical 

models developed for the austenitic beam-columns in ABAQUS. Figure 3 illustrates the time-

temperature curve used for the two beam-column SHS section having a 13.2mm and 23.8mm 

eccentricity [13] used for the numerical models. 

3.3 Validation results 

The comparison results for the F.E. ultimate load Nu, F.E. and displacement at ultimate load δu, F.E. 

and the test ultimate load Nu,test and displacement at ultimate load δu,test for the modelled room 

temperature tests [25-26] are presented in Table 1, giving a mean Nu,test/Nu, F.E. and δu,test/δu, F.E. of 
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0.98 and 0.99 with coefficients of variation (COV) of 0.02 and 0.05, respectively. Example test 

and F.E. load-deflection response curves are also shown in Figure 4, where the test and F.E. 

responses match closely. The predicted critical temperatures θFE for the modelled anisothermal 

elevated temperature tests [25] are reported in Table 2, where the mean and COV of θFE/θtest are 

1.01 and 0.01, respectively. Figure 5 compares the axial displacement-time responses from the 

tests and F.E. for the SHS 120×120×4 when ey = 13.2 mm. The predicted ultimate load and 

displacement at ultimate load for the modelled isothermal elevated temperature tests [27] are 

reported in Table 3, giving a mean Nu,test/Nu, F.E. of 1.02 with a COV of 0.08 and mean δu,test/δu, F.E. 

of 1.03 with a COV of 0.09. The comparison of the axial load-deformation response of the test 

and F.E. results are displayed in Figure 6, where it is shown that the models of capable of 

accurately tracing the load-deformation response. There are some relatively small discrepancies 

between the experimental and numerical values as well as the overall behaviour and these are 

most likely due to the differences in the geometric and imperfection values used in the model 

compared with the physical specimens, and also the use of idealised boundary conditions in the 

model. In addition, with fire testing, there are many factors and variables which can occur during 

the test, and these are not easy to measure or simulate accurately. Figure 7 compares typical test 

and FE failure modes for the modelled beam-columns, showing the models ability to capture the 

observed behaviours. The numerical modelling approach presented herein is therefore considered 

sufficient for performing numerical parametric modelling analysis.  

4. Proposed design method and development 

4.1 Combined axial load and bending moment interaction equations 

As discussed in Section 2, the EN 1993-1-2 [9] design rules for stainless steel beam-column 

members in fire were simply taken as those for carbon steel beam-columns without rigorous 

verification. In addition, they are based on the flexural buckling curves in EN 1993-1-2 [9], which 

were shown in [34] to give inaccurate and unsafe predictions of the flexural buckling capacities 

of stainless steel hollow section columns in fire. Hence, to overcome these limitations, in this 

section, new design expressions for combined axial load and uniaxial major axis bending (without 

LTB) given by Eq. (9) and combined axial load and uniaxial minor axis bending (without LTB) 

given by Eq. (10) are proposed. These design expressions are of the same form as the EN 1993-

1-2 [9] expressions, but employ the flexural buckling resistances from the flexural buckling curves 

proposed by the authors in [33], a summary of which is provided in Section 4.2, and incorporate 

the newly proposed combined loading interaction factors ky and kz calibrated on the basis of the 

numerical results of stainless steel beam-column members presented in Section 4.3 of this paper. 
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Nfi,Ed

Nb,y,Rd,fi/γM,fi 
+ ky

My,fi,Ed

Mc,y,Rd,fi/γM,fi 
≤ 1 (9) 

Nfi,Ed

Nb,z,Rd,fi/γM,fi 
+ k𝑧

Mz,fi,Ed

Mc,z,Rd,fi/γM,fi 
≤ 1 (10) 

where Nb,y,Rd,fi and 𝑁b,z,Rd,fi are the major and minor axes flexural buckling resistances in fire, 

respectively (obtained from the proposed method in [21]), Mc,y,Rd,fi and Mc,z,Rd,fi are the major and 

minor axes cross-section bending moment resistances in fire, ky and kz are the new proposed major 

and minor axes combined loading interaction factors, respectively and all other symbols are as 

previously defined.  

4.2 Flexural buckling resistance 

The flexural buckling formulation for the design of cold-formed stainless steel SHS, RHS and 

CHS columns derived in [34] are given by Eq. (11)-(13). In Eq. (11), χfi is the reduction factor 

for flexural buckling at elevated temperature for the concerned axis of buckling i.e. χy,fi for major 

axis and χz,fi for minor axis, A is the cross-sectional area, taken as the gross cross-sectional area 

for fully effective sections (Class 1-3) and the effective cross-sectional area for slender sections 

(Class 4), ky,θ is the elevated temperature reduction factor for yield stress, taken as k2,θ for fully 

effective sections (Class 1-3) and the k0.2,θ for slender sections (Class 4) and γM,fi is the partial 

safety factor for member resistance in fire. In Eq. (12), α is the imperfection parameter defined 

by Eq. (13) which is a function of temperature and results in temperature dependant buckling 

curves, which were found in [34] to be required for stainless steel columns in fire. Table 4 presents 

the proposed values for the β and η parameters, which were calibrated against the F.E. data for 

austenitic, duplex and ferritic SHS, RHS and CHS stainless steel columns generated in [34]. 

Nb,fi,t,Rd  =  
χfiAky,θfy

γM,fi
 (11) 

χfi =
1

φθ + √φθ
2 − βλ̅θ

2

≤ 1.0 with φ =  0.5[1 + αλ̅θ + βλ̅θ
2] 

(12) 

α =  η√
235

fy

E

210000
 √

kE,θ

ky,θ
  (13) 
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4.3 Combined loading interaction factors 

4.3.1 Numerical modelling assumptions 

A series of numerically derived interaction factors were produced using the validated numerical 

modelling approach presented in Section 3 which formed the basis for the calibration of the new 

proposed combined loading interaction factor formulae for design presented in 4.2.2. For the 

purpose of this numerical study, the beam-column members were modelled under isothermal 

loading conditions, where they were subjected to a given uniform temperature θ, incorporating 

the reduced stress-strain data corresponding to the modelled temperature θ, followed by applying 

a combined axial compressive load and uniform bending moment along the length of the members 

until failure. This approach, which has been also adopted in other similar numerical modelling 

investigations e.g. in [14,16,18-19,22], was deemed acceptable, since the F.E. models did not 

explicitly include the effect of time dependent factors such as creep. The parametric models 

covered beam-column members of RHS and CHS profiles subjected to varying levels of axial 

load to uniform bending moment ratios subjected to elevated temperatures of 200 °C, 400 °C, 600 

°C and to 800 °C.  

All the beam-column models were subjected to bending about one axis only. For the RHS models, 

both major and minor axis bending cases were modelled i.e. (1) combined axial load and major 

axis bending and (2) combined axial load and minor axis bending. Beam-columns of austenitic, 

duplex and ferritic stainless steel grades were modelled. For each stainless steel grade and elevated 

temperature considered, members with non-dimensional slenderness λ̅θ between 0.5 and 3.0 were 

modelled. Both modelled cross-sections were classified as fully effective, as there were found to 

give lower combined loading reduction factors. RHS had plate slenderness λ̅p = 0.34, 0.36, 0.30 

and CHS had local slenderness λ̅c = 0.18, 0.19, 0.16 at room temperature for austenitic, duplex 

and ferritic grades, respectively. The cross-section slenderness values λ̅p and λ̅c were calculated 

using Eqs (14) and (15), respectively. In Eq. (14), fcr,p is the elastic critical buckling stress of the 

plate element, fy is the yield stress, b and t are the larger flat plate width and thickness of the 

section, respectively, E is the Young’s modulus, kσ is the plate buckling coefficient, set to 4.0 for 

internal plate elements subjected to uniform compressive stress state and ν stands for the Poisson's 

ratio taken as 0.3. In Eq. (15), fcr,c is the elastic critical buckling stress for a circular hollow section, 

D is the section outer diameter, and all other symbols are as previously defined. Table 5 presents 

a summary of the parametric models, where in total, 1134 RHS and 604 CHS parametric results 

were generated.  
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λ̅p = √
f𝑦

fcr,p
= (

b

t
) (

f2

E
)

0.5

(
12(1 − ν2)

π2kσ
)

0.5

 (14) 

λ̅c = √
f𝑦

fcr,c
= (

f2D

2tE
)

0.5

(√3(1 − ν2))
0.5

 (15) 

 

The room temperature material properties were taken as those recommended in [30] for numerical 

parametric studies of stainless steel structures. The elevated temperature two-stage Ramberg-

Osgood material model recommended in [11] was used to describe the elevated temperature 

stress-strain behaviour. The elevated temperature strength and stiffness reduction factors were 

obtained from [11] as those specified for Austenitic I, Duplex II and Ferritic II groups. The beam-

columns had pin-ended boundary conditions about the axis of buckling which was the same as the 

axis of the applied bending moment. For major axis (y-y) flexural buckling and major axis applied 

bending moment the displacement (u) and rotational (ur) boundary conditions were ux = free, uy 

= uz = fixed and urx = urz = fixed and ury = free at the loaded end and ux = uy = uz = fixed and urx 

= urz = fixed and ury = free at the other end. For minor axis (z-z) flexural buckling and minor axis 

applied bending moment the displacement (u) and rotational (ur) boundary conditions were ux = 

free, uy = uz = fixed and ury = urz = fixed and urz = free at the loaded end and ux = uy = uz = fixed 

and urx = ury = fixed and urz = free at the other end. The initial global geometric imperfections 

amplitude was set equal to the EN 1090-2 [35] specified tolerance limit equal to L/1000, where L 

is the member length. The initial local geometric imperfection amplitude was set to b/200, where 

b is the section width, for the RHS members and 0.008D, where D is the diameter, for the CHS 

members as recommended in EN 1993-1-5-Annex C [36].  

The loading was applied in two steps, firstly, a concentric compressive axial load was applied to 

the beam-column members, which was maintained constant, followed by an increasing equal 

uniaxial bending moment at the member ends until failure. The applied axial compressive load 

NEd,θ was taken as a portion of the member elevated temperature flexural buckling resistance 

Nb,y,Rd,fi or Nb,z,Rd,fi i.e. NEd,θ = n Nb,y,Rd,fi or n Nb,z,Rd,fi with n (load level) values equal to 0.3, 0.4, 

0.5, 0.6, and 0.7 and Nb,y,Rd,fi and Nb,z,Rd,fi capcities obtained from the proposed flexural buckling 

curves in [34]. Hence, a range of axial load to bending moment ratios were considered. The load-

deformation response was obtained by using a modified Riks analysis method in Abaqus.  
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4.3.2 Calibration of interaction factor formulae 

Numerically derived interaction factors, ky and kz, were obtained by rearranging Eqs (9) and (10), 

as presented by Eqs (16) and (17), respectively where Nfi,Ed, My,fi,Ed and Mz,fi,Ed were set to the 

F.E. obtained values, Nb,y,Rd,fi and Nb,z,Rd,fi were set to the elevated temperature flexural buckling 

resistances obtained from the proposed method in [34] and Mc,y,Rd,fi and Mc,z,Rd,fi are the elevated 

temperature cross-section resistances determined according to EN 1993-1-2 [9] design provisions. 

All partial factors of safety were set to unity. 

k𝑦 = (1 −
Nfi,Ed

Nb,y,Rd,fi
) (

My,fi,Ed

Mc,y,Rd,fi
)⁄  (16) 

k𝑧 = (1 −
Nfi,Ed

Nb,z,Rd,fi
) (

Mz,fi,Ed

Mc,z,Rd,fi
)⁄  (17) 

Examples of the derived interaction factors for RHS and CHS austenitic, duplex and ferritic beam-

column members subjected to 200 °C temperature and with load level n = 0.2 are presented in 

Figure 8. Figure 8 demonstrates the relationship between the derived interaction factors k and the 

non-dimensional slenderness λ̅θ. It can be observed that the relationship between the non-

dimensional member slenderness λ̅θ and interaction factors k has a steep slope in the low member 

slenderness range but a relatively steady slope in the high member slenderness range.  

A bi-linear equation can therefore be employed for the k parameter in the beam-column design 

equations. Eq. (18) presents the expression adopted by Greiner and Linder [37] and Boissonnade 

et al. [38] for carbon steel beam-column members and, more recently, for stainless steel tubular 

members at room temperature by Zhao et al. [39]. The coefficients D1 and D2 describe the linear 

part of the relationship between the member slenderness λ̅θ and the interaction factor k over the 

low slenderness range i.e. when λ̅θ falls below the limiting value D3. At λ̅θ values beyond D3, the 

interaction factor k remains constant equal to 1+D1(D3-D2)n. For each load level, a regression fit 

of Eq. (18) through the corresponding numerical dataset, over a member slenderness range of 0.2 

and 1.2, was made to determine the values of the D1 and D2 coefficients. The D1 and D2 values 

were then averaged for all the load levels (i.e. 0.2 ≤ n ≤ 0.7) for each specified temperature θ. 

Then, the values of D3 were calculated based on the fit of Eq. (13) to the upper bound of the 

assembled numerical dataset for low axial compressive load level (i.e. n  ≤ 0.4). Table 6 reports 

the values of D1, D2 and D3 for each of the material grades and temperatures considered. A set of 

D1, D2 and D3 values for all temperatures in the range of 200-800°C, based on the average of the 

temperature specific values, is also proposed in Table 6. Figure 9 presents the F.E. derived and 



13 

the proposed interaction factors for the RHS 150×100×14 (major axis), RHS 150×100×14 (minor 

axis) and for CHS 100×8 beam-columns at 200 °C. In Figure 9, there is a large difference between 

the proposed combined loading interaction factors and the F.E. derived values at high slenderness 

and at high load levels. This difference was also observed in similar previous derivation of beam-

column interaction factors [39]. However, since for beam-column members with high slenderness 

and high axial load levels the response is governed by flexural buckling, the contribution of the 

bending resistance term is relatively small, and the effect of this error on the overall predicted 

resistance are negligible.  

k = 1 + D1(λ̅θ − D2)n, but k ≤ 1 + D1(D3 − D2)n  (18) 

5. Comparison of predicted resistances with proposed and codified methods 

5.1 FE parametric data 

The accuracy and the reliability of the proposed design approach was assessed through a 

comparison against a large number of F.E. results, which were generated through parametric 

study. In the parametric study, beam-column performance data for RHS and CHS stainless steel 

members were generated. For the modelled RHS, the outer depth and width of the cross-section 

were set equal to 200 mm and 100 mm, respectively, giving to a cross-section aspect ratio of 2.0. 

For the CHS, the outer diameter was set 100 mm. The cross-section thicknesses, 15 mm and 6 

mm for RHS and 6 mm and 1.5 mm for CHS, were selected to ensure fully effective and slender 

cross-sections. The cross-section slenderness for the austenitic, duplex and ferritic models were  

λ̅p = 0.42, 0.44, 0.37 (fully effective) and λ̅p = 1.01, 1.07, 0.90 (slender) for RHS and λ̅c = 0.20, 

0.22, 0.19 (fully effective) and λ̅c = 0.41, 0.44, 0.38 (slender) for CHS, respectively. The lengths 

of the beam-column members were varied to cover a wide spectrum of member slendernesses 

between 0.2 and 2.0. The axial compressive load was applied concentrically and ranged from load 

levels of n = 0 to 1, increasing in steps of 0.1, followed by applying a moment concentrically. 

This allowed a broad range of axial load to bending moment ratios to be considered. In total, 3180 

parametric study results were generated, including 1980 for the RHS (major and minor axes) and 

1260 for CHS.  

5.2 Analysis of results and reliability analysis 

The numerical results generated were compared with the strength predictions from the European 

EN 1993-1-2 [9] and the proposed approaches. The predicted failure load Nu,pred,θ was determined 

assuming proportional loading, as defined in Figure 10 and also adopted in [39], where the axial 

load ratio Nθ/N.R.,θ is plotted against the bending moment ratio Mθ/M.R.,θ. In Figures 10, Nθ and Mθ 
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are the F.E. (Nu, F.E.,θ and Mu, F.E.,θ) or predicted (Nu,pred,θ and Mu,pred,θ) axial compressive load and 

bending moment capacities of the beam-column members under consideration, while N.R.,θ  and 

M.R.,θ are their corresponding flexural buckling load, under pure axial load, and bending moment, 

under pure bending moment, resistances, respectively at elevated temperature. A Nu, F.E.,θ/NR,θ ratio 

of value greater than unity indicates that the F.E. data point lies on the safe side of the design 

interaction curve. Figures 11 and 12 show the comparison results for the EN 1993-1-2 [9] design 

rules and the proposed design method, respectively, where the F.E. to predicted failure load ratio 

Nu, F.E.,θ/Nu,pred,θ is plotted against the angle parameter φ for RHS and CHS members. The angle 

parameter φ was determined as defined by Eq. (19) and shown in Figure 10, where φ = 0° and φ 

= 90° correspond to pure bending and pure compression cases, respectively. The measured 

geometric and material properties were used in all the comparisons and all partial safety factors 

have been set equal to unity. Table 7 reports the mean and COV values for the FE-to-predicted 

failure load ratios for the austenitic, duplex and ferritic stainless steel beam-columns. For each 

stainless steel grade, comparisons are made between the EN 1993-1-2 [9] and the proposed 

methods and the F.E. beam-column resistances. The comparisons shown in Figure 11 and Table 

8 show that the current EN 1993-1-2 [9] method gives inaccurate and scattered strength 

predictions. In comparison, it is shown in Figure 12 and Table 8 that significantly higher degrees 

of accuracy and consistency are obtained from the proposed design approach for stainless steel 

tubular beam-column members for all the considered loading combinations. Figure 13 provides a 

comparison between EN 1993-1-2 Nu,pred,θ and proposed Nu,pred,θ for austenitic, duplex, and ferritic 

stainless steel beam-columns.  

φ = tan−1 [
Nu,F.E.,θ/NR,θ

Mu,F.E.,θ/MR,θ
] (19) 

 

The reliability of the proposed design approach was assessed through statistical analyses and 

results were compared with those for the EN 1993-1-2 design rules. The reliability assessment 

procedures outlined by Kruppa et al. [40] for the verification of fire design rules were employed 

herein. The reliability criteria involves three requirements, which include: 

• Criteria (1) - the percentage amount of the predicted resistances on the unsafe side by more 

than 15% of the actual resistances to be zero 

• Criteria (2) - the percentage of the predicted resistance on the unsafe side to be less than 

20% 
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• Criteria (3) - the mean percentage difference between the predicted and actual resistances 

be on the safe side and less than zero.  

A summary of the safety assessment results is presented in Table 8. It is shown that the proposed 

design method meets all the reliability criteria. In contrast, EN 1993-1-2 fails to comply with the 

reliability criteria for all considered cases, except for the CHS ferritic stainless steel beam-column 

members. 

6. Conclusion  

This paper provides a thorough analysis of the elevated temperature response of stainless steel 

rectangular and circular hollow sections beam-column members through a numerical modelling 

investigation. Numerical models of stainless steel beam-columns were developed and validated 

against a selection of room and elevated temperature beam-columns tests reported in the literature. 

The validated models were subsequently used to perform parametric studies and to generate a 

pool of structural performance data. The numerical data were adopted to evaluate the level of 

accuracy of the existing structural fire design provision in EN 1993-1-2. The findings indicated 

that the current European fire design provisions led to inaccurate design strength predictions, 

giving unsafe results with a high degree of scatter, in all cases considered, apart from for the CHS 

ferritic stainless steel members. New design recommendations were therefore proposed and 

statistically verified. This included proposing a new elevated temperature flexural buckling 

formulation for SHS, RHS and CHS stainless steel columns to obtain accurate predictions of the 

pure compression capacity and also new combined loading interaction factors for the combined 

axial load and bending moment interaction equations. The proposed modifications were shown to 

offer significantly more accurate and consistent capacity predictions. 
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Figures  

 
(a) 

 
(b) 

 
(c) 

Figure 1: Influence of elevated temperature on the material properties of stainless steel and 

carbon steel in terms of reduction factors for (a) Youngs modulus, (b) 0.2% proof strength and 

(c) strength at 2% total strain (data are from [11] for stainless steel and [9] for carbon steel). 
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Figure 2: Boundary conditions for numerical model for buckling about major axis. 

 

 

Figure 3: Comparison of test temperature development for SHS with eccentricity of 13.2mm and 

23.8mm  [13] 
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(a) SHS 60×60×3, ey = 10 mm. (b) CHS 60.5×2.8, ey = 15 mm. 

  

(c) CHS 60.5×2.8, ey = 40 mm. (d) CHS 76.3×3, ey = 20 mm. 

 

(e) CHS 76.3×3, ey = 95 mm. 

Figure 4: Test and FE load vs mid-height lateral deflection curves for the room temperature 

beam-column members. 
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Figure 5: Test and FE axial displacement vs time for anisothermal beam-column member SHS 

120×120×4 – ey = 13.2 mm. 

 

  

(a) ez = 10 mm, θ = 400oC (b) ez = 50 mm, θ = 400oC 

  

(c) ez = 10 mm, θ = 550oC (d) ez = 50 mm, θ = 550oC 

Figure 6: Test and FE load vs axial displacement curves for isothermal beam-column members. 
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(a) SHS 60×60×3  

ez = 10 mm [25] 

(b) SHS 120×120×4 

ey = 13.2 mm [13] 

(c) RHS 120×60×3.6  

ez = 50mm, θ = 400oC [27] 

Figure 7: Comparison of typical test and FE failure modes. 

 

  
(a) RHS, austenitic. (b) RHS, duplex. 

  
(c) RHS, ferritic. (d) CHS, Austenitic, duplex and ferritic 

Figure 8: Examples of numerically derived k factors for RHS and CHS beam-columns. 
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(a) RHS, austenitic, major axis. (b) RHS, duplex, major axis. 

  
(c) RHS, ferritic, major axis. (d) RHS, austenitic, minor axis. 

  
(e) RHS, duplex, minor axis. (f) RHS, ferritic, major axis. 
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(g) CHS, austenitic. (h) CHS, duplex. 

 
(i) CHS, ferritic. 

Figure 9: Comparison between FE and proposed k factors for RHS and CHS members at θ = 

200°C. 

 

 

Figure 10: Axial load and moment interaction diagram and definition of symbols. 
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(a) RHS, austenitic.  (b) RHS, duplex.  

  

(c) RHS, ferritic. (d) CHS, austenitic.  

 
 

(e) CHS, duplex.  (f) CHS, ferritic. 
 

Figure 11: Comparison of FE results Nu,FE,θ  with EN 1993-1-2 [9] predicted resistances Nu,pred,θ 

for RHS and CHS beam-column members. 
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(a) RHS, austenitic.  (b) RHS, duplex. 

  

(c) RHS, ferritic.  (d) CHS, austenitic.  

  
(e) CHS, duplex.  (f) CHS, ferritic.  

Figure 12: Comparison of FE results Nu,FE,θ  with the proposed method predicted resistances 

Nu,pred,θ for RHS and CHS beam-column members at θ 
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(a) RHS Austenitic (b) RHS Duplex 

 
 

(c) RHS Ferritic (a) CHS Austenitic 

  

(b) CHS Duplex (c) CHS Ferritic 

Figure 13:  Comparison between the EN 1993-1-2 Nu,pred,θ, and the proposed Nu,pred,θ  for 

austenitic, duplex and ferric stainless steel beam-columns 
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Tables 

Table 1: Room temperature stainless steel beam-column tests [25-26] 

Specimen  Grade 
Boundary 

conditions 
𝜆̅ 

ey 

(mm) 

ez 

(mm) 
L (mm) 

Nu,test 

(kN) 

δu,test 

(mm) 

Nu,FE 

(kN) 

δu,FE 

(mm) 

Nu,test/

Nu,FE 

δu,test/

δu,FE 

SHS 60×60×3 [27] 

Ferritic  

EN 1.4003 
Pinned 

0.54 10 0 774.8 199.6 7.2 203.1 7.1 0.98 1.01 

0.54 30 0 774.8 124.1 11.2 126.3 12.2 0.98 0.92 

0.54 40 0 774.8 104.7 12.0 106.7 11.8 0.98 1.02 

0.54 80 0 774.8 65.0 16.4 66.6 16.0 0.98 1.03 

0.54 125 0 774.8 46.4 18.3 47.7 18.3 0.97 1.00 

RHS 100×40×2 [27] 

0.56 0 2 674.8 153.2 2.7 152.3 2.9 1.01 0.95 

0.56 0 10 674.8 106.9 4.2 106.4 4.3 1.00 0.96 

0.56 0 30 674.8 62.7 5.9 63.7 6.6 0.98 0.90 

0.56 0 45 674.8 46.3 6.1 45.6 6.7 1.02 0.91 

0.56 0 75 674.8 32.0 7.4 33.9 7.9 0.94 0.94 

CHS 60.5×2.8 [28]  

Austenitic 

EN 1.4301 
Pinned 

1.10 5 0 1450 66.3 18.9 69.0 18.3 0.96 1.03 

1.10 15 0 1450 53.8 25.7 53.7 25.8 1.00 0.99 

1.10 25 0 1450 43.1 29.0 43.9 28.4 0.98 1.02 

1.10 40 0 1450 35.0 34.9 35.9 33.8 0.97 1.03 

1.10 85 0 1450 23.0 43.1 22.7 45.1 1.01 0.95 

CHS 76.3×3 [28] 

0.78 10 0 1450 94.7 16.4 99.0 16.1 0.96 1.02 

0.78 20 0 1450 79.4 19.6 81.3 19.8 0.98 0.99 

0.78 30 0 1450 66.9 22.9 69.3 23.5 0.97 0.97 

0.78 50 0 1450 50.8 26.6 52.8 25.9 0.96 1.03 

0.78 95 0 1450 34.3 38.7 34.4 36.0 1.00 1.07 
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Table 2: Elevated temperature stainless steel beam-colmn tests [13]. 

Specimen  Grade 
Boundary 

conditions 
𝜆̅ 

L  

(mm) 

ey  

(mm) 

N  

(kN) 

θtest  

(oC) 

θFE  

(oC) 

θFE  

/θtest 

SHS 120×120×4 [14] 
Austenitic 

EN 1.4301 
Pinned 

1.05 3300 13.2 160 700.8 704.2 1.01 

1.05 3300 23.8 140 665.0 676.8 1.02 

 

Table 3: Elevated temperature carbon steel beam-column tests [27]. 

Specimen  Grade 
Boundary 

conditions 
𝜆̅ L (mm) 

θ ez Nu,test 

(kN) 

δu,test 

(mm) 

Nu,FE 

(kN) 

δu,FE 

(mm) 
Nu,test/Nu,FE δu,test/δu,FE 

(oC) (mm)  

RHS 

120×60×3.6 

[29] 

Carbon 

steel 

S355 

Pinned 

0.51 1840 400 0 242 3.36 207 3.02 1.17 1.11 

0.51 1840 400 10 139 3.17 140 3.09 0.99 1.03 

0.51 1840 400 50 73 8.91 75 8.31 0.97 1.07 

0.51 1840 550 0 186 3.62 195 3.94 0.95 0.92 

0.51 1840 550 10 111 2.31 102 2.65 1.09 0.87 

0.51 1840 550 50 49 7.12 54 6.84 0.91 1.04 

0.51 1840 700 0 71 7.54 68 6.58 1.04 1.15 

 

Table 4: Proposed β and η parameters for cold-formed SHS, RHS and CHS columns. 

 SHS/RHS CHS 

Austenitic Duplex Ferritic Austenitic Duplex Ferritic 

β 0.8 0.8 1.0 0.7 0.8 1.0 

η 1.5 1.1 0.6 1.3 1.2 0.5 
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Table 5: Summary of the parametric study variables for derivation of combined loading 

interaction factors. 

Section Grade Cross-section h/b Buckling axis Temperatures (oC) λ̅θ 

RHS 

Austenitic RHS 150×100×14 1.5 Major/Minor 

200 °C, 400 °C, 

600 °C and 800 °C 
0.2-3.0 

Duplex RHS 150×100×14 1.5 Major/Minor 

Ferritic RHS 150×100×14 1.5 Major/Minor 

CHS 

Austenitic CHS 100×8 - - 

Duplex CHS 100×8 - - 

Ferritic CHS 100×8 - - 

 

Table 6: Proposed interaction factors for different cross-sections, material grades and elevated 

temperatures. 

Section Material ky or kz 
  Temperature (⁰C) 

  200 400 600 800 200-800 

RHS 

Austenitic 

kz 

D1 1.9 2.3 2.4 2.6 2.3 

D2 0.5 0.5 0.4 0.3 0.4 

D3 1.6 1.6 1.6 1.5 1.6 

 

ky 

 

D1 1.7 2.0 2.2 2.6 2.1 

D2 0.6 0.6 0.5 0.4 0.5 

D3 1.6 1.6 1.6 1.5 1.6 

Duplex 

kz 

D1 1.8 2.1 2.3 2.4 2.2 

D2 0.5 0.5 0.4 0.2 0.4 

D3 1.6 1.6 1.6 1.6 1.6 

 

ky 

 

D1 1.8 2.1 2.2 2.4 2.1 

D2 0.7 0.6 0.6 0.4 0.6 

D3 1.6 1.5 1.5 1.5 1.5 

Ferritic 

kz 

D1 1.5 1.4 1.3 1.7 1.5 

D2 0.5 0.5 0.5 0.2 0.4 

D3 1.4 1.4 1.5 1.4 1.4 

 

ky 

 

D1 1.3 1.3 1.2 2.0 1.5 

D2 0.6 0.7 0.7 0.3 0.6 

D3 1.5 1.5 1.5 1.5 1.5 

CHS 

Austenitic ky or kz 

D1 2.3 2.7 2.9 2.5 2.6 

D2 0.5 0.4 0.4 0.3 0.4 

D3 1.6 1.5 1.5 1.6 1.6 

Duplex  ky or kz 

D1 1.7 1.9 2.1 2.2 2.0 

D2 0.6 0.6 0.5 0.3 0.5 

D3 1.6 1.6 1.5 1.5 1.6 

Ferritic ky or kz  

D1 1.5 1.5 1.1 1.2 1.3 

D2 0.4 0.4 0.6 0.5 0.5 

D3 1.4 1.4 1.5 1.5 1.5 
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Table 7: Comparison of stainless steel RHS and CHS beam-column FE results with predicted 

resistances. 

Section Material 
Buckling 

axis 

Mean/ 

COV 

Nu,θ/Nu,pred,θ 

EN 1993-1-2 Proposed 

RHS 

Austenitic 

Major 
Mean 1.14 1.11 

COV 0.09 0.06 

Minor 
Mean 1.09 1.08 

COV 0.08 0.06 

Duplex 

Major 
Mean 1.22 1.11 

COV 0.09 0.06 

Minor 
Mean 1.10 1.06 

COV 0.08 0.05 

Ferritic 

Major 
Mean 1.33 1.15 

COV 0.10 0.05 

Minor 
Mean 1.31 1.05 

COV 0.10 0.04 

CHS 

Austenitic - 
Mean 1.09 1.08 

COV 0.07 0.06 

Duplex - 
Mean 1.15 1.11 

COV 0.10 0.08 

Ferritic - 
Mean 1.21 1.04 

COV 0.11 0.04 

 

Table 8: Summary of reliability assessment results. 

Section Material Criterion EN 1993-1-2 [9] Proposed method 

RHS 

Austenitic 

Criterion 1 1.82% Fail 0.00% Pass 

Criterion 2 18.25% Fail 11.27% Pass 

Criterion 3 -8.97% Pass -8.67% Pass 

Duplex 

Criterion 1 1.59% Fail 0.00% Pass 

Criterion 2 17.47% Pass 8.09% Pass 

Criterion 3 -9.89% Pass -7.20% Pass 

Ferritic 

Criterion 1 1.82% Fail 0.00% Pass 

Criterion 2 11.47% Fail 10.07% Pass 

Criterion 3 -18.12% Pass -8.34% Pass 

CHS 

Austenitic 

Criterion 1 1.36% Fail 0.00% Pass 

Criterion 2 19.48% Pass 7.95% Pass 

Criterion 3 -8.32% Pass -8.00% Pass 

Duplex 

Criterion 1 1.59% Fail 0.00% Pass 

Criterion 2 14.59% Pass 9.93% Pass 

Criterion 3 -13.87% Pass -9.69% Pass 

Ferritic 

Criterion 1 0.00% Pass 0.00% Pass 

Criterion 2 4.77% Pass 11.25% Pass 

Criterion 3 -17.45% Pass -4.24% Pass 

 


