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A B S T R A C T   

This paper investigates the stability and design of stainless steel circular, elliptical, square and rectangular hollow 
section (CHS, EHS, SHS and RHS) columns at elevated temperatures. Nonlinear shell finite element models are 
employed to conduct comprehensive parametric studies whereby extensive benchmark structural performance 
data on the behaviour and resistance of stainless steel hollow section columns at elevated temperatures is 
generated. In total, 26,760 cold-formed and hot-rolled austenitic, duplex and ferritic stainless steel CHS, EHS, 
SHS and RHS columns at elevated temperatures are taken into account, considering various member slender
nesses, cross-section geometries, cross-section slendernesses and elevated temperature levels. New flexural 
buckling design rules are put forward for stainless steel hollow section columns in fire, which consistently 
considers the elevated temperature strength at 2% total strain f2,θ as the reference material strength for all cross- 
sections classes. The accuracy, safety and reliability of the proposed new design rules are assessed for a wide 
range of cases. Comparisons are also made against the results obtained through the column fire design rules of 
the European structural steel fire design standard EN 1993-1-2 [1]. It is demonstrated that the proposed new 
design rules furnish more accurate, safe-sided and reliable flexural buckling resistance predictions for stainless 
steel hollow section columns at elevated temperatures relative to the column fire design provisions of EN 1993-1- 
2 [1].   

1. Introduction 

The use of stainless steel in the construction industry has been 
increasing as a result of its well-known advantages such as its excellent 
corrosion resistance, high durability and low maintenance re
quirements. Owing to its varied chemical composition, stainless steel 
exhibits different mechanical and thermal properties at elevated tem
peratures relative to carbon steel, resulting in superior strength and 
stiffness retention in fire [2]. However, in the current version of the 
European structural steel fire design standard EN 1993-1-2 [1], the 
design rules for stainless steel structural elements are largely based upon 
those originally developed for carbon steel elements, leading to an 
inconsistent design treatment of the actual behaviour of stainless steel 
structures in fire [3]. For the purpose of addressing this issue, a number 
of research studies have recently been carried out, aiming to specifically 
investigate the behaviour and design of stainless steel structures at 
elevated temperatures. 

Ng and Gardner [4] investigated the structural behaviour of stainless 
steel columns and beams in fire through numerical analysis and 

recommended modifications to EN 1993-1-2 [1] design rules. In [4], it is 
recommended that the cross-section and member resistances of stainless 
steel columns in fire can be determined using the elevated temperature 
material strength at 2% total strain f2,θ for Class 1 and 2 cross-sections 
and the elevated temperature 0.2% proof strength fp0.2,θ for Class 3 
and 4 cross-sections. In [5,6], numerical parametric studies were per
formed on austenitic, duplex and ferritic stainless steel circular hollow 
section (CHS) and elliptical hollow section (EHS) columns at elevated 
temperatures, where it was observed that the ultimate resistances pre
dicted using EN 1993-1-2 [1] are either overly-conservative or quite 
unsafe for some cases. Assessment of the fire design methods proposed in 
[1,7,8] was carried out in [5,6]; however, no modification of the design 
methods put forward in [1,7,8] to increase their accuracy was recom
mended. Fan et al. [9] conducted fire experiments on eight austenitic 
stainless steel square hollow section (SHS) columns and beam-columns 
and also performed a numerical study on stainless steel SHS columns 
at elevated temperatures [10], concluding that EN 1993-1-2 [1] pro
vides conservative results. Calibrated against experimental and numer
ical data, new buckling curves for stainless steel SHS columns in fire 
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were put forward in [10], which adopted f2,θ as the reference material 
strength for Class 1–3 (non-slender) cross-sections and fp0.2,θ for Class 4 
(slender) cross-sections. Lopes et al. [7] performed numerical studies on 
welded stainless steel I-section columns in fire. Observing the inaccuracy 
of the column fire design rules of EN 1993-1-2 [1], Lopes et al. [7] 
proposed a modification to the existing column fire design rules pro
vided in EN 1993-1-2 [1], which also adopted f2,θ as the reference ma
terial strength for Class 1–3 cross-sections and fp0.2,θ for Class 4 cross- 
sections. The design method of [7] which was originally developed for 
I-section columns was extended in [11] to also cover the design of cold- 
formed stainless steel hollow section columns, but only considering non- 
slender cross-sections. 

The adoption of f2,θ for the fire design of Class 1, 2 and 3 sections and 
fp0.2,θ for Class 4 sections results in artificial steps in the resistance 
predictions between Class 3 and Class 4 cross-sections. Additionally, 
Couto et al. [12] observed that this adoption leads to conservative 
resistance predictions for Class 4 cross-sections, particularly for cross- 
sections with both slender and non-slender plate elements. To elimi
nate these shortcomings, Couto et al. [12] recommended the consistent 
use of f2,θ as the reference material strength for all cross-section classes 
in the determination of the ultimate resistances of steel cross-sections in 
fire. In line with [12], Kucukler et al. [8] performed parametric studies 
on welded stainless steel I-section columns at elevated temperatures and 
proposed a new design method which consistently considers f2,θ as the 
reference strength for the fire design of stainless steel columns regardless 
of their cross-section class; it is demonstrated that the new design 
method of [8] provides more accurate resistance predictions relative to 
EN 1993-1-2 [1]. The fire design method of [8] is due to be included in 
the upcoming version of EN 1993-1-2 [1] which is currently referred to 
as prEN 1993-1-2 [13]. However, the fire design method of [8] was 
originally developed considering the structural response of welded 
stainless steel I-section columns at elevated temperatures only and may 
not be suitable for stainless steel hollow section columns at elevated 
temperatures [6,14]. 

With the aim of both understanding and accurately estimating the 
structural response of stainless steel hollow sections at elevated tem
peratures, this paper presents a comprehensive research study on the 
flexural buckling behaviour and design of stainless steel hollow section 
columns at elevated temperatures, taking into consideration traditional 
stainless steel hollow sections, such as CHS, SHS and rectangular hollow 
section (RHS) columns in fire. Recently, elliptical hollow sections (EHS) 
have attracted considerable attention from designers and researchers 
since they exhibit high structural efficiency due to the different flexural 
stiffnesses in two principal axes but still retain the aesthetic appearance 
of hollow sections [15–17]. Thus, stainless steel EHS columns are also 
taken into consideration in this study. Since different manufacturing 
processes (cold-formed and hot-rolled) may exhibit different material 
responses and result in different structural behaviour [18–20], both 
cold-formed and hot-rolled stainless steel cross-sections are considered 
in this study. Although hot-rolled structural stainless steel hollow sec
tions are less common relative to cold-formed stainless steel hollow 
sections, such sections have been introduced to the industry [21,22]; 

thus, for the sake of completeness and taking into account their possible 
use in future, hot-rolled stainless steel hollow sections are also consid
ered in this study. Comprehensive numerical parametric studies are 
performed on stainless steel hollow section columns by means of 
nonlinear shell finite element (FE) modelling, taking into account 
austenitic, duplex and ferritic stainless steel grades, various member 
slendernesses, cross-section geometries, cross-section slendernesses and 
different elevated temperature levels. In total, the structural response of 
26,760 stainless steel hollow section columns in fire was considered. 
Calibrated against the benchmark shell FE results, new flexural buckling 
curves for the design of stainless steel hollow section columns at 
elevated temperatures are proposed. The accuracy and reliability of the 
proposed new design rules are assessed against the benchmark FE results 
as well as the resistance estimations from the existing fire design pro
visions of EN 1993-1-2 [1]. The higher accuracy and consistency of the 
proposed design rules relative to the design provisions of EN 1993-1-2 
[1] are demonstrated. 

2. Finite element modelling 

In this study, shell elements in Abaqus [23] are utilised to simulate 
the flexural buckling behaviour of stainless steel hollow section columns 
at elevated temperatures. Geometrically and Materially Nonlinear An
alyses with Imperfections (GMNIA) are performed through nonlinear 
shell FE models to generate benchmark structural performance data, 
whereby a new fire design method for stainless steel hollow section 
columns is calibrated and established. In this section, the development 
of the shell FE models is described. After their validation against 
experimental results from the literature, the developed shell FE models 
are used to perform extensive numerical parametric studies. 

2.1. Development of finite element models 

2.1.1. Modelling approach 
The FE analysis software Abaqus [23] was employed to perform 

numerical simulations. The general-purpose four-noded shell finite 
element with reduced integration S4R was utilised in the FE modelling, 
which has been successfully employed in previous studies for similar 
applications [24,25]. Employing suitable boundary conditions for CHS/ 
EHS and SHS/RHS columns, (i) a symmetry plane was exploited at the 
midspan and (ii) another symmetry plane was also exploited along the 
two longitudinal edges through the member length, thereby producing 
computationally efficient quarter models as shown in Fig. 1. The 
generated quarter FE models have been verified against the results ob
tained from the counterpart full FE models. The displacements and ro
tations at the end sections were linked to a reference node through 
kinematic coupling. Pin-ended boundary conditions about the buckling 
axis were established at the reference node by releasing the rotation 
about the buckling axis (i.e. uy = uz = rx = rz = 0, but ry ∕= 0). The 
concentric axial force NEd was also applied to this reference node. 

For CHS and EHS columns, a fine mesh with shell element size of 0.1 
̅̅̅̅̅̅̅
Det

√
was adopted, where t is the cross-section thickness and De is the 

Fig. 1. Details of finite element models developed in this study.  
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equivalent diameter. De is equal to the outer diameter D for CHS and 
equal to D[1 + (1 – 2.3(t/D)0.6)(D/B − 1)] for EHS [26,27], where D and 
B are the larger and smaller outer diameters, respectively. For the pur
pose of achieving computational efficiency in the numerical simulations, 
this fine mesh was only applied within the midspan region along the 
member length whose length was taken six times of the elastic local 
buckling half-wavelength of the cross-section in accordance with [28]. 
For this region, the element size was chosen such that the element aspect 
ratios were approximately equal to unity, while for the remainder of the 
modelled columns, a coarser mesh with the element size of 0.5 

̅̅̅̅̅̅̅
Det

√
was 

used in line with the approach adopted in [28]. This meshing strategy 
has been shown to be sufficiently refined to provide accurate estimations 
of the local buckling behaviour of CHS and EHS members [28,29]. For 
SHS and RHS elements, to avoid corner crackling during the cold-rolling 
procedure, cold-formed SHS/RHS generally have larger radii than hot- 
rolled SHS/RHS [30,31]. In this study, the external corner radii r pro
vided in EN 10219-2 [32] and EN 10210-2 [33] were adopted. Thus, the 
external corner radii r were taken as 2t for cold-formed SHS/RHS and 
1.5 t for hot-rolled SHS/RHS, where t is the cross-section thickness. To 
accurately capture the elastic–plastic member behaviour, a fine mesh 
with shell element size equal to the cross-section thickness t was 
employed within the flat regions of SHS/RHS columns, while four ele
ments were employed in the corner regions in line with [34]. Adopting a 
similar approach to that used in the shell FE models of the CHS/EHS 
columns, the fine mesh was only applied to the midspan region whose 
length was taken equal to four times of the overall cross-section height H 
in accordance with [35]. In the midspan region, the element size along 
the member length was selected such that the aspect ratios of the 

elements were approximately equal to unity; while for the remainder of 
the modelled SHS/RHS columns, a coarser mesh with the element size 
equal to two times of that of the fine mesh was employed in accordance 
with the procedure adopted in [35]. The Simpson integration method 
was employed and five integration points were used through the 
thickness of the shell elements [23]. In the FE simulations, the 
isothermal analysis technique was adopted in line with the previous 
research [36,37] where (i) the temperatures of stainless steel columns 
were first increased to prescribed levels θ and (ii) then, the axial 
compression was applied at the specified elevated temperature levels θ 
which remained constant during the load application. The modified Riks 
analysis [23] was adopted to capture the full load-deformation response 
of the modelled columns including the post-ultimate paths, whereby the 
highest values of the applied axial compression observed in the simu
lations were taken as the ultimate load carrying capacities of the 
stainless steel hollow section columns at elevated temperatures. 

2.1.2. Material modelling 
Both cold-formed and hot-rolled stainless steel hollow section col

umns were taken into consideration in this paper. For each stainless steel 
family, one typical grade was selected: 1.4301 austenitic (A), 1.4462 
duplex (D) and 1.4003 ferritic (F). In this study, the two-stage Ramberg- 
Osgood material model [38–40] was used to express the full stress–strain 
σ-ε response at temperature θ, as given by Eqs. (1)–(2) and illustrated in 
Fig. 2, where Eθ is the Young’s modulus at temperature θ, Ep0.2θ is the 
tangent modulus at the 0.2% proof stress fp0.2,θ as given by Eq. (3), εp0.2,θ 
is the total strain at fp0.2,θ equal to 0.002 + fp0.2,θ/Eθ, fu,θ and εu,θ are the 
ultimate strength and strain at temperature θ, and nθ and mθ are the 
strain hardening exponents, respectively. 

ε =
σ
Eθ

+ 0.002

(
σ

fp0.2,θ

)nθ

for σ ⩽ fp0.2,θ (1)  

ε = εp0.2,θ +
σ − fp0.2,θ

Ep0.2,θ
+

(

εu,θ − εp0.2,θ −
fu,θ − fp0.2,θ

Ep0.2,θ

)

(
σ − fp0.2,θ

fu,θ − fp0.2,θ

)mθ

for fp0.2,θ < σ ⩽ fu,θ

(2)  

Ep0.2,θ =
Eθ

1 + 0.002nθ
Eθ

fp0.2,θ

(3) 

The material properties at elevated temperatures (i.e. fp0.2,θ, f2,θ, fu,θ, 
εu,θ, Eθ) utilised in Eqs. (1)–(3) were determined by multiplying the 
material properties at room temperature, i.e. the yield (0.2% proof) 
stress fy, ultimate stress fu, ultimate strain εu and Young’s modulus E, by 
the corresponding strength (kp0.2,θ, k2,θ, ku,θ), ductility (kεu,θ) and stiff
ness (kE,θ) reduction factors provided in Steel Construction Institute 
(SCI) Design Manual for Structural Stainless Steel [41], which are based 
on the results from the elevated temperature material tests on stainless 

Fig. 2. Two-stage elevated temperature Ramberg-Osgood material model for 
stainless steel [38–40]. 

Table 1 
Overview of adopted standardised material parameters for the FE models [46].  

Type Grade Young’s modulus E (N/ 
mm2) 

Yield (0.2% 
proof) stress fy 

(N/mm2) 

Ultimate stress fu (N/ 
mm2) 

Ultimate strain 
εu 

Strain hardening 
exponent n 

Cold-formed stainless steel 
SHS/RHS (flat region) and 
CHS/EHS 

Austenitic (A) 200,000 460 700  0.20  7.1 
Duplex (D) 630 780  0.13  7.5 
Ferritic (F)  430 490  0.06  11.5 

Cold-formed stainless steel 
SHS/RHS (corner region) 

Austenitic (A) 200,000 640 830  0.20  6.4 
Duplex (D)  800 980  0.03  6.1 
Ferritic (F)  560 610  0.01  5.7 

Hot-rolled stainless steel Austenitic (A) 200,000 280 580  0.50  9.1 
Duplex (D) 530 770  0.30  9.3 
Ferritic (F) 320 480  0.16  17.2  
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steel grades reported in [42–45], thus fp0.2,θ = kp0.2,θfy, f2,θ = k2,θfy, fu,θ =

ku,θfu, εu,θ = kεu,θεu and Eθ = kE,θE. Note that the described material 
reduction factors adopted in this study will appear in prEN 1993-1-2 
[13] in conjunction with the two stage Ramberg-Osgood material 
model given by Eqs. (1)–(2) for the elevated temperature material 
modelling of stainless steel. Thus, the elevated temperature material 
modelling approach employed in this study is fully in accordance with 
prEN 1993-1-2 [13]. The standardised room temperature material 
properties recommended in [46] for cold-formed and hot-rolled stainless 
steel cross-sections, which were derived on the basis of the analysis of a 
comprehensive database of material tests for different stainless steel 
products, were employed in this study, as provided in Table 1. 

For cold-formed stainless steel CHS/EHS and all the considered hot- 
rolled stainless steel cross-sections, the material properties were uni
formly applied to the cross-sections. On the other hand, for cold-formed 
stainless steel SHS/RHS, due to the different extents of plastic de
formations within the cross-sections during production, further strength 
enhancements arise in the corner regions [47,48]. To consider these 
strength enhancements in the cold-formed stainless steel SHS/RHS col
umns, enhanced material properties were assigned to the corner regions 
plus extensions of 2t into the flat regions [48,49]. On the basis of the 
results from elevated temperature material tests, [50,51] concluded that 
the enhanced material strengths due to cold-working can be maintained 
at elevated temperatures (up to 700 ◦C). The use of the elevated tem
perature material reduction factors with the enhanced material 
strengths for cold-formed stainless steel cross-sections is also recom
mended in the upcoming version of the European structural steel fire 
design standard prEN 1993-1-2 [13]. Thus, in this study, in line with the 
recommendations in [13,41,44,51], the same elevated temperature 
reduction factors were utilised for cold-formed and hot-rolled stainless 
steel cross-sections at the considered temperature levels 300–700 ◦C, but 
with different room temperature material properties, which result in 
different elevated temperature material response. 

In line with the recommendations of [13,41], the values of the first 
strain hardening exponents nθ used to define the roundedness of the first 
stage of the elevated temperature material response were taken equal to 
their room temperature values n, which are provided in [46] and listed 
in Table 1. For the second strain hardening exponents mθ used to define 
the roundedness of the second stage of the elevated temperature mate
rial response, the values calculated using Eq. (4) [13] were employed, 
thereby ensuring that the second stage of the two-stage Ramberg- 
Osgood material model exactly passes through f2,θ at 2% total strain ε2,θ 
and fu,θ at the ultimate strain εu,θ. 

mθ =

ln

(
0.02− εp0.2,θ −

f2,θ − fp0.2,θ
Ep0.2,θ

εu,θ − εp0.2,θ −
fu,θ − fp0.2,θ

Ep0.2,θ

)

ln
(

f2,θ − fp0.2,θ
fu,θ − fp0.2,θ

) but 1.5 ⩽ mθ ⩽ 5 (4) 

In Quan and Kucukler [52], the stress–strain curves employed in this 
study were compared against the elevated temperature test results on 
grade 1.4301 austenitic, 1.4462 duplex and 1.4016 ferritic stainless steel 
coupons; the results demonstrated that the adopted material modelling 
is able to represent the elevated temperature material response of 
stainless steel coupons obtained from the elevated temperature material 
tests. 

2.1.3. Initial imperfections 
Global geometric imperfections were incorporated into the shell FE 

models by using global buckling modes from the Linear Buckling Ana
lyses (LBA) and scaling the modes by amplitudes equal to L/1000 where 
L is the member length. Local geometric imperfections were also 
incorporated into the shell FE models by scaling the lowest elastic local 
buckling modes obtained from the LBA. Note that in the application of 
the local imperfections to CHS/EHS columns, to effectively preclude the 
use of inappropriate elastic local buckling shapes with unrealistically 
short local buckling half-wavelengths, the LBA were performed on the 
FE models with a modified thickness of tmod = D/5 for CHS and tmod = B/ 
5 for EHS in line with the approach adopted in [28]. In accordance with 
the recommendations of Annex C of EN 1993-1-5 [53], the local 
imperfection amplitudes were taken as 80% of the geometric fabrication 
tolerances, which are provided in EN 10219-2 [32] for cold-formed steel 
hollow sections and EN 10210-2 [33] for hot-rolled steel hollow sec
tions. Thus, for CHS and EHS, the geometric fabrication tolerance value 
was taken as D/100 but between 0.5 mm and 10 mm. For SHS and RHS, 
the geometric fabrication tolerance value was taken as H/100 but no less 
than 0.5 mm. Fig. 3 presents the typical elastic local and global buckling 
modes of hollow section columns obtained from LBA. The global and 
local geometric imperfections were applied in the most unfavourable 
directions, i.e. the local imperfections at the mid-height were inward at 
the concave side of the globally imperfect shapes [54]. 

In hot-rolled stainless steel hollow sections, residual stresses are 
shown to be negligible [21]. In cold-formed stainless steel hollow sec
tions, membrane residual stresses are also deemed to be very small, 
while the effect from the dominant bending residual stresses is implicitly 
incorporated into measured stress–strain curves [55,56]. Thus, in this 
study, residual stresses were not incorporated into the shell FE models in 
line with the previous studies on the behaviour of steel and stainless 
steel structural members in fire [11,27,57,58]. 

2.2. Validation of numerical models 

The shell FE models developed in this study were validated against 
the results from physical tests on steel and stainless steel hollow section 
columns from the literature [9,59–62], including 37 room temperature 
tests and 15 anisothermal fire tests. The geometric properties, material 
properties, boundary conditions and loading conditions of the shell FE 

Fig. 3. Typical elastic buckling modes of hollow section columns from LBA.  
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models were consistent with those employed in the experiments. 
Currently, there are very few fire tests on steel or stainless steel CHS 

columns in the literature and the fire experiments on high-strength steel 
CHS columns performed by Tondini et al. [63] have been utilised to 
validate the shell FE modelling approach in Quan and Kucukler [64]; 
note that the same shell FE modelling approach used in [64] was 
adopted in this study and thus, the validation study provided in [64] also 
underpins the accuracy of the shell FE models used in this paper. 
Considering that the experimental results from Tondini et al. [63] were 
used for the validation of the shell FE modelling in another study, in this 

paper, the room temperature experiments on stainless steel CHS col
umns performed by [59] were adopted for the further validation of the 
shell FE modelling approach. As summarised in Table 2, 37 pin-ended 
austenitic, duplex and ferritic stainless steel CHS column tests were 
carried out in [59], considering 5 different CHS geometries. The mean, 
coefficient of variation (CoV), maximum and minimum values of the 
ratios of the ultimate member resistances obtained from the shell FE 
models Nu,FE to those observed in the experiments Nu,test (i.e. Nu,FE/Nu, 

test) for each section group are shown in Table 2. Fig. 4 presents the axial 
load versus midspan deflection paths obtained from the experiments and 
shell FE models for stainless steel CHS columns labelled as 106 × 3- 
1650-P, 106 × 3-3080-P, 88.9 × 2.6-950-P, 88.9 × 2.6-2650-P, 104 × 2- 
1650-P, 104 × 2-2650-P, 80 × 1.5-700-P and 80 × 1.5-1100-P from the 
tests in [59]. It can be seen from the Table 2 and Fig. 4 that the devel
oped shell FE models provide load-deformation curves and ultimate 
member resistances close to those observed in the physical tests, 
providing a further illustration of the accuracy of the adopted shell FE 
modelling approach in replicating the structural response of stainless 
steel CHS columns. 

Additionally, the developed shell FE models were also validated 
against the anisothermal fire tests performed on (i) 6 pin-ended steel 
EHS columns [60,61], (ii) 6 pin-ended austenitic stainless steel SHS 

Table 2 
Validation of shell FE models against test results of stainless steel CHS columns 
[59].  

Grade Section No. Nu,FE/Nu,test 

Mean CoV Max Min 

A CHS 106 × 3 9  0.92  0.039  0.98  0.86 
A CHS 104 × 2 8  0.98  0.099  1.09  0.85 
D CHS 88.9 × 2.6 9  1.04  0.062  1.13  0.95 
F CHS 80 × 1.5 6  1.03  0.041  1.11  0.97 
F CHS 101.6 × 1.5 5  1.07  0.070  1.19  1.00 

Total  37  1.00  0.087  1.19  0.85  

Fig. 4. Comparison of the axial load versus midspan deflection paths obtained from experiments and shell FE models for stainless steel CHS columns at room 
temperature [59]. 

Table 3 
Validation of shell FE models against results of anisothermal experiments for steel EHS and stainless steel SHS columns from literature [9,60–62].  

Reference Test Grade Section L N θtest θFE θFE/θtest 

mm kN ◦C ◦C 

Scullion et al. (2011) A1 S355 EHS 250 × 125 × 8 1800 800 389 426 1.10 
A2 EHS 250 × 125 × 8 1800 600 504 496 0.98 
A3 EHS 250 × 125 × 8 1800 400 586 563 0.96 
B1 EHS 200 × 100 × 8 1800 600 460 470 1.02 
B2 EHS 200 × 100 × 8 1800 450 519 524 1.01  
B3  EHS 200 × 100 × 8 1800 300 597 586 0.98 

Fan et al. (2016) Z1 A SHS 100 × 100 × 4 3300 85 >742 781 <1.05 
Z2 SHS 100 × 100 × 4 3300 120 720.8 721 1.00 
Z3 SHS 100 × 100 × 4 3300 152 642.4 615 0.96 
Z4 SHS 120 × 120 × 4 3300 132 793 786 0.99 
Z5 SHS 120 × 120 × 4 3300 184 723 734 1.02  
Z6  SHS 120 × 120 × 4 3300 236 593 620 1.05 

Tondini et al. (2013) C1 F SHS 80 × 80 × 3 3000 72 709 709 1.00 
C2 SHS 80 × 80 × 3 2500 78 708 702 0.99  
C3  SHS 120 × 100 × 3 2500 100 705 710 1.01 

Total        15 
Mean        1.01 
CoV        0.035 
Max        1.10 
Min        0.96  
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columns [9] and (iii) 3 pin-ended ferritic stainless steel SHS columns 
[62]. In the anisothermal tests, prescribed axial loads were applied to 
the specimens first and kept constant, and then the temperatures were 
increased until failure. The test number, material grade, section profile, 
member length L, the applied axial load N and comparisons between the 
numerical critical temperatures θFE and the experimental critical tem
peratures θtest, as well as the mean, CoV, maximum and minimum values 
of the ratios θFE/θtest are presented in Table 3. It can be seen from the 
table that the critical temperature predictions obtained from the 
developed shell FE models are generally close to those observed in the 
fire experiments. Fig. 5 presents comparisons between the axial defor
mation versus time or temperature paths obtained from the aniso
thermal fire experiments and those obtained from the shell FE models 
created herein for (i) the grade S355 steel EHS columns labelled as B1, 
B2 and B3 from the fire tests carried out in [60,61], (ii) the austenitic 
stainless steel SHS columns labelled as Z4, Z5 and Z6 from the fire tests 
in [9] and (iii) the ferritic stainless steel SHS columns labelled as C2 and 

C3 from the fire experiments performed in [62]. As can be seen from 
Fig. 5, the numerical curves generally agree well with the experimental 
curves. In Fig. 5 (a), the initial stiffnesses of the deformation-time curves 
obtained from the FE models are somewhat different than those 
observed in the experiments [60], which was also observed in [61] 
during the validation of the numerical models created in [61] against the 
experiments of [60]. In [61], the reason behind this was ascribed to the 
slackness and bedding within the test rig at the beginning of the heating 
process which led to the delays in the measurement of the axial de
formations in the experiments until the steel temperature was approxi
mately 100 ◦C. However, as can be seen from Fig. 5, there is a good 
correlation between the overall axial deformation versus time paths 
observed in the experiments and those obtained through the shell FE 
models herein, thus verifying the accuracy of the adopted FE modelling 
approach which has also been extensively validated in previous studies 
[52,64]. The validation studies carried out in this subsection indicate 
that the adopted FE modelling approach is able to accurately replicate 

Fig. 5. Comparison of the axial deformation versus time or temperature paths obtained from the anisothermal experiments and shell FE models for S355 steel EHS 
columns in [60,61], austenitic stainless steel SHS columns in [9] and ferritic stainless steel SHS columns in [62]. 

Table 4 
Summary of parametric studies on cold-formed and hot-rolled stainless steel CHS/EHS and SHS/RHS columns.  

Cross-section Material θ (◦C) Aspect ratio Cross-section slenderness Member slenderness 

CHS Cold-formed and hot-rolled 
A 
D 
F 

300 
400 
500 
600 
700 

D/B = 1 (D/t)(fy/235) = 20, 45, 110, 175, 240 L/D = 5 to 50 with Δ5 

EHS D/B = 1.5, 2, 2.5 (De/t)(fy/235) = 40, 60, 120, 180, 240 L/D = 5 to 50 with Δ5 (Major axis)      

L/B = 5 to 50 with Δ5 (Minor axis) 

SHS   H/B = 1 λ̄p,H = 0.25, 0.4, 1, 1.5, 2 L/H = 5 to 50 with Δ5 

RHS   H/B = 1.25, 1.67, 2  L/H = 5 to 50 with Δ5 (Major axis)    

L/B = 5 to 50 with Δ5 (Minor axis)  
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the behaviour of stainless steel CHS/EHS and SHS/RHS columns at 
elevated temperatures and can be used to generate benchmark data in 
further parametric studies, whereby the new flexural buckling design 
rules for stainless steel hollow section columns at elevated temperatures 
can be established. 

2.3. Parametric study 

Upon the validation of the employed shell FE modelling approach, 
parametric studies were conducted to generate benchmark structural 
performance data. Table 4 summaries the parameters taken into account 
in the numerical parametric studies on stainless steel CHS/EHS and 
SHS/RHS columns at elevated temperatures. Both cold-formed and hot- 
rolled austenitic, duplex and ferritic stainless steel were considered, 
covering major or minor axis flexural buckling cases. Isothermal ana
lyses were performed on stainless steel columns, taking into consider
ation 5 different elevated temperature levels θ equal to 300 ◦C, 400 ◦C, 
500 ◦C, 600 ◦C and 700 ◦C, corresponding to typical critical temperature 
levels in stainless steel structural elements [5], which was also in line 
with the elevated temperature ranges considered in previous similar 
studies [6,25]. 

The outer diameters D of CHS, the larger outer diameters D of EHS 
and the overall cross-section depths H of SHS and RHS were taken as a 
contant value equal to 100 mm in all the considered cases in the nu
merical parametric studies. The aspect ratios D/B of the studied EHS 
were taken as 1.5, 2 and 2.5; on the other hand, the aspect ratios H/B of 
the studied RHS were taken as 1.25, 1.67 and 2, where H and B are the 
cross-section depth and width, respectively. The cross-section thick
nesses t were varied to achieve a broad spectrum of cross-section slen
dernesses. For CHS, the cross-section thicknesses t were determined 
using the parameter (D/t)(fy/235) which were taken equal to 20, 45, 
110, 175 and 240. For EHS, the cross-section thicknesses t were deter
mined using a similar parameter (De/t)(fy/235) which were taken equal 
to 40, 60, 120, 180 and 240. The normalised material strength factor (fy/ 
235) was adopted in the variations of the thicknesses of CHS and EHS 
herein so as to take into account the influence of different material 
strengths on the cross-sectional behaviour in accordance with the use of 
(fy/235) in the cross-section classification rules of EN 1993-1-1 [65] and 
EN 1993-1-4 [66]. Note that a higher lower limit was adopted for (De/t) 
(fy/235) ratios in the EHS cases to avoid unrealistic thicknesses for high 
cross-section aspect ratios D/B. For SHS/RHS, the cross-section thick
nesses t were varied such that the plate slendernesses of the wider flat 
portions of the stainless steel SHS/RHS λ̄p,H were equal to 0.25, 0.4, 1, 
1.5 and 2. Of course, the influence from the material strengths is directly 
considered through the plate slendernesses λ̄p,H. 

For the CHS columns and EHS columns subjected to major axis 
buckling, the ratios of L/D were ranged between 5 and 50 with an 
increment of 5; on the other hand, for the EHS columns subjected to 
minor axis buckling, the ratios of L/B were ranged between 5 and 50 
with an increment of 5. Similarly, for the SHS columns and RHS columns 
subjected to major axis buckling, the ratios of L/H were ranged between 
5 and 50 with an increment of 5, while for the RHS columns subjected to 
minor axis buckling, the ratios of L/B were ranged between 5 and 50 
with an increment of 5. 

3. EN 1993-1-2 column fire design method 

In this section, the fire design rules of EN 1993-1-2 [1] for stainless 
steel columns are briefly introduced. According to EN 1993-1-2 [1], the 

influence of flexural buckling on the resistance of a stainless steel col
umn in fire is taken into account by the application of a buckling 
reduction factor to the cross-section compression resistance which is 
determined by considering the cross-section class and local buckling 
assessment rules. In Section 3.1, the cross-section classification system 
employed in EN 1993-1-2 [1] is described, while the calculation of the 
cross-section compression resistances based on the corresponding cross- 
section classes is introduced in Section 3.2. Following this, the appli
cation of the buckling reduction factors determined using a flexural 
buckling curve to the cross-section resistances is presented in Section 
3.3. The accuracy of the EN 1993-1-2 [1] fire design rules for stainless 
steel hollow section columns is assessed in Section 5. 

3.1. Cross-section classification 

For the classification of stainless steel cross-sections in fire, EN 1993- 
1-2 [1] directs the designers to the cross-section classification rules 
provided in the European room temperature structural stainless steel 
design standard EN 1993-1-4 [66] but recommends their use with a 
reduced elevated temperature material factor εθ, which is determined 
using the room temperature material factor ε, as given by Eq. (5). 

εθ = 0.85ε = 0.85

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
235
fy

E
210000

√

(5) 

According to EN 1993-1-2 [1] and EN 1993-1-4 [66], stainless steel 
cross-sections are classified into four classes at elevated temperatures. 
Table 5 summarises the limits for the classification of stainless steel 
CHS/EHS and SHS/RHS in fire according to EN 1993-1-2 [1] and EN 
1993-1-4 [66]. For CHS and EHS, the ratio of the equivalent diameter De 
(see Section 2.1.1) to the cross-section thickness t (i.e. De/t) is adopted to 
determine the cross-section class, while the width-to-thickness ratios of 
the internal plate elements are used in the cross-section classification of 
SHS and RHS. In the cross-section classification, the employed plate 
widths of the cross-section elements of SHS and RHS are taken as the 
widths of the flat regions excluding the rounded corners. Thus, for SHS/ 
RHS subjected to pure axial compression, the (H-2r)/t ratio is used for 
the determination of the cross-section class. 

In line with the Steel Construction Institute (SCI) Design Manual for 
Structural Stainless Steel [41], to account for the beneficial effects from 
the strength enhancements in the corner regions of cold-formed SHS and 
RHS, the average yield strength fy,ave can be adopted to determine their 
design cross-section resistances, as given by: 

fy,ave =
fy,cornerAcorner + fy,flat(A − Acorner)

A
(6)  

in which fy,corner and fy,flat are the yield strengths of corner regions and 
flat regions and Acorner is the total corner cross-sectional area including 
the extensions of 2 t into the flat regions. If the average yield strength fy, 

ave is adopted for the determination of the design elevated temperature 
cross-section resistance, the cross-section classification should also be 
carried out using the elevated temperature material factor εave,θ based 
on fy,ave as determined by Eq. (7) in line with the upcoming version of EN 
1993-1-4 [66]. 

εave,θ = 0.85εave = 0.85

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
235
fy,ave

E
210000

√

(7)  

Table 5 
Limits for the classification of stainless steel CHS/EHS and SHS/RHS at elevated temperatures according to EN 1993-1-2 [1] and EN 1993-1-4 [66].  

Cross-section Limit Class 1 Class 2 Class 3 

CHS/EHS Equivalent diameter-to-thickness ratio De/t 50εθ
2 70εθ

2 90εθ
2 

SHS/RHS Width-to-thickness ratio of flat regions (H-2r)/t 33εθ 35εθ 37εθ  
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3.2. Cross-section resistance 

According to EN 1993-1-2 [1], the design cross-section axial 
compression resistance Nfi,t,Rd for temperature θ at time t is determined 
by Eqs. (8) and (9), 

Nfi,t,Rd = Ak2,θfy
/

γM,fi for Class 1, 2 and 3 cross-sections (8)  

Nfi,t,Rd = Aeffkp0.2,θfy
/

γM,fi for Class 4 cross-sections (9)  

where A and Aeff are the full and effective cross-section areas and γM,fi is 
the partial safety factor for fire design equal to unity. 

EN 1993-1-2 [1] recommends the effective cross-section properties 
at elevated temperatures to be taken the same as those for room tem
perature design. For CHS and EHS, as recommended in Chan and 
Gardner [26], the effective section area Aeff can be determined using the 
following equation: 

Aeff = A

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
90

De/t
235
fy

√

(10) 

Note that Eq. (10) will appear in the upcoming version of EN 1993-1- 
4 [66] for the determination of the effective cross-section areas of 
stainless steel CHS and EHS under pure axial compression. For SHS and 
RHS, the effective cross-section area Aeff is calculated through the 
effective width method provided in EN 1993-1-4 [66] by reducing the 
widths of the slender constituent plates through local buckling reduction 
factors ρ as determined by: 

ρ =
0.772

λ̄p
−

0.079
λ̄2

p
but ρ ⩽ 1.0 (11) 

In Eq. (11), λ̄p is the room temperature non-dimensional plate slen
derness given by: 

λ̄p =

̅̅̅̅̅̅
fy

σcr

√

(12)  

where σcr is the elastic local buckling stress of the plate (i.e. flange or 
web) determined through: 

σcr = kσ
π2E

12(1 − ν2)

( t
b

)2
(13) 

In Eq. (13), E is the Young’s modulus, υ is the Poisson’s ratio equal to 
0.3, t and b are the plate thickness and width of the flat regions and kσ is 
the plate buckling coefficient determined in accordance with the pro
visions of the European design standard for plated structural elements 
EN 1993-1-5 [53]. 

As presented in Eq. (8) and (9), according to EN 1993-1-2 [1], the 
elevated temperature material strengths at 2% total strain f2,θ = k2,θfy 
are used as the reference material strengths in the determination of the 
ultimate resistances of Class 1, 2 and 3 cross-sections, while the elevated 
temperature 0.2% proof strengths fp0.2,θ = kp0.2,θfy are used for Class 4 
cross-sections. Therefore, there is an artificial step between the design 
cross-section resistances of Class 3 and Class 4 cross-sections according 
to the provisions of EN 1993-1-2 [1]. 

It should be noted that, as indicated in Section 3.1, for the deter
mination of the cross-section resistances of cold-formed SHS and RHS, 
the average room temperature 0.2% proof strengths of the cross-sections 
fy,ave can be used for design [41,67]. If the elevated temperature mate
rial strengths f2,θ and fp0.2,θ determined through fy,ave are adopted for the 
fire design of cold-formed stainless steel SHS and RHS, the room tem
perature 0.2% proof strengths fy used in Eqs. (8), (9) and (12) should 
also be replaced with fy,ave. 

3.3. Flexural buckling resistance 

EN 1993-1-2 [1] provides the same flexural buckling design rules for 
carbon steel and stainless steel columns in fire, despite the significantly 
different elevated temperature material response of stainless steel and 
carbon steel which considerably influence the member behaviour at 
elevated temperatures. The format of the elevated temperature flexural 
buckling design rules of EN 1993-1-2 [1] are similar to that of the room 
temperature flexural buckling design rules provided in EN 1993-1-1 
[65], which were developed on the basis of the Perry-Robertson 
concept [68,69]. According to EN 1993-1-2 [1], the flexural buckling 
resistance Nb,fi,t,Rd of a stainless steel column for temperature θ at time t 
is determined by multiplying the elevated temperature flexural buckling 
reduction factor χfi by the design cross-section resistance Nfi,t,Rd (see 
Section 3.2), as expressed by the following formulae: 

Nb,fi,t,Rd =
χfiAk2,θfy

γM,fi
for Class 1, 2 and 3 cross-sections (14)  

Nb,fi,t,Rd =
χfiAeffkp0.2,θfy

γM,fi
for Class 4 cross-sections (15) 

In Eqs. (14) and (15), the elevated temperature flexural buckling 
reduction factor χfi is determined through the following equation, 

χfi =
1

ϕθ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϕ2
θ − λ̄2

θ

√ where ϕθ = 0.5
[
1 + ηθ + λ̄2

θ

]
(16)  

where ηθ is the generalised imperfection factor as given by: 

ηθ = αλ̄θ with α = 0.65
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

235
/

fy

√

(17)  

and ̄λθ is the non-dimensional elevated temperature member slenderness 
as determined by: 

λ̄θ = λ̄

̅̅̅̅̅̅̅
k2,θ

kE,θ

√

=

̅̅̅̅̅̅̅
Afy

Ncr

√ ̅̅̅̅̅̅̅
k2,θ

kE,θ

√

for Class 1, 2 and 3 cross-sections (18)  

λ̄θ = λ̄

̅̅̅̅̅̅̅̅̅̅̅
kp0.2,θ

kE,θ

√

=

̅̅̅̅̅̅̅̅̅̅̅
Aeff fy

Ncr

√ ̅̅̅̅̅̅̅̅̅̅̅
kp0.2,θ

kE,θ

√

for Class 4 cross-sections (19) 

In Eqs. (18) and (19), ̄λ is the room temperature member slenderness 
and Ncr is the elastic critical flexural buckling load. For cold-formed 
stainless steel SHS and RHS, the material strength fy may be replaced 
by the average material strength fy,ave in the determination of the design 
elevated temperature flexural buckling resistance Nb,fi,t,Rd. The accuracy 
of the fire design rules provided in EN 1993-1-2 [1] is assessed in Section 
5 for a broad range of stainless steel hollow section columns. 

4. Development of a new fire design method for stainless steel 
hollow section columns 

In this section, the new proposals for the flexural buckling assess
ment of stainless steel CHS, EHS, SHS and RHS columns at elevated 
temperatures are presented. Similar to the column fire design method 
provided in EN 1993-1-2 [1], in the new design method developed in 
this study, the design resistances of stainless steel hollow section col
umns Nb,fi,t,Rd are determined by multiplying the proposed flexural 
buckling reduction factors χfi by the design cross-section resistances Nfi,t, 

Rd; the design cross-section resistances Nfi,t,Rd are calculated using the 
fire cross-section design methods developed in [64] and [52] for stain
less steel CHS/EHS and SHS/RHS, respectively. In this section, firstly, 
the new cross-section classification system and cross-section design rules 
used to determine the cross-section resistances of stainless steel CHS/ 
EHS and SHS/RHS at elevated temperatures developed in [52,64] are 
introduced in Sections 4.1 and 4.2. Then, a new set of flexural buckling 
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design curves for stainless steel hollow section columns in fire are 
derived in Section 4.3. 

4.1. Cross-section classification 

As indicated in Section 3.1, the average material strengths fy,ave 
calculated through Eq. (6) can be adopted in the cross-section classifi
cation and determination of the cross-section design resistances of cold- 
formed stainless steel SHS and RHS members at elevated temperatures. 
To achieve efficient designs, this study recommends the use of the 
average material strengths in the determination of the ultimate re
sistances of cold-formed stainless steel SHS and RHS columns in fire. For 
the sake of generality, the reference room temperature 0.2% proof 
strengths fy* used in the proposed fire design rules in this paper in 
conjunction with proper reductions at elevated temperatures can be 
expressed by Eq. (20). 

f *
y = fy,ave for cold-formed SHS/RHS

f *
y = fy for CHS/EHS and hot-rolled SHS/RHS

(20) 

Although the consideration of the strength enhancement in the 
corner regions is recommended herein in the determination of the re
sistances of cold-formed stainless steel SHS/RHS, this strength 
enhancement can also be conservatively neglected and only the material 
strength in the flat portions of the SHS/RHS can be uniformly adopted. 

According to the new fire cross-section design methods developed in 
[52,64], all stainless steel cross-sections are classified into two classes 
referred to as (i) ‘non-slender’ and (ii) ‘slender’ on the basis of their 
cross-section slenderness or the plate slendernesses of their constituent 
elements at elevated temperatures λ̄p,θ, replacing the four-class cross- 
section classification system given in EN 1993-1-4 [66] for room tem
perature design. This design approach is fully in accordance with the 
new stainless steel fire cross-section classification rules put forward in 
Xing et al. [70], which will be incorporated into prEN 1993-1-2 [13]. 

For a stainless steel CHS/EHS, when the elevated temperature cross- 
section slenderness ̄λp,θ is not greater than the threshold slenderness ̄λp0,θ 

(i.e., λ̄p,θ≤λ̄p0,θ), the CHS/EHS is classified as a ‘non-slender’ cross- 
section. Otherwise, it is classified as a ‘slender’ cross-section, for 
which the effective cross-section properties should be used to determine 
the cross-section resistance in fire. The elevated temperature cross- 
section slenderness λ̄p,θ is determined by: 

λ̄p,θ = ξθ

̅̅̅̅̅̅

f *
y

σcr

√

with ξθ =

̅̅̅̅̅̅̅
k2,θ

kE,θ

√

(21)  

where ξθ is the elevated temperature strength-to-stiffness ratio factor 
and σcr is the elastic critical local buckling stress of CHS/EHS at room 
temperature as determined by Eq. (22) [71,72]. 

σcr =
E

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3(1 - ν2)

√
2t
De

(22) 

According to the design method provided in [64], the threshold 
slenderness ̄λp0,θ used in the cross-section classification for stainless steel 
CHS/EHS in fire is calculated as 

λ̄p0,θ =
(

η − 0.2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

235
/

fy

√ ) ̅̅̅̅̅
ξθ

√
(23)  

where η is the auxiliary coefficient; the recommended values of η for 
austenitic, duplex and ferritic CHS and EHS under compression in fire 
are given in Table 6. 

For stainless steel SHS and RHS, according to the design method 
developed in [52], the cross-section class is determined on the basis of 
the elevated temperature slendernesses λ̄p,θ of the constituent plate el
ements within the cross-sections. When the elevated temperature plate 
slenderness of a cross-section plate element λ̄p,θ is smaller than or equal 
to a plateau slenderness λ̄p0,θ (i.e., λ̄p,θ≤λ̄p0,θ), the cross-section plate 
element is classified as non-slender, otherwise it is classified as slender. 
A SHS/RHS including at least one slender plate element is categorised as 
a slender cross-section. On the other hand, only if all the constituent 
plate elements are classified as non-slender, the SHS/RHS is classified as 
a non-slender cross-section. The elevated temperature plate slenderness 
λ̄p,θ is determined through: 

λ̄p,θ = ξθ

̅̅̅̅̅̅

f *
y

σcr

√

with ξθ =

̅̅̅̅̅̅̅
k2,θ

kE,θ

√

(24)  

where σcr is the elastic local buckling stress of the plate element at room 
temperature as determined by Eq. (13). 

According to the cross-section fire design method developed in [52], 
the plateau slendernesses ̄λp0,θ for the cross-section elements of stainless 
steel SHS and RHS are calculated as: 

λ̄p0,θ =

⎧
⎨

⎩

(
0.27 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.0279 − 0.015ψ

√ )1.33 ̅̅̅̅̅
ξθ

√
for austenitic

(
0.3 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.045 − 0.015ψ

√ )1.33 ̅̅̅̅̅
ξθ

√
for duplex and ferritic

(25)  

where ψ is the ratio of the normal stresses at the two edges of the plate 
element as defined in EN 1993-1-5 [53]; ψ is equal to 1.0 for the pure 
axial compression case. 

4.2. Cross-section resistance 

As indicated in Section 1, the adoption of f2,θ and fp0.2,θ as the 
reference material strength for different cross-section classes in the 
determination of the cross-section resistances results in artificial steps in 
the resistance predictions between difference cross-section classes and 
conservative resistance predictions for slender cross-sections [12]. To 
eliminate these shortcomings, Couto et al. [12] and prEN 1993-1-2 [13] 
recommended the consistent use of f2,θ as the reference material strength 
for all cross-section classes. In line with [12,13], the new proposals in 
[52,64] also recommended to the consistently use f2,θ = k2,θfy* as the 
reference material strength for all cross-section classes to determine the 
ultimate cross-section resistances at elevated temperatures. Thus, this 
study recommends the determination of the design cross-section axial 
compression resistances Nfi,t,Rd of stainless steel cross-sections for tem
perature θ at time t by: 

Nfi,t,Rd =
Ak2,θf *

y

γM,fi
for non-slender sections (26)  

Nfi,t,Rd =
Aeffk2,θf *

y

γM,fi
for slender sections (27) 

In the case of stainless steel CHS and EHS at elevated temperatures, 
according to the cross-section fire design method provided in [64], the 
effective cross-section area Aeff used in Eq. (27) can be calculated by: 

Aeff = ρA (28) 

In Eq. (28), ρ is the local buckling reduction factor as determined by 
Eq. (29) and (30) for non-slender and slender CHS/EHS respectively, 

Table 6 
Auxiliary factors for determination of effective section area of stainless steel CHS 
and EHS under compression [64].  

Cross-section Grade η β φ 

CHS A  0.4  1.0  0.6 
D  0.4  1.0  0.7  
F  0.3  0.8  0.9 

EHS A  0.4  0.8  0.6 
D  0.4  0.8  0.7 
F  0.3  0.7  0.9  
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where β and φ are the auxiliary coefficients as derived in [64] and 
provided in Table 6. 

ρ = 1.0 for non-slender CHS/EHS with λ̄p,θ ⩽ λ̄p0,θ (29)  

ρ = 1 − β

(
λ̄p,θ − λ̄p0,θ

̅̅̅̅̅
ξθ

√

)φ

for slender CHS/EHS with λ̄p,θ > λ̄p0,θ (30) 

In the case of stainless steel SHS and RHS at elevated temperatures, 
according to the design method provided in [52], the effective cross- 
section area Aeff is determined by taking into consideration the effec
tive widths beff of each constituent plate within the cross-section; the 
effective widths beff are determined by multiplying the plate widths b by 
the local buckling reduction factors ρ following the procedure provided 
in EN 1993-1-5 [53] as given by: 

beff = ρb (31) 

The local buckling reduction factor ρ is taken equal to 1.0 for non- 
slender plates as given by 

ρ = 1.0 for λ̄p,θ ⩽ λ̄p0,θ (32)  

and calculated using Eq. (33) for slender internal stainless steel plates at 
elevated temperatures 

ρ =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0.54
(

λ̄p,θ

/ ̅̅̅̅̅
ξθ

√ )0.75 −
0.015(3 + ψ)
(

λ̄p,θ

/ ̅̅̅̅̅
ξθ

√ )1.5 for λ̄p,θ > λ̄p0,θ (austenitic)

0.6
(

λ̄p,θ

/ ̅̅̅̅̅
ξθ

√ )0.75 −
0.015(3 + ψ)
(

λ̄p,θ

/ ̅̅̅̅̅
ξθ

√ )1.5 for λ̄p,θ > λ̄p0,θ (duplex, ferritic)

(33)  

in which ψ is the ratio of the normal stresses at the edges of the plate 
which is equal to 1.0 for the pure compression case and λ̄p0,θ is the 
plateau slendernesses calculated using Eq. (25). 

4.3. Flexural buckling resistance 

Following the methodology employed in Kucukler et al. [8] for the 
fire design of stainless steel I-section columns, new rules for the design of 
stainless steel hollow section columns at elevated temperatures are 
developed herein. Similar to the cross-section fire design rules provided 
in [52,64] and the column fire design rules provided in [8], in this study, 

the elevated temperature material strength at 2% total strain f2,θ =

k2,θfy* is used as the reference material strength for the flexural buckling 
design of stainless steel hollow section columns in fire. The design 
flexural buckling resistances of stainless steel columns for temperature θ 
at time t can be determined using the following equations: 

Nb,fi,t,Rd =
χfiAk2,θf *

y

γM,fi
for non-slender sections (34)  

Nb,fi,t,Rd =
χfiAeffk2,θf *

y

γM,fi
for slender sections (35)  

in which 

χfi =
1

ϕθ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϕ2
θ − β̄λ2

θ

√ where ϕθ = 0.5
[
1 + η*

θ + β̄λ2
θ

]
(36)  

and 

η*
θ = αλ̄θ (37)  

where α is the elevated temperature imperfection factor equal to 

α = α0/ξθ (38) 

In Eqs. (36) and (37), β is the auxiliary coefficient and λ̄θ is the non- 
dimensional elevated temperature column buckling slenderness as given 
by the following equations: 

λ̄θ = λ̄ξθ =

̅̅̅̅̅̅̅

Af *
y

Ncr

√ ̅̅̅̅̅̅̅
k2,θ

kE,θ

√

for non-slender sections (39)  

λ̄θ = λ̄ξθ =

̅̅̅̅̅̅̅̅̅̅̅

Aeff f *
y

Ncr

√ ̅̅̅̅̅̅̅
k2,θ

kE,θ

√

for slender sections (40) 

The effective cross-section area Aeff in Eqs. (35) and (40) is calculated 
using the fire cross-section design rules presented in Section 4.2. 

Through the ultimate flexural buckling resistances obtained from the 
benchmark FE models Nu,FE for stainless steel columns at elevated 
temperatures, the corresponding numerical flexural buckling reduction 
factors χFE can be back-calculated as follows: 

χFE =
Nu,FE

Ak2,θf *
y

for non-slender sections (41) 

Fig. 6. Calibration of generalised imperfection factor ηθ* for cold-formed austenitic stainless steel CHS/EHS and SHS/RHS columns.  
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χFE =
Nu,FE

Aeffk2,θf *
y

for slender sections (42) 

Using χFE, Eq. (36) can be expressed in terms of the numerical 
generalised imperfection factor ηθ,FE* as below. 

η*
θ,FE =

(
1

χFE
− 1
)
(
1 − βχFĒλ2

θ

)
(43) 

Fig. 6 shows the numerical generalised imperfection factors ηθ,FE* 
derived for the studied cold-formed austenitic stainless steel CHS/EHS 
columns and SHS/RHS columns at elevated temperatures. Calibrating 
ηθ* given by Eq. (37) against the numerical generalised imperfection 
factors ηθ,FE* calculated using Eq. (43), the imperfection factors α0 and 
the auxiliary coefficients β used to determine the flexural buckling re
sistances of stainless steel hollow section columns in fire were derived in 
this study. The derived imperfection factors α0 and the auxiliary co
efficients β are presented in Table 7. 

As can be seen from Fig. 6, the calibrated values of ηθ* given by Eq. 
(37) generally agree well with the numerical values of ηθ,FE* for columns 
with non-slender cross-sections. However, with increasing cross-section 
slendernesses of stainless steel columns, the calibrated values of ηθ* 
become much higher than the numerical values of ηθ,FE*, thus leading to 
overly-conservative flexural buckling resistances. The underestimation 
of the ultimate strengths of steel columns with slender cross-sections is 
an inherent feature of the Perry-Robertson concept [68,69] and has been 
previously observed for steel and stainless steel members with slender 
sections at room temperature and elevated temperatures [73–75]. In this 
study, for the consideration of the influence of local buckling on the 
shape of the flexural buckling curves, the use of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
is recom

mended in the determination of the elevated temperature imperfection 
factor α, as given by Eq. (44). Note that for columns with non-slender 
cross-sections, α is equal to α0/ξθ, consistent with Eq. (38). 

α = α0

̅̅̅̅̅̅̅
Aeff

A

√ /

ξθ (44) 

Fig. 7 presents comparisons of the FE results with the proposed 
flexural buckling curves for a number of cold-formed austenitic stainless 
steel EHS and RHS columns with non-slender and slender cross-sections 
at elevated temperatures θ = 400 ◦C and 600 ◦C. The ultimate flexural 
buckling resistances Nu obtained from the GMNIA are normalised by the 
design cross-section resistances calculated using the design method 
proposed in [64] Ncs,prop (see Section 4.2). The proposed flexural 
buckling curves versus the corresponding member slendernesses λ̄θ,prop 

Table 7 
Proposed values of imperfection factor α0 and auxiliary coefficient β for flexural 
buckling design of stainless steel hollow section columns at elevated 
temperatures.  

Type Austenitic Duplex Ferritic 

α0 β α0 β α0 β 

Cold-formed  0.85  0.70  0.60  0.85  0.50  0.85 
Hot-rolled  1.15  0.70  0.75  0.85  0.65  0.85  

Fig. 7. Comparisons of FE results with the proposed flexural buckling curves for cold-formed austenitic stainless steel EHS and RHS columns with non-slender and 
slender cross-sections. 
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are also shown in Fig. 7. It can be seen from the figure that the numerical 
data for the columns with slender cross-sections can lie considerably 
above those determined for the columns with non-slender cross-sections, 
which was also observed in [6]. The use of the proposed imperfection 
factor α without considering the influence of the local buckling effects 
on the shapes of flexural buckling curves, as given by Eq. (38), still leads 
to accurate predictions for columns with non-slender cross-sections, but 

can result in somewhat overly-conservative predictions for columns 
with slender cross-sections. On the other hand, introducing 

̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
into 

α, as given by Eq. (44), improves the accuracy of the resistance pre
dictions for stainless steel columns with slender cross-sections in fire. 
Note that the length-to-outer diameter ratios L/D, length-to-cross- 
section depth ratios L/H and the length-to-cross-section width ratios 
L/B of the studied columns in parametric studies was up to 50 (see 

Fig. 8. Comparisons of FE results with the proposed flexural buckling curves (for non-slender cross-sections) and EN 1993-1-2 flexural buckling curve for cold- 
formed stainless steel CHS and EHS columns. 
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Table 4) which cover the great majority of steel columns encountered in 
practice. However, for the extreme cases outside of this range, the use of 
the additional 

̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
factor in the determination of the imperfection 

factor α which increases the ultimate resistances is not recommended 
and the imperfection factor α = α0/ξθ as determined by Eq. (38) is 
conservatively employed. 

5. Assessment of new elevated temperature flexural buckling 
design methods 

In this section, the accuracy of the developed new elevated tem
perature flexural buckling design rules is assessed against the bench
mark numerical data obtained from the shell FE models and also 

Fig. 9. Comparisons of FE results with the proposed flexural buckling curves (for non-slender cross-sections) and EN 1993-1-2 flexural buckling curve for hot-rolled 
stainless steel CHS and EHS columns. 
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compared against that of the column fire design rules of EN 1993-1-2 [1] 
for cold-formed and hot-rolled stainless steel CHS and EHS columns (in 
Section 5.1) and SHS and RHS columns (in Section 5.2) at elevated 
temperatures. 

5.1. Cold-formed and hot-rolled CHS and EHS 

Figs. 8 and 9 present comparisons of the flexural buckling resistance 

predictions obtained using the proposed new design rules and EN 1993- 
1-2 [1] against the benchmark ultimate resistances from the shell FE 
models for a series of cold-formed and hot-rolled stainless steel CHS and 
EHS columns in fire. The ultimate flexural buckling resistances Nu ob
tained from the FE models are normalised by the design cross-section 
resistances calculated using the design method proposed in [64] Ncs, 

prop (see Section 4.2) or by the design cross-section resistances calculated 
using the design rules in EN 1993-1-2 [1] Ncs,EC3 (see Section 3.2) in the 

Fig. 10. Comparison of the flexural buckling resistance predictions obtained through the proposed design method Nu,prop and the provisions of EN 1993-1-2 Nu,EC3 
against those from FE modelling Nu,FE for cold-formed and hot-rolled stainless steel CHS and EHS columns. 
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figures. The corresponding buckling curves proposed in this study (see 
Section 4.3) and the buckling curves provided in EN 1993-1-2 [1] (see 
Section 3.3) versus the corresponding member slendernesses λ̄θ,prop or 
λ̄θ,EC3 are also shown. As indicated in Sections 3.3 and 4.3, since the 
column fire design methods proposed in this paper and those provided in 
EN 1993-1-2 [1] employ different cross-section classification systems 
and different reference material strengths (i.e. fp0.2,θ and f2,θ), the 
member slendernesses determined using the proposed design rules ̄λθ,prop 

may be different than those determined using the provisions of EN 1993- 
1-2 λ̄θ,EC3. Note that the elevated temperature flexural buckling curves 
provided in EN 1993-1-2 [1] are identical for different temperature 
levels, while the new flexural buckling curves proposed in this study 
vary for different elevated temperature levels. Due to the use of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√

in the imperfection factor α, the proposed flexural buckling curves also 
vary for different slender cross-sections. Thus, in Figs. 8 and 9, only the 
proposed buckling curves for columns with non-slender cross-sections 
are presented. 

As can be seen from Figs. 8 and 9, the ultimate flexural buckling 
resistances obtained from the GMNIA normalised by Ncs,prop are less 
scattered than those normalised by Ncs,EC3, indicating that the cross- 
section design method developed in [64] for CHS/EHS in fire is more 
accurate relative to the cross-section design rules in EN 1993-1-2 [1]. 
Moreover, as displayed in Figs. 8 and 9, the new flexural buckling curves 
proposed in this study are generally able to more accurately estimate the 
flexural buckling resistances of stainless steel CHS and EHS columns at 
elevated temperatures relative to EN 1993-1-2 [1]. It is also worth 
noting that EN 1993-1-2 [1] leads to rather unsafe predictions for some 
stainless steel CHS and EHS columns in fire, which was also observed in 
[6,11], while the proposed column fire design rules lead to safe ultimate 
resistance predictions for the considered wide range of cases. The pro
posed flexural buckling curves for non-slender cross-section cases lead to 
quite accurate ultimate resistance estimations for non-slender cross- 
section columns, while they provide somewhat conservative predictions 
for columns with slender cross-sections. As indicated in Section 4.3, this 
underestimation could be reduced by incorporating 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
into the 

imperfection factor α in the determination of column resistances which 
is explored in Fig. 10 and Table 8. 

Fig. 10 presents the ratios of the ultimate column resistances 

determined through the GMNIA of the shell FE models Nu,FE to those 
obtained from the proposed column fire design rules Nu,prop (i.e. Nu,FE/ 
Nu,prop) and those determined using EN 1993-1-2 [1] Nu,EC3 (i.e. Nu,FE/ 
Nu,EC3) for all the investigated 10,500 cold-formed and hot-rolled 
stainless steel CHS and EHS columns at elevated temperatures (see 
Table 4). A statistical evaluation of the accuracy of the proposed column 
fire design rules and EN 1993-1-2 [1] is also provided in Table 8, in 
which the mean, CoV, maximum and minimum values of the ratios of Nu, 

FE/Nu,prop and Nu,FE/Nu,EC3 for all the studied stainless steel CHS and 
EHS columns are set out. As can be seen from Fig. 10, relative to EN 
1993-1-2 [1], the proposed new column fire design rules generally lead 
to more accurate resistance predictions with a much lower scatter level 
for all the investigated CHS and EHS columnsin fire. The consideration 
of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
in the determination of the imperfection factor α as given by 

Eq. (44) leads to more accurate ultimate resistance predictions as can be 
seen from Fig. 10. The statistical evaluation results summarised in 
Table 8 also provide similar conclusions; the mean values of the ratios 
Nu,FE/Nu,prop are closer to 1.0 with lower CoV values relative to the 
corresponding ratios of Nu,FE/Nu,EC3. 

In this study, the reliability of the proposed new column fire design 
rules and the EN 1993-1-2 [1] provisions is also assessed through the 
three reliability criteria put forward in Kruppa [76]. Criterion 1 of [76] 
requires the resistance predictions obtained using a design method not 
to exceed the benchmark FE results by more than 15%; Criterion 2 of 
[76] requires the proportion of the unsafe design predictions to be no 
more than 20%; Criterion 3 of [76] requires the design predictions being 
located on the safe-side on average. The reliability assessment of the 
proposed new column fire design rules in this paper and the provisions 
of EN 1993-1-2 [1] is summarised in Table 9 for all the investigated 
stainless steel CHS and EHS columns, where Criterion 1 refers to the 
percentage of the unsafe resistance predictions which are higher than 
the benchmark FE results by more than 15%, Criterion 2 refers to the 
percentage of the unsafe predictions and Criterion 3 refers to the average 
percentage difference between the resistance predictions obtained using 
the design method and the benchmark FE results. As can be seen from 
Table 9, the new proposals satisfy all the three reliability criteria of 
Kruppa [76] for all the studied CHS and EHS columns, while EN 1993-1- 
2 [1] violates Criterion 1 (as highlighted with ‘*’) for some groups and 
also slightly violates Criterion 2 for the hot-rolled austenitic stainless 

Table 8 
Summary of mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling Nu,FE to those determined using the new 
proposals Nu,prop and provisions of EN 1993-1-2 [1] Nu,EC3 for all studied cold-formed and hot-rolled stainless steel CHS and EHS columns.  

Type Grade No. Nu,FE/Nu,prop Nu,FE/Nu,EC3 

Mean CoV Max Min Mean CoV Max Min 

Cold-formed A 1750  1.08  0.062  1.45  0.94  1.19  0.197  1.99  0.79 
D 1750  1.11  0.054  1.32  0.94  1.18  0.166  1.99  0.79  
F 1750  1.17  0.088  1.40  0.94  1.25  0.139  1.75  0.95 

Hot-rolled A 1750  1.21  0.088  1.49  0.95  1.21  0.203  1.73  0.77 
D 1750  1.20  0.068  1.39  0.97  1.21  0.167  1.93  0.79 
F 1750  1.21  0.096  1.51  0.90  1.30  0.164  1.79  0.86  

Table 9 
Reliability assessment of the new proposals and provisions of EN 1993-1-2 [1] against numerical results for all studied cold-formed and hot-rolled stainless steel CHS 
and EHS columns.  

Type Grade New proposals EN 1993-1-2 

Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) 

Cold-formed A  0.00  7.54  − 9.44  9.83*  18.57  − 12.62 
D  0.00  3.26  − 9.94  3.03*  13.77  − 13.23  
F  0.00  2.63  − 13.65  0.00  5.66  − 18.58 

Hot-rolled A  0.00  5.60  − 16.43  13.26*  23.14*  − 13.38 
D  0.00  1.14  − 16.32  2.97*  13.60  − 14.86 
F  0.00  2.23  − 16.30  0.23*  9.66  − 21.04  

* Violated criteria. 
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steel CHS and EHS columns. Considering the results presented in 
Table 9, it suffices to state that the new proposed column fire design 
rules lead to more reliable ultimate flexural buckling resistance pre
dictions for cold-formed and hot-rolled stainless-steel CHS and EHS 
columns at elevated temperatures relative to EN 1993-1-2 [1]. 

5.2. Cold-formed and hot-rolled SHS and RHS 

In this subsection, the accuracy of the proposed column fire design 
rules and the provisions of EN 1993-1-2 [1] is assessed for stainless steel 
SHS and RHS columns at elevated temperatures. Figs. 11 and 12 present 
the comparisons of FE results with the proposed flexural buckling curves 
(only for non-slender cross-sections) and EN 1993-1-2 flexural buckling 
curves for cold-formed and hot-rolled stainless steel SHS and RHS 

columns. As can be seen in Figs. 11 and 12, in line with the observations 
made for CHS and EHS columns, the ultimate flexural buckling re
sistances of SHS and RHS columns obtained from the GMNIA normalised 
by the cross-section resistances predicted using the method of [52] Ncs, 

prop are less scattered than those normalised by the design cross-section 
resistances calculated using EN 1993-1-2 [1] Ncs,EC3, indicating that the 
cross-section design method of [52] is more accurate relative to the 
cross-section fire design rules of EN 1993-1-2 [1]. Figs. 11 and 12 also 
show that the column fire design rules proposed in this study generally 
lead to more accurate and consistent resistance predictions for stainless 
steel SHS and RHS columns in fire, while EN 1993-1-2 [1] leads to quite 
unsafe predictions for some cases. The resistance predictions determined 
using the proposed column fire design rules are particularly quite ac
curate for non-slender cross-section cases as can be seen from Figs. 11 

Fig. 11. Comparisons of FE results with the proposed flexural buckling curves (for non-slender cross-sections) and EN 1993-1-2 flexural buckling curve for cold- 
formed stainless steel SHS and RHS columns. 
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and 12; the prediction accuracy for columns with slender cross-sections 
could be improved by the introduction of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
into the imperfection 

factor α, as illustrated in Fig. 7. 
Fig. 13 presents the accuracy of the resistance predictions obtained 

using the proposed new column fire design rules Nu,prop and provisions 
of EN 1993-1-2 [1]Nu,EC3 against the benchmark ultimate resistances 
obtained from the shell FE models Nu,FE for all the investigated 10,500 
cold-formed and hot-rolled stainless steel SHS and RHS columns at 
elevated temperatures (see Table 4). The statistical evaluation of the 
accuracy of the proposed column fire design rules and EN 1993-1-2 [1] is 
also illustrated in Table 10f or all the considered stainless steel SHS/RHS 
columns. Note that in the results presented in Fig. 13 and Table 10, the 
imperfection factor α is determined by Eq. (44) in the application of the 
proposed design rules, thereby considering the influence of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
on 

the shapes of the flexural buckling curves. As can be seen from Fig. 13, 
the design rules given in EN 1993-1-2 [1] provide quite unsafe resistance 
predictions for some austenitic and duplex stainless steel cases. On the 
other hand, the new flexural buckling design rules proposed in this study 
generally provide more accurate and safe resistance predictions for all 
the considered three material grades relative to EN 1993-1-2 [1]. As can 
be seen from Table 10, the CoV values of Nu,FE/Nu,prop are generally 
smaller and the minimum values of Nu,FE/Nu,prop are closer to 1.0 rela
tive to those of Nu,FE/Nu,EC3, which indicate that the proposed design 
rules lead to both more consistent and safe ultimate resistance pre
dictions for stainless steel SHS/RHS columns in fire relative to EN 1993- 
1-2 [1]. 

Table 11 shows the reliability assessment of the proposed design 
rules and the EN 1993-1-2 [1] provisions for stainless steel SHS/RHS 
columns at elevated temperatures using the three reliability criteria of 

Fig. 12. Comparisons of FE results with the proposed flexural buckling curves (for non-slender cross-sections) and EN 1993-1-2 flexural buckling curve for hot-rolled 
stainless steel SHS and RHS columns. 
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Fig. 13. Comparison of the flexural buckling resistance predictions obtained through the proposed design method Nu,prop and the provisions of EN 1993-1-2 Nu,EC3 
against those from FE modelling Nu,FE for cold-formed and hot-rolled stainless steel SHS and RHS columns. 

Table 10 
Summary of mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling Nu,FE to those determined using the new 
proposals Nu,prop and provisions of EN 1993-1-2 [1] Nu,EC3 for all studied cold-formed and hot-rolled stainless steel SHS and RHS columns.  

Type Grade No. Nu,FE/Nu,prop Nu,FE/Nu,EC3 

Mean CoV Max Min Mean CoV Max Min 

Cold-formed A 1750  1.13  0.070  1.33  0.94  1.11  0.144  1.40  0.76 
D 1750  1.12  0.070  1.39  0.90  1.13  0.131  1.48  0.74  
F 1750  1.16  0.117  1.50  0.85  1.16  0.114  1.55  0.86 

Hot-rolled A 1750  1.18  0.090  1.42  0.93  1.10  0.165  1.46  0.76 
D 1750  1.19  0.079  1.40  0.97  1.15  0.138  1.51  0.78 
F 1750  1.18  0.119  1.56  0.87  1.21  0.133  1.62  0.85  
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Kruppa [76] (see Section 5.1). As can be seen from Table 11, the pro
posed column fire design rules only slightly violate Criterion 1 for the 
cold-formed ferritic stainless steel SHS/RHS columns with a very small 
margin of 1.09%, which is deemed to be acceptable, and satisfy all the 
reliability criteria for other cases. By contrast, EN 1993-1-2 [1] violates 
the reliability criteria of [76] for all groups. This indicates that the 
proposed design rules lead to more consistent and reliable ultimate 
flexural buckling resistance predictions for stainless-steel SHS/RHS 
columns at elevated temperatures relative to EN 1993-1-2 [1]. 

6. Consideration of different material grades 

6.1. Modification of proposed column fire design rules for consideration 
of different stainless steel grades 

In Talamona et al. [77], stability of steel columns in fire is investi
gated through numerical modelling where it was concluded that the 
yield strength has an influence on the ultimate resistances of steel col
umns at elevated temperatures. Based on the research performed in 
[77], the consideration of the material yield strength fy is recommended 
in the determination of the imperfection factor as α = 0.65

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
235/fy

√
[78] 

in the application of the column design rules provided in EN 1993-1-2 
[1] as given by Eq. (17). As indicated in Section 2.1.2, in the para
metric studies performed in this paper, the standardised room temper
ature material properties recommended in [46] for cold-formed and hot- 
rolled stainless steel cross-sections were employed (see Table 1), 
whereby extensive shell FE data was generated. Using this extensive 
shell FE data on the behaviour of stainless steel hollow section columns 
in fire, the proposed column fire design rules was calibrated and their 
accuracy is comprehensively assessed and verified. 

In this subsection, for the consideration of the influence of different 
material strengths on the flexural buckling behaviour of stainless steel 
columns in line with the column fire design rules of EN 1993-1-2 [1], the 
modification of the imperfection factor α = α0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff/A

√
/ξθ (see Eq. (44)) 

derived in Section 4.3 is proposed as given by Eq. (45) in which the 

material factor 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

f*
y,st/f*

y

√

is introduced. 

α = α0

̅̅̅̅̅̅̅
Aeff

A

√
̅̅̅̅̅̅̅

f *
y,st

f *
y

√
√
√
√

/

ξθ (45) 

In Eq. (45), (i) f*
y,st is the standardised value of the reference room 

temperature 0.2% proof strength calculated by Eq. (20) using the 
standardised stainless steel material properties listed in Table 1 and (ii) 
f *

y is the reference room temperature 0.2% proof strength also calculated 
by Eq. (20) using the nominal material properties of a stainless steel 
hollow section column. Note that for members with the standardised 

material properties, the material factor 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

f *
y,st/f*

y

√

is equal to 1.0, thus Eq. 
(45) is consistent with Eq. (44) for the columns with the standardised 
material properties. Using Eq. (45) to replace Eq. (44), the new design 
rules proposed in Section 4 can be applied to stainless steel hollow 

section columns with various different grades. 

6.2. Accuracy assessment 

To verify the applicability of the proposed fire design method to 
stainless steel columns with different material properties, in this section, 
a number of stainless steel columns with the nominal material properties 
provided in EN 1993-1-4 [66] and Steel Construction Institute (SCI) 
Design Manual for Structural Stainless Steel [41] were investigated. For 

Table 11 
Reliability assessment of the new proposals and provisions of EN 1993-1-2 [1] against numerical results for all studied cold-formed and hot-rolled stainless steel SHS 
and RHS columns.  

Type Grade New proposals EN 1993-1-2 

Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) Criterion 1 (%) Criterion 2 (%) Criterion 3 (%) 

Cold-formed A  0.00  4.29  − 11.05  11.09*  27.09*  − 7.92 
D  0.00  5.14  − 10.33  4.63*  20.29*  − 9.78  
F  1.09*  7.66  − 12.42  0.17*  10.46  − 12.76 

Hot-rolled A  0.00  5.43  − 14.49  17.26*  29.14*  − 6.64 
D  0.00  1.60  − 15.77  4.74*  18.80  − 11.38 
F  0.00  8.86  − 13.76  0.57*  13.83  − 15.57  

* Violated criteria. 

Table 12 
Nominal material properties given in the stainless steel design standard EN 
1993-1-4 [66] and Steel Construction Institute (SCI) Design Manual for Struc
tural Stainless Steel [41] for common structural cold-formed stainless steel.  

Type Grade Young’s 
modulus E 
(N/mm2) 

Yield (0.2% 
proof) stress fy 

(N/mm2) 

Ultimate 
stress fu 

(N/mm2) 

Strain 
hardening 
exponent n 

A I  1.4301 200,000 230 540 6 
A I  1.4307 220 520 6 
A II  1.4401 240 530 7 
A II  1.4541 220 520 6 
A III  1.4571  240 540 7 

D I  1.4062 200,000 530 700 8 
D I  1.4362 450 650 5 
D II  1.4462 500 700 5 
D II  1.4662  550 750 8 

F I  1.4521 200,000 300 420 14 
F I  1.4621 230 400 14 
F II  1.4003 280 450 7 
F II  1.4016 260 450 6  

Table 13 
Nominal material properties given in the stainless steel design standard EN 
1993-1-4 [66] and Steel Construction Institute (SCI) Design Manual for Struc
tural Stainless Steel [41] for common structural hot-rolled stainless steel.  

Type Grade Young’s 
modulus E 
(N/mm2) 

Yield (0.2% 
proof) stress 
fy (N/mm2) 

Ultimate 
stress fu (N/ 
mm2) 

Strain 
hardening 
exponent n 

A I  1.4301 200,000 210 520 6 
A I  1.4307 200 520 6 
A II  1.4401 220 530 7 
A II  1.4541 200 520 6 
A III  1.4571  220 540 7 

D I  1.4062 200,000 480 680 8 
D I  1.4362 400 650 5 
D II  1.4462 460 700 5 
D II  1.4662  550 750 8 

F I  1.4521 200,000 280 400 14 
F I  1.4621 230 400 14 
F II  1.4003 280 450 7 
F II  1.4016 240 450 6  
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the fire design of stainless steel members, the use of different groups (i.e. 
I, II and III) for austenitic, duplex and ferritic stainless steel is recom
mended in this study in line with the grouping method of different 
stainless steel grades recommended in [41]; the use of the corresponding 
strength (kp0.2,θ, k2,θ, ku,θ), ductility (kεu,θ) and stiffness (kE,θ) reduction 

factors provided in [41] for different stainless steel groups is recom
mended in the application of the proposed column fire design rules. As 
shown in Eq. (45), according the proposals made herein, a lower ma
terial strength f*

y leads to a higher imperfection factor α, thereby a more 

Fig. 14. Comparison of the flexural buckling resistance predictions obtained through the proposed design method Nu,prop and the provisions of EN 1993-1-2 Nu,EC3 
against those from FE modelling Nu,FE for cold-formed stainless steel CHS, EHS, SHS and RHS columns with standardised [46] and nominal [41,66] material 
properties for different austenitic, duplex and ferritic stainless steel grades. 
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critical case. 
A number of different stainless steel grades given in EN 1993-1-4 

[66] and Steel Construction Institute (SCI) Design Manual for Struc
tural Stainless Steel [41], including the material grades with the lowest 
yield strengths (i.e. 0.2% proof strengths) for each group, are adopted 

herein. The nominal yield strength fy, ultimate strength fu and strain 
hardening exponent n of the considered stainless steel grades are listed 
in Tables 12 and 13 for cold-formed and hot-rolled stainless steel col
umns, respectively. Note that the material properties listed in Table 12 
for cold-formed stainless steel columns are the basic nominal material 

Fig. 15. Comparison of the flexural buckling resistance predictions obtained through the proposed design method Nu,prop and the provisions given in EN 1993-1-2 Nu, 

EC3 against those from FE modelling Nu,FE for hot-rolled stainless steel CHS, EHS, SHS and RHS columns with standardised [46] and nominal [41,66] material 
properties for different austenitic, duplex and ferritic stainless steel grades. 
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properties. To account for the benefit of the strength enhancement in 
cold-formed stainless steel columns, enhanced material properties 
determined using the basic nominal material properties were used in the 
shell FE analyses and application of the proposed column fire design 
rules herein. In line with the adoption in [46], the formulae provided in 
Annex B of the Steel Construction Institute (SCI) Design Manual for 
Structural Stainless Steel [41] were utilised to calculate the enhanced 
material strengths of cold-formed stainless steel columns. These 
formulae will be incorporated into the upcoming version of EN 1993-1-4 
[66]. Since there are no equations specifically provided for the deter
mination of the enhanced material strengths of cold-formed stainless 
steel EHS in [41], the formulae recommended for cold-formed stainless 
steel CHS were also used for EHS. Note that the standardised material 
properties provided in [46] for cold-formed stainless steel CHS, EHS, 
RHS and EHS were proposed on the basis of the database from material 
tests on coupons extracted from cold-formed stainless steel sections. 
Thus, the standardised material properties listed in Table 1 could be 
directly used in the analysis and application of the proposed column fire 
design rules and the additional calculation for the strength enhancement 
is not required. 

In the assessment of the proposed fire design rules for stainless steel 

hollow section columns, one CHS, EHS, SHS and RHS shape was studied 
for the each considered grade. For the CHS columns, (D/t)(fy/235) was 
taken as 20; for the EHS columns, D/B was taken as 2 and (De/t)(fy/235) 
was taken as 40. For the SHS columns, λ̄p,H was taken as 0.25; for the 
RHS columns, H/B was taken as 1.67 and λ̄p,H was taken as 0.25. The 
adopted cross-sections fall into the Class 1 or 2 category according to the 
cross-section design rules of EN 1993-1-4 [66] and the non-slender 
category according to the new cross-section fire design methods devel
oped in [52,64]. For the CHS columns and EHS columns undergoing 
major axis flexural buckling, the length to larger outer diameter L/D 
ratios were ranged between 5 and 50 with an increment of 5, while for 
the EHS columns undergoing minor axis flexural buckling, the length to 
smaller diameter ratios L/B were varied from 5 to 50 with an increment 
of 5. Similarly, for the SHS columns and RHS columns undergoing major 
axis flexural buckling, the length to cross-section depth ratios L/H were 
varied from 5 to 50 with an increment of 5, while for the RHS columns 
undergoing minor axis flexural buckling, the length to cross-section 
width ratios L/B were ranged from 5 to 50 with an increment of 5. 
Three elevated temperature levels were considered: 300 ◦C, 500 ◦C and 
700 ◦C. 

Figs. 14 and 15 present comparisons of the flexural buckling 

Table 14 
Summary of mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling Nu,FE to those determined using the new 
proposals Nu,prop and provisions of EN 1993-1-2 [1] Nu,EC3 for studied cold-formed stainless steel CHS, EHS, SHS and RHS columns with standardised [46] and nominal 
[41,66] material properties.  

Type Grade No. Nu,FE/Nu,prop Nu,FE/Nu,EC3 

Mean CoV Max Min Mean CoV Max Min 

A I Standardised 180  1.05  0.044  1.15  0.94  0.96  0.094  1.08  0.78 
A I 1.4301 180  1.06  0.053  1.19  0.93  0.89  0.094  1.09  0.76 
A I 1.4307 180  1.05  0.055  1.16  0.93  0.88  0.094  1.06  0.76 
A II 1.4401 180  1.10  0.053  1.20  0.97  0.96  0.091  1.09  0.83 
A II 1.4541 180  1.08  0.046  1.17  0.98  0.93  0.082  1.07  0.82 
A III 1.4571 180  1.10  0.037  1.18  1.00  1.00  0.081  1.13  0.88 

D II Standardised 180  1.10  0.037  1.18  1.00  1.00  0.081  1.13  0.88 
D I 1.4062 180  1.03  0.162  1.27  0.66  0.91  0.227  1.16  0.51 
D I 1.4362 180  0.97  0.169  1.23  0.65  0.85  0.237  1.12  0.49 
D II 1.4462 180  1.03  0.036  1.13  0.93  0.93  0.096  1.07  0.74 
D II 1.4662 180  1.09  0.055  1.19  0.94  0.99  0.098  1.13  0.77 

F II Standardised 180  1.08  0.080  1.32  0.93  1.06  0.085  1.22  0.87 
F I 1.4521 180  1.07  0.071  1.18  0.89  1.09  0.101  1.24  0.88 
F I 1.4621 180  1.08  0.080  1.21  0.88  1.08  0.108  1.25  0.87 
F II 1.4003 180  1.01  0.054  1.15  0.87  0.99  0.100  1.15  0.83 
F II 1.4016 180  1.00  0.050  1.09  0.87  0.97  0.101  1.13  0.78  

Table 15 
Summary of mean, CoV, maximum and minimum values of the ratios of the resistance predictions obtained from FE modelling Nu,FE to those determined using the new 
proposals Nu,prop and the provisions in EN 1993-1-2 [1] Nu,EC3 for studied hot-rolled stainless steel CHS, EHS, SHS and RHS columns with standardised [46] and 
nominal [41,66] material properties.  

Type Grade No. Nu,FE/Nu,prop Nu,FE/Nu,EC3 

Mean CoV Max Min Mean CoV Max Min 

A I Standardised 180  1.13  0.085  1.27  0.94  0.94  0.112  1.13  0.78 
A I 1.4301 180  1.06  0.061  1.22  0.94  0.86  0.095  1.10  0.75 
A I 1.4307 180  1.05  0.061  1.19  0.94  0.85  0.094  1.08  0.75 
A II 1.4401 180  1.11  0.066  1.22  0.98  0.93  0.089  1.11  0.82 
A II 1.4541 180  1.08  0.054  1.18  0.98  0.90  0.079  1.08  0.81 
A III 1.4571 180  1.14  0.059  1.25  1.01  0.98  0.081  1.12  0.87 

D II Standardised 180  1.16  0.072  1.31  0.97  1.00  0.104  1.16  0.78 
D I 1.4062 180  1.07  0.170  1.32  0.69  0.90  0.237  1.18  0.51 
D I 1.4362 180  1.01  0.175  1.25  0.69  0.83  0.247  1.12  0.48 
D II 1.4462 180  1.08  0.036  1.16  0.98  0.92  0.100  1.06  0.74 
D II 1.4662 180  1.14  0.061  1.24  0.98  0.99  0.101  1.13  0.78 

F II Standardised 180  1.13  0.106  1.43  0.87  1.08  0.114  1.29  0.87 
F I 1.4521 180  1.10  0.083  1.25  0.90  1.08  0.105  1.25  0.88 
F I 1.4621 180  1.11  0.093  1.28  0.90  1.08  0.111  1.26  0.87 
F II 1.4003 180  1.03  0.057  1.17  0.88  0.98  0.105  1.16  0.80 
F II 1.4016 180  1.01  0.053  1.12  0.88  0.95  0.107  1.13  0.75  
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resistance predictions obtained through the proposed design method Nu, 

prop and the provisions given in EN 1993-1-2 [1] Nu,EC3 against those 
from shell FE models Nu,FE for cold-formed and hot-rolled stainless steel 
CHS, EHS, SHS and RHS columns with standardised and nominal ma
terial properties. It can be seen from Figs. 14 and 15 that for both cold- 
formed and hot-rolled stainless steel hollow section columns in fire, the 
proposed column fire design rules generally provide accurate and safe 
ultimate member resistances with the exception of the columns made of 
duplex stainless steel grades of 1.4062 and 1.4362 at the elevated 
temperature level of 700 ◦C. On the other hand, EN 1993-1-2 [1] leads to 
unsafe resistance estimations almost for all the material grades. Ta
bles 14 and 15 provide the statistical evaluation results of Nu,FE/Nu,prop 
and Nu,FE/Nu,EC3 for all the studied 5760 cold-formed and hot-rolled 
stainless steel CHS, EHS, SHS and RHS columns with the standardised 
and nominal material properties, including the mean, CoV, maximum 
and minimum values. As can be seen from Tables 14 and 15, the mean 
values of the ratios Nu,FE/Nu,prop are generally closer to 1.0 with lower 
CoV values relative to the corresponding ratios of Nu,FE/Nu,EC3. The 
accuracy improvement obtained from the proposed design method is 
about 10% and 13% on average for cold-formed and hot-rolled stainless 
steel columns, respectively, thus indicating the higher level of accuracy 
of the proposed fire design rules for CHS, EHS, SHS and EHS columns 
made of different stainless steel grades in fire. 

It can be seen from Figs. 14 and 15 and Tables 14 and 15 that only for 
the stainless steel columns made of grade 1.4062 and 1.4362 duplex 
stainless steel at 700 ◦C, the new flexural buckling curves proposed in 
this study lead to rather unsafe results. These two grades fall into the 
Group I Duplex stainless steel category according to the Steel Con
struction Institute (SCI) Design Manual for Structural Stainless Steel 
[41]. Due to the sharp changes in the elevated temperature material 
reduction factors at 700 ◦C relative to those for lower elevated tem
perature levels as provided in [41], the columns made of grade 1.4062 
and 1.4362 duplex stainless steel exhibit different flexural buckling 
behaviour at 700 ◦C; thus, the ultimate resistances predicted by the 
proposed column fire design rules become rather unsafe at 700 ◦C. To 
achieve safe design resistances for columns made of grade 1.4062 and 
1.4362 duplex stainless steel, the adoption of a specific imperfection 
factor α0 = 1.6 and auxiliary coefficient β = 0.1 is proposed in the 
implementation of the proposed column fire design rules. Fig. 16 pre
sents comparisons of the resistance predictions for columns made of 
grade 1.4062 and 1.4362 duplex stainless steel at 700 ◦C obtained 
through the GMNIA and those determined through the proposed design 

method but with the use of a modified imperfection factor α0 = 1.6 in Eq. 
(45) and the auxiliary coefficient β = 0.1. It can be seen from Fig. 16 that 
for both cold-formed and hot-rolled stainless steel columns made of 
grade 1.4062 and 1.4362 duplex stainless steel, the use of the modified 
imperfection factor α0 = 1.6 and auxiliary coefficient β = 0.1 moves the 
unsafe results to the safe side. On the basis of these observations, the use 
of the modified imperfection factor α0 = 1.6 and auxiliary coefficient β 
= 0.1 is recommended in the implementation of the proposed column 
fire design rules to stainless steel hollow section columns made of grade 
1.4062 and 1.4362 duplex stainless steel. 

7. Conclusions 

This study investigated the flexural buckling behaviour and design of 
stainless steel hollow section columns at elevated temperatures. Shell FE 
models of stainless steel hollow section columns were created and 
validated against the experimental results from the literature. Following 
their validation, the developed shell FE models were used to carry out 
comprehensive numerical parametric studies to generate extensive 
benchmark structural performance for stainless steel hollow section 
columns in fire. The parametric studies took into account both cold- 
formed and hot-rolled austenitic, duplex and ferritic stainless steel 
grades, various cross-section properties, cross-section slendernesses and 
member slendernesses as well as different elevated temperatures levels. 
In the numerical parametric studies, the standardised room temperature 
material properties recommended in [46] were employed. In total, 
21,000 stainless steel hollow section columns were taken into consid
eration in the numerical parametric studies, including 10,500 stainless 
steel CHS/EHS columns and 10,500 stainless steel SHS/RHS columns. In 
addition to 21,000 stainless steel columns with the standardised room 
temperature material properties recommended in [46], the structural 
response of 5760 cold-formed and hot-rolled stainless steel columns 
with the nominal material properties provided in EN 1993-1-4 [66] and 
Steel Construction Institute (SCI) Design Manual for Structural Stainless 
Steel [41] were also investigated, thereby considering the influence of 
the material strengths on the flexural buckling behaviour of stainless 
steel hollow section columns at elevated temperatures. Calibrated 
against the benchmark shell FE resistance predictions, new flexural 
buckling design rules for stainless steel hollow section columns at 
elevated temperatures were developed, which consistently consider f2,θ 
as the reference material strength for all classes of cross-sections, in line 
with the recommendations in prEN1993-1-2 [13]. The accuracy of the 
proposed new column fire design rules is assessed for all the considered 
cases and also compared against the EN 1993-1-2 [1] design provisions. 
It was observed that the proposed new column fire design rules generally 
lead to more accurate and safe ultimate resistance predictions relative to 
the column design provisions of EN 1993-1-2 [1]. The reliability of the 
proposed column fire design rules and EN 1993-1-2 [1] was also assessed 
through the three fire reliability criteria put forward in Kruppa [76]. It 
was shown that for all the considered wide range of cases, the proposed 
new column fire design rules fulfil all the three reliability criteria of 
Kruppa [76]. On the other hand, it was observed that EN 1993-1-2 [1] 
violated the reliability criteria of [76] almost for all the considered 
stainless steel grades, indicating that the proposed column fire design 
rules provide more reliable resistance predictions relative to EN 1993-1- 
2 for stainless steel hollow section columns in fire. 
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