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Abstract

In this paper, a numerical investigation on the global buckling capacity of the axially compressed steel columns with hot-rolled I cross-

section at elevated temperatures is presented. Geometrically and materially non-linear finite element model and the ABAQUS software 

were used to determine the buckling resistance. The numerical ABAQUS model was validated using experimental results available 

in the literature, and then the validated numerical model was used to generate a database of load-carrying capacity. The parametric 

study covered three different cross-section classes (class 1, 2 and 3), ten different non-dimensional slenderness  ̄λ = 0.5, 0.6, 0.7, 0.9, 

1.1, 1.3, 1.5, 1.7, 1.9, 2.0), three different temperatures (400°C, 500°C, 600°C), and two stress-strain constitutive relations including (the 

nonlinear material model adopted in the European guidance for structural fire design EN1993-1-2, and a Bilinear material model), with 

and without residual stress. The influence of the model parameters on the load capacity of steel columns at elevated temperatures 

was evaluated. The results of the parametric study were compared with the results of the simplified calculation model presented in 

EN1993-1-2.
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1 Introduction
The steel structural design involves determining the buck-
ing resistance of structural members. Columns are consid-
ered the most crucial parts of any structure because they 
support loads from all other members. Buckling behav-
ior of steel columns at elevated temperatures is a complex 
phenomenon as it is affected by many factors (e.g., geom-
etry of the cross-section, fabrication method, steel tem-
perature, slenderness ration, material properties, width to 
thickness ratios, residual stress, etc.). 

In design practice, EN 1993-1-2  [1] gives a simplified 
calculation method for designing steel columns at ele-
vated temperatures. This design method was proposed by 
Franssen et al.  in  [2] and  [3], and was based on Ayrton-
Perry formulation [4]. However, the response of steel col-
umns at elevated temperatures becomes highly nonlinear 
which makes this simplified method not suitable in certain 
ranges of parameters [5].

Numbers of experimental and numerical investigations 
have been carried out to understand the overall buck-
ling behaviors of steel columns at elevated temperatures. 

Yang  et  al.  [6] investigated experimentally the influ-
ence of width to thickness ratios, slenderness ratios and 
residual stress on the performance of fire-resistant steel 
H-columns. The results showed that column strength is 
sensitive to slenderness at temperatures less than 600℃, 
while the strength of a slender column decreases sharply 
for temperatures above 600℃. Moreover, the failure mode 
of fire-resistant steel H-columns changed from inelastic 
global buckling at ambient temperature to local buckling 
at elevated temperatures. Wang et al. [7] carried out com-
pression tests on 8 welded H-shaped steel stub columns 
at two temperatures of 450°C and 650°C, showing that 
EN 1993 Part 1.2 and 1.5 provisions for local buckling pre-
dict higher capacities than those obtained from fire tests by 
up to 30 %. One of the most notable works in this field has 
been achieved in Swiss Federal Institute of Technology 
Zurich by Pauli et al.  [8]. An extensive experimental 
research was carried out in order to investigate the behav-
ior of steel columns under fire conditions. The test results 
showed that the simplified design approach presented in 
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EN 1993-1-2 does not accurately predict the ultimate load 
of steel columns at elevated temperatures, because the 
cross-sectional capacity is not determined correctly  [9]. 
Even in cases where the correct cross-sectional resistance 
obtained, the buckling curves ignore the non-linearity 
of the steel behavior at elevated temperatures and fail to 
correctly determine the buckling capacities of columns. 
Gomes et al. [10] reported that the resistance of steel col-
umns at elevated temperatures is very sensitive to the col-
umn slenderness. 

It was concluded that the provisions of the EN 1993-1-2 
part 4.2.3.2 (Fig. 4.1) for the buckling length of steel col-
umns may be unsafe in many situations, particularly in the 
case of fire in an intermediate story. The stability of axially 
loaded steel columns with square hollow sections at ele-
vated temperatures was investigated by Kervalishvili and 
Talvik [11], showing that the simplified method presented 
in part 4.2.3.2 of EN 1993-1-2 is adequate for temperature 
range from 200°C to 300°C. On the other hand, for other 
temperatures, and for slenderness values less than 1.0, it was 
proved that the simplified method of EN 1993-1-2 overesti-
mates the buckling capacity of the studied columns by up 
to 45 %. While for slenderness values greater than 1.0, the 
simplified method underestimates the load-bearing capac-
ity compared to numerical analysis by up to 25 %. The sta-
bility behavior of steel columns with square and rectangu-
lar hollow sections subjected to fire has been analytically 
and experimentally investigated by Knobloch et  al.  [12]. 
It was reported that the influence of the nonlinear stress-
strain relationship of steel at elevated temperatures on 
overall buckling strength need to be considered. Moreover, 
adopting the temperature-dependent stress reached at 2 % 
strain  leads to unconservative results for the cross-sec-
tional capacity in pure compression. Chen et al. [13] con-
ducted both experimental and numerical investigations on 
mechanical behavior of I-section steel columns. The results 
showed that when the slenderness ratio of the column (λ) 
was less than 50, the column failed due to local buckling, 
but when the slenderness ratio of the column was more 
than 50, the column failed due to global buckling. On the 
other hand, the elevated temperatures had no evident influ-
ences on failure modes of the columns.

1.1 Problem statement
Based on the allowable literature described above, the 
influence of several factors on buckling capacity of steel 
columns at elevated temperatures is diverse and should be 
accurately considered to avoid oversimplification.

Moreover, the information on the effects of these fac-
tors on hot-rolled I-section steel columns at elevated tem-
peratures is not sufficient and contradictory for some 
cases. Thus, the analysis of these members in these condi-
tions is still desirable: generalized review about the effect 
of different factors on buckling strength of steel columns 
at elevated temperatures should be provided.

Therefore, the purpose of this research is to investi-
gate the effect of three parameters, namely: slenderness 
ratio, residual stress, and material model, on the response 
of steel columns made of different hot-rolled (IPE, HEA) 
cross-sections at elevated temperatures. 

1.2 The provisions of EN1993-1-2 code
At present the equations used in fire situations are differ-
ent from the ones used at room temperature. According to 
EN 1993-1-2 provisions [1], the design buckling resistance 
Nb, fi,t,Rd of a compressed member with a Class 1, Class 2, 
or Class 3 cross-section with a uniform temperature θa at 
time t should be determined as follows:

N Ak fb fi t Rd fi y y M fi, , , , ,/= χ γθ ,	 (1)

where χ fi is the reduction factor for f1exural buckling in 
the fire design situation.

ky,θ is the reduction factor for the yield strength of steel 
at the steel temperature θa reached at time t.
γM, fi is the safety factor for the fire design situation.
A is the area of the cross-section.
The cross-sectional compression capacity reduction 

coefficient should be determined according to the follow-
ing equation:
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where kE,θ is the reduction factor for the slope of the linear 
elastic range at the steel temperature θa reached at time t, 
and λ̄ is the nondimensional slenderness at ambient tem-
perature, which can be calculated according to EN1993-1-1 
as: λ =
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� , and Ncr is the lowest elastic critical load at 
ambient temperature.
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2 Numerical model
2.1 Case study
Simply supported concentrically compressed steel mem-
bers are considered for this study, as shown in Fig. 1.

The program of the numerical study is consisted of four 
cross-sections. Ten different non-dimensional slenderness 
(λ̄ = 0.5, 0.6, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, 1.9, 2.0) were selected 
to model the columns at 3 different temperatures (400℃, 
500℃, 600℃). A total of 500 numerical simulations were 
conducted. Steel grade S235 was used for all members.

The geometry of the cross-sections those are used in 
this study, along with the classes of these cross-sections 
under compression are shown in Table 1.

2.2 Model description
The load carrying capacity of the steel columns were calcu-
lated using the commercial software ABAQUS. The mem-
bers were modeled using the general purpose S4R shell 
elements. In the finite element model, the cross section 
(modeled using shell elements) is not totally similar to the 
actual cross section of steel hot-rolled I-shaped columns, 
because of the following reasons: First, the fillet radius at 
the web-flange intersections cannot be modeled. Secondly, 
there is a small area at the modeled cross-section at the 
web-flange intersection that is taken into account twice. 
These geometrical errors were compensated for by add-
ing B32 beam elements at the web-flange intersections, as 
shown in Fig. 2.

A calculated profile is assigned to beam elements to 
compensate for the lacking properties.

The mesh size was determined to be 16 elements in the 
flange, 16 elements in the web depth and with size of 20 
mm across the beam length as shown in Fig. 3.

2.3 Boundary conditions and load application
The columns are pin-supported. In order to simulate these 
boundary conditions, two reference points (one at each 
side) were coupled with the nodes of both end surfaces of 
the column using kinematic coupling restraints. 

Boundary conditions were applied through these refer-
ence points at the column ends as follows:

The reference points of the column were restrained 
against all degrees of freedom except for the displacement 
in the direction of the applied load at the loaded end, and 
the rotations about the axes of buckling at both ends.

The load was modeled by applying distributed forces 
(by means of nodal forces) on the flanges and on the web 
of the loaded end, as shown in Fig. 3, using the modified 
RIKS tool (also known as Arc length method) available in 
the ABAQUS library.

2.4 Geometrical imperfection and residual stress
In the numerical analysis, the initial geometrical imper-
fections of columns were determined by first performing 
a linear buckling analysis (LBA) on the perfect prismatic 
column with given boundary conditions, then the relevant 
normalized global buckling mode (in the relevant plane 
of buckling) is extracted. Thus, the first (lowest) global 
buckling mode shape derived by the linear buckling 

Fig. 1 The studied member

Table 1 Properties of the cross-sections

Cross-
section

h
(mm)

b
(mm)

tw

(mm)
tf

(mm)
A

(mm2)
class of 

cross- section

IPE 180 180 91 5.3 8 2395 1

IPE 300 300 150 7.1 10.7 5381 3

HE240A 230 240 7.5 12 7684 2

HE300A 290 300 8.5 14 11253 2

Fig. 2 (left) Real section vs. FE model section; (right) modelled 
cross-section

Fig. 3 Geometry and meshing of the FE model and the applied load
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analysis was introduced into non-linear finite element 
model (GMNIA), multiplying this by the amplitude of 
initial geometrical (bow) imperfection and updating the 
nodal coordinates of the model by adding the established 
nodal imperfections. 

The amplitude of initial geometrical imperfection of 
the column was taken equals to L/1000, which is used in 
most studies in the literature and corresponds to 75 % of 
the recommended tolerance value of L = 750 for steel col-
umn in Annex D of EN 1090-2:2008 [14] (where L is the 
column length).

The residual stress distribution considered in this study 
is according to ECCS  [15] for hot-rolled cross-sections 
which is the basis for the European buckling curves and 
the most commonly used residual stress pattern for hot-
rolled I profiles in numerical simulations. The magnitude 
of the initial stress depends on height to width ratio of the 
section analyzed, as illustrated in Fig. 4.

In reality, it would be wrong to apply residual stress 
patterns presented in Fig. 4 into the model with mechan-
ical properties corresponding to the elevated temperature 
conditions. Therefore, residual stress was introduced as 
initial stresses at normal temperature, and a static analysis 
step with temperature varies from normal to the tempera-
ture under consideration was performed as described by 
Franssen [16]. 

2.5 Numerical model validation
The axial load capacities obtained from the ABAQUS 
model described above are compared with the ultimate 
loads measured in the test performed by Pauli et al. [8], 
as presented in Table 2. It can be seen that the predicted 
buckling loads are generally in good agreement with the 
test results with maximum difference of 10.8 % and aver-
age difference of 7 %.

Moreover, The ABAQUS model underestimates the 
ultimate load of steel columns at elevated temperatures for 
all cases, and thus it provides a safe side prediction for the 
fire resistance of steel columns. 

Fig. 5 shows the buckling load-axial deflection curves 
derived from the numerical model of the S19 member 
which is compared to its respective test response.

These good predictions from the model indicate that the 
model is capable of predicting buckling capacity of steel 
columns at elevated temperatures and thus can be used for 
parametric study presented in this study.

2.6 Material model
The S235 steel grade was considered in this study.

The temperature introduced to the numerical model is 
considered to be uniformly distributed along the member. 
Thus, the comparison between numerical results and the 
simple calculation procedure presented in EN 1993-1-2 
could be possible. Moreover, it was found in  [17] that 
adopting the constant temperature assumption along the 
member and cross-section gives the most conservative case 
(the worst scenario) for assessing the buckling capacity.

Fig. 4 Considered residual stress patterns for h/b < 1.2 (Left)  
and h/b > 1.2 (right) [16]

Table 2 Comparison of FE and experimental results from Pauli et al. [8].

Column ID Temp. 
°C

End 
conditions Nu,test Nu,FEA

y z (kN) (kN)

S19 400 tie tie 996 964 3.3 %

S13 550 tie tie 511 461 10.8 %

M02 400 tie pin 646 615 5.1 %

M03 550 tie pin 405 367 10.4 %

Nu,test – Nu,FEA

Nu,test

Fig. 5 Comparison of the axial load - displacement curves for S19 
column [8]
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Elevated temperatures have big influence on the 
mechanical properties of the steel material, with key fac-
tors being the loss of linearity, and strength. 

For linear buckling analysis, linear elastic material 
law with Young's modulus E = 2.1 × 105 GPa is used. The 
Poisson's ratio is set to 0.3. 

For the non-linear analysis at elevated temperature, the 
reduction factors for the stress-strain relationship of car-
bon steel at elevated temperatures presented in Table 3.1 of 
EN 1993-1-2 [1] were used, as shown in Table 3.

The shape of the stress–strain curves at different tem-
peratures as used for the material model is shown in 
Fig. 6. The influence of thermal expansion has not been 
considered. 

To investigate the effect of mechanical properties on 
the overall buckling resistance of the studied columns, 
Bilinear stress-strain diagram with strain-hardening is 
adopted in the finite element models: linear elastic with 
Eθ up to fy,θ, then plastic (with a strain hardening slope of 
0.01 Eθ), as shown in Fig. 7. 

In the finite element models, true stress and plastic strain 
were adopted instead of engineering stress and strain. 
Therefore, the following equations were used to represent 
the relationship between true stress and plastic strain:

σ σ εtrue nom nom= +( )1 ,	 (4)

ε εtrue nom= +ln( )1 ,	 (5)

ε ε
ε

pl nom
true
E

= + −ln( )1 ,	 (6)

where σtrue: true stress
σnom: engineering or nominal stress
εnom: engineering or nominal strain
εtrue: true strain; εpl plastic strain

3 Results
3.1 Safety of EN1993-1-2 buckling curve with different 
slenderness values
The load-carrying capacities of columns with different non- 
dimensional slenderness (λ̄z) values were calculated. 

The following results can be drawn:
When the non-dimensional slenderness value of the 

column was: 
for IPE180: λ̄z < 0.4: (λ̄400°C = 0.478; λ̄500°C = 0.456; 

λ̄600°C = 0.493), 
for HE240A: λ̄z < 0.44: (λ̄400°C = 0.538; λ̄500°C = 0.513; 

λ̄600°C = 0.554),
local buckling occurred at mid-height of the column. 

On the other hand, for higher values of non-dimen-
sional slenderness ratio, the failure mode of the steel col-
umns was the global buckling mode.

The global and local failure deformed shapes are shown 
in Fig. 8, and Fig. 9, respectively, with U1: is the horizontal 
displacement of the steel column in millimeters.

The results presented in Figs. 10–13 indicate similar 
behavior of the columns made of the same cross-section 
type. 

Table 3 Reduction factors at steel temperature θ relative to the value of 
fy  and Ea at 20 [1]

Steel temperature ky,θ kp,θ kE,θ

400 1.000 0.420 0.700

500 ℃ 0.780 0.360 0.600

600 ℃ 0.470 0.180 0.310

Fig. 6 EN1993-1-2 material model [1]

Fig. 7 Bilinear model with hardening
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Fig. 8 Global failure mode of columns Fig. 9 Local failure mode of columns

Fig. 10 Comparison of EN 1993-1-2 buckling curves and FE results for 
IPE180 cross section

Fig. 11 Comparison of EN 1993-1-2 buckling curves and FE results for 
IPE300 cross section

Fig. 12 Comparison of EN 1993-1-2 buckling curves and FE results for 
HE240A cross-section

Fig. 13 Comparison of EN 1993-1-2 buckling curves and FE results for 
HE300A cross-section

Moreover, it can be noted that the EN 1993-1-2 buckling 
curve overestimates the buckling reduction factors in all 
cases of columns with non-dimensional slenderness at eleva- 
ted temperatures less than 1.5, while the difference between 
EN 1993-1-2 buckling curve and numerical results becomes 
smaller for higher non-dimensional slenderness values.

It can also be seen that the simplified method presented 
in EN 1993-1-2 for calculating the buckling capacities of 
steel columns at elevated temperature completely ignores 
the shape and dimensions of the cross-section, which 
seems to be not convenient.



924|Nemer and Papp
Period. Polytech. Civ. Eng., 65(3), pp. 918–927, 2021

3.2 Influence of the residual stress
To illustrate the influence of the residual stress, the finite 
element analyses of columns with and without residual 
stress were established. The overall buckling resistances 
of IPE180, IPE300, HE240A, and HE300A at elevated 
temperatures are presented in Figs. 14–17, respectively. 
Moreover, the influence of residual stress on different 
cross-sections at 500℃ is shown in Fig. 18.

It can be seen that the residual stress has different influ-
ence on the buckling resistance of steel hot-rolled section 
columns when the section and steel temperature vary, as 
follows:

•	 The influence of residual stress is larger on the col-
umns with HEA cross-sections (maximum of a 19 % 
reduction of the buckling resistance due to the resid-
ual stress) than those with IPE cross-sections (max-
imum of a 10 % reduction of the buckling resistance 
due to the residual stress).

•	 The effect of residual stress is slightly bigger on the 
columns under 500°C than those under 400°C or 
600°C.

•	 The residual stress has the greatest influence on the 
overall buckling resistance when the non-dimen-
sional slenderness at elevated temperatures value 
equals to λ̄600℃ = 1.6 for IPE180 cross-section, λ̄600℃ = 
1.47 for IPE300, λ̄600℃ = for HE240A, and λ̄600℃ = for 
HE300A, as shown in Fig. 19. In general, the influ-
ence of residual stress on buckling capacity is the 

Fig. 15 Influence of residual stress on buckling resistance of columns 
with IPE300 cross section

Fig. 14 Influence of residual stress on buckling resistance of columns 
with IPE180 cross section

Fig. 16 Influence of residual stress on buckling resistance of columns 
with HE240A cross section

Fig. 17 Influence of residual stress on buckling resistance of columns 
with HE300A cross section

Fig. 18 Influence of residual stress on buckling resistance of columns 
with different cross sections at 500℃
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biggest for intermediate non-dimensional slender-
ness ratio (λ̄ z) between 1.2 and 1.6, while it becomes 
smaller for other slenderness ratio.

•	 The effect of residual stress on the columns with 
slenderness ratio λ̄ z,θ ≤ 0.65 is negligible.

3.3 Influence of the mechanical properties of steel
To investigate the influence of mechanical properties on 
the overall buckling resistance of steel hot-rolled I-section 
axial compressed columns at elevated temperatures, two 
stress-strain constitutive relations including EN 1993-1-2 
and Bilinear model are adopted in the finite element mod-
els (see Fig. 6 and Fig. 7). The overall buckling resistances 
of steel columns of IPE300 and HE300A cross-sections 
calculated by using these two stress-strain relationships 
are presented in Fig. 20, and Fig. 21, respectively. While 
Fig. 22 illustrates the influence of mechanical properties 
on buckling resistance of columns with cross-sections of 
IPE180, and HE240A at 500℃.

In general, high material nonlinearity leads to reduc-
tion of young modulus of steel, and development of the 
plasticity early results in an increase of deformation and, 
consequently, reduction of buckling capacity.

The EN 1993-1-2 stress-strain curve for structural steel 
at elevated temperature adopted in the numerical model 
has a relatively low proportionality limit (See Table 3), and 
that leads to much lower buckling loads compared to those 
calculated using the bilinear material model in which the 
proportional limit is assumed to be the yield stress. 

The yield plateau and material nonlinearity have a sig-
nificant influence on the buckling capacity of hot-rolled 
I-section steel columns, and especially for columns with 
low slenderness ratio (short columns). 

4 Conclusions
The buckling behavior of steel columns with IPE and HEA 
cross-section at elevated temperatures has been investi-
gated. A finite element model was developed and validated 
using experimental results, then a parametric study was 

Fig. 19 Influence of residual stress on buckling resistance of columns 
with different cross-sections at 600℃

Fig. 20 Influence of mechanical properties of steel on buckling 
resistance of column with of IPE300 cross section

Fig. 21 Influence of mechanical properties of steel on buckling 
resistance of column with of HE300A cross section

Fig. 22 Influence of mechanical properties of steel on buckling 
resistance of column with different cross sections at 500℃
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carried out. The cross-section dimensions, slenderness 
ratio, temperature, residual stress, and mechanical proper-
ties all have influences on the global buckling resistance.

The results obtained with the finite element model 
showed that the EN 1993-1-2 simplified method generally 
leads to unconservative predictions of the buckling capac-
ity of steel columns at elevated temperatures depending 
on the slenderness ratio, and the cross-section dimensions.  

The EN 1993-2 bucking curve significantly overes-
timates the buckling capacity in the non-dimensional 
slenderness ratio range of λ̄θ ≤ 1.5, while the difference 
between the EN 1993-1-2 buckling curve and the FEM 
results becomes relatively smaller for higher non-dimen-
sional slenderness values. Moreover, for columns made of 
HEA cross-sections, the EN 1993-1-2 provisions lead to 
considerably unsafe results. This can be caused due to the 
fact that the EN 1993-1-2 simplified method uses only one 
buckling curve for all sections to determine the buckling 
resistance at elevated temperatures and makes no distinc-
tion between different sections types and different resid-
ual stress distributions and magnitudes, which is seen to 
be not suitable compared to the results of the numerical 

modelling. In general, it can be stated that the EN 1993-1-2 
buckling curve is not satisfactory in its current format 
for steel columns and needs to be recalibrated in order to 
obtain higher buckling capacities.

Moreover, the results showed that the residual stress 
has an important impact in the buckling capacity of steel 
columns at elevated temperatures. The effect of residual 
stress is larger on the columns with HEA cross-sections 
with maximum of a 19 % reduction of the buckling resis-
tance due to the residual stress, while the maximum reduc-
tion of the buckling resistance due to the residual stress for 
IPE cross-sections is about 10 %.

In addition to that, the influence of the residual stresses 
in the buckling capacity of columns is bigger for inter-
mediate slenderness ratio λ̄ z = 1.2–1.6, while it becomes 
smaller for other slenderness ratio, and negligible for short 
columns ( λ̄ z,θ ≤ 0.65).

To this end, the influences of different factors on the 
load capacity of steel columns at elevated temperatures 
are examined with the aim of better understanding the 
behavior of steel columns and developing the simplified 
methods presented in EN 1993-1-2.
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