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ABSTRACT

This paper presents an investigation on the influence of structural imperfections on the ultimate load
capacity of steel welded beam-columns with class 4 cross-section under elevated temperatures. This is
done by considering different amplitudes for the global and local (plate) imperfections, and different
residual stresses distributions available in the literature. To this purpose, a geometrically and mate-
rially non-linear finite element model using Abaqus software has been used to determine the buckling
resistance of a steel welded beam-column at elevated temperatures, using the material properties of
EN1993-1-2. The imperfection sensitivity of beam-columns is reported: the influences of the am-
plitudes of the geometric imperfection and the patterns of the residual stress on the load capacity are
compared.
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1. INTRODUCTION

Welded I-steel members are widely used in the construction of buildings and structures due
to their high functionality. The real structural steel members are not perfectly straight.
Throughout the manufacturing process (e.g., thermal cutting processes, which involve
intense local heating and rapid cooling and different types of welding [1]), the fabrication of
the sections results in global and local (plate) geometrical imperfections (e.g., out-of-
straightness), and mechanical (material) imperfections (e.g., residual stresses). Besides, due to
high width-to-thickness ratio of I-section steel members, local buckling occurs [2]. These
imperfections considerably affect the behavior of steel members and reduce their buckling
resistance [3]. For normal temperatures cases, Annex C of EN 1993-1-5 [4] introduces
guidance on the use of Finite Element (FE) methods. It states that both initial global and local
(plate) imperfections should be included in the FE-model in a way that one type of imper-
fection should be chosen as a leading imperfection, and the accompanying imperfections may
be reduced to 70%. Moreover, geometric imperfections may be based on the shape of the first
buckling modes, and 80% of the geometric fabrication tolerances are recommended.
Regarding residual stresses, the Eurocode states that structural imperfections in terms of
residual stresses may be represented by a stress pattern from the fabrication process with
amplitudes equivalent the mean (expected) values. However, there is no possibility to
consider different patterns of welded residual stresses, despite their considerable influence [5,
6]. The residual stresses for welded sections are different from hot-rolled sections mainly
because of the difference in the manufacturing processes. While residual stresses have a
negligible effect on I-shaped hot-rolled Class 4 sections, it was proved to have a considerable
effect on the ultimate load-carrying capacity of the welded cross-sections [5]. Moreover,
different residual stress distributions lead to a different capacity reduction on welded cross-
sections [3].
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EN1993-1-2 [7] in an informative annex E adapts a
number of simple application rules for designing steel
members at elevated temperatures. However, the shape of
the cross-section and the pattern of residual stresses are
completely ignored at elevated temperature. Accurate rep-
resentation of the magnitude and distribution of the
geometrical imperfections and residual stresses in steel
cross-section is significant for the assessment of the buckling
behavior of steel members and for the development of ac-
curate design rules.

In this paper, the influence of these imperfections on the
ultimate load capacity of beam-columns with class-4 I-sha-
ped cross-section at elevated temperatures is investigated.
Different geometrical imperfection amplitudes and residual
stress patterns found in the literature have been imple-
mented in Abaqus numerical model as initial structural
imperfections.

1.1. Review of the previous work

For ambient temperature, a growing body of literature has
examined the influence of geometrical imperfections [8],
and residual stress experimentally [9], and numerically [10,
11]. A recent research was carried out by Couto et al. [3],
who investigated the effect of material and geometrical im-
perfections on the capacity of welded slender I-shaped
beams. It was stated that considering Taras [12] or European
Convention for Constructional Steelwork (ECCS) [13] re-
sidual stress patterns results in maximum reduction in the
load-carrying capacity (the worst-scenario). In addition to
that, a value of b/100 was recommended for the maximum
effect of the local imperfection (where b is the width of the
flange or the depth of the web depending on the most dis-
placed node).

Some previous researchers investigated numerically the
influence of imperfections on the buckling behavior of steel
members under fire situation. It was noted by Kaitila [14]
that the increase of local imperfections’ magnitude leads to a
relatively straightforward reduction in the initial stiffness of
the member; while the magnitude of global imperfection has
a bigger effect on the ultimate load of the member. More-
over, the author proposed L/500 and web height h/200 as
suitable values for global and local imperfections, respec-
tively (where L is the overall span of the beam). Vila Real
et al. [15] investigated the effects of the residual stresses on
the lateral-torsional buckling of steel beams at elevated
temperatures. It was concluded that the influence of the
residual stresses in the lateral-torsional buckling of beams is
bigger for intermediate slenderness, as is the case at room
temperature. Moreover, the influence of the residual stresses
decreases with increasing temperature. Later, Vila Real et al.
[16] investigated the influence of three parameters on the
lateral-torsional buckling of steel I-beams under fire condi-
tions: the steel grade (S235-S355-S460), the pattern of re-
sidual stresses (rolled and welded sections), and the ratio (h/
b) between the depth h and the width b of the cross section.
The authors claimed that the influence of the investigated
parameters when considered separately is limited. However,

the combination of these factors has a more significant ef-
fect. The magnitude and distribution of residual stress for
welded high strength Q460 and mild steel Q235 steel H-
shaped sections were investigated experimentally at both
room and elevated temperatures [17]. The maximum value
of residual stress reduced significantly from 50% of the yield
strength before fire exposure, to 12% of yield strength after
fire exposure. Thus, it was stated that the maximum value of
residual stress varies at elevated temperatures, and should be
put into account in fire resistance design of high strength
steel structures. However, this conclusion has been limited
to the case of high strength steel, and no similar evidence for
carbon steel. Besides, the ECCS residual stress pattern is
commonly used in most numerical studies which investigate
buckling behavior of steel members at elevated temperatures
[6, 15, 16]. Kervalishvil [18] studied the influence of residual
stresses on the stability of steel columns at elevated tem-
peratures. Results for models ignoring and accounting for
residual stresses were compared for different steel grades,
various slenderness values, temperatures and section types.
It was concluded that, for low slenderness values for strong
axis buckling of hot-rolled H-sections and hollow section
members, the effect of residual stresses is negligible. On the
other hand, the residual stresses have more effect on strong
axis buckling out of this range and weak axis buckling of H-
sections, and disregarding them brings about reduction of
accuracy. Independent of the residual stresses the design
code prediction of the buckling capacity for certain lower
slenderness range at fire temperatures appear on the un-
conservative side compared to the numerical model. The
review of the publications above indicates that most previous
researches in this field have been limited to the influence of
geometric and material imperfections on the stability design
of steel members at normal temperatures, and the infor-
mation on the influence of the imperfections in fire condi-
tions is not sufficient. Although the influence of geometrical
imperfections amplitudes and residual stress are diverse and
should be accurately considered to avoid oversimplification
as proved by many researchers, a deeper research on the
effect of structural imperfections on buckling strength at
elevated temperatures should be provided.

2. SENSITIVITY ANALYSIS METHODS

2.1. Case study

A simply supported I-shaped welded steel member
comprised of three steel plates, namely top and bottom
flanges and web, with overall length of 6,000 mm is
considered for this study. It is made of steel grade S235.
Figure 1 shows the studied member and the applied loads
(axial load: N 5 95.8 kN, bending moment: M 5 13.10 kN/
m).

The geometry of the welded cross section is shown in
Table 1, along with the temperatures considered and the
residual stresses patterns and the initial imperfection am-
plitudes that are compared in this study, being L the overall
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span of the member, and b is the flange width or web height
depending for which the maximum displacement occurs in
the corresponding local buckling mode. The residual stresses
patterns were introduced into the Abaqus model as “initial
conditions: type 5 stress” [19]. The same residual stress
patterns were compared for beams with slender I-shaped
welded sections at room temperature in [3].

2.2. Material model

The S235 steel grade was considered in this study. For linear
buckling analysis, linear elastic material law with Young’s
modulus E equals to 2.1 3 105 MPa is used. The Poisson’s
ratio is set to 0.3.

For the non-linear analysis under normal temperatures
an elastic-plastic stress-strain relationship material law
defined by a yield strength of 235 MPa, an ultimate strength
of 360 MPa, a Young’s modulus of 210 GPa, and a Poisson
ratio of 0.3.

At elevated temperatures, the reduction factors for the
stress-strain relationship of carbon steel at elevated tem-
peratures from EN1993-1-2 [7] were used as it is shown
(Table 2).

For non-linear analysis at elevated temperatures, Abaqus
requires the full stress-strain response to correctly represent
the structural behavior. The stress-strain relationships for
steel S235 were taken using the equations provided by EN-
1993-1-2 [7]. The influence of thermal expansion has not
been considered.

2.3. Numerical model

2.3.1. Model description. Buckling capacities of steel beam-
column members were calculated by finite element method,
using four-node shell elements S4R (with reduced integra-
tion to avoid shear and membrane locking) in software
package Abaqus. Shell elements have the ability to recognize
the local buckling of thin plates in members of Class 4 cross
section.

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 member length as shown in Fig. 2. The maximum
aspect ratio of the elements was equal to 4.

The loads are modeled by applying distributed forces (by
means of nodal forces) on the flanges and on the web of the
loaded end using the modified method (also known as arc
length method) available in the Abaqus library. Boundary
conditions imposed on the member were appropriate to
simply supported beam-column with free axial expansion.

2.3.2. Elastic linear buckling analyses. The imperfection of
the finite element model is included by first performing a
Linear Buckling Analysis (LBA) on the perfect prismatic
beam-column model with given boundary conditions under
given compression force and bending moment, in order to
obtain the buckling modes of the member.

Both first (lowest) global and first (lowest) local buckling
mode shapes are shown in Fig. 3, respectively. As mentioned
before, superposition of overall buckling mode as well as
local buckling mode is achieved for accurate finite element
analysis, and particularly in this study for the purpose of
comparison.

2.3.3. Nonlinear load-displacement analyses. In the following
Geometrically and Materially Nonlinear Analysis with

Fig. 1. Details of the beam-column with the applied loads used in
this study

Table 1. Properties of the cross-section

Geometry Temperatures Residual stress patterns Global imperfection Local imperfection

h 300 (mm) 20 8C Taras [12] L/2,000 b/100
b 240 (mm) 400 8C ECCS [13] L/1,000 b/200
tw 4 (mm) 500 8C Barth and White [20] L/800
tf 6 (mm) Chac�on [21] L/600
A 4,032 (mm2) Best-fit Prawel [22] L/400

Table 2. Reduction factors at q relative to the value of fy and Ea at 20
8C [7]

Steel
temperature

ky,q 5
fy,q/fy

kp,q 5
fp,q/fy

kE,q 5
Ea,q/Ea

k0.2p,q 5
f0.2p,q/fy

20 8C 1 1 1 1
400 8C 1 0.42 0.7 0.65
500 8C 0.78 0.36 0.6 0.53

Fig. 2. Numerical model used in this study
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Imperfections (GMNIA), the imperfections were established by
importing the normalized displacements of the first global and
the first local buckling modes, multiplying these by the initial
imperfection amplitudes and updating the nodal coordinates of
the model by adding the established nodal imperfections.

3. RESULTS

3.1. Sensitivity to initial global and local
imperfections

The combinations of the initial global and local imperfec-
tions considered are presented in Table 3. The ECCS re-
sidual stress pattern [15] is considered in the numerical
simulations. The results show the direct correlation between
the amplitude of the initial imperfections and the buckling
resistance of the studied member. The bigger the imperfec-
tion values, the smaller the buckling capacity. The load ca-
pacity difference between the case when initial global
imperfection is equal to L/2,000 and the case when it equals to
L/400 (with fixed local imperfection b/100) is: (118.924 �
106.953)/106.953≈11% at 500 8C, while it is equal to 9.9% at
room temperature. On the other hand, the amplitude of initial
local imperfection, especially when accompanied by a rela-
tively big initial global imperfection amplitude (e.g., L/400),
has a smaller effect on the load capacity of the member.

Figure 4 shows the different buckling resistance at 500 8C
for all cases that have fixed initial local imperfection (b/200)
and different initial global imperfection amplitudes. It can be
seen that the initial global imperfection value affects not only
the ultimate strength but also the initial stiffness. When
increasing the initial global imperfection with fixed initial
local imperfection amplitude, the ultimate strength and
initial stiffness decrease significantly.

Figure 5 shows the different buckling capacities at 500 8C
for cases with fixed initial global imperfection and two
different local imperfection amplitudes. It shows clearly that
the initial local imperfection has no influence on the initial
stiffness of the member.

It is worthy to mention that axial force and bending
moment increase proportionally, so that only the axial force-
displacement relationship is presented.

3.2. Sensitivity to residual stresses

The results presented in Fig. 6 shows the influence of the
residual stress on the ultimate strength of the beam-column

Fig. 3. a) First global and b) local buckling modes

Table 3. Results of initial global and local imperfections sensitivity
analysis

Model
ID

Global
imperfection

Local
imperfection

Temperature
(8C)

Load
capacity
(kN)

NL 1 L/2,000 b/100 0 185.042
400 134.251
500 118.924

NL 2 L/2,000 b/200 0 188.204
400 136.847
500 121.696

NL 3 L/1,000 b/100 0 179.9
400 130.404
500 115.273

NL 4 L/1,000 b/200 0 183.341
400 132.880
500 117.429

NL 5 L/800 b/100 0 177.667
400 128.745
500 113.625

NL 6 L/800 b/200 0 181.143
400 131.107
500 115.460

NL 7 L/600 b/100 0 174.259
400 126.258
500 111.113

NL 8 L/600 b/200 0 177.786
400 128.545
500 112.449

NL 9 L/400 b/100 0 168.31
400 122.082
500 106.953

NL 10 L/400 b/200 0 171.76
400 124.582
500 106.662

Fig. 4. Load capacity of the studied member at 500 8C with initial local
imperfection b/200 and different initial global imperfection values
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at 500 8C (with initial global and local imperfections equals
to 80% of L/750 for the global mode and (70–80%$b/100) for
the local mode in accordance with recommendations given
in the Annex C of EN1993-1-5). It can be seen that
considering Taras and ECCS residual stress patterns at 500
8C results in almost the same response. Moreover, “Best-fit
Prawel” pattern gives the worst scenario (most conservative).
On the other hand, “Barth and white” has the least influence.

Table 4 shows the influence of the residual stress on the
ultimate strength of the beam-columns at room tempera-
ture, 400 8C, and 500 8C. At room temperature, ECCS re-
sidual stress pattern gives the lowest ultimate strength and it

represents the most conservative scenario. However, at 400
8C, Taras and ECCS residual stress patterns give almost the
same ultimate strength, and for higher temperatures,
considering “Best-fit Prawel” pattern results in the most
conservative result (the least buckling resistance). Moreover,
it can be seen that the effect of residual stress at 500 8C is
about 13% less than its effect at ambient temperature which
is illustrated in Fig. 7.

4. CONCLUSION

In this paper, an investigation on the influence of imper-
fections, namely, the initial geometrical imperfections (both
global and local), and residual stress, upon the buckling load
capacity of steel members subjected to axial force and
bending moment at elevated temperatures is presented. It
was found from the imperfection sensitivity analysis that
initial global imperfection value affects not only the buckling
resistance but also the initial stiffness of the studied member.
The increase of the amplitude of the initial global imper-
fection resulted in a considerable decrease in the ultimate
strength and initial stiffness. It can be seen that the effect of
initial global imperfection on the investigated beam-column
is slightly bigger at elevated temperatures. Although the
initial local imperfection has lower effect on the ultimate
strength and no influence on the initial stiffness, the results
reaffirmed the importance of considering both imperfections
for the finite element modeling. The residual stress sensi-
tivity analysis showed that the buckling resistance of the
beam-column is slightly less sensitive to the residual stresses
when the temperature increases. However, the influence is

Fig. 5. Load capacity of the studied member at 500 8C with fixed
global imperfection and two different initial local imperfection

values

Fig. 6. Influence of different residual stresses distributions at 500 8C

Table 4. Results of initial global and local imperfections sensitivity analysis

Temperature (8C) Barth and White (kN) Taras (kN) Best-fit Prawel (kN) Chac�on (kN) ECCS (kN) NO residual stress (kN)

500 143.28 116.22 113.34 128.88 116.58 160.81
400 169.38 132.62 135.14 153.16 132.03 187.57
0 269.49 190.32 207.21 238.29 182.24 289.48

Fig. 7. Influence of different residual stresses distributions at
ambient temperature
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significant and should be taken into account. Finally, from
the analysis of the influence of different residual stress pat-
terns at different temperatures, it was also observed that, at
room temperature, ECCS residual stress pattern has the
largest effect on the buckling resistance. However, at 500 8C
considering Taras or ECCS residual stress patterns results in
almost the same response, and Best-fit Prawel pattern has
the biggest influence (the most conservative case). On the
other hand, “Barth and white” pattern has the least influence
under all temperatures.
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