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Abstract. Influence of residual stresses on the stability of steel columns with various sections at elevated temperatures
has been studied. The potential effect of residual stresses on the stability of columns should be clarified, as the stability
of compression elements in fire even without explicitly regarding residual stresses is not a straightforward phenomenon.
Extensive numerical study was performed utilizing non-linear finite element method. Results for models ignoring and
accounting for residual stresses were compared for different steel grades, various slenderness values, temperatures and
section types. Results were compared with Eurocode method.
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Introduction

Resistance of steel columns is usually governed by global
buckling. Buckling is a complex stability phenomenon,
affected by several factors, including yield stress, geo-
metrical imperfections, slenderness, section geometry,
residual stresses and stress-strain relationship of steel.
Stability of columns can be investigated by numerical or
analytical models, which rely on certain simplified as-
sumptions concerning several of the aforementioned fac-
tors. In order to evaluate the reliability of the analysis,
the sensitivity of the models relative to those factors, like
residual stress, need to be considered.

Residual stresses are present in steel sections in their
unloaded state and these are among the factors that can-
not be ignored, when evaluating the resistance of struc-
tural steel elements. Data on residual stresses in different
section types and materials have been obtained in nu-
merous experimental works. The distribution pattern and
magnitude of residual stresses depend on the section to-
pology and production technology. In hot rolled sections
the residual stresses are mainly due to rolling process and
uneven cooling, in cold-formed sections mainly due to
cold bending during forming process and welding. The
importance of residual stresses for stability was reported
in the beginning of the 20-th century already and it has
been extensively investigated (Galambos 1998). The in-
fluence of residual stresses on the stability of hot rolled
and fabricated beams and columns at normal temperature
has been thoroughly evaluated (Bild, Trahair 1989; Fuku-

moto, Itoh 1980, 1981), the same in tubular columns has
been also studied (Key et al. 1988; Landolfo, Mazzolani
1991; Sun, Packer 2014). The role of residual stresses on
the behaviour of the whole structural system was evalu-
ated by Shayan et al. (2014). In various works on col-
umn resistance at elevated temperatures the influence
of residual stresses has been considered (Franssen ef al.
1998; Talamona et al. 1997; Takagi, Deierlein 2007; Seif,
McAllister 2013). Referring to reduction of residual
stresses due to temperature some authors conclude, that
residual stresses can be ignored in numerical models of
columns (Yang et al. 2006).

The review of the publications above indicates that
the information on the influence of residual stresses in
fire conditions is not sufficient. Most of these studies
have been focused at certain cases only regarding spe-
cific section types or limited parameter ranges and the
influence of residual stresses is not the primary target of
the works and a generalized review about the effect of
residual stresses on buckling strength at elevated tem-
peratures has not been provided.

The objective of the present paper is to obtain
comprehensive information about the effect of residual
stresses on steel columns at elevated temperatures. For
this purpose a computational study is carried out on axi-
ally compressed columns with varying properties — steel
grades and cross section types corresponding to differ-
ent Eurocode buckling curves. Effects of residual stresses
are examined for a wide range of temperatures and slen-
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derness values. The sensitivity of buckling resistance to
the effect of residual stresses at elevated temperatures is
evaluated for characteristic sets of parameters.

1. Stability of steel columns at elevated
temperatures

Eurocode 3 (EN 1993-1-1 2005) provides a method for
handling column stability at ambient temperatures in de-
sign practice. The proposed method uses Ayrton-Perry
type model, slightly modified to calibrate against test
results (Szalai, Papp 2010). The Eurocode model in-
cludes the influence of residual stresses combined with
other imperfections by means of different buckling curves
(EN 199311 2005). The present Eurocode method for axi-
ally loaded columns in fire (EN 1993-1-2 2004) is based
on the comprehensive numerical (Talamona et al. 1997,
Franssen et al. 1998) and experimental results. The pro-
posed model has been derived on the basis of the model
for ambient conditions, although due to modified material
properties the phenomenon of stability in fire condition
is more complex than in ambient conditions. The main
reason for that is the stress-strain response of steel mate-
rial — in ambient conditions using the idealized elasto-
plastic model with bilinear stress-strain relationship is
justified, while in fire conditions model with elliptical re-
gion connecting two linear parts of the stress-strain curve
should be used. Certain deviations of the present Euro-
code 3 model from advanced numerical models for axi-
ally loaded steel columns in fire have been demonstrated.
Researchers point out that at fire temperatures the pro-
posed simplified models do not properly account for the
nonlinear stress-strain relationship and bending stiffness
(Knobloch et al. 2010). In some cases the results accord-
ing to the Eurocode design expressions may be on the
nonconservative side (Vila Real et al. 2004b). Similar to
cold conditions the design method for the stability of axi-
ally loaded elements at elevated temperatures (EN 1993-
1-2 2004) uses buckling curve approach to consider ini-
tial imperfections. Different from ambient temperatures
only one buckling curve is applied for all sections, i.e.
at elevated temperatures no distinction is made regarding
fabrication process and section geometry.
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2. Residual stresses

Residual stresses (RS) originate from the fabrication pro-
cess of steel sections, depending on material, cross sec-
tion type and manufacturing process. RS patterns of Eu-
rocode 3 base documents (ECCS 1976, 1984) have been
developed on the basis of extensive research of buckling
of steel elements at ambient temperatures (Fig. 1).

Similar patterns are proposed for a large variety
of combinations of complex phenomena, influencing
RS. Most likely such unification of the simplified pat-
terns may produce conservative results in many cases.
Some recent studies point out the conservative character
of the present RS models (Pasternak, Launert 2014) and
underline the importance of providing more realistic ap-
proaches to the patterns of RS. As adequacy of simplified
RS patterns is not the focus of this work the patterns of
ECCS (1976, 1984) have been used in the present study
in order to relate the results to the available data of pre-
vious works and the present Eurocode. The influence of
RS on stability of steel elements in fire was described
by Franssen (1993) and Vila Real et al. (2004a). Similar
approach has been used in the present work. It has been
demonstrated, that RS do not influence plastic capacity of
a cross section, but the presence of the residual stresses
makes the strains at reaching the fully plastic state higher
compared to the specimen without residual stresses. The
present work deals with symmetrical, first and second
class sections (in terms of Eurocode), which represent
quite a wide practical range.

3. Bending stiffness at elevated temperatures

The stiffness of a cross section (axial and/or bending) has
major influence on the behaviour of a column. It can be
shown, that stiffness in fire conditions depends on stress
state, temperature and load level and the response of the
stiffness to the changes of those parameters is highly
nonlinear. Regarding the symmetry of the residual stress
distribution and assuming that residual stresses do not
alter the section’s plastic capacity, the residual stresses
can influence the column behavior only by changing the
bending stiffness of the section.

Square hollow section

+117.5 NPo +17.5 WPo

-47.0 NPa

+117.5 MPa

h

-705 WPa < =

05 W0 T—

-41.0 NPo

-

+117.5 MPa

s05W0 | b |

/ +117.5 MPo
-1175 WPa < e
+1175 WPa
—a

w

b

Fig. 1. Residual stress distribution patterns (

stands for compression; “+” stands for tension)
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Fig. 2. Influence of RS on the stiffness reduction factor (EI/Elj ) as a function of the bending capacity utilization factor

(M/M,; y gq f) for rolled I-section (HEAS500) strong axis

Extensive numerical study on the influence of re-
sidual stresses on the bending stiffness in different tem-
perature modes and stress states has been carried out. The
results for section HEAS500 at 4 temperature ranges are
presented in Figure 2. E1; stands for the bending stiffness
in fire accounting for the dependence of material proper-
ties on temperature and stress state, £/ is the bending
stiffness in fire accounting for the dependence of material
properties only on temperature (zero stress state), M is the
acting bending moment, M, 4 5 is the bending moment
capacity in fire situation at certain axial load level. Two
sets of curves are presented in each diagram: the continu-
ous line corresponds to the bending stiffness without RS
and the dash-dotted line corresponds to the bending stiff-
ness with RS. The different curves correspond to different
axial load levels — factor o = N/N,; gy 4, Where N is the
acting axial load and N,,; g, 4 is the axial load capacity in
fire situation. Although depending on temperature and the
utilization factor, the impact of RS on the bending stiff-
ness has quite diverse character, some general features
can be specified from Figure 2:

- bending stiffness dependence on stress state is com-
plex even without residual stresses and is defined by
material law;

- higher axial load levels (higher o-factor values) de-
crease the influence of RS on bending stiffness;

- higher M/M,, y.,, 5 factor values (higher curvatures)
decrease the influence of RS on bending stiffness.

It has been shown that RS have certain influence
on the bending stiffness and consequently on the buck-
ling resistance of the column. The impact of the residual
stresses varies in a complex manner depending on the
section type, load level, temperature and curvature. In
order to illustrate and understand better the effect of re-
sidual stresses on the buckling capacity of the columns,
corresponding simulations were carried out and results
are presented in the following section.

4. Numerical model of columns

Buckling capacities of compression elements were cal-
culated by finite element method, using 4-node shell
type finite strain elements with 5 through thickness in-
tegration points in software package ANSYS (element
SHELL 181), regarding geometrical and material nonlin-
earities. The model and element type are the same as vali-
dated by Zhang et al. (2013). Mesh size was chosen as
flange width / 20. Temperature field with uniform through
thickness and through length distribution was applied,
which is adequate for unprotected steel profiles. Initial
deformed shape was acquired by performing linear buck-
ling analysis. Deformed shape was scaled in order for the
maximum initial deformation in the middle to become L /
1000. Residual stresses were introduced according to the
patterns in Figure 1. Residual stresses were introduced as
initial stresses at normal temperature. Static analysis step
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with temperature variation from normal to the one under
consideration was performed as described by Franssen
(1996). This step is important, as in reality we deal with
residual strains and it would be wrong to apply residual
stress patterns presented in Figure 1 into the model with
mechanical properties (stress-strain relationships) corre-
sponding to the elevated temperature conditions. Material
models of Eurocode 3 were applied. Calculation cycle
can be summarized using the following steps:

- Step 1: linear buckling to acquire the initial de-

formed shape;

- Step 2: initial stress introduction;

- Step 3: temperature variation;

- Step 4: limit loading.

Finite element method has become a standard pro-
cedure for dealing with structural problems like steel
structures in fire conditions (Talamona ef al. 1997; Frans-
sen et al. 1998; Vila Real et al. 2004b; Knobloch et al.
2010; Pauli 2013), but numerical models must be val-
idated against test results. The finite element model of
the present work was validated against the data from ex-
periments by Franssen ef al. (1998). Validation was per-
formed on the basis of 21 cases with various sections,
slenderness ratios and steel grades. Failure temperatures
achieved during testing and calculations were compared.
Results of the validation are presented in Figure 3. Vali-
dation results are in accordance with those reported by
other researchers (Talamona et al. 1997; Franssen et al.
1998; Vila Real et al. 2004a, 2004b; Somaini ef al. 2012;
Pauli 2013).

The modelling program is summarized in Table 1.
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Fig. 3. Validation of the numerical model against test results
(Franssen et al. 1998)

Table 1. Modelling scheme
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Sections have been selected to represent Eurocode 3
buckling curves (EN 1993-1-1 2005). Thirteen slender-

ness values (7_\,20 = 0.3 ... 2.0) were selected to model
in 8 temperature ranges. The total number of models was
260 + 260 (without residual stresses + with residual
stresses). Results for certain temperatures are presented
in the form of buckling factors y in Figure 4 and Figure 5
for steel grades S235 and S355, respectively.

In the figures for each temperature results for buck-
ling factor without residual stresses are presented in the
left side top diagram, results for buckling factor with re-
sidual stresses are presented in the left side bottom dia-
gram and results for those two are compared in the right
side diagram. Results of numerical studies (Figs 4 and 5)
are summarized as follows:

- the influence of residual stresses depends on steel
grade (due to the different yield stress limit). This is
evident, as residual stress pattern is invariant to steel
grade and relation between the maximum;

- the influence of residual stresses depends on tem-
perature;

- two groups of curves can be distinguished in the
situation, where residual stresses are not consid-
ered. Residual stresses magnify this separation. The
first group includes rectangular hollow sections and
strong axis buckling of hot-rolled I-sections. The
second group includes weak axis buckling of I-sec-
tions;

- for the first group of sections, within certain slen-
derness range, the presence of residual stresses in-
creases the buckling capacity. For all temperatures,
this region starts with minimum slenderness values
around 7_\,20 = 0.4 and before 7_»20 = 1.0 depending on
the temperature. Increase of buckling capacity is still
quite low, remaining below 2.5%;

- for the second group of sections, residual stresses
decrease the buckling capacity for all slenderness
values;

- for both groups, residual stresses have stronger
influence on elements with higher slenderness,
achieving the maximum values within the range

}_‘20 =1.3...1.5. Results of Figs 4 and 5 are summa-
rized also in Table 2 in the form of indicative impact
factors, illustrating the effect of residual stresses for
all temperature ranges and for two steel grades.
Two factor values are presented in format o,/a,,
where a; corresponds to the section type 1 (rolled

Description Profiles Steel
Hot rolled I-sections h\b < 1.2 — strong axis HEA120, HEB300 S235, S355
Hot rolled I-sections h\b < 1.2 — weak axis HEA120, HEB300 S235, S355
Hot rolled I-sections h\b > 1.2 — strong axis HEA500, HEB80O S235, S355
Hot rolled I-sections h\b > 1.2 — weak axis HEAS500, HEB80O S235, S355
Square hollow sections RHS 100%100%5.0, RHS 300%300%8.0 S235, S355
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Fig. 6. Buckling factors for models with residual stresses,
without residual stresses and models adjusted with impact factor
(HEAS500, t =900 °C, S355, strong axis)

I-sections strong axis and square hollow sections) and a,
corresponds to the section type 2 (rolled I-sections weak
axis). The impact factors are also presented in analytical
form for both types of sections:

2 —
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where: y;,,, | is the impact factor for section type 1 and
Yimp.2 for section type 2 respectively; Ao is the reduced
slenderness of the column at ambient temperatures.

In general, structural elements can be modelled at
different levels of complexity in order to achieve the bal-
ance between resources, time and expected accuracy. For
example, columns in FEM applications can be modelled
by beam elements or shell elements. Implementing re-
sidual stresses in any kind of FEM based model as initial
strain is a specific task, which needs attention and time.
It is not convenient or possible to apply initial strain in
less advanced FEM applications. The presented impact
factors enable indirectly take account of the residual
stresses by simple multiplication of the results obtained
in less advanced models by the appropriate impact factor
from Eqn (1) or approximately from Table 2. As an ex-
ample the results of this kind of approach are presented
in Figure 6 for a column with section HEA500. Buckling
factor for a finite beam element model without residual
stresses is shown by a solid line. Those values have been
multiplied by appropriate impact factors. The resulting
values compare well to the relevant results of a full finite
shell element model with residual stresses.

Table 2. Impact indicators of the influence of residual stresses

S235 S355
t,
°C slen(_:ler_ness indicator slender_ness indicator
limit limit

< 1.0 / 09 < 1.0 / 09
200 0.5 0.5

> 09 / 07 > 09 / 08

< 1.0 / 09 < 1.0 / 09
300 0.7 0.7

> 09 / 07 > 09 / 038

< 1.0 / 038 < 1.0 / 09
400 0.9 0.9

> 09 / 07 > 09 / 07

< 1.0 / 038 < 1.0 / 09
500 0.9 0.9

> 09 / 07 > 09 / 08

< 1.0 / 09 < 1.0 / 09
600 0.9 1.0

> 09 / 07 > 09 / 08

< 1.0 / 038 < 1.0 / 09
700 1.0 1.0

> 08 / 0.7 > 09 / 038

< 1.0 / 038 < 1.0 / 09
800 0.9 0.9

> 0.8 / 0.7 > 09 / 08

< 1.0 / 09 < 1.0 / 09
900 0.7 0.8

> 08 / 0.7 > 09 / 08

Conclusions

This paper has presented the results of a comprehen-
sive numerical study, enabling to evaluate the effect
of residual stresses on the buckling capacity of axially
loaded columns at elevated temperatures. Characteris-
tic types of sections according to Eurocode 3 buckling
curves have been studied by FEM simulations in a wide
range of temperatures. The generated data indicate that
the influence of residual stresses is diverse and deserves
detailed consideration to avoid oversimplification. The
results reaffirm that the effect of residual stresses is neg-
ligible in certain lower range of slenderness for strong
axis buckling of hot-rolled H-sections and hollow sec-
tion elements. Strong axis buckling out of this range and
weak axis buckling of H-sections is more sensitive to
the influence of residual stresses and disregarding them
brings about reduction of accuracy. Independent of the
residual stresses the design code prediction of the buck-
ling capacity for certain lower slenderness range at fire
temperatures appear on the unconservative side compared
to the numerical model. The results of the present study
can be used for indicative evaluation of the sensitivity
of numerical and analytical models to residual stresses,
modification of simplified models and interpretation of
experimental data.
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