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ARTICLE

Effects of state-of-the-art residual stress models
on the member and local stability behaviour

Residual stresses have considerable effect on both the local
and the member stability behaviour of steel structures. Previ-
ous studies have shown that the structural stability behaviour
depends on both the distribution and the amplitude of the resid-
ual stresses. The residual stress distribution is affected by the
cross-section geometry, the steel grade and the manufacturing
process, e.g. flame cutting and the welding procedure. A
realistic consideration of residual stresses is necessary for an
efficient and safe design of steel structures.

This article presents an experimental and numerical study on
the influence of residual stresses on the stability behaviour of
structural members, i.e. steel columns and beams considering
a variety of cross-sectional slenderness, i.e. plastic, compact
and slender cross-sections are taken into account. A novel re-
sidual stress model for welded I-shaped sections was devel-
oped and evaluated using test data. This model takes into ac-
count the main influencing parameters, i.e. the cross-sections
geometry, the steel grade as well as manufacturing process
with thermal cuts or non-thermal cuts of the steel plates. The
novel residual stress model is then used to investigate the sta-
bility behaviour in terms of a numerical simulation study. The
result of the study allows to propose an improvement of the
buckling curve selection for welded high strength steel col-
umns and beams.

Keywords residual stresses; stability behaviour; local buckling; welded
girders; flame cut

1 Introduction

Steel structures are characterized by the slenderness of
both the cross-section and the member. The range of
rolled sections and the possibility to produce various
welded cross-sections allow an economical design
adapted to the respective load situation. The manufactur-
ing processes related to the application of local heat
input, e.g. flame cutting, plasma cutting and welding, nor-
mally cause residual stresses that may have a significant
effect on the structural stability behaviour.

Idealized residual stress models are used for the direct ap-
plication in advanced numerical simulations, i.e. the
model according to ECCS publication No. 33 [1] was
commonly used in recent years. However, this model was

This is an open access article under the terms of the Creative Commons Attribution-
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fications or adaptations are made.

calibrated on steel members made of steel grades S235
and S355 in the early 1980s. Nowadays, state-of-the-art
manufacturing processes and high strength steels are in-
creasingly used; hence, adaption of residual stress models
is necessary. Therefore, the model according to ECCS has
been adopted in the upcoming prEN 1993-1-14:2021 [2]
with an adaption for the use of a wide range of steel
grades with a conservative approach. However, a com-
prehensive validation of this model, especially for high-
strength welded steel structures, as well as a study on the
influence on the stability behaviour are still missing.

The distribution of residual stresses has been investigated
in recent studies, which address different issues. For exam-
ple, effects of the cross-section shape and dimensions [3, 4],
the steel grade [5, 6] and fabrication process [7] on the re-
sidual stress distribution have been studied. Up-to-date
data collection of residual stress measurements including
evaluation of the magnitude of the residual stresses related
to the steel grade is part of [8]. These investigations show
that the distributions can distinctly differ from the ap-
proaches according to ECCS and prEN 1993-1-14:2021
commonly used in design and research.

Systematic investigations on the influences of residual
stress approaches on the structural stability behaviour are
scarce. Kdsmeier [9] analysed the influence of residual
stress approaches according to [1] for hot-rolled and
welded steel sections on the member stability behaviour,
in particular the evolution of yield zones and, subsequent-
ly, the internal forces. The effect of a welded residual
stress approach on the local-buckling behaviour for the
example of three I-sections with slender webs is presented
in [10]. Granath [11] focused on the development of plas-
tic strains for slender plate girders, taking into account a
residual stress approach for welded sections according to
BSK94 [12].

A novel model for residual stresses of welded I-shaped
doubly and mono-symmetric sections was jointly devel-
oped by the University of Coimbra and the Ruhr-Univer-
sitdt Bochum [13]. It considers both the cross-section ge-
ometry and the fabrication process with or without ther-
mal cutting of the plates. A comparative study with both
own and independent residual stress measurements avail-
able in the literature confirms that the model is suitable
for steel members of steel grade S235 up to S890. This
model is now applied to analyse comprehensively the
local and structural member stability behaviour of welded
steel sections.
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Fig.1  Novel model for residual stresses of welded I-sections [13]

This article first briefly summarizes the novel model in Sec-
tion 2. Secondly, the model is applied in numerical para-
metric studies, for which the results are presented in Sec-
tion 3. Within the framework of a simulation study, the ef-
fect of residual stresses on the structural member stability
behaviour, i.e. flexural buckling and lateral-torsional buck-
ling as well as the local buckling behaviour of slender
cross-section is analysed and presented in Section 4. Par-
ticularly, the influence of cross-section dimensions, ther-
mal cuts, weld thicknesses and steel grade are investigated
and presented using specific cross-sections as examples.

2 Short overview of the novel residual stress model
for welded I-sections

A novel model for the approximation of residual stresses
of welded I-shaped steel sections was previously devel-
oped by the authors and is described in detail in [13]. The
model is based on own residual stress measurements of
two research projects [14, 15]; additionally it was vali-
dated against an extensive data set of measurements from
the literature. The comparative study included 25 test
specimens from the University of Coimbra and Ruhr-
Universitdt Bochum as well as 39 specimens from litera-
ture of the last approximately 50 years. The validation in-
cluded specimens made of steel grades S235 to S890 with
and without thermal cut plates and variation of flange
width from 100 mm to 430 mm, and section height from
110 mm to 830 mm, respectively. The study showed that
the novel model approximates the residual stress patterns
uniformly well for the cross-sections with different geom-
etries and steel grades.

The novel residual stress model considers both the influ-
ence of the steel grade and the influence of the cross-sec-

tion geometry (see Fig. 1). Tensile residual stresses are re-
lated to the yield strength fy, however, the steel grade-de-
pendent factor eis used to determine simplified membrane
stresses at the plates and considers approximately the
gradient of residual stresses across the flange thickness in
the vicinity of the weld. The cross-section geometry is in-
corporated by determining the magnitude of the compres-
sive stresses and the associated areas via equilibrium
conditions. Further, the fabrication process of the plates
by thermal or non-thermal cuts can be considered. Ther-
mal cutting causes tensile residual stresses at the plate
ends. These stresses influence the compressive residual
stresses at the flanges because of equilibrium conditions,
whereas the effect on the residual stresses of the web
plate is of minor importance due to the superposition of
the tensile residual stresses caused by the welds.

3 Numerical model

Advanced numerical simulations were carried out using
the Finite Element Software ABAQUS [16] to analyse the
effect of the residual stress distribution on the structural
member behaviour of plastic, compact and slender cross-
sections. The effect of residual stresses on the local buck-
ling behaviour is also studied. The structural member
simulations were executed with a model consisting of
four-node linear shell-elements with full integration. The
model consisted of a mesh with 16 elements across the
flange widths and 16 elements across the web depth. The
number of elements in longitudinal direction of the mem-
ber was chosen to achieve almost square-shaped elements
depending on the girder length. A linear elastic-perfectly
plastic material model without strain hardening was used
for the investigations. The residual stresses were intro-
duced using different residual stress models - models ac-
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cording to the novel model with and without thermal cuts
and prEN1993-1-14 [2]. Geometric imperfections were
applied with the shape of the relevant eigenmode for the
considered member stability case with a maximum ampli-
tude of L/1000. For the simulation of the cross-sectional
and local buckling behaviour, additional nodes at the end
of the weld legs have been used and connected with con-
straints (rigid beams). This represents on the one hand
the stiffness of the joint between web and flange plates,
and on the other hand reduces the length of the outstand-
ing flange to consider the weld geometry for the local
buckling behaviour. The relevant eigenmode for local
buckling was determined on short girders with a ratio of
girder length to flange width of approximately 4 and ap-
plied with a maximum amplitude of the twist with 1/50
radians of the outstanding flange.

The numerical model was validated within the framework
of two German national research projects carried out at
University of Stuttgart and Ruhr-Universitdt Bochum [15,
17]. Within these projects, structural member tests were
performed at the University of Stuttgart for beams with
major axis bending and beams with interactions of com-
pression force, bending moments and torsion.

4 Influence of residual stresses on the load bearing
behaviour

41 General

This Section summarizes the results of the parametric
study. Firstly, the investigations on major and minor axis
flexural buckling as well as lateral torsional buckling with
influences of different shapes and distributions of residual
stresses due to thermal and non-thermal cuts are provid-
ed (Section 4.2). Secondly, the effects of different cross-
section geometries on the residual stress distributions
and, accordingly, on the member stability behaviour are
presented (Sections 4.3 to 4.5). Here, the decisive para-
meter of the section width as well as the weld thickness
are varied. Subsequently, results are presented for mem-
bers with different steel grades and thus different ratios of
residual stresses to material strength (Section 4.6). Final-
ly, effects of the residual stress approach on the local
buckling behaviour and, in particular, the structural sta-
bility resistance of cross-sections with slender flange
plates are shown (Section 4.7).

4.2 Effect of thermal and non-thermal cuts

Steel plates can be manufactured by non-thermal cutting
processes, i.e. shearing, or by thermal cutting processes,
such as plasma or flame cutting from the origin plate
sheet. Thermal cutting methods cause tensile stresses at
the position of the introduced heat and, for equilibrium
reasons, compressive residual stresses in the remaining
plate. When steel plates are assembled by welding, the
residual stresses resulting from the welding process are

246 Steel Construction 15 (2022), No. 4

superimposed on the residual stresses of the cutting pro-
cess. Thus, the residual stresses of thermal cut I-sections
differ from the residual stresses from non-thermal cut
I-sections.

The novel residual stress model for thermal cut plates,
presented in Section 2, considers the manufacturing of
the steel plates in two ways. These are (1) tensile residual
stresses at the flange tips and (2) subsequently larger com-
pressive residual stresses along the flanges compared to
the residual stress approach with the consideration of
non-thermal cuts. To illustrate the influence of these dif-
ferent residual stress approaches on the stability behav-
iour, numerical simulations were performed on a member
with an exemplary cross-section considering major and
minor axis flexural buckling as well as lateral torsional
buckling in terms of a proof-of-concept study. The load-
displacement behaviour and the development of the yield
zones as a function of the non-dimensional load-factor
are shown in Fig. 2.

In case of major axis flexural buckling (Fig. 2, top), the
mid-span deflection w increases with increasing load
until the first yielding occurs at the flange because of the
superimposition of compressive stresses resulting from
axial compression force as well as bending moments ac-
cording to second-order theory and the compressive re-
sidual stresses. When the non-thermal cuts are considered,
the entire flange yields with the exception of the mid-
flange in the area of the weld, while when the thermal
cuts are taken into account, the flange tips remain in the
elastic range and exhibit residual stiffness. However, after
the initial yielding in both residual stress approaches, load
increases are no longer possible due to the pronounced
loss of stiffness, and stability failure occurs almost imme-
diately. Since the compressive residual stresses at the
flanges were smaller for the approach with non-thermal
cuts, the first yielding and stability failure occur at higher
load levels than for the approach with thermal cuts.

The out-of-plane displacement v in case of minor axis flex-
ural buckling also increases until yielding (Fig. 2, middle).
The location of the first yielding varies depending on the
residual stress approach. When non-thermal cuts are con-
sidered, the first yielding occurs at both flange tips with
compressive stresses resulting from second-order theory
bending moments, while when thermal cuts are consid-
ered, the yield strength is firstly reached at the flange
inner surface at the outer edge of the compressive residu-
al stresses. Subsequently, however, small additional load-
carrying capacities can be activated in both approaches
until the ultimate load is reached. This is because of the
progressive yielding in the flange towards the flange cen-
tre until stability failure. Nevertheless, similar ultimate
load capacities are obtained for both residual stress ap-
proaches. When non-thermal cuts are considered,
the lower compressive residual stresses overlap with the
maximum stresses due to the bending moment at
the flange tips, while when thermal cuts are considered,
the higher compressive residual stresses overlap with the
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Major axis flexural buckling

=Nus/N First yielding Ultimate load
100 Ld Rk ] T T eI 1]
T = e
Ay=1.0 | Novel Model with | - — )
075 —| consideration of | g"iﬁcz 3”'.;.;‘?
’ e non-Thermal Cuts | ) :
p =
, o e A | R )
050 - / N
" ] First yielding Ultimate load
0.25 | 4 First yielding w_| e __ | BEmmsn  Ensses | | EEEEEE  EEEEEE |
! = Ultimate load ] I Novel model with | fige: T
r | consideration of 0.677 0.679
000, 20 0 60 80 (Thermal Cuts _ 1
w [mm] e N R

Minor axis flexural buckling

= Nea/Nax First yielding Ultimate load
l 00 .
P —
! =10 Novel Model with | _ -
i . . . Z N . . n . i .
First yielding consideration of | noTC- ultnoTC-
0.75 — - I non-Thermal Cuts| 0.660 0.681
5 2 0 ——.g _
0.50 |~ ,’ *
First yielding Ultimate load
, Ultimate load
= ) [ EEEES |
025 4 e -
_” ] INovel model with | firc: Ayt
. lconsideration of | 0.640 0.673
000, 10 20 30 !Thermal Cuts _ |
v [mm] e & ——TTTE
Lateral torsional buckling
i = My, ea/My i Yielding (TF)  First Yielding (CF)  Ultimate load
1.00 T - —_— —— —— —E
I I ;
i = 1.0 Novel model with e e g o
[First yielding (CF) -| consideration of } 0 Sgg 0 6g§ 0 u—l-';_;TC
0.75 ‘}_a - -7—-- { non-Thermal Cuts | ’ ’ '
[ ,'/"" - ] [iancsnss essssSS == ] |
0.50 - &~ Ultimate load _]
4 Yiclding (TF) Yielding (TF) Yielding (TF)  First Yielding (CF)  Ultimate load
025 H y T
! Ut 5 2 | INovel model with | TFigc: Firc: et Mrc:
v | | | lconsideration of | 0.552 0.636 0.663 0.711
0.00 . - : IThermal Cuts |
0 0025 0.050 0.075 0.100 - = - -

Plastifications Cross-section: flanges — 350 x 20 mm; web — 370 x 8 mm; double-fillet welds with a =4 mm; S355

Fig.2 Development of yield zones depending of the stability case and residual stress approach

non-maximum stresses due to the bending moment at the
inner position of the flange.

In case of lateral torsional buckling (Fig. 2, bottom), the
load-displacement curves are like those of minor axis flex-
ural buckling. However, the evolution of the yield zones
is this case is different depending on the residual stress
approach. The first yielding occurs at the centre of the
tension flanges (TF) for both approaches due to the super-
position of the tensile residual stresses at the weld and the
tensile stresses caused by bending moment about the
major axis. The differences in the load states at first yield-
ing result from the residual stress applications in the nu-
merical simulations. In addition, the flange tips of the
tension flange (TF) reach the yield strength considering
thermal cuts. However, the resulting reduction in stiffness
is small and does not have a decisive effect on the load-

bearing behaviour. The stability failure is initiated with
the first yielding at the compression flange (CF). The evo-
lution of the yield zones at the compression flange is
again comparable to minor axis flexural buckling. When
non-thermal cuts are considered, yielding starts at the
flange tips and progresses toward the flange centre, while
for thermal cuts, the first yielding occurs at the inner
flange and continues until stability failure. Here, the ulti-
mate loads of the members are similar for both residual
stress approaches.

The investigations on the stability behaviour have shown
that the load-bearing behaviour differs depending on the
residual stress approaches. Differences on the evolution
of the yield zones result from tensile residual stresses or
compressive residual stresses at the flange tips consider-
ing thermal or non-thermal cuts, while load capacities
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Fig.3 Considered cross-sections for numerical simulations

can be affected by the different magnitude of the com-
pressive residual stresses at the flanges. However, the
consideration of thermal or non-thermal cuts has a
marked effect on the load capacities in case of major axis
flexural buckling and a minor effect in the cases of minor
axis flexural buckling and lateral torsional buckling. The
consideration of thermal cuts leads to lower member re-
sistances. Since the influences of the residual stress ap-
proaches with or without thermal cuts are similar for
minor axis flexural buckling and lateral torsional buck-
ling, but differ for major axis flexural buckling, results for
major axis flexural buckling and lateral torsional buckling
are presented in the subsequent subsections in terms of a
parametric study.

43 Influence of the cross-sectional slenderness

The cross-section geometry influences both the residual
stress pattern according to the novel model and the stabil-
ity behaviour. For the analysis of the influence of the
cross-section geometry, three cross-sections were exem-
plarily considered and the results were evaluated within
the framework of a comparative study. Here, section
No. 1 is representative for stocky cross-sections, section
No. 2 for cross-sections with an intermediate slenderness
and section No. 3 for slender cross-sections (see Fig. 3).

Tab. 1 summarizes the magnitude of the residual stresses
of the different sections of steel grade S355. Tensile re-

Tab.1 Residual stress magnitude according to the novel model

Section No. 2

Section No. 3

sidual stresses in the area of the weld are related to the
steel grade and were therefore the same for all sections. If
thermal cuts of the origin steel plates are considered, ten-
sile residual stresses occur at the flange tips, which are
related to the steel grade, too. Compressive residual
stresses at the flanges depend on the cross-section geom-
etry and the steel grade because of equilibrium condi-
tions. This results in larger compressive residual stresses
for narrow flange widths (section No. 1 and section No.
3) than for wider flanges (section No. 2) and higher com-
pressive residual stresses at the flanges with larger weld
and web thicknesses (section No. 1 compared to section
No. 3). Furthermore, the fabrication of the steel plates has
a significant effect on the residual stress distribution at
the flanges with larger compressive residual stresses for
thermal cut plates and smaller compressive residual
stresses for non-thermal cut plates. The residual stress
distribution at the web were simplified and determined
without variations of the cross-section geometry and are
therefore the same for all sections.

Fig. 4 illustrates numerically determined reduction factors
in case of major axis flexural buckling (Fig. 4a) and lateral
torsional buckling (Fig. 4b) compared to the buckling
curves according to FprEN 1993-1-1:2022 [18] (paragraph
8.3.1.3 for flexural buckling and paragraph 8.3.2.3 (3) for
lateral torsional bucking). The figure compares the results
for the three sections with residual stress approaches ac-
cording to the novel model with and without the consid-
eration of thermal cuts. In case of major axis flexural buck-

Section No. 1 (S355)

Section No. 2 (S355) Section No. 3 (S355)

fy - € 0.5 - fy - € Of ¢ Ow,c Of ¢ Ow,c Of ¢ Ow,c
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Novel model 288.8 144.4 -79.6 -72.2 -68.2 -72.2 -98.0 -72.2
with thermal cuts
Novel model without 288.8 - -47.2 -72.2 -38.2 -72.2 -61.3 -72.2

thermal cuts
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ling, higher reduction factors were achieved with consid-
eration of non-thermal cuts compared to the consideration
of thermal cuts. This effect occurs most strongly in the
range of medium relative slendernesses (0.8 < Zy < 1.2) with
a relative deviation for the different residual stress ap-
proaches up to 7.1%. This is caused by the lower compres-
sive residual stresses considering non-thermal cuts or larg-
er compressive residual stresses at the flanges considering
thermal cuts, respectively, and subsequent failure by reach-
ing the yield strength in this area (see Section 4.2).

In case of lateral torsional buckling, a strong effect of the
cross-sections geometry was observed but a minor effect
of the residual stress approach with and without thermal
cuts. The maximum relative deviation depending on the
residual stress approach amounts to 3.7 %, whereby the
consideration of thermal cut plates tends to lead to small-
er reduction factors. The relatively small deviation be-
tween the residual stress approaches for stability failure
characterized by deformation about the weak axis (minor
axis flexural buckling and lateral torsional buckling) is
caused by the loss of stiffness at comparable load levels
(see Section 4.2).

4.4 Influence of the weld thickness

The size of the weld thickness is related to the width of
the area affected by tensile residual stresses in the centre
flange. The larger the area of tensile residual stresses in
the flange, the larger the compressive residual stresses
because of equilibrium conditions. The influence of the
weld thickness on the change of compressive residual
stresses at the flanges and thus the influence on the stabil-
ity behaviour was analysed.

For section No. 3, numerical simulations with weld thick-
ness between 2 mm and 5 mm (equal to half of the web

XLTFE [-]
1.2 T T T T T T T T
R I
Euler —
1.0 X, hyperbola
0.8—
0.6—
04—
| Residual stress Sections
approch Section | _ 7
0.2— Thermal cuts == Section 2
L = = = Non-thermal cuts Section 3
A PO I PO PO I O B

0.
0002040608 10121416 18 2.0

b)

Arl-]

Flexural buckling about the strong axis (a) and lateral torsional buckling (b) with different cross-sections and residual stress approaches

thickness) were performed. Fig. 5 shows the results for
major axis flexural buckling (Fig. 5a) and lateral torsional
buckling (Fig. 5b). The graphs show the numerically de-
termined reduction factors on the left vertical axis and
the compressive residual stresses on the right vertical axis
as a function of the weld thickness, given on the horizon-
tal axis. Blue lines indicate the behaviour based on the
novel residual stress model considering thermal cuts and
green lines are used for the novel residual stress model
considering non-thermal cuts. Dashed lines represent the
magnitude of the compressive residual stresses in the
flanges that are decisive for the stability behaviour, while
straight lines indicate the associated reduction factors.

The compressive residual stresses increase with increas-
ing weld thickness. This results in compressive residual
stresses from -61 MPa for 2mm weld thickness to
-98 MPa (= -0.28 - f) for 5 mm weld thickness consider-
ing thermal cuts or -32 MPa (= -0.09 - f,) for 2 mm weld
thickness to -61 MPa for 5 mm weld thickness consider-
ing non-thermal cuts.

In case of major axis flexural buckling the reduction fac-
tors for stocky members (Iy = 0.4) and slender members
(4y = 1.6) are constant regardless of weld thickness, with
no significant difference between the residual stress ap-
proaches. This is due to the failure in the fully plastic or
elastic range, respectively, where residual stresses have
only minor effects. In the medium slenderness range
(0.8 < iy < 1.2), the reduction factors decrease with in-
creasing weld thickness and differ depending on the re-
sidual stress approach considered. Thereby, the reduction
factors correlate with the magnitude of the compressive
residual stresses related to the weld thickness or residual
stress approach.

In case of lateral torsional buckling, similar effects can be
expected as a function of relative slenderness. Neverthe-
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Fig.5 Influence of the weld thickness on major axis flexural buckling (a) and lateral torsional buckling (b) considering different residual stress approaches

less, the reduction factors do not differ significantly de-
pending on the residual stress approach in the range of
medium slendernesses. This is due to the already men-
tioned different positions of the first yielding at the com-
pression flange under similar load conditions (see Section
3.2).

Although the weld thickness has a considerable influence
on the maximum compressive stresses, this results in only
minor differences for the ultimate loads. This applies re-
gardless of the residual stresses being influenced by ther-
mal cutting or not.

4.5 Influence of the flange width

The area of the flanges affected by compressive residual
stresses is determined as the remaining area of the
flange after taking into account the area affected by
tensile residual stresses and is thus strongly dependent
on the flange width. This results in smaller compressive
residual stresses for wide sections and larger compres-
sive residual stresses for narrow sections. To analyse
the influence of this effect on the stability behaviour,
the flange width of section No. 2 was varied from
150 mm (h/b = 2.67) to 400 mm (k/b = 1.00). As before,
the compressive residual stresses of the flanges as well
as the reduction factors were determined (Fig. 6). The
determination of the slenderness as well as the reduc-
tion factors is based on plastic cross-section capacities
for all cross-section classes in order to achieve a unified
evaluation.

The magnitude of the compressive residual stresses de-
creases with increasing flange width, with the curves be-
coming flatter with larger width. The magnitudes differ
from -112 MPa (= -0.32 - f;) at a width of 150 mm to
-55 MPa at a width of 400 mm considering thermal cuts,
and from -72 MPa at a width of 150 mm to -28 MPa
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(=-0.08 - f,) at a width of 400 mm considering non-ther-
mal cuts, respectively.

The greatest effect of different flange widths and thus dif-
ferent compressive residual stresses occurs for medium
relative slenderness ratios in the range of 0.8 to 1.2 for
both major axis flexural buckling and lateral torsional
buckling. Here, the reduction factors increase with in-
creasing flange width. For major axis flexural buckling of
members with medium slenderness ratios (0.8 < Iy <1.2),
differences are present depending on the residual stress
approach. The residual stress approach taking into ac-
count thermal cuts leads to smaller reduction factors
compared to the approach with non-thermal cuts, caused
by the higher compressive residual stresses at the flanges.
The residual stress distribution does not lead to pro-
nounced effects on the load-carrying capacity for lateral
torsional buckling.

46 Influence of the steel grade

The welding process can lead locally to residual stresses
up to the yield strength [13]. These residual stresses drop
sharply across the flange thickness, resulting in lower
membrane stresses that are crucial for stability verifica-
tions. Nevertheless, the steel grade influences the magni-
tude of the membrane residual stresses, even if this is not
proportional to the yield strength.

Tab. 2 compares the magnitudes of residual stresses as a
function of the steel grade for section No. 3 considering
the novel model with thermal cuts. Both compressive re-
sidual stresses and tensile residual stresses increase with
increasing steel grade. Since the residual stresses are not
proportional to the yield strength, but are defined by the
material parameter &, a uniform factor of v/690/355=1.39
is obtained between the respective quantities for the steel
grades considered. Since residual stresses are less pro-
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nounced for high strength steel, a higher ratio between
ultimate load and cross-sectional capacity can be expect-
ed than for mild steel members.

Fig. 7 shows the reduction factors for major axis flexural
buckling (Fig. 7a) and lateral torsional buckling (Fig. 7b)
considering the novel residual stress model with thermal
cuts. The reduction factors for section No. 3 made of steel
grades S355 and S690 are compared with the buckling
curves according to FprEN 1993-1-1:2022 [18]. For both
flexural buckling and lateral torsional buckling stability
phenomena, the reduction factors for S690 are larger. In
the case of major axis flexural buckling, the section is as-
signed to buckling curve ‘b’ regardless of the steel grade.
For high-strength steel, however, assignment to buckling
curve ‘a’ is appropriate. The reduction factors for lateral

Influence of the steel grade on major axis flexural buckling (a) and lateral torsional buckling (b) considering the novel model with thermal cuts

torsional buckling of the high-strength steel member are
also approximated too conservatively, which seems to
allow a more economical choice of imperfection coeffi-
cients and buckling curves.

4.7  Effect on the cross-sectional capacity

Residual stresses influence the local buckling behaviour
of slender cross-sections. While residual stresses have a
minor effect on the rotational capacity and plastification
of compact cross-sections, the behaviour of slender cross-
sections, which buckle in the elastic range before reach-
ing the cross-section capacity according to plastic theory,
is decisively influenced. Therefore, in this study, the be-
haviour of welded I-sections made of mild steel S355 with
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Tab.2 Residual stress magnitude according to the novel model

Steel grade f; - & 05 -f,-€ o Ow,c
[MPa] [MPa] [MPa] [MPa]

S355 288.8 144 .4 -97.8 -72.2

S690 402.8 201.3 -136.6 -100.7

a height of 400 mm and a width of 300 mm (see Fig. 8)
was investigated as an example. The web thickness of
6 mm was chosen to avoid local web buckling. The flange
thickness was varied between 6 mm and 20 mm. This al-
lowed to consider cross-sections, which are classified
from class 2 to class 4.

The cross-sectional capacity related to the flange slender-
ness is also presented in Fig. 8. The numerically deter-
mined ultimate bending moment normalized by the plastic
load capacity is shown on the ordinate and the slenderness
of the flange plate is shown on the abscissa. Residual stress
approaches according to the novel model with and with-
out thermal cuts as well as the approach according to
FprEN 1993-1-14:2021 [2], as illustrated in [13], are evalu-
ated. The residual stress approach did not affect the load
capacities of stocky cross-sections (class 1 and class 2) due
to their ability of plastification. With increasing slender-
ness of the flange (class 3), the load capacities begin to dif-
fer for different residual stress approaches. This impact be-
comes more pronounced as the influence of local buckling
increases (class 4). Here, the highest load capacities are
reached considering the novel model with thermal cuts,
slightly lower capacities considering the novel model with-
out thermal cuts. Considering the residual stress approach
according to prEN 1993-1-14:2021, the lowest load-capaci-
ties were determined. These load-capacities deviate up to
6% compared to the novel model for class 4-sections
(12 < i/t < 20).

The influences of residual stresses on the cross-sectional
capacity are thoroughly analysed using an exemplary

Section
[mm] ’«3—00> te Classification
i [mm] of the flange
[ ]
th 3 20 1
19to 18 2
400 N 17 to 13 3
t—6mm 1206 4
: I | tw Classification
t [mm] of the web
S355 6 2

cross-section with a flange thickness of 8 mm. Fig. 9
shows the local load-displacement behaviour (left), where
m; is the non-dimensional load factors of the major axis
bending moment and Au, the vertical deflection of the
local buckle as the difference between flange tip and mid
flange. Fig. 9 (right) illustrates the evolution of the yield
zones as a function of the non-dimensional load-factor
m;. Here, the figure differentiates between yielding on the
respective plate side to analyse the effects of local buck-
ling.

The initial stiffness of the flange in case of local buck-
ling is slightly lower considering the residual stress ap-
proach according to prEN 1993-1-14:2021 compared
to the novel model approaches. This is mainly caused
by the immediate yielding of the bottom web plate,
which affects the stabilization for the flange plate. The
load level for first yielding at the compression flange is
related to the magnitude of the compressive residual
stresses at the compression flange. Thus, this level is
reached considering the residual stress approach ac-
cording to prEN 1993-1-14:2021 with the lowest load-
factor m; = 0.45, since this approach results into the
highest compressive residual stresses at the flange.
Here, the compression flange yields on the upper plate
side of the left tip and the bottom plate side of the right
tip, respectively, depending on local bending moments
and subsequent local compressive stresses. Considering
the approaches of the novel model, first yielding at the
compression flange occurs with similar load-factors of
m; = 0.60 despite different compressive residual stress-
es. The higher compressive residual stresses of the
novel model considering thermal cuts are composed by
the beneficial location of the yield zone at the inner
flange. After first yield at the compression flange, the
yield zone spreads towards mid flange with decreasing
stiffness, independent of the residual stress approach.
Ultimate loads are reached, characterized by signifi-
cantly developed yield zones in the compression flange
and the compressed web.

Mult,Fl:/ Mp],Rk [_]
1.1 . T T T . r

! | | | !
Residual stress approch |

Non-thermal cut
Thermal cut —

pLRKY |
1.0 ,\J’v(, "

prEN1993-1-14

0.6 :

Fig.8 Cross-sectional load capacity in major axis bending depending on the flange slenderness
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Fig.9 Development of yield zones in case of local buckling depending of the residual stress approach

5 Conclusion

This article has applied a novel residual stress model for
welded doubly and mono-symmetric I-sections to analyse
the effect of residual stresses on the structural stability be-
haviour of steel members considering different cutting and
welding technologies. The novel model assigns a specific
residual stress distribution to each cross-section, depend-
ing on the cross-section geometry and the steel grade. In
addition, the model offers the possibility of taking thermal
or non-thermal cutting processes into account in fabrica-
tion of the raw steel plates. This enables a significantly bet-
ter and more realistic representation of the residual stress-
es than with the previously used models as well as easy
application in research and engineering practice.

Based on the results of the comprehensive numerical
study on the impact of residual stress approaches on both
the member stability behaviour and the local stability be-
haviour, the following conclusions are drawn:

— Thermal cutting leads to tensile residual stresses at the
flange tips which result in increased compressive resi-
dual stresses at the flanges. These increased compressi-
ve residual stresses lead to lower resistances in case of
major axis flexural buckling when compared to residual
stress models without thermal cuts. In case of minor
axis flexural buckling, lateral torsional buckling as well
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