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but also weld sequencing or treatment 
measures before and after welding [2, 3]. 
This shows the complexity in estimation of 
post-welding imperfections being of interest 
here. This specific study refers to I-shape 
sections welded by conventional arc welding 
processes. However, similar considerations 
apply to other cross-sectional shapes show-
ing the substantial need of further research 
in this field.

Girders are typically manufactured under 
workshop conditions and assembled on site. 

ior. Their distribution type guides the subse-
quent failure and is, therefore, of crucial 
importance [1]. Generally, imperfections are 
generated by the mutual obstruction of adja-
cent material areas during manufacture. In 
terms of welding, those are due to tempera-
ture gradients and phase transformation. 
Depending on manufacturing parameters, 
boundary conditions and material proper-
ties, different more or less characteristic 
imperfections are created. Manufacturing 
parameters encompass welding parameters, 

Many standards including Eurocode 3 
(EC 3) permit the use of nonlinear finite 
element method (FEM) calculations. The 
development in this field enables users to 
perform “experiments” in computing soft-
ware instead of the laboratory or expensive 
in-situ experiments. Nonetheless, a suffi-
cient implementation of all relevant input 
parameters remains a major task in the 
performance of such analysis. Compressive 
residual stresses and initial deformations 
cause strictly nonlinear component behav-

Welding is the most important joining technique and offers the advantage 
of customizable plate thicknesses. On the other hand, welding causes re-
sidual stresses and deformations influencing the load carrying capacity. 
Their consideration in the design requires simple and fast models. 
Though welding simulation has contributed to accurately access to these 
values nowadays, their application to large components remains still in a 
less practicable range. Nevertheless, many studies emphasized the need 
to make corrections in recently available simplified models. Especially the 
influence of residual stresses seems somewhat overestimated in many 
cases if comparing conventional structural steel S355 and high-strength 
steel S690. In times of computer-aided design, an improved procedure to 
implement weld-inducted imperfections appears overdue. This will be pre-
sented in two parts. The first part illustrates the potential influence of 
post-welding imperfections exemplified for weak axis buckling in compar-
ison with the general method in accordance with Eurocode 3. Residual 
stresses and initial crookedness were varied systematically in order to pro-
duce a scatter band of capacities. An approach to characterize the borders of 
these imperfections was undertaken before that. The excessive scattering of 
reduction factors for the load bearing capacity demonstrates the importance 
of these variables. Results were finally evaluated against advanced simula-
tion models which will be further detailed in part two of this contribution.
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Gas metal arc (GMAW) and submerged arc 
welding (SAW) are the most applied welding 
techniques during preproduction. They can 
be fully mechanized. To some extent, varia-
tion in results remains random. However, 
the scatter is significantly reduced in com-
parison with manual welding which is used 
on the site mainly. For this reason, it ap-
pears likely to make use of welding simula-
tion tools made available in recent years. 
Industrial applications are known from me-
chanical engineering [4] and car manufac-
turing [5]. A greater application in steel con-
struction remains uncertain though as the 
calculation effort and costs do not always 
necessarily balance the benefits of such 
analysis [6]. The application to large struc-
tures with several meters weld length is 
hardly possible today. By providing special-
ized software tools, the user input has been 
eased, but calibration and computation of 
the model remains expensive. The neces-
sary discretization density around the weld 
and slender time stepping require immense 
computational effort being in the range of 
days even for small models [7]. Hence, the 
use of simplified modeling strategies re-
mains of importance [8]. A modified proce-
dure, suitable for the design, was presented 
in [9]. This will be detailed in part two of the 
present contribution. At first, it is important 
to get some idea of potential savings. Such 
information can be derived from numerical 
parameter analysis which is presented in 
the following.

Types and scatter 
of imperfections 

Before moving on with the parameter 
study, some input parameters of this study 
have to be detailed. EC 3 as well as other 
standards distinguish so-called geometri-
cal and structural imperfections.

Geometrical imperfections. Geometric 
imperfections are deviations from the ideal 
shape. For plated structures, the imperfec-
tions can be either global or local. Local 
buckling is not a particular part of this inves-
tigation, meaning that only cross sections 

classes 1-3 are dealt. Generally, imperfec-
tions are introduced as eigenmodes scaled to 
some magnitude. Typically magnitudes are 
defined in common with state-of-the-art man-
ufacturing tolerances. Imperfections of the 
ideally straight and untwisted component 
may be further divided into deviations due to 
assembly and deviations of the member axis. 
The latter are referred in here. Those can be 
divided again into out-of-straightness (crook-
edness) and twist. In case of flexural failure 
(treated in the parameter study), the initial 
crookedness in each, y- and z-, direction is 
the relevant imperfection.

The permitted initial out-of-straightness 
is normally expressed as a fraction of the 
length of the member. EN 1090-2 defines 
the maximum by L/750. This value may 
seem rational, but it is not necessarily the 
right choice in the context of a probabilistic 
safety concept. Assuming that the statisti-
cal distributions of the initial deformations 
were known, it would be possible to calcu-
late the design values to be used. However, 
it is not and measurements are rare. The 
suggested level of imperfections equal to 
0.8 times the tolerance limit is based on 
plain engineering judgement [10]. A quite 
well-known magnitude used in numerical 
calculations is found by a thousandth of 
the length. The European Convention for 
Constructional Steelwork (ECCS) and the 
US Structural Stability Research Council 
(SSRC) used this value in the development 
of multiple buckling curves. The initial out-
of-straightness is, on the other hand, basi-
cally a function of the manufacturing pro-
cess, and some columns tend to be very 
straight while others do not. In favor of 
standardization, this was, however, neces-
sary to limit the number of buckling curves 
to some reasonable amount [11]. Later, the 
SSRC recommended using L/1500, because 
this was closer to the average (L/1450) 
measured in laboratory columns. This 
value was also adopted by AISC as the gov-
erning out-of-straightness criterion.

Data for welded wide-flange shapes in-
dicate a relatively small initial crooked-
ness with an average of approximately 

L/3300 [12]. Nevertheless, reliable data 
are limited. Measurements presented in 
[13] have also shown quite small, but also 
variable values, though welding parame-
ters were kept more or less similar, see 
also Table 1. The measurement was con-
ducted using a photogrammetry system 
(TRITOP) combined with a 3D scanner 
(ATOS II Triple Scan). A 3D model was cre-
ated and aligned in space (x is the girder 
axis, y- and z-axis according to Figure 2a). 
The out-of-straightness was defined as the 
deviation to a straight line connecting the 
end center points. The shape of the bent 
member is typically thought to be that of a 
half sine wave. The real configuration. on 
the other hand, can be quite complex. 
Modified amplitudes for the model with 
sinusoidal shape were recalculated. It was 
found that deformations are quite differ-
ent with regard to the axis. Values tend to 
be generally higher for the deformation 
about the strong axis. This is expected to 
be due to the weld locations and the weld 
sequencing. However, the complexity of 
the bent indicates that deformations are 
not just due to welding. Staightness of the 
plates to be welded and assembly are ex-
pected to have a strong additional influ-
ence. This is particularely the case for 
cross sections where the positioning of 
welds is symmetric.

It seems, generally, rare to encounter col-
umns with the out-of-straightness larger 
than the maximum permitted (and if so, 
those would be passed again for straighten-
ing). Nevertheless, a uniform definition 
throughout all types of sections is neces-
sarily conservative. Some reference should 
be established for the cross-sectional shape 
and the manufacturing conditions. Numer-
ical techniques (also for large structural 
components) have reached a level of matu-
rity such that those can at least support 
this development. A principal numerical 
study is being processed along with part 
two. Nonetheless, more experiments are 
required.

Structural imperfections. Structural im-
perfections are residual stresses and varia-
tions of the yield strength across the sec-
tion. The latter can have impact for hot-
rolled sections, where there is some 
variation as a consequence of the rolling 
process. In welded plate girders such effect 
is only noticed in the heat affected zone 
(HAZ) and is, therefore, limited to a small 
area at the junction between flange and web 
plates. A small hardening (or for some mate-
rials possibly also softening) may be no-
ticed. This is usually negligible in terms of 

No. 1 2 3 4 5 6

y_05 0.08 (31238) 0.19 (13142) 0.63 (3959) 0.22 (11336) 0.58 (4302) 0.58 (4313)

z_05 0.13 (19223) 0.25 (9988) 1.68 (1485) 0.57 (4375) 0.89 (2803) 3.41 (733)

y_max 0.5 (4998) 0.3 (8323) 0.66 (3779) 0.29 (8600) 1.18 (2114) 1.04 (2405)

z_max 0.49 (5100) 0.47 (5313) 1.89 (1320) 0.69 (3614) 0.96 (2599) 3.64 (687)

Table 1: Measured (geometrical) imperfections, see also [13], exemplary at center position (05)  
compared to measured maxima (max), y indicates weak-axis deformation, z indicates strong-axis  
deformation, fraction of the length is indicated in brackets
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load bearing capacity. The predominant in-
fluencing factors are the residual stresses. 
The general influence of residual stresses is 
to cause premature yielding. EC 3 does not 
propose any specific residual stress pattern. 
Instead, the recommendation says that a 
“typical” residual stress pattern should be 
used. This implies that values are somehow 
known. But usually they are not. Few more 
or less founded simplified distribution func-
tions are used. However, the decision about 
which type of pattern fits best and is safe-
sided for a particular problem is eventually 
on the designer.

Two quite common models used in the 
numerical design are shown in Figure 1. 
The 3D stress field is replaced by longitudi-
nal stresses acting symmetrically on the 
cross section. The stresses are assumed 
constant throughout the thickness. The 
shape can be characterized by some sort of 
trapezoidal or block-like distribution whose 
borders are determined based on geometri-
cal parameters (either dimensions [14] or 
plate thicknesses [15]). However, manufac-
turing parameters are neglected. The cor-
relation with the material (or the yield 
strength in particular) is assumed to be 
proportional. Further, the magnitude in 
tension is expected to reach the yield stress 
of the base material. Recent studies, on the 
other hand, have shown this assumption to 
overestimate the residual stresses in many 
cases [16-18]. As a temporary suggestion, 
500 MPa was recommended to be used as 
upper limit even if the actual yield strength 
is higher [10]. Finally, the compressive re-
sidual stresses (beeing of interest in this 
study) are determined from equilibrium. 
Therefore, their magnitude is linked with 
the level and extent in tension. Limitations 
on the applicability of the models are not 
reported, except for the plate thicknesses 
in [15] which should not exceed 40 mm. 
The agreement with experimental data 
(and corresponding simulations) was found 

to be more or less random in previous in-
vestigations [6, 13, 19].

Numerical welding simulation has been 
used to determine welding residual stresses 
in good agreement with experimental data 
[6, 13, 18, 19]. Yet, the result transfer into 
subsequent calculation steps remains a 
problem due to different demands in the 
simulation of welding and load bearing be-
havior [20]. The implementation of simu-
lated residual stresses has shown signifi-
cant deviations of the reduction factors com-
pared with simplified residual stress 
models. The results indicated a large scatter 
in the intermediate slenderness range. This 
scatter band shall be detailed by the follow-
ing numerical analysis. Obviously, the re-
sidual stresses in the flanges have the most 
significant effect on the column strength. 
Measured compressive residual stresses 
have shown amplitudes in a wide range of 
approximately 0.1 to a maximum of 0.5 
times the yield stress. The same range was 
used herein.

Equivalent imperfections amplitude ac-
cording to the general method (pure com-
pression). Mostly residual stresses are still 
not considered explicitly. Their influence is 
covered along with other imperfections by 
so-called equivalent imperfections. The gen-
eral method of EN-1993-1-1 provides the pos-
sibility of using eigenmodes. This alternative 
is particularly useful in complex systems if 
the software allows for such implementation. 
The scaling is recalculated based on buckling 
curves (e. g., European buckling curves) us-
ing linear N-M interaction:

e0,i = α ⋅
Npl,Rk

Ncr

−0.2
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
⋅

Mi,Rk

Npl,Rk

i = y,z

 

(1)

where: α is the imperfection factor for the 
relevant buckling curve, Npl,Rk is the charac-
teristic resistance to normal force of the criti-
cal cross section, Ncr is the elastic critical 

buckling load, Mi,Rk is the characteristic mo-
ment resistance of the critical cross section.

The use of the above mentioned method 
was presented in [21] in case of resistance 
verification of laterally restrained beam-col-
umns. To access the global effect of imper-
fections, the comparison with the resistance 
of perfect elements is also very useful [22].

Parameter study – 
Buckling of columns

A parametric study on welded plate girders 
under uniform compression was carried 
out. Girders of different slenderness ratios 
of λz  = 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 
1.4 and cross sections as presented in Fig-
ure 2a were analyzed. The focus was on the 
study of the influence of geometrical and 
structural imperfections (namely initial 
crookedness and post-welding residual 
stresses) in case of steels S355 and S690. 
Cross sections are of cross section class 1 
according to EN 1993-1-1. The cross-sec-
tional area of fillet welds and welding 
phase transformation effects in the HAZ of 
the parent material are neglected. Cross 
section properties and plastic resistances 
are as follows:

S355: A = 10 800 mm2 (2)
 Npl,Rk = 3834.0 kN

S690: A = 10 800 mm2 (3)
 Npl,Rk = 7452.0 kN

The list of analyzed girders together with 
their slenderness ratios, corresponding 
lengths and Euler’s critical loads (Ncr,z, Ncr,T), 
is given in Tables 2 and 3. A wide range of 
bow imperfection amplitudes was taken into 
account, namely from L/10000 to L/750 
(where L is the length of the component). 
The parametric study is supplemented by 
calculations according to the general method 
(based on plastic resistance Mpl,Rk and buck-

Figure 1: Simplified residual stress distributions according to  
a) [14] and b) [15]

Figure 2: a) Cross section of welded plate girder,  
b) Distribution of post-welding residual stresses
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ling curve “c”) as well as verification with 
“perfect” geometry. In the latter case, ampli-
tude of L/20000 was considered. The resid-
ual stresses are defined following the distri-
bution in Figure 1. The transition area is 
slightly simplified and the peaks of the dis-
tribution are parametrized (see Figure 2b).

Figure 3 presents the comparison of mini-
mal (L/10000) and maximal (L/750, toler-
ance limit according to EN 1090-2) bow im-
perfections with those determined accord-
ing to the general method for buckling curve 

“c” with respect to slenderness ratios λz . It 
is well visible that equivalent amplitudes 
based on EC 3 are much higher than those 
limited by EN 1090-2, but they include the 
influence of all imperfections, whereas in 
the latter case only bow imperfection ampli-
tudes are taken into account (other imper-
fections must be considered separately). In 
case of EC 3, the relative slenderness ratio 
of 0.2 distinguishes the range of characteris-
tic values of the cross section resistance and 
the member buckling resistance. Numerical 

aspects of constructing the cross section re-
sistance interaction curves of I-sections by 
numerical modeling of stocky beam-col-
umns (λz  < 0.2) are described in detail in 
[23].

The distribution of post-welding residual 
stresses was assumed in accordance with 
Figure 2b with tensile residual stresses in 
the vicinity of the weld and equilibrating 
compressive residual stresses elsewhere. For 
simplicity, magnitudes are assumed to be 
constant (also through the thickness). Ten-
sile stresses are assumed as equal to ψ1 × fy. 
For steel S355, ψ1 is 1.0. For steel S690, 
ψ1 = 500/690 is used according to a general 
recommendation in [10]. In case of compres-
sive stresses, we assume that parameter ψ2 
is taken from the range of 0.1 to 0.5. A sys-
tematic variation in steps of 0.1 is used to il-
lustrate their potential impact in conjunction 
with some initial crookedness. These values 
are the same in the flanges and the web in 
this study. Hence, widths (α × tf) and (β × tw) 
are calculated based on equilibrium.

The distribution of post-welding residual 
stresses in the flanges is evaluated from 
the following equation:

λz  
L (mm) Ncr,z 

(kN)
Ncr,T 
(kN) 

e0,z GM_EC (mm) equivalent 
value for buckling curve  

formulation

e1,z L/20000 
(mm) “perfect” 

element

e2,z 
L/10000 

(mm) 

e3,z 
L/5000 
(mm) 

e4,z 
L/4000 
(mm)

e5,z 
L/3000 
(mm)

e6,z 
L/2000 
(mm)

e7,z 
L/1000 
(mm)

e8,z 
L/750 
(mm)

0.6 1189.2 20700.0 35179.3 5.329 0.059 0.119 0.238 0.297 0.396 0.595 1.189 1.586

0.7 1387.4 15208.2 28838.7 6.661 0.069 0.139 0.277 0.347 0.462 0.694 1.387 1.850

0.8 1585.6 11643.8 24723.3 7.993 0.079 0.159 0.317 0.396 0.529 0.793 1.586 2.114

0.9 1783.8 9200.0 21901.9 9.325 0.089 0.178 0.357 0.446 0.595 0.892 1.784 2.378

1.0 1982.0 7452.0 19883.7 10.658 0.099 0.198 0.396 0.496 0.661 0.991 1.982 2.643

1.1 2180.2 6158.7 18390.5 11.990 0.109 0.218 0.436 0.545 0.727 1.090 2.180 2.907

1.2 2378.4 5175.0 17254.8 13.322 0.119 0.238 0.476 0.595 0.793 1.189 2.378 3.171

1.3 2576.6 4409.5 16370.9 14.654 0.129 0.258 0.515 0.644 0.859 1.288 2.577 3.435

1.4 2774.8 3802.0 15669.6 15.986 0.139 0.277 0.555 0.694 0.925 1.387 2.775 3.700

Table 3: Input data for parameter analysis in case of steel S 690

λz  
L (mm) Ncr,z 

(kN)
Ncr,T 
(kN) 

e0,z GM_EC (mm) equivalent 
value for buckling curve  

formulation

e1,z L/20000 
(mm) “perfect” 

element

e2,z 
L/10000 

(mm) 

e3,z 
L/5000 
(mm) 

e4,z 
L/4000 
(mm)

e5,z 
L/3000 
(mm)

e6,z 
L/2000 
(mm)

e7,z 
L/1000 
(mm)

e8,z 
L/750 
(mm)

0.6 1657.9 10650.0 23576.0 5.329 0.083 0.166 0.332 0.414 0.553 0.829 1.658 2.211

0.7 1934.3 7824.5 20313.8 6.661 0.097 0.193 0.387 0.484 0.645 0.967 1.934 2.579

0.8 2210.6 5990.6 18196.5 7.993 0.111 0.221 0.442 0.553 0.737 1.105 2.211 2.947

0.9 2486.9 4733.3 16744.9 9.325 0.124 0.249 0.497 0.622 0.829 1.243 2.487 3.316

1.0 2763.2 3834.0 15706.5 10.658 0.138 0.276 0.553 0.691 0.921 1.382 2.763 3.684

1.1 3039.6 3168.6 14938.3 11.990 0.152 0.304 0.608 0.760 1.013 1.520 3.040 4.053

1.2 3315.9 2662.5 14354.0 13.322 0.166 0.332 0.663 0.829 1.105 1.658 3.316 4.421

1.3 3592.2 2268.6 13899.2 14.654 0.180 0.359 0.718 0.898 1.197 1.796 3.592 4.790

1.4 3868.5 1956.1 13538.4 15.986 0.193 0.387 0.774 0.967 1.290 1.934 3.869 5.158

Table 2: Input data for parameter analysis in case of steel S 355

Figure 3: Values of  
imperfections vs. relative 

member slenderness, 
GM_EC – equivalent  

imperfection amplitude 
according to general 

method and buckling 
curve “c” of EN 1993-1-1, 

L/750 – maximum  
permitted bow amplitude 
according to EN 1090-2, 
L/10000 – minimal bow 

imperfection
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α · tf · ψ1 · fy · tf =  
(bf - α · tf) · ψ2 · fy · tf, (4)

which finally leads to the result:

α ⋅ tf =
bf

ψ1

ψ2

+1
⎛

⎝
⎜

⎞

⎠
⎟

 

(5)

Analogically, the distribution of post-welding 
residual stresses in the web follows due to:

2 · β · tw · ψ1 · fy · tw =  
(hw - 2 · β · tw) · ψ2 · fy · tw, (6)

which gives:

β ⋅ tw =
hw

2⋅
ψ1

ψ2

+1
⎛

⎝
⎜

⎞

⎠
⎟

 

(7)

The output of Equations (5) and (7) is given 
in Table 4 for the flanges and in Table 5 for 
the web.

Residual stresses were strictly simplified 
in comparison to real distributions. Espe-
cially for thick plates the variation through 
the thickness can be quite strong locally. 
Neither do we have the same stresses in the 
flanges and the web. Nevertheless, it is 
known that the yielding starts from the 
flange tips in case of weak axis failure [6, 
20]. Therefore, the influence of an advanced 
distribution function does not necessarily 
reward the expense in modeling. Accord-
ingly, the focus of this particular study is the 
amplitude in compression only. Hence cal-
culated tensile block widths (due to equilib-
rium) should not be mistaken.

Numerical modeling

The analyzed welded girders are simply 
supported ones and fully restrained to 
warping at both ends. Figure 4 shows the 
girder FEM model developed by using shell 
finite elements S4R (4-node element with 
linear shape functions and reduced integra-
tion). Calculations were carried out by 
ABAQUS/standard software using moder-
ately large deformation theory (available in 
ABAQUS through NLGEOM option). Steels 
S355 and S690 were assumed to be elastic-
plastic isotropic materials. In case of elas-
ticity, the classical Hooke’s relationship is 
assumed with Young’s modulus equal to 
210 GPa and Poisson ratio equal to 0.3. The 
plastic properties of the materials are de-
scribed by plastic flow theory with Huber-
Mises yield condition and isotropic strain 
hardening with modulus equal to E/1000. 
The relationship between stress and strain 
components in the uniaxial tension test is 
given in Figure 5.

The buckling resistance was assessed 
based on static equilibrium paths. The use 
of the Newton-Raphson incremental itera-
tive algorithm (available in ABAQUS 
through STATIC GENERAL) with displace-
ment control parameter allowed obtaining 
descending branches of the load-displace-
ment curves so that the equilibrium paths 

represent both, pre- and post-limit behav-
ior ranges. The load bearing capacity cor-
responds to the limit point on the path 
obtained for different values of bow im-
perfections and residual stresses. The in-
corporation of the residual stresses as ini-
tial stress field in ABAQUS is shown exem-
plary in Figure 6.

Results (FEM buckling 
strength of welded plate 
girder subjected to pure 
compression)

The next section presents the results of 
buckling strength simulations for steels 
S355 and S690. The list of girders and cor-
responding cases taken into consideration 
were presented in Tables 2 and 3. The dis-
tribution of post-welding residual stresses 
in turn is given in Tables 4 and 5.

The following abbreviations are used:
• numbers 01, 02, 03, 04, 05 indicate  

ψ2 = 0.1, 0.2, 0.3, 0.4, 0.5,
• per_20000 – the imperfection amplitude 

assumed as equal to L/20000, without 
post-welding stresses,

• GM_EC – the imperfection amplitude ac-
cording to the general method, without 
post-welding stresses,

• L/10000 to L/750 – considered bow imper-
fection amplitudes, post-welding stresses 

ψ1 ψ2
α × tf (m m) β × tw (mm) ψ1 × fy (Mpa) ψ2 × fy (MPa)

1.0 0.1 13.6 10.0 355.0 35. 5

1.0 0.2 25.0 18.3 355.0 71.0

1.0 0.3 34.6 25.4 355.0 106.5

1.0 0.4 42.9 31.4 355.0 142.0

1.0 0.5 50.0 36.7 355.0 177.5

ψ1 ψ2 α × tf (mm) β × tw (mm) ψ1 × fy (Mpa) ψ2 × fy (MPa)

500/690 0.1 18.19 13.34 500.0 69.0

500/690 0.2 32.45 23.79 500.0 138.0

500/690 0.3 43.92 32.21 500.0 207.0

500/690 0.4 53.35 39.12 500.0 276.0

500/690 0.5 61.24 44.91 500.0 345.0

Table 4: Distribution of post-welding residual stresses in case of steel S355 Table 5: Distribution of post-welding residual stresses in case of steel 690

Figure 4: Numerical model with realization of boundary conditions Figure 5: Material behavior in the uniaxial tension test of steels S355 and S690

Figure 6: Initial post-welding  
residual stresses (S11) in MPa in 
ABAQUS (S355, ψ2 = 0.3)
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are taken into account with respect to 
factors ψ1 and ψ2,

• solid line indicates buckling curve “c” 
according to EN 1993-1-1,

• gray dashed line marks Euler’s hyperbola.
Figure 7 presents the static load-deforma-
tion curves in case of slenderness ratio λz , 
factor ψ2 = 0.3 for steels S355 (see Fig-
ure 7a) and S690 (see Figure 7b). Equilib-
rium paths corresponding to the use of the 
general method (only geometrical bow im-
perfections are taken into account) seem to 
be smooth in the region of critical point, 
whereas in cases where residual stresses 
are considered, characteristic peaks are 

well visible (extremes also occur earlier). 
The increase of bow imperfections ampli-
tude generally results in “smoothing” of 
the equilibrium path.

Figure 8 shows deformations and equiv-
alent stresses (v. Mises) corresponding to 
limit points on equilibrium paths in case of 
λz  = 0.8 for steel S355. Outcomes of the 
general method (GM_EC) were compared 
with those resulting from the application of 
the initial bow imperfection amplitude 
equal to L/1000 taking into account resid-
ual stresses with the factor ψ2 = 0.3. Quite 
different stress distributions were noticed. 
Plastification always started at the inner 

radii of curvature. However, in case b2) 
PEEQ was smaller than in case a2), be-
cause the extreme on the equilibrium path 
occurred earlier. Also, the deformation was 
smaller in case b). The residual stress ef-
fect on the plastification progress was dis-
cussed, e. g., in [24].

Results of steel S355 are presented in Fig-
ures 9 to 13 in form of buckling curves, 
whereas the outcomes of steel S690 are 
shown in Figures 14 to 18. The impact of the 
distribution of residual stresses on the load 
bearing capacity is crucial for elements with 
relatively small slenderness ratio λz . In case 
of slender members, the value of bow imper-
fection is of increasing importance and the 
influence of residual stresses is rather negli-
gible. Furthermore, curves obtained for steel 
S690 are situated only slightly above those 
determined for steel S355.

Discussion

Buckling curve “c” is in good agreement 
with the results using the bow imperfec-
tion amplitude according to the general 
method in EN 1993-1-1. Calculations 
showed a wide scatter in load bearing ca-
pacity in case of separate definition of 
both, bow imperfections and residual 
stresses. The compliance with buckling 
curve “c” was best in a range of compara-
tively high residual stresses (ψ2 = 0.3-0.4). 
However, the shape of the buckling curves 
was quite different at this stress level com-
pared to that of the European buckling 
curves with some parts being both, above 
and below the reference line. In terms of 
European buckling curves, this means that 
this case should have been assigned by 
multiple curves. Regarding the bow imper-
fection amplitude, their particular influ-
ence in case of low slenderness is cut at 
higher residual stresses. This conversely 
means that the effect of the bow imperfec-
tion amplitude is utilized especially in case 
of comparatively low residual stresses.

Figure 7: Static equilibrium paths in case of λz  = 0.8 and ψ2 = 0.3 for a) S355, b) S690 

Figure 8: Equivalent stresses in MPa (1) and equivalent plastic strain (PEEQ) (2) corresponding to limit 
points on equilibrium paths in case of λz  = 0.8 and steel S355 (deformation scale factor = 10) for  
a) initial imperfection amplitude based on the general method and b) bow imperfection amplitude 
equal to L/1000 taking into account residual stresses with the factor ψ2 = 0.1

Figure 9: Results of buckling strength simulations, steel S355, ψ2 = 0.1 Figure 10: Results of buckling strength simulations, steel S355, ψ2 = 0.2
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If the reduced bow imperfection ampli-
tude cannot be reasoned, L/1000 is still 
recommended as the state-of-the art manu-
facturing tolerance. These conditions are 
quite conservative, but they offer great po-
tential for further optimization. The influ-
ence of residual stresses was significant 

and is illustrated again in Figure 19a for 
steel S355 and initial bow imperfection am-
plitude equal to L/1000. Values are also 
given for the bow imperfection amplitude 
equal to L/3000 for comparison in Fig-
ure 19b (this value was discussed for welded 
profiles at the beginning [12, 13]). The differ-

ence in load bearing capacity in the cases 
with ψ2 = 0.1 and ψ2 = 0.5 reached its maxi-
mum at λz  = 0.9. For lower stress levels, this 
maximum was shifted to lower slenderness 
with λz  = 0.8 for ψ2 = 0.4 and λz  = 0.7 for 
ψ2 = 0.2-0.3, respectively. Similar values ap-
ply for steel S690. The corresponding nor-

Figure 11: Results of buckling strength simulations, steel S355, ψ2 = 0.3 Figure 12: Results of buckling strength simulations, steel S355, ψ2 = 0.4

Figure 13: Results of buckling strength simulations, steel S355, ψ2 = 0.5 Figure 14: Results of buckling strength simulations, steel S690, ψ2 = 0.1

Figure 15: Results of buckling strength simulations, steel S690, ψ2 = 0.2 Figure 16: Results of buckling strength simulations, steel S690, ψ2 = 0.3

Figure 17: Results of buckling strength simulations, steel S690, ψ2 = 0.4 Figure 18: Results of buckling strength simulations, steel S690, ψ2 = 0.5
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malized values showed only minor differ-
ences (in general, values were slightly in-
creased for S690). As a result, the assignment 
of a respective buckling curve could shift 
theoretically from curve “d” (even lower) to 
curve “a” and perhaps to “a0” for some cases. 
This shows the recent lack in assumptions.

Real imperfections differ significantly 
based on geometry and manufacturing con-
ditions but also with respect to material. For 
the residual stresses, it was previously found 
that the common assumption of a propor-
tional increase of residual stresses with the 
yield strength was incorrect [13, 17-19]. This 
means that the buckling curve assignment in 
EC 3 was conservative with increasing yield 
strength using the same buckling curves for 
a wide range of constructional steels (S235 to 
S700). In [9], the buckling curve assignment 
in S690 was at least one curve higher com-
pared to that of a respective S355 curve.

Residual stresses in steels S355 and 
S690. Simulations for conventional S355 
and S690QL taking into account phase 
transformation effects (PT) were presented 
in [18]. Validation was based on measure-
ments on component-like I-girders [25]. 
The investigated geometry is in accordance 
with the geometry given in Figure 2a. Ma-
terial data are reported in Table 6. Welding 
parameters are summarized in Table 7. 
And residual stresses, exemplary of the 

flanges, are given in Figure 20. It can be 
generally said that normalized stresses for 
the S690 were approximately one half of 
the corresponding values of the S355.

It was also shown that numerical mode-
ling can reproduce the residual stresses in 
real components. A significant transforma-
tion effect was observed only for S690. 
Nonetheless, this minor influenced the oc-
curring compressive residual stresses. 
Generally, results showed the decreased 
importance of longitudinal residual weld-
ing stresses in case of S690. This implies 
superior buckling curve assignment. A 
general numerical method that directly in-
corporates the simulation results previ-
ously to the component design is, however, 
missing. This is due to dimensionality and 
meshing used in welding simulation on the 
one hand and capacity analysis on the 
other hand, but also due to the reduced 
lengths of considered components in weld-
ing simulation compared to that of built 
components. In a case considering phase 
transformation effects, differences in the 
applied material laws also cause problems. 
A practicable numerical method to account 
for the transfer into the component design 
has been presented in [9] for the first time. 
The model uses initial strains (based on in-
herent strain approach [26]) to reproduce 
residual stresses (and deformations) in the 

full-structure FE model. Residual stresses 
were validated. The applicability in terms 
of weld-induced deformations was also ex-
emplified, but it was verified only qualita-
tively. Experimental backup is required.

Capacity analysis incorporating realis-
tic residual stresses. The investigations 
were given for weak-axis buckling. Calcula-
tions were made by referring to denota-
tions 1-S355 and 1-S690 in Table 7. Resid-
ual stresses were generated in a previous 
calculation step using initial strains. Devia-
tions from the ideal shape were taken as 
the first eigenmode from linear buckling 
analysis (LBA) and scaled equal to L/1000. 
Solid element type 185 in ANSYS (Version 
16.2) was used. In the case of welding, this 
was necessary due to the localized initial 
strain distribution. A 2D mesh was gener-
ated and extruded in longitudinal direction 
to different length (depending on slender-
ness). Special attention was paid to the 2D 
mesh generation to keep the element num-
ber small enough, but to provide also the 
necessary discretization density to ensure 

Girder No. 1-S355 2-S355 1-S690 2-S690

I (A) 338 327 324 329

U (V) 33.4 33.4 33.7 33.7

v (mm/s) 8.17 5.17 8.17 5.17

Q (kJ/mm) 1.39 2.11 1.34 2.14

Table 7: Welding parameters for girders 1 to 4 
(geometry in accordance with Figure 2a),  
weld type is a single layer fillet weld, seams 
were welded fully-mechanized successively in  
PB position [18]

Figure 20: Normalized residual stresses of S355 and S690QL calculated by numerical welding  
simulation (PT-phase transformation) [18], a) top, b) bottom surface of the chords

Figure 19: Influence  
of residual stresses  

(ψ2 = 0.1-0.5), a) bow  
imperfection amplitude 
L/1000 and b) L/3000, 

for steel S355 (nr_1000, 
nr_3000 – only bow  

imperfection amplitude 
was considered)

Grade Loc. ReH in 
MPa

Rm in 
MPa A (%)

S355J2+N 
(25 mm) Chord 463.9 571.8 27.9

S690QL 
(25 mm) Chord 831.3 864.9 18.4

Table 6: Tensile test results for S355 and 
S690QL [18]
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that initial strains are applied precisely. 
Works are ongoing to decrease the sensitiv-
ity of the method towards the mesh. Gener-
ally, the presented method provides a sig-
nificant improvement in comparison with 
existent simplified models. Results of the 
capacity calculation were presented in [9]. 
A choice is given in Figure 21. The reduc-
tion factors range at the upper end of the 
scatter band shown in Figures 9 to 18. The 
comparison of the materials showed the su-
perior buckling curve assignment for steel 
S690 being approximately one curve 
higher compared to that of steel S355.

Outlook

This present contribution outlines the im-
portance of a suitable imperfection ap-
proach in component design. A significant 
scatter band in the buckling curve assign-
ment was shown. Nowadays, the use of FEM 
analysis is constantly increasing, also in 
practice. Hence, it is a substantial matter to 
provide reliable rules for the future imple-
mentation of imperfections. This will help to 
utilize the load bearing behavior in a better 
way. The potential seems high, especially in 
case of high-strength structural steels, since 
imperfection amplitudes seem to be gener-
ally lower. The comparison with residual 
stress simulations showed that residual 
stresses in case of steel S690 were only half 
of the corresponding values in steel S355 in 
a case with similar welding parameters. A 
method was referred how to incorporate 
these stresses in full-structure FE models. 
The proposed modeling could be used to cal-
culate geometric imperfections as well. 
However, the imperfection used herein may 
not only be welding based. Nevertheless, it 
can contribute to compare the weld-induced 
deformation in case of different material 
grades. Using L/1000 for all cases results in 
conservative assessments. This method 

(which can be applied for different cross 
sections as well) and their application 
scheme for the use in design will be detailed 
in part two. This will contribute to fill the 
recent gap between simulation of compo-
nent manufacturing processes (in particular 
welding) and their implementation in the 
component design in advance.
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Abstract

Zur Knicktragfähigkeit geschweißter Vollwandträger unter Berücksichti-
gung des Einflusses der Schweißimperfektionen – Teil 1: Parameterstudie. 
Schweißen gilt als die wichtigste Verbindungstechnik im Stahlbau. Es bietet 
den Vorteil unterschiedliche Plattendicken frei zu einem den Anforderungen 
entsprechenden Querschnitt zu fügen. Andererseits verursacht die Wärme-
wirkung beim Schweißen bleibende Spannungen und Verformung, die die 
Bauteiltragfähigkeit erheblich beeinflussen. Obwohl die moderne Schweißsi-
mulation zuletzt dazu beigetragen hat, Schweißeinflüsse vergleichsweise ge-
nau vorherzusagen, ist deren Anwendung auf große Bauteile, wie sie beispiels-
weise im Stahlbau typisch sind, nach wie vor nicht praktikabel. Es werden 
somit parallel auch in Zukunft vereinfachte Berechnungsvorgehensweisen 
benötigt. Dennoch verdeutlicht die Schweißsimulation die Notwendigkeit ver-
fügbare vereinfachte Berechnungsmodelle neu zu überdenken. Speziell der 
Eigenspannungseinfluss erscheint nach heutigem Kenntnisstand überhöht, 
beispielsweise im Vergleich konventioneller Baustähle wie S355 mit hochfes-
tem Baustahl S690. In Zeiten computerorientierter Bemessungsansätze er-
scheint es folgerichtig, Modelle bereitzustellen, die einen konkreten Bezug zur 
Fertigung herstellen. Dies wird in zwei Beiträgen thematisiert. Der erste Teil 
des Beitrages dient dazu, den möglichen Einflussbereich der Schweißimper-
fektionen auf die Tragfähigkeit darzustellen. Dies erfolgt exemplarisch für das 
Biegeknickversagen geschweißter I-Träger um die schwache Achse im Ver-
gleich mit der allgemeinen Bemessungsvorgehensweise nach Eurocode 3. Ein-
gangs wird ein Versuch unternommen, geometrische und strukturelle Imper-
fektionen zu charakterisieren, um deren Streuweite für die Parameterstudie 
festzulegen. Hierin wurden Eigenspannungen und Bauteilvorkrümmung para-
metrisiert und systematisch variiert. Die große Streuung in den Tragfähigkei-
ten verdeutlicht die Wichtigkeit der Abbildung dieser Einflüsse. Die Ergeb-
nisse werden abschließend mit erweiterten Simulationsmodellen verglichen, 
die in Teil 2 des Beitrages detailliert vorgestellt werden.




