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1 Introduction 

Accurate characterization of residual stresses and geomet-

rical imperfections in welded members is essential for 

structural design and for calibrating advanced numerical 

models. Several studies have reported geometric imper-

fections in welded I-sections, mainly focusing separately 

on local plate imperfections or global bow imperfections. 

Xu et al. [1] measured local flange and web imperfections 

in sixteen welded stub columns, reporting flange imper-

fection magnitudes in the range of bf/209 to bf/35 (14 out 

of 16 specimens exceeding the functional tolerances in EN 

1090-2 for class 2) and web imperfections between 

hw/1992 and hw/175, where bf and hw denote flange width 

and web height, respectively. Yun et al. [2] investigated 

five high-strength (S690) and hybrid steel (S355+S690) 

columns and documented in-plane global bow imperfec-

tions with magnitudes of L/2597 to L/1818, where L is the 

specimen length. Su et al. [3] examined ten S960 welded 

stub columns and found maximum local plate imperfections 

varying from hw/2000 to hw/1091. Lebastard et al. [4] re-

ported global bow imperfections in four tapered and uniform 

S355 normal strength steel beams, with magnitudes be-

tween L/1911 and L/1263, while local web plate imperfec-

tions varying between hw/584 and hw/214. Nascimento et 

al. [5] measured local web plate imperfections in eight stiff-

ened I-sections from S355 structural steel grade, identify-

ing magnitudes ranging from hw/155 to hw/70 (7 out of 8 

specimens not fulfilling the functional tolerances in EN 

1090-2). In addition, Tankova [6] documented in-plane 

(L/4615-L/2857) and out-of-plane (L/2857-L/1333) global 

bow imperfections for three non-uniform specimens with 

non-parallel flanges. Moreover, Schaper et al. [7] reported 

in-plane (L/5350-L/828, 1 out of 8 I-sections exceeding the 

functional tolerances specified for class 2 in EN 1090-2) and 

out-of-plane (L/12126-L/2125) global bow imperfections 

Full paper

Abstract 

Accurate characterization of geometrical imperfections in welded members is essential 

for structural design and for calibrating advanced numerical models. This study presents 

a detailed investigation of imperfections in a total of thirteen welded I-sections using a 

3D laser scanner. The studied members comprise plasma-cut, flame-cut and hot-rolled 

flanges with varying cross-sectional dimensions. The resulting point clouds are processed 

in MATLAB, where filtering and smoothing techniques are applied to quantify imperfec-

tions in accordance with EN 1090-2. The evaluation covers global bow imperfections 

about both major and minor axes, out-of-straightness, out-of-squareness, flange flatness 

and distortion, as well as local web imperfections. Results indicate that global bow im-

perfections about the major axis generally remain within the EN 1090-2 tolerance of 

L/1000. Conversely, bow imperfections about the minor axis frequently exceed manu-

facturing tolerances, particularly in specimens with flame-cut flanges, where welding-

induced shrinkage has a pronounced influence. Local flange imperfections, combining the 

effects of assembly errors and welding distortions, can vary between bf/85 and bf/500 

based on the current measurements, surpassing even the recommended amplitudes for 

advanced finite element analysis with equivalent geometrical imperfections. Web distor-

tions range from hw/545 to hw/103, exceeding code-based essential tolerances in four 

specimens. These findings highlight that imperfections arising from welding and flange 

fabrication processes often exceed recommended design values, suggesting that existing 

geometrical imperfection recommendations in EN 1993-1-14 may require reassessment 

for realistic implementation in advanced finite element-based structural analyses. 

Keywords 

I-section, Geometrical imperfection, Welding, Plasma-cut flanges, Flame-cut flanges,

Hot-rolled flanges

Correspondence 

Dr. Dénes Kollár 

Budapest University of Technol-

ogy and Economics 

Department of Structural 

Engineering 

3 Műegyetem rkp. 

1111 Budapest, Hungary 

Email: kollar.denes@emk.bme.hu 

1 Budapest University of Tech-

nology and Economics, Faculty 

of Civil Engineering, Depart-

ment of Structural Engineering, 

Budapest, Hungary 
2 Centre Technique Industriel de 

la Construction Métallique, 

Saint-Aubin, France 

wileyonlinelibrary.com/journal/cepa

ce/papers 9 (2026), No. 2-3
 https://doi.org/10.1002/cepa.70311

© 2026 The Author(s). ce/papers published by John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits 

use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or 

adaptations are made. 

1870

mailto:kollar.denes@emk.bme.hu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcepa.70311&domain=pdf&date_stamp=2026-09-14


along with initial twist rotations (8.1-25.9 mrad). 

Previous measurements have not explicitly examined how 

flange fabrication influences geometrical imperfections. 

This paper addresses that gap by studying the impact of 

plasma cutting, flame cutting, and hot rolling on geomet-

rical imperfections in welded I-section members. To pro-

vide the necessary experimental evidence, an extensive 

shape-measurement programme is carried out on welded 

I-sections with various flange fabrication methods and 

cross-sectional sizes. 

2 Experimental programme 

A comprehensive experimental programme is conducted on 

a total of fifteen welded I-sections (Table 1) manufactured 

from S355 structural steel grade. The programme focuses 

on (i) measuring cross-sectional dimensions, (ii) determin-

ing mechanical properties using tensile tests (measured 

yield strength fy and ultimate strength fu varying between 

334-411 MPa and 525-546 MPa, respectively), (iii) residual 

stress measurements applying both sectioning technique 

and contour method, and (iv) shape measurements for 

evaluating initial geometrical imperfections due to fabrica-

tion. Details of the experimental programme can be found 

in [8]. In general, the background and results of the shape 

measurements are presented hereafter. 

Table 1 Measured average cross-sectional dimensions of I-section 

members included in initial geometrical imperfection measurements 

Flange Specimen hw 

[mm] 

tw 

[mm] 

bf 

[mm] 

tf 

[mm] 

L 

[m] 

P
la

s
m

a
-c

u
t 

WPC_6_2.5_12 598.5 6.1 249.5 12.1 2.5 

WPC_6_1.5_20 598.0 5.9 151.0 20.2 2.5 

WPC_6_3_20 600.0 5.9 300.5 20.1 2.5 

WPC_6_1.5_12 600.0 6.3 150.5 12.1 2.5 

WPC_4_1.2_15 399.0 6.2 121.0 15.2 2 

WPC_4_1.5_12 397.0 6.1 150.0 12.1 2 

WPC_6_1.5_12/20 600.0 6.2 150.0 20.1(1) 

12.1(2) 
2.5 

WPC_4_2_20 398.5 6.3 201.0 20.2 2 

F
la

m
e
-c

u
t WFC_6_1.5_20_235 598.0 5.9 151.0 20.1 2.5 

WFC_6_1.5_20 601.0 6.2 149.0 20.2 2.5 

WFC_6_1.7_12 600.0 6.1 169.5 20.2 2.5 

WFC_4_1.5_12 397.5 6.1 150.0 12.1 2 

WFC_4_1.2_12 398.0 6.2 119.0 12.2 2 

H
o
t-

ro
ll
e
d
 WHR_6_1.5_20 599.5 6.1 147.5 20.2 2.5 

WHR_4_1.5_12 398.0 6.1 150.5 12.1 2 

Note: (1) and (2) denotes that a mono-symmetric I-section is tested 

with different top and bottom flange thicknesses. 

Shape measurements are performed using the Scantech 

KSCAN-Magic handheld three-dimensional (3D) laser 

scanner, which employs non-contact measurement tech-

nology, with a scanning accuracy of up to 0.020 mm and 

a resolution of up to 0.010 mm. Reference targets, i.e., 

small circular markers, are installed on the specimens 

(Figure 1) to precisely determine their location on the 

measured surfaces and serve as control points. The shape 

of thirteen out of the total fifteen specimens is measured, 

while specimens WFC_4_1.2_12 and WPC_4_2_20 have 

been cut into two parts prior to shape measurements in 

order to determine residual stresses by using the section-

ing technique. Consequently, no shape measurements 

were performed for these two specimens. 

3 Measurement results 

The measured point clouds are assessed in MATLAB [9]. 

The relevant geometrical imperfection components (Fig-

ure 2) of the welded I-sections, in accordance with Annex 

B of EN 1090-2 [10], are determined after filtering and 

smoothing. Imperfection types and the corresponding 

manufacturing tolerances are summarized in Table 2. Es-

sential tolerances define the basic limits required to satisfy 

the design assumptions for structural resistance and sta-

bility. Functional tolerances, which may be needed to meet 

appearance or fit-up requirements, are also listed in the 

table for tolerance classes 1 and 2, where applicable. In 

general, tolerance class 1 applies unless otherwise speci-

fied in the execution specification, in accordance with the 

standard. It is underscored that geometrical imperfections 

presented hereafter include the effect of all the manufac-

turing steps, e.g., out-of-flatness of constituent plates due 

to hot-rolling, assembly errors such as out-of-squareness 

of flanges or web eccentricity, welding-induced distortions, 

etc. 

 
Figure 1 I-section with reference targets during laser scanning 

 
a) Global bow imperfection in Y direction 

 
b) Global bow imperfection in X direction 

 
c) Local flange imperfection 

 
d) Local web imperfection 

Figure 2 Typical geometrical imperfections of the measured I-sections
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Table 2 Relevant manufacturing tolerances for welded I-sections according to the tables in Annex B of EN 1090-2 (reference dimensions are 

denoted by L, b and t) including the main causes during manufacturing 

Criterion 
(Main cause) 

Permitted deviation Δ 

Essential tolerances Functional tolerances 

Class 1 and 2 Class 1 Class 2 

Out-of-straightness, Table B.6 
(Eccentric welds) 

No requirement 
± L/1000, 

but │Δ│ ≥ 5 mm 
± L/1000, 

but │Δ│ ≥ 3 mm 

Out-of-squareness, Table B.1 
(Assembly error) 

No requirement 

± b/100, 

but │Δ│ ≥ 5 mm 
(general case) 

± b/100, 

but │Δ│ ≥ 3 mm 
(general case) 

Out-of-flatness, Table B.1 
(Welding-induced angular distortion) 

No requirement 
± b/150, 

but │Δ│ ≥ 3 mm 
(general case) 

± b/150, 
but │Δ│ ≥ 2 mm 
(general case) 

Flange distortion, Table B.3 
(Initial shape of plate + welding-in-

duced local buckling) 

± b/150 if b/t ≤ 20, 
± b2/(3000t) if b/t > 20 

± b/100 ± b/150 

Plate curvature &  
Web distortion, Table B.1 

(Initial shape of plate + welding- 
induced local buckling) 

Plate curvature: 
± b/200 if b/t ≤ 80), 

± b2/(16000t) if 80 ≤ b/t ≤ 200, 
± b/80 if b/t > 200, but │Δ│ ≥ t 

 
Web distortion: 

± b/100, but │Δ│ ≥ t 

± b/100, 
but │Δ│ ≥ 5 mm 

± b/150, 
but │Δ│ ≥ 3 mm 

Firstly, magnitudes of out-of-straightness about both mi-

nor and major axes are evaluated. Thin-plate smoothing 

spline is applied to the data points representing the outer 

surface of the flanges. Then, points along the flanges, rep-

resenting the intersection with the web, are plotted over 

the entire length to evaluate out-of-straightness about the 

major axis (i.e., global bow imperfection about the major 

axis in the Y direction) for each specimen (Figure 3a). 

The magnitudes, denoted as e0,major, are ranging from 

0.4 mm to 2.2 mm corresponding to L/6250 to L/1136 de-

pending on the length L of each I-section. Thus, bow im-

perfection of all specimens in the Y direction fulfil the re-

quirement (L/1000) of EN 1090-2. The total maximum 

value is L/1136, which is slightly smaller than the recom-

mended amplitude in EN 1993-1-14 [11] (80% of the cor-

responding manufacturing tolerance, but at least L/1000) 

for advanced finite element analysis incorporating both 

geometrical and structural imperfections. 

On the other hand, Savitzky-Golay filtering is applied to 

evaluate the distorted shapes of lower (Figure 3b) and 

upper flanges (Figure 3c) in the X direction in accordance 

with Figure 2. Out-of-straightness about the minor axis 

e0,minor (i.e., global bow imperfection about the minor axis 

in the X direction), primarily due to welding-induced lon-

gitudinal shrinkage and eccentricity of weld beads, are 

varying between 0.1 mm and 4 mm, which are L/25000 

and L/625, respectively. Therefore, the tolerance of 

L/1000 is not met for the bow imperfection in the X direc-

tion for three welded specimens with flame-cut flanges 

(WFC_6_1.5_20_235, WFC_6_1.5_20, and 

WFC_4_1.5_12). 

Secondly, amplitudes of out-of-squareness and out-of-

flatness of the flanges (in conjunction with flange distor-

tion, if any) could not be distinctly separated in the meas-

ured data point. These deviations mainly represent the 

combined effect of assembly error (during tack welding) 

and welding-induced angular distortion. The global shape 

of the flanges UY,global(Z) used for determining e0,major at the 

flange-web intersection (Figure 4a) is extended in the 

width direction (X direction), resulting in UY,global(X,Z) as 

shown in Figure 4b. The contribution of local imperfec-

tions Figure 4c) is then obtained by computing the devia- 

 
a) about the major axis 

 
b) about the minor axis – lower flange (FL) 

 
c) about the minor axis – upper flange (FU) 

 

Figure 3 Measured out-of-straightness profiles for each I-section 
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a) 

 
b) 

 
c) 

Figure 4 Derivation of a-b) global and c) local imperfections in the 

flanges from total measured shape 

tion of the total shape UY,total(X,Z) from the global shape 

UY,global(X,Z), expressed as UY,local(X,Z) = UY,total(X,Z) –  

UY,global(X,Z). 

Magnitudes of local imperfections in the flanges Δfl, as the 

sum of previously mentioned phenomena, are varying be-

tween 0.3 mm and 2.5 mm, which are bf/500 and bf/85, 

respectively. It is noteworthy that equivalent local geo-

metrical imperfection, incorporating the influence of resid-

ual stresses and geometrical imperfection, for flanges is 

bf/2/200 = bf/400 in EN 1993-1-14 in the case of local 

buckling-type imperfection, which is surpassed by 11 out 

of 13 specimens. On the other hand, it is bf/2/50 = bf/100 

based on angular distortion or twist in the design standard. 

The overall maximum in the measured specimens, namely 

bf/85, is larger than both values in the design codes for 

advanced finite element analysis, while not surpassing the 

bf/100 + bf/150 = bf/60 magnitude for the combination of 

out-of-squareness and out-of-flatness in accordance with 

EN 1090-2. It suggests that these imperfection amplitudes 

in the design codes need to be reassessed for practical 

application in finite element method-based design incor-

porating both geometrical and structural imperfections. 

Local buckling-type imperfection, i.e., flange distortion, 

could be only identified in two specimens, namely 

WFC_6_1.5_20_235 and WPC_6_3_20. 

Local imperfections, such as plate curvature and distortion 

of the web, are evaluated as well after using thin-plate 

smoothing spline for data points (using UY,local data). Am-

plitudes Δw are varying between 1.1 mm and 5.8 mm, 

which are hw/545 and hw/103, respectively. In 5 out of 13 

specimens, local geometrical imperfections in the web ex-

ceed the amplitude of hw/200 denoting the recommended 

equivalent local geometrical imperfection in EN 1993-1-

14. On the other hand, local imperfection of the web is 

larger than the essential tolerance as per EN 1090-2 

(hw/200 for hw/tw = 400/6 = 66.7 and hw/160 for 

hw/tw = 600/6 = 100) for 4 out of 13 specimens. Exceed-

ance of local flange and web imperfection tolerances seem 

unaffected by the flange fabrication process, though fur-

ther data are required for clarification. Nevertheless, sim-

ilarly to the equivalent geometrical imperfection corre-

sponding to the flange, it is suggested that reassessing the 

amplitude in the design codes is reasonable for practical 

application in finite element method-based design. Evalu-

ated local imperfections for lower (FL) and upper flange 

(FL), and the web plate (W) are plotted for specimen 

WPC_6_1.5_12/20 in Figure 5 as an example. Measured 

magnitudes of the aforementioned geometrical imperfec-

tions are summarized in Table 3 for all the specimens. 

 
a) 

 
b) 

 
 

 
c) 

 
Figure 5 Measured local imperfections: a) Δfl in lower flange (FL), b) 

Δfl in upper flange (FU), and c) in web plate (W) for specimen 

WPC_6_1.5_12/20 

4 Conclusions 

Based on the initial geometrical imperfection measure-
ments, the following conclusions could be drawn regarding 
welded I-sections with varying flange fabrication pro-
cesses: 

- out-of-straightness about the major axis for all 
specimens, regardless of flange fabrication method, 
satisfies the limit of L/1000 in EN 1090-2; 

- out-of-straightness about the minor axis of three 
flame-cut welded I-section members does not fulfil 

the requirement of relevant manufacturing toler-
ances; 

- welded I-section members with plasma-cut flanges 
exhibit the lowest out-of-straightness magnitudes 
(L/25000-L/1563); 

- local flange imperfections—primarily resulting from 
welding-induced angular distortion and out-of-
squareness during assembly—exceed the bf/150 
manufacturing tolerance in 11 of the 13 specimens; 

- local imperfection of the web is larger than the es-
sential tolerance as per EN 1090-2 for 4 out of 13 
I-section members (specimens with plasma-cut and 

flame-cut flanges);
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Table 3 Summary of shape measurements of welded I-girders (imperfections exceeding the essential tolerances or functional tolerances for 

tolerance class 1, as specified in EN 1090-2, are highlighted in bold letters)  

Flange Specimen e0,major 

[mm] 
e0,minor [mm] 

FL FU 
 

Δw 
[mm] 

Δfl [mm] 
FL FU 

 

L/e0,major  

[-] 
L/e0,minor [-] 
FL FU 

 

hw/Δw 
[-] 

bf/Δfl [-] 
FL FU 

 

P
la

s
m

a
-c

u
t 

WPC_6_2.5_12 1.6 0.5 0.1 5.8 2.5 2.1 1563 5000 25000 103 100 119  

WPC_6_1.5_20 0.6 0.3 0.2 1.1 0.7 0.6 4167 8333 12500 545 214 250  

WPC_6_3_20 1.5 0.2 1.6 5.8 1.0 1.0 1667 12500 1563 103 300 300  

WPC_6_1.5_12 0.8 0.4 0.3 3.3 1.1 1.2 3125 6250 8333 182 136 125  

WPC_4_1.2_15 1.3 0.8 0.1 1.9 0.5 0.4 1538 2500 20000 211 240 300  

WPC_4_1.5_12 0.5 0.5 0.2 1.3 1.0 1.2 4000 4000 10000 308 150 125  

WPC_6_1.5_12/20 0.5 0.6 0.4 2.9 0.5 1.1 5000 4167 6250 207 300 136  

WPC_4_2_20*              

F
la

m
e
-c

u
t WFC_6_1.5_20_235 0.4 2.2 4.0 1.3 0.5 0.7 6250 1136 625 462 300 214  

WFC_6_1.5_20 2.2 2.8 0.5 3.9 0.4 0.4 1136 893 5000 154 375 375  

WFC_6_1.7_12 2.1 0.7 1.2 4.4 2.0 1.5 1190 3571 2083 136 85 113  

WFC_4_1.5_12 1.7 2.2 1.9 1.2 1.2 1.3 1176 909 1053 333 125 115  

WFC_4_1.2_12*              

H
o
t-

ro
ll
e
d
 WHR_6_1.5_20 0.9 0.5 0.7 1.5 0.3 0.4 2778 5000 3571 400 500 375  

WHR_4_1.5_12 0.7 1.0 1.2 1.4 1.0 1.0 2857 2000 1667 286 150 150  

Note: *Specimens have been cut into two parts prior to shape measurements in order to determine residual stresses by using the sectioning 

technique. 

- imperfection amplitudes in design codes may re-
quire reconsideration for finite element method-
based design, with particular attention to differen-
tiating the effects of flange fabrication process. 
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