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Influence of geometrical imperfections and residual stresses on the 
reliability of high strength steel welded I-section columns using Monte 
Carlo simulation 
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A B S T R A C T   

This paper aims to assess the influence of geometrical imperfections and residual stresses on the reliability of the 
stability design rules for steel columns in Eurocode 3 considering a full probabilistic approach and further 
validate the new buckling curves in the scope of the ongoing revision of the Structural Eurocodes. A reliability 
assessment of major- and minor-axis flexural buckling of high-strength steel (HSS) welded I-section columns was 
performed, considering all basic variables as random, including the geometrical and material imperfections, in 
addition to the material properties of steel and the geometry of the cross-section. An advanced finite element 
model calibrated with experimental test results is used to perform a very large (290,126 simulations) parametric 
study covering the majority of practical geometries. Subsequently, Monte Carlo simulation is used to estimate the 
design values of the buckling resistance that correspond to the target probability of failure of the Eurocodes. 
Finally, these values are compared to the proposed buckling curves for HSS columns, showing good agreement 
and supporting their adoption in the revised EN 1993–1-1. It is also concluded that it is on the safe side to carry 
out a reliability assessment with deterministic reference values for structural imperfections.   

1. Introduction 

The progressive widespread availability of HSS with appropriate 
weldability and ductility for structural applications has stirred the 
extension of design rules to steel grades with yield strengths reaching 
1000 MPa. In Europe, this enlarged scope was implemented in 2 stages: 
in 2007, EN 1993–1-12 [1], allowed the use of HSS with steel grades up 
to S700, while there is ongoing work on prEN 1993–1-12 to further 
extend this range up to S960. This trend was obviously replicated 
outside Europe, namely in the American [3] and Chinese [4] codes. 

Concerning the buckling resistance of members, due to the lack of 
experimental evidence at the time of its publication, EN 1993–1-12 [1] 
adopted conservative approaches by maintaining the buckling curves 
that were prescribed for S460 for higher steel grades, despite the well- 
known beneficial effect of residual stresses with increasing steel grade. 
Historically, the establishment of the European buckling curves in the 
1960́s and early 1970́s for compressed columns [5–7], pioneered the use 

of probabilistic assessments to validate the choice of buckling curves. 
Specifically, Strating and Vos [7] carried out Monte Carlo assessments 
using statistical distributions for the relevant basic variables directly 
obtained from the large set of experimental tests that were undertaken, 
including geometrical imperfections (bow imperfection) and residual 
stresses. It is noted that their assessment was linked to a notional target 
probability of failure corresponding to the 5% percentile. Since then, 
several investigations aimed to evaluate the level of safety provided by 
Eurocode 3. During the various stages of the preparation of the Euroc-
odes (ENV and EN versions), several statistical assessments and research 
projects were carried out to try to establish an adequate safety level for 
steel members and connections, in line with the target failure proba-
bility of 10− 4 [8,9]. However, these studies never unequivocally estab-
lished which partial factor, γM, should be adopted to ensure that the 
target failure probability is met [10,11]. 

Recently, the SAFEBRICTILE project [12] reassessed the reliability 
level of the Eurocode 3 design rules by providing a consistent procedure 
for the safety assessment of the various failure modes for steel structures. 
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Statistical distributions of relevant basic variables were suggested for 
the calibration of design rules that were included in Annex E of 
FprEN1993–1-1 [13]. This reassessment was carried out using the Annex 
D procedure with the detailed specifications of Tankova et al. [14], 
whereby the geometrical and material imperfections were assumed with 
reference deterministic values. Subsequently, the STROBE project [15] 
addressed the buckling resistance of HSS members with steel grades 
ranging from S460 to S700. An experimental campaign was carried out, 
accompanied by a large parametric study and the proposal of improved 
design rules matching the target probability of failure [16–18]. Addi-
tionally, the statistical characterization of residual stresses was also 
addressed [19], leading to a new residual stress model that is more ac-
curate and with less scatter [20]. Outside Europe, many research pro-
jects including experimental tests were also carried out [21–31], 
providing further reliable data to support the adoption of more accurate 
design models. 

The validation of the above results assuming that all relevant basic 
variables are defined as random variables in the context of a full prob-
abilistic reliability assessment is desired, as it was done in the 1970s by 
Strating and Vos [7]. 

In this paper, the reliability assessment of the stability design rules 
for major- and minor-axis flexural buckling of S690 high strength steel 
(HSS) welded I-section members is addressed. Firstly, an advanced finite 
element model calibrated with experimental test results is used to 
perform a very large parametric study covering simply supported col-
umns with slenderness varying from 0.3 to 2.2. Secondly, material 
properties (yield strength, fy, and Young’s modulus, E) and cross section 
dimensions were stochastically modelled using the statistical distribu-
tions specified in Annex E of FprEN1993–1-1 [13], while the geometrical 
and material imperfections were modelled using recent statistical dis-
tributions obtained in the literature. The numerical analyses were 

divided into several groups of samples to evaluate the influence of the 
inclusion of the initial imperfections and residual stresses as random 
variables. Sensitivity analyses were also undertaken to evaluate the in-
fluence of different statistical parameters. From the results of around 
290,126 advanced finite element analyses using the Monte Carlo 
method, design values were estimated for the buckling resistance that 
correspond to the target probability of failure of the Eurocodes. The 
results of the Monte Carlo reliability assessment were compared to the 
corresponding results from the reliability assessment of Tankova et al. 
[18], in which the Annex D [33] / SAFEBRICTILE [12] methodology was 
applied, proving that the latter approach yields safe-sided results. 
Finally, the design values were compared to the current design rules of 
Eurocode 3 [1,2,13] and to the new design rules from the proposed 
amendment [32] to FprEN1993–1-1 [13], further validating the pro-
posed amendment [32] of the buckling curves for HSS welded I-section 
members. 

2. Methodology 

2.1. Scope 

The objective of this assessment is the safety level of the resistance 
function of the flexural buckling of columns according to FprEN 1993–1- 
1 [13]. Since the problem is non-linear and involves several random 
variables, Monte Carlo simulation is used to estimate the corresponding 
failure probability and the recommendations of reliability verification 
from EN1990 [27] were followed (see Section 5). Hence, as basic vari-
ables, cross-sectional dimensions (depth, h, width, b, and thickness of 
web and flanges, tw and tf ), material properties (yield stress, fy, ultimate 
stress, fu, and modulus of elasticity, E), and imperfections (initial geo-
metric imperfections and residual stresses) were considered. Their 

Notations 

Lowercase Latin letters 
b Width of the cross-section 
c Outstand flange width 
cf appropriate outstand width of the flange plate 
cw appropriate outstand width of the web 
d Depth of the web plate 
e0 amplitude of the initial geometric imperfection 
fy Yield stress 
fu Ultimate Stress 
h Depth of the cross-section 
rk characteristic value or theoretical value of the resistance 
rd design values of the resistance 
tf Thickness of the flange 
tw Thickness of the web 
x-x Axis along the member 
y-y Cross section major-axis 
z-z Cross section minor-axis 

Uppercase Latin letters 
A Gross area of the cross-section 
Aeff Effective area of the cross-section 
Af Gross area of the flange 
Aw Gross area of the web 
E Modulus of elasticity or Young’s modulus and Action 

variable 
L Length of the member 
Nb,Rd Buckling resistance of a compression member 
Ncr Elastic critical force 
Pf Probability of Failure 

R Resistance variable 

Lowercase Greek letters 
α Imperfection factor 
αE, αR Sensitivity factors to measure the relative importance of 

the random variables related to the resistance, R, and 
action, E, sides, respectively 

γM Partial factor 
γM1 Partial factor for the verification of the buckling resistance 

of members acc. to Eurocode 3 
γM1* Required partial factor 
ε Material parameter depending on fy 

λ Relative slenderness for flexural buckling 
λρ Relative plate slenderness for plate buckling 
ρf ; ρw Reduction factors for plate buckling related to flanges and 

web, respectively 
σE, σR Standard deviation of the random variables related to the 

resistance, R, and action, E, sides, respectively 
σf ,c Compression residual stresses of the flanges 
σf ,t Tension residual stresses of the flanges 
σw,c Compression residual stresses of the web 
σw,t Tension residual stresses of the web 
ϕ Buckling parameter to determine the reduction factor for 

flexural buckling 
χ Reduction factor 

Uppercase Greek letters 
β Reliability index to establish the target reliability level 
Φ Cumulative distribution function (CDF) for the standard 

normal distribution  
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adopted statistical distributions are described in Section 3, and they 
were considered statistically independent [11]. 

Bearing in mind that the validity of the Monte Carlo simulation de-
pends on the probability to be estimated, the following methodology 
was established:  

• STEP 1: Initial benchmarks: (i) to select the sample size for each 
basic variable that is assumed as random [34]; (ii) to assess the in-
fluence of local buckling; and (iii) to study the influence of the re-
sidual stress pattern.  

• STEP 2: Sensitivity study: to establish the influence of the 
randomness of the basic variables on the buckling resistance of col-
umns. These sensitivity studies are performed for a single cross sec-
tion to reduce the global number of numerical simulations.  

• STEP 3: Statistical assessment: to define and implement a large 
parametric study for a representative set of cross sections, based on 
the conclusions of Step 2. 

2.2. Basic variables and generation of samples 

Table 1 summarizes the groups of samples used in the steps 
mentioned above. Groups 0, 1 and 4 are carried out for all cross sections, 
whereas Group 2 and 3 were performed for a single cross-section ge-
ometry. Group 0 is the reference group, in which nominal values are 
taken for all basic variables, and only addresses the variability of the 
design model and it was used for estimation of the sample size. Group 1 
considers the cross-section dimensions (CS) and the material properties 
(M) as random variables, while Group 4 adds the initial geometrical 
imperfection – bow imperfection (IMP) and the residual stresses (RS) as 
random variables. Groups 2 and 3 cover different combinations of 
random variables for the sensitivity study defined in STEP 2: (M-E) 
means that the Young’s modulus is considered as a deterministic vari-
able while yield stress and ultimate stress are assumed as random var-
iables; (GIMP2) corresponds to an alternative statistical characterization 
of the initial geometrical imperfections – see Section 3.3; and (RS2) 

represents an alternative statistical characterization of the residual 
stresses – see Section 3.4. 

2.3. Resistance function 

The resistance function is flexural buckling of welded I section col-
umns as given in the revised version of Eurocode 3 (FprEN 1993–1-1) 
[13]. The buckling resistance of a compressed column, Nb,Rd, is defined 
by Eq. (1) - cl. 8.3.1 of FprEN 1993–1-1 [13]. 

Nb,Rd =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

χAfy

γM1
for classes 1, 2 and 3

/

χAeff fy

γM1
for class 4

(1)  

where: fy indicates the yield strength of the material; γM1 is the partial 
factor for the verification of the buckling resistance of members, which 
is set to 1.0; χ is the reduction factor related to the flexural buckling 
modegiven by Eq. (2), in which the buckling parameter ϕ is defined by 
Eq. (3), and the normalized slenderness λ is calculated by Eq. (4): 

χ =
1

ϕ +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϕ2 − λ2

√ ≤ 1 (2)  

ϕ = 0.5
[
1+ α(λ − 0.2)+ λ2 ] (3)  

λ =

̅̅̅̅̅̅̅

Afy

Ncr

√

, for class 1, 2 and 3  

λ =

̅̅̅̅̅̅̅̅̅̅̅̅
Aeff fy

Ncr

√

, for class 4 (4) 

A is the gross cross-section area, Aeff is the effective cross-section area 
when subject to uniform compression, Ncr is the elastic critical force 

Table 1 
Groups of samples.   

Group Cross-sectional 
dimensions (CS) 

Material properties (M) Initial geometric imperfections (IMP) Residual 
stresses (RS) 

Step 

fy (MPa) E (MPa) Minor-axis Major-axis 

Standard Groups 
(a) 

0 Deterministic Deterministic Deterministic Deterministic Deterministic 1, 2*, 
3 

1  
(random  
CS + M) 

Normal distribution Lognormal 
distribution 

Normal 
distribution 

Deterministic Deterministic 2*, 3 

4  
(random CS + M +
GIMP+RS) 

GIMP - Normal 
distribution 

GIMP2 – Weibull 
distribution 

Normal 
distribution 

1*, 
2*, 3 

Sensitivity 
analysis Groups 
(b) 

1b  
(random  
CS + M-E) 

Deterministic Deterministic Deterministic 2 

2  
(random CS + M +
GIMP) 

Normal 
distribution 

GIMP - Normal 
distribution 

GIMP2 – Weibull 
distribution 

Deterministic 2* 

2b 
(random CS + M +
GIMP2) 

GIMP2 – Weibull distribution Deterministic 2* 

3  
(random CS + M +
RS) 

Deterministic Normal 
distribution 

2* 

3b 
(random CS + M +
RS2) 

Deterministic Normal 
distribution 

2* 

4b (random CS + M 
+ GIMP2 + RS) 

GIMP2 – Weibull distribution Normal 
distribution 

2* 

4c 
(random CS + M-E 
+ GIMP2 + RS) 

Deterministic GIMP2 – Weibull distribution Normal 
distribution 

2 

1* and 2* are only performed for a single cross section. 
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related to the relevant flexural buckling mode and α is the imperfection 
factor, which is selected by choosing the appropriate buckling curve. 

For class 4 cross sections, Aeff is calculated according to EN 1993–1-5 
[35], see Eqs. (5) to (13) in Table 2: 

Table 3 shows the buckling curves recommended by FprEN 1993–1-1 
[13] for HSS welded I-sections (steel grades S460 up to S700). Table 3 
also presents the improved choice of buckling curves that is incorpo-
rated in an early amendment [32] to FprEN1993–1-1 [13] which is 
currently being prepared, aligning the reliability of the design provisions 
for welded and rolled columns. 

2.4. Experimental resistance 

Using the general-purpose finite element software ABAQUS [36], an 
advanced finite element (FE) model was used to obtain the ultimate 
resistance of the pin-ended compressed columns. The FE model is 
identical to the numerical model created and validated by Ferreira Filho 
et al. [16], based on the experimental work performed in the project 
STROBE [15], using welded, doubly symmetric, and homogeneous or 
hybrid columns and beam-columns. 

Geometrically and materially nonlinear analyses including imper-
fections (GMNIA) were executed, where a compressive load was applied 
to each generated numerical model according to the Newton-Raphson 
method used in a force control mode. The overlap between the parts 
of the cross-sections of the models at the web-flange junctions was 
prevented and tie constraints were applied at these regions to guarantee 
the appropriate connection. Fig. 1 shows an example of the base ge-
ometry of the numerical model, illustrating the main geometrical pa-
rameters. Without loss of accuracy, it is noted that the longitudinal 
welds between the web and the flanges were not modelled because their 
impact on the reliability assessment is negligible since the code assess-
ment was also carried out with a cross-sectional area that disregarded 
those welds. Nevertheless, a verification study was carried out that has 
shown that the beneficial influence of the welds on the resistance of the 
columns is of the order of 2%. 

The material model was adopted according to Yun and Gardner [37] 
as a true stress-strain curve exhibited in Fig. 2. 

The columns were modelled with shell elements using four-node 
finite element with full integration S4 from the ABAQUS library [36]. 
From a mesh sensitivity study, a mesh composed of 16 elements across 
the flanges’ width and other 16 across the web’s depth was adopted. The 
length of the elements was chosen such that the finite elements were 
approximately square. 

All columns were simply supported at both ends. Following guidance 
from Braun et al. [38], the restrictions to lateral and vertical 

displacements were applied at the nodes coincident with the centroids of 
each end-section, as well as the restrictions to torsional rotation. The 
restricted nodes were set as master nodes, in which all the other nodes of 
the end-sections were coupled. In this sense, the end-sections remained 
plane along the entire load application process. In addition, only for 
major-axis buckling, the out-of-plane displacements were prevented 
along the length of the flanges and web to force in-plane displacements 
in all cross-sections of the members. The axial compressive force was 
concentrically applied at one of the master nodes, while the longitudinal 
displacement was prevented at the other. 

Regarding the imperfections, the membrane residual stresses were 
introduced at partitions done in the web and flange parts of the model by 
defining the initial stresses through the predefined field command 
within ABAQUS [36] and the initial geometric imperfections with the 
shape of a half-wave sine function were automatically introduced into 
each node of the numerical model by a MATLAB subroutine. Finally, the 
GMNIA analyses were executed to obtain the ultimate load of each nu-
merical model generated. 

2.5. Parametric study 

The parametric study consisted of the following welded sections 
(Table 4). These sections cover the various cross-sectional geometries 
that are typical of equivalent rolled profiles, as well as deeper I-girders 
typically used in bridge construction. All cross sections were analysed 
for minor- and major-axis flexural buckling. Table 4 also reports the 

Table 2 
Effective area for class 4 sections.  

Aeff = ρf Af + ρwAw   (5) 

Flanges  Web  
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ρf = 1.0 for λp ≤ 0.748

ρf =
λp − 0.188

λ2
p

for λp > 0.748 

(6a) ⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ρw = 1.0 for λp ≤ 0.673

ρw =
λp − 0.22

λ2
p

for λp > 0.673 

(6b) 

λp =

cf
/

tf
12.212 ϵ 

(7a) 
λp =

cw/tw
113.6 ϵ 

(7b) 

ϵ =

̅̅̅̅̅̅̅̅̅
235
fy

√ (8) 

cf =
b
2
− 1.5tw  

(9a) cw = d − 2tw (9b) 

where: Af and Aw are the gross area of the flanges and web, respectively; ρf and ρw are the reduction factors for plate buckling related to the flanges and 
web, respectively, and calculated by Eq. (6a) and (6b); λp is the slenderness of the plates given by Eq. (7a) and (7b); cf and cw are the appropriate widths 
of the flange and web plates, respectively, which is given in Eq. (9a) and (9b); tf and tw are the thicknesses of the flange and web, respectively; b and d are 
the flange width and web depth, respectively.  

Table 3 
Buckling curve selection for welded HSS columns.  

Cross-section Limits Buckling 
about axis 

Buckling curve 
S460 up to S700    

EN/FprEN 
1993–1-1 
[2,13] 

Amendment 
[18,32] 

tf ≤ 40 
mm 

y-y 
z-z 

b 
c 

a 
b 

tf > 40 
mm 

y-y 
z-z 

c 
d 

b 
c  
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number of FEM analyses that totalled 146,000 for the Sensitivity Groups 
and 144,126 for the Standard Groups (92,100 for minor-axis and 52,026 
for major-axis buckling). The total number of FEM analyses (290126) 
took 9 months to run in a fast Workstation with 12 Intel cores. 

3. Statistical data 

3.1. Geometrical properties 

The geometrical properties were stochastically defined for all the 
samples generated to carry out the reliability assessment. The statistical 
parameters from table E.2 of Annex E of FprEN1993–1-1 [13] were 
adopted for the cross-sectional dimensions using a Gaussian distribution 

with the nominal, mean and c.o.v. values specified in Table 5. 

3.2. Material properties 

The high-strength steel grade covered herein is S690. Yield strength, 
fy, modulus of elasticity, E, and ultimate strength, fu, were considered as 
random variables. The statistical parameters were extracted from table 
E.1 of Annex E of FprEN1993–1-1 [13], which reflects the current Eu-
ropean steel production. The statistical values of the yield and ultimate 
strength were described by a lognormal distribution. A Gaussian dis-
tribution was adopted for the modulus of elasticity. The nominal, mean 
and c.o.v. values for both variables are shown in Table 6. 

Fig. 1. Example of the reference geometry of the numerical models.  

Fig. 2. Quad-linear model representing the true stress-strain curve proposed by Yun and Gardner [37].  

Table 4 
Definition of selected cross sections for parametric study.  

Cross-section Equivalent cross-section Cross-section class Normalized slenderness λ n Buckling mode   

Flanges Web 6 290,126  

HE300A HEA 300 eq. 4 4 0.3; 0.6; 1.0; 1.4; 1.8; 2.2 90,030 In Plane (y-y) 
Out Plane (z-z) 48,024 IPE160 IPE 160 eq. 2 4 

32,020 
HL1100 HLM 1100 eq. 1 4 32,020 
HL1500 HLM 1500 eq. 1 4 68,022 

20,010 HE280M HEM 280 eq. 1 1 
HD400 HD 400 × 1299 1 1  
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3.3. Initial geometrical imperfections 

The initial geometric imperfections can be defined according to two 
parameters: shape and amplitude. As a conservative estimate, the lowest 
global modes obtained by previous modal analyses, which have the 
shape of a half-wave sine function, are generally applied as the imper-
fection shape for parametric studies available in the literature 
[10,39–41]. The same was also done herein, always employing this 
deterministic imperfection shape. 

Concerning the amplitude, three possibilities were considered 
(Table 7): a deterministic amplitude equal to e0 = L/1000, [42]; GIMP - 
a Gaussian distribution with the mean and c.o.v. values determined from 
a data collection performed on measurements for high-strength steel 
welded I-section columns available in recent studies in the literature 
[21–31], only for minor-axis; or GIMP2 - a random amplitude following 
the Weibull distribution with the statistical properties proposed by 
Fukumoto and Itoh [43]. As the recent measurements related to the 
major-axis of HSS members are scarce in the literature, the statistical 
characterization proposed by Fukumoto and Itoh [43] was adopted for 
all cases with respect to the initial geometric imperfections related to the 
major-axis. 

3.4. Residual stresses 

The residual stress pattern was considered as deterministic for all 
groups according to the model proposed by Schaper et al. [20], illus-
trated in Fig. 3, which was validated against an extensive data of re-
sidual stress measurements with steel grades from S235 to S890, 
considering both the cross-section geometry and steel grade in the 
formulation, and provided a better representation of residual stresses 
when compared to the models of ECCS [42] and prEN1993–1-14 [44], 
especially for HSS members. 

Regarding the magnitudes, three possibilities were considered: (a) 
deterministic magnitudes in accordance with the Schaper et al. model 

[20]; (b) RS - random magnitudes following a Gaussian distribution with 
the statistical parameters extracted from Tankova et al. [19]; and (c) RS2 
- statistical parameters for the Gaussian distribution obtained from the 
most recent measurements available in the literature for HSS welded I- 
section members [45–53]. For RS, Table 8 shows the statistical param-
eters for the compression residual stresses of the flanges, σf ,c, and the 
web, σf ,w, the tensile residual stresses being found by equilibrium. For 
RS2, Table 9 presents the statistical parameters for the residual stresses 
in the web and flanges. 

4. Monte Carlo simulation: initial benchmarks, sensitivity 
studies and statistical assessment 

4.1. Initial benchmarks 

A set of initial benchmarks was carried out to ensure that the Monte 
Carlo simulation would lead to reliable results and to assess the influ-
ence of some phenomena that could affect the reliability assessment of 
the flexural buckling resistance of columns. They are addressed in the 
following sub-sections. 

4.1.1. Sample size 
The Monte Carlo simulation starts with the generation of random 

numbers for the selected random variables with prescribed probabilistic 
distributions [34]. As the accuracy of the solutions obtained through 
Monte Carlo simulations improves with sample size, it is desirable to 
have as large number as possible. On the other hand, this number should 
be minimized because of the computation time. Hence, sample sizes of 
333, 1000 and 2000 columns were considered per slenderness for Group 
4 with cross section HE 280 M, slenderness between 0.3 and 2.2, and 
minor axis buckling, totaling 19,998 numerical models. Table 10 shows 
the statistical parameters for all slenderness ranges for the three sample 
sizes and Fig. 4 to Fig. 6 illustrate normal probability plots for the three 
sample sizes per slenderness. The statistical parameters are presented as 
normalized to the nominal column resistance, hence values higher than 
1.0 indicate that the simulation is safe-sided, and values lower than 1.0 
unsafe sided. In Table 10, it is possible to see the number of cases with 
values lower than one and they are used to calculate the probability of 
the buckling resistance being lower than the cross-section resistance. 
This probability is denoted as “pf*” in Table 10 and it is given as the ratio 
between the number of cases lower than one and the total number. The 
statistical parameters for sample sizes of 1000 and 2000 are very close, 
therefore it was considered that a sample size of 1000 can be assumed. 

Furthermore, it is noted that for slenderness ratios 1.0 and 1.4, there 
are no cases which fall on the unsafe side, which can be considered as an 
indicator that a larger sample size is required. Yet, when the probability 
plots in Fig. 5 and Fig. 6 are observed, it is seen that extrapolating the 
curves of for slenderness 1.0 and 1.4, the results will lead to a probability 
which is much lower than the 0.00118 quantile (the corresponding 
quantile of the resistance to define the appropriate design values, rd – see 
Subsection 5.1), and therefore, the sample size is kept at 1000. 

Additionally, the distribution of the data obtained with the popula-
tion of 1000 samples was verified by the Chi-square distribution test, 

Table 5 
Statistical parameters of the geometric properties.  

Cross-sections Nominal 
(mm) 

Mean 
(mm) 

c.o.v. 
(%)  

h bf tf tw h bf tf tw h bf tf tw 

HE300A 290 300 14 8.5 290 300 13.7 8.5 0.9 0.9 2.5 2.5 
HE280M 310 288 33 18.5 310 288 32.3 18.5 
HL1100 1108 402 40 22 1108 402 39.2 22 
HL1500 1500 402 40 22 1500 402 39.2 22 
IPE160 160 82 7.2 5 160 82 7.05 5 
HD400 600 476 140 100 600 476 137.2 100  

Table 6 
- Statistical parameters of the material properties [13].  

S690 fy fu E 

Nominal (MPa) 690 855 210,000 
Mean (MPa) 759 940.5 200,000 
c.o.v (%) 3.5 3.5 3.0  

Table 7 
Statistical parameters of the amplitude of the initial geometrical bow 
imperfections.   

GIMP: data collection for HSS GIMP2: Fukumoto and Itoh [43] 

Buckling type Minor-axis 
e0/L 

Major-axis 
e0/L 

Minor-axis 
e0/L 

Mean 0.000585 0.000125 0.000296 
c.o.v (%) 54 92 81 
n 64 68  
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also called “goodness-of-fit”, with 1% significance level [40,54]. The 
assumption of a Gaussian distribution in all slenderness cases was 
accepted by the test, concluding that the ultimate resistance results from 
the Monte Carlo simulations can be considered as normally distributed 
for the slenderness range considered. 

4.1.2. Local buckling 
Class 4 cross sections may exhibit an additional reduction of the 

buckling resistance due to local buckling. This effect is more pronounced 
for HSS, as shown in Table 4, which shows that four (out of six) of the 
selected cross sections are class 4. 

Since it is not the aim of this paper to assess the reliability of the 
reduction factors for local instability, it was necessary to define a 
strategy on how to split these two phenomena. Firstly, the strategy to 
compare the results of the advanced FE simulations and the Eurocode 
buckling resistance was defined as follows:  

• to use Group 0, for minor-axis only;  
• to compare the numerical (FEM) and EC3 buckling resistances 

considering local buckling of the whole cross-section (C1), consid-
ering the following two cases:  

• C1.FEM - Group 0 without any cross-section restraints to prevent 
local buckling calculated using FEM;  

• C1.EC3 - Group 0 calculated using Eurocode 3 considering local 
buckling.  

• to compare the numerical (FEM) and EC3 buckling resistances 
considering local buckling only in the web (C2), considering the 
following two cases:  

• C2.FEM - Group 0 with the vertical displacement prevented at the 
tips of the flanges to prevent their local buckling, calculated using 
FEM;  

• C2.EC3 - Group 0 calculated using Eurocode 3 neglecting local 
buckling in the flanges. 

These two cases, C1 and C2, were considered because among all class 
4 cross-sections, a large proportion results from the slenderness of the 

Fig. 3. Novel model for residual stresses of welded I-section columns made with thermal cut plates [15].  

Table 8 
Statistical parameters of the magnitude of compressive residual stresses.   

σf,c σw,c 

Mean (MPa) − 0.13fy = − 89.7 − 0.13fy = − 89.7 
c.o.v. (%) 43 38  

Table 9 
Statistical parameters of the magnitudes of residual stresses based on the data 
collection for S690 HSS welded I-section columns.   

Flange 
compression 
σf,c 

Flange 
tension 
σf ,t 

Web 
compression 
σw,c 

Web 
tension 
σw,t 

Mean 
(MPa) − 112.3 363.6 − 79.1 227.4 

c.o.v. (%) − 29.03 43.20 − 48.39 44.89 
n 18 18 18 17  

Table 10 
Statistical parameters for the various sample sizes.  

n = 333 

Slenderness 0.3 0.6 1 1.4 1.8 2.2 

mean 1.114 1.163 1.393 1.385 1.312 1.270 
stdev 0.047 0.059 0.093 0.090 0.083 0.079 
cov 4.19% 5.07% 6.65% 6.52% 6.34% 6.23% 
min 0.990 1.027 1.150 1.175 1.093 1.053 
<1 3 0 0 0 0 0 
pf* 0.009 0 0 0 0 0 
n ¼ 1000 
Slenderness 0.3 0.6 1 1.4 1.8 2.2 
mean 1.106 1.148 1.293 1.181 1.108 1.073 
stdev 0.050 0.062 0.082 0.062 0.054 0.051 
cov 4.48% 5.38% 6.36% 5.21% 4.92% 4.77% 
min 0.973 0.952 1.073 1.014 0.940 0.901 
<1 12 4 0 0 17 77 
pf* 0.012 0.004 0 0 0.017 0.077 
n ¼ 2000 
Slenderness 0.3 0.6 1 1.4 1.8 2.2 
mean 1.100 1.145 1.286 1.178 1.104 1.069 
stdev 0.049 0.063 0.087 0.062 0.053 0.051 
cov 4.43% 5.46% 6.76% 5.23% 4.82% 4.74% 
min 0.966 0.958 1.051 1.009 0.955 0.922 
<1 27 9 0 0 40 161 
pf* 0.014 0.0045 0 0 0.020 0.0805  
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web, as seen in Table 4. The results show that for all cross sections, the 
maximum difference between the numerical and the EC3 results occurs 
mostly for the low slenderness range and reduces as the global slen-
derness increases. Fig. 7 shows the variation of the average ratio rFEM/ 
rEC3 with slenderness for both cases and the six slenderness ranges. 

Except for the HE 300 A cross section in the low slenderness range (≤
0.6) that exhibits class 4 flanges, the difference between the average 
ratios rFEM/rEC3 for C1 and C2 is small (1.15 vs 1.16, respectively). 
Henceforth, for minor-axis buckling, the numerical models were 

implemented with the vertical displacement prevented at the tips of the 
flanges and always compared with the resistance calculated according to 
EC3 neglecting local buckling in the flanges. 

Secondly, as the numerical models assumed a global out-of-plane 
initial bow imperfection as described in Section 4.3, it was further 
investigated whether different combinations of initial imperfections 
(global and local) could lead to lower buckling resistances. Hence, the 
results from GMNIA analyses for Group 0 with different types of initial 
imperfection shapes: (a) Global buckling eigenmode; (b) Local buckling 

Fig. 4. Normal probability plot with sample size equal to 333.  

Fig. 5. Normal probability plot with sample size equal to 1000.  
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eigenmode; (c) Global-70Local buckling eigenmode - combined global 
and local modes with the global mode as the leading imperfection; (d) 
Local-70Global buckling eigenmode - combined local and global modes 
with the local mode as the leading imperfection. The variation of the 
average reduction factor, χFEM, with slenderness for all sections is plotted 
in Fig. 8. 

The global imperfection led to the lowest result for the majority of 
the cases. For the Class 1-sections, it was the critical initial imperfection 
for all sections and slendernesses. For the Class 4-sections, the global 
imperfection always led to the lowest values for the intermediate and 
slender columns (λ = 1.0 to 2.2). However, for slenderness, λ, equal to 
0.3, the local imperfection was critical, leading to an average buckling 
resistance 3.3% lower than the global imperfection. For λ = 0.6, this 
trend was maintained only for cross-sections IPE160 and HL1500, with 
average values 3.4% lower. 

Since a global initial imperfection was critical for almost all members 
analysed and, in the cases where local initial imperfections were critical, 
the differences were <3.5%, a global initial imperfection was adopted in 
the parametric study for pragmatic reasons related to the time required 
to carry out the parametric study. 

4.1.3. Influence of the cutting process 
Finally, a third initial benchmark considered the influence of using 

non-thermal cut plates and their influence on the residual stresses. 
Group 0 was selected for this benchmark, for minor-axis only, 
comparing the following cases: (i) Group 0 with the residual stress 
pattern for thermal cut plates and (ii) Group 0 with the residual stress 
pattern for non-thermal cut plates (Fig. 3). The average difference for all 
cases was 1.01 so the pattern for thermal cut plates was chosen 
(Table 11). 

4.2. Sensitivity studies 

The sensitivity studies were performed for a single cross section, HEA 
300 eq., and minor-axis buckling to reduce the global sample size, as 
shown in Table 1. The buckling resistance related to minor-axis flexural 
buckling was extracted from each FEM simulation to statistically char-
acterize the resistance predicted by each group. It originated Probability 
Density Functions (PDFs) for each group, which were well described by 
Gaussian distributions. 

4.2.1. Influence of the number of basic random variables 
The influence of the number of basic random variables is assessed by 

comparing the results of groups 1 (CS + M), 2 (CS + M + GIMP), 3 (CS +
M + RS) and 4 (CS + M + GIMP+RS), all normalized with respect to the 
results of Group 0 (no random variables). Table 12 shows that there is a 
negligible influence of the consideration of the material properties and 
the cross-section geometry as random variables (1.4%) because the 
overstrength of steel compensates for the other properties. The com-
parison of Group 2 with Group 0 shows that there is a beneficial effect of 
considering the initial geometrical imperfections as random (1.4%), 
while the comparison of Group 3 with Group 0 highlights a neutral (but 
on the safe side) effect of random residual stresses (1.3%). Finally, 
comparing Group 4 with Group 0 shows that it is safe to consider only 
the variability of the design model (2.1%). 

Fig. 9 depicts the normalized resistance and the corresponding sta-
tistical descriptors, split according to slenderness ranges. All cases show 
larger ratios of flexural resistance when compared to Group 0 in the 

Fig. 6. Normal probability plot with sample size equal to 2000.  

Fig. 7. Average ratios rFEM/rEC3.  
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intermediate slenderness range and increasing scatter with slenderness. 

4.2.2. Effects of the modulus of elasticity 
The modulus of elasticity is prescribed in EN 1993–1-1 as 210 GPa. In 

addition, there is no standard testing procedure for its determination. 
Hence, part of its scatter can be attributed to the measurement pro-
cedure and thus its consideration as a random variable is questionable. 
Hence, the effect of modulus of elasticity as a random variable was 
assessed for groups 1 and 1b and 4b and 4c (Table 1). Considering all 

sections and slenderness, when E was considered deterministic, the 
resistance was improved up to 4.5% and 2.7% on average, respectively, 
for minor- and major-axis flexural buckling. 

Fig. 10 compares both sets of groups with results from all sections 
and slenderness showing, as expected, that Young’s modulus mostly 
influences the results for the large slenderness range (4.5% to 9%). Also, 
its influence is similar comparing Groups 1 and 4, mostly for major-axis 
flexural buckling. 

4.2.3. Sensitivity to imperfections 
The sensitivity to the statistical characterization of the geometrical 

and material imperfections was studied by considering groups 2 and 2b, 
3 and 3b and 4 and 4b. Fig. 11a compares the results of groups 2 and 2b 
and 4 and 4b, showing that the measurements from Fukumoto and Itoh 
[43] yield a beneficial effect that reaches 6.28% for the intermediate 
slenderness range while the c.o.v. is similar for both groups, increasing 
from 1% to 5.5% from low to medium/high slenderness. Fig. 11b 
compares the results of groups 3 and 3b, showing a negligible difference 
between both groups (<1.4%) and similar c.o.v. for both groups, below 
5% for all slenderness ranges. 

4.3. Statistical assessment 

Groups 0, 1 (CS ± M) and 4 (CS ± M ± GIMP ± RS), were selected to 
statistically characterize the buckling resistance of welded columns. 
1000 MC simulations for each slenderness of each cross-section, 
considering both groups, were carried out, totaling 144,126 analyses 
to assess the minor- and major-axis flexural buckling resistance of 
compressive members. From each simulation, the normalized buckling 
resistance was computed (normalized concerning the nominal cross 
section resistance) and used to create resistance Probability Distributed 
Functions (PDFs) for each slenderness and each group. The statistical 
parameters from groups 1 and 4 were normalized with respect to the 
results of group 0 and they are exhibited in Table 13 and Table 14 for 
minor- and major-axis flexural buckling, respectively. Additionally, the 
results obtained using the Eurocode 3 design expressions are also 
assessed, disregarding local buckling of the flanges, as described in 
Section 5.1. 

Comparing first the mean values of resistance for all cases, Table 13 
and Table 14 show that all results from group 0 are always higher than 
the results given by EC3 (11% and 9%, on average, for minor- and major- 

Fig. 8. Average numerical reduction factors from different types of initial imperfections.  

Table 11 
Comparison between residual stress pattern for thermal cut plates and non- 
thermal cut plates.  

SECTION Class λ Thermal cut Non-thermal cut Dif. 

HE 300 A 4 0.3 0.974 0.964 1.01 
0.6 0.879 0.874 1.01 
1.0 0.679 0.682 1.00 
1.4 0.425 0.423 1.00 
1.8 0.277 0.276 1.00 
2.2 0.181 0.18 1.01 

IPE 160 0.3 0.978 0.967 1.01 
0.6 0.883 0.873 1.01 
1.0 0.669 0.671 1.00 
1.4 0.421 0.419 1.00 
1.8 0.262 0.26 1.01 
2.2 0.182 0.181 1.01 

HE 280 M 1 0.3 0.977 0.964 1.01 
0.6 0.876 0.872 1.00 
1.0 0.671 0.675 0.99 
1.4 0.405 0.403 1.00 
1.8 0.261 0.26 1.00 
2.2 0.180 0.179 1.01 

HL 1100 M 4 0.3 0.865 0.905 0.96 
0.6 0.812 0.814 1.00 
1.0 0.650 0.651 1.00 
1.4 0.384 0.381 1.01 
1.8 0.245 0.244 1.00 
2.2 0.163 0.162 1.01 

HL 1500 M 0.3 0.785 0.781 1.01 
0.6 0.746 0.737 1.01 
1.0 0.611 0.548 1.11 
1.4 0.406 0.404 1.00 
1.8 0.255 0.253 1.01 
2.2 0.167 0.166 1.01     

Mean: 1.01  
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Table 12 
Statistical parameters of the reduction factors, χ, for the various groups for HEA 300 and minor-axis flexural buckling.  

FB Group 0 Group 1 
(CS + M) 

Group 2 
(CS + M + GIMP) 

Group 3 
(CS + M + RS) 

Group 4 
(CS + M + GIMP + RS) 

λ ¼ 0.3 Mean 0.974 0.999 1.009 0.994 1.004  
c.o.v. (%)  0.423 1.006 0.602 1.286 

λ ¼ 0.6 Mean 0.879 0.995 1.009 0.999 1.029  
c.o.v. (%)  0.318 1.544 2.927 3.475 

λ ¼ 1.0 Mean 0.679 0.998 1.062 1.007 1.078  
c.o.v. (%)  2.270 5.171 3.829 5.514 

λ ¼ 1.4 Mean 0.425 0.980 1.021 0.982 1.027  
c.o.v. (%)  4.255 5.568 4.367 5.001 

λ ¼ 1.8 Mean 0.277 0.950 0.975 0.950 0.977  
c.o.v. (%)  4.618 5.318 4.715 5.075 

λ ¼ 2.2 Mean 0.181 0.992 1.010 0.991 1.012  
c.o.v. (%)  4.668 5.232 4.857 5.016 

ALL Mean 
c.o.v. (%) 

0.986 1.014 0.987 1.021  
2.759 3.973 3.550 4.228  

Fig. 9. Normalized resistance results for the main groups of analysis considering minor-axis flexural buckling of HEA 300-section columns.  
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Fig. 10. Effects of the randomness of the modulus of elasticity on the buckling resistance.  

Fig. 11. Sensitivity study from the application of different statistical properties concerning the amplitude of the (a) initial geometric imperfections and (b) resid-
ual stresses. 
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axis buckling, respectively), the larger differences being observed for 
intermediate slenderness. 

Comparing groups 1 and 4 to the Group 0, higher values are found 
(5% and 9% on average, for minor- and major-axis buckling, respec-
tively) as more variables are considered as random. Concerning the 
variability of results, Figs. 12 and 13 show the results of the MC simu-
lations, in which the mean, standard deviation and max and min values 
of each group are illustrated, normalized to the EC3 results. Comparing 
groups 1 and 4, a small increase of the average c.o.v is observed (from 
3.0% to 4.6%, for minor-axis buckling, and from 2.4% to 3.8%, for 
major-axis buckling). 

It can be concluded that the consideration of all basic variables as 
random leads to higher resistance with similar scatter. This supports the 
conclusion that it is safe to carry out reliability assessments with 
appropriate deterministic reference values for the amplitude of the 
initial bow imperfection and the amplitude of the residual stresses, as 
done in the recent investigation on the reassessment of buckling curves 
for the flexural buckling of HSS columns that were based on reliability 
studies that were validated with the consideration of only the material 
properties and the cross-section geometry as random variables [18]. 

5. Reliability assessment 

The objective of this section is to assess the failure probability of 
current design rules available in Eurocode 3 [1,2,13] and the proposed 
design rules presented in proposal amendment available in refs. [18, 32] 
for the flexural buckling of HSS columns and compare it with the target 

probability of failure specified in EN 1990 [33]. Following the guidance 
from the SAFEBRICTILE project [12], appropriate subsets of cross sec-
tions and slenderness were considered, leading to the determination of 
the required partial factor γM1*. It is important to emphasize that the 
superscript “*” is used to indicate that this value is not a code value, but 
a computational result to be used as basis of the code value. This 
assessment is carried out firstly for minor-axis flexural buckling and then 
for major-axis flexural buckling by calculating, for each subset, the 
0.118% quantile. 

5.1. Reliability in the structural Eurocodes 

The Eurocodes rely on a probabilistic framework [33] (Fig. 14) to 
establish design rules that satisfy a pre-defined target probability [55]. 
This evaluation must include uncertainties in material properties, 
geometrical properties, imperfections, and the design procedure itself 
[34]. Including all these variabilities in a probabilistic analysis is still 
nowadays difficult and very time consuming because the size of the 
samples would be in the range of 107. The reliability framework docu-
ment of the Eurocodes is EN 1990 – Basis of structural design. It estab-
lishes principles and requirements for the safety assessment of 
structures; it describes the basis of their design and provides guidelines 
for structural reliability. 

The level of safety in EN 1990 is chosen according to Consequence 
classes (CC) defined in Annex B. The consequence classes establish the 
reliability differentiation of the code by considering the consequence of 
failure or malfunction of the structure. The Consequence Classes (CC) 

Table 13 
Comparison of the final resistance, Nb,Rd, between group 0 and EC3, group 1 and group 4 for minor-axis flexural buckling.  

SECTION λ Section Resistance 
(kN) 

EC3* group 0* group 1** group 4** EC3/group0 

HE 300 A 0.3 7057.5 0.96 1.01 1.08 1.09 0.95 
0.6 0.80 0.91 1.08 1.12 0.88 
1.0 0.57 0.71 1.08 1.17 0.81 
1.4 0.38 0.44 1.06 1.11 0.86 
1.8 0.26 0.29 1.03 1.06 0.89 
2.2 0.18 0.19 1.07 1.10 0.96 

IPE 160 0.3 1243.36 0.95 1.04 1.09 1.09 0.92 
0.6 0.80 0.94 1.08 1.10 0.86 
1.0 0.57 0.71 1.06 1.15 0.81 
1.4 0.38 0.45 1.03 1.08 0.84 
1.8 0.25 0.28 1.05 1.08 0.91 
2.2 0.18 0.19 1.03 1.05 0.93 

HE 280 M 0.3 16,230.18 0.95 0.98 1.08 1.09 0.97 
0.6 0.79 0.88 1.08 1.10 0.90 
1.0 0.55 0.67 1.08 1.16 0.81 
1.4 0.35 0.41 1.08 1.13 0.88 
1.8 0.24 0.26 1.06 1.09 0.91 
2.2 0.17 0.18 1.05 1.07 0.94 

HL 1100 M 0.3 31,532.84 0.95 1.04 1.09 1.11 0.91 
0.6 0.80 0.97 1.11 1.14 0.82 
1.0 0.59 0.78 1.04 1.12 0.76 
1.4 0.39 0.46 1.06 1.10 0.86 
1.8 0.27 0.29 1.05 1.07 0.91 
2.2 0.19 0.20 1.07 1.10 0.97 

HL 1500 M 0.3 32,009.78 0.96 1.07 1.08 1.09 0.89 
0.6 0.82 1.02 1.08 1.10 0.81 
1.0 0.62 0.84 1.07 1.16 0.74 
1.4 0.45 0.55 1.01 1.07 0.81 
1.8 0.31 0.35 1.04 1.07 0.89 
2.2 0.22 0.23 1.09 1.12 0.98 

HD 400 0.3 104,126.40 0.96 0.98 1.19 1.24 0.98 
0.6 0.80 0.87 1.19 1.30 0.91 
1.0 0.56 0.67 1.17 1.38 0.84 
1.4 0.37 0.42 1.13 1.24 0.89 
1.8 0.25 0.26 1.15 1.23 0.98 
2.2 0.18 0.18 1.13 1.17 1.00  

Mean: 1.08 1.13 0.89  

* Results normalized with respect to cross-section resistance. 
** Results normalized with respect to group 0. 
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correspond to Reliability classes (RC), which define the target reliability 
level through the reliability index β. This index defines the probability of 
failure, Pf , given by Eq. (10): 

Pf = Φ( − β) (10)  

where Φ is the cumulative distribution function (CDF) for the standard 
normal distribution. 

The probability of failure, Pf , can also be simply expressed by Eq. 
(11), where S is a linear limit state function described by Eq. (12). It is an 
approximation because in general the limit state function is non-linear, 
in which R and E represents the resistance and action variables, 
respectively. 

Pf = Prob(S ≤ 0) (11)  

S = R − E (12) 

The calculation of the probability of failure, Pf , includes both action 
and resistance variables. However, since they are assumed as uncorre-
lated variables, the First-Order Reliability Method (FORM) approach 
allows them to compute their scatter separately through the sensitivity 
factors αE and αR, which give the relative importance of the individual 
random variables E and R, respectively, for the definition of the reli-
ability index, β, and follow the relation indicated in Eq. (13): 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
αE

2 + αR
2

√
≈ 1.0 (13) 

The sensitivity factors αE and αR are assumed to have the fixed values 
of − 0.7 and 0.8 [33], respectively, for standard deviations of action, E, 
and resistance, R, that satisfy 0.16 < σE/σR < 7.6. 

It is noteworthy to state that an assessment considering both loading 
and resistance sides of the reliability was not done herein because the 
amount of work required (in terms of the number of simulations) would 
be unfeasible. 

Consequently, the probability of failure related to the resistance side 
can be estimated according to Eq. (14): 

P(R ≤ rd) = Φ( − αRβ) = Φ( − 0.8β) (14)  

in which rd represents the design value of the resistance. 
Considering Consequence Class 2 with a design life of 50 years, β 

assumes the value of 3.8 according to the specifications of EN 1990 [33], 
leading to Φ( − 0.8 x 3.8) = Φ( − 3.04) = 0.00118, which corresponds 
to the 99.8% percentile. This value can be alternatively approximated to 
the corresponding quantile of the resistance obtained from many sim-
ulations considering the Monte Carlo method, i.e. the design values of 
the resistance, rd. 

Once the design values,rd, are defined, the required partial factors, 
γM1

*, can be obtained from Eq. (15), in which rkis the characteristic 
value or alternatively the theoretical value (from specific design rules 
[2,32]) of the resistance. 

γM1
* =

rk

rd
(15)  

5.2. Minor axis flexural buckling 

The required partial factors were calculated based on the design 
values obtained, which include the randomness of the relevant basic 
variables according to each group of samples considered (Fig. 15). This 
was done to evaluate whether the current design rules from EN 1993–1- 
1 [2] are in line with the target reliability level proposed by EN 1990 
[33]. 

The partial factor for the resistance of members to instability, γM1, 
recommended by the Eurocode 3 [2] is equal to 1.0. Analysing the 
required partial factors obtained herein, it is observed that they lead to a 
value lower than unity, which confirms the conclusion that γM1 from the 
code is conservative. 

Considering the recent proposal of Tankova et al. [18] to predict the 
minor-axis flexural buckling resistance of HSS columns, which is avail-
able in a forthcoming amendment [32] to FprEN 1993–1-1 [13], Fig. 16 
shows the corresponding required partial factors. 

Table 15 summarizes the required γM1* for the current version of EC3 
[2] and the proposed amendment [32] for minor axis flexural buckling 
and compares the results of the assessment with all basic variables 
assumed as random (Group 4) with only material properties and cross 

Table 14 
Comparison between group 0 and EC3, group 1 and group 4 for major-axis flexural bucking resistance.  

SECTION λ Section Resistance EC3* group 0* group 1** group 4** EC3/group0 

HE 300 A 0.3 7057.5 0.97 1.00 1.07 1.09 0.97 
0.6 0.85 0.90 1.08 1.21 0.95 
1.0 0.63 0.71 1.09 1.27 0.89 
1.4 0.41 0.45 1.07 1.16 0.93 
1.8 0.28 0.29 1.03 1.08 0.95 
2.2 0.19 0.19 1.08 1.11 1.02 

IPE 160 0.3 1243.36 0.97 1.03 1.09 1.11 0.94 
0.6 0.86 0.93 1.08 1.23 0.92 
1.0 0.64 0.74 1.07 1.25 0.87 
1.4 0.42 0.47 1.03 1.12 0.89 
1.8 0.28 0.29 1.05 1.10 0.96 
2.2 0.20 0.20 1.03 1.07 0.97 

HE 280 M 0.3 16,230.18 0.96 0.97 1.08 1.11 0.99 
0.6 0.82 0.86 1.08 1.21 0.95 
1.0 0.56 0.68 1.09 1.26 0.83 
1.4 0.35 0.41 1.09 1.17 0.85 
1.8 0.23 0.26 1.06 1.11 0.86 
2.2 0.16 0.18 1.05 1.09 0.87 

HL 1100 M 0.3 31,532.84 0.96 1.17 1.09 1.11 0.82 
0.6 0.85 1.04 1.08 1.23 0.82 

HL 1500 M 0.3 32,009.78 0.96 1.34 1.06 1.09 0.72 
0.6 0.86 1.20 1.09 1.18 0.72 

HD400 0.3 104,126.40 0.97 0.97 1.19 1.23 1.00 
0.6 0.85 0.86 1.19 1.38 0.99 
1.0 0.62 0.68 1.18 1.38 0.93 
1.4 0.41 0.42 1.14 1.22 0.97  

Mean: 1.09 1.18 0.91  

* Results normalized with respect to cross-section resistance. 
** Results normalized with respect to group 0. 
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section geometry assumed as random (Group 1). Using the higher 
buckling curve “b” as suggested in [32] leads to required partial factors 
closer to unity, therefore achieving a lower scatter across the different 
cases. The beneficial effect of considering all basic variables as random is 
again shown. 

5.3. Major axis flexural buckling 

For major axis flexural buckling, using a similar procedure as for 
minor axis leads to the required partial factors γM1* of Fig. 17 and Fig. 18 
for the EC3 [2] design rules and the EC3 HSS amendment, respectively. 
The same conclusions are observed: EC3 leads to conservative results for 
both sets, while the amendment leads to required partial factors closer to 
unity, as exhibited in Table 16. 

Table 16 provides a summary of the required γM1* values for the 
current version of EC3 [2] and the proposed amendment [32] con-
cerning major axis flexural buckling. The comparison involves assessing 
results with all basic variables treated as random (Group 4), and only 
material properties and cross-section geometry assumed as random 
(Group 1). Adopting the higher buckling curve “b,” as recommended in 

[32], results in required partial factors that are closer to unity, thereby 
reducing variability across different cases. Once again, this underscores 
the advantageous impact of considering all basic variables as random. 

In Tankova et al. [18], required partial factors, γM1*, were also ob-
tained considering the geometrical and material properties as random 
variables. Hence, it should exactly correspond to the results of Group 1 
using the EC3 HSS amendment [32] from the Tables 15 and 16. How-
ever, the results are different: in the case of minor-axis flexural buckling, 
1.036 and 0.977 are found instead of 0.998 and 0.914, for tf ≤ 40 mm 
and tf > 40 mm, respectively, and in the case of major-axis flexural 
buckling, 1.056 and 0.988 instead of 1.011 and 0.922, for tf ≤ 40 mm 
and tf > 40 mm, respectively. It is justified because the sample of sim-
ulations used in [18] is different from the current parametric study; 
three steel grades (S460, S500 and S690) are comprised by Tankova 
et al. [18] while this study only covers S690 (it is known that higher steel 
grades result in higher buckling resistance and consequently lower 
γM1*), and the reliability assessment in Tankova et al. [18] was carried 
out using the Annex D/SAFEBRICTILE procedure [12,33], instead of a 
full Monte Carlo simulation. 

Fig. 12. Statistical results for minor-axis buckling from groups 1 and 4 displayed side by side (left and right charts, respectively).  

J.O. Ferreira Filho et al.                                                                                                                                                                                                                       



Journal of Constructional Steel Research 215 (2024) 108548

16
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Fig. 13. Statistical results for major-axis buckling from groups 1 and 4 displayed side by side (left and right charts, respectively).  
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Fig. 13. (continued). 

Fig. 14. Probabilistic framework of the Eurocodes.  
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6. Conclusions 

In this study, Monte Carlo simulations were conducted using an 
advanced finite element model to assess the reliability of the flexural 
buckling behaviour of HSS welded I-section columns. Initial benchmarks 
indicated that 1000 column members were sufficient to estimate flexural 

buckling resistance; the global buckling imperfection led to the critical 
results rather than the local imperfection shape, or the combination of 
both, and the differences in the final resistance using different residual 
stress distribution due to the cutting process are negligible (around 1%). 
The study involved sensitivity analyses to compare the influence of the 
number of the random variables and the statistical parameters used to 
vary them, from which group of samples were selected to estimate the 
failure probability according to Eurocode 0 [33]. In the end, required 
partial factors were calculated based on a full-probabilistic approach, 
which had not been done in the literature so far, and used to assess the 
current Eurocode 3 [1,2,13] rules and the proposed amendment [32] to 
FprEN1993–1-1 [13]. The following conclusions could be achieved:  

• it is safe-sided to carry out a reliability assessment only considering 
material properties and the cross-section geometry as random vari-
ables. Analysing the HE300A-section column, a beneficial effect for 
the resistance was found when the geometric imperfections are 
random (up to 1.4% of difference), a safe-side effect when the re-
sidual stresses are random (up to 1.3% of difference), and a beneficial 
effect when all basic variables are taken as random (up to 2.1% of 
difference). These trends were consistent across the other section 
columns and higher resistance was found when the imperfections 
were also taken as random. This conclusion supports that future 
reliability assessments can safely adopt the simplification of 
considering the imperfections as deterministic; 

Fig. 15. Required partial factors related to the Eurocode 3 [2] design rules for the minor-axis flexural buckling.  

Fig. 16. Required partial factors related to the curve proposed by EC3 HSS amendment [32] for the minor-axis flexural buckling.  

Table 15 
Required partial factors γM1*for minor axis flexural buckling.    

Slenderness EC3 [2] EC3 HSS amendment [32] 

Group 1 tf ≤ 40 mm Low 0.922 0.954 
Medium 0.874 0.961 
High 1.009 1.079 
Global 0.935 0.998 

tf > 40 mm Low 0.841 0.901 
Medium 0.740 0.851 
High 0.888 0.989 
Global 0.823 0.914 

Group 4 tf ≤ 40 mm Low 0.935 0.975 
Medium 0.868 0.955 
High 0.997 1.066 
Global 0.933 0.999 

tf > 40 mm Low 0.823 0.872 
Medium 0.680 0.783 
High 0.853 0.950 
Global 0.785 0.868  
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• it is safe-sided to carry out the simplified procedure Annex D [33] / 
SAFEBRICTILE [12] procedure instead of Monte Carlo simulations, 
for the same random variables (material properties and the cross- 
section geometry), which dramatically reduces the amount of work 
that is necessary to validate and assess the reliability of design 

methods for the buckling resistance of members (from hundreds of 
thousands to a few thousand);  

• the current choice of buckling curves for welded profiles subject to 
compression in EN 1993–1-1 [2] and FprEN 1993–1-1 [13] is too 
conservative for steel grades larger than S460 and up to S700, with 
the reliability index β well above the target value of 3.04 (resistance 
side only). For the minor-axis flexural buckling, the required partial 
factors, γM1

*, even assumed values equal to 0.933 and 0.785 (minor- 
axis flexural buckling) and 0.904 and 0.814 (major-axis flexural 
buckling), for flange thicknesses less or equal and superior to 40 mm, 
respectively, whilst using the proposal amendment [32] rules leads 
to required partial factors, γM1

*, closer to the unity for the same cases 
analysed. This validates the results of the STROBE project [15–18], 
which were established based on deterministic assumptions for the 
imperfections, and supports the ongoing proposals for the amend-
ment [32]. 
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