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EXECUTIVE SUMMARY 

This deliverable is reporting on the research activities performed in the scope of Task 
3.2 and Task 3.3, WP3. The numerical model calibrated on the basis of the experiments 
in Task 3.1 was used for a large parametric study. Over 11 000 numerical simulations 
were executed on columns, beams and beam-columns, varying their lengths, cross-
section and type of load. The numerical results were used to calibrate imperfection 
factors for flexural buckling of columns and lateral-torsional buckling of beams, where it 
was found out that it is possible to use better buckling curves for high strength steel. The 
proposed imperfection factors were additionally validated with a reliability analysis 
according to EN 1990 Annex D. The proposals were also applied to the current 
provisions in Eurocode 3 for beam-columns, which makes use of the rules for columns 
and beams and also the possibility to apply the rules to hybrid beams was also explored.  

 

  



STROBE  

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-2 Stability design rules for HSS 

members.docx iv 



 STROBE 

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-2 Stability design rules for HSS 

members.docx v 

Contents 
Page No 

EXECUTIVE SUMMARY iii 

1 INTRODUCTION 1 

2 BUCKLING OF MEMBERS ACC. EUROCODE 3 2 
2.1 Design of columns 2 
2.2 Design of beams 4 
2.3 Design of beam-columns 8 

3 NUMERICAL ANALYSES 11 
3.1 Numerical model 11 
3.2 Parametric studies 11 
3.3 Results 17 

4 CALIBRATION OF DESIGN GUIDANCE 25 
4.1 Design rules for columns 25 
4.2 Design rules for beams 27 
4.3 Partial factors 29 
4.4 Discussion of results 34 

5 RECOMMENDATIONS 40 
5.1 Members in compression 40 
5.2 Members in bending 40 

6 CONCLUSIONS 42 

7 REFERENCES 43 

ANNEX A Lateral-Torsional Buckling resuLts 45 

ANNEX B Partial factors 57 
 

  





 STROBE 

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-2 Stability design rules for HSS 

members.docx 1 

1 INTRODUCTION 

The present deliverable summarizes the work carried out in Task 3.2 and Task 3.3 of 
WP3. The objective of the developed work was focused on the development of design 
rules suitable for the stability design of steel members using high strength steel. To 
achieve this objective the following strategy was adopted:  

− The first action was focused on the generation of large number of numerical results 
covering the several parameters which influence the stability behaviour of 
members. 

− The second action was dedicated to the calibration of design rules, for high 
strength steel (HSS) applications. 

− The final action was dedicated to the validation of the proposed rules for the cases 
generated in the numerical parametric study. 

Hence, this report firstly presents the current Eurocode 3 rules, together with comments 
on their application and background. This is further used to generate a large number of 
numerical tests which served as a basis for development of new rules. Finally, the new 
proposal and their validation are presented and discussed. 
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2 BUCKLING OF MEMBERS ACC. EUROCODE 3 

In this section, as a point of reference the current rules for design of members are 
presented. The sub-chapters are laid out in the same order as Eurocode 31. 

2.1 Design of columns 

The provisions for the resistance of uniform members in compression are given in clause 
6.3.1 of Eurocode 3. According to the code, the buckling resistance of members is 
verified using: 

𝑁𝐸𝑑

𝜒𝑁𝑅𝑑
≤ 1.0 (2.1) 

where NEd is the design axial force, NRd is the plastic resistance in compression and 𝜒 is 
the reduction factor for the relevant buckling mode.  

 

𝜒 =
1

𝜙 + √𝜙2 − 𝜆‾2
≤ 1.0 (2.2) 

𝜙 = 0.5(1 + 𝛼(𝜆‾ − 0.2)+𝜆‾ 2) (2.3) 

where 𝜆‾ = √
𝐴𝑓𝑦

𝑁𝑐𝑟
 is the normalized slenderness and 𝛼 is the imperfection factor (see Table 

2-1). 

Table 2-1 – Imperfection factor for buckling curves 

Buckling curve a0 a b c d 

Imperfection factor 𝛼 0.13 0.21 0.34 0.49 0.76 

 

The buckling curves for I-section are chosen according to Table 2-2. 

The buckling curves were established in the 1970’s, and their development was based 
on an extensive experimental programme carried out by the European Convention for 
Constructional Steelwork (ECCS) in several European countries; on theoretical 
developments by thorough analysis of the experimental programme; and on reliability 
assessment by a Monte Carlo simulation.  

The experimental programme was summarized by Sfintesco 2 comprising a total of 1067 
column tests. It covered a variety of cross-sections (I and H, hollow and T sections); 
fabrication procedures (welded and rolled sections). In the scope of the experimental 
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programme, the material and geometrical properties (cross-section dimensions and out-
of-straightness) of each column were evaluated and carefully documented. 

Furthermore, Beer & Schulz 3 carried out a thorough analysis of the ECCS experimental 
programme, assessing various parameters that can possibly occur and affect the 
resistance of compressed members. Special attention was paid to the member 
imperfections, focussing on: i) initial out-of-straightness; ii) load eccentricity; and iii) 
residual stresses. 

Table 2-2 – Selection of buckling curve for a section 

 

Fabrication Limits Axis 

EC3-1-1 

 S235 

S355 

S460 

R
o
lle

d
 p

ro
fi
le

s
 

 

h
/b

>
1

.2
 

tf≤40 mm 
y-y 

z-z 

a 

b 

a0 

a0 

40 mm<tf≤ 

100 mm 

y-y 

z-z 

b 

c 

a 

a 

h
/b

≤
1
.2

 

tf≤100 mm 
y-y 

z-z 

b 

c 

a 

a 

tf>100 mm 
y-y 

z-z 

d 

d 

c 

c 

W
e

ld
e

d
 p

ro
fi
le

s
 

 

tf≤40 mm 
y-y 

z-z 

b 

c 

b 

c 

tf>40 mm 
y-y 

z-z 

c 

d 

c 

d 

 

The geometrical imperfections (initial out-of-straightness and load eccentricity) were 
measured in the experimental programme, providing plausible estimations of their 
distributions. It was shown that the limit of L/1000 as initial out-of-straightness could 
cover load eccentricities up to 5 mm3. It was also noticed that the unintentional 
eccentricity can only have a noticeable effect in the low slenderness range, but it was 
assumed that it could be compensated for by the fact that the strain hardening was 
neglected in the calculations.  

There was a certain difficulty in the adoption of the magnitude of the residual stresses 
due to the lack of available data and the high variability of the available measurements. 
In order to assess the influence of the residual stresses and the geometrical imperfection, 
a comparison was performed for three levels of geometrical imperfections (L/2000; 
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L/1000 and L/500), with or without considering the residual stresses. It was concluded 
that the influence of the geometrical imperfection reduces with increasing residual 
stresses. It was possible to show that the curvature effect reaches its maximum at a 
normalized slenderness λ between 1.0 and 1.3, depending on the level of residual 
stresses. 

Later, the safety of one of the curves was evaluated by Monte Carlo simulation by 
Strating & Vos (1973)4, accounting for the variability of various parameters such as 
residual stresses, out-of-straightness, load eccentricity, geometrical and material 
properties.  

Finally, Maquoi & Rondal5 derived the analytical Ayrton-Perry format of the design 
verification and the curves were put into equation. 

At present the code proposes 5 buckling curves, from which a to d were originally 
calibrated on the basis of the experimental programme. The most optimistic curve a0, 
was added later to account for the most favourable properties of high strength steels 
(HSS). It is worth pointing out that there is an inconsistency regarding the curves for steel 

grades higher than S460: in Table 2-2, the buckling curve selection for the different 

buckling axes is always more favourable for in-plane buckling than out-of-plane. This is 
very logical, since the usual residual stress distribution (welded and rolled) is more 
unfavourable for a member bent about its minor axis. For steel grades higher than S460, 
however, this fact is not reflected in the buckling curve selection. This was further studied 
and the column buckling curves for hot-rolled cross-sections were adjusted6.  

2.2 Design of beams 

The stability of members in bending is verified using the design recommendations from 
clause 6.3.2 of Eurocode 3. There are two approaches currently available: the General 
case and the Special case given in clauses 6.3.2.2 and 6.3.2.3, respectively. Both of 
them make use of the buckling curve approach.  

The first approach, the General case, assumes that columns and beam act alike, i.e. the 
compression flange is supposed to act like an equivalent column, and therefore, the 
same imperfection factors were assumed for the method. It does, however, adopt a 
different split according to the cross-section geometry, accounting for their different 
torsional rigidity. According to ECCS No. 1197, these curves are meant to be used with 
deep and slender sections which are outside of the scope of rolled sections. The method 
has been criticized for being over conservative when applied to members with variable 
bending moment diagram8. 

As an alternative for rolled and equivalent welded sections, Eurocode 3 has another set 
of buckling curves, denoted as the Special case. The method was calibrated on the basis 
of extensive numerical studies in the Research Project Lateral-torsional buckling of steel 
and composite beams and Salzgeber9. Additional calibration was carried out by Grainer 
& Kaim10 on the basis of experimental results by Janss & Maquoi11. In order to justify, 
the plateau at 0.4, experimental results by Byfield & Nethercot12 were used in the 
assessment according to Annex Z of ENV 1993-1-1:199213. However, the method was 
shown to be unconservative when compared to numerical results8,14. 

Recent research by Taras & Greiner15 has resulted in a new Ayrton-Perry design rule, 
which is based on mechanically consistent analytical derivation and imperfection factors 
calibrated based on an extensive numerical parametric study. The method is already 
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included in the final draft of the new Eurocode 3 prEN 1993-1-1:202016 and it is included 
in the summary of this section. It is henceforth referred to as the New EC3 method or 
nEC3. The method was validated within the SAFEBRICTILE assessment1718 and showed 
consistent results. In the following it will be also considered since it will be included in 
the next version of the Eurocode 3. 

2.2.1 General case 

The buckling resistance of members is verified using:  

𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇𝑀𝑦,𝑅𝑑
≤ 1.0 (2.4) 

where My,Ed is the design major axis bending moment, My,Rd is the plastic resistance for 
cross-section classes 1 and 2, the elastic resistance for cross-section class 3 and the 
effective resistance for slender sections; 𝜒𝐿𝑇 is reduction factor for lateral-torsional 
buckling.  

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇 + √𝜙𝐿𝑇
2 − 𝜆‾𝐿𝑇

2

≤ 1.0 
(2.5) 

𝜙𝐿𝑇 = 0.5(1 + 𝛼𝐿𝑇(𝜆̅𝐿𝑇 − 0.2) + 𝜆‾𝐿𝑇
2 ) (2.6) 

where 𝜆̅𝐿𝑇 = √
𝑊𝑦𝑓𝑦

𝑀𝑐𝑟
 is the normalized slenderness and 𝛼𝐿𝑇 is the imperfection factor 

depending on the buckling curve. The buckling curves are chosen according to the 
member geometry according to Table 2-3 with imperfection factors as given in Table 2-4. 

Table 2-3 Buckling curve selection 

Cross-section Limits 
Buckling curve 

(GC) 
Buckling curve 

(SC) 

Rolled I-section 
h/b≤2 

h/b>2 

a 

b 

b 

c 

Welded I-section 
h/b≤2 

h/b>2 

c 

d 

c 

d 

Other section - d - 

Table 2-4 Imperfection factor for buckling curves 

Buckling curve a b c d 

Imperfection factor 𝛼 0.21 0.34 0.49 0.76 
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2.2.2 Special case 

The Special case is intended for the verification of rolled sections or equivalent welded 
sections. The buckling reduction factor is determined from: 

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇 + √𝜙𝐿𝑇
2 − 𝛽𝜆‾𝐿𝑇

2

≤ {

1.0
1

𝜆‾𝐿𝑇
2

 (2.7) 

𝜙𝐿𝑇 = 0.5(1 + 𝛼𝐿𝑇(𝜆̅𝐿𝑇 − 𝜆̅𝐿𝑇,0) + 𝛽𝜆‾ 𝐿𝑇
2 ) (2.8) 

The additional parameters 𝜆̅𝐿𝑇,0 and 𝛽 are a choice of the National Annex, the 

recommended values are: 𝜆̅𝐿𝑇,0=0.4 and β = 0.75. The method is applied with the 

buckling curves from Table 2-3. 

For a variable bending moment, the method allows a correction in the reduction factor: 

𝜒𝐿𝑇,𝑚𝑜𝑑 =
𝜒𝐿𝑇

𝑓
≤ 1.0 (2.9) 

The factor f depends on the bending moment diagram: 

𝑓 = 1 − 0.5(1 − 𝑘𝑐) [1 − 2(𝜆̅𝐿𝑇 − 0.8)
2

] ≤ 1.0 (2.10) 

The kc is the correction factor chosen depending on the bending moment distribution 
(see Table 2-5). 
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Table 2-5 Correction factors kc and fm 

Moment distribution kc fM 

 
1.0 1.0 

 

1

1.33 − 0.33𝜓
≤ 1.0 

1.25 − 0.1𝜓 − 0.15𝜓2 

 
0.94 1.05 

 

0.90 

0.91 

𝑀0

𝑀ℎ
< 2: 1.0 + 1.35

𝑀0

𝑀ℎ
− 0.33 (

𝑀0

𝑀ℎ
)

3

 

𝑀0

𝑀ℎ
≥ 2: 1.05 

 
0.86 1.10 

 

0.77 

0.82 

𝑀0

𝑀ℎ
< 1.47: 1.25 + 1.5 (

𝑀0

𝑀ℎ
)

2

− 0.275 (
𝑀0

𝑀ℎ
)

4

 

𝑀0

𝑀ℎ
≥ 1.47: 1.05 

 

2.2.3 New EC3 method 

The new version of Eurocode 3 prEN 1993-1-116 has a new method for the verification 
of the lateral-torsional buckling resistance of H- and I- sections between discrete lateral 
restraints on both flanges, for which the buckling reduction factor is calculated from the 
following: 

𝜒𝐿𝑇 =
𝑓𝑀

𝜙𝐿𝑇 + √𝜙𝐿𝑇
2 − 𝑓𝑀𝜆‾𝐿𝑇

2

≤ 1.0 
(2.11) 

𝜙𝐿𝑇 = 0.5 (1 + 𝑓𝑀 (
𝜆‾𝐿𝑇

2

𝜆‾𝑧
2 𝛼𝐿𝑇(𝜆̅𝐿𝑇 − 0.2) + 𝜆‾𝐿𝑇

2 )) (2.12) 

The imperfection factor LT is selected from Table 2-6. The factor fM is chosen according 
to Table 2-5. 
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Table 2-6 Selection of buckling curve for a section 

Cross-section Limits 𝛼𝐿𝑇 
R

o
lle

d
 p

ro
fi
le

s
 

 

h
/b

>
1

.2
 

tf≤40 mm 0.12√
𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.34 

tf>40 mm 0.16√
𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.49 

h
/b

≤
1
.2

 
- 0.16√

𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.49 

W
e

ld
e

d
 p

ro
fi
le

s
 

 

tf≤40 mm 0.21√
𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.64 

tf>40 mm 0.25√
𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.76 

 

2.3 Design of beam-columns 

The stability of members in bending and compression is verified according to clause 
6.3.3. The general interaction format is given by the equations:   

 

𝑁𝐸𝑑

𝜒𝑦𝑁𝑅𝑑
+ 𝑘𝑦𝑦

𝑀𝑦,𝐸𝑑 + ∆𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇𝑀𝑦,𝑅𝑑
+ 𝑘𝑦𝑧

𝑀𝑧,𝐸𝑑 + ∆𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑑
≤ 1.0 (2.13) 

𝑁𝐸𝑑

𝜒𝑧𝑁𝑅𝑑
+ 𝑘𝑧𝑦

𝑀𝑦,𝐸𝑑 + ∆𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇𝑀𝑦,𝑅𝑑
+ 𝑘𝑧𝑧

𝑀𝑧,𝐸𝑑 + ∆𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑑
≤ 1.0 (2.14) 

where NEd, My,Ed and Mz,Ed are the design values of the axial force and the maximum 
bending moments about y-y and z-z axes, respectively; NRd, My,Rd and Mz,Rd are the 
design resistances and kii and kij are the interaction factors. EN1993-1-1 currently offers 
two sets of interaction factors in its Annexes A and B. In this document only Method 2 
(Annex B) is presented and used, since it will be method adopted by the next revision of 
the Eurocode 3. 

The interaction factors for Method 2 are given in Table 2-7 and Table 2-8. 
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𝑛𝑦 =
𝑁𝐸𝑑

𝜒𝑦𝑁𝑅𝑘 𝛾𝑀1⁄
 (2.15) 

𝑛𝑧 =
𝑁𝐸𝑑

𝜒𝑧𝑁𝑅𝑘 𝛾𝑀1⁄
 

(2.16) 

The equivalent moment factors are chosen according to Table 2-9. 

Table 2-7 Method 2: Interaction factors for members susceptible to lateral-torsional 
buckling 

Int. 

factor 

CS Design assumptions 

Elastic cross-sectional 

properties Class 3 and 4 

Plastic cross-sectional properties 

Class1 and 2 

kyy I, RHS 

𝐶𝑚𝑦[1 + 0.6𝜆̅𝑦𝑛𝑦] ≤ 

𝐶𝑚𝑦[1 + 0.6𝑛𝑦]  

𝐶𝑚𝑦[1 + (𝜆̅𝑦 − 0.2)𝑛𝑦] ≤ 

𝐶𝑚𝑦[1 + 0.8𝑛𝑦]  

kyz I, RHS kzz 0.6 kzz 

kzy I, RHS 0.8kyy 0.6kyy 

kzz 

I 

𝐶𝑚𝑧[1 + 0.6𝜆̅𝑧𝑛𝑧] ≤ 

𝐶𝑚𝑧[1 + 0.6𝑛𝑧]  

𝐶𝑚𝑧[1 + (2𝜆̅𝑧 + 0.6)𝑛𝑧] ≤ 

𝐶𝑚𝑦[1 + 1.4𝑛𝑧]  

RHS 
𝐶𝑚𝑧[1 + (𝜆̅𝑧 − 0.2)𝑛𝑧] ≤ 

𝐶𝑚𝑧[1 + 0.8𝑛𝑧]  

 



STROBE  

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-2 Stability design rules for HSS 

members.docx 10 

Table 2-8 Method 2: Interaction factors for members susceptible to lateral-torsional 
buckling 

Int. 
factor 

Design assumptions 

Elastic cross-sectional properties 
Class 3 and 4 

Plastic cross-sectional properties Class3 
and 4 

kyy kyy from Table 2-7 kyy from Table 2-7 

kyz kyz from  Table 2-7 kyz from  Table 2-7 

kzy [1 −
0.05𝜆̅𝑧

𝐶𝑚𝐿𝑇−0.25
𝑛𝑧] ≥ [1 −

0.05

𝐶𝑚𝐿𝑇−0.25
𝑛𝑧]  

[1 −
0.1𝜆̅𝑧

𝐶𝑚𝐿𝑇−0.25
𝑛𝑧] ≥ [1 −

0.1

𝐶𝑚𝐿𝑇−0.25
𝑛𝑧]  

For𝜆̅𝑧 < 04 

𝑘𝑧𝑦 = 0.6 + 𝜆̅𝑧 ≤ [1 −
0.1𝜆̅𝑧

𝐶𝑚𝐿𝑇 − 0.25
𝑛𝑧] 

kzz kzz from  Table 2-7 kzz from  Table 2-7 

 

Table 2-9 – Method 2: Equivalent moment factors Cm 

Moment diagram Range 

Cmy and Cmz and CmLT 

Uniform load 
Concentrated 

load 

 

−1 ≤ 𝜓 ≤ 1 0.6 + 0.4𝜓 ≥ 0.4 

 

0 ≤ 𝛼𝑠 ≤ 1 −1 ≤ 𝜓 ≤ 1 0.2 + 0.8𝛼𝑠 ≥ 0.4 

−1 ≤ 𝛼𝑠

< 0 

0 ≤ 𝜓 ≤ 1 
0.1 − 0.8𝛼𝑠

≥ 0.4 
−0.8𝛼𝑠 ≥ 0.4 

−1 ≤ 𝜓 < 0 
0.1(1 − 𝜓) −
0.8𝛼𝑠 ≥ 0.4  

0.2(−𝜓) −
0.8𝛼𝑠 ≥ 0.4  

 

0 ≤ 𝛼ℎ ≤ 1 −1 ≤ 𝜓 ≤ 1 0.95 + 0.05𝛼ℎ 0.90 + 0.10𝛼ℎ 

−1 ≤ 𝛼ℎ

< 0 

0 ≤ 𝜓 ≤ 1 0.95 + 0.05𝛼ℎ 0.90 + 0.10𝛼ℎ 

−1 ≤ 𝜓 < 0 
0.95 +

0.05𝛼ℎ(1 + 2𝜓)  

0.95 +
0.10𝛼ℎ(1 + 2𝜓)  

For members with sway mode the equivalent uniform moment factor should be taken Cmy=0.9 or 
Cmz=0.9, respectively. 

Cmy,Cmz and CmLT shall be obtained according to the bending moment diagram between the relevant 
braced points. 
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3 NUMERICAL ANALYSES 

This section summarizes the numerical analyses carried out in the scope of the project. 
Firstly, the adopted numerical model is described. Then, the parametric variations of 
several factors were realized aiming to provide a broad overview of the influence of the 
different parameters on the stability resistance of steel members. Finally, the results are 
analysed and discussed. 

3.1 Numerical model 

The calibration of numerical models presented in Deliverable 3.119 involved the modelling 
of the measured material and geometrical properties as well as the measured 
imperfections. The only difference in modelling between columns and beams came in 
the implementation of the boundary conditions which corresponded to the test layout 
adopted in the experiments.  

The numerical models adopted for the parametric study were done using nominal 
material and geometrical properties. The typical modelling assumptions include an 
idealised material behaviour, initial imperfections according to the lowest global buckling 
mode and the consideration of residual stresses with fy = 235 MPa, according to 
Publication No.3320 of ECCS (Figure 3-1). 

 

 

 

a) constitutive law b) initial geometrical imperfection 
c) residual stresses 

pattern 

Figure 3-1 Modelling assumptions15, 23 

3.2 Parametric studies 

In this section, the scope of the numerical analyses carried out for each mode is 
presented. 

3.2.1 Columns 

The column parametric study comprises 3198 numerical models, for flexural buckling 
behaviour around minor and major axis (1599 models for each mode), including 45 
different welded cross sections. Table 3-1 summarizes the different levels of slenderness 

(𝜆̅) and steel grades (𝑓𝑦) used (according to EN1002521) in the parametric study. 

 

L/1000
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Table 3-1 Parametric study for columns 

Fabrication 
Normalized 

slenderness 𝜆̅ 

Material 
properties 𝑓𝑦 

Sections Buckling mode 

Welded 

0.5; 0.6; 0.7; 
0.8; 0.9; 1.0; 
1.2; 1.4; 1.5; 
1.6; 1.8; 2.0; 

2.5; 

EN10025: 

S460 

S500 

S690 

47 cross-
sections 

In Plane (y-y) 

Out Plane (z-z) 

 

Table 3-2 presents the welded sections dimensions selected for the parametric study. 
All the cross sections are classified as class 3 or lower, under pure compression. 
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Table 3-2 Sections for the columns parametric study 

Fabrication 
Limits: EC3-1-1 

Columns 

Sections 

Profile ℎ 𝑏⁄  𝑡𝑓 (𝑚𝑚) 

Welded 

ℎ
𝑏

⁄
>

1
.2

 

𝑡𝑓 ≤ 40 𝑚𝑚 

377x309x21x40 1.22 40 

524x306x21x40 1.71 40 

140x73x5x7 1.92 7 

668x305x21x40 2.19 40 

80x46x4x5 1.74 5 

100x55x4x6 1.82 6 

400x300x14x24 1.33 24 

500x300x15x28 1.67 28 

160x82x5x7 1.95 7 

432x307x21x40 1.41 40 

450x300x14x26 1.50 26 

395x308x21x40 1.28 40 

40 𝑚𝑚 < 𝑡𝑓 

≤ 100 𝑚𝑚 

975x427x31x56 2.28 56 

987x431x35x62 2.29 62 

1061x451x55x99 2.35 99 

1056x314x36x64 3.36 64 

1011x437x41x74 2.31 74 

999x434x38x68 2.30 68 

993x322x36x65 3.08 65 

1068x417x39x70 2.56 70 

711x347x39x69 2.05 69 

648x315x30x54 2.06 54 

728x308x25x46 2.36 46 

842x313x30x54 2.69 54 

938x312x30x54 3.01 54 

𝑡𝑓 > 100 𝑚𝑚 

580x471x95x130 1.23 130 

1081x457x61x109 2.37 109 

531x442x66x106 1.201 106 

550x448x72x115 1.23 115 

1093x461x64x115 2.37 115 

1093x473x77x115 2.31 115 

569x454x78x125 1.25 125 

600x476x100x140 1.26 140 

ℎ
𝑏

⁄
≤

1
.2

 

𝑡𝑓 ≤ 40 𝑚𝑚 

360x300x13x23 1.20 23 

96x100x5x8 0.96 8 

300x300x11x19 1.00 19 

340x310x21x39 1.10 39 

100x100x6x10 1.00 10 

200x200x9x15 1.00 15 

240x240x10x17 1.00 17 

40 𝑚𝑚 < 𝑡𝑓 

≤ 100 𝑚𝑚 

514x437x61x97 1.18 97 

455x418x42x68 1.09 68 

474x424x48x77 1.12 77 

425x409x33x53 1.04 53 

465x421x45x72 1.10 72 
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3.2.2 Beams 

For the parametric study for beams, a total of 4619 simulations were made, varying the 

normalized slenderness (𝜆̅𝐿𝑇), steel grade (𝑓𝑦) and using different bending moment 

distributions given in Table 3-3. 

Table 3-3 – Parametric study for beams 

Fabrication 

Normalized 
slenderness 

𝜆̅𝐿𝑇 

Material 
properties 

𝑓𝑦 

Bending moment 
distribution 

Load 
application 

Number of 
sections 

(simulations) 

Welded 

0.4; 0.6; 0.8; 
1.0; 1.1; 1.2; 
1.3; 1.4; 1.5; 
1.6; 1.7; 1.8; 

2.0; 2.1; 

EN10025: 

S460 

S500 

S690 

 
- 30 (1252) 

 
- 30 (743) 

 
- 30 (607) 

 

Center 30 (834) 

Top Flange 10 (245) 

Bottom Flange 10 (238) 

 
Center 30 (697) 

 

To avoid unrealistic beam lengths, this parametric study was limited to beams with ratios 
𝐿 ℎ⁄ < 40, where 𝐿 is the beam length and ℎ the cross-section depth. 

Table 3-4 Hybrid beams 

Fabrication 

Normalized 
slenderness 

𝜆̅𝐿𝑇 

Material 
properties 

𝑓𝑦 

Bending 
moment 

distribution 

Number of 
sections 

(simulations) 

Welded 

Equivalent 
slenderness to 

the length 
used for 

homogeneous 
beams; 

EN10025: 

S460 

S500 

S690 

 30 (995) 
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Table 3-5 shows the welded cross-sections used in the parametric study. 

Table 3-5 Sections for the parametric study for beams 

Fabrication 
Limits: EC3-1-1 

Beams 

Sections 

Profile ℎ 𝑏⁄  𝑡𝑓 (𝑚𝑚) 

Welded 

ℎ

𝑏
≤ 2 

100x55x4x6 * 1.82 6 

200x100x6x9 * 2.00 9 

240x120x6x10 * 2.00 10 

300x150x7x11 * 2.00 11 

432x307x21x40 1.41 40 

524x306x21x40 1.71 40 

390x300x11x19 1.30 19 

400x300x14x24 1.33 24 

600x300x16x30 2.00 30 

300x300x11x19 1.00 19 

200x200x9x15 * 1.00 15 

100x100x6x10 1.00 10 

120x106x12x20 * 1.13 20 

340x310x21x39 1.10 39 

114x120x5x8 * 0.95 8 

455x418x42x68 1.09 68 

465x421x45x72 1.10 72 

474x424x48x77 1.12 77 

ℎ

𝑏
> 2 

400x180x9x14 * 2.22 14 

500x200x10x16 * 2.50 16 

600x220x12x19 * 2.73 19 

999x434x38x68 2.30 68 

1068x417x39x70 2.56 70 

1011x437x41x74 2.31 74 

1056x314x36x64 3.36 64 

993x322x36x65 3.08 65 

711x347x39x69 2.05 69 

1012x402x24x42 2.52 42 

1020x404x25x46 2.52 46 

965x425x28x51 2.27 51 

*- Sections used in bending moment distributions with fewer sections 
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3.2.3 Beam-columns 

The parametric study for beam-columns includes a total of 2880 simulations, 720 for 
each bending moment distribution described in Table 3-6 and varying the normalized 

slenderness (𝜆̅𝑧), steel grade (𝑓𝑦) and the parameter ∅ that is the ratio (𝑀𝑝𝑙 𝑀⁄ ) (𝑁𝑝𝑙 𝑁⁄ )⁄ . 

The 4 welded cross-sections used in the parametric study and presented in Table 3-7, 
are classified as class 2 or lower, under pure compression. 

Table 3-6 – Parametric study for beam-columns 

Fabrication 

Normalized 
slenderness 

𝜆̅𝑧 

∅ 

(
𝑀𝑝𝑙

𝑀
) (

𝑁𝑝𝑙

𝑁
)⁄  

Material 
properties 

𝑓𝑦 

Bending 
moment 

distribution 
Restraints 

Number of 
sections 

(simulations) 

Welded 

0.4; 0.5; 
0.6; 0.8; 
1.0; 1.2; 
1.4; 1.5; 
1.6; 1.8; 

5.67; 2.74; 
1.73; 1.19; 
0.83; 0.57; 
0.36; 0.17; 

EN10025: 

S460 

S500 

S690 

 

None 4 (960) 

Minor axis 
(z-z) 

4 (288) 

 

None 4 (960) 

Minor axis 
(z-z) 

4 (280) 

 

None 4 (840) 

Minor axis 
(z-z) 

4 (270) 

 
None 4 (914) 

 

Table 3-7 – Sections for the parametric study for beam-columns 

Fabrication Limits: EC3-1-1 

Sections 

Profile ℎ 𝑏⁄  𝑡𝑓 (𝑚𝑚) 

Welded 

ℎ 𝑏⁄ > 1.2 

𝑡𝑓 ≤ 40 𝑚𝑚 
390x300x16x25 1.30 25 

500x300x21x29 1.67 28 

40 𝑚𝑚 < 𝑡𝑓 

≤ 100 𝑚𝑚 

632x310x26x46 2.04 46 

ℎ 𝑏⁄ ≤ 1.2 

40 𝑚𝑚 < 𝑡𝑓 

≤ 100 𝑚𝑚 

407x404x27x44 1.01 44 
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3.3 Results 

3.3.1 Columns 

In this section, the results obtained from the numerical simulations are compared to the 
recommendations of the Eurocode 3. 

The results for flexural buckling are presented in Figure 3-2 together with the buckling 
curves given in current code specifications as presented in Table 2-2, where each point 
represents a single column, and the results are also divided into steel grade. It is noted 
that the there is a shift of the reduction factor when the steel grade is getting higher.  

 

Figure 3-2 Buckling curves for columns 

Further illustration of the same results is presented in Figure 3-3, where of the vertical 
axis represents the resistance according to Eurocode 3 and the horizontal is the 
numerical result. This representation, further referred to as scatterplots,  shows better 
the relation between the code recommendations and the results obtained from the 
numerical model, where in all cases, the code is a safe-sided estimate and the level of 
safety increases with the steel grade. 
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Figure 3-3 – Scatter plots for columns flexural buckling 

The scatter plots Figure 3-3 are further analysed with the statistical parameters of the 
ratio re/rt, where re is the numerical reduction factor and rt is the reduction factor obtained 
using the Eurocode 3 expressions. The statistics are presented in Table 3-8 and Table 
3-9, for all cases, and also divided into steel grades. For a good design rule, a mean 
value of around 1.0 or slightly higher than 1.0 is considered a safe estimate22, where the 
safety is introduced by partial factors which include variability of the material and 
geometrical properties.  

The results in Table 3-8 and Table 3-9, show a mean value which is significantly higher 
than 1.0 (about 20% on average), where the minimum value is always higher than one 
and with maximum values of up-to 50% reserve in resistance. The trend of increasing 
safety with steel grade is also highlighted by the results in Table 3-8 and Table 3-9, and 
Figure 3-4. 

These indicators show that possible adjustment of the design rules for high strength steel 
may lead to more economical solutions. 

Table 3-8 – Statistical parameters (flexural buckling – major axis) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

1599 1.180 6.7% 1.013 1.358 1327 0 

S460 585 1.160 6.3% 1.013 1.326 447 0 

S500 559 1.177 6.5% 1.025 1.326 461 0 

S690 455 1.210 6.7% 1.048 1.358 419 0 
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Table 3-9 - Statistical parameters (flexural buckling – minor axis) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

1599 1.257 8.8% 1.020 1.502 1486 0 

S460 585 1.229 8.3% 1.020 1.425 519 0 

S500 559 1.253 8.4% 1.037 1.449 525 0 

S690 455 1.299 8.7% 1.070 1.502 442 0 

 

 

Figure 3-4 - Mean values of the safety factor using EC3 approach for flexural buckling 

3.3.2 Beams 

Similar analyses were performed for lateral-torsional buckling of beams. For this buckling 
mode, there are currently three methods available as presented in Section 2.2. The 
scatter plots and statistics for the experimental over theoretical resistance were 
performed for all three. The scatter plots are given in Figure 3-5 to Figure 3-7, whereas 
the statistics are presented in Table 3-10 to Table 3-12. 
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Figure 3-5 – Scatter plots for beams lateral buckling (all cases) – general case 

For all three methods, there is a clear trend of increasing the safety with the steel grade, as it was 
noted for flexural buckling of columns. When comparing the three methods, the General case 
(Figure 3-5) is the method with the most safe-sided results, the Special case shows some unsafe 
results (Figure 3-6) and the new EC3 method presents a good balance between safety and 
accuracy. These results are in line with previous assessment of these design rules8, 14, 18. 

 

Figure 3-6 - Scatter plots for beams lateral buckling (all cases) – special case 

The statistics shown in Table 3-10 to Table 3-12 show increasing safety with the steel 
grade, as for columns, yet with differences between the different methods. The general 
case has the majority of the cases higher than 1.1 as seen in Table 3-10, coefficient of 
variation of about 10% for all cases and with maximum values reaching 1.9.  

On the other hand, the special case is the most “unsafe method” with majority of the 
cases in the range between 0.97 and 1.1 and with similar coefficient of variation. 

The newEC3 method does not result in  cases lower than 0.97, significantly lower mean 
value of about 1.2 and with the lowest coefficient of variation. The results obtained 
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indicate that possible adjustment in the imperfection factors may lead to more 
economical designs. 

The mean values are also plotted in Figure 3-8.  

Figure 3-7 - Scatter plots for beams lateral buckling (all cases) – new EC3 case 

Table 3-10 – General Case (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

4619 1.405 9.8% 1.024 1.933 4492 0 

S460 1484 1.379 9.8% 1.031 1.713 1430 0 

S500 1505 1.403 9.5% 1.030 1.734 1469 0 

S690 1630 1.432 9.7% 1.024 1.933 1593 0 

 

Table 3-11 – Special Case (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

4619 1.124 8.0% 0.895 1.533 2750 178 

S460 1484 1.105 7.6% 0.916 1.368 775 75 

S500 1505 1.119 7.7% 0.919 1.380 876 60 

S690 1630 1.145 8.1% 0.895 1.533 1099 43 
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Table 3-12 – New EC3 Case (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

4619 1.181 6.3% 0.985 1.721 3873 0 

S460 1484 1.157 5.6% 1.000 1.367 1169 0 

S500 1505 1.178 5.8% 1.000 1.370 1272 0 

S690 1630 1.205 6.5% 0.985 1.721 1432 0 

 

 

Figure 3-8 Mean values re/rt all methods 

Detailed results according to bending moment distribution are available in Annex A. 

3.3.3 Beam-columns 

The members in bending and compression were also assessed. The parametric study 
covered unrestrained members loaded with axial force and major axis bending moment 
and minor axis restrained buckling members. The unrestrained members are prone to 
lateral-torsional buckling mode and in this case the for the determination of the reduction 
factor the General Case was used.  

The results for both cases are shown as scatter plots in Figure 3-10 where the results 
are split into steel grades. In this case the numerical results can be represented as pairs 
of M/Mpl and N/Npl. The following notation is adopted: n=N/Npl and m=M/Mpl. Likewise, 
the “theoretical” result obtained using the interaction formula as presented in Section 2.3, 
where a pair of bending moment and axial force is sought as shown in Figure 3-9. 

The statistics are given in Table 3-13 and Table 3-14 for unrestrained and restrained 
members respectively. In both cases, the results are safe-sided, as it is noted that the 
unrestrained members exhibit increased level of safety when compared to the 
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unrestrained ones. The trend of increasing level of safety with the steel grade is also 
present, even though not as pronounced as in the column buckling for instance. 

 

Figure 3-9 Numerical vs theoretical results 

  

Figure 3-10 – Scatter plots for beam-columns (all cases)  

Table 3-13 – EC3 approach for bending combined with axial compression without 
restraints (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

3674 1.345 11.5% 1.057 1.806 3542 0 

S460 1231 1.326 10.8% 1.059 1.775 1187 0 

S500 1227 1.340 11.3% 1.061 1.799 1184 0 

S690 1216 1.367 12.2% 1.057 1.806 1171 0 
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Table 3-14 - EC3 approach for bending combined with axial compression restrained in 
minor axis (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

EC3-1-1 

838 1.067 4.6% 0.982 1.388 117 0 

S460 285 1.064 4.2% 0.994 1.321 36 0 

S500 283 1.067 4.5% 0.994 1.343 38 0 

S690 270 1.072 5.0% 0.982 1.388 43 0 
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4 CALIBRATION OF DESIGN GUIDANCE 

In the previous section, it was seen that using the current recommendations for design 
of steel members, one can find over-conservative designs. In this section, the 
development of new rules, more suitable to the design of high strength steel members 
are presented. Focus is given on column and beams, where for beams all available 
methods were assessed. 

4.1 Design rules for columns 

The adopted approach was based on comparison with numerical simulations. For this, 
the Ayrton-Perry equation23 was used as written in eq. (4.1), however, in this case the 
reduction factor is substituted with the result from the numerical analyses, and the 

normalized slenderness is calculated using the expression 𝜆‾ = √
𝐴𝑓𝑦

𝑁𝑐𝑟
. 

Hence, allowing to obtain a numerical estimation of the required imperfection factors, as 
given by Eq. (4.2), which can be further re-written in the form as given in the code (4.3). 
This numerical imperfection can be directly compared with the Eurocode 3 
recommendation Eq. (4.4). 

𝜒𝑛𝑢𝑚 + 𝜂𝑛𝑢𝑚

𝜒𝑛𝑢𝑚

1 − 𝜆̅2𝜒𝑛𝑢𝑚

= 1 (4.1) 

𝜂𝑛𝑢𝑚 = (
1

𝜒𝑛𝑢𝑚
− 1) × (1 − 𝜆̅2. 𝜒𝑛𝑢𝑚) (4.2) 

𝜂𝑛𝑢𝑚 = 𝛼𝑛𝑢𝑚(𝜆̅ − 0.2) (4.3) 

𝜂𝐸𝐶3 = 𝛼𝐸𝐶3(𝜆̅ − 0.2) (4.4) 

  

Figure 4-1 Imperfection: major axis 
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Figure 4-1 shows the distribution of the numerical imperfections in comparison with the 
current Eurocode 3 imperfection factors and the imperfection factors using one curve 
lower than the current. It is noted that at low slenderness the expression for the 
imperfection factor follows closely the numerical demand, whereas for high slenderness, 
the differences tend to get higher. This was previously reported23, where imperfection 
factors with cut-off limit were proposed. In the present study, it was aimed for simplicity 
and the current design format is maintained with correction of the imperfection factors. 

The same trend is observed for the results obtained for minor axis buckling, see Figure 
4-2. 

  

Figure 4-2 Imperfection: minor axis 

 

The proposed imperfections are summarized in Table 4-1. 
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4.2 Design rules for beams 

4.2.1 Approach – General Case 

A similar approach was adopted for the beams’ design as presented in the previous 
section. For the General Case, the expressions are identical as for columns with the only 
modification of the normalized slenderness which in this case is the normalized 
slenderness for lateral-torsional buckling. Similar plots were also created in order to 
illustrate the demand for imperfection and the one that is used in the Eurocode. 

  

Figure 4-3 Numerical estimation for the imperfection – General Case 

For beams in HSS and General Case it was also possible to justify better imperfection 
factors. They are presented in Table 4-2. 

Table 4-2 Proposed curves General Case 
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for this case is the maximum currently in the code. The method has been previously 
reported as inconsistent8, 15, 18 and it is considered that this rule cannot be improved for 
high strength steel and it will not be further considered in this report. 

  

Figure 4-4 Numerical estimation for the imperfection - Special Case 

4.2.3 Approach – New EC3 

Finally, the new EC3 approach for H and I sections was also assessed. In this case, the 
assessment is carried out on the basis of the imperfection 𝛼0, since the generalized 
imperfection varies with the cross-section. 

𝜒𝐿𝑇

𝜑
+ 𝜂𝑛𝑢𝑚 ∙ 𝜑 ∙

𝜆̅𝐿𝑇
2

𝜆̅𝑧
2

∙

𝜒𝐿𝑇
𝜑

1 −
𝜒𝐿𝑇
𝜑

∙ 𝜑 ∙ 𝜆̅𝐿𝑇
2

= 1 

(4.5) 

𝜂𝑛𝑢𝑚 =
(𝜒𝐿𝑇 − 𝜑)(𝜆̅𝐿𝑇

2 𝜒𝐿𝑇 − 1)𝜆̅𝑧
2

𝜑 ∙ 𝜆̅𝐿𝑇
2 ∙ 𝜒𝐿𝑇

 
(4.6) 

𝛼𝑛𝑢𝑚 =
𝜂𝑛𝑢𝑚

(𝜆̅𝑧 − 0.2)
 (4.7) 

𝛼0 =
𝛼𝑛𝑢𝑚

𝛽𝐿𝑇
 (4.8) 

The numerical estimation of the imperfection factor 𝛼0 is plotted in Figure 4-5 for the two 
buckling curves. The numerical imperfection demand is generally lower than the 
suggested value, thus it was considered a possibility to reduce the imperfection factors 
from 0.21 to 0.16 for tf<40mm and from 0.25 to 0.21 for flange thicknesses higher than 
40mm. Table 4-3 summarises the proposals. 
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Figure 4-5 Numerical estimation for the imperfection – newEC3  
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4.3 Partial factors 

4.3.1 Procedure 

In this section, it is aimed to verify the safety of the new proposals (columns and beams). 

The procedure adopted is according to the recommendations of the European project 
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application of the EN1990 Annex D Design assisted by testing24. An important conclusion 
of the project was the specification of statistical distributions to be commonly used for 
calibration of design rules. These recommendations were taken into account in the 
revision of Eurocode 316 where a new Annex E is proposed with the distributions of the 
basic variables.  
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Figure 4-6 SAFEBRICTILE safety assessment procedure 

The procedure is summarized in Figure 4-6 and the adopted statistical distributions are 
presented in Table 4-4 and Table 4-5, according to the Annex E recommendations. 

Table 4-4 Distributions for material properties 

Steel fy,nom fym/fy,nom c.o.v. Em/Enom c.o.v 

S460 460 1.15 4.5%   

S500 500 1.1 3.5% 1 3% 

S690 690 1.1 3.5%   

 

Table 4-5 Distributions for geometrical properties 

Dimension b h tw tf 

mean/nom 1 1 1 0.98 

c.o.v 0.9% 0.9% 2.5% 2.5% 

 

4.3.2 Columns 

The assessment of partial factors is carried out across several subsets. Based on 
previous experience6, subsets according to slenderness are essential to achieve more 
accurate representation. Figure 4-7 and Figure 4-8 present the results obtained using 
the current buckling curves and the proposed (Section 4.1) for major and minor axis 
flexural buckling. 
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− Medium slenderness– normalized slenderness 𝜆̅ ∈ (0.8; 1.5]; 

− High slenderness – normalized slenderness 𝜆̅ ∈ (1.5; 2.5] 

Analysing the partial factors for the current buckling curves, the conclusion that they are 
over conservative is also confirmed here, with partial factors lower than unity in the 
majority of subsets. 

When the improved curves are considered, the partial factors naturally result in higher 
values, yet these partial factors are considered acceptable with maximum values of 1.05 
and on average lower than 1.05. 

  

Figure 4-7 Partial factors: current and proposed curves major axis 

  

Figure 4-8 Partial factors: current and proposed curves minor axis 

Finally, an average value of the partial factors obtained in subsets of buckling curve, 
slenderness and steel is given in Table 4-6. The detailed results are presented in Annex 
B. 
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Table 4-6 Average values of 𝜸𝑴𝟏 

 

Fabrication Limits Axis 

S460  

to 
S700 

 

 

W
e

ld
e

d
 p

ro
fi
le

s
 

 

tf ≤ 40 mm 
y-y 

z-z 

1.056 

1.036 

tf > 40 mm 
y-y 

z-z 

0.988 

0.977 

 

4.3.3 Beams 

4.3.3.1 General case 

The partial factors obtained for the General Case are shown in Figure 4-9. Similar to 
columns, it is obvious that the new curves are leading to higher partial factors whereas 
in general the current factors lead to over conservative results. It is noted that at low 
slenderness, the results show partial factors significantly higher than one. They were 
further analysed, and it was seen that the application of the lower tail approximation (i.e. 
considering only the most unsafe) results better for this subset Figure 4-10. This was 
also reported in previous studies18. 

The slenderness were adopted according to the following division: 

− Low slenderness – normalized slenderness 𝜆̅ ∈ (0.4; 0.8]; 

− Medium slenderness– normalized slenderness 𝜆̅ ∈ (0.8; 1.2]; 

− High slenderness – normalized slenderness 𝜆̅ ∈ (1.2; 2.1]; 

The results shown in Figure 4-10 also show that the other subsets are not as influenced 
from assuming it or not. 

In addition, the results for the General Case are lower than the ones obtained for 
columns. This is a specific of the design rule due to the lack of equivalent moment factor 
in the design rule to account for variable bending moment distribution8, 10, 12. 

Finally, an average value of the partial factors obtained in subsets of buckling curve, 
slenderness, class and steel is given in Table 4-7. 
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Figure 4-9 Partial factors General Case 

 

Figure 4-10 Lower tail approximation 

Table 4-7 Average values of 𝜸𝑴𝟏 – General Case 
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4.3.3.2 New EC3 method 

The same analysis was carried out for the newEC3 method. Figure 4-11 and Table 4-8 
summarize the results. 
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Figure 4-11 Partial factors new EC3 method 

 

Table 4-8 Average values of 𝜸𝑴𝟏 – NewEC3 
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4.4 Discussion of results 

4.4.1 Members in compression 

In this section a comparison between the current and proposed curves is presented. 
Figure 4-12 shows the scatter plots for major and minor axis flexural buckling using both 
the current buckling curves and the proposed ones. The charts clearly illustrate that using 
the new proposals the design rules are safe-sided, yet without being over conservative. 
The statistics for the ratio of re/rt are shown in Table 4-9 and Table 4-10. They are directly 
comparable with the similar plots presented in Section 3.3.1. In both buckling modes 
(major and minor axis), the mean value and the coefficient of variation have reduced. It 
is noted that the minor axis bucking is slightly ‘safer’ than the major axis, which was also 
seen in the assessment of the partial factors. 

For major axis, the change of curves has led to few cases which are lower than 0.97, 
nonetheless, they are close to 0.97 since the minimum value of the ratio is 0.965. They 
are found for steel grade S460, where the impact of the residual stresses is higher in 
relation to the other steel grades.  

For the minor axis flexural buckling, no cases were found below 0.97, yet some are also 
found in the range between 0.97 and 1 for grades S460 and S500. 

1.016 1.011

1.0561.040
0.999

1.0541.052

0.993

1.040

0.700

0.800

0.900

1.000

1.100

1.200

Low Medium High

Current curves

S460 S500 S690

1.033
1.053

1.084
1.053 1.040

1.081
1.060

1.033
1.068

0.700

0.800

0.900

1.000

1.100

1.200

Low Medium High

Proposed curves

S460 S500 S690



 STROBE 

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-2 Stability design rules for HSS 

members.docx 35 

 

Figure 4-12 Scatter plots: flexural buckling 

Table 4-9 Statistical parameters (flexural buckling – major axis) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

Proposal 

1599 1.090 5.7% 0.965 1.232 674 16 

S460 585 1.071 5.4% 0.965 1.203 199 16 

S500 559 1.087 5.5% 0.979 1.203 218 0 

S690 455 1.117 5.5% 1.003 1.232 257 0 

 

Table 4-10 Statistical parameters (flexural buckling – minor axis) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

Proposal 

1599 1.132 6.4% 0.973 1.303 1086 0 

S460 585 1.108 6.0% 0.973 1.236 338 0 

S500 559 1.128 6.0% 0.988 1.256 373 0 

S690 455 1.168 6.2% 1.020 1.303 375 0 

 

4.4.2 Members in bending 

The same assessment is performed for members in bending using the General Case 
and the newEC3 method. Figure 4-13 shows the scatterplots for both methods. Table 
4-11 and Table 4-12 summarise the statistics for the General Case and the newEC3 
method respectively.  
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For the members in bending, similar conclusions can be drawn, the new curves provide 
safe-sided yet not over conservative estimation for the buckling resistance.  

 

Figure 4-13 - Scatter plots: lateral-torsional buckling 

The statistical parameters show better mean values and coefficient of variation for the 
newEC3 method than for the General case. For both methods there are very few cases 
which fall below 1.0. 

Table 4-11 Statistical parameters (General Case) 
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4.4.3 Members in bending: hybrid beams 

For the assessment of the behaviour of hybrid beams, three steel grades were 
considered for the flanges S460, S500 and S690 with webs in steel grade S355. The 
assessment was performed for constant bending moment only, therefore excluding any 
interaction with shear force as the objective was to assess the lateral-torsional buckling 
resistance of hybrid members.  

There were two sets of tests which were carried out: i) aimed to assess whether the 
hybrid beams are capable to resist the same as homogeneous and ii) whether the design 
rules which were proposed for homogeneous beams in HSS are suitable for hybrid 
beams. 

Figure 4-14 (left) shows the assessment of the resistance of hybrid beam, where on the 
vertical axis is the ratio between resistant bending moment of a hybrid beam over the 
resistant bending moment of the homogeneous beam; on the horizontal axis is the ratio 
between the plastic bending moments for the same beams. These ratios are plotted for 
using purely numerical results (red dots) or using the General Case (black squares). This 
representation shows that for a given ratio between the plastic moments of the hybrid 
and homogeneous beams, the buckling resistance is either equal to that moment ratio 
or higher, thus the lateral buckling is not influenced by the lower steel grade of the web. 
This figure is better understood together with Figure 4-14 (right), where the same 
resistances are plotted along the normalized slenderness. With the increase of 
slenderness, the ratio between the bending moment resistances is reduced. This is the 
trend for both numerical and code design. It is noted that Figure 4-14 shows this for the 
‘worst’ case where the difference between the yield stress of the web and flanges is 
greatest. 

  

Figure 4-14 Assessment of the resistance of hybrid beams 

Furthermore, the ratios between the theorical and experimental resistance were also 
assessed. Figure 4-15 shows the scatter plots for the same set of hybrid and 
homogeneous beams, under constant bending moment and using the new curves for 
General Case. 

Table 4-13 and Table 4-14 show the statistics of the ratios re/rt for hybrid and 
homogeneous beams, in subset by steel grade. The results show that that in terms of 
safety, the behaviour of hybrid and homogeneous beams are similar when the latera-
torsional buckling the governing buckling mode. 

0.85

0.90

0.95

1.00

1.05

0.85 0.875 0.9 0.925 0.95 0.975 1

M
R

d
,H

yb
ri

d
/M

R
d

,H
o

m
o

.

Mpl,Hybrid/Mpl,Homo.

S 690

GC FEM

0.85

0.90

0.95

1.00

1.05

0 0.5 1 1.5 2 2.5

M
R

d
,H

yb
ri

d
/M

R
d

,H
o

m
o

.

Normalized slenderness 

S 690

GC FEM



STROBE  

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-2 Stability design rules for HSS 

members.docx 38 

Based on the analyses performed, it is concluded that the rules for lateral-torsional 
buckling of beams are suitable for design of hybrid beams which comply with the 
requirements of EN 1993-1-525. 

  

Figure 4-15 Scatter plots: hybrid and homogeneous beams 

 

Table 4-13 Statistical parameters (Homogeneous) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

Proposal 
(General 

Case) 

995 1.187 8.62% 0.968 1.441 731 1 

S460 374 1.167 8.52% 0.968 1.366 255 1 

S500 295 1.192 7.90% 0.993 1.391 228 0 

S690 326 1.205 9.03% 0.976 1.441 248 0 

 

Table 4-14 Statistical parameters (Hybrid) 

Subset 
Design 
Rule 

N mean cov min max >1.1 <0.97 

All 

Proposal 
(New 
EC3 

Case) 

995 1.205 8.05% 1.001 1.423 784 0 

S460 374 1.169 7.78% 1.001 1.362 265 0 

S500 295 1.213 7.52% 1.018 1.375 245 0 

S690 326 1.232 8.07% 1.032 1.423 274 0 

 

4.4.4 Members in bending and compression 

Finally, the members in bending and compression were also assessed against thecurrent 
buckling curves and the proposed ones. Figure 4-16 shows the scatter plots for the 
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unrestrained and restrained members using the proposed buckling curves, whereas 
Table 4-15 and Table 4-16 show the statistics. The results show that using the new 
curves does not impact the safety of beam-columns. The higher differences are found 
for unrestrained members, where both imperfection factors are considered, 

 

Figure 4-16  Scatter plots: members in bending and compression 

Table 4-15 Proposal for bending (general case) combined with axial compression without 
restraints (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

Proposal 

3674 1.229 9.3% 1.025 1.602 3117 0 

S460 1231 1.214 8.7% 1.025 1.581 1033 0 

S500 1227 1.225 9.1% 1.025 1.600 1042 0 

S690 1216 1.248 9.9% 1.027 1.602 1042 0 

 

Table 4-16 Proposal for bending (general case) combined with axial compression 
restrained in minor axis (All cases) 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

Proposal 

838 1.051 3.6% 0.978 1.273 58 0 

S460 285 1.048 3.4% 0.978 1.218 17 0 

S500 283 1.051 3.5% 0.984 1.233 18 0 

S690 270 1.056 3.7% 0.982 1.273 23 0 
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5 RECOMMENDATIONS 

5.1 Members in compression 

Table 5-1 shows the project recommendations for HSS highlighted in yellow.  

Table 5-1 – Selection of buckling curve for a section 

 

Fabrication Limits Axis 

EC3-1-1 
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to 
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to 
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5.2 Members in bending 

5.2.1 General Case 

Table 5-2 shows the project recommendations for HSS highlighted in yellow.  
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Table 5-2 – Selection of buckling curve for a section 

Cross-section Limits 

S235 

S275 

S355 

S420 

S460  

to 

S700 

 

Rolled I-section 
h/b≤2 

h/b>2 

a 

b 

- 

- 

Welded I-section 
h/b≤2 

h/b>2 

c 

d 

b 

c 

Other section - d  

 

5.2.2 New EC3 

Table 5-3 shows the project recommendations for HSS highlighted in yellow.  

Table 5-3 Selection of buckling curve for a section 

Cross-section Limits 
𝛼𝐿𝑇 

S235 to S420 S460 to S700 
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d
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>
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tf≤40 mm 0.21√
𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.64 0.16√

𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.49 

tf>40 mm 0.25√
𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.76 0.21√

𝑊𝑒𝑙,𝑦

𝑊𝑒𝑙,𝑧
≤ 0.64 

 

5.2.3 Hybrid beams 

Hybrid beams can be designed for lateral-torsional buckling using the same curves as 
homogeneous beams. 
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6 CONCLUSIONS 

The present deliverable summarized work carried out in the scope of WP3, Task 3.2 and 
Task 3.3. The main objective was to find suitable design rules for high strength steel 
members.  

The work performed included extensive numerical studies with more than 11 000 
simulations, where the base model was developed in accordance with the conclusions 
of Task 3.1 Experimental tests. The numerical simulations were used to calibrate 
imperfection factors for flexural buckling of columns and lateral-torsional buckling beams. 
The proposed factors were applied to the current formulae for beam-columns, which 
makes use of the rules for columns and beams and also possibility to use hybrid beams 
in was also explored.  

The proposed imperfection factors were additionally validated with a reliability analysis 
according to EN 1990 Annex D24. 

The main conclusions of the work performed are summarised the following: 

− Welded columns in HSS: the studies performed showed that it is possible to reduce 
the imperfection factors for members in steel grades S460 to S700. 

− Welded beams in HSS: both of the current Eurocode 3 design rules of beams with 
H and I section were studied, General Case and Special Case. For the General 
Case it is possible to justify more favourable imperfection factors when HSS is 
use, whereas for the Special Case this was not possible. In addition, a new design 
rule that will be included in the next version of Eurocode 316 was also assessed, 
and it was possible to justify better imperfection factors for HSS members. 

− Hybrid beams were also assessed, covering combinations between S690, S500 
and S460 flanges with webs in S355. Regarding the lateral-torsional buckling 
resistance it was concluded that it is not influenced by the lower steel grade of 
the web and that the improved curves can be applied also to hybrid members. 
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ANNEX A LATERAL-TORSIONAL BUCKLING 
RESULTS 

In this annex the results for different bending moment distributions are presented in terms 
of the numerical result (re) over the design resistance according the Eurocode 3 methods 
(rt). 

Constant bending moment 𝝍 = 𝟏 

Table A-1  Statistical parameters: constant bending moment ψ=1 – class 1 or 2 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

1019 

1.316 10.6% 1.024 1.606 900 0 

SC 1.095 8.6% 0.914 1.327 510 128 

NewEC3 1.168 6.8% 1.015 1.337 746 0 

S460 

GC 

390 

1.294 10.5% 1.031 1.568 338 0 

SC 1.079 8.3% 0.916 1.296 173 57 

NewEC3 1.144 6.3% 1.017 1.270 257 0 

S500 

GC 

295 

1.322 10.0% 1.030 1.558 263 0 

SC 1.096 8.2% 0.920 1.287 150 36 

NewEC3 1.183 6.6% 1.015 1.337 236 0 

S690 

GC 

334 

1.336 10.9% 1.024 1.606 299 0 

SC 1.114 9.1% 0.914 1.327 187 35 

NewEC3 1.182 7.0% 1.023 1.331 253 0 

 

Table A-2 Statistical parameters: constant bending moment ψ=1 – class 3 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

233 

1.380 8.6% 1.114 1.601 233 0 

SC 1.148 6.9% 0.974 1.323 172 0 

NewEC3 1.232 6.1% 1.062 1.371 217 0 

S460 

GC 

44 

1.361 9.0% 1.141 1.601 44 0 

SC 1.144 6.9% 1.000 1.323 32 0 

NewEC3 1.207 5.8% 1.088 1.309 40 0 

S500 

GC 

53 

1.380 8.7% 1.114 1.580 53 0 

SC 1.148 6.76% 1.000 1.306 42 0 

NewEC3 1.226 5.7% 1.078 1.322 49 0 

S690 
GC 

136 
1.387 8.5% 1.114 1.585 136 0 

NewEC3 1.150 6.9% 0.974 1.316 98 0 
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Figure A-1 Mean values of the ratio re/rt for bending moment (ψ=1) 
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Linear bending moment 𝝍 = 𝟎 

Table A-3 Statistical parameters: bending moment ψ=0 – class 1 or 2 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

608 

1.499 7.1% 1.236 1.773 608 0 

SC 1.242 6.9% 1.089 1.479 594 0 

NewEC3 1.177 6.0% 0.985 1.353 527 0 

S460 

GC 

201 

1.489 6.8% 1.273 1.713 201 0 

SC 1.235 6.5% 1.094 1.429 193 0 

NewEC3 1.161 5.6% 1.000 1.306 167 0 

S500 

GC 

212 

1.500 6.9% 1.286 1.734 212 0 

SC 1.242 6.8% 1.089 1.447 207 0 

NewEC3 1.177 5.6% 1.010 1.332 187 0 

S690 

GC 

195 

1.509 7.4% 1.236 1.773 195 0 

SC 1.247 7.5% 1.096 1.479 194 0 

NewEC3 1.194 6.5% 0.985 1.353 173 0 

 

Table A-4 Statistical parameters:  bending moment ψ=0 – class 3 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

135 

1.515 7.9% 1.176 1.792 135 0 

SC 1.181 7.6% 0.989 1.420 109 0 

NewEC3 1.199 7.7% 0.993 1.468 110 0 

S460 

GC 

23 

1.488 8.8% 1.176 1.680 23 0 

SC 1.155 7.4% 1.000 1.241 18 0 

NewEC3 1.163 8.5% 1.000 1.280 16 0 

S500 

GC 

38 

1.505 8.7% 1.176 1.724 38 0 

SC 1.172 7.6% 1.000 1.274 29 0 

NewEC3 1.179 8.0% 1.000 1.290 28 0 

S690 

GC 

74 

1.528 7.1% 1.273 1.792 74 0 

SC 1.193 7.6% 0.989 1.420 62 0 

NewEC3 1.220 6.9% 0.993 1.468 66 0 
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Figure A-2 Mean values of the ratio re/rt for bending moment (ψ=0) 
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Linear bending moment 𝝍 = −𝟏 

Table A-5 Statistical parameters: bending moment ψ=-1 – class 1 or 2 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

481 

1.521 6.5% 1.286 1.719 481 0 

SC 1.265 5.8% 1.127 1.434 481 0 

NewEC3 1.146 6.1% 0.997 1.370 350 0 

S460 

GC 

151 

1.507 6.2% 1.299 1.681 151 0 

SC 1.255 5.3% 1.127 1.372 151 0 

NewEC3 1.128 5.7% 1.007 1.330 97 0 

S500 

GC 

166 

1.522 6.4% 1.311 1.718 166 0 

SC 1.266 5.7% 1.133 1.393 166 0 

NewEC3 1.144 5.9% 1.025 1.370 118 0 

S690 

GC 

164 

1.534 6.7% 1.286 1.719 164 0 

SC 1.273 6.1% 1.140 1.434 164 0 

NewEC3 1.166 6.1% 0.997 1.366 135 0 

 

Table A-6 Statistical parameters: bending moment ψ=-1 – class 3 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

126 

1.566 8.7% 1.176 1.800 126 0 

SC 1.181 11.5% 0.980 1.446 83 0 

NewEC3 1.195 8.7% 1.000 1.419 101 0 

S460 

GC 

19 

1.519 10.4% 1.176 1.702 19 0 

SC 1.152 12.0% 1.000 1.368 10 0 

NewEC3 1.164 9.8% 1.000 1.367 14 0 

S500 

GC 

33 

1.561 9.4% 1.176 1.711 33 0 

SC 1.178 11.3% 1.000 1.378 22 0 

NewEC3 1.184 8.6% 1.000 1.365 26 0 

S690 

GC 

74 

1.581 7.8% 1.273 1.800 74 0 

SC 1.190 11.5% 0.980 1.446 51 0 

NewEC3 1.209 8.4% 1.000 1.419 61 0 
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Figure A-3 Mean values of the ratio re/rt for bending moment (ψ=-1) 
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Uniform distributed load: load applied in the middle of the web 

Table A-7  Statistical parameters: uniform distributed load (center) – class 1 or 2 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

715 

1.373 7.4% 1.084 1.618 711 0 

SC 1.133 6.6% 0.961 1.337 463 4 

NewEC3 1.186 5.4% 1.005 1.336 632 0 

S460 

GC 

249 

1.355 7.2% 1.094 1.563 248 0 

SC 1.120 6.3% 0.966 1.291 149 2 

NewEC3 1.166 4.9% 1.005 1.276 214 0 

S500 

GC 

256 

1.365 7.5% 1.084 1.576 254 0 

SC 1.127 6.6% 0.961 1.302 160 2 

NewEC3 1.181 5.2% 1.014 1.300 221 0 

S690 

GC 

210 

1.404 6.9% 1.098 1.618 209 0 

SC 1.157 6.6% 0.973 1.337 154 0 

NewEC3 1.217 5.3% 1.029 1.336 197 0 

 

Table A-8 Statistical parameters: uniform distributed load (center) – class 3 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

122 

1.456 8.4% 1.182 1.933 122 0 

SC 1.190 7.3% 1.019 1.533 98 0 

NewEC3 1.254 6.3% 1.118 1.721 122 0 

S460 

GC 

18 

1.410 7.2% 1.227 1.572 18 0 

SC 1.162 5.5% 1.058 1.281 14 0 

NewEC3 1.198 4.4% 1.118 1.269 18 0 

S500 

GC 

21 

1.441 7.9% 1.233 1.631 21 0 

SC 1.184 6.2% 1.063 1.321 17 0 

NewEC3 1.225 5.0% 1.120 1.312 21 0 

S690 

GC 

83 

1.470 8.7% 1.182 1.933 83 0 

SC 1.198 7.8% 1.019 1.533 67 0 

NewEC3 1.273 6.4% 1.124 1.721 83 0 
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Figure A-4 Mean values of the ratio re/rt for bending moment under uniform distributed load 
(center) 
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Uniform distributed load: load applied on the bottom flange and top flange 

Table A-9 Statistical parameters: uniform distributed load (bottom and top) – class 1 or 2 

Subset 
Design 
Rule 

Load n mean cov min max >1.1 <0.97 

All 

GC 
Bottom 245 1.352 7.3% 1.103 1.543 245 0 

Top 238 1.291 6.0% 1.070 1.524 234 0 

SC 
Bottom 245 1.114 6.2% 0.978 1.303 128 0 

Top 238 1.061 5.5% 0.923 1.288 62 8 

NewEC3 
Bottom 245 1.173 5.5% 1.000 1.325 203 0 

Top 238 1.201 4.4% 1.009 1.293 221 0 

S460 

GC 
Bottom 95 1.345 7.4% 1.103 1.509 95 0 

Top 93 1.287 6.2% 1.087 1.507 91 0 

SC 
Bottom 95 1.109 6.2% 0.978 1.248 44 0 

Top 93 1.058 5.6% 0.949 1.235 25 4 

NewEC3 
Bottom 95 1.160 5.2% 1.000 1.218 77 0 

Top 93 1.189 4.2% 1.009 1.243 85 0 

S500 

GC 
Bottom 95 1.354 7.4% 1.106 1.521 95 0 

Top 94 1.294 6.3% 1.070 1.507 93 0 

SC 
Bottom 95 1.116 6.3% 0.981 1.260 50 0 

Top 94 1.064 5.7% 0.948 1.235 28 3 

NewEC3 
Bottom 95 1.170 5.3% 1.007 1.228 77 0 

Top 94 1.200 4.3% 1.023 1.293 88 0 

S690 

GC 
Bottom 55 1.361 6.9% 1.123 1.543 55 0 

Top 51 1.293 5.2% 1.095 1.524 50 0 

SC 
Bottom 55 1.121 5.9% 0.996 1.303 34 0 

Top 51 1.060 5.2% 0.923 1.288 9 1 

NewEC3 
Bottom 55 1.200 5.8% 1.022 1.325 49 0 

Top 51 1.223 4.7% 1.012 1.282 48 0 
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Figure A-5 Mean values of the ratio re/rt for bending moment under uniform distributed load 
(bottom and top) 
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Concentrated load (L/2): applied in the middle of the web 

Table A-10 Statistical parameters: concentrated load (center) – class 1 or 2 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

607 

1.405 6.3% 1.139 1.626 607 0 

SC 1.155 6.6% 0.957 1.349 441 1 

NewEC3 1.172 4.4% 1.032 1.307 554 0 

S460 

GC 

204 

1.392 6.1% 1.140 1.587 204 0 

SC 1.145 6.3% 0.979 1.318 138 0 

NewEC3 1.156 3.8% 1.038 1.250 185 0 

S500 

GC 

216 

1.402 6.2% 1.149 1.599 216 0 

SC 1.152 6.5% 0.957 1.328 157 1 

NewEC3 1.169 4.0% 1.032 1.277 197 0 

S690 

GC 

187 

1.423 6.4% 1.139 1.626 187 0 

SC 1.169 6.9% 0.987 1.349 146 0 

NewEC3 1.193 4.7% 1.032 1.307 172 0 

 

Table A-11 Statistical parameters: concentrated load (center) – class 3 

Subset 
Design 
Rule 

n mean cov min max >1.1 <0.97 

All 

GC 

90 

1.485 6.0% 1.256 1.701 90 0 

SC 1.182 5.6% 1.013 1.339 77 0 

NewEC3 1.234 3.7% 1.124 1.339 90 0 

S460 

GC 

11 

1.468 4.4% 1.349 1.574 11 0 

SC 1.166 4.0% 1.087 1.244 10 0 

NewEC3 1.188 2.5% 1.133 1.218 11 0 

S500 

GC 

12 

1.479 4.3% 1.354 1.582 12 0 

SC 1.176 3.8% 1.092 1.251 11 0 

NewEC3 1.208 2.8% 1.141 1.242 12 0 

S690 

GC 

67 

1.489 6.5% 1.256 1.701 67 0 

SC 1.186 6.1% 1.013 1.339 56 0 

NewEC3 1.246 3.5% 1.124 1.339 67 0 
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Figure A-6 Mean values of the ratio re/rt for bending moment under concentrated load 
(center) 
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ANNEX B PARTIAL FACTORS 

This annex summarizes the partial factors obtained for various subsets. They were 
calculated with increasing number of basic variables, i.e only the yield stress, denoted 
as Annex D (fy), or considering the yield stress and the cross-section geometry as basic 
variables, which is denoted Annex D (fy+CS), and finally, considering all basic variables 
(yield stress, cross-section geometry and Young’s modulus) is Annex D(fy+CS+E). All 
subsets are presented considering the current curves and the STROBE proposed 
curves. 

Columns 

 

Table B-1 Partial factors minor axis 

 (y-y) Current curves (y-y) Proposed Curves 

  
  

n 
Annex D 

(fy) 
Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) n 

Annex D 
(fy) 

Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) 

4
6

0
 Low 180 0.975 0.999 1.002 180 1.017 1.044 1.046 

Mid 225 0.887 0.915 0.927 225 0.986 1.017 1.030 

High 180 0.923 0.959 0.979 180 0.975 1.017 1.042 

5
0

0
 Low 172 0.984 1.008 1.010 172 1.022 1.049 1.051 

Mid 215 0.878 0.906 0.917 215 0.974 1.005 1.017 

High 172 0.924 0.958 0.978 172 0.975 1.016 1.040 

6
9

0
 Low 140 0.966 0.989 0.991 140 0.998 1.023 1.025 

Mid 175 0.847 0.873 0.884 175 0.935 0.964 0.976 

High 140 0.914 0.947 0.966 140 0.964 1.003 1.027 

  

460 585 1.015 1.042 1.051 585 1.067 1.098 1.109 

500 559 1.011 1.038 1.046 559 1.059 1.089 1.100 

690 455 0.983 1.008 1.017 455 1.023 1.051 1.062 

  

Low 492 0.976 1.000 1.002 492 1.016 1.042 1.043 

Mid 615 0.873 0.899 0.909 615 0.967 0.996 1.008 

High 492 0.919 0.953 0.972 492 0.970 1.010 1.034 
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Table B-2 Partial factors minor axis 

 (z-z) Current curves (z-z) New Curves 

  
  

n 
Annex D 

(fy) 
Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) n 

Annex D 
(fy) 

Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) 

4
6

0
 Low 180 0.991 1.018 1.020 180 1.019 1.051 1.053 

Mid 225 0.859 0.893 0.900 225 0.929 0.974 0.986 

High 180 0.900 0.943 0.957 180 0.942 1.003 1.023 

5
0

0
 Low 172 0.996 1.023 1.025 172 1.022 1.053 1.055 

Mid 215 0.851 0.883 0.891 215 0.918 0.961 0.973 

High 172 0.901 0.943 0.956 172 0.942 1.001 1.021 

6
9

0
 Low 140 0.968 0.994 0.996 140 0.992 1.021 1.023 

Mid 175 0.814 0.845 0.852 175 0.876 0.918 0.929 

High 140 0.890 0.930 0.943 140 0.931 0.987 1.006 

  

460 585 1.013 1.047 1.054 585 1.057 1.098 1.108 

500 559 1.006 1.039 1.045 559 1.045 1.085 1.095 

690 455 0.970 1.002 1.008 455 1.003 1.042 1.051 

  

Low 492 0.987 1.013 1.015 492 1.017 1.047 1.049 

Mid 615 0.843 0.875 0.882 615 0.915 0.956 0.966 

High 492 0.895 0.936 0.949 492 0.938 0.995 1.014 

 

In the following, the subsets used for calculation of the global partial factor per buckling 
curve are presented. 

 

Table B-3 Partial factors columns subsets major axis (proposed curves) 

Subset IN n 
Annex D 

(fy) 
Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) 

tf
>

4
0
m

m
 

4
6

0
 

Low 104 0.987 1.013 1.016 

Mid 130 0.912 0.950 0.968 

Hig
h 104 0.937 0.985 1.013 

5
0

0
 

Low 104 0.992 1.020 1.022 

Mid 130 0.893 0.934 0.952 

Hig
h 104 0.934 0.982 1.010 

6
9

0
 

Low 88 0.974 1.000 1.002 

Mid 110 0.854 0.895 0.912 

Hig
h 88 0.923 0.969 0.996 

  Mean 0.934 0.972 0.988 

   COV 5% 4% 4% 
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Table B-4 Partial factors columns subsets major axis (proposed curves) 

Subset IN n 
Annex D 

(fy) 
Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) 

tf
<

4
0
m

m
 

4
6

0
 

Low 
76 1.034 1.069 1.071 

Mid 
95 1.001 1.049 1.069 

Hig
h 

76 0.969 1.042 1.077 

5
0

0
 

Low 
68 1.024 1.060 1.062 

Mid 
85 0.975 1.026 1.047 

Hig
h 

68 0.965 1.038 1.074 

6
9

0
 

Low 
52 1.001 1.036 1.038 

Mid 
65 0.929 0.984 1.006 

Hig
h 

52 0.959 1.028 1.062 

  Mean 
0.984 1.037 1.056 

  COV 
3% 2% 2% 

 

Table B-5 Partial factors columns subsets minor axis (proposed curves) 

Subset OUT n 
Annex D 

(fy) 
Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) 

tf
>

4
0
m

m
 

4
6

0
 

Low 
104 0.999 1.030 1.033 

Mid 
130 0.866 0.922 0.937 

Hig
h 

104 0.901 0.971 0.994 

5
0

0
 

Low 
104 1.003 1.034 1.037 

Mid 
130 0.851 0.909 0.924 

Hig
h 

104 0.903 0.970 0.993 

6
9

0
 

Low 
88 0.977 1.006 1.008 

Mid 
110 0.814 0.869 0.883 

Hig
h 

88 0.898 0.960 0.980 

  Mean 
0.912 0.963 0.977 

  COV 
7% 6% 5% 
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Table B-6 Partial factors columns subsets minor axis (proposed curves) 

Subset OUT n 
Annex D 

(fy) 
Annex D 
(fy+CS) 

Annex D 
(fy+CS+E) 

tf
<

4
0
m

m
 

4
6

0
 

Low 76 1.037 1.075 1.077 

Mid 95 0.936 1.003 1.020 

Hig
h 76 0.942 1.032 1.060 

5
0

0
 

Low 68 1.028 1.066 1.068 

Mid 85 0.916 0.985 1.002 

Hig
h 68 0.944 1.029 1.056 

6
9

0
 

Low 52 1.001 1.037 1.039 

Mid 65 0.874 0.942 0.958 

Hig
h 52 0.937 1.015 1.041 

  Mean 0.957 1.020 1.036 

  COV 
3% 2% 2% 
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Beams 

Table B-7 Partial factors General Case 

Sub-set 

  

GC  GC new curves  

n AnnexD (fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

n 
AnnexD 

(fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

Low    936 1.035 1.065 1.066 936 1.079 1.111 1.113 

Medium   1133 0.807 0.845 0.850 1133 0.906 0.951 0.957 

High   2065 0.804 0.854 0.864 2065 0.885 0.948 0.961 

S460   1337 0.956 0.998 1.003 1337 1.018 1.067 1.074 

S500   1273 0.918 0.960 0.966 1273 0.984 1.034 1.041 

S690   1524 0.934 0.975 0.981 1524 1.000 1.048 1.056 

S460 

Low 350 1.029 1.060 1.061 350 1.075 1.107 1.109 

Medium 370 0.829 0.867 0.872 370 0.931 0.977 0.983 

High 617 0.805 0.856 0.866 617 0.881 0.946 0.960 

S500 

Low 270 1.029 1.059 1.061 270 1.078 1.111 1.112 

Medium 348 0.801 0.839 0.844 348 0.897 0.943 0.950 

High 655 0.807 0.858 0.868 655 0.884 0.948 0.961 

S690 

Low 316 1.044 1.075 1.076 316 1.084 1.116 1.117 

Medium 415 0.796 0.833 0.838 415 0.892 0.936 0.943 

High 793 0.801 0.851 0.861 793 0.885 0.946 0.959 

ψ = 1.0 

Low 372 1.000 1.033 1.035 372 1.025 1.061 1.063 

Medium 300 0.832 0.872 0.877 300 0.934 0.981 0.988 

High 551 0.791 0.846 0.857 551 0.865 0.936 0.952 

ψ = 0.0 

Low 165 0.840 0.868 0.869 165 0.868 0.899 0.901 

Medium 206 0.703 0.740 0.745 206 0.770 0.818 0.825 

High 386 0.736 0.789 0.800 386 0.807 0.877 0.891 

D 

Low 160 0.845 0.873 0.874 160 0.875 0.906 0.908 

Medium 186 0.696 0.736 0.742 186 0.768 0.821 0.829 

High 274 0.752 0.803 0.812 274 0.849 0.911 0.923 

ψ = -1.0 

Low 77 0.884 0.919 0.922 77 1.006 1.044 1.047 

Medium 212 0.779 0.820 0.826 212 0.885 0.933 0.941 

High 408 0.784 0.838 0.849 408 0.850 0.922 0.937 

C 

Low 162 0.903 0.937 0.939 162 0.980 1.018 1.020 

Medium 229 0.802 0.843 0.849 229 0.916 0.964 0.972 

High 446 0.796 0.849 0.860 446 0.879 0.946 0.960 
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In the following, the subsets used for calculation of the global partial factor per buckling curve are 
presented. 

Table B-8 Subsets General Case (Proposed Curves) 

   

n 
AnnexD 

(fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

h/b>2 
Class 2 

S460 

Low 151 1.095 1.125 1.127 

Medium 197 0.910 0.955 0.962 

High 401 0.866 0.933 0.947 

S500 

Low 116 1.105 1.135 1.137 

Medium 178 0.876 0.921 0.928 

High 396 0.865 0.931 0.945 

S690 

Low 108 1.124 1.154 1.155 

Medium 160 0.874 0.917 0.924 

High 370 0.850 0.917 0.931 

h/b>2 
Class 3 

S460 

Low 9 1.042 1.073 1.074 

Medium 9 0.825 0.870 0.878 

High 24 0.897 0.951 0.962 

S500 

Low 18 1.070 1.101 1.103 

Medium 18 0.825 0.871 0.878 

High 47 0.883 0.939 0.951 

S690 

Low 29 1.051 1.083 1.085 

Medium 50 0.860 0.902 0.910 

High 130 0.871 0.925 0.937 

   Mean 0.938 0.984 0.991 

   Cov 11% 10% 9% 
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Table B-9 Subsets General Case (Proposed Curves) 

   
n 

AnnexD 
(fy) 

AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

h/b<=2 
Class 2 

S460 

Low 159 1.082 1.117 1.118 

Medium 134 0.974 1.024 1.032 

High 180 0.886 0.964 0.980 

S500 

Low 109 1.066 1.100 1.101 

Medium 122 0.938 0.989 0.996 

High 195 0.892 0.966 0.981 

S690 

Low 133 1.076 1.109 1.111 

Medium 128 0.909 0.958 0.965 

High 191 0.880 0.952 0.967 

h/b<=?2 
Class 3 

S460 

Low 31 0.987 1.026 1.028 

Medium 30 0.875 0.931 0.938 

High 12 0.807 0.892 0.908 

S500 

Low 27 1.007 1.045 1.047 

Medium 30 0.849 0.907 0.915 

High 17 0.800 0.883 0.898 

S690 

Low 46 0.997 1.034 1.035 

Medium 77 0.936 0.985 0.992 

High 102 0.904 0.962 0.973 

    0.937 0.991 0.999 

    9% 7% 7% 
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Table B-10 Partial factors new EC3 method 

Method newEC3 newEC3 new curves 

Subset 
  

n 
AnnexD 

(fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

n 
AnnexD 

(fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

Low    936 0.996 1.035 1.036 936 1.007 1.048 1.048 

Medium   1133 0.935 0.994 1.000 1133 0.971 1.034 1.041 

High   2065 0.959 1.037 1.050 2065 0.979 1.062 1.078 

S460   1337 1.018 1.079 1.087 1337 1.043 1.108 1.117 

S500   1273 1.014 1.077 1.085 1273 1.039 1.106 1.116 

S690   1524 1.019 1.078 1.085 1524 1.044 1.106 1.115 

S460 

Low 350 0.975 1.015 1.016 350 0.991 1.032 1.033 

Medium 370 0.939 1.004 1.011 370 0.975 1.045 1.053 

High 617 0.959 1.042 1.056 617 0.976 1.067 1.084 

S500 

Low 270 0.999 1.039 1.040 270 1.010 1.052 1.053 

Medium 348 0.929 0.992 0.999 348 0.964 1.032 1.040 

High 655 0.959 1.040 1.054 655 0.976 1.065 1.081 

S690 

Low 316 1.014 1.052 1.052 316 1.020 1.059 1.060 

Medium 415 0.934 0.988 0.993 415 0.969 1.027 1.033 

High 793 0.952 1.028 1.040 793 0.972 1.053 1.068 

ψ = 1.0 

Low 372 0.973 1.009 1.010 372 0.989 1.027 1.028 

Medium 300 0.905 0.956 0.960 300 0.947 1.001 1.006 

High 551 0.905 0.981 0.993 551 0.923 1.007 1.022 

ψ = 0.0 

Low 165 1.038 1.075 1.076 165 1.029 1.068 1.070 

Medium 206 0.924 0.985 0.992 206 0.957 1.023 1.032 

High 386 0.955 1.039 1.054 386 0.977 1.066 1.083 

D 

Low 160 1.030 1.069 1.070 160 1.023 1.064 1.065 

Medium 186 0.974 1.045 1.054 186 1.000 1.077 1.088 

High 274 1.079 1.155 1.168 274 1.106 1.185 1.200 

ψ = -1.0 

Low 77 0.973 1.024 1.026 77 1.025 1.076 1.078 

Medium 212 0.898 0.963 0.970 212 0.947 1.015 1.023 

High 408 0.938 1.023 1.037 408 0.954 1.047 1.064 

C 

Low 162 0.962 1.003 1.004 162 0.992 1.034 1.035 

Medium 229 0.885 0.945 0.951 229 0.936 0.998 1.005 

High 446 0.923 1.001 1.013 446 0.948 1.032 1.047 
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In the following, the subsets used for calculation of the global partial factor per buckling curve are 
presented. 

 

Table B-11 Subsets new EC3 

   

n 
AnnexD 

(fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

tf<40mm 
Class 2 

S460 

Low 178 1.013 1.061 1.062 

Medium 191 0.991 1.068 1.077 

High 321 0.952 1.049 1.067 

S500 

Low 124 1.021 1.070 1.072 

Medium 167 0.971 1.050 1.060 

High 313 0.954 1.047 1.065 

S690 

Low 111 1.026 1.071 1.072 

Medium 133 0.983 1.054 1.062 

High 232 0.944 1.035 1.052 

tf<40mm 
Class 3 

S460 

Low 40 1.012 1.054 1.055 

Medium 39 0.936 1.011 1.020 

High 36 0.934 1.016 1.032 

S500 

Low 45 1.034 1.076 1.077 

Medium 48 0.959 1.029 1.038 

High 64 0.924 1.009 1.025 

S690 

Low 75 1.008 1.047 1.048 

Medium 127 1.052 1.109 1.116 

High 232 0.949 1.023 1.037 

   Mean 0.981 1.049 1.058 

   Cov 4% 2% 2% 

 

Table B-12 Subsets new EC3 

   

n 
AnnexD 

(fy) 
AnnexD 
(fy+CS) 

AnnexD 
(fy+CS+E) 

tf>40mm  

S460 

Low 132 0.976 1.018 1.019 

Medium 140 0.977 1.046 1.054 

High 260 0.987 1.079 1.094 

S500 

Low 101 1.002 1.046 1.047 

Medium 133 0.969 1.036 1.044 

High 278 0.989 1.078 1.092 

S690 

Low 130 1.016 1.055 1.056 

Medium 155 0.935 0.996 1.003 

High 329 0.969 1.053 1.068 

   Mean 0.980 1.045 1.053 

   Cov 2% 3% 3% 

 


