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PROBLEM STATEMENT

The problem under study is divided into three parts:

1- Global buckling :

According to the previous studies, the available buckling curves  in the Eurocode3 are 

underestimating the global buckling strength of the high strength steel (HSS) columns.

2- Local buckling:

According to the previous studies, the currently used Winter curve in EN 1993-1-5 is 

overestimating the local buckling strength of the high strength steel columns. In which 

the difference can reach 15%.

3- Interaction behaviour:

How to combine effective cross-section approach

and flexural buckling design?
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PROBLEM STATEMENT
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Global buckling Local buckling Interaction buckling
Underestimated for HSS Overestimated Very limited research
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Creation of reliable and accurate design method for interaction buckling problems 

Test based design approach

OBJECTIVES

Numerical model based design

Using appropriate imperfections and non-
linear material models the ultimate load can

be determined

Based on large number of test results (or
numerical simulations replacing real tests) 

and statistical evaluation appropriate
buckling curves can be determined. 
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Creation of reliable and accurate design method for interactive buckling problems

Test based design approach

OBJECTIVES

Using appropriate imperfections and non-
linear material models the ultimate load can

be determined

Large test 
database needed

Supplementing test 
results by accurate
numerical model

Numerical model based design

Accurate
imperfections
needed

Based on large number of test results (or
numerical simulations replacing real tests) 

and statistical evaluation appropriate
buckling curves can be determined. 



RESEARCH PROGRAM

1. Numerical model development based on previous test results

2. Numerical parametric study on global and local buckling to find the appropriate 

imperfections and combination of imperfections with residual stresses to determine

the accurate ultimate strength of HSS box-section columns.

3. Using the validated and verified numerical model second numerical parametric 

study to apply the previously obtained imperfections and residual stresses to 

estimate the strength of columns that have interactive buckling. 

4. Statistical evaluation of the numerical results and appropriate design method

development. 
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RESEARCH PROGRAM

1. Numerical model development based on previous test results

2. Numerical parametric study on global and local buckling to find the appropriate 

imperfections and combination of imperfections with residual stresses to determine

the accurate ultimate strength of HSS box-section columns.

3. Using the validated and verified numerical model second numerical parametric 
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Previous stage of research

Current stage of research



FEM BASED DESIGN - PROBLEM STATEMENT
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Global imperfection

L/1000 + residual stresses

or

equivalent geometric
bow imperfection

Problem: Developed for GNIA and not GMNIA.

Local imperfection

No previous proposal

and

equivalent geometric 
imperfection

b/200 (referring to 
Winter-curve)

Only equivalent imperfection is 
developed and verified to GMNIA. 
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FEM BASED DESIGN - PROBLEM STATEMENT

in the case of interaction buckling

previous studies showed if equivalent

imperfections for global and local 

buckling are added

L/200  +  min(a/200;b/200)

results will be far on the safe side

Reason: duplication of residual stresses
(theoretically not correct) 

for global: L/1000 + Residual stresses

for local:  ???? No validated value

Improvement needed

Validation of geometric imperfection
with residual stresses.  



LOCAL BUCKLING- GEOMETRIC IMPERFECTION
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Steel grade independentDepends on steel grade

too large imperfections

Results of a numerical parametric study

determining the necessary geometric imperfections

leading to accurate buckling resistance. 



LOCAL BUCKLING- GEOMETRIC IMPERFECTION
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manufacturing tolerance: Δ=±b/125 acc. to 
EN 1090-2:2018 Table B.4 No. 3 

Physically not possible

Annex B curve is safe sided and does not give the accurate solution for slenderness ratio larger than 1.3.  

Results of a numerical parametric study

determining the necessary geometric imperfections

leading to accurate buckling resistance. 
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1. Physically possible lower bound results fit to
buckling curve of N. Schillo. 

MODIFIED BUCKLING RESISTANCE CONSIDERING MANUFACTURING

TOLERANCE

2. First and unique proof of a new test based buckling 
curve, which was not previously supported by 
researchers stating, it is not well-calibrated and 
theoretically not proved.  



APPLICATION OF THE NEWLY DEVELOPED

IMPERFECTION IN INTERACTION BUCKLING

RESISTANCE
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PREVIOUS DESIGN PROPSALS – EUROCODE APPROACH

𝜒 =
1

𝜙 + 𝜙2 − 𝜆2
𝜙 = 0.5 1 + 𝛼 ҧ𝜆 − 0.2 + ҧ𝜆2

𝐴𝑐,𝑒𝑓𝑓 = 𝜌 𝐴𝑐 𝜌 =

𝜌 = 1 , ҧ𝜆𝑝 < 0.673

𝜌 =
ҧ𝜆𝑝 − 0.005 3 + ψ

ҧ𝜆𝑝
2 ≤ 1, ҧ𝜆𝑝 ≥ 0.673

𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑒𝑓𝑓𝑓𝑦

𝛾𝑀1
=

𝜒𝜌𝐴𝑓𝑦

𝛾𝑀1

Interaction buckling resistance for slender sections:

Global buckling reduction factor:

Local buckling reduction factor:

Oversimplified neglecting the nonlinear 
combined effect of interaction.

ҧ𝜆𝑔𝑐𝑙𝑎𝑠𝑠4
= 𝛽 ҧ𝜆𝑔 =

𝐴𝑒𝑓𝑓

𝐴
ҧ𝜆𝑔
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PREVIOUS DESIGN PROPSALS - LITERATURE

Schillo Kuhlmann Young

Equivalent local imperfection 

(ep) to account for loss of 

stiffness due to local buckling.

𝑒𝑝 = 𝑠
1

𝜒𝐴
− 1 +

1 − 𝜓

1 + 𝜓

1

𝜒𝑊
− 1

𝜂 = 𝛼 ҧ𝜆𝑔𝑠 − 0.2 + 𝑒𝐿 + 𝑒𝑝 .
𝐴

𝑊

𝜒𝑔𝑠 =
1

𝜙 + 𝜙2 − ҧ𝜆𝑔𝑠
2

𝜙 =
1

𝑘𝑒
. 0.5 𝑘𝑒 + 𝜂. 𝑘𝑒 + ҧ𝜆𝑔𝑠

2

Upgrade from “b” curve to 
“a” curve.

Modification of global 
slenderness considering
the local slenderness.

ҧ𝜆𝐺𝐿 =
𝑁𝑅𝑘
𝑁𝑐𝑟

=
𝐴 𝑓𝑦

𝜋2
𝐸𝐼
𝐿𝑐𝑟
2

𝛽 =
𝑖

𝑖𝑒𝑓𝑓
. 1 − 0.5 𝜒𝑎 1 − 0.6. 𝜌𝑝

ҧ𝜆𝑖𝑛𝑡 = 𝛽 . ҧ𝜆𝐺𝐿

𝑁𝑅𝑑 =
𝜒𝐴𝑒𝑓𝑓𝑓𝑦

𝛾1

Direct strength method (DSM)

for welded box sections

𝑃𝑛𝑙 =

𝑃𝑛𝑒

1 − 0.2
𝑃𝑐𝑟𝑙
𝑃𝑛𝑒

0.55
𝑃𝑐𝑟𝑙
𝑃𝑛𝑒

0.55

𝑃𝑛𝑒

Pcrl is the elastic local buckling load by 

finite elements Method or finite strip method

Pne is the nominal column design load 

according to EC3 

with appropriate buckling curve.



MATERIAL MODEL

‒ the numerical model will utilize 
Ramberg-Osgood material model: 

‒ 𝜀 =
𝜎

𝐸
+ 0.002 (

𝜎

𝑓
𝑦

)1/n  , where

‒ n=
log(

𝜎𝑦

𝜎𝑦
)

log(
𝜀𝑢

𝜀𝑢
)
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S500 – S960 S235 – S460

linear elastic – plastic model with strain
hardening



RESIDUAL STRESSES AND MESH SENSITIVITY

The distributions of residual stress 
for welded sections are shown in 
the figure, where ‘+’represents 
tensile stress and‘−’represents 
compressive stress according to 
ECCS with the fy as yield stress and 
0.13*355MPa as compressive 
stress for HSS and 0.13*fy for NSS.

Mesh size of 12 mm was used
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MODEL VALIDATION- INTERACTION BUCKLING
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Validation with L/1000 global imperfection 
Residual stress 0.13*355 MPa
Actual local imperfection b/516 mm acc. to
Annex B curve
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MODEL VALIDATION- INTERACTION BUCKLING
Steel 
grade

𝝀𝒈 𝝀𝒑 b (mm) h
(mm)

t
(mm)

L
(mm)

𝒇𝒚
(MPa)

𝒇𝒖
(MPa)

𝑭𝒖,𝒆𝒙𝒑
(kN)

𝑭𝒖,𝒏𝒖𝒎
(kN)

𝑭𝒖,𝒏𝒖𝒎
𝑭𝒖,𝒆𝒙𝒑

S500 0.33 1.06 159.75 159.5 4.1 1599 562 640 880.3 948 1.08

S500 0.37 1.07 160 159.25 4 1800 562 640 883.9 925 1.05

S500 0.40 1.08 160 159 4 2000 562 640 858.2 899 1.05

S500 0.44 1.08 159.25 159.25 4 2198 562 640 828.9 889 1.07

S960 0.23 1.17 136 136 4.2 728 980 1024 1400.4 1383 0.99

S960 0.42 1.24 137 137 4 1299 980 1024 1390.5 1223 0.88

S960 0.45 1.23 137 137 4 1399 980 1024 1396.6 1230 0.88

S700 0.28 1.22 199 199 4.9 1512 762 819 1733 1735 1.00

S700 0.45 0.90 149 149 4.9 1512 762 819 1800 1698 0.94

S700 0.57 0.74 125 125 4.9 1512 762 819 1659 1593 0.96

S700 0.45 1.22 199 199 4.9 2512 762 819 1598 1626 1.02

S700 0.72 0.9 150 150 4.9 2512 762 819 1688 1605 0.96
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NEW NUMERICAL PARAMETRIC STUDY – INTERACTION
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Around 2000 numerical tests were done with these ranges of variables to 
conduct the parametric study.

• Plate slenderness ranges from 0.7 to 3.

• Global slenderness ranges from 0.1 to 2.5

• Section width ranges from 200 to 450 mm, 50mm increment.

• Length ranges from L=700 to 20000mm

• Plate thicknesses – 2-11 mm with 0.25 mm increment 

• Steel grades are S235, S355 , S460, S500 , S690 , S960.



EUROCODE3 RESISTANCE COMPARED TO NUMERICAL

RESISTANCE
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Safe

Unsafe

Current Eurocode approach is not safe for 
certain range based on the parametric study.

Eurocode using Winter curve

ҧ𝜆 =
𝐴𝑒𝑓𝑓𝑓𝑦

𝑁𝑐𝑟

using Winter curve
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EUROCODE3 RESISTANCE COMPARED TO NUMERICAL

RESISTANCE
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Safe

Unsafe

ҧ𝜆 =
𝐴𝑒𝑓𝑓𝑓𝑦

𝑁𝑐𝑟

using Annex B curve
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conservative solution with large scatter.
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EFFECT OF GLOBAL AND LOCAL SLENDERNESS
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Resistance difference is slenderness dependent improved design method is 
needed
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25

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

N
o

rm
al

is
ed

 c
ap

ac
it

y 

global slenderness λg

λp=0.673

Numerical λp=0.673

λp=1.8

Numerical λp=1.8

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60

Global slendernessN
u

m
er

ic
al

/E
u

ro
co

d
e

_m
o

d
if

ie
d

EFFECT OF GLOBAL AND LOCAL SLENDERNESS



DESIGN PROPOSAL:

• 𝐹𝑎𝑐𝑡𝑜𝑟𝑚𝑎𝑥 =

1, ҧ𝜆𝑝 ≤ 0.67

1 + ҧ𝜆𝑝 − 0.67 ∗
0.45

0.33
, 0.67 < ҧ𝜆𝑝 ≤ 1

1.45, ҧ𝜆𝑝 > 1

• 𝐹𝑎𝑐𝑡𝑜𝑟𝑚𝑜𝑑 =

1, ҧ𝜆𝑔 < 0.4

1 + ҧ𝜆𝑔 − 0.4 ∗ (𝐹𝑎𝑐𝑡𝑜𝑟𝑚𝑎𝑥 − 1), 0.4 ≤ ҧ𝜆𝑔 < 1.4

𝐹𝑎𝑐𝑡𝑜𝑟𝑚𝑎𝑥, ҧ𝜆𝑝 ≥ 1.4

• 𝑁𝑖𝑛𝑡 = 𝐹𝑎𝑐𝑡𝑜𝑟𝑚𝑜𝑑 . 𝜒𝑏 . 𝐴𝑒𝑓𝑓. 𝑓𝑦
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Calculating the local 
buckling factor and 
maximum value of the
modification factor. 

Calculation of the
interaction factor.

Calculation of the interaction 
resistance.

Global reduction factor (curve b) Effective area based on Annex B curve

my contribution

easy-to-apply design rule with clear physical
background and calibrated to GMNIA results.



FIT TO NUMERICAL RESULTS - NSS
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FIT TO NUMERICAL RESULTS - HSS
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The proposed fit is very reliable with close values to numerical results
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CONCLUSIONS

‒ Accurate and reliable geometric imperfection is determined to achieve the
local buckling resistance of box-sections.

‒ Numerical paramteric study is executed with this imperfection to
determine accurate global and local interaction resistance.

‒ Clear trend is found on the resistance ratio and global / local slenderness
ratios in case of interaction buckling.

‒ Enhanced and simple interaction design equation is developed to improve
the Eurocode based design approach.

‒ The proposed method provides safe results compared to the GMNIA
analyses.
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