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Steel Design of Plated Structural Elements
A comparison of the effective width method and the reduced stress method
JOHAN AHLSTRAND
ELLEN JOHANSSON
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
There are two methods described in Eurocode 1993-1-5 that are used for capacity
controls on members in cross-section class 4. The methods are called the effective
width method and the reduced stress method. The aim of this thesis is to investigate
if the capacity varies depending on which of the two methods is used and see in
what design situation one or the other method provide a higher capacity.

A parametric study of two box-beam sections is performed. The beams are a lon-
gitudinally stiffened box beam and an unstiffened box beam, where the height and
width are kept constant as the thicknesses of the web and flange vary as well as
the distance between transverse stiffeners. All variations of the two box beams are
investigated with both methods from Eurocode 1993-1-5 and three different load-
ing combinations. The loading situations on the beams are either solely moment
or shear force or a combination of both moment and shear force. An FE-analysis
is performed to obtain the buckling mode which is used in the calculations of the
reduced stress method.

The results show that the reduced stress method is generally more conservative
than the effective width method. However, there are a few geometric variations and
loading situations where the reduced stress method results in a higher capacity. A
low slenderness difference between flange and web yields a higher capacity for the
reduced stress method and for an unstiffened beam and for a stiffened beam there
are a lot of factors that impact the capacity when solely moment is considered. The
lack of stress redistribution in the reduced stress method is a big disadvantage in
order for it to result in the same capacity as the effective width method.

Keywords: Effective width method, Reduced stress method, Longitudinal stiffeners,
Steel plates, Eurocode 1993-1-5, Finite Element Method
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Design av plåtbalkar
En jämförelse av effektiva tvärsnittsmetoden och reducerade spänningsmetoden
JOHAN AHLSTRAND
ELLEN JOHANSSON
Instutitionen för arkitektur och samhällsbyggnad
Chalmers tekniska högskola

Sammanfattning
Det finns två metoder i Eurocode 1993-1-5 som beskriver hur kapaciteten beräknas
för plåtbalkar i tvärsnittsklass 4, det är den effektiva tvärsnittsmetoden och den re-
ducerade spänningsmetoden. Syftet med det här arbetet är att undersöka om och
hur kapaciteten av plåtbalkar varierar beroende på vilken av de två metoderna som
används samt att se i vilka designsituationer som den ena eller andra metoden ger
en högre kapacitet.

En parametrisering av två lådbalksegment utförs. Det ena balksegmentet är avsty-
vat i längsgående riktning och det andra är oavstyvat. Höjden och bredden av
tvärsnittet hålls konstant och det är liv- och flänstjocklekarna som varierar samt
längden på segmentet mellan två vertikala avstyvningar. Alla kombinationer av ge-
ometrier och tre olika lastfall studeras med hjälp av de två metoderna. Lastfallen
som undersöks är bara tvärkraft, bara moment och en kombination av de två. En
FE-analys har gjorts för att få fram bucklingsmoden som används i beräkningarna
för den reducerade spänningsmetoden.

Resultaten visar att den reducerade spänningsmetoden generellt sett är mer kon-
servativ än den effektiva tvärsnittsmetoden. Det finns geometrier och lastkombi-
nationer som resulterar i en högre kapacitet för den reducerade spänningsmetoden.
En låg skillnad mellan slankheten av flänsen och livet ger en högre kapacitet för
den reducerade spänningsmetoden för en oavstyvad plåtbalk och för en avstyvad
plåtbalk är det många faktorer som påverkar kapaciteten när endast moment är
beaktat. Att inte kunna omfördela krafter mellan plåtfälten är i slutändan en stor
nackdel för den reducerade tvärsnittsmetoden för att kunna ge lika bra kapacitet
som den effektiva tvärsnittsmetoden.

Nyckelord: Effektiva tvärsnittsmetoden, reducerade spänningsmetoden, längsgående
avstyvare, stålplåt, Eurocode 1993-1-5, finita elementmetoden

, Architecture and Civil Engineering, Master’s Thesis ACEX30 vii





Acknowledgements
This Master’s Thesis was performed in order to compare, understand and see in
what design situation which of the two methods described in Eurocode 1993-1-5,
for assessing the buckling capacity of thin-walled steel plates, yields higher capac-
ity. The thesis was written during the spring of 2021 and the project was carried
out at the Division of Structural Engineering and Building Technology at Chalmers
University of Technology.

We would like to thank our supervisor Emanuel Trolin at Norconsult for his great
guidance and support during the whole project. We would also like to thank
Mozhdeh Amani for her feedback and help. Finally, a big thank you goes out
to our examiner Mohammad Al-Emrani for his valuable feedback.

Johan Ahlstrand & Ellen Johansson, Gothenburg, June 2021

, Architecture and Civil Engineering, Master’s Thesis ACEX30 ix





Contents

List of Figures xv

List of Tables xix

Nomenclature xxi

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theory 5
2.1 Steel beam behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Stress distribution . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.2.1 Bending moment in�uence on the cross-section . . . 6
2.1.2.2 Shear force in�uence on the cross-section . . . . . . . 6

2.1.3 Cross-section classes . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Sti�eners . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Longitudinal sti�eners . . . . . . . . . . . . . . . . . . . . . . 8
2.2.1.1 Di�erent types of sti�eners . . . . . . . . . . . . . . 8
2.2.1.2 Sti�eners' e�ect on the stress distribution . . . . . . 9

2.2.2 Transverse sti�eners . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Local buckling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.1 Plate buckling . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.1.1 Post-critical strength of plate buckling . . . . . . . . 13

2.3.2 Column-like plate buckling . . . . . . . . . . . . . . . . . . . . 13
2.3.2.1 Buckling of longitudinal sti�eners . . . . . . . . . . . 14

2.4 E�ective width method . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.1 Unsti�ened plate buckling . . . . . . . . . . . . . . . . . . . . 15
2.4.2 Sti�ened plate buckling . . . . . . . . . . . . . . . . . . . . . . 16

2.4.2.1 In�uence of multiple sti�eners . . . . . . . . . . . . . 18
2.4.2.2 In�uence of one or two sti�eners . . . . . . . . . . . 18

2.4.3 Column-like plate buckling calculations . . . . . . . . . . . . . 20
2.4.4 Plate and column-like buckling interaction . . . . . . . . . . . 22
2.4.5 Capacity control of the cross-section . . . . . . . . . . . . . . 23

, Architecture and Civil Engineering, Master's Thesis ACEX30 xi



Contents

2.4.6 Resistance to shear . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.6.1 Shear resistance of an unsti�ened plate . . . . . . . . 23
2.4.6.2 Shear resistance of a sti�ened plate . . . . . . . . . . 26

2.4.7 Moment and shear interaction . . . . . . . . . . . . . . . . . . 28
2.4.8 Necessity of capacity control for a cross-section . . . . . . . . 29

2.5 Reduced stress method . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.5.1 Reduced stress calculations . . . . . . . . . . . . . . . . . . . 30

2.5.1.1 Slenderness factor . . . . . . . . . . . . . . . . . . . 30
2.5.1.2 Plate and column-like buckling . . . . . . . . . . . . 31
2.5.1.3 Utilisation factor . . . . . . . . . . . . . . . . . . . . 32

2.6 Advantages of the two methods . . . . . . . . . . . . . . . . . . . . . 33
2.7 Other instability phenomena that can in�uence the buckling behaviour 33

2.7.1 Shear lag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.7.1.1 Shear lag and plate buckling interaction . . . . . . . 34

2.7.2 Lateral-torsional buckling . . . . . . . . . . . . . . . . . . . . 35

3 Methodology 37
3.1 Description of the comparisons performed . . . . . . . . . . . . . . . 37

3.1.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.1.2 Force variation . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 Execution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.1 Visualisation of the results . . . . . . . . . . . . . . . . . . . . 39

4 Beam model 41
4.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5 FE-model 45
5.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Element type and mesh . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.4 Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.5 Veri�cation of the FE-model . . . . . . . . . . . . . . . . . . . . . . . 47

5.5.1 Convergence analysis of the FE-model . . . . . . . . . . . . . 48
5.5.2 Stress distribution in the plate . . . . . . . . . . . . . . . . . . 48
5.5.3 Veri�cation of the FE-model against EBPlate . . . . . . . . . 50

6 Calculation example 55
6.1 Determine the cross-section class . . . . . . . . . . . . . . . . . . . . 56
6.2 E�ective width method . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.2.1 Global buckling reduction of panels . . . . . . . . . . . . . . . 58
6.2.1.1 E�ective area of sti�ener . . . . . . . . . . . . . . . . 58
6.2.1.2 E�ective area of sti�ener due to shear force . . . . . 60
6.2.1.3 Reduction of the web panel . . . . . . . . . . . . . . 60
6.2.1.4 Reduction of the �ange panel . . . . . . . . . . . . . 63

6.2.2 E�ective cross-section properties . . . . . . . . . . . . . . . . . 64
6.2.3 Capacity calculation . . . . . . . . . . . . . . . . . . . . . . . 64

xii , Architecture and Civil Engineering, Master's Thesis ACEX30



Contents

6.2.4 Utilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
6.3 Reduced stress method . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.3.1 Critical stresses . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3.2 Minimum load ampli�er for characteristic and critical load . . 67
6.3.3 Reduction factors . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.3.4 Utilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7 Results 71
7.1 Parametric study results . . . . . . . . . . . . . . . . . . . . . . . . . 71

7.1.1 Solely shear force . . . . . . . . . . . . . . . . . . . . . . . . . 72
7.1.2 Solely moment . . . . . . . . . . . . . . . . . . . . . . . . . . 74
7.1.3 Combined moment and shear . . . . . . . . . . . . . . . . . . 76
7.1.4 3D beam subjected to solely moment . . . . . . . . . . . . . . 79

7.2 Geometric variation results . . . . . . . . . . . . . . . . . . . . . . . . 79
7.2.1 Impact of web and �ange thicknesses . . . . . . . . . . . . . . 80
7.2.2 Impact of distance between transverse sti�eners . . . . . . . . 81

8 Discussion 83
8.1 Parametric study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

8.1.1 Solely shear . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
8.1.2 Solely moment . . . . . . . . . . . . . . . . . . . . . . . . . . 84

8.1.2.1 In�uence from the thickness of the web . . . . . . . . 84
8.1.2.2 Comparison of the capacity of the whole cross-section

versus �ange . . . . . . . . . . . . . . . . . . . . . . 85
8.1.2.3 In�uence of the distance between transverse sti�eners 86

8.1.3 Combined moment and shear . . . . . . . . . . . . . . . . . . 86
8.2 Geometric variations . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8.2.1 Impact of web and �ange thickness . . . . . . . . . . . . . . . 87
8.2.2 Impact of distance between transverse sti�eners . . . . . . . . 88

8.3 Di�erence between a sti�ened or unsti�ened box beam . . . . . . . . 88
8.4 3D box beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
8.5 Odd behaviours that occurs in Eurocode 1993-1-5 . . . . . . . . . . . 89

8.5.1 Interaction between column-like buckling and plate buckling . 90
8.5.2 Non-homogeneous shift in shear buckling factor . . . . . . . . 91
8.5.3 Aspect ratio impact on FE-calculations . . . . . . . . . . . . . 92

9 Conclusion 95
9.1 Future studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Bibliography 99

Appendices

A Slenderness di�erence between web and �ange I

B Mathcad sheet for input data and cross-section class III

C Mathcad sheet for e�ective width method XI

, Architecture and Civil Engineering, Master's Thesis ACEX30 xiii



Contents

D Mathcad sheet for reduced stress method XXXVII

E Python script for parametrisation of panel LIII

xiv , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

2.1 The impact on stress distribution of the cross-section for increasing
bending moment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Shear stress distribution on the web of a box beam.. . . . . . . . . . . 7
2.3 Placements of longitudinal sti�eners. Leftmost beam resists web buck-

ling, middle beam resists �ange buckling and rightmost beam resist
both web and �ange buckling. Adapted with permission from (Al-
Emrani and Åkesson, 2020).. . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Di�erent types of sti�eners. . . . . . . . . . . . . . . . . . . . . . . . 8
2.5 Stress distribution di�erences for a beam with a thin bottom �ange

versus a thick �ange and a sti�ener. . . . . . . . . . . . . . . . . . . 9
2.6 The distance between transverse sti�eners "a" and width of plate vi-

sualised subjected to a critical loadPcr (Al-Emrani and Åkesson, 2020). 11
2.7 Loading condition's in�uence on the buckling of a plate. Rightmost �g-

ure shows �xed edge in�uence on the buckling coe�cient (Al-Emrani
and Åkesson, 2020). . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.8 Internal compression elements (Eurocode 1993-1-5, 2006, Table 4.2).12
2.9 Shear buckling on a web plate. Stresses and buckling modes are shown

(Al-Emrani and Åkesson, 2020).. . . . . . . . . . . . . . . . . . . . . 12
2.10 Illustration of how the post-critical strength works for a plate that

experience loading after buckling. Negative forces are compression
(Al-Emrani and Åkesson, 2020).. . . . . . . . . . . . . . . . . . . . . 13

2.11 De�nition of Ac:ef f:loc and Ac for a plate with two sti�eners in the
compressive zone. Adapted from Eurocode 1993-1-5, 2006.. . . . . . 17

2.12 The three cases of how two sti�eners can buckle. Adapted from Eu-
rocode 1993-1-5, 2006, Section A.2.. . . . . . . . . . . . . . . . . . . 19

2.13 Distance to the combined centroid of part of the web and a sti�ener.
x tp:w is the centroid of the adjacent part of the web andx tp:sl is the
centroid of the sti�ener and x tp:w + sl is the combined centroid.. . . . . 21

2.14 Visualisation of the plate and column-like buckling interaction. The
interaction occurs between 0 and 1 for� (Al-Emrani and Åkesson,
2020). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.15 Moment and shear interaction graph. In the marked area the inter-
action has an impact on the structural capacity. Adapted from Al-
Emrani and Åkesson, 2020. . . . . . . . . . . . . . . . . . . . . . . . 28

, Architecture and Civil Engineering, Master's Thesis ACEX30 xv



List of Figures

3.1 To the left: an unsti�ened box beam section. To the right a sti�-
ened box beam section. The section is il lustrated as the part between
transverse sti�ening, at the distance "a" from each other.. . . . . . . 37

3.2 A simply supported girder that show where the three di�erent cases of
force con�gurations can be interpreted. The distance between trans-
verse sti�eners is marked as "a". . . . . . . . . . . . . . . . . . . . . 38

4.1 Illustration of cross-sections for the unsti�ened and sti�ened box beams,
thickness and sti�eners are not in scale. . . . . . . . . . . . . . . . . 42

5.1 Mesh of �ange panel with two sti�eners. Mesh size is 45 x 45 [mm].. 46
5.2 Boundary conditions and loads on the panel in ABAQUS. Here a web

panel with one sti�ener is shown. . . . . . . . . . . . . . . . . . . . . 46
5.3 Boundary conditions and loads on the panel in ABAQUS. Here a

�ange panel with two sti�eners is shown. . . . . . . . . . . . . . . . . 47
5.4 Convergence analysis for mesh size and �rst buckling mode for linear

and quadratic elements.. . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.5 Web panel's stress distribution in� xx direction for a sti�ened web

subjected to bending. . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.6 Web panel's stress distribution in� xy direction for a sti�ened web

subjected to shear.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.7 Flange panel's stress distribution in� xx direction for a sti�ened �ange

subjected to bending. . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.8 Buckling mode in ABAQUS. . . . . . . . . . . . . . . . . . . . . . . . 51
5.9 Buckling mode in EBPlate.. . . . . . . . . . . . . . . . . . . . . . . . 51

6.1 Cross-section of the sti�ened beam in the calculation example. The
thicknesses are twice the actual size for il lustrative purposes.. . . . . 55

6.2 The e�ective cross-section when the subpanels in CSC4 have been re-
duced. The thicknesses are twice the actual size for il lustrative purposes.57

6.3 The three cases of how two sti�eners can buckle. Adapted from Eu-
rocode 1993-1-5, 2006, Figure A.3. . . . . . . . . . . . . . . . . . . . 63

6.4 Buckling mode for the web for the calculation example.. . . . . . . . 68
6.5 Buckling mode for the �ange for calculation example.. . . . . . . . . 70

7.1 The di�erence in shear force utilisation of the 36 di�erent geometric
cases for the reduced stress method compared to the e�ective width
method. The e�ective width method is the baseline to which the com-
parison is performed. . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

7.2 The di�erence in moment utilisation of the 36 di�erent geometric
cases for the reduced stress method compared to the e�ective width
method. The e�ective width method is the baseline to which the com-
parison is performed. . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.3 The di�erence in moment utilisation of the 36 di�erent geometric
cases when only assessing the �ange capacity for the reduced stress
method compared to the e�ective width method. The e�ective width
method is the baseline to which the comparison is performed.. . . . . 76

xvi , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Figures

7.4 The di�erence in combined shear and moment utilisation of the 36
di�erent geometric cases for the reduced stress method compared to
the e�ective width method. The e�ective width method is the baseline
to which the comparison is performed.. . . . . . . . . . . . . . . . . . 78

7.5 3D modelled beam subjected to solely moment.. . . . . . . . . . . . . 79
7.6 The di�erence in moment utilisation for nine di�erent geometries of

the cross-section for a 4.5 m long beam section. The utilisation is
compared to the slenderness di�erence of the �ange and web's slen-
derness for the unsti�ened and sti�ened beam respectively.. . . . . . 81

7.7 The di�erence in utilisation for four di�erent unsti�ened beam sec-
tions. The utilisation is compared to the slenderness di�erence of the
�ange and web's slenderness.. . . . . . . . . . . . . . . . . . . . . . . 82

7.8 The di�erence in utilisation for four di�erent sti�ened beam sections.
The utilisation is compared to the slenderness di�erence of the �ange
and web's slenderness.. . . . . . . . . . . . . . . . . . . . . . . . . . 82

8.1 Interaction between plate and column-like buckling over di�erent lengths
between transverse sti�eners of a beam panel.. . . . . . . . . . . . . . 90

8.2 Shear buckling coe�cient for a sti�ened panel with one or two sti�-
eners. The aspect ratio� states which equation should be used.. . . . 92

8.3 Actual buckling coe�cient used in FE-analysis depending on the as-
pect ratio for a simply supported on four edges plate subjected to uni-
form compression.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

, Architecture and Civil Engineering, Master's Thesis ACEX30 xvii



List of Figures

xviii , Architecture and Civil Engineering, Master's Thesis ACEX30



List of Tables

2.1 Determination of the contributing part of the subpanel adjacent to the
sti�ener for linearly distributed stresses (Eurocode 1993-1-5, 2006).. 18

2.2 � w depends on if the sti�ener can be considered rigid or non-rigid
(table adapted from Table 5.1 Eurocode 1993-1-5).. . . . . . . . . . . 25

4.1 Dimensions that are kept constant throughout the parametrisation.. . 42
4.2 Dimensions that change throughout the parametrisation. Thickness

of �ange and web and distance between transverse sti�eners.. . . . . 43
4.3 Forces that change throughout the parametrisation. Three di�erent

cases are examined. The percentage refers to how much of the capacity
is applied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1 The geometry of the web and �ange panels that are used in the veri-
�cation of the FE-model. . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.2 Veri�cation of the FE-model compared to EBPlate and analytical crit-
ical stress for the geometry 1500 x 8 [mm] for the web and 1200 x 10
[mm] for the �ange. The models are subjected to 100 MPa for both
moment and shear stresses.. . . . . . . . . . . . . . . . . . . . . . . 53

6.1 Cross-section classes, stresses, stress ratios and buckling factors for
the sti�ened beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.2 Reduction factor and e�ective widths of the subpanels.. . . . . . . . . 58
6.3 Widths of the subpanels to the sti�ener i.e the critical buckling point. 60
6.4 Widths to critical buckling points, limit for panel length and critical

plate buckling of the sti�ener. . . . . . . . . . . . . . . . . . . . . . . 63
6.5 Results for the �ange reduction calculations. . . . . . . . . . . . . . . 64
6.6 Parameters to determine the reduction factor� x:w . . . . . . . . . . . . 69

7.1 The 36 di�erent cases' utilisation and utilisation di�erences for the
unsti�ened and sti�ened box beam respectively. The table show the
result of the case of applied shear force only.. . . . . . . . . . . . . . 73

7.2 The 36 di�erent cases' utilisation and utilisation di�erences for the
unsti�ened and sti�ened box beam respectively. The table show the
result of the case of applied moment only.. . . . . . . . . . . . . . . . 74

7.3 The 36 di�erent cases' utilisation and utilisation di�erences for the
unsti�ened box beam. The table show the result of the case of the
combo of applied moment and shear force.. . . . . . . . . . . . . . . 77

, Architecture and Civil Engineering, Master's Thesis ACEX30 xix



List of Tables

7.4 The 36 di�erent cases' utilisation and utilisation di�erences for the
sti�ened box beam. The table show the result of the case of the combo
of applied moment and shear force.. . . . . . . . . . . . . . . . . . . 78

7.5 The nine di�erent cases of thickness variations for a beam cross-
section and slenderness di�erence� � between �ange and web.. . . . 80

A.1 The di�erence in slenderness of the 36 di�erent geometric cases for
the e�ective width method. . . . . . . . . . . . . . . . . . . . . . . . . I

xx , Architecture and Civil Engineering, Master's Thesis ACEX30



Nomenclature

Lowercase greek letters

� Aspect ratio [-]

� e Imperfection factor [-]

� cr Critical load ampli�er [-]

� ult:k Ultimate load ampli�er [-]

�� 1 Utilisation factor of the plastic
moment [-]

�� 3 Utilisation factor of the web for
shear [-]

�� c Relative column slenderness [-]
�� p Relative plate slenderness [-]
�� w Shear panel slenderness [-]

� A:c Ratio between local e�ective area
and gross area [-]

� c Column reduction factor [-]

� v Shear reduction factor [-]

� w Contribution from the web to the
shear buckling resistance [-]

� Factor [-]

� 1 Utilisation factor for normal force
and moment [-]

� 3 Utilisation factor for shear [-]


 M 0 Factor [-]


 M 1 Factor [-]

� Poisson's ratio [-]

� Angle between shear stress �eld
and x-axis [deg]

 Stress ratio [-]

� Reduction factor for plate buck-
ling [-]

� c Global reduction factor [-]

� cr:c Critical column stress [MPa]

� cr:p Critical plate buckling stress
[MPa]

� cr:sl:c Critical column stress at sti�-
ener's level [MPa]

� cr:sl:p Critical plate buckling stress at
sti�ener's level [MPa]

� cr:sl Critical stress at sti�ener's level
[MPa]

� x:Ed Design stress in longitudinal direc-
tion [MPa]

� z:Ed Design stress in transverse direc-
tion [MPa]

� Shear stress [MPa]

� u Ultimate shear resistance [MPa]

� cr Critical elastic shear buckling
stress [MPa]

� cr Critical shear buckling stress
[MPa]

� Ed Design shear stress [MPa]

" Strain [-]

' Factor [-]

� Weighting factor for plate and
column-like buckling [-]

Uppercase latin letters

Ac Gross area in the compression
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zone [m2]

Ac:ef f:loc E�ective area of one longitudi-
nal sti�ener and adjacent subpan-
els [m2]

Ac:ef f E�ective area in the compression
zone [m2]

Asl:1 Area of one longitudinal sti�ener
and adjacent subpanels' area [m2]

E Modulus of elasticity [GPa]

G Shear modulus [GPa]

I Moment of inertia [m4]

I sl:1 Moment of inertia of one longitu-
dinal sti�ener and adjacent sub-
panels [m4]

M el Elastic moment [Nm]

M f:Rd Moment resistance in �ange [Nm]

M pl Plastic moment [Nm]

Pcr Critical buckling load of a column
[N]

S First moment of area [m3]

U Utilisation in the reduced stress
method [-]

Vb:Rd Total shear resistance [N]

Vbw:Rd Shear resistance in web [N]

Wef f E�ective elastic section modulus
[m3]

N Normal force [N]

Lowercase latin letters
�b Width of member according to

Eurocode 1993-1-1 Table 5.2 or
distance from sti�ener to the neu-
tral axis [m]

a Length of a plate or distance be-
tween transverse sti�eners [m]

ac Factor [m]

b1 Distance from the top of a �ctive
column to the buckle [m]

b2 Distance from the bottom of a �c-
tive column to the buckle [m]

bc Height of the compression zone
[m]

bf Width of �ange [m]

bedge:ef f E�ective width of the edge part
of a subpanel [m]

bedge Width of edge part of a subpanel
[m]

bef f E�ective width [m]

binf:ef f E�ective width of a subpanel ad-
jacent to and above a sti�ener [m]

binf Width of a subpanel adjacent to
and above a sti�ener [m]

bsup:ef f E�ective width of a subpanel ad-
jacent to and below a sti�ener [m]

bsup Width of a subpanel adjacent to
and below a sti�ener [m]

e Largest distance from the respec-
tive centroids pf the plate or sti�-
ener to the neutral axis of the ef-
fective column [m]

f y Yield stress [MPa]

hw Height of the web [m]

hsl Length of sti�ener [m]

i Radius of gyration [m]

k� Buckling coe�cient due to normal
stresses [-]

k� Buckling coe�cient due to shear
stresses [-]

k�:st Shear buckling coe�cient for the
sti�ener [-]

t f Thickness of �ange [m]

tw Thickness of web [m]

tsl Thickness of sti�ener [m]

x tp Centre of gravity [m]
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1
Introduction

In today's society every new construction aims to be as material e�cient as possible.
For this to be possible the designing engineer needs to have knowledge on which
method is suitable to use for the structural calculations. In steel structure design,
there are two methods described in Eurocode 1993-1-5 for designing thin-walled steel
plates. Both methods described can be used to design plate elements but there is
no indication in Eurocode 1993-1-5 on when one method results in too conservative
values. The decision on which method that is used is mainly dependant on the
country's national guidelines, personal preferences of the designer and how the �nite
element model is constructed.

This thesis examines whether there are any di�erences in the results depending on
which method is used. If there are any clear scenarios when one method yields less
conservative results compared to the other in terms of utilisation for loads such as
bending moment and shear force and geometry of the cross-section is examined.

1.1 Background

The design of thin steel plates in Europe is performed with Eurocode 1993-1-5. The
standard includes two di�erent design procedures for assessing the capacity regarding
the local buckling of thin plates. The two methods that are used to determine the
capacity are thee�ective width methodand thereduced stress method. Both methods
reduce the capacity with respect to buckling if the structural member is in cross-
section class 4 (CSC4). If a member is in CSC4, local elastic buckling can occur for
forces corresponding to less than the elastic limit. In order to consider this buckling
e�ect, the members are modi�ed to be regarded as having a lower cross-section class.
This is done by reducing the area or stresses that have an impact of the capacity
for the two methods respectively.

The e�ective width method reduces the cross-sectional area that is used in calcula-
tions and thus the capacity for the cross-section is decreased. For the reduced stress
method, the maximum allowable stress is put to the lowest critical buckling stress
in the whole section and this stress is used to calculate the capacity of the structure.

Di�erent countries are used to di�erent methods. In Sweden the e�ective width
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method is the most common method. Boverket (Boverkets Författningssamling,
2011, p. 88) even recommends inBoverkets föreskrifter och allmänna råd om
tillämpning av europeiska konstruktionsstandarder (2011:10)that the reduced stress
method should not be used in Swedish structural engineering design. However, it is
still used in other European countries, mainly in Germany and Austria (Kuhlmann
et al., 2021, p. 9). Why Sweden do not use the reduced stress method is unclear.

The company Norconsult have during the last few years used the reduced stress
method when constructing large complex box girder bridges in Norway. However,
when performing a �nite element method (FEM) buckling analysis on larger struc-
tures it has been noted that the obtained buckling strength di�ers compared to hand
calculations with varying transverse sti�ener spacing. Transverse sti�eners are used
to increase the stability against buckling in the longitudinal direction of the beam
by placing them in the span to reduce the buckling length. The variations that were
noted were that at a certain interception point the buckling strength increases with
a longer distance between transverse sti�eners in the FEM buckling analysis, which
does not correspond to the theory in Eurocode where the strength only decreases
with increasing distance between vertical sti�eners.

Since material e�ciency is an important criterion in the construction industry, it is
important to realise the advantages and disadvantages of the two methods. With an
indication of when one method results in less conservative values compared to the
other it yields an e�cient material use while still achieving all the safety require-
ments.

1.2 Aim and objectives

The main aim of this Master's Thesis is to understand and see in what design
situation which of the two methods, e�ective width method and reduced stress
method, yields higher capacity so the design can be as e�cient as possible.

The objectives to ful�l the aims are:

ˆ Perform a parametric study of a box beam

ˆ Compare the e�ective width method with the reduced stress method for a
parametrised box beam

ˆ Analyse the in�uence of the distance between two transverse sti�eners

1.3 Limitations

ˆ The Master's Thesis will be limited to Eurocode 1993-1-5: Plated structural
elements.

ˆ Geometric limitation is limited to a section of a box beam between two trans-
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verse sti�eners. The section can have longitudinal sti�eners in both the upper
�ange and the webs. Complex geometries are not considered. This is done
to better focus the Master's Thesis towards the comparisons of the di�erent
methods and parametrisation.

ˆ Only welded sections are regarded since the focus is on cross-sections for larger
structures where rolled sections are not as common.

ˆ Di�erent cross-sections are analysed, where the thicknesses and length of the
members vary, and the longitudinal sti�eners' position and proportion are kept
constant.

ˆ The forces acting on the section are limited to shear force and bending moment.
They are acting on the section simultaneously and with alternating magnitudes
for di�erent analyses. No transverse forces are assumed to act on the section.

1.4 Method

The project is divided into a literature part and a calculation part using the theory
gathered to better understand the calculations. In the literature part Eurocode
1993-1-5 is examined. The di�erences between the e�ective width method and the
reduced stress method are thoroughly investigated.

Thereafter parametrised hand calculation for the e�ective width method is per-
formed using Mathcad. This is done for a few di�erent parametrised cross-sections.
The cross-section has longitudinal sti�eners with set positions in the upper �ange
and the webs. A cross-section containing no longitudinal sti�eners is also studied.

The next step is to perform FE-modelling with parametrisation to receive the critical
buckling load, with respect to shear and normal stresses, that is used in the reduced
stress method. This is done for the same cross-sections as the hand calculations in
the e�ective width method. The FE-model is computed as individual parts, web
and �ange, and made as 2D panels for the parametric study. A 3D beam section
between two transverse sti�eners is also modelled for one speci�c case.

When the FE-analysis is completed, hand calculations are performed using the buck-
ling mode obtained from the FE-analysis to receive the results for the reduced stress
method for the same cross-sections as for the e�ective width method.

The results from the two di�erent methods are compared and conclusions of which
method yields the less conservative result are made. A discussion of what the main
di�erences are and why there are di�erences follows the results.
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Theory

The theory chapter covers general behaviour and stress distribution of a beam, what
a sti�ener is and its e�ect on a structure. This is followed by a description of buckling
in form of column-like plate buckling and plate buckling. The two methods that are
compared in this thesis are described in detail. In the section for the e�ective width
method the calculations are described for an unsti�ened beam �rst followed by a
longitudinally sti�ened beam. Finally, the reduced stress method calculations are
described followed by a brief description of other instability phenomena.

2.1 Steel beam behaviour

This section describes typical beam behaviour and material properties for steel as
well as a description regarding shear and bending stress distribution for a beam
cross-section. Finally, cross-section classes are described.

Structural beams come in many shapes such as I-beams, T-beams and box beams
and are used in a variety of settings. There exist many standard dimensions to choose
from when designing but an advantage when using steel beams is that it is also
possible to accommodate the beam dimensions to the requirements of the structure.
The steel beams are either welded together or rolled sections. It is often desired
to use a material e�cient design with a su�cient capacity to transfer the acting
forces to the foundation, for this slender beams are commonly used. Al-Emrani and
Åkesson (2020) states that �anges are designed to resist bending moment and the
web the shear force.

2.1.1 Material

The most common material for steel beams is structural steel but aluminium pro�les
also exist. The structural steel that is used in construction can have di�erent yielding
limits, which is described in the steel name. For example, S355 means that the
yielding stress is 355 MPa. However, there are some other material properties that
remain the same for all structural steel that is used in the Eurocode calculations.
These are elastic and shear modulus and Poisson's ratio for the elastic stage which
are stated in Eurocode 1993-1-1 (2005):
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Modulus of elasticity, E = 210 GPa

Poisson's ratio in elastic stage,� = 0.3

Shear modulus,G =
E

2 � (1 + � )
= 81 GPa

2.1.2 Stress distribution

The e�ects of bending moment and shear force on the cross-section of a steel beam
depends on the size of the forces. The behaviour and changes in stress distribution
are described in sections 2.1.2.1 and 2.1.2.2. Section 2.1.2.1 describes the in�uence of
bending moment on the cross-section and Section 2.1.2.2 describes the shear force's
in�uence.

2.1.2.1 Bending moment in�uence on the cross-section

Bending moment acts on the cross-section and deformation is primarily resisted
by the capacity of the �anges. When the bending moment increases, the �anges
reach their capacity and the stresses correspond to the yielding stress. For further
increased moment, the stresses increase until the whole section reaches yielding stress
and the cross-section is thus plasticised (Al-Emrani et al., 2013, p. S52). Figure 2.1
illustrates how the stress distribution changes with increasing bending moment.

Figure 2.1: The impact on stress distribution of the cross-section for increasing
bending moment.

2.1.2.2 Shear force in�uence on the cross-section

The shear force is primarily resisted by the web. The reason why the contribution
from the �anges can be neglected is that the shear stresses in the �anges are often
very small (Al-Emrani and Åkesson, 2020, p. 127). The shear stress is calculated
by equation 2.1 and the stress distribution can be seen in Figure 2.2 whereV is the
shear force,S is the �rst moment of area of the cross-section part outside where the
shear stresses are calculated,I the moment of inertia for the cross-section andt the
web thickness.

� =
V � S
I � t

(2.1)
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Figure 2.2: Shear stress distribution on the web of a box beam.

2.1.3 Cross-section classes

To consider the slenderness of di�erent structural members Eurocode 1993-1-1 (2005)
has de�ned four cross-section classes (CSC). With higher slenderness there is an in-
creased risk that the member will be in�uenced by local buckling. The lower the
CSC for the member is, the higher the bending capacity is. Cross-section class 1
has enough rotational capacity for plastic analysis to be performed, for cross-section
class 2 there is plastic capacity but plastic redistribution is not allowed and for worse
classes local buckling makes the rotational capacity decrease further (Al-Emrani and
Åkesson, 2020, p. 81-83).

Members in cross-section class 4 are considered to be thin-walled meaning that the
slenderness is high and buckling occurs even before the outmost �bre has reached
yielding. Cross-section class 4 members are reduced with respect to global and local
buckling. Local buckling can occur before the elastic moment is reached (Al-Emrani
and Åkesson, 2020, p.81-83). To account for buckling Eurocode 1993-1-5 (2006)
o�ers two di�erent methods, the e�ective width method and the reduced stress
method. To determine the cross-section class for a speci�c member the geometries
are evaluated based on what steel class is used, if it is an outstand or internal
element and if it is evaluated for compression, bending or a combination of both.
The slenderness ratio is calculated by dividing the length of the member with the
thickness of the same member, then compared to Table 5.2 in Eurocode 1993-1-1
(2005).

2.2 Sti�eners

This section provides information about the impact sti�eners have on a beam and
what type of sti�eners there is to choose from. There exists both longitudinal and
transverse sti�eners, the longitudinal are located horizontally along the beam and
the transverse are vertically located.
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2.2.1 Longitudinal sti�eners

According to Al-Emrani and Åkesson (2020) a longitudinal sti�ener is a structural
element that can be attached to a structure to increase the capacity of a thin-walled
plate. The longitudinal sti�ener reduces the amount of free spacing between the
�anges that is subjected to compression. Instead of increasing the plate's thickness,
sti�eners can be used to achieve the same results of increased moment and shear
capacity. There exist several di�erent types of sti�eners that are explained further.
Sti�eners can be placed in such a way that they counteract the expected buckle
zones (Al-Emrani and Åkesson, 2020). For example if the buckle is more likely to
occur in the web, in the �ange or both, the placement of the sti�ener can vary, see
Figure 2.3 for respective placement of the sti�eners.

Figure 2.3: Placements of longitudinal sti�eners. Leftmost beam resists web buck-
ling, middle beam resists �ange buckling and rightmost beam resist both web and
�ange buckling. Adapted with permission from (Al-Emrani and Åkesson, 2020).

2.2.1.1 Di�erent types of sti�eners

There are di�erent types of sti�eners that are being used for di�erent reasons and
applications. The types of sti�eners are generally divided into open sti�eners and
closed sti�eners, see Figure 2.4, where �at, angled and tee sti�eners are classi�ed as
open sti�eners since it has one part welded whilst a closed sti�ener has two parts
welded. Examples of closed sti�eners are V-shaped and trapezoidal sti�ener (Hendy
and Iles, 2015). What type of sti�ener that is preferred depends on the requirements
of bending sti�ness and torsional rigidity (Hendy and Iles, 2015).

Figure 2.4: Di�erent types of sti�eners.
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2.2.1.2 Sti�eners' e�ect on the stress distribution

Al-Emrani and Åkesson (2020) states that sti�eners a�ect how the stress is dis-
tributed, under the assumption that the sti�ener is su�ciently strong. The part
above the sti�ener remains in compression, but when assessing the risk of buck-
ling above the sti�ener the buckling length is reduced to only the part above the
sti�ener as well. However, when looking at the part below the sti�ener the buck-
ling length is the length between the bottom �ange up to the sti�ener (Al-Emrani
and Åkesson, 2020, p.84). When increasing the thickness of the bottom �ange, the
neutral axis is lowered, and the stress distribution changes. The compression zone
increases and there might be a need for longitudinal sti�eners to deal with the com-
pressive stresses by increasing the capacity and thus the cross-section is restrained
from buckling. When the sti�ener is added, the neutral axis moves slightly towards
the sti�ener. Figure 2.5 show the stress distribution for an unsti�ened beam and
for a beam with shifted stress distribution that requires a sti�ener in the web.

Figure 2.5: Stress distribution di�erences for a beam with a thin bottom �ange
versus a thick �ange and a sti�ener.

2.2.2 Transverse sti�eners

The structure can also be sti�ened in the transverse direction. The purpose of the
transverse sti�eners is to increase shear capacity, provide support for longitudinal
sti�eners and increase sti�ness against a vertical concentrated load. The distance
between two transverse sti�eners is the length of the web and �ange panels. The
transverse sti�ener is required to be su�ciently strong and not buckle. The de�ection
is also limited to not exceed the smallest value between the height of the web divided
by 300 or distance between transverse sti�eners divided by 300 (Al-Emrani and
Åkesson, 2020, p.103-104).

2.3 Local buckling

This section describes the phenomena of local buckling. Further the local buckling is
divided into plate buckling (due to normal force, moment or shear force) and column-
like buckling. Also, the buckling of longitudinal sti�eners is brie�y described.
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Local buckling occurs when a structural member deforms due to a load. This hap-
pens when the element is slender and the critical buckling load is lower than the
yielding load. There are several di�erent ways an element can buckle. It can be a
column that deforms laterally due to a compressive load or it can be a plate that
deforms due to shear force or bending (Al-Emrani and Åkesson, 2020). When buck-
ling occurs the structural member's capacity depends on the type of buckling and if
there is any post-critical load capacity. Buckling can occur long before actual failure
should happen. When assessing the structural member the initial imperfection as
well as the residual stresses have quite a substantial e�ect on the buckling strength.
However, the initial imperfections and residual stresses do not in�uence the ultimate
load-carrying capacity in the same extent (Al-Emrani and Åkesson, 2020, p. 69-71).

2.3.1 Plate buckling

Plate buckling is a type of buckling that can occur in plates. Usually if the plate
is thin-walled, slender and loaded with bending, shear or axial compression forces
in plane the plate can experience out-of-plane buckling according to Al-Emrani
and Åkesson (2020, p. 55). The di�erence between column-like buckling and plate
buckling is that the plate should be supported on at least three edges to be considered
a plate, and that the plate can account for post-critical strength after buckling has
occurred before the ultimate capacity is reached. Another di�erence is that the width
of the panel "b" governs the buckling strength rather than the distance between
transverse sti�eners "a", which is used for column-like plate buckling, see Figure
2.6 for what "a" and "b" is. Compare equation 2.2 with equation 2.5 to see what
parameter impacts the critical stress� cr . Furthermore, the buckling coe�cient k� is
used in the calculations for the plate buckling. The boundary and loading condition
both in�uence the value ofk� according to Al-Emrani and Åkesson (2020, p. 63) but
for illustrative purposes Figure 2.7 show only a plate that is simply supported on all
four edges but with varying types of loading conditions. For �xed edges the buckling
factor k� increases. Figure 2.7 show that it is in the compressive zone that buckling
can occur. For an axial compressive force, this means the whole width experience
buckling but for bending forces the buckling only occurs in the part of the plate
that is subjected to compression. The buckling coe�cientk� can be obtained from
Figure 2.8 where is the stress ratio. The �gure only show how to consider internal
elements and for outstand elements Eurocode 1993-1-5 (2006, Table 4.2) should be
used.
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Figure 2.6: The distance between transverse sti�eners "a" and width of plate visu-
alised subjected to a critical loadPcr (Al-Emrani and Åkesson, 2020).

� cr:p = k� �
� 2 � E

12� (1 � � 2) � ( b
t )

2
(2.2)

Figure 2.7: Loading condition's in�uence on the buckling of a plate. Rightmost
�gure shows �xed edge in�uence on the buckling coe�cient (Al-Emrani and Åkesson,
2020).
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Figure 2.8: Internal compression elements (Eurocode 1993-1-5, 2006, Table 4.2).

Another type of loading is the shear that can cause buckling with a 45° angle from
the applied load (Al-Emrani and Åkesson, 2020, p. 64), as can be seen in Figure 2.9.
For shear buckling Eurocode 1993-1-5 Annex A.3 (2006) suggests another coe�cient,
k� to be used when calculating shear buckling stresses,� cr which can be seen in
equation 2.3. The equation is the same as equation 2.2 but for shear stresses the
plate width is annotated d instead ofb (Al-Emrani and Åkesson, 2020, p. 64).

� cr = k� �
� 2 � E

12� (1 � � 2) � ( d
t )2

(2.3)

Figure 2.9: Shear buckling on a web plate. Stresses and buckling modes are shown
(Al-Emrani and Åkesson, 2020).

When the plate is loaded in shear, in the direction of the buckle a tension �eld
occur that is anchored in the �anges. When the plate is loaded to the ultimate
load, plastic hinges are formed in the �anges. When the �anges are subjected to
bending and shear, the capacity to anchor the tension �eld in the �anges is reduced
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(Al-Emrani and Åkesson, 2020, p. 139-141). Scandella et al. (2020, p. 1) states
that when a girder is sti�ened, the post-critical strength is increased and the shear
capacity is larger than for the linear elastic assumptions. Scandella et al. (2020)
further compares the theory behind the equations for shear capacity and concludes
that to determine the ultimate capacity consideration of plastic hinges is critical
(Scandella et al., 2020, p. 15-16).

There are some local e�ects that are not considered here. These are web crippling
and web buckling due to transverse concentrated loads. When the web is very
slender there is a risk of local deformations due to these e�ects and a reduction of
the capacity is needed (Al-Emrani and Åkesson, 2020, p. 117-118).

2.3.1.1 Post-critical strength of plate buckling

For plate buckling, the phenomenon of post-critical strength occurs when the plate
reaches the critical buckling stress and this was �rst proven in 1960 by Basler et al.
(1960, p. 18). When the plate has buckled, it can still carry some load before it fails,
this reserve capacity, the post-critical strength occurs for plates subjected to axial
compressive forces, bending moments and shear forces (Al-Emrani and Åkesson,
2020, p. 65). The plate can continue to carry loads around the buckle through
the edges that are parallel to the applied load as can be seen in Figure 2.10. The
ultimate capacity is determined by the size of the e�ective width of the edges that
contribute to the post-critical strength. This is accounted for in Eurocode 1993-1-5
Table 4.1 and 4.2 (2006).

Figure 2.10: Illustration of how the post-critical strength works for a plate that
experience loading after buckling. Negative forces are compression (Al-Emrani and
Åkesson, 2020).

2.3.2 Column-like plate buckling

Column-like plate buckling is when a plate is loaded in the same way a column
is loaded. The plate is only restricted by two edge supports so that when it is
modelled in two dimensions it acts similar to a column. To calculate the critical
load for a column equation 2.4 could be used, as stated in the bookSteel Structures
(Al-Emrani and Åkesson, 2020).
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Pcr =
� 2 � EI

a2
�

1
1 � � 2

(2.4)

The main di�erence in calculating the critical column load for a plate versus a regular
column is the second term of equation 2.4. This part takes into account that it is a
plate and not a column that buckles and that it has another dimension. In column-
like plate buckling the length of the plate elementa is used instead of the buckling
length L cr , but it is comparable sincea is the length of the plate that is checked
against buckling, see Figure 2.6. In column-like buckling there is no additional
loading capacity after the element has reached critical loading. The critical stress
for column-like buckling can be calculated by dividing the critical loadPcr with the

width b and the thicknesst of the element and also utilising thatI =
b� t3

12
, see

equation 2.5 for the stress calculation.

� cr:c =
Pcr

b� t
=

� 2 � E
12� (1 � � 2)( a

t )2
(2.5)

2.3.2.1 Buckling of longitudinal sti�eners

The longitudinal sti�eners are in theory considered to act as a rigid nodal line
in order for the structure to utilise the sti�eners full capacity. In the book Steel
Structures (Al-Emrani and Åkesson, 2020, p. 90) it is explained what is needed to
ful�l the requirement of "a rigid nodal line" for a sti�ener. The sti�ener should not
buckle locally nor globally. Meaning that the sti�ener should be in CSC 1-3 and
that the sti�ener with adjacent e�ective parts of the plate cannot buckle due to
column-like or torsional buckling (Al-Emrani and Åkesson, 2020, p. 90). If global
buckling needs to be accounted for the area of the sti�eners is reduced. This is done
with a reduction factor called � c. In Section 2.4 this factor and how it is used is
explained further.

2.4 E�ective width method

The e�ective width method is the �rst of the two methods described in Eurocode
1993-1-5 (2006) regarding calculations of the structural capacity for thin-walled plate
elements. It can be used for both unsti�ened and sti�ened elements. First the
unsti�ened case is described followed by the sti�ened case that is based on the
unsti�ened. The sti�ened case addresses a longitudinally sti�ened beam.

This section aims to describe the e�ective width method, how the equations are used
and how plate and column-like buckling are accounted for in this method along with
shear and moment resistance and interaction of them both.
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2.4.1 Unsti�ened plate buckling

In Section 2.1.3 it is stated that if a structural member is in cross-section class 4,
the width has to be reduced to account for local buckling. This reduction applies
for plate buckling and if shear lag needs to be considered an interaction check is
performed (Johansson et al., 2007, p. 42), see Section 2.4.5. The cross-sectional
class check is found in Table 5.2 in Eurocode 1993-1-1 (2005). The reduction of
the width of the member is done according to Table 4.1 or 4.2 in Eurocode 1993-1-5
(2006) where the type of stress distribution and location of the member in the global
geometry is considered. The e�ective widthbef f is calculated as the reduction factor
� times the length of the part in compression as can be seen in Figure 2.8.

The reduction factor � is obtained from equation 2.6 where�� p is the relative plate
slenderness which is calculated using equation 2.7. The direct stress distribution 
can be obtained from Figure 2.8. Equation 2.6 only applies for internal members of
the cross-section that needs to be reduced, for both unsti�ened or sti�ened plates.
For outstand members, see Eurocode 1993-1-5 (2006, Table 4.2). Johansson et al.
(2007) states that the calculations for the critical plate buckling stress� cr:p di�ers
depending on how many sti�eners the plate has. For unsti�ened plates the equation
for the relative plate slenderness can be simpli�ed to that of equation 2.7. The strain
" is related to the yield strength of the steel and since structural steel usually have
a yield strength of at least 235 MPa (Eurocode 1993-1-1, 2005, Table 3.1), it is this
value the strain is related to such as" =

q
235=f y. Further, the buckling factor k�

for unsti�ened plates is obtained by the methods presented in Section 2.3.1 and�b
can be found in Figure 2.8. The constant28:4 comes from equation 2.2 and uses the
steel's material properties to retrieve the value of the constant (Beg et al., 2010, p.
33).

� =

8
>><

>>:

1 if �� p � 0:5 +
p

0:085� 0:055 
�� p � 0:055� (3 +  )

�� 2
p

� 1 if �� p > 0:5 +
p

0:085� 0:055 
(2.6)

�� p =

vu
u
t f y

� cr:p
=

�b=t
28:4 � " �

p
k�

(2.7)

The �anges' and web's e�ective areasAc:ef f are separately calculated as the gross
areaAc in the compression zone times the reduction factor� in equation 2.8. Then
the e�ective cross-section properties such as area, moment of inertia and section
modulus are summarised in order to calculate the capacity of the beam.

Ac:ef f = � � Ac (2.8)

If the aspect ratio between the heightband width a of the plate su�ce the condition
a
b

> 1, then there is no need to consider column-like buckling and also no need to
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check plate and column interaction for the unsti�ened plate (Eurocode 1993-1-5,
2006, Section 4.4). Shear resistance is also needed in order for shear capacity to be
checked along with moment and shear interaction. These calculations are described
further in Section 2.4.6 and 2.4.7.

2.4.2 Sti�ened plate buckling

A sti�ened plate is a plate that has some form of sti�eners attached to it. Here
the in�uence of longitudinal sti�eners is described by showing how the calculations
change from an unsti�ened plate. The sti�ened plate can have a combined e�ect of
plate and column-like buckling, meaning that reduction factors for both types need
to be calculated. In this section the plate buckling is described.

In Eurocode 1993-1-5 (2006) the calculations for plate buckling di�ers slightly de-
pending on whether the plate is unsti�ened, has one, two or multiple sti�eners in
the longitudinal direction. It is the calculation for the relative slenderness�� p that
is in�uenced by the number of sti�eners. For sti�ened plates the critical stress� cr:p

is changed and a factor called� A:c is added in equation 2.9.

�� p =

vu
u
t � A:c � f y

� cr:p
(2.9)

When a sti�ened cross-section is assessed the parts in between sti�eners are con-
sidered as unsti�ened plates, these are called subpanels. The calculations for the
subpanels are performed in the same way as for an unsti�ened plate, see Section
2.4.1. These calculations aim to �nd the reduction factor and thus the e�ective
widths of the subpanel that are in CSC4. The e�ective widths are the widths that
can be accounted for in the cross-section when checking the plate's capacity against
local buckling.

When considering a sti�ened plate element, global buckling should also be taken
into account. The area that accounts for this isAc:ef f:loc , which is the area of the
subpanels adjacent to the sti�eners and the area of the sti�eners. This area is
already reduced due to local buckling.Ac:ef f:loc is reduced with the global reduction
factor � c. The e�ective area of a sti�ened elementAc:ef f is calculated in equation
2.10 where the �rst term considers both local and global buckling and the second
term consider local buckling of the subpanels that are not adjacent to a sti�ener,
bedge:ef f � t.

Ac:ef f = � c � Ac:ef f:loc + � bedge:ef f � t (2.10)

The � A:c -factor used in the relative plate slenderness calculations in equation 2.9
derives from the ratio between the e�ective area of the sti�ened sectionAc:ef f:loc

compared to the gross area of the same sectionAc in the compression zone, see
equation 2.11 (Johansson et al., 2007, p. 47-48). For the case of two sti�eners in

16 , Architecture and Civil Engineering, Master's Thesis ACEX30



2. Theory

the compressive zone, Figure 2.11 illustrates what is meant byAc:ef f:loc and Ac. As
can be seenAc is not the whole area of the compressive zone but rather the area in
connection to the sti�eners and the subpanels in between them.Ac:ef f:loc is only the
area of the sti�eners and the e�ective part of the adjacent web. For example the
e�ective width is bi:ef f:inf = � � bi:inf . The width of the di�erent parts such as edge
part, inferior and superior parts of the subpanels are calculated with respect to if
the whole of the subpanel is in the compressive zone or if the subpanel is both in
the compressive and tensile zone (Eurocode 1993-1-5, 2006, Section A.1-A.2). If the
member is subjected to linearly distributed stresses, the widths can be calculated
with the help of Table 2.1. For uniformly distributed stresses the widths of the
adjacent parts of the subpanel are calculated as0:5 � bi .

� A:c =
Ac:ef f:loc

Ac
(2.11)

Figure 2.11: De�nition of Ac:ef f:loc and Ac for a plate with two sti�eners in the
compressive zone. Adapted from Eurocode 1993-1-5, 2006.
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Table 2.1: Determination of the contributing part of the subpanel adjacent to the
sti�ener for linearly distributed stresses (Eurocode 1993-1-5, 2006).

Width Gross width E�ective width Condition for  i

b1:inf
3 �  1

5 �  1
b1

3 �  1

5 �  1
b1:ef f  1 =

� cr:sl: 1

� cr:p
> 0

b2:sup
2

5 �  2
b2

2
5 �  2

b2:ef f  2 =
� 2

� cr:sl: 1
> 0

b2:inf
3 �  2

5 �  2
b2

3 �  2

5 �  2
b2:ef f  2 > 0

b3:sup 0:4b3c 0:4b3c:ef f  3 =
� 3

� 2
< 0

2.4.2.1 In�uence of multiple sti�eners

When the plate has three or more sti�eners the sti�ness contribution from them on
the cross-section can be regarded as distributed along the plate so the subpanels
between the sti�eners are irrelevant. This is calledsmeared sti�eners according to
Johansson et al. (2007, p. 44). When the plate has multiple sti�eners the plate can
be regarded as an orthotropic plate and for equivalent orthotropic plates the e�ects
of local plate buckling can be neglected (Johansson et al., 2007, p. 46-48).

The critical stress � cr:p can be calculated with the buckling factork� multiplied
with an equivalent stress� E . The buckling factor is dependent on the sti�eners'
distribution and amount. Calculating the buckling factor is more demanding for
orthotropic plates. It requires consideration to the area of the subpanels and the
stresses in the edges of the plate panel, compared to only boundary conditions and
load distribution as for the case of the unsti�ened plate (Johansson et al., 2007).
Stated by Beg et al. (2010, p. 38) the buckling factor can be obtained from computer
simulations, simpli�ed analytical expressions, which are found in Eurocode 1993-1-5
(2006, Section A.1-A.2) or by extracting the value from charts. The most common
charts are those made by Klöppel (Johansson et al., 2007, p. 136). There are
di�erent charts depending on if the sti�eners are considered as smeared or discretely
spaced (Beg et al., 2010, p. 38).

2.4.2.2 In�uence of one or two sti�eners

According to Eurocode 1993-1-5 (2006, Section A.2) there is a simpli�ed method for
calculating the elastic plate buckling stress� cr:p for the case of plates with only one
or two sti�eners. There are three cases to regard when having two sti�eners in the
compressive zone, see Figure 2.12. The �rst two cases considers one of the sti�eners
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rigid enough so that only the other sti�ener buckles, Case 1 and 2 in Figure 2.12.
The third case regards simultaneous buckling of both sti�eners and the two sti�eners
are lumped together to one in this calculation method (Eurocode 1993-1-5, 2006,
Section A.2).

Figure 2.12: The three cases of how two sti�eners can buckle. Adapted from
Eurocode 1993-1-5, 2006, Section A.2.

As can be seen in Figure 2.12 the sti�eners' critical stress� cr:sl is marked for where
the sti�ener buckles. Eurocode 1993-1-5 (2006, Section A.2.2) states that for plates
with one sti�ener, the behaviour can be seen as Case 3 with lumped sti�eners but
with the area Asl:1 and moment of inertia I sl:1 for one sti�ener with adjacent parts
of the subpanel. Thus the critical stress of the sti�ener is received from equation
2.12 which is dependent on the distance between the transverse sti�eners "a". When
there are two sti�eners, all three cases needs to be checked and the case that results
in the smallest critical sti�ener's stress � cr:sl is governing. The sti�eners' critical
stress is then used to interpolate the most stressed point in the plate� cr:p . This
stress is then used to calculate the relative slenderness�� p in equation 2.9. Further
the reduction factor � due to plate buckling can be obtained from equation 2.6
(Eurocode 1993-1-5, 2006).

� cr:sl:p =

8
>>>>>><

>>>>>>:

1:05� E
Asl:1

�

p
I sl:1 � t3 � b
b1 � b2

if a � ac

� 2 � E � I sl:1

Asl:1 � a2
�

E � t3 � b� a2

4 � � 2 � (1 � � 2) � Asl:1 � b2
1 � b2

2
if a < ac

(2.12)

Where ac = 4:33 4

s
I sl:1 � b2

1 � b2
2

t3 � b

and Asl:1 and I sl:1 is dependent on which of the three cases in Figure 2.12 is cal-
culated. The area is calculated with regards to which sti�ener is set to buckle and
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its adjacent parts of the web. The widths for the adjacent parts are received from
Table 2.1. For the lumped sti�ener, the areas for Case 1 and Case 2 are added, the
same applies for the moment of inertia (Eurocode 1993-1-5, 2006, Section A.2.2).

2.4.3 Column-like plate buckling calculations

It is required to calculate the reduction factor due to column-like plate buckling
for sti�ened plates. However, for unsti�ened plates column-like buckling can be
disregarded for aspect ratios a/b greater than one (Eurocode 1993-1-5, 2006, Section
4.4).

Column-like plate buckling of a sti�ened plate is calculated where the same area
of the sti�ener and adjacent area of the subpanels is used as for the plate buckling
scenario. However, instead of calculating the plate buckling reduction factor� , a
column reduction factor,� c, is calculated. When combining the equations 2.13, 2.14
and 2.15 the reduction factor can be calculated.

� c =
1

' +
q

' 2 � �� 2
c

(2.13)

' = 0:5[1 + � e( �� c � 0:2) + �� 2
c] (2.14)

� e = � +
0:09
i=e

(2.15)

For an unsti�ened plate that requires column-like buckling reduction the same equa-
tions are used but with� e = 0:21. For a sti�ened plate the coe�cient � is dependent
on which buckling curve that is used and can be found in Eurocode 1993-1-1 (2005,
Section 6.3.1.2). If a closed sti�ener is used a smaller reduction can be utilised due
to less residual stresses, i.e.� = 0:34 instead of � = 0:49, which corresponds to
buckling curve b and c respectively. Johansson et al. (2007, p. 53-54) states that
the coe�cient e is the largest distance from the centroid of either the sti�enerx tp:sl

or the adjacent part of the subpanelsx tp:w to the combined centroidx tp:w + sl , see

Figure 2.13. The radius of gyration can be calculated asi =

s
I sl;1

Asl;1
. The sti�ener's

area with adjacent contributing part of the subpanelsAsl:1, is calculated with Table
2.1, andI sl:1 is the second moment of area of the same section.
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Figure 2.13: Distance to the combined centroid of part of the web and a sti�ener.
x tp:w is the centroid of the adjacent part of the web andx tp:sl is the centroid of the
sti�ener and x tp:w + sl is the combined centroid.

The slenderness can be calculated according to equation 2.16 where the reduction
factor � A:c can be calculated according to equation 2.17. The area for this ratio is
the area of one sti�ener including adjacent parts of the subpanel.Asl:ef f:loc is the
e�ective area andAsl:1 is the gross area for one sti�ener.

�� c =

s
� A:c � f y

� cr:c
(2.16)

� A:c =
Asl:ef f:loc

Asl:1
(2.17)

The critical column stress� cr:c is determined as explained in equation 2.5 if there are
no sti�eners. However, if the cross-section contains sti�eners the critical stress for
the sti�eners � cr:sl:c needs to be calculated according to equation 2.18. When� cr:sl:c

is obtained, a critical column stress� cr:c for the top of the plate can be calculated
according to equation 2.19 wherebc is the height of the compressive zone and�b is
the distance from the sti�ener to the neutral axis (Johansson et al., 2007). This
stress is then used to calculate the relative slenderness�� c and reduction factor � c.

� cr:sl:c =
� 2 � E � I sl:1

Asl:1 � a2
(2.18)

� cr:c = � cr:sl:c �
bc

�b
(2.19)
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2.4.4 Plate and column-like buckling interaction

Plate and column-like buckling interaction needs to be considered since the reality of
the sti�ened plate's behaviour is probably somewhere in between the two extremes,
only plate buckling or only column-like buckling. An interpolation is made according
to equation 2.20 to consider the e�ect of both column-like plate buckling as well as
plate buckling (Eurocode 1993-1-5, 2006, Section 4.5.4).

� c = � (2 � � )( � � � c) + � c (2.20)

� =
� cr:p

� cr:c
� 1 but 0 � � � 1 (2.21)

It can be seen in equation 2.21 that the critical plate buckling stress� cr:p is limited to
not be larger than two times the critical column-like buckling stress� cr:c . However, if
that is the case then column-like buckling is deemed irrelevant and the �nal reduction
factor is equal to the reduction factor for the plate buckling,� c = � (Johansson et
al., 2007, p. 54-55). The interpolation is visualised in Figure 2.14. In the �gure it
can be seen that there are three stages that can occur depending on the value of�
from equation 2.21. If� > 1 the plate buckling is determining the reduction factor.
For � � 0 it is the column-like buckling that determines the reduction. However, if
� is somewhere in between zero and one equation 2.20 can be used to determine the
combined reduction factor� c.

The weighted reduction factor� c reduces the area of the sti�ener and adjacent part
of the subpanels to account for the fact that the sti�ener is not rigid enough and
that the cross-sectional capacity cannot be calculated utilising the whole section.
The use of� c is seen in equation 2.10.

Figure 2.14: Visualisation of the plate and column-like buckling interaction. The
interaction occurs between 0 and 1 for� (Al-Emrani and Åkesson, 2020).
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2.4.5 Capacity control of the cross-section

When the cross-section is reduced with respect to local and global buckling, the
e�ective area is calculated as seen in equation 2.8 for the unsti�ened case and equa-
tion 2.10 for the sti�ened case. The e�ective areaAc:ef f and moment of inertiaI ef f

is used in the capacity controls of the cross-section.

If the cross-section is subjected to uniaxial bending, equation 2.22 should be used.
However, if it is only subjected to a moment, and no axial force, then the maximum
compressive stress is controlled to make sure it does not exceed the yielding stress
according to equation 2.23. The maximum compressive stress� x:Ed is decided by
the design momentMEd and the elastic section modulusWef f . The elastic section
modulus is in turn decided by the second moment of areaI ef f and the distancev
between the centre of gravity and the �bre for which the stress is checked, as seen
in equation 2.24 (Johansson et al., 2007). From equation 2.23 the utilisation of the
cross-section is obtained with respect to applied bending moment. If axial forces
are present equation 2.22 is used instead to receive the same result but these forces
are disregarded in this thesis.

� 1 =
NEd

(f y � Ac:ef f )=
 M 0
+

MEd + NEd � eN

(f y � Wef f )=
 M 0
� 1 (2.22)

� 1 =
MEd

(f y � Wef f )=
 M 1
� 1 (2.23)

Wef f =
I ef f

v
(2.24)

2.4.6 Resistance to shear

In this section the shear capacity of a thin-walled slender plate is described. How
the calculations di�er between an unsti�ened plate and a sti�ened plate is also
described.

2.4.6.1 Shear resistance of an unsti�ened plate

According to Johansson et al. (2007, p. 59-60) panels that are slender have quite
large shear resistance even post-buckling. Eurocode 1993-1-5 is using a method
called rotated stress �eld which should yield a less conservative assumption of the
post-buckling capacity of shear compared to other well-known methods that are used
for the same purpose. In the rotated stress �eld method the principle stresses can
be calculated according to the two equations 2.25 and 2.26, the angle of the stress
�eld � described in the equations can be seen in Figure 2.9. The rotated stress
�eld makes the assumption that there are no membrane stresses in the transverse
direction (Höglund, 1997, p. 15). The stresses� 1 and � 2 are principle stresses that
occur due to the shear force� .
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� 1 =
�

tan �
(2.25)

� 2 = � � � tan � (2.26)

The compressive stress will stay the same as the shear buckling stress even after
buckling. This assumption results in membrane stresses according to equation 2.27
(Höglund, 1997). It utilises the criterion for yielding from von Mises,
� 2

1 � � 1� 2 + � 2
2 = f 2

y , the yield strength can be expressed in terms of�� w which can be
seen in equation 2.28.�� w is the shear panel slenderness and is calculated according
to equation 2.29.

� 2 = � � (2.27)

� u

f y=
p

3
=

1
�� 2

w

vu
u
t

s

3 � �� 4
w �

3
4

�
1
2

(2.28)

�� w =

vu
u
t f y=

p
3

� cr
= 0:76�

s
f y

� cr
(2.29)

� u mentioned in equation 2.28 is the ultimate shear resistance, and� cr mentioned
in equation 2.29 is the stress for elastic shear buckling when the panel is a perfect
shear panel. By combining equation 2.29 and 2.30 the slenderness of the shear panel
slenderness�� w can be written as equation 2.31.

� cr = k� � � E = k� �
�E

12(1� � 2)

� t
hw

� 2

(2.30)

�� w =
hw

37:4 � t � "
p

k�
(2.31)

When the shear buckling coe�cient k� is determined it is dependent on how the
plate is transversely sti�ened and if the sti�eners can be considered rigid or not.
The reduction factor � w is also dependent on the rigidity, see Table 2.2. If the plate
is sti�ened with two rigid transverse sti�eners and simply supported, equation 2.32
can be used to calculatek� . If the plate is not rigid the shear buckling coe�cient
can be decided by an applicable design chart (Johansson et al., 2007, p. 67).
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Table 2.2: � w depends on if the sti�ener can be considered rigid or non-rigid (table
adapted from Table 5.1 Eurocode 1993-1-5).

Condition for �� w Rigid end post Non-rigid end post

�� w < 0:83=� � �

0:83� � �� w < 1:08 0:83=�� w 0:83=�� w

�� w � 1:08 1:37=(0:7 + �� w) 0:83=�� w

k� =

8
>>>><

>>>>:

5:34 +
4:0
� 2

if � � 1:0

4:0 +
5:34
� 2

if � < 1:0

(2.32)

Höglund (1997) states that if plastic hinges are formed in the �anges it does not
a�ect the shear resistance of the web. In equation 2.33 the distance between the
plastic hinges are calculated (Höglund, 1997, p. 21). This is calculated with regards
to the plastic moment of the �angesM pl:f and the web M pl:w in equation 2.34.
Based on the rotated stress �eld theory the shear resistance of the �anges can be
regarded and thus increasing the total shear resistanceVb:Rd according to equation
2.35. However, this can only occur when the �anges have enough capacity to �rst
handle the bending moment. The shear resistance of the webVbw:Rd is calculated in
equation 2.36.

c = a

 

0:25 + 1:6
M pl:f

M pl:w

!

= a

 

0:25 +
1:6 � bf � t2

f � f y

t � h2
w � f y

!

(2.33)

M pl:f =
bf � t2

f � f y

4
; Mpl:w =

t � h2
w � f y

4
(2.34)

Vb:Rd = Vbw:Rd + Vbf:Rd �
�f yhw t
p

3
 M 1
(2.35)

Vbw:Rd =
� w f yhw t
p

3
 M 1
(2.36)

The contribution from the �anges to the shear forceVbf:Rd is calculated according to
equation 2.37. The contribution is reduced based on how much smaller the design
moment is compared to the moment capacity of the �anges, equation 2.38. Then
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�nally the contribution of the �anges can be added to the resistance for the web to
receive the total shear resistance according to equation 2.35 which is checked against
the design shear force, see equation 2.39. However, the additional shear resistance
from the �anges is generally quite small in comparison to the shear resistance of the
web.

Vbf:Rd =
bf � t2

f � f y

c
 M 1

0

@1 �

 
MEd

M f:Rd

! 2
1

A (2.37)

M f:Rd =
M f:k


 M 0
= min

 

hf � A f:T op
f y


 M 0
; hf � A f:Bot

f y


 M 0

!

(2.38)

� 3 =
VEd

Vb:Rd
� 1 (2.39)

2.4.6.2 Shear resistance of a sti�ened plate

The main di�erence in the calculation of the shear resistance between a sti�ened
plate and an unsti�ened plate is how the shear buckling coe�cientk� is calculated.
In equation 2.40 several possibilities are presented to calculate the shear buckling
coe�cient. However, if the plate is rigid the shear buckling coe�cient can be de-
cided by either an applicable design chart or by performing an eigenvalue analysis
(Johansson et al., 2007, p. 67).
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k� =
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sti�eners and � < 3
(2.40)

* Equations used for closely spaced transverse sti�eners.

The shear buckling coe�cient in equation 2.40 requires the relative �exural sti�ness
out of plane 
 and the shear buckling coe�cient for the sti�eners k�:sl which are
obtained from equations 2.41 and 2.42. The aspect ratio� is the distance between
the sti�eners "a" and height of the webhw (Johansson et al., 2007, p. 67-69).
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vu
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2:1
t

3

s
I sl
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(2.42)

After the shear buckling coe�cient, k� is calculated the shear capacity for the sti�-
ened plate can be calculated in the same way that it was calculated for an unsti�ened
plate in Section 2.4.6.1.
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2.4.7 Moment and shear interaction

Depending on how the cross-section looks and the individual capacities of the �ange
and web there might be reason to include interaction e�ects between the elements,
e.g. the web can contribute to the moment capacity. Eurocode 1993-1-1 (2005)
describes moment and shear interaction for sections in cross-section class 1 and 2.
The cross-sections are not prone to buckle and it is the plasticity that governs the
capacity of the sections. However, when using the e�ective width method, it is
members in cross-section class 3 and 4 that are considered. These members will
buckle before yielding is reached so it is the buckling capacity that governs the
moment and shear interaction. The interaction with respect to buckling capacity is
described in Eurocode 1993-1-5 (2006, Section 7.1).

Before checking the moment and shear interaction, it is necessary to determine
whether interaction has an impact or whether it can be neglected. If the �ange's
capacity M f is less than the applied momentMEd the moment and shear interaction
has an impact on the �anges. If the design forceVEd is greater than half of the
capacity of the webVbw:Rd the interaction has an impact on both web and �ange.
Figure 2.15 show how the interaction check can be interpreted graphically. If the
acting forces are within the marked area, interaction according to equation 2.43 is
required. Interaction can occur for applied moments greater thanM f or shear forces
greater than Vbw but is not critical to consider if not the requirements in equation
2.43 are ful�lled. Interaction that has an impact (marked area in Figure 2.15) works
in such way that the design moment and axial forces, if there are any, are reduced
to account for shear forces to be carried in the �anges as well as the web (Eurocode
1993-1-5, 2006, Section 7.1).

Figure 2.15: Moment and shear interaction graph. In the marked area the in-
teraction has an impact on the structural capacity. Adapted from Al-Emrani and
Åkesson, 2020.
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�� 1 + (1 �
M f:Rd

M pl:Rd
)(2�� 3 � 1)2 � 1 for �� 1 �

M f:Rd

M pl:Rd
and �� 3 > 0:5 (2.43)

where �� 1 =
MEd

M pl:Rd
and �� 3 =

VEd

Vbw:Rd

Johansson et al. (2007, p. 95) states that the interaction equation is based on
plastic resistance coming from studies analysing the bending resistance due to shear
in�uence. It is further stated that regarding interaction for sections where buckling
governs, there are no useful theories to describe the interaction and therefore the
theory of plasticity is used in combination with test data from empirical studies on
the subject (Johansson et al., 2007, p. 94-96).

Johansson et al. (2007, p. 95-97) describes that the reason for why interaction can be
disregarded for values below0:5 � Vbw:Rd is due to computer simulations and studies
performed. The studies' aim was to determine the in�uence of shear when consid-
ering moment and shear interaction for a CSC3 or CSC4 girder. The simulations
conclude that small shear forces have little or no in�uence on the interaction. How-
ever, the simulations' results are not comparable with the design rules in Eurocode
1993-1-5 (2006). It is stated by Johansson et al. (2007, p. 97) that these simulations
along with another separate study that uses Eurocode 1993-1-5 gives reliability on
the design rules given, and that the design rules even are on the conservative side
when compared to the simulations' results (Johansson et al., 2007, p. 96-97).

2.4.8 Necessity of capacity control for a cross-section

Buckling will not occur in every part of a plate. It is more likely for a buckle to
arise in a central region of the plate than close to a support. This means that every
section in a bridge girder for example might not need to be checked.

Eurocode 1993-1-5 (2006, Section 7.1) states that interaction, equation 2.43, does
not apply in regions close to the supports with vertical sti�eners. In regions closer to
the support than half of the web heighthw=2 or 0:4a (a is the length of the panel),
it is deemed unlikely for buckles to occur since the buckles that do occur have a
peak in more central parts of the plate and thus the stresses close to the supports
are irrelevant and so is the buckling control there (Johansson et al., 2007, p. 97).
Eurocode 1993-1-5 does not give any guidance on how to account for this statement
when the section has longitudinal sti�eners but Johansson et al. (2007, p. 97) and
Beg et al. (2010, p. 111) both declares that in engineering practice half of the height
for the longest subpanel should be used when longitudinal sti�eners are present.

The statement that buckling control is irrelevant close to the supports have a sig-
ni�cant in�uence on the design of a structure. This means that over a mid-support
where the applied moment is at its largest, the buckling capacity of the girder does
not need to be checked. This in turn results in the girder being able to fully utilise
its cross-sectional capacity since the part can be regarded as to not be in CSC4 due
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to the lack of buckling risk (Beg et al., 2010, p. 49).

2.5 Reduced stress method

The reduced stress method is an alternative method for calculating thin-walled struc-
tural elements' capacity. The method is described in Eurocode 1993-1-5 (2006) but
in less detail than the reduced section method. The Eurocode used is from 2006
and Simon-Talero and Caballero (2010) states in 2010 that it is �rst then that the
reduced stress method is researched in more detail. Therefor if there are any rel-
evant �ndings in the reduced stress method theory, these are not accounted for in
Eurocode 1993-1-5 (2006). This section describes what the reduced stress method
is, how the calculations are performed and aids to give further knowledge to the
equations and assumptions stated in Eurocode 1993-1-5 (2006).

For structural elements that are slender and might experience a risk of elastic buck-
ling, the reduced stress method can be used instead of the e�ective width method.
The stresses are reduced so that the capacity is regarded with respect to the section
that �rst experience buckling. Beg et al. (2010, p. 160-161) describes that for cross-
sections composed of more than one element, it is the lowest critical buckling stress
in any part of the plate element that governs the whole cross-section's capacity. It
is assumed that this stress is the largest stress that can act anywhere in the section
before it buckles.

2.5.1 Reduced stress calculations

The calculations for this method can be divided into three categories. The design
stresses in longitudinal (x) and transverse (z) direction,� x:Ed and � z:Ed , as well as
shear stresses,� Ed needs to be obtained together with the reduction factors� c:x , � c:z

and � v in order to calculate the utilisation factor of the structure. The design stresses
are obtained from an FE-software by retrieving the buckling mode and multiplying
it with the applied stress, resulting in the critical buckling stress of the member.
One panel, web or �ange, is calculated at the time. The most critical panel then
decides the whole structure's capacity.

2.5.1.1 Slenderness factor

First the plate slenderness�� p is determined by equation 2.44. The slenderness is
then used to calculate the plate buckling reduction factors for both longitudinal
and transverse stresses as well as the column-like buckling reduction factor. The
slenderness is dependent on the critical and ultimate load ampli�ers� cr and � ult:k .
The load ampli�er � cr is determined by the individual critical load ampli�ers � cr:i

wherei is the x- or z-direction. These factors are calculated as the critical stress� cr:i

divided by the design stress� i:Ed . The critical stress is calculated in the same way
as for the e�ective width method, see equation 2.12. The stress ratios i are also
calculated in the same way as the e�ective width method. The critical load ampli�er
due to shear stress� cr:� is also needed and is calculated in the same way as for the
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normal stresses. The critical stress is calculated as for an unsti�ened plate times
the shear buckling coe�cient k� , see equation 2.30. The total critical load ampli�er
� cr is calculated in equation 2.45 (Eurocode 1993-1-5, 2006, Section 10). The total
critical load ampli�er can also be obtained through FE-analysis and compared to the
value that is calculated by hand, where the FE-value is less conservative and thus is
used since the whole reduced stress method is very conservative as it is. Further the
value of the load ampli�er � ult:k can be obtained by utilising the von Mises criterion,
see equation 2.46.

�� p =
s

� ult:k

� cr
(2.44)

� cr =
1

1 +  x

4 � � cr:x
+

1 +  z
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2.5.1.2 Plate and column-like buckling

To account for the plate or column-like buckling, the reduction factors for these
phenomena are calculated. The reduction factors� pc:x and � pc:z for plate buckling in
the longitudinal or transverse direction and column-like buckling� c are calculated.
These reduction factors are then used to receive the global reduction factors� c:x and
� c:z with the interpolation formula, equation 2.20 and equation 2.49 to obtain� .

In x-direction the plate reduction factor � pc:x is calculated as for the e�ective width
method, using equation 2.6, with the slenderness from equation 2.44. However, for
the transverse stresses it is not appropriate to calculate the reduction factor in the
same way as for the longitudinal stresses according to Beg et al. (2010, p. 164-165).
It is not justi�able to transfer the reduction factor � pc:z fully to transverse stresses
which could result in unsafe results. For the reduction factor for transverse stresses
it is therefore recommended to perform equations 2.47 and 2.48 to get� pc:z. These
equations do not allow for the same amount of post-critical reserve strength as� pc:x

does. The values of�� p0 and � p depends on what kind of stress the member is sub-
jected to and if the section is hot rolled, welded or cold-formed. For a welded section
with transverse stresses the values are;�� p0 = 0:8 and � p = 0:34 (Eurocode 1993-1-5,
2006, Section B.1). The column-like buckling reduction factor� c is calculated using
equation 2.13.
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� pc:z =
1

' +
q

' 2 � �� 2
p

(2.47)

' = 0:5 � (1 + � p � ( �� p � �� p0) + �� p) (2.48)

� =
� cr:x

� cr:c
� 1 0 � � � 1 (2.49)

2.5.1.3 Utilisation factor

The reduction factors� c:x and � c:z in equations 2.50 and 2.51 considers the global re-
duction factor that accounts for interaction between plate and column-like buckling.
The shear reduction factor� v is calculated using Table 2.2 and is also considered in
the same equations that calculate the utilisation of the structure.

The reduced stress method results in a utilisation factorU that can either be cal-
culated according to equation 2.50 or equation 2.51. The one comparing to the
minimum value of � c:x , � c:z and � v is more conservative and does not allow for dif-
ferent reduction factors in di�erent directions. The reduced stress method allows
for interaction between di�erent stress types which is regarded by utilising the von
Mises criterion, � 2

x + � 2
z � � x � � z + 3� 2 = � 2

eq, as can be seen in the two equations.
This also means that moment, shear and the interaction between moment and shear
do not need to be checked individually (Beg et al., 2010, p.161). Another way of
calculating the utilisation is by looking at only normal or shear stresses. These
stresses are compared to the yield stressf y and the reduction factor � c:x , � c:z for
normal stresses and� v for shear stresses, see equation 2.52 and 2.53. The utilisation
factor used is then the maximum utilisation out ofUi , U� and the smallest ofU1

and U2, wherei in Ui stands for the directions x or z.
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Ui =
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� ci f y=
 M 1
(2.52)
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U� =
� Ed

� vf y=
p

3
 M 1
(2.53)

2.6 Advantages of the two methods

In Eurocode 1993-1-5 (2006) there are no clear description on which method should
be used when but they both have advantages to regard.

Johansson et al. (2007, p. 16) states that an advantage with the e�ective width
method is that the iteration process to determine the neutral axis is more e�ective
along with determining the local sti�ness. The longitudinal sti�eners can be included
in this method when checking the column-like buckling capacity (Johansson et al.,
2007, p. 16) but they need to be in horizontal planes and not inclined for this
method to consider their e�ects. Johansson et al. (2007, p. 63) states that the
�anges need to be parallel, with a maximum inclination of 10° and that the plates
should be rectangular in order for this method to be used.

Some advantages with the reduced stress method are that it is easy to use in com-
bination with FE-analysis (Johansson et al., 2007, p. 9) and thus complex cross-
sections can be regarded e�ciently since the design is based on the gross cross-section
(Beg, 2012, p. 304). Another advantage of the reduced stress method is its capa-
bility to deal with complex stresses, such stresses can be shear and biaxial direct
stress (Johansson and Veljkovic, 2009, Beg, 2012, p. 305). It is the load ampli�er
� ult:k and � cr that enables further calculations, and the load ampli�ers are obtained
either by the FE-analysis or by numerical calculations, which can be performed in
a simple step, or by hand calculations (Beg et al., 2010, p. 164). However, observe
that this method results in the buckling strength to be close to the yielding strength
when put to practice. This is due to the fact that no stress redistribution occur
since the limit is set to that of the weakest buckling stress (Beg et al., 2010, p. 164).

2.7 Other instability phenomena that can in�u-
ence the buckling behaviour

There exist several other phenomena that can in�uence the buckling behaviour.
These behaviours include shear lag and lateral torsional (LT) buckling. Shear lag,
if present needs to be considered with respect to plate buckling, and LT-buckling is
a global instability phenomenon on its own.

2.7.1 Shear lag

The �rst step in determining the e�ective cross-sectional area in a beam is to check
if the �ange of a girder experience shear lag. According to Eurocode 1993-1-5 (2006)
shear lag needs to be considered if equation 2.54 applies. Whereb0 is half of the
�ange length for an internal �ange or the whole length of an outstand �ange, andLe
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is the length between the zero moment intersection points for the bending moment
(Eurocode 1993-1-5, 2006, Section 3.2). If shear lag needs to be considered, the
width of the �anges is reduced according to equation 2.55 for the elastic e�ects and
where � comes from Eurocode 1993-1-5 (2006, Section 3.2). Depending on if the
control is performed in SLS or ULS di�erent equations are used to calculate the
e�ective width and the e�ective �ange area. In SLS the elastic shear lag e�ects are
regarded whereas in ULS the elastic e�ects are regarded along with plate buckling
and elastic-plastic shear lag e�ects (Eurocode 1993-1-5, 2006, Section 3.3).

b0 > L e=50 (2.54)

bef f = � � b0 (2.55)

2.7.1.1 Shear lag and plate buckling interaction

When shear lag is present and the ULS capacity is of interest, the in�uence of plate
buckling needs to be regarded according to Eurocode 1993-1-5 (2006, Section 3.3).
There are two cases, the combination of shear lag and plate buckling or elastic-
plastic behaviour of the shear lag e�ect. The checks are only described in short
since shear lag is not a main focus in this thesis.

The �rst case, shear lag and plate buckling interaction is considered with the help
of equation 2.56. The e�ective area of the �ange in compressionAc:ef f is obtained
by plate buckling calculations of the element. The contribution of the shear lag is
considered in� ult that comes from Table 3.1 in Eurocode 1993-1-5 (2006, Section
3.2) where instead of using the defaulta0, another equation fora0 is used when
considering interaction.

Aef f = Ac:ef f � � ult (2.56)

The second case, elastic-plastic e�ects of shear lag in ULS that limits the plastic
strains are calculated using equation 2.57 where� and � comes from Table 3.1 in
Eurocode 1993-1-5 (2006, Section 3.2).

Aef f = Ac:ef f � � � � Ac:ef f � � (2.57)

In the unsti�ened case the e�ective areaAc:ef f of the �ange that is regarded in the
shear lag calculations is calculated in equation 2.8 whereas for the sti�ened �ange,
the e�ective area is calculated as seen in equation 2.10.
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2.7.2 Lateral-torsional buckling

Lateral-torsional (LT) buckling occurs around the weak axis of a beam. It is an
instability phenomena that consists of lateral de�ection of the top �ange due to
compression of the �ange, and torsional rotation due to warping (Al-Emrani and
Åkesson, 2020, p. 35-37). LT-buckling is accounted for by reducing the critical
moment capacity with a factor� LT . The reduction factor can be obtained in di�erent
ways according to Eurocode 1993-1-1 (2005, Section 6.3.2). The moment capacity
of the beam is reduced due to lateral-torsional buckling in equation 2.58. However,
in this thesis LT-buckling is not an area of interest and the LT-buckling reduction
factor � LT is seen as 1, meaning that there is no reduction due to this phenomenon.

M b:Rd = � LT � Wy �
f y


 M 1
(2.58)
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Methodology

The methodology chapter describes how the two methods, the e�ective width method
and reduced stress method are compared. The comparisons consisted of both a ge-
ometric parametrisation and force variation evaluation.

3.1 Description of the comparisons performed

The comparison of the two methods consisted of mainly two di�erent models. For
the e�ective width method there were two models of a box beam. One model that
had unsti�ened panels and the other model that included longitudinal sti�eners in
both the web and the top �ange. The models are illustrated in Figure 3.1. For the
reduced stress method the same models were analysed.

Figure 3.1: To the left: an unsti�ened box beam section. To the right a sti�ened
box beam section. The section is il lustrated as the part between transverse sti�ening,
at the distance "a" from each other.

The capacities of the two methods were calculated in order to compare the results.
The e�ective width method was used as a baseline. The applied moment and shear
forces were calculated for each case to correspond to 100 % utilisation of the cross-
section, according to equations 2.23 and 2.43. The same forces were applied in the
reduced stress method and the utilisation factor was calculated. The di�erence in
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the utilisation factor were used to indicate if one method yielded higher capacity
than the other.

3.1.1 Geometry

The unsti�ened and sti�ened models were analysed separately for the two methods.
The methods were then compared for the same cross-sectional geometries for each of
the models. The cross-section was also parametrised with respect to web and �ange
thicknesses and length between the transverse sti�eners. This was done to identify if
the methods gave di�erent results depending on the geometry. The parametrisation
was performed by varying the web thickness over three values, the same was done for
the �ange thickness. The thicknesses looked at were di�erent depending on if it was
the unsti�ened or sti�ened model that was analysed. The third parameter, distance
between transverse sti�eners changed between four di�erent lengths. The same
lengths were analysed for both unsti�ened and sti�ened beam. How the parametric
values were chosen is described and stated in Chapter 4.

3.1.2 Force variation

The box beam also experienced di�erent variations of moment and shear force. Three
scenarios were investigated. One analysis had an applied shear force corresponding
to 100% of the shear capacity and zero bending moment (Case 1). Another analysis
had bending moment corresponding to 100% of the moment capacity and zero shear
force (Case 2) and a third utilised 80% of the respective capacities, both shear force
and moment (Case 3). This was done to illustrate di�erent parts of a �ctitious
simply supported girder that was analysed in three sections. Figure 3.2 show how
this could be interpreted. The part closest to an edge support (Case 1), in the
middle of the span (Case 2) and at a mid-support in a continuous two-span beam
model (Case 3).

For this comparison, just as for the geometric, the utilisation factor of the e�ective
width method was used as a basis and the utilisation from the reduced stress method
was compared against it.

Figure 3.2: A simply supported girder that show where the three di�erent cases of
force con�gurations can be interpreted. The distance between transverse sti�eners is
marked as "a".
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3.2 Execution

The comparisons of the e�ective width method and reduced stress method were
performed by using Eurocode 1993-1-5. For the calculations a Mathcad �le for
all models were computed. The equations were easily interpreted and visualised
through these �les. Excel was then used to parametrise the models and calculate
the di�erent comparisons that were examined. One row in Excel corresponded to
one Mathcad �le making the calculations very e�cient. The e�ective width method
only needed hand calculated results. However, the reduced stress method needed to
use an FE-software in order to receive the results.

The load amplifying factor � cr used in the reduced stress method was calculated us-
ing the FE-software ABAQUS. The web and �ange panels were separately modelled
and analysed since the method required the buckling modes for the web and �ange
individually. The mode resulting in the most critical case was then used to obtain
the results. The FE-computed buckling modes were used in Excel to perform the
parametric calculations for the reduced stress method.

A Python script was created to enable the parametric study in ABAQUS with alter-
nating buckling modes associated to di�erent steel panels with the same dimensions
and properties as were investigated in the e�ective width method. The script en-
abled several di�erent models to be computed simultaneously and the buckling mode
for all these cases were easily retrieved at once. See Appendix E for the script of
one of the panels.

The software EBPlate has been used to verify some results obtained in ABAQUS.
EBPlate is a tool that assesses critical elastic buckling stresses and show buckling
modes for plate elements subjected to bending and shear stresses (Centre Technique
Industriel de la Construction Metallique (CTICM), n.d.). The software works for
both unsti�ened and longitudinal and transversely sti�ened plates.

3.2.1 Visualisation of the results

To show the impact of the geometric variations, the di�erence between �ange and
web slenderness visualises the di�erence in results between the e�ective width method
and reduced stress method in a good way according to van der Burg (2011, p. 14).
Therefore, it was chosen to compare the utilisation di�erence of the two methods to
the slenderness di�erence of the �ange and web. The slenderness di�erence between
the web and �ange came from the e�ective width method since it was the method
that was used as a baseline for the comparison of the utilisation.

For the force variations result, each case of �ange and web thickness and distance
between transverse sti�eners was evaluated with both the reduced stress method and
the e�ective width method. The di�erence between the two methods were visualised
by comparing them case by case for all three force variations, shear, moment and a
combination of shear and moment.
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4
Beam model

This chapter describes how the model of the box beam that is used in the comparison
of the methods is designed. Which dimensions that are chosen and how they are
varied. The location of the longitudinal sti�eners and distance between transverse
sti�eners. The bending moment and shear force that is applied on the structure is
also stated.

4.1 Geometry

The models are divided into one unsti�ened model and one sti�ened. Figure 4.1 show
the two models' cross-sections. The unsti�ened model is a box beam that consists of
two identical webs and one bottom �ange and one top �ange. The sti�ened model
consists of the same structure but has one sti�ener added to each web and two
sti�eners added to the top �ange. The placement of the sti�eners is kept constant
throughout the parametric study. In Table 4.1 all the �xed dimensions are stated
for both models.

For the sti�ened beam the sti�eners are also checked, the sti�eners are designed to
be in CSC3 or lower to not buckle locally, Appendix B show the calculations for
this. Global buckling can occur and is accounted for by using a reduction factor
called � c for the cross-section a�ected by this, see Section 2.4.2. The placement of
the web sti�ener is chosen in such a way that the reduction of the e�ective area is
as small as possible. This placement is calculated by iteration to �nd the optimal
placement, for this cross-section the optimal placement is at288 mm from the top
of the web. This corresponds well to what Al-Emrani and Åkesson (2020, p. 89)
claims, which is that 20 % down from the top edge is usually a good placement.
Therefor the distance of300 mm is chosen for the beam with height1500mm as
a simpli�cation. The �ange sti�eners are placed at an even distance between each
other and the webs.
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Table 4.1: Dimensions that are kept constant throughout the parametrisation.

Unsti�ened model Sti�ened model
Width of �ange bf 1200 mm 1200 mm
Height of webhw 1500 mm 1500 mm
Thickness of sti�ener tsl - 10 mm
Length of sti�ener hsl - 60 mm
Distance to:

Web sti�ener hw1 - 300 mm
First �ange sti�ener bf 1 - 400 mm
Second �ange sti�enerbf 2 - 800 mm

Figure 4.1: Il lustration of cross-sections for the unsti�ened and sti�ened box beams,
thickness and sti�eners are not in scale.

In the parametrisation of the beam, three parameters are changed. These are the
thickness of the �ange, the thickness of the web and the distance between the trans-
verse sti�eners. The thicknesses for the two models are based on the cross-section
class limits to assign thicknesses that are either on the limit between CSC3 and CSC4
or in CSC4. The cross-section classes for web and �ange are calculated according
to Appendix B. The thickness is reduced to about 75 % and 50 % of the original
thickness for both the unsti�ened and the sti�ened model. The distance between
the transverse sti�eners is chosen to be one, two, three and four times the height
of the web. The unsti�ened model starts from a much stockier size and the most
slender dimension of it corresponds to the most stocky dimensions of the sti�ened
model. Table 4.2 states the variable dimensions of the beam.
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Table 4.2: Dimensions that change throughout the parametrisation. Thickness of
�ange and web and distance between transverse sti�eners.

Unsti�ened model Sti�ened model
Thickness of �anget f [40, 25, 14] mm [14, 10, 7] mm
Thickness of webtw [14, 11, 8] mm [8, 6, 4] mm
Distance between

[1.5, 3, 4.5, 6] m [1.5, 3, 4.5, 6] m
transverse sti�enersa

4.2 Forces

Another parameter that is changed is the applied forces. Changing the variations
of bending and shear force aids to gather information about how di�erent sections
of the beam respond to the two methods that are compared. The di�erent force
variations seen in Table 4.3 are supposed to resemble a point of the beam where
shear force is dominant, to a point where they both have impact and lastly a point
where the moment is dominant.

Table 4.3: Forces that change throughout the parametrisation. Three di�erent cases
are examined. The percentage refers to how much of the capacity is applied.

Shear force Moment
Case 1 100 % 0 %
Case 2 0 % 100 %
Case 3 80 % 80 %
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5
FE-model

This chapter describes how the FE-model is designed, which element and mesh type
and size is used, how boundary conditions and loads are applied and how the model
is veri�ed. The veri�cation consists of a convergence study for the mesh, an analysis
of the stresses in the plate and a comparison of the stresses and buckling mode to
another elastic buckling program called EBPlate.

5.1 Geometry

The FE-model is analysed one panel at a time, meaning that the web and �ange
plates are evaluated separately. The panel width is the length between two trans-
verse sti�eners. The height of the panel is the height of the web or the width of the
�ange. For the plates with sti�eners, the sti�ener's dimensions are constant. The
dimensions used for the FE-model are the same as for the cross-section for which
hand calculations are performed, see Tables 4.1 and 4.2.

5.2 Element type and mesh

The panel is created using quadratic 3D shell elements. The elements are assigned
a thickness according to Table 4.2. The sti�eners are also modelled with quadratic
3D shell elements.

The mesh used consists of elements with size 45 mm x 45 mm. The same mesh is
used for all analyses, both for the unsti�ened and sti�ened plate and for the web and
�ange plates, see Figure 5.1 that show the sti�ened �ange's mesh. A convergence
analysis for the mesh size and element type is conducted. The analysis can be seen
in Section 5.5.1.
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Figure 5.1: Mesh of �ange panel with two sti�eners. Mesh size is 45 x 45 [mm].

5.3 Boundary conditions

Figures 5.2 and 5.3 show the boundary conditions for the web and �ange panels
respectively. The panels are �xed around all edges for out-of-plane translation (in
z-direction). The bottom left node is �xed against vertical translation in y-direction.
The left edge is �xed against longitudinal translation in x-direction. The sti�eners
have no boundary condition of their own. Veri�cation for the stress distribution in
the panel can be found in Section 5.5.2. The general buckling behaviour of the panel
is veri�ed in Section 5.5.3.

Figure 5.2: Boundary conditions and loads on the panel in ABAQUS. Here a web
panel with one sti�ener is shown.
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Figure 5.3: Boundary conditions and loads on the panel in ABAQUS. Here a �ange
panel with two sti�eners is shown.

5.4 Loads

The loads that are applied to the panel are modelled as stresses acting on the edges.
The size of the stresses is varied for each geometry. There are three sets of load
con�gurations that are applied to the geometries described in Chapter 4. For the
web panel both moment and shear force are acting on the structure. Both types are
applied as shell edge loads. The moment is acting as stresses with linear distribution
and the shear as traction, as can be seen in Figure 5.2. For the sti�ened web, the
shift in neutral axis due to the sti�ener is accounted for in the linearly distributed
stresses. For the �ange panel, the moment is in uniform compression, and thus
uniformly distributed as can be seen in Figure 5.3. No shear stress acts on the
�ange panel. For the stress distribution and buckling mode to correspond to theory,
since the panel is �xed in x-direction on the left edge, the stresses corresponding to
the moment is only applied on the right edge for both the web and �ange panels.

5.5 Veri�cation of the FE-model

The FE-model needs to be reliable and show accurate results. The �rst step to
verify that it does, is to do a convergence study. With a converged mesh size the
other veri�cations are performed. The stress distribution in the plate con�rms if
the correct boundary conditions are applied. Further, the model is compared to a
commercial elastic buckling program, EBPlate to both compare the buckling mode
in size and shape.

, Architecture and Civil Engineering, Master's Thesis ACEX30 47



5. FE-model

The veri�cation is executed for both an unsti�ened beam and sti�ened beam. The
geometry for which the veri�cations is performed is stated in Table 5.1.

Table 5.1: The geometry of the web and �ange panels that are used in the veri�-
cation of the FE-model.

Cross-section Length of panel
Unsti�ened Height x Thickness [mm] [m]
Web 1500 x 14 3
Flange 1200 x 25 3
Sti�ened
Web 1500 x 8 3
Flange 1200 x 10 3

5.5.1 Convergence analysis of the FE-model

The convergence study is performed as such that the mesh size of the model varies
and the result in form of the �rst buckling mode is plotted in Figure 5.4. The
element types, quadratic and linear elements are compared and Figure 5.4 show
that for quadratic elements the model can be regarded as converged at the �rst
mesh iteration. For the linear element type, convergence occurs much later, thus
quadratic elements are used in the model. The mesh size 45 mm is continued with
in the calculations.

Figure 5.4: Convergence analysis for mesh size and �rst buckling mode for linear
and quadratic elements.

5.5.2 Stress distribution in the plate

The stresses at the edges around the whole panel need to show that the boundary
conditions give the expected stress distribution in the panel when the loads are
applied. The web and �ange are both checked since they experience di�erent types

48 , Architecture and Civil Engineering, Master's Thesis ACEX30



5. FE-model

of loads and thus di�erent stress distributions. The stresses are analysed using a path
in ABAQUS, showing how the stresses vary along the path. A path is created for
each edge to verify the behaviour. Three contour plots are shown in Figures 5.5, 5.6
and 5.7. The web is subjected to solely moment which varies linearly over the left and
right edge. The force is applied as stresses� xx with the same distribution as the load
has. In the top edge the panel is compressed and bottom is in tension. For the web
subjected to solely shear the whole web is subjected to the same stress. The �ange is
subjected to uniform compression and thus the whole plate is in compression. Both
the unsti�ened and the sti�ened models' stress distributions are checked and give
similar results, hence only the sti�ened stress distribution is shown in Figures 5.5,
5.6 and 5.7. All stresses indicate that the plate's boundary conditions are correct.

Figure 5.5: Web panel's stress distribution in� xx direction for a sti�ened web
subjected to bending.
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