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Summary 
This report concludes the final graduation project of the Master variant Structural Design of the Master 

‘Architecture Building and Planning’ at Eindhoven University of Technology.  

The safety of steel structures is guaranteed by Eurocode 3 by prescribing design rules. Because steel 

structures can be complicated and are more likely than not composed out of multiple elements, these 

design rules presented In EN 1993-1-1 need to be applicable for all of these structures. Eurocode 3 states 

that all structures should be verified in the ultimate limit state but on the basis of individual single 

members. However, structures act as a whole which means that the interaction between these elements 

should be covered as well. The unawareness if this interaction is covered by Eurocode 3 was the main 

reason for this graduation project.   

The interaction between bending, compression and torsion can be tested according to the codes, but 

only for separate elements. Questions rose about the influence of interaction of stability failure modes 

between multiple elements on the ultimate resistance of the total system, especially the stability 

interaction effects in 3D steel frames. Therefor, this research was focussed on simultaneous buckling of 

multiple elements being part of a system for which Eurocode 3 design rules were compared with the 

most sophisticated analyses namely GMNIA.  

In a literature study more knowledge was gained about buckling of steel members. This also provided a 

basis for the comparison between Eurocode and GMNIA results. All aspects included in the geometrically 

and materially non-linear analyses with imperfections (GMNIA) and the finite element analyses were 

investigated in this literature study. Literature about the buckling of a two-dimensional sway frame and a 

three-dimensional steel space frame was used as a basis of validation of the finite element analyses 

executed by the non-linear finite element analyses software ABAQUS. 

The validation of the finite element model was a base for testing of multiple factors necessary in the final 

GMNIA such as element type and method of including imperfections. It was concluded that using a linear 

combination of scaled eigenmodes resulted in a good representation of geometrical imperfections. 

A so called one bay one story three-dimensional steel space frame in which members buckle 

simultaneously was used for the comparison between GMNIA and Eurocode calculations. The interaction 

of buckling between a column and a beam was found by considering a number of load combinations.  

The comparison between EN 1993-1-1 and a GMNIA gave an answer on the research question. It gave the 

insight that a three-dimensional structure in which members buckle simultaneously is not well-enough 

covered by Eurocode design rules. Both the sway-mode buckling length method and the amplified sway-

moment method resulted in a higher ultimate resistance than the GMNIA. If a more exact method of 

determination of Lcr, Ncr and Mcr was used than prescribed by Eurocode 3, the comparison between EC3 

and GMNIA came closer. However, the Eurocode design rules only were conservative if the interaction 

was investigated for a two-dimensional structure.  
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Nomenclature 
 �� Imperfection amplitude �� contribution of each buckling mode �� Horizontal force ���  Critical force �� Vertical force 	
�  Moment fo inertia of the supporting beam 	��  Moment of inertia of the column 	�  St. Venant torsional constant. 	�  Second moment of area (of inertia) about z-axis �
� Length of the connected beam ��� Length of the column ���,� Elastic critical buckling length for buckling in the z-direction �� Stable length between adjacent lateral restraints ��,�,�� by presence of normal force reduced design value of resistance to bending 

moments for bending about the y-axis ��,�,�� by presence of normal force reduced design value of resistance to bending 

moments for bending about the z-axis �
,��  Design buckling resistance moment ��� Elastic critical buckling moment for lateral torsional buckling ��,��  Design bending moment for bending about y-axis ��,��  design bending moment for bending about the y-axis ��,�,�� Reduced plastic resistance moment about y-axis allowing for the normal force ��,�,�,�� Moment resistance about y-axis reduced for normal and shear force ��,�� Characteristic value of resistance to bending moments about y-y axis ��,�,�� Reduced plastic resistance moment about y-axis allowing for the shear force ��,�,�� Design resistance for bending about one principal axis of a cross-section ��,�� design bending moment for bending about the z-axis ��,�,�,�� Moment resistance about z-axis reduced for normal and shear force ��,��  Characteristic value of resistance to bending moments about z-z axis ��,�,�� Reduced plastic resistance moment about z-axis allowing for the shear force  ��� Design normal force ��� Characteristic value of resistance to compression ���,�� Plastic resistance for compression reduces for shear force �
,�� Design buckling resistance of the compression member ��,�� Design resistance of the cross-section for uniform compression ���  Elastic critical force for the relevant buckling mode ��,�� Design shear resistance ��,�� Design shear force about the y-axis ��,��  Design shear force about the z-axis ����  Reduction factor. ���, ��� , ���, ���  Buckling interaction factors  � Vertical uniformly distributed force ���  Elastic critical buckling length !� Sway imperfection !" Bow imperfection #$  Thickness of the flange #% Thickness of the web &� The reduction factor for the height of a column &��,'() Minimum force amplifier to reach lateral torsional buckling 
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&��  Ratio of the design vertical applied load and the lowest elastic critical load &� The reduction factor for the number of columns in a row *+, Partial factor -��.�  True strain /��.� True stress 01, 0'( , 0�  Reduction factor for the relevant buckling mode 2" Basic value for global initial sway imperfection &��,34 minimum load amplifier of the design loads to reach elastic out-of-plane buckling &.,5+ Minimum load amplifier of the design loads to reach collapse according tot he 

General Method. &.,�6 Minimum load amplifier of the design loads to reach collapse using a GMNIA with 

EC3 imperfections &.,��7 Minimum load amplifier of the design loads to reach collapse using a GMNIA with 

EC3 imperfections &.��,�  Minimum load amplifier of the design loads to reach the first platic hinge � Flexibility parameter � Factor depending internal force distributed 8 Modules of elasticity � Force � Load factor 9 Shear modulus : Height 	 Moment of inertia � Length of a member :1,:2 Horizontal force = Vertical force > Width ? Height of web ℎ Height A Root radius B C B x-axis of a profile D C D y-axis of a profile E C E z-axis of a profile & The imperfection factor, depending on the relevant buckling curve &, F Constants depending on type of cross-section F the reference relative bow imperfection F Amplification factor of sway-moments - Factor depending on G� - Axial strain H factor which correct the boundary conditions at the other end of the supporting 

member / Stress 2 Initial rotation of imperfection at the base of the column 
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1. Introduction 
 

In the first chapter of the final thesis the topic is introduced. After that the problem definition is 

formulated and the objectives are specified. Next, how they are achieved will be treated in Methods.  

Steel frames used as structural elements are composed out of members and joints. These frames need to 

be designed according to codes. For steel structures Eurocode 3 was developed. The purpose of the 

Eurocode is to provide a means to show compliance with the requirements for mechanical strength, 

stability, safety, etc. The design according to these rules works by ensuring that steel elements satisfy the 

ultimate and serviceability limit states. Section 6 “ultimate limit states” is divided in paragraphs for the 

calculation of the resistance of cross sections, the buckling resistance of members and the calculations 

for uniform built-up elements. To introduce the topic of this report, the ultimate limit state stability 

calculation is shortly explained below. 

To verify the stability of structural systems, various calculations in the ultimate limit states need to be 

used. These calculations are categorized by the type of element loading, namely uniform members in: 

• Compression 

• Bending 

• Bending and axial compression 

For these cases relative concise checks are available. These are expanded with the general method for 

lateral torsional buckling of structural components and lateral torsional buckling of members with plastic 

hinges. These should be used if the first three sets of design rules do not apply.  

An important note for all these rules is that these checks may be carried out on the basis of individual 

single members. Members of structural systems can be regarded as if they were cut out of the system 

(CEN, 2005d). For steel frames this means that all elements should be checked individually, first on cross-

sectional strength and then on member stability. If elements as part of a structural system buckle, they 

will have an influence on other connected elements. As an example Figure 1.1 shows that buckling can 

occur in multiple elements which influence each other. This does raise questions about the influence of 

interaction between stability failure modes on the ultimate resistance of the total system, especially the 

stability interaction effects in 3D steel frames. 
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Figure 1.1: Example of interaction of stability failure modes (Taris, 2009) 

 Research question 
The reason for this research project is the unawareness if the design of 3D steel frames by Eurocode is 

possible and safe for 3D stability interaction effects in steel frames. The stability of 3D steel frames can be 

addressed by the design rules of Eurocode 3. However, the buckling resistances of beam and column 

elements as part of a structural system are specified separately. The interaction between bending, 

compression and torsion can be tested according to the codes, but only for separate elements. The 

unawareness about the effect of buckling interaction on the ultimate resistance of 3D steel structures 

and if this effect is sufficiently covered by the codes results in the following research question: 

“Do Eurocode 3 design rules sufficiently cover the ultimate resistance of 3D steel frames in which 

members buckle simultaneously?” 

 Objective 
The objective of this graduation project is to explore the interaction of stability failure modes in 3D steel 

frames. This interaction needs to be investigated since there is a possibility that it has significant 

influence on the ultimate resistance. The effect has been investigated before for two-dimensional 

structures but only in comparison to the general method, as described above. It is necessary to 

investigate if this interaction effect in three-dimensional structures is sufficiently covered by the other 

methods given by Eurocode 3. 

On a bigger scale the objective is to increase the level of safety for structural design assisted by finite 

element analyses (FEA), including the use of the most sophisticated methods. Furthermore, this project 

will also help addressing the development of FE integrated design recommendations and procedures. 
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 Methods 
General knowledge needs to be acquired about this subject. Therefor a literature study was conducted 

on previously executed research about this topic. Information on additional topics will also be acquired 

such as finite element modelling and Eurocode resistance and stability calculations. 

A numerical analyses was carried out using the Finite Element Method in order to obtain results on the 

ultimate resistance of steel frames. Assessing instability in frames requires a non-linear analyses in order 

to simulate actual buckling most accurately. Therefor a geometrically and materially nonlinear analyses 

with imperfections was conducted. This analyses includes plasticity, 2nd order effects and imperfections. 

The Riks method is used for this analyses. This will also be a subject for the literature study, especially the 

implementation of imperfections. The FEM model is validated against previously conducted research 

which shows the accuracy and legitimacy.  

The ultimate resistance calculated by this FE analyses will be compared with the ultimate resistance 

calculated by Eurocode 3. This comparison should lead to an answer to the research question. 

The approach of this research is illustrated in Figure 1.2. It gives a global idea of the different steps which 

need to be taken. 

 

 
Figure 1.2: Project Plan 
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2. Summary Literature Survey 
 

The literature study is an integral of the final graduation project of the Master variant Structural Design of 

the Master ‘Architecture Building and Planning’ at Eindhoven University of technology. It provides a basis 

of knowledge and information for investigation of the research problem. Direct research on buckling 

mode interaction as well as general knowledge about buckling calculations was acquired. Recent research 

was reviewed which provides a start for FE-analyses. The methodology for stability calculations according 

to Eurocode was investigated as well. Since the finite element method will also be an important factor in 

the research of buckling interaction effects, multiple aspects of it were dealt with. In the last section 

GMNIA is elaborated which is the most accurate method to be used for stability analyses of structural 

frames and elements. 

The complete literature study is added in Appendix B. However, some parts of this literature study are 

important to summarize in this report. Also some new information is added in this chapter. In the 

following paragraphs the overarching research and the investigation on recent research about the subject 

is elaborated. Other parts of the literature survey will be discussed and implemented later in the report.  

 Overarching research 
This project is a preliminary study on a part of an overarching research called Practical design of streel 

structures using FEM. “The aim of this overarching research is to contribute to better usage of FE analyses 

in design offices in order to reach to a higher level of safety in the structural design assisted by FE 

analyses, including the use of the most sophisticated methods, namely materially and geometric non-

linear analyses with imperfections (GMNIA)” (TU/e et al., 2012). A part of this is the stability assessment 

of frames by FEM for 3D instability effects where a limited number of full-scale tests will be conducted to 

provide a basis for validation of the FE model. A proposal for the types of frames to be tested in future is 

shown in Figure 2.1. This graduation project functions as a preliminary study to provide information for 

these full scale tests to be sure that the chosen structures show the relevant interaction buckling 

behaviour. The three-dimensional structure in Figure 2.1 and its connection in Figure 2.2 are given as 

example structures for investigation of 3D stability effects.

 
Figure 2.1 Test frames (TU/e et al., 2012) 
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Figure 2.2: Rigid connection (TU/e et al., 2012) 

 

 2D Portal sway frame by S.H.F.M. Taris. 
A graduation report by (Taris, 2009) on the stability of unbraced laterally supported steel sway frames did 

raise the question if stability interaction effects influence the ultimate strength of three-dimensional steel 

frames. In addition to this, in his work the stability of two-dimensional frames is tested using finite 

element modelling. The combination of these corresponding aspects leads to the interest in Taris’ 

research. Therefor the essence of interesting parts will be discussed in this chapter. After a brief 

introduction about the reason and problem definition, his preliminary study involving a reference case 

will be summarized. 

 Subject 
This research by Taris (2009) focussed on the general method given by Eurocode 3. Because at that time 

the method was applied for the first time in Eurocode 3, the usage of the buckling curves in this method 

made its application questionable. “The fact that the General Method makes use of the buckling curves 

to combine the in-plane strength of the structure with the out-of-plane stability has led to questions 

whether this is a safe method” (Taris, 2009). This method should be widely applicable for testing complex 

structures on stability in case sections 6.3.1, 6.3.2 and 6.3.3. of Eurocode 3 could not provide a solution. 

Secondly, in 2006 a resolution is published by Committee ECCS/TC8 which narrowed down the scope of 

application of this General Method. The main research objective is to verify or falsify the General Method 

described in Eurocode 3 section 6.3.4. In case of verification a scope was formulated with a 

recommendation for the correct buckling curves and use of the General Method. 

 Preliminary study 
The reliability of FEM simulations in Taris’ research is validated in a preliminary study. In this study a 

relative simple case is modelled which complies with the prescribed recommendations of ECCS/TC8 and 

which was used before by Greiner & Ofner (2007). This structure is used to test different variables 

necessary for FEM calculations like mesh size, boundary conditions, geometrical imperfections and 

residual stresses. The used structure is shown in Figure 2.3. The horizontal force at the middle of the 

connection between the beam and column on the left side of the structure in combination with a 

uniformly distributed vertical load across the beam length leads to reaction and first order internal forces 

according to Figure 2.4. 
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Figure 2.3: Portal sway frame with horizontal and vertical loading (Greiner and Ofner 2007) 

 
Figure 2.4: First order reaction and internal forces (Greiner and Ofner, 2007) 
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Five types of analyses were carried out by Taris and are listed below.  The load-displacement curves are 

shown in Figure 2.5. The maximum load-factors per analyses were compared to the results of Greiner and 

Ofner in Figure 2.6. This will provide a basis for validation later in this report. 

• Linear buckling analyses (αcr,op): 

The first out-of-plane eigenmode is determined using this analyses. The load factor at which the 

structure buckles out-of-plane is determining the value for αcr,op. 

• In-plane GMNIA (αult,k): 

This analyses using geometrical and material non-linearities including imperfections is used to 

determines αult,k. The model is out-of-plane supported so only in-plane deformation can occur, 

therefor only in-plane imperfections are applied. This imperfection is created by an horizontal 

displacement and sized to Eurocode 3. The arc-length method is used to determine the highest load 

factor which is the minimum load amplifier αult,k. 

• General method (αu,GM) 

· This analyses combines the previous two analyses to compute the out of plane slenderness I34. The 

general method is further described in the literature study in appendix B. 
• GMNIA without residual stress (αu,ec3): 

The method described above is used again adding bow imperfections. These are taken according to 

the first out-of-plane buckling mode and scaled by a determined factor. The out-of-plumbness (sway) 

imperfections used in in-plane GMNIA are incorporated as well. Additionally, the difference with the 

previous analyses is the omittance of the out-of-plane constraint. 

• GMNIA with residual stress (αu,RS): 

In this method the geometrical imperfections are the same as in GMNIA without residual stresses but 

smaller. If residual stresses are modelled separately the geometrical imperfections can be lowered. 

These stresses defined for welded sections are modelled according to Figure 3.6. For determining 

αu,RS the arc-length method is used. 

 

More curves are given in the figure. They are not further clarified because of only small differences in 

e.g. imperfections or mesh. 
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Figure 2.5: Load-deflection paths of preliminary study (Taris, 2009) 

 
Figure 2.6: Comparison of analyses (Taris, 2009) 

One important difference between the two models is the type of elements. Greiner and Ofner used an 

ANSYS beam and Taris used an ANSYS shell type. The comparison between the model of Taris and the 

work of Greiner and Ofner led to the following conclusions: 

• “Modelling with shell-elements leads to a more realistic model because: 

· supports can be places exactly at the desired location; 

· connections between columns and beams can be modelled like real connections; 

· residual stress can be accounted for; 

· local buckling can occur when relevant. 

• Modelling with shell-elements leads to changes in the cross-sectional properties of the sections due 

to the overlap of the flanges with the web and to the missing root-radii if present” (Taris, 2009). This 

leads to results which do not represent common cross-sections.  

• The imperfections and connections used, need to be as accurate as possible since they influence the 

results severely. 
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 Full scale tests of space steel frame by Kim et al. (2003) 
In this paragraph a recent publication by S.E. Kim et al. (2003) will be introduced. The article about Full-

scale testing of space steel frame subjected to proportional loads will provide a second basis of the 

validation in 3.1.4. The aim of the paper is to provide such a basis by performing three-dimensional full-

scale frame tests. In the past few years, a couple of full-scale tests have been performed, but most of 

which are only two-dimensional. Since most structures in reality are not two-dimensional, these recent 

tests do not represent realistic behaviour sufficiently. 

Because a numerical analyses using the finite element method by ABAQUS CAE of these frames was 

added to the article, the usability for validation increases. Both the full-scale experiment and numerical 

analyses are discussed below in paragraph 2.3.1. The results of both tests are presented in paragraph 

2.3.2. 

 Tests 
In these experiments three full-scale three-dimensional frames were tested. The frames are so called 

one-bay, two-story, rigidly jointed sway frames. Each frame is subjected to a different ratio of loading. 

Figure 2.7 shows the ratio between vertical load P and horizontal loads H1 and H2. The structure of the 

three frames is identical and shown in Figure 2.8.  

  

Test frame 

P H1 H2 

1 P P/3 P/6 

2 P P/4 P/8 

3 P P/5 P/10 

Figure 2.7: Loading ratio 

 
Figure 2.8: Dimension and loading condition of test frame 
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Full-scale experiments: 

For the full-scale experiments, the frames are composed out of steel beams and columns with hot-rolled 

wide flange sections. The profile is commonly used in Korea with dimensions 150x150x7x10mm and is 

made from SS400 steel. “All connections between the members were welded rigidly. The test frame was 

semi-fixed in displacement and rotation at the base level, free to move at the second floor level, and 

fixed in displacement at the roof level” (Kim et al., 2003). Figure 2.9 shows a schematic view of the test 

setup. The frame was tested in a strong floor and wall setup. Hydraulic jacks were placed on a steel 

loading frame. Four 1000 kN jacks are located centrically above each column and two 250 kN jacks are 

used for horizontal loading at second floor level. The constraint at top level makes the setup relatively 

simple because the vertical jacks do not have to move horizontally though keeping the possibility of 

including sway instability at second floor level. LVDT’s (Linear Variable Differential Transformers) were 

used to measure the horizontal displacement at second floor level of column 2 and 4. The test started by 

increasing the loads proportionally according to Figure 2.7. For all three tests the experiment was 

stopped at the moment column 2 could not sustain any more load. 

 

 

Figure 2.9: Schematic drawing of test arrangement (Kim et al., 2003) 

Numerical analyses: 

For the numerical analyses of the three frames the widely used finite element analyses program ABAQUS 

CAE was used. The mesh was created by dividing the height and width of all members by eight. The 

ABAQUS shell element S4R is used with an aspect ratio close to unity. A pre-test defined the magnitude of 

the horizontal springs in the foundation of each column equal to 67.322 kN/m. Tensile testing of the 

material used in the full-scale test resulted in stress-strain relationships for the flange and web of column 

and beam. The out-of-plumbness (sway-imperfection) of the full-scale frame was measured and 

implemented in the analyses. Out-of-straightness (bow) and local imperfections were not implemented 

because they are not dominant in frames comprised of compact sections. Residual stresses for rolled 

sections according to Committee ECCS/TC8 ‘Stability’ (1984) were implemented. A static geometric and 

material non-linear analyses was used to obtain the load-displacement curves of column 2 and 4. 

 Results 
The load displacement curves and design load carrying capacities of the three frames subjected to 

proportional loading are given in Figure 2.10 and Figure 2.11 respectively. The design load carrying 

capacities in the table are obtain by multiplying the ultimate capacity by 0.9. It can be observed that the 

difference of load carrying capacity between the experiment and analyses is about 3%. However, the 
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load-displacement curves for the 3D frame show more differences between the numerical and 

experimental results which is probably caused by experimental errors or analytical approximations. 

 

Column 2 test frame 1: Column 4 test frame 1: 

Column 2 test frame 2: Column 4 test frame 2: 

Column 2 test frame 3: Column 4 test frame 3: 

  

Figure 2.10: Load-deflection curves of experiment and analyses (Kim et al., 2003) 
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Figure 2.11: Comparison of experimental and design load carrying capacities (Kim et al., 2003) 

 System of axes 
A general notation is used Eurocode 3 for the geometric definition of steel sections. The following axis 

convention is used, shown in Figure 2.12: 

• xx – longitudinal axis through the centre of gravity 

• yy – section axis, parallel to the flanges 

• zz – section axis, perpendicular to the flanges. 

This convention of axes will be followed for the rest of this document. 

 

Figure 2.12: Axis convention (CEN, 2005b) 
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3. Validation 
 

The validation process is explained in this chapter. A numerical model is built in the finite element 

method program ABAQUS and calculations with it are compared with the results from literature. In the 

modelling process all used parameters will be set out clearly for it to be replicable. Some parameters will 

be investigated and options compared. The validation process gives a model for the numerical analyses to 

start with. Furthermore, general knowledge on the effect of different parameters is gained in this 

chapter. 

 Validation study 1 
Validation study 1 is based on the research of Taris (2009) which is summarized in paragraph 2.2. 

Although some information about the parameters used in his study was already summarized, the next 

paragraph will elaborate on the modelling. This is also necessary because there is a difference in the used 

finite element program. Taris used ANSYS instead of ABAQUS. The results from the work of Taris and this 

graduation project will be compared in paragraph 3.1.2.  

 Finite element model 

Geometry: 

Figure 2.3 shows the geometry of the two-dimensional frame. The frame is composed out of a welded 

section with dimensions of 800x180x30x15mm see Figure 3.1. A welded or rolled section cannot be 

represented by shell elements perfectly since the transitions between web and flanges, root radii or 

welds, cannot be modelled. In this case an overlap is created between web and flanges by shell thickness 

to compensate for this error shown in Figure 3.2. Therefor the web of the profile in the model has a 

height of 770mm 

The nominal height and width of the frame is 10 meters. The columns and beam are welded rigidly. The 

column ends are hinged supported. At certain locations the web of the frame is laterally supported.  

Elements: 

For the numerical simulation by Taris the program ANSYS was used. Shell elements are taken for GMNIA 

because these are capable of modelling thin to rather thick shell structures. In this way one element can 

be used to model the thickness of web and flanges. ANSYS Shell type 281 was taken as element type 

because of multiple reasons: it is capable of large rotation, can be used in non-linear analyses, can cope 

with in-plane bending, is less form sensitive than 4 node element and it can simulate plastic material 

behaviour.  

For the validation the element needs to be translated into an ABAQUS element. The documentation of 

ABAQUS prescribes a S8R element as direct equivalent (Dassault Systèmes, 2012).  
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Figure 3.1: Cross-section 

 
Figure 3.2: Cross-section overlap by shell elements (Taris, 2009) 

Mesh: 

A sensitivity study by Taris resulted in the mesh of Figure 3.3aFigure 3.3. The sizes of the elements are 

45x192,5mm2 for the flange and 192.5x385mm2 for the web. In case residual stresses are applied, the 

mesh is densified (Figure 3.3b). These meshes are remodelled into the FE-model in ABAQUS 

 

Figure 3.3: (a) mesh for model without residuals tresses, (b) mesh for model with residual stresses. 
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Loading: 

Figure 2.3 shows the loading on the structure. A horizontal load of 20.000N at the middle of the 

connection between beam and column and a uniformly distributed load of 100 N/mm across the length 

of the beam are applied. 

Load application: 

Since the horizontal load and the boundary conditions are located in a single node it can cause the 

structure to deform locally (Figure 3.4). In reality the loading and support conditions are not like this. To 

prevent this local buckling, rigid bodies are defined. This prevents the nodes to move in relation to a 

reference point. The reference points are located at the middle of the bottom of each column and in the 

middle of each corner. 

The uniformly distributed load is located at the top of the web of the beam in the FEM model. ABAQUS is 

unable to place a line-load on this part of the structure. Locating a stringer with a neglectable stiffness at 

the top of the web enables to define a similar load. A stringer is a profile located at a surface to reinforce 

it on which ABAQUS is able to locate a line-load.  

 

Figure 3.4: Local deformation at single nodal support 

Steps: 

The five different analyses described in 2.2.2 can be executed by two kinds of steps. The linear buckling 

analyses is performed using a linear perturbation buckling step. The Static Riks analyses is used for the 

GMNIA analyses. 

Imperfections: 

In general, there are two types of imperfections: geometrical imperfections and material imperfections. 

According to Sena Cardoso & Rasmussen (2016) three types of geometric imperfections are relevant, 

namely: global imperfections (initial sway imperfections), global member imperfections (initial bow 

imperfections) and local member imperfections (cross-sectional imperfections). Additionally, as a result 

of the fabrication process material imperfections will occur called residual stresses. 
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For the different analyses the type of imperfections included by Taris are shown in Figure 3.5. 

Analyses: Imperfections  Residual 

stresses Sway Bow 

LBA (&��,34) - - No 

In-plane GMNIA (&.��,�J Sway imperfections sized to 

EC3: 28.9mm 

- No 

GMNIA I K&.,��7) Sway imperfections sized to 

EC3: 28.9mm 

First out-of-plane eigenmode 

sized to EC3: 45.1mm 

No 

GMNIA IIIb (&.,�L) Sway imperfections sized as 

Lcr/1000: 23.5mm 

First out-of-plane eigenmode 

sized as Lcr/1000: 6.76mm 

Yes 

Figure 3.5 Imperfections and residual stresses per analyses (Taris, 2009) 

Sway imperfections are calculated as 1/200 of the height of the column reduced by a factor for the height 

and number of columns: !� M 28.9QQ  

The out-of-plane imperfection (bow) shaped like the first eigenmode is calculated as the critical buckling 

length divided by 150 according to Eurocode 3: !" M 45.1QQ  

When the residual stresses are implemented, the in- and out-of-plane imperfection are resized to: !� M 23.5QQ  !" M 6.76QQ  

Appendix B shows a full derivation of these imperfections values. 

The sway imperfections are applied in ABAQUS by equivalent horizontal forces described in 5.3.2. of 

Eurocode 3. The bow imperfections are applied in ABAQUS by multiplying the unity deformation of the 

first buckling mode with bow imperfection given by Eurocode. 

The method described by Eurocode for determining the size of imperfections is elaborated in the 

Literature Study added in Appendix B. The residual stresses are modelled as prescribed by Committee 

ECCS/TC8 ‘Stability’ (1984) shown in Figure 3.6 for welded sections. The values given at the stress 

distribution describe a percentage of the yield stress. These stresses are implemented in the FE-model by 

using predefined fields. 

 

Figure 3.6 Residual stress pattern (Committee ECCS/TC8 ‘Stability’, 1984) 
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Material model: 

The S275 material is described by a bi-linear material model with strain hardening: 

• Density: 7.85 ∗ 10YZ #[\\!/QQ7 

• Mechanical elastic properties 

o Youngs modules: 210000 �/QQ^ 

o Poisson’s ratio: 0.3 

• Mechanical plastic properties: 

 

Stress Strain 

0 0 

275 0,00131 

430 0.23131 
 

Figure 3.7: material behaviour S275   

 

 Results: 
The results by Taris given in Figure 2.5 and Figure 2.6 can be compared with the results from the finite 

element method by ABAQUS. Figure 3.8 shows the load proportionality factors (LPF) for each analyses for 

both studies. A load proportionality factor is the ratio between applied and ultimate loading. The initially 

applied load on the structure can be multiplied with this value to calculate the ultimate load.  

Preliminary study αcr,op αult,k αu,gm αu,Ec3 αu,RS 

Taris (Ansys shell model) 2,5617 2,4419 1,1721 1,47 1,78 

Author (ABAQUS shell 

model) 

2,5585 2,4400 1,1692 1,47 1,66 

Difference [%] -0,12 -0,08 -0,25 0,00 -6,63 

Figure 3.8: results validation study 1 

The differences between the two studies are very small, except for the case including residual stresses 

(_.,�6). Figure 2.6 shows the comparison between Taris’ analyses and the beam model of Greiner and 

Ofner. The LPF including residual stresses was not validated because this was not included in the 

reference study. Additional validation is necessary for this analyses.  

Figure 3.9 shows the load displacement curves for the 5 analyses. The jobs are terminated after the 

maximum LPF is reached.  
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Figure 3.9: Load displacement curves for analyses of preliminary study 1 

Figure 3.10 and Figure 3.11 show the comparison of the deformed structure from the GMNIA. This shows 

that the structure buckles in the same shape. The deformation is magnified by 15 to increase the 

visibility. The comparison between the other deformed structures is added in Appendix C which shows 

equivalence as well. 

 

Figure 3.10: deformation GMNIA 
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Figure 3.11: Deformation GMNIA by (Taris, 2009) 

 2D imperfection study  
In this paragraph a comparison will be made between different methods of including geometric 

imperfections. The methods compared are:  

1. GMNIA (Taris): Method described by Taris (2009) 

2. GMNIA (EC3): Eurocode 3 (CEN, 2005b) 

3. GMNIA (EC3 2015): Eurocode 3 (CEN/TC 250/SC 3, 2017) 

4. GMNIA (Taris RS): Method described by Taris (2009) including residual stresses 

5. GMNIA (EC3 RS) : Eurocode including residual stresses 

6. GMNIA (Lit. RS): Method described by Shayan, Rasmussen, & Zhang (2014) including 

residual stresses. 

 

To test the methods, the beforementioned geometry of the validation study is used. The methods are 

explained in Appendix b. Note that in the latter three methods residual stresses are included. A summary 

of the calculations for each imperfection is shown in Figure 3.12Figure 3.11. The out-of-plumbness (sway) 

is added to the structure using equivalent horizontal forces. The out-of-straightness (bow) is added to the 

analyses by amplifying the (unity)shape of the first eigenmode by the calculated value of imperfection. 

Therefor the displacement of each node in the eigenmodes is plotted in a separate file requested by 

editing the keywords in ABAQUS. In this eigenmode the maximum deformation is equal to 1. This file with 

the translated locations of each node can then be loaded into the GMNIA. The magnitude of the actual 

imperfection can be implemented by amplifying the node displacements in the file with the maximum 

imperfection calculated by for instance Eurocode 3. The deformed structure is then used in the GMNIA in 

an unstressed state. Figure 3.13 shows the difference in the LPF between the methods and Figure 3.14 

and Figure 3.15 show the load displacement curves for methods 1-3 and 4-6 respectively. These graphs 

show the horizontal displacement of the top of the left column.  

It can be concluded that the methods with residual stresses result in a higher LPF at failure. From the first 

graph it can be concluded that the magnitude of the imperfections directly influences the value of the LPF 

at failure.  Using the eigen-buckling mode method (6- GMNIA (lit, RS)) for geometric imperfections gives a 

more conservative result in case residual stresses are included. 
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 Out-of-plumbness 

(equivalent horizontal 

forces) 

Out-of-straightness (shaped as 

buckling mode) 

Residual stress 

1. GMNIA (Taris) 

2 M 2"&�&�  2" M ,^"", &� M 0.667  !� M 28,9mm  

!" M 'ab,c,d"   M efe7,d" M 45.1QQ  

- 

2. GMNIA (EC3) 

2 M 2"&�&�  2" M ,^"", &� M 0.667 !� M 28.9mm  

�g' M 150  !" M ',d" M ,"""",d"  M 66.7QQ  

- 

3. GMNIA (EC3 

2015) 

2 M 2"&�&�        2" M ,^"", &� M 0,632 !� M 27.4QQ  

!" M hi F� M ".jZ".Z^ ∙ ,""""el   M 77.9QQ  

 

- 

4. GMNIA (Taris RS)  

!� M 'ab,m,"""  M ^7dj7,""" M 23.5QQ  

!" M 'ab,c,"""   M efe7,""" M 6.7QQ  

Yes 

5. GMNIA (EC3 RS) 

!� M ',""" M ,"""",""" M10QQ 

!" M ',""" M ,"""",""" M 10QQ Yes 

6. GMNIA (Lit. RS)  

Eigen-buckling mode method; shaped as combination of 

the first three eigenmodes 

1st: 11.4507 

2nd: 2.9592 

3rd: 3.9701 

yes 

Figure 3.12: Summary of imperfection methods 

 1. GMNIA 

(Taris) 

2. GMNIA 

(EC3) 

3. GMNIA (EC3 

2015) 

4. GMNIA 

(Taris RS)  

5. GMNIA 

(EC3 RS) 

6. GMNIA 

(Lit. RS)  

LPF 1,4662 1,3802 1,3493 1,6619 1,6950 1,6401 

Figure 3.13: LPF comparison between imperfection methods 
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Figure 3.14: Load displacement curve for imperfections 1-3 

 

Figure 3.15: Load displacement curve for imperfections 4-6 
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 Element type comparison 
For the different methods of including imperfections as discusses in the previous paragraph the influence 

of the element type on the LPF at failure has been investigated. The theoretical difference between the 

S4R and S8R element is described in chapter 5.6 of Appendix B. Figure 3.16 shows the difference in LPF 

between the two element types. The S8R element results in a higher LPF than S4R in case no residual 

stresses are applied. If they are applied, all analyses with S8R elements result in a lower LPF. The load 

displacement curves show a small difference between the two element types, shown in Figure 3.17. For 

this test it can be concluded that it does not really matter which element type is used.  

Element 

type 

GMNIA (EC3 

Taris) 

GMNIA 

(EC3) 

GMNIA (EC3 

2015) 

GMNIA (EC3 

RS Taris) 

GMNIA (EC3 

RS) 

GMNIA (Lit. 

RS)  

S8R 1,4662 1,3802 1,3493 1,6619 1,6950 1,6401 

S4R 1,43537 1,36461 1,33407 1,69817 1,73515 1,67846 

Difference 2,10% 1,13% 1,13% -2,18% -2,37% -2,34% 

Figure 3.16: LPF comparison of two different element types 

 

Figure 3.17: Load displacement curves for the comparison of two different element types 
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 Validation study 2 
Validation study 2 is based on an article by Kim et al. (2003) which was summarized already in paragraph 

0. Although some information about the parameters used in his study has already been presented, the 

next paragraph will explain all parameters that are part of the FE-model in a more complete way. The 

results from the FE-analyses will be compared to the reference in section 2.3.2. 

 Finite element model 

Geometry 

Figure 3.18a shows the geometry of the three-dimensional frame. The frame is composed out of welded 

rolled sections commonly used in Korea as shown in Figure 3.19. A welded or rolled section cannot be 

represented by shell elements perfectly since the transitions between web and flanges, root radii or 

welds, cannot be modelled. Also present in this case is the overlap created in the previous study as 

shown in Figure 3.2. The modelled 2D shell element is located in the middle of the web and flange. The 

thickness of both web and flange are divided equally between the two sides of the modelled 2D shell 

element. This creates the overlap and neglects the root radii but results in a similar profile. 

The beams and column are rigidly welded together using a tie constraint to form a two story one bay 

sway frame. The top of the fame is supported with rolling supports. They also restrain rotation around 

the x-axis of the column due to the mounting mechanisms. For the experiment a U-bolt is used to keep 

the top of the frame from moving away from the strong-wall-system and it also restraints the rotation 

around its longitudinal axis (Figure 3.18b) Rotation of the base of each column and movement in its 

longitudinal direction is prevented as well. Also springs in two horizontal directions with a stiffness of 

67.322 N/mm are added at the base of each column. 

 

 

Figure 3.18: Dimensions of geometry and type of supports and loading 
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Figure 3.19: Section of used profile 

Elements 

ABAQUS S4R shell elements are used similar to the one used in the literature analyses. 

Mesh 

The mesh shown in Figure 3.20 is created by using 8 elements across the width of web and flange. 

Together with the fact that these S4R elements work best when the height times width ratio is equal to 

one creates the mesh as shown. 

 

Figure 3.20: Mesh 

Loading 

As already described three frames were tested with different load ratio’s between horizontal and vertical 

load, see Figure 2.7. 

Load application 

Furthermore, in this case rigid bodies are implemented to prevent local buckling due to concentrated 

loads. They are necessary at the load application points. In addition, the locations of the horizontal 

supports need these rigid bodies. For the boundary conditions at the bottom of each column the load is 

distributed using supports on multiple nodes which makes rigid bodies unnecessary. 
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Imperfections 

Both geometric and material imperfections are included in the model. However, the bow imperfections 

are neglected because they are of neglectable influence (Kim et al., 2003). 

The sway-type geometric imperfections are based on measurements carried out on all full-scale test 

frames used for the experiment. These are shown in Figure 3.21. These are translated into horizontal 

forces using the “equivalent horizontal forces method” by Eurocode 3 described in Appendix B section 

6.2.1. 

 

Figure 3.21: Measured sway imperfections (Kim et al., 2003) 

A static general step is used in which the calculated horizontal forces are added, see Figure 3.22a. The 

horizontal boundary conditions at roof level are suppressed to ensure free movement at this level. This 

results in a deformed structure for which out-of-plumbness can be measured. The node locations of the 

deformed structure can then be written to a node file. This can be used in the GMNIA to start with a 

deformed structure.  

To make sure the measured deformations correspond to the measurements in the real frame, an average 

amplification factor is calculated. This is done by comparing the original out-of-plumbness given in the 

article with the results from the static general analyses in ABAQUS for each node separately. From these 

differences an average is calculated which gives us the amplification factor. This amplification factor is 

then multiplied with the originally calculated imperfections using the static general analyses which results 

in the structure with imperfections, see Figure 3.22b.  

 

Figure 3.22: Equivalent horizontal forces and imperfect structure (frame 3) 
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Residual stresses: 

Besides, residual stresses are implemented in the GMNIA. The used pattern and magnitude of these 

stresses is originally proposed by Committee ECCS/TC8 ‘Stability’ (1984) and used in the reference study 

as well, see Figure 3.23. The magnitude is given by a factor of the yield-stress represented by the 

numbers shown along the stress pattern in the figure. They are implemented in the model by using 

predefined (stress)fields.  

  

Figure 3.23: Residual stresses (Committee ECCS/TC8 ‘Stability’, 1984) 

Material model 

Before the full-scale testing took place, the material was tested in tension to determine the stress-strain 

curves of the material. This is done for the web and flange of both column and beam separately as shown 

in Figure 3.24. The used material is steel grade SS400 which is commonly used in Korea and has a nominal 

yield stress of 250 MPa. For implementation in ABAQUS the curves are translated into true stress-strain 

curves. 

 

Figure 3.24: Stress strain curve SS400 (Kim et al., 2003) 

Analyses  

The GMNIA is executed using a Riks analyses in ABAQUS. This analyses which can also include post-

buckling behaviour is stopped when the ultimate load is reached. The results for each frame are plotted 

in load displacement curves for both the displacement of column 2 and 4 at the second floor level. 
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 Results 
Figure 3.25 shows the deformation of frame 1 at ultimate load for the results of the GMNIA compared to 

the results from the article by Kim et al. (2003). This comparison shows that the way of buckling is 

identical and mayor modelling errors are absent. Figure 3.26 shows one of the load displacement curves 

given by Kim et al. (2003) which shows the curves for the analyses and the experiment. Additionally, the 

results from the validation study, the GMNIA, are given in this graph. The ultimate load is quite similar, 

but the stiffness of the structure is not. If the stiffness of the horizontal springs in the bottom of each 

column is stiffened from 67.233 N/mm to 155 N/mm the curve is more similar to the literature analyses 

which is shown in Figure 3.27. Appendix D shows all other load displacement curves for both columns of 

the three frames with similar results 

Results by Kim et al. (2003): 

 
Results by author: 

 
Figure 3.25: Comparison of buckling behaviour (Kim et al., 2003) 
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Figure 3.26: Comparison of load displacement curves (Kim et al., 2003) 

 

Figure 3.27: Comparison of load displacement curves with changed boundary conditions (Kim et al., 2003) 

Now the stiffness of the model is similar to the one of the experiment in literature. Also the load carrying 

capacities are comparable. The ultimate capacity of the literature experiment is multiplied with 0.9 in the 

article for comparison with design regulations. For the sake of this validation the ultimate capacities from the 

FE-analyses are multiplied with this factor as well. The results for all frames including the differences are 

shown in Figure 3.28 and Figure 3.29 

 
Figure 3.28: Design load carrying capacities column 2 
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 column 2         
 Frame 1 Frame 2 Frame 3 

  P [kN] H1 [kN] H2 [kN] P [kN] H1 [kN] H2 [kN] P [kN] H1 [kN] H2 [kN] 

Literature experiment 549.4 183.5 91.8 607.7 152.2 76.1 681.8 136.4 67.5 

FEA 560.8 186.9 93.5 639.2 159.8 79.9 697.6 139.5 69.8 

Difference [%] 2.07 1.87 1.81 5.18 4.99 4.99 2.32 2.29 3.35 
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Figure 3.29: Design load carrying capacities column 4 

 Mesh study 
After the actual validation a sensitivity study of the mesh is executed. The structure, loading and 

boundary conditions are the same as used in the second validation study. Three different meshes are 

tested and compared. The original one with 8 elements across the width and height of the web is 

densified to 16 and 32 elements as shown in Figure 3.30. Figure 3.31 shows the comparison of the results 

of the three different meshes. It shows that the number of elements more or less quadruples. These load 

proportionality factor of the GMNIA decreases with increasing density, however the differences are 

small. This means that the influence of the mesh on the outcome of the results is small. 

 

Figure 3.30: mesh study 

 

 

 

 

 

Figure 3.31: Comparison of mesh differentiation 

 Conclusion validation study 
So far two different models based on literature are remodelled, namely the 2D portal sway frame by Taris 

(2009) and the steel space frame by Kim et al. (2003). The results from both models lay close to the 

results of the literature studies, even though the difference in the second validation study is larger. This 

might be caused by the difference in spring stiffness at the support. A denser mesh will also get the 

results closer to the experimental results. 

Additionally, several methods for including imperfections have been compared, either with or without 

residual stresses. It can be concluded that the magnitude of geometrical imperfections has a large and 

direct influence on the ultimate resistance of a structure.  

The influence of using S4R type of elements instead of S8R on the ultimate resistance is small in this case. 

The S4R element is used in the following part of the research because of the small influence in 

comparison with S8R and the frequent usage of the S4R elements in literature (Sena Cardoso & 

Rasmussen, 2016) (Ellobody, 2011). 

 column 4   
 frame 1 frame 2 frame 3 

  H2 [kN] H2 [kN] H2 [kN] 

Literature experiment 92.59 76.08 67.47 

FEA 93.5 79.9 69.8 

Difference [%] 0.94 5.02 3.39 

 

 
18.75x18.75 9.375x9.375 4.6875x4.6875 

number of elements 50092 199852 797356 

LPF 0.899 0.863 0.844 

Rel. Difference [%] 0.000 -3.966 -2.232 
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4. Numerical Analyses 
The goal of this chapter is to find a structure in which members buckle simultaneously and complete a 

geometrically and materially nonlinear analyses with imperfections. In the previous chapter the finite 

element model has been validated. The next step is to do a study on the different parameters involved in 

a FE-model such as; geometry, material model, element type, boundary conditions and load application, 

mesh, imperfections and type of analyses. This model can then be used to find buckling interaction. 

Additionally different methods of including geometric imperfections will be compared for a three-

dimensional structure. 

 Parametric study 
In this paragraph the input for the finite element model will be discussed which will be used to find 

buckling interaction. In theory it is necessary to investigate all involved parameters separately knowing 

that these will influence the buckling interaction. However, it is not possible to investigate this input 

before the buckling interaction is found. Therefor some assumptions will be made, either based on the 

literature or on the validation study before.  

 Geometry 
In section 2.1 a number of structures is proposed to investigate the stability of steel frames for 3D effects. 

The three-dimensional structure given in Figure 2.1 is taken as starting point. This structure will be made 

out of IPE180 for the beams and HEB140 for the columns. Because the fillets of these profiles cannot be 

modelled using shell elements as described before, Figure 4.2 shows the dimensions of IPE180* and 

HEB140*. The * indicated the absence of the fillets. As shown in Figure 2.2 the connections between 

beam and column will be welded rigidly. At the base of each column, displacement in all directions and 

rotation around the longitudinal axis of the column are constrained . Figure 4.1 shows the assembly 

including dimensions and loading. 

 
Figure 4.1: Geometry and loading of three-dimensional frame 

 
Figure 4.2: Dimensions of IPE180* (beam) and HEB140* (column) 
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 Material model 
The material which will be used is steel grade S235. According to EN1993-1-5 (CEN, 2006) this material 

can be modelled using a multi linear stress-strain curve with a yield plateau and strain hardening. A 

nominal yield stress of 235 MPa and tensile strength of 360 MPa is used. If implemented into a FE-

program the engineering stress and strain need to be converted into true stress and strain using formulas 

(4-1) and (4-2), see Figure 4.3. (Dassault Systèmes, 2012)  /��.� M /K1 n -J        (4-1) -��.� M ln K1 n -J         (4-2) 

 

Figure 4.3: S235 material model 

 Element type 
The different types of elements and when to use which one is elaborated in Appendix B. Because a S4R 

element was used in the FE-model by Kim et al. (2003), Ellobody (2011) and Sena Cardoso & Rasmussen 

(2016) it will be used in further analyses. An overlap by the element thickness is prevented as much as 

possible by changing the original height of the web indicated with the black lines in figure 4.2. Positioning 

the thickness of the flange-elements on the outside of the black line the overlap between flange and web 

is prevented. In this way the total (final) dimensions of the profiles is kept similar though the fillets are 

not modelled..  

 Load application and boundary conditions 
As discussed before, a load or boundary condition applied to a single node results in local deformations. 

Therefor rigid bodies are implemented in this case at the lower ends of each column and at the 

connection between column and beams.  

 Mesh study 
The density of the mesh directly influences the accuracy of the analyses results. As the element size 

decreases, the number of elements and necessary number of equation to be solved increases. Defining 

infinite small elements will results in approaching the true solution. However, the computational effort 

will increase as well. Because a S4R element type is used, the size of it should be as square as possible. 

Additionally the distribution of the elements is influenced by the partitions for the implementation of 

residual stresses and the dimensions of the profile. Figure 4.4 shows the partitioning and two different 

meshes. The first one has eight elements across the width of the web where the second has sixteen. A 

load configuration as indicated in Figure 4.1 is put on the structure to show the difference between the 

two meshes. Figure 4.5 shows the total number of elements, the LPF and the difference between them. 

The quadrupling in number of elements shows a decrease of the LPF at failure by 2.86 percent. Note that 
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this difference lies in the range of the differences given in Figure 3.31. Because computational effort will 

increase with the number of elements the coarser mesh will be used which still gives satisfying results. 

 

Figure 4.4: Mesh 

n 8 
 

16 
 

 
web flange web flange 

# elements 47852 
 

192904 
 

Load factor 0.500 
 

0.485 -2.86 % 

Figure 4.5: Mesh comparison 

 

 Imperfections: 
In section 3.1.3 multiple methods of including imperfections in a finite element model are discussed. The 

ones including residual stresses lay close to each other. The last method called eigen buckling-mode 

method (EBM) is described by Liu, Rasmussen, & Zhang (2014) which is further elaborated in Appendix B. 

In this method multiple eigenmodes (Figure 4.7) determined by linear buckling analyses, are combined 

using a different magnitude for each of them. Figure 4.7 shows the first three eigenmode in which the 

maximum displacement of each mode is equal to 1mm. This forms the deformed imperfect structure for 

the GMNIA. The actual imperfection non-dimensional amplitude K��J can be obtained using: �� M �� ∙ � ∙ :          

 (6.3) 

Where  �� is the contribution of each buckling mode see Figure 4.6 

 � is a load factor based on research by (Liu et al., 2014) see Figure 4.6 

 : is the height of the structure 
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The amplification factors �� are calculated for this three-dimensional frame and shown in Figure 4.6. The 

load factor F is a constant only depending on the number of implemented buckling modes. Additionally 

residual stresses are modelled as described before (Figure 3.23) using predefined fields. 

 C1 C2 C3 F 

3 Modes 0,8310 0,1320 0,0370 0,00163 

AJ 4,0636 0,64548 0,18093  

Figure 4.6: Eigenbuckling mode method 

 

Figure 4.7: First three eigenmodes 

 Analyses 
As described before, two steps are performed in ABAQUS. At first a linear buckling analyses will be 

executed using the “Linear perturbation, buckle” step to compute the first three buckling modes. After 

that the imperfections are implemented in the model and a second analyses is executed with the “Riks” 

step.  

 Stability interaction 
In the previous section all parameters influencing the finite element model are assumed or determined, 

except for the loading. In this paragraph, a load combination for which multiple members of the structure 

buckle simultaneously is searched for. An example of buckling interaction can be found by changing the 

failure mechanism induced by a certain load, to another mechanism induced by another load. A 

combination of both loads should give a structure in which members buckle simultaneously.  

An example of two buckling mechanisms is lateral torsional buckling of a beam, and flexural buckling of a 

column. Lateral torsional buckling appear as critical buckling mechanism if a transverse loading on the 

beam is present. Buckling of the column will be governing if the normal force on the column is high.  

The load combination given in Figure 4.1 is taken, which has a vertical load on the columns, two 

horizontal loads and a uniformly distributed load on each beam. Changing the magnitude of the vertical 

load on the columns to the uniformly distributed load on the beam will give a transition of flexural 

buckling of the column to lateral torsional buckling of the beam. In other words, different load cases are 

created in which the vertical load decreases while the uniformly distributed load increases (Figure 4.8). 

Load case 1 2 3 4 5 6 7 8 9 

Fh [kN] 8,35 8,35 8,35 8,35 8,35 8,35 8,35 8,35 8,35 

Fv [kN] 120,00 117,00 114,00 111,00 108,00 105,00 102,00 99,00 96,00 

qv [kN/m] 5,00 6,00 7,00 8,00 9,00 10,00 11,00 12,00 13,00 

Figure 4.8: Load cases buckling interaction 

For each of these load cases a load displacement curve can be plotted as shown in Figure 4.9. These 

curves show the displacement of the top of the highest loaded column versus the load proportionality 
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factor (LPF). Curve 1 is the curve with the highest vertical load on the column for which the column 

should buckle first. The buckling mode is shown in Figure 4.9a. Curve 9 is the curve with the highest 

uniformly distributed load on the beam for which the beam should buckle first. The lateral torsional 

buckling of the beam is shown in Figure 4.9c. Around load case 5 the shape of the load-displacement 

curve changes. Taking a look at the shape of the structure at the moment it buckles, a combination of 

flexural buckling and lateral torsional buckling appears (Figure 4.9b). In addition it is interesting to see 

that the beam which buckles is not the beam with the highest load. In theory this beam should not be the 

one which fails first. A possible explanation of this could be the buckling interaction. 

 

Figure 4.9: Load displacement curves for load cases 

 

Figure 4.10: Deformation of structure at ultimate load FLTR: a: load case 1, b: load case 5, c: load case 9 
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 Conclusion numerical analyses 
In this paragraph the results from the numerical analyses will be given. A reasoning is given which load 

case has the most interest for further analyses. This load case will then be used to compare the 

imperfection methods. It is necessary to redo this examination because the application of the way 

imperfections are accounted for is not straightforward for three-dimensional frames.  

 Buckling interaction 
As described in the previous paragraph buckling interaction is found by taking load cases in which the 

vertical load on the columns decreases and the uniformly distributed load on the beams increases. This 

results in the transition of flexural buckling of the column to lateral torsional buckling of the beam. From 

the changing of the load-displacement curve, the deformation of the structure and buckling of the 

unexpected beam it can be concluded that interaction between buckling of multiple members is present. 

A preliminary comparison between the FE-analyses and Eurocode calculations shows that GMNIA results 

in a lower ultimate resistance for load case 6-10. Load case 6 will have the most buckling interaction 

while load case 10 has the biggest difference between Eurocode calculations and GMNIA. For the 

following part of this report only load case 10 will be analysed.  

 Imperfection study 
Section 4.1.6 described the assumed method of including imperfections. This method is called the 

eigenbuckling mode method (EBM). Eurocode 3 describes a method as well which is called the method of 

initial geometric imperfections (IGI) (Chan, Huang, & Fang, 2005). Both methods are explained in the 

literature study, paragraph 6.2 of Appendix  

Appendix B: Literature StudyEurocode 3 states that the imperfections should be applied in the direction 

resulting in the lowest resistance: the worst case scenario. The sway imperfections should be applied in 

all relevant horizontal directions but only in one direction at the time. Also torsional effects by anti-

symmetric sways should be considered. Figure 4.11 shows three forms of applied sway imperfections. 

The magnitude of the sway imperfection is 12.99mm for each column. Figure 4.12 shows the magnitude 

of the bow imperfection for a column and a beam. The residual stresses are already included in the bow 

imperfection. Therefore, in case residual stresses are modelled separately, lower bow imperfections are 

used. The full calculation of these imperfections, including a comparison of the design rules between the 

present version of Eurocode 3 (CEN, 2005a) and the amendment version (CEN/TC 250/SC 3, 2017) is 

added in Appendix F. 

 

Figure 4.11: Direction of imperfection EN 1993-1-1 (CEN, 2006) 
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 Size of bow imperfections   Column Beam 

  Deflection: y-y z-z y-y z-z 

Without residual stresses Bow (mm) FB 13.60 21.62 8.4 15 

Bow (mm) LT       7.5 

  

With residual stresses Bow (mm) FB 3 3 3 3 

Bow (mm) LT       1.5 

Figure 4.12: Size of initial bow imperfections 

The geometric imperfections can be configurated in ABAQUS by using a static-general step. In this step 

the imperfections listed in the figure above are placed on the model. This is done by calculating the actual 

displacement on multiple points on all beams and columns, see the little crosses in Figure 4.13. These 

displacements are added on the structure by displacement controlled forces on each of these points. This 

can be done for all three directions shown in Figure 4.11. This results in 3 imperfect structures shown in 

Figure 4.13 for sway in y-y, z-z and y-z directions in case residual stresses are not included separately. 

Additionally for the structure with sway in y-y direction the reduced bow imperfection is used in case 

residual stresses are modelled separately. So when residual stresses are included separately the 

geometric imperfections are smaller. See Appendix F for more details about the imperfection shapes.  

 

 

Figure 4.13: IGI shapes a: y-y b:z-z and c: y-z 
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So far, there are 5 methods considered containing a different imperfection type, size of direction:  

 

Using a linear combination of eigenmodes as imperfections 

• Eigenbuckling mode method (EBM) 

 

Without residual stresses: 

• Initial geometric imperfections with bow and sway in y-y direction (3D IGI B&S y-y) 

• Initial geometric imperfections with bow and sway in z-z direction (3D IGI B&S z-z) 

• Initial geometric imperfections with bow and sway in y-z direction (3D IGI B&S y-z) 

 

With residual stresses: 

• Initial geometric imperfections with bow and sway in y-y direction including residual stresses (3D 

IGI B&S y-y +RS) 

Figure 4.14 shows the deformation of these structures at ultimate load. Figure 4.15 shows the maximum 

LPF of each calculation and Figure 4.16 shows the load-displacement curves. In addition to the 5 

described above also a frame without any imperfections is added (3D). 

It can be concluded that all models lay in a very close range. Comparing the EBM with IGI including RS, 

which should be the most accurate one with IGI, shows that the results are similar. The deformations at 

ultimate load, the maximum LPF and load-displacement curves are almost the same. Because the use of 

the EBM is well described for 2D and 3D frames by Shayan et al. (2014) and Liu et al. (2014) and the 

results show to be comparable with those for IGI of Eurocode 3, it should be safe to assume that using 

this model yields reliable results. The model is easier to implement in ABAQUS since the linear buckling 

analyses can be used to shape the imperfections. Also looking for a worst case scenario is unnecessary 

because the eigenmodes are used.   
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3D EBM 3D IGI B&S y-y 

 
3D IGI B&S z-z 3D IGI B&S z-y 

 
3D IGI B&S y-y +RS  

 

 

Figure 4.14: Deformed structures at ultimate load 
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Model LPF Difference [%] 

3D 0.41207 0.00 

3D EBM 0.375139 -8.96 

3D IGI B&S y-y 0.358865 -12.91 

3D IGI B&S z-z 0.367747 -10.76 

3D IGI B&S z-y 0.397218 -3.60 

3D IGI B&S y-y + RS 0.380172 -7.74 

Figure 4.15: Maximum LPF 

 

 

Figure 4.16: Load-displacement curve comparison of imperfection models 
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5. Eurocode analyses 
In this chapter the calculations according to design rules by Eurocode 3 will be carried out to check the 

structure shown in Figure 5.1: Geometry of three-dimensional structure. The calculations are divided in 

calculations for resistance and stability but can be carried out according to two methods. The so called 

Sway-mode Buckling length Method (SBM) and the Amplified Sway-moment Method (ASM) will result in 

different internal forces. For both distributions of internal forces the resistance and stability checks will 

be carried out for load case 9: 

• Fh= 8,35 kN 

• Fv= 96 kN 

• qv= 13 kN/m 

The imperfections of Figure 4.12 are included in these calculations by using the equivalent horizontal 

forces. This method is described by Eurocode 3 and calculates additional horizontal forces bases on the 

imperfection and normal force present in the element. See Appendix B for further elaboration. 

 

Figure 5.1: Geometry of three-dimensional structure 

 Sway mode buckling length method 
The sway-mode buckling length method (SBM) is the first of two methods for simplified analyses of steel 

frames.  This methods verifies the overall stability of the frame and the local stability of its members by 

checking the stability of the column. For these checks the appropriate buckling lengths are used 

corresponding with the sway buckling-mode of the total structure. Two conservative assumptions are 

made for this method, namely that all columns buckle simultaneously and that the global frame 

instability load corresponds to the stability load of the weakest storey in the frame (Simões da Silva, 

Simões, & Gervásio, 2010). 

The first order linear elastic analyses of the sway-frame results in the internal force diagrams shown in 

Figure 5.2. The maximum internal forces are given in Figure 5.3 for the mostly loaded column and beam. 
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Figure 5.2: Internal force diagrams (SBM) N, Vy, Vz, My, Mz 

 HEB140  IPE180-x IPE180-y 

NEd [N] 1,49E+05 6,63E+03 3,48E+03 

My,Ed [Nmm] 2,77E+07 2,77E+07 1,32E+07 

Mz,Ed [Nmm] 4,30E+06 
  

Vy,Ed [N] 4,80E+03 3,38E+04 1,95E+04 

Vz,Ed [N] 1,18E+04 1,00E+02   

Figure 5.3: Governing internal forces 

 Amplified sway-moment method 
The amplified sway-moment method (ASM) is the second of two methods for simplified analyses of steel 

frames. This method is illustrated in Figure 5.4. This method uses linear elastic analyses in combination 

with amplification of sway-moments to calculate the internal force distribution and is executed with the 

following steps; 

1. add a horizontal support; 

2. execute Linear elastic analyses of the non-sway frame and determined force distribution; 

3. determine horizontal reaction force in support; 

4. remove horizontal support and place reaction force on structure; 

5. execute linear elastic analyses of the sway frame and determine force distributions; 

6. amplify the distribution of step 5 by F and add it to the distribution of step 2. 

Amplification factor F is calculated by 

 F M ,,Y qrab  
With: &�� s 3.0    
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This is the minimum load amplifier to reach the elastic critical buckling load which is determined by a 

linear buckling analyses of the original frame. 

 

Figure 5.4: Amplified sway-moment method 

This method is well defined for a two-dimensional frame which is not the case if a third dimension is 

added. This method can be adopted for 3D frames in three ways: 

1. only restraining the top of the frame in one direction and adding the sway moments for that 

same direction; 

2. restraining the top of the frame completely and adding the sway moments for both directions; 

3. using the amplified sway moment method in one direction  and the sway-mode buckling length 

method in the other direction. 

Because load case 9 does not result in &�� s 3.0 the loading is decreased by a factor 10. After the 

execution of the amplified sway-moment method the internal forces will be increased by a factor 10. This 

is possible because of the executed analyses determining the force distributions is linear elastic. This step 

is followed by the unity checks given by Eurocode 3. 

The linear elastic analyses of the non-sway frame, using the second way of adopting ASM, results in the 

internal force distribution shown in Figure 5.5. Figure 5.6 shows the internal forces due to the sway 

moments cause by the horizontal force (Figure 5.4). The amplification factor F can be calculated using &�� M 6.7241 

F M 11 C 1/&�� M 11 C 1/6.7241 M 1.175 

 

N Vy

 

Vz
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My Mz  

Figure 5.5: Non-sway force distribution 

N 
Vy

My 

Figure 5.6: Sway-moment force distribution 

The final step for this method is to multiply the sway-moment internal forces by the amplification factor 

and add them to the non-sway internal forces. This is done in Figure 5.7 where the numbers correspond 

to a location in the structure shown in Figure 5.8. Now the internal forces of each member are known, 

the structure can be checked for resistance and stability with Eurocode 3. The non-sway buckling length 

for the columns needs to be used in the stability calculations (see Appendix G). This length is assumed to 

be equal to the system length because of the horizontal supports at the top of the frame. 

 

 
Figure 5.7: Amplified sway-moment force distribution 

 Non-sway     Sway     Second order    

  Ned My Mz  Vy Vz Ned My Mz  Vy Vz Ned My Mz  Vy Vz 

1 -1,36E+04 0,00E+00 0,00E+00 5,00E+00 4,80E+02 1,50E+03 0,00E+00   7,50E+02   -1,18E+04 0,00E+00 0,00E+00 8,86E+02 4,80E+02 

2 -1,34E+04 0,00E+00 0,00E+00 4,34E+02 -4,80E+02 -1,50E+03 0,00E+00   7,49E+02   -1,52E+04 0,00E+00 0,00E+00 1,31E+03 -4,80E+02 

3 -1,41E+03 -7,64E+05 0,00E+00 2,04E+03 1,00E+01 -7,49E+02 2,25E+06   -1,50E+03   -2,29E+03 1,88E+06 0,00E+00 2,76E+02 1,00E+01 

3' -1,36E+04 -7,64E+05 2,10E+05 -5,14E+02 -3,40E+02 1,50E+03 -2,25E+06   7,50E+02   -1,18E+04 -3,41E+06 2,10E+05 3,67E+02 -3,40E+02 

3" 3,48E+02 2,12E+05 0,00E+00 -1,95E+03 0,00E+00 0,00E+00 0,00E+00   0,00E+00   3,48E+02 2,12E+05 0,00E+00 -1,95E+03 0,00E+00 

4 -1,41E+03 -5,23E+05 0,00E+00 -1,88E+03 -1,00E+01 -7,49E+02 -2,25E+06   -1,50E+03   -2,29E+03 -3,16E+06 0,00E+00 -3,64E+03 -1,00E+01 

4' -1,34E+04 -5,23E+05 2,10E+05 -8,50E+01 3,40E+02 -1,50E+03 -2,25E+06   7,49E+02   -1,52E+04 -3,16E+06 2,10E+05 7,95E+02 3,40E+02 

5 -1,41E+03 8,85E+05 0,00E+00     -7,49E+02     -1,50E+03   -2,29E+03 8,85E+05 0,00E+00 -1,76E+03 0,00E+00 

6 -1,36E+04   4,30E+05     1,50E+03     7,50E+02   -1,18E+04 0,00E+00 4,30E+05 8,81E+02 0,00E+00 

7 -1,34E+04 -5,44E+05 4,30E+05     -1,50E+03     7,49E+02   -1,52E+04 -5,44E+05 4,30E+05 8,80E+02 0,00E+00 

11 -1,36E+04 0,00E+00 0,00E+00 5,00E+00 -4,80E+02 1,50E+03 0,00E+00   7,50E+02   -1,18E+04 0,00E+00 0,00E+00 8,86E+02 -4,80E+02 

13 3,48E+02 2,12E+05 0,00E+00 1,95E+03 0,00E+00 0,00E+00 0,00E+00   0,00E+00   3,48E+02 2,12E+05 0,00E+00 1,95E+03 0,00E+00 

13' -1,34E+04 -7,64E+05 -2,10E+05 -5,14E+02 3,40E+02 1,50E+03 -2,25E+06   7,50E+02   -1,17E+04 -3,41E+06 -2,10E+05 3,67E+02 3,40E+02 

15 3,48E+02 -1,32E+06 0,00E+00   0,00E+00 0,00E+00     0,00E+00   3,48E+02 -1,32E+06 0,00E+00 0,00E+00 0,00E+00 

16 -1,36E+04   -4,20E+05     1,50E+03     7,50E+02   -1,18E+04 0,00E+00 -4,20E+05 8,81E+02 0,00E+00 
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Figure 5.8: location of internal forces and magnitude of sway loading 

 Resistance and stability calculations 
For both methods described in the previous paragraph, resistance and stability checks are done for the 

most loaded column and two beams. Multiple unity checks are available categorized by the type of 

loading, see Figure 5.9 and Figure 5.10. An example of the full elaboration of these checks is present in 

Appendix E with a small difference in magnitude of loading. 

Loading type Unity checks 

Compression �����,�� t 1.0 

Bending ��,����,�,�� t 1.0 

Shear �����,�� t 1.0 

Bending and Shear ��,����,�,�� t 1.0 

Bending and Compression ��,����,�,�� t 1.0 

 Bending (in two directions) u ��,����,�,��v
h n u ��,����,�,��v

w t 1.0 

 Bending, Shear and Compression 

(MyVN) 

(MzVN) 

 

��,����,�,�� n x ������,�� C _,1 C _, y
^
t 1.0 

Bending in both directions, Shear 

and Compression 

(MyzVN) 

F" u ��,����,�,�,��v
hq n F, u ��,����,�,�,��v

hz t 1.0 

 

Figure 5.9: Resistance unity checks 
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Loading type Unity checks 

Compression ����
,�� t 1.0 

Bending ����
,�� t 1.0 

Compression and Bending ���01���*+,  

n ���

��,��

0'(

��,��

*+,

n ���

��,��

��,��

*+,

t 1.0  

���0����*+,  

n ���

��,��

0'(

��,��

*+,

n ���

��,��

��,��

*+,

t 1.0  

Figure 5.10: Unity checks stability 

 Buckling load and elastic critical moment 
For the stability checks presented before, the elastic critical buckling load and elastic critical moment 

need to be determined. The buckling load, Euler’s critical load or elastic critical load is derived from the 

theory of elastic stability as the value of the axial force at which an initially perfect elastic member may 

start exhibiting deformations that are not exclusively axial (Simões da Silva et al., 2010). The buckling load 

can be determined using Euler’s buckling formula if the critical buckling length is known. A method is 

presented in the Dutch national annex to Eurocode 3. It determines the buckling by calculating a 

flexibility parameter C at each end of a structural member based on the length and moment of inertia of 

connected members.  

Flexibility parameter C can be calculated by: 

� M Σ |	�����}Σ |H ~ 	
��
�} 

With: 	��   =moment of inertia of the column ��� =length of the column 	
�  =moment of inertia of the supporting beam �
� =length of the connected beam H = factor which correct for the boundary conditions at the other end of the supporting member 

Connecting the C parameters in Figure 5.11 for end A and B of the column results in the ratio between 

member and buckling length. Using this buckling length in Euler’s buckling formula (5-1) results in the 

critical buckling load ���. 

��� M �^ ∗ 8 ∗ 	���^  
(5-1) 

With: 8 =modules of elasticity 	 =moment of intertia ���  =critical length 
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Figure 5.11: Elastic critical buckling length of members in sway-frames(CEN, 2005d) 

Alternatively the buckling length and critical buckling load can be calculated using a linear buckling 

analyses. Figure 5.12 shows the buckling modes of the structure in both directions. Because for these 

buckling modes only the columns buckle, their buckling load (���) can be calculated by multiplying the 

applied loading (���) by the eigenvalue (&��) using formula (5-2). Formula (5-3) again shows how to 

calculate the buckling length using Euler’s buckling formula.   ��� M ��� ∗ &�� (5-2) 

��� M ��^ ∗ 8 ∗ 	���  

(5-3) 

 

 

Figure 5.12: Sway buckling modes 
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The elastic critical moment is based on gross cross sectional properties and takes into account the loading 

conditions, the real moment distribution and the lateral restraints (CEN, 2005b). It can be calculated 

according to the Dutch National Annex of Eurocode 3 by formula (5.4) 

��� M ���� ∗ ��� ∗ �8	�9	�  

(5-4) 

 

Also for the elastic critical moment an alternative calculation is possible using the linear buckling 

analyses. Figure 5.13 shows the buckling modes corresponding to lateral torsional buckling of column and 

beam. Using formula (5-5), the critical moment can be calculated by multiplying the moment in the 

member by the corresponding eigenvalue. ��� M ��� ∗ &��,'()  (5-5) 

 

 

Figure 5.13: Lateral-torsional-buckling modes 
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6. Results and comparison 
In this chapter the result are presented and comparisons are made. Paragraph 6.1 contains the 

verification of the structure by Eurocode. All unity checks for resistance and stability will be presented. In 

paragraph 6.2 additional results are presented for verification regarding two similar 2D structures. In 

paragraph 6.3 the results of the numerical analyses will be compared with those of the Eurocode 

analyses. 

 Results of Eurocode analyses 
As discussed in the previous chapter two methods are used for verifying the structure for the load 

combination considered. The sway-mode buckling length method is discussed in section 6.1.1. Section 

6.1.2 shows the results for the amplified sway-moment method. 

 Method 1: Sway-mode buckling length method 
The results of the unity checks according to SBM are given in the next figures. Figure 6.1 shows the 

resistance and stability checks in case Lcr, Ncr and Mcr are determined by a formula given in the Dutch 

Nation Annex to EN 1993-1-1. Figure 6.2 shows the unity checks if LBA are used for these parameters. 

According to the unity checks, the structure fails on stability. It can be seen that the results of the unity 

checks are higher when the elastic critical properties are determined by LBA. 

Resistance unity checks 

 

Column Beam1 Beam2 

N 0,152 0,012 0,006 

M 0,495 0,734 0,349 

V 0,039 0,273 0,158 

MV 0,540 0,769 0,389 

MN-y 0,527 0,734 0,349 

MN-z 0,154 0,000 0,000 

M-yz 0,398 0,365 0,082 

MVN-y 0,725 0,614 0,292 

MVN-z 0,153 0,334 0,345 

MVN-yz 0,559 0,522 0,193 

Stability unity checks 

 

   

N 0,696 0,037 0,019 

M 0,546 0,994 0,602 

MN 1,124 0,633 0,575 

MN 1,407 1,021 0,620 

Figure 6.1: Results unity checks for SBM with elastic critical properties according to the Dutch National Annex 
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Resistance unity checks 

 

Column Beam1 Beam2 

N 0,152 0,012 0,006 

M 0,495 0,734 0,349 

V 0,039 0,273 0,158 

MV 0,540 0,769 0,389 

MN-y 0,527 0,734 0,349 

MN-z 0,154 0,000 0,000 

M yz 0,398 0,365 0,082 

MVN-y 0,725 0,614 0,292 

MVN-z 0,153 0,334 0,345 

MVN-yz 0,559 0,522 0,193 

Stability unity checks 

 

   

N 1,718 0,037 0,019 

M 0,596 1,899 1,757 

MN 2,030 1,197 1,665 

MN 2,492 1,917 1,772 

Figure 6.2: Results unity for SBM with elastic critical properties determined by LBA 

 Method 2: Amplified sway-moment method 
The results of the unity checks according to the amplified sway-moment method are shown in Figure 6.3. 

It shows that the structure fails on instability of the beam. 

Resistance unity checks 

 

Column Beam1 Beam2 

N 0,155 0,042 0,006 

M 0,564 0,837 0,056 

V 0,108 0,294 0,158 

MV 0,601 0,870 0,063 

MN-y 0,603 0,837 0,056 

MN-z 0,154 0,000 0,000 

M yz 0,472 0,505 0,002 

MVN-y 0,756 0,742 0,038 

MVN-z 0,152 0,281 0,345 

MVN-yz 0,619 0,660 0,010 

Stability unity checks 

 

   

N 0,216 0,127 0,019 

M 0,623 1,058 0,098 

MN 0,662 0,472 0,105 

MN 0,975 1,095 0,117 

Figure 6.3: Results unity checks for ASM 

 Two-dimensional structures 
In addition to the three-dimensional structure discussed so far, two similar 2D structures are added as 

shown in Figure 6.4. This is done because the validity of Eurocode calculations for three-dimensional 

frames is unknown while for two-dimensional it is well established. It gives a possibility for comparison. 
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The first structure shown has similar boundary conditions and is composed out of the same member 

types. The corners of this structure are supported out-of-plane. The second 2D structure is similar as well. 

In this structure the complete web of the columns and the beams are supported out-of-plane.  

To be able to compare the results of the three tested frames, the loading on these 2D structures needs to 

be changed. The uniformly distributed load on the beam which is omitted is transferred to the column by 

increasing the vertical load. The out-of-plane moment due to this uniformly distributed load is neglected 

for both 2D structures to be able to compare them, see Figure 6.5. 

The results of the Eurocode analyses for these 2D-frames is added in Appendix H. The full elaboration of 

the Eurocode calculations of similar 2D structures is added in Appendix E. Also for these 2D structures a 

finite element analyses is completed using the same parameters as discussed in chapter 4. For the 

GMNIA imperfections are included using the eigen-buckling mode method. Also residual stresses for 

rolled cross-sections are included. The deformation modes of failure are shown in Figure 6.6: 

Deformation modes of failure 2D-1 and 2D-2. The load-displacement curves of these analyses can be 

plotted as well. These will be discussed in the next paragraph. 

 

Figure 6.4: Geometry of 2D frame 1 and 2 

Load case 9 3D 2D 

Fh [kN] 8.35 8.35 

Fv [kN] 96.00 115.5 

qv [kN/m] 13.00 13.00 

Figure 6.5: Loading 3D vs 2D 
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Figure 6.6: Deformation modes of failure 2D-1 and 2D-2 

 Comparison between theoretical and numerical analyses 
In figure Figure 6.7 till Figure 6.12 the GMNIA results are compared with the Eurocode results. The 

following analyses are compared: 

Method 1:   sway-mode buckling length method: 

• 3D frame: 

o 3D EBM  GMNIA with imperfection according to eigen-buckling mode method 

o EC3-3D  Eurocode 3 calculations with Lcr, Ncr and Mcr determined by the NA to EC3 

o EC3-3D-FEM Eurocode 3 calculations with Lcr, Ncr and Mcr determined by FEM 

• 2D frame 1 and 2: 

o 2D EBM  GMNIA with imperfection according to eigen-buckling mode method 

o EC3-2D  Eurocode 3 calculations with Lcr, Ncr and Mcr determined by the NA to EC3 

o EC3-2D-FEM Eurocode 3 calculations with Lcr, Ncr and Mcr determined by FEM 

Method 2:   amplified sway-moment method 

• 3D frame: 

o 3D EBM  GMNIA with imperfection according to eigen-buckling mode method 

o EC3-3D  Eurocode 3 calculations with Lcr, Ncr and Mcr determined by the NA to EC3 

• 2D frame 1 and 2: 

o 2D EBM  GMNIA with imperfection according to eigen-buckling mode method 

o EC3-2D  Eurocode 3 calculations with Lcr, Ncr and Mcr determined by the NA to EC3 

 

The lines representing the Eurocode calculations are generated by using a load proportionality factor. 

This factor is a ratio between the applied loading and the loading at which the first unity check fails. 

Figure 6.13 and Figure 6.14 show the difference in maximum LPF between the different analyses, frames 

and methods. 
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Figure 6.7: Method 1 load-deflection curve 3D frame 

 

Figure 6.8: Method 1 load-deflection curve 2D frame 1 
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Figure 6.9: Method 1 load-deflection curve 2D frame 2 

 

Figure 6.10: Method 2 load-deflection curve 3D frame 
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Figure 6.11: Method 2 load-deflection curve 2D frame 1 

 

Figure 6.12: Method 2 load-deflection curve 2D frame 2 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

LP
F

Deflection [mm]

2D EBM

ASM-EC3-2D

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50 60

LP
F

Deflection [mm]

2D EBM

ASM-EC3-2D



64 - Results and comparison 

 

 
Titulaer, L.H.J.D. | EINDHOVEN UNIVERSITY OF TECHNOLOGY 

Method 1 SBM    Method 2 ASM   

Model LPF Difference [%]  Model LPF Difference [%] 

3D EBM 0.375139   3D EBM 0.375139  

EC3-3D 0.714731 90.52  ASM-EC3-3D 0.86552 130.72 

EC3-3D-FEM 0.40512 7.99     

       

2D EBM 0.484479   2D EBM 0.484479  

EC3-2D 0.95052 96.19  ASM-EC3-2D 0.88905 83.51 

EC3-2D-FEM 0.58482 20.71     

       

2D EBM 0.641001   2D EBM 0.641001  

EC3-2D 1.016012 58.50  ASM-EC3-2D 0.64654 0.86 

EC3-2D-FEM 0.5937 -7.38     

Figure 6.13: LPF comparison between analysis of each frame and method 

Method 1 SBM 
 

Method 2 ASM 
  

Model LPF Model LPF Difference [%] 

EC3-3D 0.71473 ASM-EC3-3D 0.86552 21.10 

EC3-2D 0.95052 ASM-EC3-2D 0.88905 -6.47 

EC3-2D 1.01601 ASM-EC3-2D 0.64654 -36.36 

 

 Discussion 
In this paragraph the results given in the previous paragraph are discussed. 

In general the resistance and stability checks by Eurocode 3 should be conservative. This means that it 

should give a lower ultimate strength in comparison with a geometrically and materially non-linear 

analysis.  

Regarding the three-dimensional structure, the load displacement curves show that the Eurocode gives a 

higher LPF for both the sway-mode buckling length method and the amplified sway-moment method 

(EC3-3D and ASM-EC3-3D).  

The results of the unity checks using SBM in Figure 6.1 show that the three-dimensional structure first 

fails on instability of the column. The results of the unity checks using ASM in Figure 6.3 show that this 

same structure first fails on instability of beam 1. 

Figure 6.2 shows that in case the elastic critical parameters are determined using LBA, the results of the 

unity checks increases which results in a lower LPF. 

Figure 6.13 shows that the difference between maximum LPF by GMNIA (EBM) and by Eurocode 

resistance and stability calculations decrease if the three-dimensional structure is simplified into a two-

dimensional structure which is either out-of-plane supported in the corners only or the complete web of 

beam and column. However this is not the case for 2D frame 1 using the SBM.  

Using the elastic critical parameters determined by LBA in the SBM results, also for the 2D frames, in 

lower LPF’s. Figure 6.9 shows that this results in conservative results compared with GMNIA for 2D frame 

2. Using the ASM with the elastic critical properties determined by the Dutch National Annex does result 

in a LPF almost equal to the one determined with the GMNIA as shown in figure 6.13. 

Comparing method 1 with method 2 in Figure 6.14 shows that the ASM results in a higher LPF for the 3D 

structure but in a lower LPF for the 2D structures. 

Figure 6.14: Comparison of LPF between method 1 and 2 
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7. Conclusions and recommendations 
In this last chapter the conclusions will be formulated and the recommendations are given. Besides giving 

an answer to the research questions, additional conclusions will be given. This chapter ends with 

recommendations for further research and for the design practise.  

The research question as mentioned in the introduction is: 

 “Do Eurocode 3 design rules sufficiently cover the ultimate resistance of 3D steel frames in which 

members buckle simultaneously?” 

Two methods described by Eurocode 3 being the sway-mode buckling length method (SBM) and the 

amplified sway-moment method (ASM) with their appropriate design rules for checking the resistance 

and the stability are compared with a geometrically and materially non-linear analyses with imperfections 

(GMNIA). From this it can be concluded that the Eurocode does not conservatively cover the ultimate 

resistance for a particular 3D steel frame in which members buckle simultaneously. However, using a 

linear buckling analyses to determine Lcr, Ncr and Mcr (buckling length (critical length), buckling force 

(elastic critical force) and elastic critical moment) results in less unconservative results  

Removing the third dimension does influence the difference between the GMNIA and Eurocode 

calculations. Only in the fully 2D frame 2, where all webs are fully constrained against lateral 

displacements and only one type of interaction between beam and column is possible, Eurocode gives a 

conservative result if Lcr, Ncr and Mcr are determined using a linear buckling analysis 

Additional conclusions: 

• Using the eigenbuckling mode method (EBM) described by Liu et al. (2014) which prescribes 

initial geometric imperfections for two- and three-dimensional frames by a linear combination of 

a number of scaled eigenmodes gives results which are comparable with using the initial 

geometric imperfections method (IGI). Incorporating this method in the finite element analyses 

makes the execution of a GMNIA unambiguous in contrast to the IGI described by Eurocode 3. 

• The use of a proper method for the determination of the buckling length (critical length), 

buckling force (elastic critical force) and elastic critical moment (for lateral torsional buckling) is 

of great importance. The influence of these parameters on the ultimate resistance of members 

which are part of a system is large. A small deviation of these values can result in a much more 

unconservative ultimate resistance. 

Recommendations 

• More research on this topic is necessary because only one specific case has been studied. Different 

interactions of buckling between members should be investigated and comparisons between GMNIA 

and Eurocode results should be made to generate knowledge about the extent of the problem. In a 

similar fashion research is necessary on different geometries including non-sway cases. As an 

example: a comparison of Eurocode 3 and GMNIA results for a structure in which all members are 

loaded to the max, according to Eurocode, can be a very interesting case.  

• The use of finite element analyses should be incorporated into Eurocode design rules. This method 

can be very affective and provide great solutions in case guidelines and design rules do not apply. The 

execution of this analyses is easier accessible due to the increased capability of modern-day 

computers. Methods such as EBM increase time efficiency as well. 

• Little research has been done on buckling of three-dimensional frames. This makes validation of a 

model based on the finite element method difficult. By executing more full-scale experiments 

combined with finite element analyses for structures with various geometries, a validation library can 

be created. This helps to make using FE-analyses in every day practise easily accessible and reliable.  
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1. Introduction 
This is the second part of the final graduation project (7K45M0) which completes Master variant 

Structural Design of master ‘Architecture Building and Planning’ at Eindhoven University of 

Technology. After the topic of research is introduced in the Graduation Plan it will be further 

elaborated in this literature study. The main research question is formulated as follows: 

“Does simultaneous buckling of multiple elements part of a 3D structural system result in a lower 

ultimate strength according to Eurocode 3 in comparison with FEM?” 

This literature study will provide a base of knowledge and information for investigation of the 

research problem. Direct research on buckling mode interaction as well as general knowledge about 

buckling calculations is acquired. Investigation on recent research about this problem is taken into 

account. The overarching research is elaborated in chapter two. In the third chapter recent research 

is reviewed which provides a start of FE-analysis. The methodology for stability calculations according 

to Eurocode will be investigated as well. Since the finite element method will also be an important 

factor in research of buckling interaction effects, multiple aspects of it are considered in chapter five. 

In the last chapter GMNIA is elaborates which is the most accurate method to be used for stability 

analysis of structural frames and elements. 

2. Overarching research 
As already described in the graduation plan this graduation is a preliminary study on a part of an 

overarching research called Practical design of streel structures using FEM. “The aim of this 

overarching research is to contribute to better usage of FE analysis in design offices in order to reach 

to a  higher level of safety in the structural design assisted by FE analysis, including the use of the 

most sophisticated methods, namely materially and geometric non-linear analysis with imperfections 

(GMNIA)” (TU/e et al., 2012). A part of this is the stability assessment of frames by FEM for 3D effects 

where a limited number of full-scale tests will be conducted to provide a basis for validation of the FE 

model. The three types of frames which will be tested are shown in Figure 2.1. This graduation 

research functions as a preliminary study to provide information for these full scale test to be sure 

that the chosen structures show the to be investigated desired buckling behaviour. The three-

dimensional structure in Figure 2.1 and its connection in Figure 2.2 are given as example structures 

for investigation of 3D stability effects. 
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Figure 2.1 Test frames (TU/e et al., 2012) 

 
Figure 2.2 Rigid connection (TU/e et al., 2012) 

3. Recent research on stability in steel frames 
Recent research on the buckling effect will provide a base of this chapter. This chapter ends with the 

conclusion of his research. 

3.1. Introduction 
This research by S. Taris focussed on the general method. Because at that time the method was 

applied for the first time in Eurocode 3, the usage of the buckling curves in this method made its 

application questionable. “The fact that the General Method makes use of the buckling curves to 

combine the in-plane strength of the structure with the out-of-plane stability has led to questions 

whether this is a safe method”(Taris, 2009). This method should be widely applicable for testing 

complex structures on stability in case sections 6.3.1, 6.3.2 and 6.3.3. of Eurocode 3 could not 

provide a solution. Secondly, in 2006 a resolution is published by Committee ECCS/TC8 which 
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narrowed down the scope of application of this General Method. The main research objective  is to 

verify or falsify the General Method described in Eurocode 3 chapter 6.3.4. In case of verification a 

scope was formulated with a recommendation for the correct buckling curve.  

3.2. Preliminary study: portal sway frames 
The reliability of FEM calculations in Taris’ research is validated in a preliminary study. In this study a 

relative simple case is modelled which complies with the prescribed recommendations of ECCS/TC8 

and which is used before by Greiner and Ofner. (Greiner & Ofner, 2007) This structure is used to test 

different variables necessary for FEM calculations like mesh size, boundary conditions, geometrical 

imperfections and residual stresses. The structure which is used is shown in Figure 3.1. The horizontal 

force at the middle of the connection between the beam and column on the left side of the structure 

in combination with distributed vertical load across the beam length leads to reaction and first order 

internal forces according to Figure 3.2 

 
Figure 2.1 Portal sway frame with horizontal and vertical loading (Greiner and Ofner 2007) 

 
Figure 2.2 First order reaction and internal forces (Greiner and Ofner, 2007) 

3.2.1. Parameters and Finite Element Model 
The next step in the research of Taris is to investigate the important parameters and boundary 

conditions necessary a finite element model. Because of the restriction declared by ECCS-TC8 

committee the beam consist of straight elements laterally supported. The boundary conditions are 

modelled as shown in Figure 0.3. At the bottom of the column only a pinned support is places. This 

means that rotation can occur freely but translation in x- y- and z-direction is restricted. Lateral 

supports are added at the middle of the column and at multiple locations of the beam as shown in 
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Figure 3.1. They are located in the middle of the flange width. For the in-plane GMNIA (geometrically 

and material non-linear analysis with imperfections) the web is laterally constrained in every node to 

prevent buckling out-of-plane. 

 
Figure 0.3 Boundary conditions (Taris, 2009) 

As for GMNIA imperfections have to be included, Figure 3.4 shows the type of imperfections used in 

the various analysis. 

Analysis: Imperfections  Residual 

stresses 
In-plane Out-of-plane 

Linear buckling analysis - - No 

In-plane GMNIA Sway imperfections sized to 

EC3 

- No 

GMNIA I Sway imperfections sized to 

EC3 

First out-of-plane eigenmode 

sized to EC3 

No 

GMNIA II  Sway imperfections sized to 

EC3 

First out-of-plane eigenmode 

sized to NEN 6771 

No 

GMNNIA IIIa (coarse 

mesh) 

Sway imperfections sized as 

Lcr,op/1000 

First out-of-plane eigenmode 

sized as Lcr,op/1000 

Yes 

GMNIA IIIb (fine mesh) Sway imperfections sized as 

Lcr,op/1000 

First out-of-plane eigenmode 

sized as Lcr,op/1000 

Yes 

Figure 3.3 Imperfections and residual stresses (Taris, 2009) 
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The residual stresses are modelled as subscribed by (Committee ECCS/TC8 ‘Stability’, 1984) shown in 

Figure 3.5. for rolled and welded sections. The values given at the stress distribution describes a 

percentage of the yield strength.  

Figure 3.4 Residual stresses (Committee ECCS/TC8 ‘Stability’, 1984) 

The geometrical imperfections can be smaller than they should be according to Eurocode 3 because 

residual stresses are already implemented in them. Therefor the geometrical imperfections are 

resized to Lcr,op/1000 when residual stresses are applied. The geometrical and material imperfections 

according to Eurocode 3 will be dealt with in chapter 6.2. 

The next step was to determine the element type and mesh size for each different analysis e.g. linear 

buckling analysis, in-plane GMNIA, out-of-plane GMNIA etc. The finite element program Ansys is 

used in this research. Shell elements are taken for GMNIA because these are capable of modelling 

thin to rather thick shell structures. In this way one element can be used to model the thickness of 

web and flanges. Shell type 281 is taken as element type because of multiple reasons: it is capable of 

large rotation, can be used in non-linear analyses, can cope with in-plane bending, is less form 

sensitive than 4 node element and it can simulate plastic material behaviour.  

The mesh is determined in a sensitivity study. In this study 4 static analysis are tested with different 

mesh sizes to find the optimal ratio between number of elements and solution correctness. The size 

of mesh determines the precision of results but also the amount of computational time. Finding the 

optimal mesh results in accurate solutions in the shortest calculation time. The result is a mesh with 

size 45x192,5x385 (a x b x c) shown in Figure 0.4. The mesh is altered in the connection between beam 
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and column (see Figure 0.5) and when analysis is done with residual stress the mesh is resized to a 

finer one. 

 
Figure 0.4 Mesh size (Taris, 2009) 

 
Figure 0.5 Mesh in connection (Taris, 2009) 

In this preliminary study of Taris a cross-section similar to the one used by Greiner and Ofner is taken 

which is shown in Figure3.1. A welded or rolled section cannot be represented by shell elements 

perfectly since the transitions between web and flanges, root radii or welds, cannot be modelled. In 

this case an overlap is created between web and flanges by shell thickness to compensate for this 

design error shown in Figure 0.6. 
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Figure 0.6 Cross-section overlap by shell elements (Taris, 2009) 

3.2.2. Analysis and results 
The analysis carried out by Taris are: 

• Linear buckling analysis (αcr,op): 

The first out-of-plane eigenmode is determined using this analysis. The load factor at which the 

structure buckles out-of-plane is determining the value for αcr,op. 

• In-plane GMNIA (αult,k): 

This analysis using geometrical and material non-linearities including imperfections is used to 

determines αult,k. The model is restricted so only in-plane deformation can occur, therefor only in-

plane imperfections are applied. This imperfection is created by an horizontal displacement and 

sized to Eurocode 3. The arc-length method is used to determine the highest load factor which is 

the minimum load amplifier αult,k. 

• GMNIA without residual stress (αu): 

The method described above is used again adding out-of-plane imperfections. These are sized 

according to the first out-of-plane buckling mode and scaled by a determined factor. The in-plane 

out-of-plumbness used in in-plane GMNIA is used as well. The difference between the previous 

analysis is the omittance of the constrained of all web nodes (Figure 0.3c) 

• GMNIA with residual stress (αu,RS): 

In this method the imperfections are the same as in GMNIA without residual stresses but smaller 

since they are already accounted for as described in 3.2.1. These stresses are modelled according 

to Figure 3.5. For determining αu,RS the arc-length method is used again. This analysis is used as a 

reference analysis because it is assumed that implementation of residual stresses results in the 

most accurate result. 

In-plane imperfections are calculated as 1/200 of the height of the column reduced by a factor for 

the height and number of columns: 

𝑒ℎ = 28,9𝑚𝑚  

The out-of-plane imperfection shaped like the first eigenmode is calculated as the critical buckling 

length divided by 150 according to Eurocode 3: 

𝑒0 = 45,1𝑚𝑚  

When the residual stresses are implemented the in- and out-of-plane imperfection are resized to: 

𝑒ℎ = 23,5𝑚𝑚  

𝑒0 = 6.76𝑚𝑚  

The enhanced calculations for these imperfection values are added in appendix B2.  
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This resulted in  load factor displacement paths in Appendix B2. 

After these results a conclusion could be made. Assumed is that the solution of GMNIA including 

residual stress results in the most accurate and realistic material behaviour. All other methods result 

in a lower ultimate strength. This means that these methods are on the safe side of the calculation. 

The general method as well leads to a safe result which can be labelled as conservative in this case.  

The results are highly sensitive to the magnitude and type of imperfection used. Especially the 

accurate implementation of residual stress improves the accuracy of results. Incorrect 

implementation due to a coarse mesh (GMNIA IIIa) can lead to a higher unsafe ultimate load.  

The following assumptions are used in the next part of Taris’ research: 

• For the general method Eurocode 3 imperfections are used since this method is an Eurocode 

method. 

• For the in-plane GMNIA, only the webs must be constrained out-of-plane, so transverse strain 

can occur freely 

• Residual stresses must be accounted for combined with imperfections 
1

1000
∙ 𝐿𝑐𝑟 

• The initially taken mesh size must  

• be made denser because this is necessary to realistically model residual stresses 

 

 
Figure 2.5 Load deflection paths of frame analyses (Taris, 2009) 
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3.2.3. Comparison with the work of Greiner and Ofner 
The maximum load-factors per analysis were compared to the results of Greiner and Ofner 

 
Figure 0.7 Comparison results with Greiner's and Ofner's results (Taris, 2009) 

The comparison between the preliminary study and the work of Greiner and Ofner led to the 

following conclusions: 

• “Modelling with shell-elements leads to a more realistic model because: 

· Supports can be places exactly at the desired location 

· Connections between columns and beams can be modelled like real connections 

· Residual stress can be accounted for 

· Local buckling can occur when relevant” (Taris, 2009) 

• “Modelling with shell-elements leads to changes in the cross-sectional properties of the sections 

due to the overlap of the flanges with the web and to the missing root-radii if present” (Taris, 

2009). This leads to results which do not represent common cross-sections.  

• The imperfections and connections used need to be as accurate as possible since they influence 

the results severely. 

3.3. Parameter study 
Since the shell model of the preliminary study gave accurate results in comparison with the work of 

Greiner and Ofner, the actual research started with this parameter study. The procedure described 

above is used to calculate the minimum load amplifier for each method, but now for a large number 

of structures. These structures vary in lateral support and loading conditions. The different types of 

structures used are shown in Figure 0.8. 

 
Figure 0.8 Structural configurations (Taris, 2009) 
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The minimum load amplifier using Eurocode 3 imperfections shaped like the first eigenmode and 

residual stress is compared to the minimum load amplifier from the General Method.  

3.4. Results and conclusion 
After all different configurations were checked, the minimum load amplifiers compared, the 

conclusion could be made. Within the wide variety of structural configurations the General Method 

could not be falsified (see Figure 0.9). The structures which were most likely to falsify this method 

according to the parameter study were tested in depth, including small structural changes, trying to 

accomplish the goal of this research.  

 
Figure 0.9 Results (Taris, 2009) 

In general, the General Method becomes more conservative if the slenderness of the structure 

increases. Stated is that the buckling curves used in this method are not capable of coping with 

slender structures, but it always led to safe results.  

4. Eurocode stability calculations 
General rules and rules for buildings with steel structures are specified in part 1-1 of Euroode 3. The 

ultimate limit states is broken down in resistance of cross sections, buckling resistance of members 

and uniform built-up compression members. In Section 6.3 buckling resistance is specified in detail. 

Different methods are described to verify structural stability based on type of loading. Because of the 

importance of these rules they are for the most part cited directly from the Eurocode in appendix B1. 

The next paragraphs summarize the buckling resistance checks. (CEN, 2005) 

4.1. Uniform members in compression 
Formula 6.46 gives a check for members which are loaded in compression only. The compression 

force should be lower than the design buckling resistance which follows into: 

 
NEd

Nb,Rd
≤ 1,0          (4.1) 

The buckling resistance is dependent on cross-sectional class which results in formula (4.2) for class 

1, 2 and 3, and (4.3) for class 4 cross-sections: 

Nb,Rd =
χAfy

γM1
            (4.2)  

Nb,Rd =
χAefffy

γM1
             (4.3)  
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The reduction factor 𝜒 is mainly depending on the relevant buckling curve and non-dimensional 

slenderness for each relevant buckling mode: 

- Flexural buckling 

- Torsional and torsional flexural buckling 

4.2. Uniform members in bending. 
Formula 4.4 gives a check for members which are loaded in bending only. The design value of the 

moment should be lower than the design buckling resistance moment which follows into: 

 
𝑀𝐸𝑑

𝑀𝑏,𝑅𝑑
≤ 1,0          (4.4) 

Formula (4.5) describes the buckling resistant moment for laterally unrestrained beams: 

 𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑦
 𝑓𝑦

𝛾𝑀1
            (4.5) 

This moment resistance is also dependent on cross-section class by Wy since it is defined as: 

• Wy = Wpl,y for Class 1 or 2 cross-sections 

• Wy = Wel,y for Class 3 cross-sections 

• Wy = Weff,y for Class 4 cross-sections 

The reduction factor for lateral torsional buckling 𝜒𝐿𝑇 is specified for: 

• A general case 

• For rolled or equivalent welded section 

Furthermore information about the buckling resistance moment in case of members with restraints 

in buildings is specified separately. 

4.3. Buckling by combined bending and axial compression 
Formula (4.6) and (4.7) give a check for members which are loaded in combined bending and axial 

compression. These resistance checks may be applied on the basis of the individual single span 

members. They can be seen as cut out of the system with  applied member end forces. 

𝑁𝐸𝑑
𝜒𝑌𝑁𝑅𝑘
𝛾𝑀1

 
+ 𝑘𝑦𝑦

𝑀𝑦,𝐸𝑑+Δ𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘

𝛾𝑀1

+ 𝑘𝑦𝑧
𝑀𝑧,𝐸𝑑+Δ𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑀1

≤ 1          (4.6) 

𝑁𝐸𝑑
𝜒𝑧𝑁𝑅𝑘
𝛾𝑀1

 
+ 𝑘𝑧𝑦

𝑀𝑦,𝐸𝑑+Δ𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘

𝛾𝑀1

+ 𝑘𝑧𝑧
𝑀𝑧,𝐸𝑑+Δ𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑀1

≤ 1          (4.7) 

The interaction factors kyy, kyz, kzy and kzz are specified by method 2 according to the Dutch National 

Annex which is enclosed in appendix B1. 

4.4. General method for lateral and lateral torsional buckling of structural 

components 
If the three methods described above do not apply, a fourth method can be used called the General 

Method. The resistance of elements can be checked for lateral and lateral torsional buckling for:  

• single members 

• plane frames parts of bigger structural system or not. 

The overall resistance is specified by formula (4.8). 

χopαult,k

γM1
≥ 1,0           (4.8) 

In this case𝜒𝑜𝑝  may be determined as a minimum of:  
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• 𝜒 for lateral buckling determined in 6.3.1 for uniform members in compression for 𝜆𝑜𝑝 

• 𝜒𝑙𝑡  for lateral torsional buckling determined in 6.3.2. for uniform members in bending 𝜆𝑜𝑝 

Or, 

•  as an interpolated value between χ and χlt  

In this case 𝜆𝑜𝑝 should be determined according to formula 4.9. 

 λop = √
αult,k

αcr,op
            (4.9) 

Where 𝛼𝑢𝑙𝑡,𝑘 is the minimum in-plane load amplifier in order to reach characteristic resistance and 

𝛼𝑐𝑟,𝑜𝑝 is the minimum out-of-plane load amplifier in order to reach the elastic critical resistance. 

Both load amplifiers may be calculated using Finite Element analysis. 

5. Finite element modelling with Abaqus 
In the research on buckling mode interaction effects the calculation by finite element method will be 

of great influence. The stated research question will be influenced largely by the correctness of the 

modelling itself. If the finite element method is not used correctly the outcome of the research may 

be invalid or incorrect. Therefor it is necessary to investigate all important parameters involved in 

FEM which provides a base of modelling. Using literature variables will be investigated such as 

element type, material properties mesh constrains, loading and boundary conditions and calculation 

method. For the finite element analysis the program Abaqus/CAE will be used. Therefor the next 

paragraphs will be considered according to this software package. Abaqus has implemented a 

feature called modules to be able to follow a given operating sequence. In accordance with the these 

modules this chapter is structured. 

 Parts 
In Abaqus the part module can be used to create, edit and manage all different parts in the model. A 

part captures all the features such as design intent and geometry information to represent reality. In 

the part module different parts can be made which will later be assembled in the assembly module. 

Different features can be used to create parts. The most important are the solids and shells feature 

that define geometry. (Dassault Systèmes, 2012) 

Four part types in three-dimensional modelling space are available namely; solid, shell, wire and 

point. These features can be used to generate the parts geometry in which they all four represent a 

different type. A solid represents elements which are three-dimensional. A shell represents an 

element which is two-dimensional ‘flat’. A Wire represents a one-dimensional element, even as point 

elements. The geometry generated as a part can be transformed by assigning sections in the material 

module. Different parts can be assembled in the assembly module. 

 Material definition 
According to research of (Greiner & Ofner, 2007) and (Taris, 2009) three material properties are 

necessary in GMNIA: 

1) The own weight of the material is added by definition of mass density: 

Volumetric mass (Simões da Silva, Simões, & Gervásio, 2010) 𝜌 = 7850 𝑘𝑔/𝑚3 

Additionally, depending on the type of analysis a choice can be made between linear and non-linear 

material behaviour. Linear buckling analysis requires only linear material behaviour, where GMNIA 

requires linear and non-linear buckling behaviour. The linear part in GMNIA is only necessary in 

computing the first eigenmode for implementation of local imperfections. 
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2) Linear material behaviour of steel is described by its Young’s Modulus and Poisson’s Ratio. 

These are both described by Eurocode 3: 

Young’s Modulus (modulus of elasticity)  𝐸 = 210000 𝑁/𝑚𝑚2  

Poisson’s ratio in elastic stage   𝜈 = 0.3 

These values are used by Taris as well. Cardoso et al. and Ellobody used 200 GPa instead of 

210 GPa as Young’s Modulus. 

3) En-1993-1-5 lists in Annex C the material configuration to be used in Finite Element Analysis. 

Four different models can be used to describe the stress-strain behaviour, see Figure 0.10; 

a) Elastic-plastic without strain hardening 

b) Elastic-plastic with a nominal plateau slope 

c) Elastic-plastic with linear strain hardening 

d) True stress-strain curve modified from test results: 

𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀)          (5.1) 

𝜀𝑡𝑟𝑢𝑒 = ln (1 + 𝜀)          (5.2) 

The choice between these models is depending on the accuracy and the allowable strain required for 

the analysis. 

 
Figure 0.10 Modelling of material behaviour (CEN, 2006a) 
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Eurocode 3 states in section 5.4.3. (4) that bi-linear stress strain relationship indicated in Figure 0.10 a) 

may be used in plastic global analysis.  

In case model c) is used the material properties in Figure 0.11 are important to generate this bi-linear 

stress-strain curve with strain hardening. 

Steel grade Fy [N/mm2] 

Fu [N/mm2] 

Strength [N/mm2] if 

𝒕 ≤ 𝟒𝟎 𝒎𝒎 (CEN, 

2005) 

Elongation [%] if 

𝟑 ≤ 𝒕 ≤ 𝟒𝟎 𝒎𝒎 (Simões da Silva et 

al., 2010) 

S235 Yield strength 235 0 

Tensile strength 360 26 

S275 Yield strength 275 0 

Tensile strength 430 23 

S355 Yield strength 355 0 

Tensile strength 510 22 

S450 Yield strength 440 0 

Tensile strength 550 17 

Figure 0.11 Material properties  

Cardoso et al. and Ellobody made use of engineering stress-strain data to obtain true stress (𝜎𝑡𝑟𝑢𝑒) 

and logarithmic plastic strain (𝜀𝑝𝑙,𝑙𝑛) which are described as: 

𝜎𝑡𝑟𝑢𝑒 = 𝜎 ∙ (1 + 𝜀)          (5.3) 

𝜀𝑝𝑙,𝑙𝑛 = ln(1 + 𝜀) −
𝜎𝑡𝑟𝑢𝑒

𝐸
         (5.4) 

Where E is the initial Young’s modulus, 𝜎 and 𝜀 are the measured nominal stress and strain values. 

(Sena Cardoso & Rasmussen, 2016), (Ellobody, 2011) 

 Step modules 
In the step module different tasks can be performed to describe the outcome of the simulation. 

Analysis steps can be created which capture changes in: the loading and boundary conditions, in the 

way parts of the mode interaction with each other, removal or addition of parts and any other 

changes in the model. Also the analysis procedure, data output and various controls can be changed 

in the step module. Output request are also formulated in this part of the modelling process. It 

describes which output variables will be written during an analysis step to the output database of 

which part of the model. Adaptive meshing and analysis controls can be specified as well. (Dassault 

Systèmes, 2012) 

 Interaction module 
The role of the interaction module is to define: interaction between different pats, interaction 

between parts and the ambient environment, constraints, connector section assignments, inertia, 

cracks, springs and dashpots and others. (Dassault Systèmes, 2012) 

In the sensitivity study of (Taris, 2009) local buckling occurred at the supports as shown in Figure 0.12. 

In this example the web buckled locally due to the lag of stiffness in the web and the positioning of a 

pinned boundary condition in only one node. Using the interaction module constraint can be added 

to form a rigid body at the column ends. This means that the initial shape of the end of the beam is 

tied to a reference point in order to maintain that shape in the loaded situation. This problem could 
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not been solved by changing the boundary conditions into pinning the whole cross section ends 

because that would disable rotations to occur. 

 
Figure 0.12 Local buckling at supports (Taris, 2009) 

 The load module 
The load module is used to describe boundary conditions, loads and predefined fields for defined 

steps. These conditions are depending on the step in which they are active and can be propagated to 

other available steps.(Dassault Systèmes, 2012) 

 The mesh module 
The mesh module controls different important variables in the Abaqus modelling sequence. The 

most important one is the generation of the meshes on parts and assemblies. The mesh can be 

controlled automatically or manually. The feature based mesh controls such as seeds, local or global, 

and mesh techniques. The density of the mesh directly influences accuracy of the analysis results. As 

the element size decreases, the number of elements and necessary number of equation to be solved 

increases. Defining infinite small elements will results in approaching the true solution. The 

processing time will increase as well.  

Depending on the type of part; solid, shell wire of point, the element type can be specified. The 

element type determines the shape of each element divided into one-dimensional, two-dimensional 

and three-dimensional types, see Figure 0.13. The element shapes used in Taris’ research in the 

modelling program Ansys can be compared to the ones available in Abaqus. Taris used an Ansys 8-

node shell-element Shell281 using a Drill-Stiffness-Factor of 0.01 which can be compared to the S8R 

element included in Abaqus. 

S4R elements are used for lateral torsional buckling analysis of the castellated beams. The same 

element type is used in the finite element modelling of storage rack frames because of the finite 

element strains. It assigns six degrees of freedom per node. Over the thickness of the element five 

integration points are considered by the default Simpson’s rule. (Ellobody, 2011; Sena Cardoso & 

Rasmussen, 2016) 

The documentation of Abaqus further specifies the element types according to magnitude of 

maximum strain and rotation. Finite membrane strains and arbitrary large rotations are accounted 

for in S3/S3R, S4, S4R, SAX1, SAX2, SAX2T, SAXA1n, and SAXA2n. The three-dimensional thick and 

thin element types STRI3, S4R5, STRI65, S8R, S8RT, S8R5, and S9R5 provide for arbitrary large 

rotations but small strains. The R in the element type abbreviations above stands for reduced 

integration to form the element stiffness. This can be applied in calculation which results in lower 

running times and provides more accurate results. Using reduced integration can results in 



Appendix B: Literature Study - XXIII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

hourglassing in first order analysis which can be solved using a finer mesh or concentrated forces to 

be distributed over more elements.(Dassault Systèmes, 2012) 

 
Figure 0.13 Element type shapes (Dassault Systèmes, 2012) 

6. GMNIA 
As already described in chapter 2. GMNIA represents materially and geometric non-linear analysis 

with imperfections. Since this will be an important analysis technique to be used it will be discussed 

below including the analysis it selves, material properties and imperfections. 

 Material 
The material properties involved in GMNIA are already described in section 5.2. and therefor will not 

be discusses again in this chapter. The described properties can be used in GMNIA resulting in an 

accurate representation of real material. 

 Imperfections 
According to (Sena Cardoso & Rasmussen, 2016) three types of geometric imperfections are relevant, 

namely: global imperfections (initial sway imperfections), global member imperfections (initial bow 

imperfections) and local member imperfections (cross-sectional imperfections). Additionally as a 

result of the fabrication process material imperfections will occur. These should be integrated in the 

model as well. 
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6.2.1. Sway imperfections 
Sway imperfections can be referred to as initial in-plane imperfections described in section 3.2.1. 

Eurocode 3 defines sway imperfections in section 5.3 where the initial sway imperfection can be 

calculated as: 

𝜙 = 𝜙0𝛼ℎ𝛼𝑚           (6.1) 

Where: 

𝜙0  basic rotation with a value of 1/200 

𝛼ℎ  reduction value calculated by 

 𝛼ℎ =
2

√ℎ
 𝑏𝑢𝑡

2

3
≤ 𝛼ℎ ≤ 1,0        

ℎ  height of the structure in meter 

𝛼𝑚  reduction factor for the number of columns in a row calculated by: 

 𝛼𝑚 = √0.5 (1 +
1

𝑚
) 

𝑚  number of column in a row including only those columns which carry a vertical load 

𝑁𝐸𝑑 not less than 50% of the average value of the column in the vertical plane 

considered 

𝜙  initial rotation at the base of the column 

𝑒ℎ  initial sway at the top of the frame 

The initial global sway imperfections can be replaced by equivalent horizontal forces according to 

Figure 0.14. In case of three-dimensional sway frames the possible torsional effects caused by these 

initial sway imperfections should be included as well by implementing the equivalent horizontal 

forces in opposite direction. 

 
Figure 0.14 Replacement of initial imperfections by equivalent horizontal forces (CEN, 2005) 

6.2.2. Local imperfections 
Local imperfections can be referred to as initial bow imperfections and cross-sectional imperfections. 

The bow imperfections can be calculated according to Eurocode as: 

𝑒0/𝐿            (6.2) 

Where L is the member length and the values for 𝑒0/𝐿 may be taken from Figure 0.15. These initial 

local bow imperfections can be replaced by equivalent horizontal forces according to Figure 0.14. 
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Figure 0.15 Design values for initial local bow imperfection (CEN, 2005) 

Stated in EN 1993-1-5 all local imperfections may be based on the shape of the critical plate buckling 

modes. As described in section 3.2.1 the out-of-plane imperfections are shaped like the first out-of-

plane eigenmode. The factor 𝐿𝑐𝑟/1000 is commonly used in case residual stresses are accounted for 

independently. 

A study on the modelling of geometric imperfections in 3D steel unbraced frames by Liu et al. 

provides the information on the number buckling modes to be involved as base of the imperfection 

shape. Three typical unbraced three-dimensional frames have been subjected to random 

imperfections based on the superposition of scaled eigenmodes to determine the difference 

between them. The actual imperfection amplitude (𝐴𝑗) can be obtained using: 

𝐴𝑗 = 𝐶𝑗 ∙ 𝐹 ∙ 𝐻           (6.3) 

Where  𝐶𝑗 is the contribution of each buckling mode see Figure 0.16 

 𝐹 is a load factor see Figure 0.16 

 𝐻 is the height of the structure 

 
Figure 0.16 Contribution of each mode to model initial geometric imperfection (Liu, Rasmussen, & Zhang, 2014) 

As a conclusion it is stated in this paper that the increasing number of modes incorporated as 

imperfections provide a better representation of the initial imperfections. Though using only the first 

eigenmode does not produce a significant error from the mean. A linear scaled combination of the 

first three eigenmodes shows as a good compromise between practical use and accuracy. (Liu et al., 

2014) 

6.2.3. Material imperfections 

As described in section 3.2.1 Parameters and Finite Element Model residual stresses developed 

during the fabrication process caused by rolling, pressing, welding and straightening should be 

implemented in GMNIA. “Structural imperfections in terms of residual stresses may be represented 

by a stress pattern from the fabrication process with amplitudes equivalent to the mean (expected) 

values” (CEN, 2006a). ECCS/TC8 (1984) developed a commonly used pattern for welded and rolled 

cross sections, see Figure 3.5. 
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 Riks analysis 
The Riks analysis describes the calculation method for a GMNIA buckling analysis. (Taris, 2009) It is 

used in cases to predict unstable geometrically unstable collapse of a structure. It is suitable because 

it includes non-linear material behaviour. It often follows an eigenvalue buckling analysis. The 

modified Riks method can be used in cases where the loading is proportional, where the load 

magnitudes are scaled by a single parameter called the Load proportionality factory. All loads, even 

the equivalent horizontal forces if defined in this step, will be amplified using the LPF factor. In cases 

this is undesirable these forces should be added in a different step. (Dassault Systèmes, 2012) 
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Appendices 

Appendix B1:  
Eurocode 3 section 6.3 (CEN, 2005) 

 

 

 

  

 Buckling resistance of members 

6.3.1. Uniform members in compression 

 Buckling resistance 
(1)  A compression member should be verified against buckling as follows:  

𝑁𝐸𝑑

𝑁𝑏,𝑅𝑑
≤ 1,0           (6.46)  

where  NEd is the design value of the compression force;  

Nb,Rd is the design buckling resistance of the compression member.  

(2)  For members with non-symmetric Class 4 sections allowance should be made for the 

additional moment ΔMEd due to the eccentricity of the centroidal axis of the effective section, see also 

6.2.2.5(4), and the interaction should be carried out to 6.3.4 or 6.3.3. 

(3)  The design buckling resistance of a compression member should be taken as:  

𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑓𝑦

𝛾𝑀1
  for Class 1, 2 and 3 cross-sections      (6.47)  

Nb,Rd =
𝜒𝐴𝑒𝑓𝑓𝑓𝑦

𝛾𝑀1
   for Class 4 cross-sections      (6.48)  

Where χ is the reduction factor for the relevant buckling mode.  
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NOTE For determining the buckling resistance of members with tapered sections along the member or 

for non-uniform distribution of the compression force second order analysis according to 5.3.4(2) may 

be performed. For out-of-plane buckling see also 6.3.4. 

(4)  In determining A and Aeff holes for fasteners at the column ends need not to be taken into 

account. 

 Buckling curves 
(1)  For axial compression in members the value of χ for the appropriate non-dimensional 

slenderness �̅� should be determined from the relevant buckling curve according to: 

𝜒 =
1

𝜙+√𝜙2−�̅�2
 but 𝜒 ≤ 1,0       (6.49) 

Where 𝜙 = 0,5(1 + 𝛼(�̅� − 0,2) + �̅�2)   

�̅� = √
𝐴𝑓𝑦

𝑁𝑐𝑟
 for Class 1, 2 and 3 cross-sections 

�̅� = √
𝐴𝑒𝑓𝑓𝑓𝑦

𝑁𝑐𝑟
 for Class 4 cross-sections 

𝛼  is an imperfection factor 

𝑁𝑐𝑟  is the elastic critical force for the relevant buckling mode based on the gross cross 

sectional properties. 

(2)  The imperfection factor α corresponding to the appropriate buckling curve should be obtained 

from Table 6.1 and Table 6.2. 

 

3)  Values of the reduction factor χ for the appropriate non-dimensional slenderness �̅� may be 

obtained from Figure 6.4. 

(4)  For slenderness �̅� ≤ 0,2or for 
𝑁𝐸𝑑

𝑁𝑐𝑟
≤ 0,04 the buckling effects may be ignored and only cross 

sectional checks apply. 
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 Slenderness for flexural buckling 

(1)  The non-dimensional slenderness �̅� is given by: 

 �̅� = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=
𝐿𝑐𝑟

𝑖

1

𝜆1  
    for Class 1, 2 and 3 cross-sections   (6.50) 

�̅� = √
𝐴𝑒𝑓𝑓𝑓𝑦

𝑁𝑐𝑟
=
𝐿𝑐𝑟

𝑖

√
𝐴𝑒𝑓𝑓

𝐴
 

𝜆1  
  for Class 4 cross-sections     (6.51) 

Where Lcr is the buckling length in the buckling plane considered  

i is the radius of gyration about the relevant axis, determined using the properties of the gross 

cross-section  

 𝜆1 = 𝜋√
𝐸

𝑓𝑦
= 93,9𝜖 

 𝜖 = √
235

𝑓𝑦
 

NOTE B For elastic buckling of components of building structures see Annex BB.  

(2)  For flexural buckling the appropriate buckling curve should be determined from Table 6.2. 
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 Slenderness for torsional and torsional-flexural buckling 
(1)  For members with open cross-sections account should be taken of the possibility that the 

resistance of the member to either torsional or torsional-flexural buckling could be less than its 

resistance to flexural buckling. 

(2)  The non-dimensional slenderness �̅�𝑇 for torsional or torsional-flexural buckling should be 

taken as: 

�̅�𝑇 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
  for Class 1, 2 and 3 cross-sections    (6.52) 

�̅�𝑇 = √
𝐴𝑒𝑓𝑓𝑓𝑦

𝑁𝑐𝑟
  for Class 4 cross-sections     (6.53) 

where  𝑁𝑐𝑟 = 𝑁𝑐𝑟,𝑇𝐹  but 𝑁𝑐𝑟 < 𝑁𝑐𝑟,𝑇 

𝑁𝑐𝑟,𝑇𝐹is the elastic torsional-flexural buckling force; 

𝑁𝑐𝑟,𝑇 is the elastic torsional buckling force. 

(3)  For torsional or torsional-flexural buckling the appropriate buckling curve may be determined 

from Table 6.2 considering the one related to the z-axis. 

6.3.2. Uniform members in bending 

 Buckling resistance 
(1)  A laterally unrestrained member subject to major axis bending should be verified against 

lateral-torsional buckling as follows: 

 
𝑀𝐸𝑑

𝑀𝑏,𝑅𝑑
≤ 1,0         (6,54) 

where  MEd is the design value of the moment 

Mb,Rd is the design buckling resistance moment. 

(2)  Beams with sufficient restraint to the compression flange are not susceptible to lateral-

torsional buckling. In addition, beams with certain types of cross-sections, such as square or circular 

hollow sections, fabricated circular tubes or square box sections are not susceptible to lateral-torsional 

buckling. 

(3)  The design buckling resistance moment of a laterally unrestrained beam should be taken as: 

 𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑦
 𝑓𝑦

𝛾𝑀1
           (6.55) 

where  Wy is the appropriate section modulus as follows: 

– Wy = Wpl,y for Class 1 or 2 cross-sections 

– Wy = Wel,y for Class 3 cross-sections 

– Wy = Weff,y for Class 4 cross-sections 

χLT is the reduction factor for lateral-torsional buckling. 
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NOTE 1 For determining the buckling resistance of beams with tapered sections second order 

analysis according to 5.3.4(3) may be performed. For out-of-plane buckling see also 6.3.4. 

NOTE 2B For buckling of components of building structures see also Annex BB. 

(4)  In determining Wy holes for fasteners at the beam end need not to be taken into account. 

 

 Lateral torsional buckling curves – General case  
(1)  Unless otherwise specified, see 6.3.2.3, for bending members of constant cross-section, the 

value of χLT for the appropriate non-dimensional slenderness �̅�𝐿𝑇, should be determined from: 

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇+√𝜙𝐿𝑇
2 −λ̅LT

2  

 but 𝜒𝐿𝑇 ≤ 1,0      (6.56) 

Where  ϕLT = 0,5(1 + αLT(𝜆LT  − 0,2) + λ̅LT
2 )  

 αLT is an imperfection factor 

 λLT = √
Wyfy

Mcr
 

 Mcr is the elastic critical moment for lateral-torsional buckling 

(2)  Mcr is based on gross cross sectional properties and takes into account the loading conditions, 

the real moment distribution and the lateral restraints.  

NOTE The imperfection factor αLT corresponding to the appropriate buckling curve may be 

obtained from the National Annex. The recommended values αLT are given in Table 6.3. 

 

 The recommendations for buckling curves are given in Table 6.4: 

 

(3)  Values of the reduction factor χLT for the appropriate non-dimensional slenderness �̅�𝐿𝑇  may be 

obtained from Figure 6.4.  
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(4)  For slendernesses �̅�𝐿𝑇 ≤ �̅�𝐿𝑇,0 (see 6.3.2.3) or for 
𝑀𝐸𝑑

𝑀𝑐𝑟
≤ 𝜆𝐿𝑇,0

2
 (see 6.3.2.3) lateral torsional 

buckling effects may be ignored and only cross sectional checks apply. 

 Lateral torsional buckling curves for rolled sections or equivalent welded 

sections 
(1) For rolled or equivalent welded sections in bending the values of χLT for the appropriate non-

dimensional slenderness may be determined from 

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇+√𝜙𝐿𝑇
2 −λ̅LT

2  

 but {
𝜒𝐿𝑇 ≤ 1,0

𝜒𝐿𝑇 ≤
1

𝜆𝐿𝑇
2

      (6.57) 

ϕLT = 0,5(1 + αLT(𝜆LT  − 𝜆LT,0) + βλ̅LT
2 )  

NOTE The parameters 𝜆LT,0 and β and any limitation of validity concerning the beam depth or 

h/b ratio may be given in the National Annex. The following values are recommended for 

rolled sections or equivalent welded sections: 

𝜆LT,0 = 0,4   (maximum value) 

𝛽 = 0,75  (minimum value) 

The recommendations for buckling curves are given in Table 6.5. 

 

(2)  For taking into account the moment distribution between the lateral restraints of members 

the reduction factor χLT may be modified as follows: 

 𝜒𝐿𝑇,𝑚𝑜𝑑 =
𝜒𝐿𝑇

𝑓
  but 𝜒𝐿𝑇,𝑚𝑜𝑑 ≤ 1       (6.58) 

NOTE The values f may be defined in the National Annex. The following minimum values are 

recommended:  

𝑓 = 1 − 0,5(1 − 𝑘𝑐)[1 − 2,0(𝜆𝐿𝑇 − 0,8)
2
]   but 𝑓 ≤ 1,0 

kc is a correction factor according to Table 6.6 
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 Simplified assessment methods for beams with restraints in buildings 
(1)B  Members with discrete lateral restraint to the compression flange are not susceptible to 

lateral-torsional buckling if the length Lc between restraints or the resulting slenderness fλ of the 

equivalent compression flange satisfies: 

𝜆𝑓 =
𝑘𝑐𝐿𝑐

𝑖𝑓,𝑧𝜆1
≤ 𝜆𝑐0

𝑀𝑐,𝑅𝑑

𝑀𝑦,𝐸𝑑
         (6.59) 

where  My,Ed is the maximum design value of the bending moment within the restraint spacing 

𝑀𝑐,𝑅𝑑 = 𝑊𝑦
𝑓𝑦

𝛾𝑀1
  

  Wy is the appropriate section modulus corresponding to the compression flange  

kc is a slenderness correction factor for moment distribution between restraints, see Table 6.6  

if,z is the radius of gyration of the equivalent compression flange composed of the 

compression flange plus 1/3 of the compressed part of the web area, about the minor axis of 

the section  

𝜆𝑐,0 is a slenderness limit of the equivalent compression flange defined above 

 𝜆1 = 𝜋√
𝐸

𝑓𝑦
= 93,9𝜀 

ε = √
235

𝑓𝑦
  (fy in N/mm2) 
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NOTE 1B For Class 4 cross-sections if,z may be taken as 

𝑖𝑓,𝑧 = √
𝐼𝑒𝑓𝑓,𝑓

𝐴𝑒𝑓𝑓,𝑓+
1

3
𝐴𝑒𝑓𝑓,𝑤,𝑐

  

where  Ieff,f  is the effective second moment of area of the compression flange about the  

  minor axis of the section 

Aeff,f  Is the effective area of the compression flange  

Aeff,w,c  is the effective areas of the compressed part of the web  

NOTE 2B The slenderness limit 𝜆𝑐0 may be given in the National Annex. A limit value  

 𝜆𝑐0 = 𝜆𝐿𝑇,0 + 0,1 is recommended, see 6.3.2.3.  

(2)B  If the slenderness of the compression flange fλ exceeds the limit given in (1)B, the design 

buckling resistance moment may be taken as: 

 𝑀𝑏,𝑅𝐷 = 𝑘𝑓𝑙𝜒𝑀𝑐,𝑅𝑑 but 𝑀𝑏,𝑅𝑑 ≤ 𝑀𝑐,𝑅𝑑      (6.60) 

Where  𝜒  is the reduction factor fo the equivalent compression flange determined with 𝜆𝑓 

𝑘𝑓𝑓  is the modification factor accounting for the conservatism of the equivalent 

compression flange method 

NOTE B The modification factor may be given in the National Annex. A value k10,1f=l is  

Recommended 

(3)B  The buckling curves to be used in (2)B should be taken as follows:  

curve d for welded sections provided that: 
ℎ

𝑡𝑓
≤ 44𝜀 

curve c for all other sections  

where h is the overall depth of the cross-section  

tf is the thickness of the compression flange  

NOTE B For lateral torsional buckling of components of building structures with restraints see 

also Annex BB.3. 

6.3.3. Buckling by combined bending and axial compression  
(1)  Unless second order analysis is carried out using the imperfections as given in 5.3.2, the 

stability of uniform members with double symmetric cross sections for sections not susceptible to 

distortional deformations should be checked as given in the following clauses, where a distinction is 

made for:  

–  members that are not susceptible to torsional deformations, e.g. circular hollow sections or 

sections restraint from torsion  

–  members that are susceptible to torsional deformations, e.g. members with open cross-

sections and not restraint from torsion.  
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(2)  In addition, the resistance of the cross-sections at each end of the member should satisfy the 

requirements given in 6.2.  

NOTE 1 The interaction formulae are based on the modelling of simply supported single span 

members with end fork conditions and with or without continuous lateral restraints, which 

are subjected to compression forces, end moments and/or transverse loads. 

NOTE 2 In case the conditions of application expressed in (1) and (2) are not fulfilled, see 

6.3.4.  

(3)  For members of structural systems the resistance check may be carried out on the basis of the 

individual single span members regarded as cut out of the system. Second order effects of the sway 

system (P-Δ-effects) have to be taken into account, either by the end moments of the member or by 

means of appropriate buckling lengths respectively, see 5.2.2(3)c) and 5.2.2(8).  

(4)  Members which are subjected to combined bending and axial compression should satisfy: 

𝑁𝐸𝑑
𝜒𝑌𝑁𝑅𝑘
𝛾𝑀1

 
+ 𝑘𝑦𝑦

𝑀𝑦,𝐸𝑑+Δ𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘

𝛾𝑀1

+ 𝑘𝑦𝑧
𝑀𝑧,𝐸𝑑+Δ𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑀1

≤ 1      (6.61) 

𝑁𝐸𝑑
𝜒𝑧𝑁𝑅𝑘
𝛾𝑀1

 
+ 𝑘𝑧𝑦

𝑀𝑦,𝐸𝑑+Δ𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘

𝛾𝑀1

+ 𝑘𝑧𝑧
𝑀𝑧,𝐸𝑑+Δ𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑀1

≤ 1      (6.62) 

where  NEd, My,Ed and Mz,Ed  are the design values of the compression force and  

the maximum moments about the y-y and z-z axis along the 

member, respectively  

ΔMy,Ed, ΔMz,Ed  are the moments due to the shift of the centroidal axis according to 

6.2.9.3 for class 4 sections, see Table 6.7,  

χy and χz   are the reduction factors due to flexural buckling from 6.3.1  

χLT    is the reduction factor due to lateral torsional buckling from 6.3.2  

kyy, kyz, kzy, kzz   are the interaction factors 

 

NOTE For members not susceptible to torsional deformation χLT would be χLT = 1,0.  

(5)  The interaction factors kyy , kyz , kzy , kzz depend on the method which is chosen.  
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NOTE 1 The interaction factors kyy, kyz, kzy and kzz have been derived from two alternative 

approaches. Values of these factors may be obtained from Annex A (alternative method 1) or 

from Annex B (alternative method 2).  

NOTE 2 The National Annex may give a choice from alternative method 1 or alternative 

method 2.  

NOTE 3 For simplicity verifications may be performed in the elastic range only. 

6.3.4. General method for lateral and lateral torsional buckling of structural 

components  
(1)  The following method may be used where the methods given in 6.3.1, 6.3.2 and 6.3.3 do not 

apply. It allows the verification of the resistance to lateral and lateral torsional buckling for structural 

components such as  

–  single members, built-up or not, uniform or not, with complex support conditions or not, or  

–  plane frames or subframes composed of such members,  

which are subject to compression and/or mono-axial bending in the plane, but which do not contain 

rotative plastic hinges.  

NOTE The National Annex may specify the field and limits of application of this method.  

(2)  Overall resistance to out-of-plane buckling for any structural component conforming to the 

scope in (1) can be verified by ensuring that: 

χopαult,k

γM1
≥ 1,0          (6.63) 

where  αult,k  is the minimum load amplifier of the design loads to reach the characteristic  

resistance of the most critical cross section of the structural component considering 

its in plane behaviour without taking lateral or lateral torsional buckling into account 

however accounting for all effects due to in plane geometrical deformation and 

imperfections, global and local, where relevant;  

χop  is the reduction factor for the non-dimensional slenderness λop, see (3), to take 

account of lateral and lateral torsional buckling. 

(3)  The global non dimensional slenderness λop for the structural component should be 

determined from 

λop = √
αult,k

αcr,op
            (6.64) 

where  αult,k  is defined in (2)  

αcr,op  is the minimum amplifier for the in plane design loads to reach the elastic critical 

resistance of the structural component with regards to lateral or lateral torsional 

buckling without accounting for in plane flexural buckling  

NOTE In determining αcr,op and αult,k Finite Element analysis may be used. 
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  (4)  The reduction factorχop  may be determined from either of the following methods:  

a)  the minimum value of:  

χ  for lateral buckling according to 6.3.1  

χLT  for lateral torsional buckling according to 6.3.2  

each calculated for the global non dimensional slenderness λop 

NOTE For example where αult,k is determined by the cross section check 
1

αult,k
=
NEd

NRk
+
My,Ed

My,Rk
 this 

method leads to: 

 
NEd

χNRk/γ_M1
+

MY,Ed

χLTMy,Rk/γM1 
≤ 1       (6.65) 

b)  a value interpolated between the values χ and χLT as determined in a) by using the formula for 

αult,k corresponding to the critical cross section  

NOTE For example where αult,k is determined by the cross section check 
1

αult,k
=
NEd

NRk
+
My,Ed

My,Rk
 

this method leads to: 

 
NEd

χNRk/γ_M1
+

MY,Ed

χLTMy,Rk/γM1 
≤ 1       (6.66) 

6.3.5. Lateral torsional buckling of members with plastic hinges 

 General 
(1)B  Structures may be designed with plastic analysis provided lateral torsional buckling in the frame is 

prevented by the following means:  

a)  restraints at locations of “rotated” plastic hinges, see 6.3.5.2, and  

b)  verification of stable length of segment between such restraints and other lateral restraints, see 6.3.5.3  

(2)B  Where under all ultimate limit state load combinations, the plastic hinge is “not-rotated” no 

restraints are necessary for such a plastic hinge.  

  Restraints at rotated plastic hinges  
 
(1)B  At each rotated plastic hinge location the cross section should have an effective lateral and 

torsional restraint with appropriate resistance to lateral forces and torsion induced by local plastic 

deformations of the member at this location.  

(2)B  Effective restraint should be provided  

–  for members carrying either moment or moment and axial force by lateral restraint to both flanges. 

This may be provided by lateral restraint to one flange and a stiff torsional restraint to the cross-section 

preventing the lateral displacement of the compression flange relative to the tension flange, see Figure 

6.5.  

–  for members carrying either moment alone or moment and axial tension in which the compression 

flange is in contact with a floor slab, by lateral and torsional restraint to the compression flange (e.g. 

by connecting it to a slab, see Figure 6.6). For cross-sections that are more slender than rolled I and H 

sections the distorsion of the cross section should be prevented at the plastic hinge location (e.g. by 

means of a web stiffener also connected to the compression flange with a stiff joint from the 

compression flange into the slab).  
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(3)B  At each plastic hinge location, the connection (e.g. bolts) of the compression flange to the 

resisting element at that point (e.g. purlin), and any intermediate element (e.g. diagonal brace) should 

be designed to resist to a local force of at least 2,5% of Nf,Ed (defined in 6.3.5.2(5)B) transmitted by the 

flange in its plane and perpendicular to the web plane, without any combination with other loads.  

(4)B  Where it is not practicable providing such a restraint directly at the hinge location, it should 

be provided within a distance of h/2 along the length of the member, where h is its overall depth at 

the plastic hinge location.  

(5)B  For the design of bracing systems, see 5.3.3, it should be verified by a check in addition to the 

check for imperfection according to 5.3.3 that the bracing system is able to resist the effects of local 

forces Qm applied at each stabilized member at the plastic hinge locations, where; 

 Qm = 1,5αm
Nf,Ed

100
         (6.67) 

Where Nf,Ed  is the axial force in the compressed flange of the stabilized member at the plastic hinge  

location; 

αm   is according to 5.3.3(1).  

NOTE For combination with external loads see also 5.3.3(5).  

 Verification of stable length of segment  
 
(1)B  The lateral torsional buckling verification of segments between restraints may be performed by 

checking that the length between restraints is not greater than the stable length.  
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For uniform beam segments with I or H cross sections with 
h

tf
≤ 40ε nder linear moment and without 

significant axial compression the stable length may be taken from 

 Lstable = 35 ε iz  for 0,62 ≤ ψ ≤ 1    (6.68) 

 Lstable = (60 − 40ψ)ε iz for −1 ≤  ψ ≤  0,625  

Where ε = √
235

fy [N/mm
2]

 

 ψ =
MEd,min

Mpl,Rd
= ratio of end momentsin the segment 

NOTE B For the stable length of a segment see also Annex BB.3.  

(2)B  Where a rotated plastic hinge location occurs immediately adjacent to one end of a haunch, 

the tapered segment need not be treated as a segment adjacent to a plastic hinge location if the 

following criteria are satisfied:  

a)  the restraint at the plastic hinge location should be within a distance h/2 along the length of 

the tapered segment, not the uniform segment;  

b)  the compression flange of the haunch remains elastic throughout its length.  

NOTE B For more information see Annex BB.3.  
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Bijlage B Methode 2: interactiefactoren kij voor de interactieformules in 6.3.3.(4) 
Bijlage B moet als normatief zijn gelezen. 
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Appendix B2 
This appendix shows the in- and out-of-plane imperfection calculation used in the preliminary study 

of S. Taris according to Eurocode 3. First the imperfections used in GMNIA without residual stress 

and secondly the imperfections used in GMNIA with residual stress are calculated. 

Eurocode 3 imperfections without residual stresses 
The in-plane imperfections just as the out-of-plane ones are calculated according to Eurocode 3. The 

next calculations are directly cited from (Taris, 2009). 

In-plane: 

𝜙0 =
1

200
  

𝛼ℎ =
2

√ℎ
=

2

√ℎ
= 0,632 <

2

3
→

2

3
  

𝛼𝑚 = √0,5 (1 +
1

𝑚
) = √0,5 (1 +

1

2
) = 0,866  

𝜙 = 𝜙0 ∙ 𝛼ℎ ∙ 𝛼𝑚 =
1

200
∙
2

3
∙ 0,866 = 2,89 ∙ 10−3   

𝑒ℎ = 2,89 ∙ 10
−3 ∙ 10000 = 28,9𝑚𝑚  

Where; 

𝜙0  basic rotation with a value of 1/200 

𝛼ℎ  reduction value 

ℎ  height of the structure in meter 

𝛼𝑚  reduction factor for the number of columns in a row 

𝑚  number of column in a row including only those columns which carry a vertical load 𝑁𝐸𝑑 not 

less than 50% of the average value of the column in the vertical plane considered 

𝜑  initial rotation at the base of the column 

𝑒ℎ  initial sway at the top of the frame 

This results in an initial in-plane sway of 28,9 mm. 

Out of plane: 

The out-of-plane imperfections are calculated as 1/150 of the critical buckling length: 

𝐿𝑐𝑟,𝑧 = 𝜋 ∙ √
𝐸𝑑∙𝐼𝑍

𝛼𝑐𝑟∙𝑁𝐸𝑑
= 𝜋 ∙ √

2,1∙105∙293,8∙105

2,5617∙520000
= 6763𝑚𝑚  

Where: 

𝛼𝑐𝑟 = 2,5617 determined as minimum load amplifier in Linear Buckling Analysis. 

𝑒0 =
𝐿𝑐𝑟,𝑧

150
=
6763

150
= 45,1𝑚𝑚  

This results in an out-of-plane imperfection of 24,1mm shaped like the first eigenmode. 

Eurocode 3 imperfections and residuals stresses 
Initial stresses from welding or rolling of sections are taken into account if the most accurate result is 

necessary. These stresses have to be distributed over the web length and flange width as shown in 

Figure 8.1. Also the difference between a coarse and fine mesh are displayed where the actual 

residual stresses are regenerated taking the two different mesh sizes into account. 
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Figure 0.17 residual stresses 

If residual stresses are accounted for the in- and out-of-plane imperfections can be reduced. The 

imperfections are calculated as 𝐿𝑐𝑟/1000 which leads to the following imperfections: 

In-plane: 

𝐿𝑐𝑟,𝑦 = 𝜋 ∙ √
𝐸𝑑∙𝐼𝑦

𝛼𝑐𝑟∙𝑁𝐸𝑑
= 𝜋 ∙ √

2,1∙105∙21723,1∙105

15.621∙520000
= 23543𝑚𝑚  

𝑒ℎ =
𝐿𝑐𝑟,𝑦

1000
=
23543

1000
= 23,5𝑚𝑚  

Where 

𝛼𝑐𝑟  belongs to the 15th eigenmode which is the first in-plane eigenmode. 

This results in an initial in-plane imperfection of 23,5mm. 

 

Out-of-plane: 

𝐿𝑐𝑟,𝑧 = 𝜋 ∙ √
𝐸𝑑∙𝐼𝑧

𝛼𝑐𝑟∙𝑁𝐸𝑑
= 𝜋 ∙ √

2,1∙105∙293,8∙105

2,5617∙520000
= 6762𝑚𝑚  

𝑒0 =
𝐿𝑐𝑟,𝑧

1000
=
6763

1000
= 6,76𝑚𝑚  

Which results in an out-of-plane imperfection of 6,76mm shaped like the first eigenmode. 
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1. Introduction 
In this document three structures are checked on resistance and stability with the use of Eurocode 3.  

The structures are composed out of rolled H and I sections and are supported in different ways. 

Column: HEB 140: 

H: 140 mm 

b: 140 mm 

tw: 7.0 mm 

tf: 12.0 mm 

r: 0 mm 

A: 4172.0 mm2 

hw: 116.0 mm 

 

Beam: IPE 180: 

H: 180 mm 

b: 91 mm 

tw: 5.3 mm 

tf: 8.0 mm 

r: 0 mm 

A: 2325.20 mm2 

hw: 164.0 mm 

 

 

Since these results will be compared to the outcome of a finite element analysis, the structure and its 

parameters should be equal. Since the fillet radius is taken equal to 0 in the finite element analysis, the 

used profiles are not exactly representing the common ones (HEB140 & IPE180). Therefor some cross-

sectional parameters of these changed cross-sections needed to be determined beforehand, namely: 

𝑊𝑝𝑙,𝑦 ,𝑊𝑝𝑙,𝑧, 𝐼𝑦, 𝐼𝑧, 𝐼𝑇, 𝐼𝑤. These are calculated in the table below and will be used in chapter 3, 4 and 5. 

S12: HEB 140 S14: IPE 180 

𝑊𝑝𝑙,𝑦 = 𝑏𝑡𝑓(ℎ − 𝑡𝑓) +
1

4
𝑡𝑤(ℎ − 2𝑡𝑓)

2

= 140 ∗ 12(140 − 12) +
1

4
∗ 7(140 − 2 ∗ 12)2

= 238588 𝑚𝑚3 

𝑊𝑝𝑙,𝑦 = 𝑏𝑡𝑓(ℎ − 𝑡𝑓) +
1

4
𝑡𝑤(ℎ − 2𝑡𝑓)

2

= 91 ∗ 8(180 − 8) +
1

4
∗ 5.3(180 − 2 ∗ 8)2

= 160853.2 𝑚𝑚3 

𝑊𝑝𝑙,𝑧 =
1

2
𝑏2𝑡𝑓 +

1

4
(ℎ − 2𝑡𝑓) ∗ 𝑡𝑤

2

=
1

2
∗ 1402 ∗ 12 +

1

4
∗ (140 − 2 ∗ 12) ∗ 72

= 119021 𝑚𝑚3 

𝑊𝑝𝑙,𝑧 =
1

2
𝑏2𝑡𝑓 +

1

4
(ℎ − 2𝑡𝑓) ∗ 𝑡𝑤

2

=
1

2
∗ 912 ∗ 8 +

1

4
∗ (180 − 2 ∗ 8) ∗ 5.32

= 34275.69 𝑚𝑚3 

𝐼𝑦 =
1

12
𝑏ℎ3 −

1

12
∗ (𝑏 − 𝑡𝑤) ∗ (ℎ − 2𝑡𝑓)

3

=
1

12
∗ 140 ∗ 1403 −

1

12
∗ (140 − 7) ∗ (140 − 2 ∗ 12)3

= 1.47 ∗ 107𝑚𝑚4 

𝐼𝑦 =
1

12
𝑏ℎ3 −

1

12
∗ (𝑏 − 𝑡𝑤) ∗ (ℎ − 2𝑡𝑓)

3

=
1

12
∗ 91 ∗ 1803 −

1

12
∗ (91 − 5.3) ∗ (180 − 2 ∗ 8)3

= 1.27 ∗ 107𝑚𝑚4 
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𝐼𝑧 =
1

12
(ℎ − 2𝑡𝑓)𝑡𝑤

3 + 2 ∗
1

12
𝑡𝑓𝑏

3

=
1

12
∗ (140 − 2 ∗ 12) ∗ 73 + 2

∗
1

12
∗ 12 ∗ 1403

= 5.49 ∗ 106 𝑚𝑚4 

𝐼𝑧 =
1

12
(ℎ − 2𝑡𝑓)𝑡𝑤

3 + 2 ∗
1

12
𝑡𝑓𝑏

3

=
1

12
∗ (180 − 2 ∗ 8) ∗ 5.33 + 2

∗
1

12
∗ 8 ∗ 913

= 1.01 ∗ 106 𝑚𝑚4 

𝐼𝑇 =
2

3
𝑏𝑡𝑓
3 +

1

3
(ℎ − 2𝑡𝑓) ∗ 𝑡𝑤

3 + 2 ∗ 𝑎1 ∗ 𝑑𝑡
4 −

0.420𝑡𝑓
4 =

2

3
∗ 140 ∗ 123 +

1

3
(140 − 2 ∗ 12) ∗

73 + 2 ∗ 0.0618965278 ∗ 13.024 − 0.42 ∗ 124 =

1.69 ∗ 105 𝑚𝑚4  

𝐼𝑇 =
2

3
𝑏𝑡𝑓
3 +

1

3
(ℎ − 2𝑡𝑓) ∗ 𝑡𝑤

3 + 2 ∗ 𝑎1 ∗ 𝑑𝑡
4 −

0.420𝑡𝑓
4 =

2

3
∗ 91 ∗ 83 +

1

3
(180 − 2 ∗ 8) ∗ 5.33 +

2 ∗ 0.07219 ∗ 8.884 − 0.42 ∗ 84 = 3.84 ∗

104 𝑚𝑚4  

𝑎1 = −0.0420 + 0.2204 ∗
𝑡𝑤
𝑡𝑓
+ 0.1355 ∗

𝑟

𝑡𝑓

− 0.0865 ∗
𝑡𝑤𝑟

𝑡𝑓
2 − 0.0725 ∗

𝑡𝑤
𝑡𝑓

2

= −0.0420 + 0.2204 ∗
7

12

+ 0.1355 ∗
0

12
− 0.0865 ∗

7 ∗ 0

122

− 0.0725 ∗
7

12

2

= 0.06189 

𝑑𝑡 =
(𝑡𝑓 + 𝑟)

2
+ 𝑡𝑤 (𝑟 +

𝑡𝑤
4 )

2𝑟 + 𝑡𝑓
=
122 + 7(

7
4)

12

= 13.02𝑚𝑚 

𝑎1 = −0.0420 + 0.2204 ∗
𝑡𝑤
𝑡𝑓
+ 0.1355 ∗

𝑟

𝑡𝑓

− 0.0865 ∗
𝑡𝑤𝑟

𝑡𝑓
2 − 0.0725 ∗

𝑡𝑤
𝑡𝑓

2

= −0.0420 + 0.2204 ∗
5.3

8

+ 0.1355 ∗
0

8
− 0.0865 ∗

5.3 ∗ 0

82

− 0.0725 ∗
5.3

8

2

= 0.07219 

𝑑𝑡 =
(𝑡𝑓 + 𝑟)

2
+ 𝑡𝑤 (𝑟 +

𝑡𝑤
4 )

2𝑟 + 𝑡𝑓
=
82 + 5.3 (

5.3
4 )

8

= 8.88𝑚𝑚 

𝐼𝑊 =
1

24
𝑡𝑓𝑏

3(ℎ − 𝑡𝑓)
2

=
1

24
∗ 12 ∗ 1403 ∗ (140 − 12)2

= 2.248 ∗ 1010 𝑚𝑚6 

𝐼𝑊 =
1

24
𝑡𝑓𝑏

3(ℎ − 𝑡𝑓)
2

=
1

24
∗ 8 ∗ 913 ∗ (180 − 8)2

= 7.43 ∗ 109 𝑚𝑚6 

 

Classification of Cross sections: 

S12: HEB 140 S14: IPE 180 

𝜖 = √
235

𝑓𝑦
= √1 = 1 𝜖 = √

235

𝑓𝑦
= √1 = 1 

Internal parts subjected to bending Internal parts subjected to bending 

𝑐

𝑡
=
116

7
= 16,57 ≤ 72 → 𝑐𝑙𝑎𝑠𝑠 1 

𝑐

𝑡
=
164

5.3
= 30.94 ≤ 72 → 𝑐𝑙𝑎𝑠𝑠 1 

External parts subjected to compression External parts subjected to compression 

𝑐

𝑡
=
0.5 ∗ (140 − 7)

12
= 5.54 ≤ 9 → 𝑐𝑙𝑎𝑠𝑠 1 

𝑐

𝑡
=
0.5 ∗ (91 − 5.3)

8
= 5.36 ≤ 9 → 𝑐𝑙𝑎𝑠𝑠 1 
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2. Frame 1  
This chapter contains the elaborations for the resistance and stability unity checks for frame 1. Frame 1 is 

a so called three-dimensional frame. The connections are welded rigid and support conditions are hinged. 

Three types of loads act on the structure as shown in the figure below: 

- Horizontal load (green): Fh=6.90 kN 

- Vertical load (red): Fv=79.31 kN 

- Uniformly distributed load (blue): qv=10.77 kN/m 
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The force distribution across the members and the maximum values are given below 

 

N:    

Vy:  
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Vz:  

My:  

Mz:  
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

 

Column S12 and beam S14 have the highest internal forces:  

 S12: HEB 140 S14: IPE 180 

Ned  [N] 1.18E+05 5.21E+03 

M y,ed [Nmm] 1.56E+07 1.56E+07 

M z,ed [Nmm] 3.30E+06  

V ed [N] 5.21E+03 2.30E+04 

 

 Resistance checks 
In the following paragraphs the resistance of the cross sections will be checked according to Eurocode 3. 

 Compression force: 
S12: HEB 140 S14: IPE 180 

𝑵𝑬𝒅
𝑵𝒄,𝑹𝒅

=
𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟐 ≤ 𝟏  

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

=
5.21 ∗ 103

5.46 ∗ 105
= 0.01 ≤ 1 

𝑵𝒄,𝑹𝒅 =
𝑨𝒇𝒚

𝜸𝑴𝟎
=
𝟒𝟏𝟕𝟐∗𝟐𝟑𝟓

𝟏
= 𝟗. 𝟖𝟎 ∗

𝟏𝟎𝟓 N 

𝑁𝑐,𝑅𝑑 =
𝐴𝑓𝑦

𝛾𝑀0
=
2325.20∗235

1
= 5.46 ∗

105 N 

 

 Bending moment: 
S12: HEB 140 S14: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝒄,𝑹𝒅
=
 𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟓.𝟔𝟏 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟐𝟖 ≤ 𝟏. 𝟎 

𝑴𝒛,𝑬𝒅

𝑴𝒛,𝒄,𝑹𝒅
=
 𝟑. 𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟏𝟐 ≤ 𝟏.𝟎 

𝑀𝑦,𝐸𝑑
𝑀𝑦,𝑐,𝑅𝑑

=
1.56 ∗ 107

3.78 ∗ 107
= 0.41 ≤ 1.0 

𝑴𝒚,𝒄,𝑹𝒅 = 𝑴𝒑𝒍,𝑹𝒅 =
𝑾𝒚,𝒑𝒍𝒇𝒚

𝜸𝑴𝟎

=
𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∙ 𝟐𝟑𝟓

𝟏
= 𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕 𝑵𝒎 

𝑴𝒛,𝒄,𝑹𝒅 = 𝑴𝒑𝒍,𝑹𝒅 =
𝑾𝒛,𝒑𝒍𝒇𝒚

𝜸𝑴𝟎

=
𝟏. 𝟏𝟗 ∗ 𝟏𝟎𝟓 ∙ 𝟐𝟑𝟓

𝟏
= 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕 𝑵𝒎 

𝑀𝑦,𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑦,𝑝𝑙𝑓𝑦
𝛾𝑀0

=
1.61 ∗ 105 ∙ 235

1

= 3.78 ∗ 107 𝑁𝑚 
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 Shear force: 
S12: HEB 140 S14: IPE 180 

𝑽𝑬𝒅
𝑽𝒄,𝑹𝒅

=
𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
= 𝟎.𝟎𝟒 ≤ 𝟏 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

=
2.30 ∗ 104

1.24 ∗ 105
= 0.19 ≤ 1.0 

𝑽𝒄,𝑹𝒅 = 𝑽𝒑𝒍,𝑹𝒅 =

𝑨𝒗 (
𝒇𝒚

√𝟑
)

𝜸𝑴𝟎
=

𝟖.𝟗𝟔 ∗ 𝟏𝟎𝟐 (
𝟐𝟑𝟓

√𝟑
)

𝟏. 𝟎

= 𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓 𝑵 

𝑉𝑐,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =

𝐴𝑣 (
𝑓𝑦

√3
)

𝛾𝑀0
=

9.12 ∗ 102 (
235

√3
)

1.0

= 1.24 ∗ 105 𝑁 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘 

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝐴𝑣 = 𝐴 ∗ 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 > 𝜂ℎ𝑤𝑡𝑤 

𝐴𝑣 = 2325.20 − 2 ∗ 91 ∗ 8 + 5.3 ∗ 8

= 9.12 ∗ 102 𝑚𝑚2 

𝜂ℎ𝑤𝑡𝑤 = 1 ∗ 164 ∗ 5.3 = 8.69 ∗ 10
2 𝑚𝑚2 

𝐴𝑣 = 9.12 ∗ 10
2 > 8.69 ∗ 102 

 

 Combination bending moment and shear force: 
S12: HEB 140 S14: IPE 180 

Influence of VEd can be neglected if: 

𝑽𝒆𝒅 < 𝟎. 𝟓𝑽𝑹𝒅 

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑 < 𝟔. 𝟎𝟖 ∗ 𝟏𝟎𝟒 

So it can be neglected 

Influence of VEd can be neglected if: 

𝑉𝑒𝑑 < 0.5𝑉𝑅𝑑 

2.30 ∗ 104 < 6.18 ∗ 104 

So it can be neglected 

 

S12: HEB 140 S14: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑽,𝑹𝒅
=
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟏𝟒 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟑𝟎 < 𝟏. 𝟎 

 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑉,𝑅𝑑
=
1.56 ∗ 107

3.45 ∗ 107
= 0.45 ≤ 1.0 

 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚−

𝝆𝑨𝒘
𝟐

𝟒𝒕𝒘
)∗𝒇𝒚

𝜸𝑴𝟎
  

= (𝟐.𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎.𝟖𝟑𝟔∗𝟖𝟏𝟐𝟐

𝟒∗𝟕
) ∗

𝟐𝟑𝟓

𝟏.𝟎
  

= 𝟓. 𝟏𝟒 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝑀𝑦,𝑉,𝑅𝑑 =
(𝑊𝑝𝑙,𝑦−

𝜌𝐴𝑊
2

4𝑡𝑤
)∗𝑓𝑦

𝛾𝑀0
  

= (1.61 ∗ 105  −
0.394∗8692

4∗5.3
) ∗

235

1.0
  

= 3.45 ∗ 107 𝑁𝑚𝑚 

𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟓.𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟖𝟑𝟔  

𝜌 = (
2𝑉𝐸𝑑
𝑉𝑝𝑙,𝑅𝑑

− 1)

2

= (
2 ∗ 2.30 ∗ 104

1.24 ∗ 105
− 1)

2

= 0.394 
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 Combination bending moment and axial loading 
S12: HEB 140 bending in y-y direction S14: IPE 180 bending in y-y direction 

Influence of NEd can be neglected if: 

𝑵𝑬𝒅 ≤ 𝟎.𝟐𝟓𝑵𝒑𝒍,𝑹𝒅 𝒂𝒏𝒅 

𝑵𝑬𝒅 ≤
𝟎. 𝟓𝒉𝒘𝒕𝒘𝒇𝒚

𝜸𝑴𝟎
 

Influence of NEd can be neglected if: 

𝑁𝐸𝑑 ≤ 0.25𝑁𝑝𝑙,𝑅𝑑 𝑎𝑛𝑑 

𝑁𝐸𝑑 ≤
0.5ℎ𝑤𝑡𝑤𝑓𝑦

𝛾𝑀0
 

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓 < 𝟎.𝟐𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓 𝒂𝒏𝒅 

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓 < 𝟗. 𝟓𝟒 ∗ 𝟏𝟎𝟒 

 

5.21 ∗ 103 < 0.25 ∗ 5.46 ∗ 105 𝑎𝑛𝑑 

5.21 ∗ 103 < 1.02 ∗ 105 

Influence of NEd cannot be neglected in y-y 

direction 

Influence NEd can be neglected in y-y direction 

 

S12: HEB 140 bending in z-z direction S13: IPE 180 bending in z-z direction 

Influence of NEd can be neglected if: 

𝑵𝑬𝒅 ≤
𝒉𝒘𝒕𝒘𝒇𝒚

𝜸𝑴𝟎
 

Influence of NEd can be neglected if: 

𝑁𝐸𝑑 ≤
ℎ𝑤𝑡𝑤𝑓𝑦

𝛾𝑀0
 

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓 < 𝟏. 𝟗𝟏 ∗ 𝟏𝟎𝟓 

 

5.21 ∗ 103 < 2.04 ∗ 105 

Influence of NEd can be neglected in z-z direction Influence of NEd can be neglected in z-z direction 

 

In case the normal force cannot be neglected, the bending moment resistance needs to be reduced as 

follows: 

S12: HEB 140 in y-y direction S14: IPE 180 in y-y direction 

𝑴𝒚,𝑬𝒅

𝑴𝑵,𝒚,𝑹𝒅
=
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟕
=  𝟎. 𝟐𝟗 ≤ 𝟏. 𝟎  

𝑀𝑦,𝐸𝑑

𝑀𝑁,𝑦,𝑅𝑑
=
1.56 ∗ 107

3.78 ∗ 107
=  0.41 ≤ 1.0  

𝑴𝑵,𝒚,𝑹𝒅 =
𝑴𝒑𝒍,𝒚,𝑹𝒅(𝟏 − 𝒏)

𝟏 − 𝟎. 𝟓𝒂

=
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕 ∗ (𝟏 − 𝟎. 𝟏𝟐𝟏)

𝟏 − 𝟎. 𝟓 ∗ 𝟎. 𝟐𝟎
= 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎  

𝒃𝒖𝒕 𝑴𝑵,𝒚,𝑹𝒅 ≤ 𝑴𝒑𝒍,𝒚,𝑹𝒅 = 𝟓. 𝟔𝟏 ∗ 𝟏𝟎
𝟕𝑵𝒎𝒎 

𝑀𝑁,𝑦,𝑅𝑑 =
𝑀𝑝𝑙,𝑦,𝑅𝑑(1 − 𝑛)

1 − 0.5𝑎

=
3.78 ∗ 107 ∗ (1 − 0.0061)

1 − 0.5 ∗ 0.37
= 4.61 ∗ 107 𝑁𝑚𝑚  

𝑏𝑢𝑡 𝑀𝑁,𝑦,𝑅𝑑 ≤ 𝑀𝑝𝑙,𝑦,𝑅𝑑 = 3.78 ∗ 10
7 𝑁𝑚𝑚 

𝒏 =
𝑵𝑬𝒅
𝑵𝒑𝒍,𝑹𝒅

=
𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟗. 𝟖 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟐𝟏 𝑛 =

𝑁𝐸𝑑
𝑁𝑝𝑙,𝑅𝑑

=
5.21 ∗ 103

5.46 ∗ 105
= 0.010 

𝒂 =
𝑨− 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟐𝟎 𝒃𝒖𝒕 𝒂 ≤ 𝟎. 𝟓 

𝑎 =
𝐴 − 2𝑏𝑡𝑓

𝐴
=
2325.20 − 2 ∗ 91 ∗ 8

2325.20
= 0.37 𝑏𝑢𝑡 𝑎 ≤ 0.5 

 

S12: HEB 140 in z-z direction S14: IPE 180 in z-z direction 



LXII - Frame 1 
 

 
Titulaer, L.H.J.D. |       

𝑴𝒛,𝑬𝒅

𝑴𝑵,𝒛,𝑹𝒅
=
𝟑.𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐.𝟖𝟎 ∗ 𝟏𝟎𝟕
=  𝟎. 𝟏𝟐 ≤ 𝟏. 𝟎  

𝑀𝑧,𝐸𝑑 = 0 

𝑴𝑵,𝒛,𝑹𝒅 = 𝑴𝒑𝒍,𝒛,𝑹𝒅 𝒇𝒐𝒓 𝒏 ≤ 𝒂 

= 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

 

𝒏 =
𝑵𝑬𝒅

𝑵𝒑𝒍,𝑹𝒅
=
𝟏.𝟏𝟖∗𝟏𝟎𝟓

𝟗.𝟖∗𝟏𝟎𝟓
= 𝟎. 𝟏𝟐𝟏 → 𝒏 ≤ 𝒂   

𝒂 =
𝑨− 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟐𝟎 𝒃𝒖𝒕 𝒂 ≤ 𝟎. 𝟓 

 

 

 Combination of bending moment in two directions: 
S12: HEB 140 S14: IPE 140 

(
𝑴𝒚,𝑬𝒅

𝑴𝑵,𝒚,𝑹𝒅
)

𝜶

+ (
𝑴𝒛,𝑬𝒅

𝑴𝑵,𝒛,𝑹𝒅
)

𝜷

 

= (
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟕
)

𝟐

+ (
𝟑. 𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕
)

𝟏

= 𝟎. 𝟐𝟎 ≤ 𝟏 

𝑀𝑧,𝐸𝑑 = 0 

For I and H sections: 

𝜶 = 𝟐 

𝜷 = 𝟓𝒏 = 𝟎. 𝟔𝟎𝟓 𝒃𝒖𝒕 𝜷 ≥ 𝟏 

𝒏 =
𝑵𝑬𝒅
𝑵𝒑𝒍,𝑹𝒅

=
𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟐𝟏 𝒔𝒐 𝜷 = 𝟏 

 

 

  

 Combination of bending moment, shear and axial force 
S12: HEB 140 S13: IPE 180 

Influence of VEd can be neglected if: 

𝑽𝒆𝒅 < 𝑽𝒑𝒍,𝑹𝒅 

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑 < 𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓 

So it can be neglected 

Influence of VEd can be neglected if: 

𝑉𝑒𝑑 < 𝑉𝑝𝑙,𝑅𝑑 

2.31 ∗ 104 < 1.24 ∗ 105 

So it can be neglected 

 

If VEd can be neglected the combination of bending moment and axial force is governing. If not, three 

checks given in the Dutch national annex are given for: 

• Bending moment in y direction with normal and shear force 

• Bending moment in z direction with normal and shear force 

• Bending moment in y and z direction with normal and shear force 

 

  



Frame 1 - LXIII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

Bending moment in y direction with normal and shear force 
S12: HEB 140 S13: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑽,𝑹𝒅
+

𝑵𝑬𝒅
𝑵𝑽𝒛,𝑹𝒅

−
𝒂𝟐
𝟐

𝟏 −
𝒂𝟐
𝟐

 

=
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟎𝟒 ∗ 𝟏𝟎𝟕
+

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟖. 𝟎𝟒 ∗ 𝟏𝟎𝟓
−
𝟎. 𝟎𝟑𝟐
𝟐

𝟏 −
𝟎. 𝟎𝟑𝟐
𝟐

= 𝟎. 𝟒𝟒

≤ 𝟏. 𝟎 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑉,𝑅𝑑
+

𝑁𝐸𝑑
𝑁𝑉𝑧,𝑅𝑑

−
𝑎2
2

1 −
𝑎2
2

 

=
1.56 ∗ 107

3.42 ∗ 107
+

5.21 ∗ 103

4.62 ∗ 105
−
0.226
2

1 −
0.226
2

= 0.34 ≤ 1.0 

𝑵𝑽𝒛,𝑹𝒅 =
𝑵𝒑𝒍,𝑹𝒅 − 𝝆𝑨𝒗𝒇𝒚

𝜸𝑴𝟎

=
𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓 − 𝟎. 𝟖𝟗𝟑𝟔 ∗ 𝟖𝟗𝟔 ∗ 𝟐𝟑𝟓

𝟏. 𝟎

= 𝟖. 𝟎𝟒 ∗ 𝟏𝟎𝟓 𝑵 

𝑁𝑉𝑧,𝑅𝑑 =
𝑁𝑝𝑙,𝑅𝑑 − 𝜌𝐴𝑣𝑓𝑦

𝛾𝑀0

=
5.46 ∗ 105 − 0.394 ∗ 912 ∗ 235

1.0
= 4.62 ∗ 105 𝑁 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚−

𝝆𝑨𝒗
𝟐

𝟒𝒕𝒘
)∗𝒇𝒚

𝜸𝑴𝟎
  

= (𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎. 𝟖𝟑𝟔 ∗ 𝟖𝟗𝟔𝟐

𝟒 ∗ 𝟕
) ∗
𝟐𝟑𝟓

𝟏

= 𝟓. 𝟎𝟒 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝑀𝑦,𝑉,𝑅𝑑 =
(𝑊𝑝𝑙,𝑦−

𝜌𝐴𝑣
4𝑡𝑤

2
)∗𝑓𝑦

𝛾𝑀0
  

= (1.61 ∗ 105  −
0.394 ∗ 9122

4 ∗ 5.3
) ∗
235

1

= 3.42 ∗ 107 𝑁𝑚𝑚 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘 

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝐴𝑣 = 𝐴 ∗ 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 > 𝜂ℎ𝑤𝑡𝑤 

𝐴𝑣 = 2325.20 − 2 ∗ 91 ∗ 8 + 5.3 ∗ 8

= 9.12 ∗ 102 𝑚𝑚2 

𝜂ℎ𝑤𝑡𝑤 = 1 ∗ 164 ∗ 5.3 = 8.69 ∗ 10
2 𝑚𝑚2 

𝐴𝑣 = 9.12 ∗ 10
2 > 8.69 ∗ 102 

𝒂𝟐 = 𝒂𝟏(𝟏 − 𝝆) = 𝟎. 𝟏𝟗𝟓 ∗ (𝟏 − 𝟎. 𝟖𝟑𝟔)

= 𝟎. 𝟎𝟑𝟐 

𝒂𝟏 =
𝑨 − 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟏𝟗𝟓 ≤ 𝟎. 𝟓 

𝑎2 = 𝑎1(1 − 𝜌) = 0.374(1 − 0.394) = 0.226 

𝑎1 =
𝐴 − 2𝑏𝑡𝑓

𝐴
=
2325.20 − 2 ∗ 91 ∗ 8

2325.20
= 0.374

≤ 0.5 

𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟓.𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟖𝟑𝟔  

𝜌 = (
2𝑉𝐸𝑑
𝑉𝑝𝑙,𝑅𝑑

− 1)

2

= (
2 ∗ 2.30 ∗ 104

1.24 ∗ 105
− 1)

2

= 0.394 

 

  



LXIV - Frame 1 
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Bending moment in z direction with normal and shear force 
S12: HEB 140 S13: IPE 180 

𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑽,𝑹𝒅
+(

𝑵𝑬𝒅
𝑵𝑽𝒚,𝑹𝒅

− 𝒂𝟏

𝟏 − 𝒂𝟏
)

𝟐

 

=
𝟑. 𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐. 𝟖𝟖 ∗ 𝟏𝟎𝟕
+(

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟏. 𝟎𝟎 ∗ 𝟏𝟎𝟔
− 𝟎. 𝟏𝟗𝟓

𝟏 − 𝟎. 𝟏𝟗𝟓
)

𝟐

= 𝟎. 𝟏𝟐 ≤ 𝟏. 𝟎 

𝑀𝐸𝑑,𝑧 = 0 

𝑵𝑽𝒚,𝑹𝒅 =
𝑵𝒑𝒍,𝑹𝒅 − 𝟐(𝟏 − 𝒒𝒚)𝒃𝒕𝒇𝒇𝒚

𝜸𝑴𝟎

=
𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓 − 𝟐(𝟏 − 𝟏.𝟎𝟑) ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 ∗ 𝟐𝟑𝟓

𝟏. 𝟎
= 𝟏. 𝟎𝟎 ∗ 𝟏𝟎𝟔 𝑵 

 

𝑴𝒛,𝑽,𝑹𝒅 =
𝒒𝒚𝑴𝒑𝒍,𝒛,𝑹𝒅

𝜸𝑴𝟎
=
𝟏.𝟎𝟑 ∗ 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕

𝟏.𝟎

= 𝟐.𝟖𝟖 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎  

 

𝒒𝒚 = 𝟏. 𝟎𝟑√𝟏 − (
𝑽𝒚,𝑬𝒅

𝑽𝒑𝒍,𝒚,𝑹𝒅
)

𝟐

 

= 𝟏.𝟎𝟑 ∗ √𝟏 −
𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟒. 𝟓𝟔 ∗ 𝟏𝟎𝟓
= 𝟏. 𝟎𝟑 

 

𝑽𝒑𝒍,𝒚,𝑹𝒅 =  

𝑽𝒑𝒍,𝒚,𝑹𝒅 =

𝑨𝒗 (
𝒇𝒚

√𝟑
)

𝜸𝑴𝟎
=

𝟑𝟑𝟔𝟎 ∗ (
𝟐𝟑𝟓

√𝟑
)

𝟏. 𝟎

= 𝟒. 𝟓𝟔 ∗ 𝟏𝟎𝟓 𝑵 

 

𝑨𝒗 = 𝟐𝒃𝒕𝒇 = 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 = 𝟑𝟑𝟔𝟎 𝒎𝒎
𝟐  

𝒂𝟐 = 𝒂𝟏(𝟏 − 𝝆) = 𝟎. 𝟏𝟗𝟓 ∗ (𝟏 − 𝟎. 𝟖𝟑𝟔)

= 𝟎. 𝟎𝟑𝟐 

𝒂𝟏 =
𝑨− 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟏𝟗𝟓

≤ 𝟎. 𝟓 

 

𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟏.𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟖𝟑𝟔  

 

 

  



Frame 1 - LXV 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

Bending moment in y AND z direction with normal and shear force 
S12: HEB 140 S13: IPE 180 

𝜷𝟎 (
𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑵,𝑽,𝑹𝒅
)

𝜶𝟏

+ 𝜷𝟏 (
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑵,𝑽,𝑹𝒅
)

𝜶𝟐

 

= 𝟏 ∗ (
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟒. 𝟑𝟕 ∗ 𝟏𝟎𝟕
)

𝟏.𝟔𝟑

+ 𝟏 ∗ (
𝟑. 𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐. 𝟖𝟓 ∗ 𝟏𝟎𝟕
)

𝟏.𝟔𝟑

= 𝟎. 𝟐𝟐 ≤ 𝟏. 𝟎 

𝑀𝐸𝑑,𝑧 = 0 

𝑴𝒚,𝑵,𝑽,𝑹𝒅 = 𝑴𝒚,𝑽,𝑹𝒅 ∗ (
𝟏 −

𝑵𝑬𝒅
𝑵𝑽𝒛,𝑹𝒅

𝟏 −
𝒂𝟐
𝟐

) 

= 𝟓. 𝟎𝟒 ∗ 𝟏𝟎𝟕 ∗ (
𝟏 −

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

 𝟖. 𝟎𝟒 ∗ 𝟏𝟎𝟓

𝟏 −
𝟎. 𝟎𝟑𝟐
𝟐

)

= 𝟒. 𝟑𝟕 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

 

𝑴𝒛,𝑵,𝑽,𝑹𝒅 = 𝑴𝒛,𝑽,𝑹𝒅

(

 
 
𝟏− (

𝑵𝑬𝒅
𝑵𝑽𝒚,𝑹𝒅

− 𝒂𝟏

𝟏 − 𝒂𝟏
)

𝟐

)

 
 

 

= 𝟐. 𝟖𝟖 ∗ 𝟏𝟎𝟕 ∗ (𝟏 − (
𝟏.𝟏𝟖∗𝟏𝟎𝟓

𝟏.𝟎𝟎∗𝟏𝟎𝟔
−𝟎.𝟏𝟗𝟓

𝟏−𝟎.𝟏𝟗𝟓
)

𝟐

) =

𝟐. 𝟖𝟓 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎  

 

 

𝒂𝟐 = 𝒂𝟏(𝟏 − 𝝆) = 𝟎. 𝟏𝟗𝟓 ∗ (𝟏 − 𝟎. 𝟖𝟑𝟔)

= 𝟎. 𝟎𝟑𝟐 

𝒂𝟏 =
𝑨 − 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟏𝟗𝟓 ≤ 𝟎. 𝟓 

 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚 −

𝝆𝑨𝒗
𝟐

𝟒𝒕𝒘
) ∗ 𝒇𝒚

𝜸𝑴𝟎
 

= (𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎. 𝟖𝟑𝟔 ∗ 𝟖𝟗𝟔𝟐

𝟒 ∗ 𝟕
) ∗
𝟐𝟑𝟓

𝟏

= 𝟓. 𝟎𝟒 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

 

𝑵𝑽𝒛,𝑹𝒅 =
𝑵𝒑𝒍,𝑹𝒅 − 𝝆𝑨𝒗𝒇𝒚

𝜸𝑴𝟎

=
𝟗.𝟖𝟎 ∗ 𝟏𝟎𝟓 − 𝟎. 𝟖𝟑𝟔 ∗ 𝟖𝟗𝟔 ∗ 𝟐𝟑𝟓

𝟏.𝟎
= 𝟖.𝟎𝟒 ∗ 𝟏𝟎𝟓 𝑵 

 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘  



LXVI - Frame 1 
 

 
Titulaer, L.H.J.D. |       

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟓.𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟖𝟑𝟔  

 

𝑴𝒛,𝑽,𝑹𝒅 =
𝒒𝒚𝑴𝒑𝒍,𝒛,𝑹𝒅

𝜸𝑴𝟎
=
𝟏. 𝟎𝟑 ∗ 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

= 𝟐. 𝟖𝟖 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎  

 

𝑽𝒑𝒍,𝒚,𝑹𝒅 =

𝑨𝒗 (
𝒇𝒚

√𝟑
)

𝜸𝑴𝟎
=

𝟑𝟑𝟔𝟎 ∗ (
𝟐𝟑𝟓

√𝟑
)

𝟏. 𝟎

= 𝟒. 𝟓𝟔 ∗ 𝟏𝟎𝟓 𝑵 

 

𝑨𝒗 = 𝟐𝒃𝒕𝒇 = 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 = 𝟑𝟑𝟔𝟎 𝒎𝒎
𝟐  

𝑵𝑽𝒚,𝑹𝒅 =
𝑵𝒑𝒍,𝑹𝒅 − 𝟐(𝟏 − 𝒒𝒚)𝒃𝒕𝒇𝒇𝒚

𝜸𝑴𝟎

=
𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓 − 𝟐(𝟏 − 𝟏. 𝟎𝟑) ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 ∗ 𝟐𝟑𝟓

𝟏. 𝟎
= 𝟏. 𝟎𝟎 ∗ 𝟏𝟎𝟔 𝑵 

 

𝒒𝒚 = 𝟏. 𝟎𝟑√𝟏 − (
𝑽𝒚,𝑬𝒅

𝑽𝒑𝒍,𝒚,𝑹𝒅
)

𝟐

 

= 𝟏. 𝟎𝟑 ∗ √𝟏 −
𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟒. 𝟓𝟔 ∗ 𝟏𝟎𝟓
= 𝟏.𝟎𝟑 

 

𝒇𝒐𝒓 𝒃 > 𝟎. 𝟑𝒉 → 𝜶𝟏 = 𝜶𝟐

= 𝟏. 𝟔 −

𝑵𝑬𝒅
𝑵𝒄,𝑹𝒅

𝟐 ∗ 𝒍𝒏(
𝑵𝑬𝒅
𝑵𝒄,𝑹𝒅

)

= 𝟏. 𝟔 −

𝟏.𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟗.𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟐 ∗ 𝐥𝐧 (
𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓
)

= 𝟏. 𝟔𝟑 

𝒂𝒏𝒅 𝜷𝟎 = 𝜷𝟏 = 𝟏. 𝟎 

 

 

 

  



Frame 1 - LXVII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

 Conclusion: 
In the table below all unity checks are given. The values presented in green are the unity checks which 

cannot be neglected. All values which are not coloured can be neglected. Based on these calculations the 

resistance of the members is sufficient. 

Unity check:  S12: HEB 140 S13: IPE 180 

N 0.121 0.010 

M-y 0.279 0.414 

M-z 0.188 - 

V 0.043 0.186 

MV 0.304 0.454 

MN-y 0.278 0.414 

MN-z 0.118 - 

M yz 0.196 0.115 

M-y VN 0.444 0.343 

M-z VN 0.124 0.339 

M-yz VN 0.218 0.241 

 

  



LXVIII - Frame 1 
 

 
Titulaer, L.H.J.D. |       

 Buckling length 
The buckling length of the two members described above needs to be calculated. The method given by 

Eurocode 3 is adopted in these calculations. 

S12: HEB 140 y-y  S14: IPE 180  

𝑪𝑨 =
∑
𝑰𝒄𝒍𝒏
𝑳𝒄𝒍𝒏

∑𝝁 ∗
𝑰𝒃𝒎
𝑳𝒃𝒎

 𝐶𝐴 =
∑
𝐼𝑐𝑙𝑛
𝐿𝑐𝑙𝑛

∑𝜇 ∗
𝐼𝑏𝑚
𝐿𝑏𝑚

 

For the beam the buckling length is 

taken as Lcr=Lbm=3000mm because of 

the small normal force present in the 

beam. 

𝝁 = 𝟔  𝜇 = 6    

𝑰𝒄𝒍𝒏 = 𝟏. 𝟒𝟕 ∗ 𝟏𝟎
𝟕 𝒎𝒎𝟒 

𝑳𝒄𝒍𝒏 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝑰𝒃𝒎 = 𝟏. 𝟐𝟕 ∗ 𝟏𝟎
𝟕𝒎𝒎𝟒 

𝑳𝒃𝒎 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝐼𝑐𝑙𝑛 = 5.49 ∗ 10
6 𝑚𝑚4 

𝐿𝑐𝑙𝑛 = 3000 𝑚𝑚 

𝐼𝑏𝑚 = 1.27 ∗ 10
7𝑚𝑚4 

𝐿𝑏𝑚 = 3000 𝑚𝑚 

  

𝑪𝑨 =

𝟏. 𝟒𝟕 ∗ 𝟏𝟎𝟕

𝟑𝟎𝟎𝟎

𝟔 ∗
𝟏. 𝟐𝟕 ∗ 𝟏𝟎𝟕

𝟑𝟎𝟎𝟎

 

= 𝟎. 𝟏𝟗 

𝑪𝑩 = ∞ 

𝐶𝐴 =

5.49 ∗ 106

3000

6 ∗
1.27 ∗ 107

3000

 

= 0.07 

𝐶𝐵 = ∞ 

  

𝑳𝒄𝒓
𝑳
= 𝟐. 𝟑𝟐 

𝑳𝒄𝒓 = 𝟐. 𝟑𝟐 ∗ 𝟑𝟎𝟎𝟎

= 𝟔𝟗𝟔𝟎 𝒎𝒎 

𝐿𝑐𝑟
𝐿
= 2.13 

𝐿𝑐𝑟 = 2.13 ∗ 3000

= 6390 𝑚𝑚 

  

 

  



Frame 1 - LXIX 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

 Stability checks 
The buckling length calculated before is needed in the stability calculations. Three checks are available; 

for members in compression, bending, and combined bending and compression. In the next paragraphs 

these will be elaborated.  

 Members in compression 
S12: HEB 140   S14: IPE 180   

𝑵𝑬𝒅
𝑵𝒃,𝑹𝒅

=
𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟐. 𝟏𝟓 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟓𝟓 ≤ 𝟏, 𝟎 

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

=
5.21 ∗ 103

1.80 ∗ 105
= 0.03 ≤ 1,0 

buckling in y-y direction buckling in z-z direction buckling in y-y direction buckling in z-z direction 

𝑵𝒃,𝑹𝒅 =
𝝌𝒚𝑨𝒇𝒚

𝜸𝑴𝟏

=
𝟎. 𝟒𝟓 ∗ 𝟒𝟏𝟕𝟐 ∗ 𝟐𝟑𝟓

𝟏. 𝟎
= 𝟒. 𝟒𝟒 ∗ 𝟏𝟎𝟓 𝑵 

𝑁𝑏,𝑅𝑑 =
𝜒𝑧𝐴𝑓𝑦

𝛾𝑀1

=
0.22 ∗ 4172 ∗ 235

1.0
= 2.15 ∗ 105 𝑁 

𝑁𝑏,𝑅𝑑 =
𝜒𝑦𝐴𝑓𝑦

𝛾𝑀1

=
0.94 ∗ 2325.20 ∗ 235

1.0
= 5.13 ∗ 105 𝑁 

𝑁𝑏,𝑅𝑑 =
𝜒𝑧𝐴𝑓𝑦

𝛾𝑀1

=
0.33 ∗ 2325.20 ∗ 235

1.0
= 1.80 ∗ 10^5 𝑁 

𝝌𝒚 =
𝟏

𝝓𝒀 +√𝝓𝒀
𝟐 − �̅�𝒀

𝟐

 

=
𝟏

𝟏. 𝟒𝟔 + √𝟏. 𝟒𝟔𝟐 − 𝟏. 𝟐𝟓𝟐

= 𝟎. 𝟒𝟓 

𝜒𝑧 =
1

𝜙𝑧 +√𝜙𝑍
2 − �̅�𝑧

2

 

=
1

2.67 + √2.672 − 1.882

= 0.22 

𝜒𝑦 =
1

𝜙𝑌 +√𝜙𝑌
2 − �̅�𝑌

2

 

=
1

0.62 + √0.622 − 0.432

= 0.94 

𝜒𝑧 =
1

𝜙𝑧 +√𝜙𝑍
2 − �̅�𝑧

2

 

=
1

1.91 + √1.912 − 1.532

= 0.33 

𝝓𝒚 

= 𝟎, 𝟓 (𝟏

+ 𝜶𝒀(𝝀𝒀̅̅ ̅ − 𝟎,𝟐) + 𝝀𝒀̅̅ ̅
𝟐
)

= 𝟎. 𝟓

∗ (𝟏

+ 𝟎. 𝟑𝟒(𝟏. 𝟐𝟓 − 𝟎. 𝟐)

+ 𝟏. 𝟐𝟓𝟐) 

= 𝟏. 𝟒𝟔 

𝜙𝑍 

= 0,5 (1 + 𝛼𝑍(𝜆𝑍̅̅ ̅ − 0,2)

+ �̅�𝑍
2
)

= 0.5

∗ (1 + 0.49(1.88 − 0.2)

+ 1.882) 

= 2.67 

𝜙𝑦 

= 0,5 (1 + 𝛼𝑌(�̅�𝑌 − 0,2)

+ �̅�𝑌
2
)

= 0.5(1

+ 0.21(0.43 − 0.2)

+ 0.432) 

= 0.62 

𝜙𝑍 

= 0,5 (1 + 𝛼𝑍(𝜆𝑍̅̅ ̅ − 0,2)

+ �̅�𝑍
2
)

= 0.5

∗ (1 + 0.34(1.53 − 0.2)

+ 1.532) 

= 1.91 

�̅�𝒚 = √
𝑨𝒇𝒚

𝑵𝒄𝒓
=

√
𝟒𝟏𝟕𝟐∗𝟐𝟑𝟓

𝝅𝟐∗𝟐𝟏𝟎𝟎𝟎𝟎∗𝟏.𝟒𝟕∗𝟏𝟎𝟕

𝟔𝟗𝟔𝟎𝟐 

=1.25 

�̅�𝑍 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
4172∗235

𝜋2∗210000∗5.49∗106

63902

=1.88 

�̅�𝑦 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
2325.20∗235

𝜋2∗210000∗1.27∗107

30002

=0.43 

�̅�𝑍 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
2325∗235

𝜋2∗210000∗1.01∗106

3000

=1.53 

𝒉

𝒃
=
𝟏𝟒𝟎

𝟏𝟒𝟎
= 𝟏. 𝟎 → 

𝒚 − 𝒚 →   𝜶 = 𝟎. 𝟑𝟒 

ℎ

𝑏
=
140

140
= 1.0 → 

𝑦 − 𝑦 →  𝛼 = 0.49 

ℎ

𝑏
=
180

91
= 1.98 →  

𝑧 − 𝑧 → 𝛼 = 0.21 

ℎ

𝑏
=
180

91
= 1.98 →  

𝑧 − 𝑧 → 𝛼 = 0.34 

 

  



LXX - Frame 1 
 

 
Titulaer, L.H.J.D. |       

 Members in bending 
S12: HEB 140 S13: IPE 180 

𝑴𝑬𝒅

𝑴𝒃,𝑹𝒅
=
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟎𝟕 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟑𝟏 ≤ 𝟏,𝟎 

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

=
1.56 ∗ 107

3.40 ∗ 107
= 0.46 ≤ 1,0 

𝑴𝒃,𝑹𝒅 = 𝝌𝑳𝑻𝑾𝒚

 𝒇𝒚

𝜸𝑴𝟏
= 𝟎. 𝟗𝟏 ∗ 𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∗

𝟐𝟑𝟓

𝟏. 𝟎

= 𝟓. 𝟎𝟕 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎  

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑦
 𝑓𝑦

𝛾𝑀1
= 0.90 ∗ 1.61 ∗ 105 ∗

235

1.0

= 3.40 ∗ 107 𝑁𝑚𝑚  

𝝌𝑳𝑻 =
𝟏

𝝓𝑳𝑻 +√𝝓𝑳𝑻
𝟐 −�̅�𝐋𝐓

𝟐  

=
𝟏

𝟎. 𝟔𝟗 + √𝟎. 𝟔𝟗𝟐−𝟎. 𝟓𝟔𝟐 
= 𝟎. 𝟗𝟏 ≤ 𝟏.𝟎 

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇 +√𝜙𝐿𝑇
2 −λ̅LT

2  

=
1

0.71 + √0.712 − 0.582 
= 0.90 ≤ 1.0 

𝛟𝐋𝐓 = 𝟎, 𝟓(𝟏 + 𝛂𝐋𝐓(𝝀𝐋𝐓  − 𝟎, 𝟐) + �̅�𝐋𝐓
𝟐 )

= 𝟎. 𝟓(𝟏 + 𝟎. 𝟐𝟏(𝟎. 𝟓𝟔 − 𝟎.𝟐)

+ 𝟎. 𝟓𝟔𝟐) = 𝟎. 𝟔𝟗 

ϕLT = 0,5(1 + αLT(𝜆LT  − 0,2) + λ̅LT
2 )

= 0.5(1 + 0.21(0.58 − 0.2)

+ 0.872) = 0.71 

𝒉

𝒃
=
𝟏𝟒𝟎

𝟏𝟒𝟎
= 𝟏. 𝟎 ≤ 𝟐 → 𝜶𝑳𝑻 = 𝟎. 𝟐𝟏 

ℎ

𝑏
=
180

91
= 1.98 ≤ 2 → 𝛼𝐿𝑇 = 0.21 

𝛌𝐋𝐓 = √
𝐖𝐲𝐟𝐲

𝐌𝐜𝐫
= √

𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∗ 𝟐𝟑𝟓

𝟏. 𝟖𝟎 ∗ 𝟏𝟎𝟖
= 𝟎. 𝟓𝟔 

 

λLT = √
Wyfy

Mcr
= √

1.61 ∗ 105 ∗ 235

1.14 ∗ 108
= 0.58 

 

𝑴𝒄𝒓 = 𝒌𝒓𝒆𝒅 ∗
𝑪

𝑳𝒈
∗ √𝑬𝑰𝒛𝑮𝑰𝒕

= 𝟏 ∗
𝟒. 𝟐𝟗

𝟑𝟎𝟎𝟎

∗ √𝟐𝟏𝟎𝟎𝟎𝟎 ∗ 𝟓. 𝟒𝟗 ∗ 𝟏𝟎𝟔 ∗ 𝟖𝟏𝟎𝟎𝟎 ∗ 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟓

= 𝟏. 𝟖𝟎 ∗ 𝟏𝟎𝟖 𝑵𝒎𝒎 

𝑀𝑐𝑟 = 𝑘𝑟𝑒𝑑 ∗
𝐶

𝐿𝑔
∗ √𝐸𝐼𝑧𝐺𝐼𝑡

= 1 ∗
13.35

3000

∗ √210000 ∗ 1.01 ∗ 106 ∗ 81000 ∗ 3.84 ∗ 104

= 1.14 ∗ 108 𝑁𝑚𝑚 

𝒌𝒓𝒆𝒅 = 𝟏 𝒊𝒇
𝒉

𝒕𝒘
=
𝟏𝟒𝟎

𝟕
= 𝟐𝟎 ≤ 𝟕𝟓 

𝒌𝒓𝒆𝒅 = 𝑴𝑰𝑵(((−𝟓. 𝟒 ∗ 𝟏𝟎
−𝟓 ∗ 𝜶) + 𝟏. 𝟎𝟑) , 𝟏) 

With 𝜶 =
𝒉∗𝒕𝒇∗𝟏𝟎

𝟏𝟐

𝒕𝒘
𝟑 ∗𝒉∗𝑳𝒈

𝟐  𝒊𝒇
𝒉

𝒕𝒘
≥ 𝟕𝟓 

𝑘𝑟𝑒𝑑 = 1 𝑖𝑓
ℎ

𝑡𝑤
=
180

5.3
= 33.96 ≤ 75 

𝑘𝑟𝑒𝑑 = 𝑀𝐼𝑁 (((−5.4 ∗ 10
−5 ∗ 𝛼) + 1.03), 1) 

With 𝛼 =
ℎ∗𝑡𝑓∗10

12

𝑡𝑤
3 ∗ℎ∗𝐿𝑔

2  𝑖𝑓
ℎ

𝑡𝑤
≥ 75 
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𝑪 =
𝝅 ∗ 𝑪𝟏 ∗ 𝑳𝒈

𝑳𝒌𝒊𝒑
∗ (√𝟏+ (

𝝅𝟐 ∗ 𝑺𝟐

𝑳𝒌𝒊𝒑
𝟐 ∗ (𝑪𝟐

𝟐 + 𝟏))

+
𝝅 ∗ 𝑪𝟐 ∗ 𝑺

𝑳𝒌𝒊𝒑
)

=
𝝅 ∗ 𝟏. 𝟕𝟓 ∗ 𝟑𝟎𝟎𝟎

𝟒𝟐𝟎𝟎

∗ (√𝟏 + (
𝝅𝟐 ∗ 𝟓𝟖𝟕.𝟐𝟓𝟐

𝟒𝟐𝟎𝟎𝟐
∗ 𝟏)

+
𝝅 ∗ 𝟎 ∗ 𝟓𝟖𝟕. 𝟐𝟓

𝟒𝟐𝟎𝟎
) = 𝟒. 𝟐𝟗 

𝐶

=
𝜋 ∗ 𝐶1 ∗ 𝐿𝑔

𝐿𝑘𝑖𝑝

∗ (√1 + (
𝜋2 ∗ 𝑆2

𝐿𝑘𝑖𝑝
2 ∗ (𝐶2

2 + 1)) +
𝜋 ∗ 𝐶2 ∗ 𝑆

𝐿𝑘𝑖𝑝
)

=
𝜋 ∗ 2.3 ∗ 3000

3000

∗ (√1 + (
𝜋2 ∗ 708.272

30002
∗ (0.682 + 1))

+
𝜋 ∗ 0.68 ∗ 708.27

3000
) = 13.35 

𝑺 = √
𝑬 ∗ 𝑰𝒘
𝑮 ∗ 𝑰𝒕

= √
𝟐𝟏𝟎𝟎𝟎𝟎 ∗ 𝟐.𝟐𝟒𝟖 ∗ 𝟏𝟎𝟏𝟎

𝟖𝟏𝟎𝟎𝟎 ∗ 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟓

= 𝟓𝟖𝟕. 𝟐𝟓 

𝑆 = √
𝐸 ∗ 𝐼𝑤
𝐺 ∗ 𝐼𝑡

= √
210000 ∗ 7.43 ∗ 109

81000 ∗ 3.84 ∗ 104

= 708.27 

𝑳𝒌𝒊𝒑 = (𝟏.𝟒 − (𝟎. 𝟖 ∗ 𝜷)) ∗ 𝑳𝒔𝒕 =

= (𝟏. 𝟒 − (𝟎. 𝟖 ∗ 𝟎)) ∗ 𝟑𝟎𝟎𝟎

= 𝟒𝟐𝟎𝟎 𝒎𝒎 

𝑳𝒔𝒕 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝐿𝑘𝑖𝑝 = 𝐿𝑠𝑡 = 3000 𝑚𝑚 

𝐿𝑠𝑡 = 3000 𝑚𝑚 

 

To derive: 

 

𝑴 = −𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝜷 = 𝟎 

Case 1: 𝑪𝟏 = 𝟏.𝟕𝟓 − (𝟏. 𝟎𝟓 ∗ 𝟎) + (𝟎. 𝟑 ∗ 𝟎
𝟐) =

𝟏. 𝟕𝟓 ≤ 𝟐. 𝟑 

𝑪𝟐 = 𝟎 

 

A combination of basic load cases derives a 

structure with the exact moment line of the 

beam  combination of case 1 and 5: 

 

 

To derive: 

 

 

𝑀 = −1.56 ∗ 107 𝑁𝑚𝑚 

𝛽 =
5.05

−15.65
= −0.323 



LXXII - Frame 1 
 

 
Titulaer, L.H.J.D. |       

𝐵∗ =
8 ∗ 𝑀

(8 ∗ |𝑀|) + (𝑞 ∗ 𝐿𝑠𝑡
2 )

=
8 ∗ −1.56 ∗ 107

(8 ∗ 1.56 ∗ 107) + ((10.77 ∗ 30002)

= −0.56𝐴 

𝐶1 = 2.3 

𝐶2 = 0.68 

 

C factors are derived by the following figures: 
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𝑵𝑬𝒅
𝝌𝒀𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒚𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒚𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏. 𝟎     

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎  

+ 𝟏. 𝟎𝟐
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟏
𝟓.𝟔𝟏 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟗𝟔
𝟑. 𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

= 𝟎. 𝟕𝟏𝟕 ≤ 𝟏. 𝟎     

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒛𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒛𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏. 𝟎     

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟐𝟐 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎  

+ 𝟎. 𝟖𝟒
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟏
𝟓.𝟔𝟏 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟏. 𝟔𝟎
𝟑. 𝟑𝟎 ∗ 𝟏𝟎𝟔

𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

= 𝟏. 𝟎 ≤ 𝟏.𝟎    

𝑴𝒚,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒚 = 𝟐𝟑𝟓 ∗ 𝟐. 𝟑𝟗 ∗ 𝟏𝟎
𝟓 = 𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝑴𝒛,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒛 = 𝟐𝟑𝟓 ∗ 𝟏. 𝟏𝟗 ∗ 𝟏𝟎
𝟓 = 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝒌𝒚𝒚 = 𝑪𝒎𝒚(𝟏+ (𝝀𝒚 − 𝟎. 𝟐) ∗
𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒚(𝟏+
𝟎. 𝟖𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

)     

𝒌𝒚𝒚 = 𝟎.𝟗(𝟏 + (𝟏.𝟐𝟓 − 𝟎. 𝟐) ∗

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎.𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟗(𝟏+

𝟎. 𝟖 ∗ 𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
)   

= 𝟏.𝟏𝟒 ≤ 𝟏. 𝟎𝟗   

𝒌𝒚𝒚 = 𝟏. 𝟎𝟐 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏𝝀𝒛

𝑪𝒎𝑳𝑻 − 𝟎.𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≥ (𝟏−
𝟎. 𝟏

𝑪𝒎𝑳𝑻 − 𝟎. 𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

)    𝒊𝒇 𝝀𝒛 = 𝟐. 𝟖𝟐 > 𝟎. 𝟒 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏 ∗ 𝟏. 𝟖𝟖

𝟎. 𝟔 − 𝟎. 𝟐𝟓
∗

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟐𝟐 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≥ (𝟏−

𝟎.𝟏

𝟎. 𝟔 − 𝟎. 𝟐𝟓
∗

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟐𝟐 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
)   

= 𝟎. 𝟕𝟏 ≥  𝟎. 𝟖𝟒 

𝒌𝒛𝒚 = 𝟎. 𝟖𝟒 

𝒌𝒚𝒛 = 𝟎. 𝟔𝒌𝒛𝒛 = 𝟎. 𝟔 ∗ 𝟏. 𝟔𝟎 = 𝟎. 𝟗𝟔 

𝒌𝒛𝒛 = 𝑪𝒎𝒛(𝟏+ (𝟐𝝀𝒛 − 𝟎.𝟔) ∗
𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒛(𝟏+
𝟏. 𝟒𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) 

= 𝟎. 𝟗 ∗ (𝟏 + (𝟐 ∗  𝟏. 𝟖𝟖 − 𝟎. 𝟔) ∗

𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟐𝟐 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) ≤ 𝟎. 𝟗 ∗ (𝟏 +

𝟏. 𝟒 ∗ 𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟓

𝟎. 𝟐𝟐 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) 



LXXIV - Frame 1 
 

 
Titulaer, L.H.J.D. |       

= 𝟐. 𝟒𝟔 < 𝟏.𝟔𝟎 

𝒌𝒛𝒛 = 𝟏. 𝟔𝟎 

𝑵𝑹𝒌 = 𝒇𝒚𝑨 = 𝟐𝟑𝟓 ∗ 𝟒𝟏𝟕𝟐 = 𝟗. 𝟖𝟎 ∗ 𝟏𝟎
𝟓 𝑵 

For sway buckling (columns): 𝑪𝒎𝒚 = 𝑪𝒎𝒛 = 𝟎. 𝟗 

𝑪𝒎𝑳𝑻 = 𝟎. 𝟔 + 𝟎. 𝟒𝝍 = 𝟎. 𝟔 + 𝟎. 𝟒 ∗ 𝟎 = 𝟎. 𝟔 ≥ 𝟎. 𝟒 
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𝑵𝑬𝒅
𝝌𝒀𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒚𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒚𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎. 𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎  

+ 𝟎. 𝟔𝟏
𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟎 ∗
𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟑𝟖 ∗
𝟎

𝟖. 𝟎𝟔 ∗ 𝟏𝟎𝟔

𝟏. 𝟎

= 𝟎. 𝟐𝟗 ≤ 𝟏     

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒛𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒛𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎.𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
+ 𝟎. 𝟗𝟗 ∗

𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟎 ∗
𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟔𝟏𝟔 ∗
𝟎

𝟖.𝟎𝟔 ∗ 𝟏𝟎𝟔

𝟏. 𝟎

= 𝟎.𝟒𝟗 ≤ 𝟏    

𝑴𝒚,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒚 = 𝟐𝟑𝟓 ∗ 𝟏. 𝟔𝟏 ∗ 𝟏𝟎
𝟓 = 𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝑴𝒛,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒛 = 𝟐𝟑𝟓 ∗ 𝟑. 𝟒𝟑 ∗ 𝟏𝟎
𝟒 = 𝟖. 𝟎𝟔 ∗ 𝟏𝟎𝟔𝑵𝒎𝒎 

𝒌𝒚𝒚 = 𝑪𝒎𝒚(𝟏+ (𝝀𝒚 − 𝟎. 𝟐) ∗
𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒚(𝟏+
𝟎. 𝟖𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

)     

𝒌𝒚𝒚 = 𝟎. 𝟔𝟏(𝟏 + (𝟎.𝟒𝟑 − 𝟎. 𝟐) ∗

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎.𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎.𝟔𝟏𝟎(𝟏 +

𝟎. 𝟖 ∗ 𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎. 𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
)   

= 𝟎. 𝟔𝟏 ≤ 𝟎.𝟔𝟏 

𝒌𝒚𝒚 = 𝟎. 𝟔𝟏 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏𝝀𝒛

𝑪𝒎𝑳𝑻 − 𝟎.𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≥ (𝟏−
𝟎. 𝟏

𝑪𝒎𝑳𝑻 − 𝟎. 𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

)    𝒊𝒇 𝝀𝒛 = 𝟏. 𝟓𝟒 > 𝟎. 𝟒 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏 ∗ 𝟏. 𝟓𝟒

𝟎. 𝟔𝟏 − 𝟎. 𝟐𝟓
∗

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎.𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≥ (𝟏−

𝟎. 𝟏

𝟎. 𝟔𝟏 − 𝟎. 𝟐𝟓
∗ 

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎. 𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) 

= 𝟎. 𝟗𝟕 > 𝟎.𝟗𝟗 

𝒌𝒛𝒚 = 𝟎. 𝟗𝟗 
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𝒌𝒚𝒛 = 𝟎. 𝟔𝒌𝒛𝒛 = 𝟎. 𝟔 ∗ 𝟎. 𝟔𝟐 = 𝟎. 𝟑𝟖 

𝒌𝒛𝒛 = 𝑪𝒎𝒛(𝟏+ (𝟐𝝀𝒛 − 𝟎.𝟔) ∗
𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒛(𝟏+
𝟏. 𝟒𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) 

= 𝟎. 𝟔 ∗ (𝟏 + (𝟐 ∗ 𝟏. 𝟓𝟒 − 𝟎. 𝟔) ∗

𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎.𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟔 ∗ (𝟏 +

𝟏. 𝟒 ∗ 𝟓. 𝟐𝟏 ∗ 𝟏𝟎𝟑

𝟎. 𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) 

= 𝟎. 𝟔𝟒 ≤ 𝟎. 𝟔𝟐  

𝒌𝒛𝒛 = 𝟎. 𝟔𝟐 

𝑵𝑹𝒌 = 𝒇𝒚𝑨 = 𝟐𝟑𝟓 ∗ 𝟐𝟑𝟐𝟓.𝟐 = 𝟓. 𝟒𝟔 ∗ 𝟏𝟎
𝟓 𝑵 

𝑪𝒎𝒚 = 𝑪𝒎𝑳𝑻 = 𝟎. 𝟏(𝟏 − 𝝍𝒚) − 𝟎.𝟖𝜶𝒔 ≥ 𝟎. 𝟒 

= 𝟎. 𝟏 ∗ (𝟏 + 𝟎. 𝟑𝟐) + 𝟎. 𝟖 ∗ 𝟎. 𝟔𝟎 = 𝟎.𝟔𝟏 ≥ 𝟎. 𝟒 

𝑪𝒎𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒𝝍𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒 ∗ 𝟎 = 𝟎. 𝟔 ≥ 𝟎. 𝟒 

𝝍𝒚 =
𝑴𝟏

𝑴𝟐
=
𝟓. 𝟎𝟓 ∗ 𝟏𝟎𝟔

−𝟏.𝟓𝟔 ∗ 𝟏𝟎𝟕
= −𝟎.𝟑𝟐 

𝝍𝒛 = 𝟎 

𝜶𝒔 =
𝑴𝒔

𝑴𝒉
=
𝟗.𝟑𝟗 ∗ 𝟏𝟎𝟔

−𝟏. 𝟓𝟔 ∗ 𝟏𝟎𝟕
= −𝟎. 𝟔𝟎 

𝑴𝟏 = 𝟓. 𝟎𝟓 ∗ 𝟏𝟎
𝟔 

𝑴𝟐 = 𝑴𝒉 = −𝟏. 𝟓𝟔 ∗ 𝟏𝟎
𝟕 

𝑴𝒔 = 𝟗. 𝟑𝟗 ∗ 𝟏𝟎
𝟔  

 

 Conclusion: 
Unity check:  S12: HEB 140 S13: IPE 180 

N 0.552 0.029 

M 0.308 0.460 

MN1 0.717 0.293 

MN2 1.000 0.486 

 

In the table above all stability unity check are given. Since the stability check for the column under 

combined compression and bending gives a value equal to 1 it can be concluded that the loading 

condition is equal to the ultimate loading. The forces acting on the structure cannot be increase without 

the structure to collapse. 

  



LXXVI - Frame 2 
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3. Frame 2 
This chapter contains the elaborations for the resistance and stability unity checks for frame 1. Frame 1 is 

a so called three-dimensional frame. The connections are welded rigid and support conditions are hinged. 

Three types of loads act on the structure as shown in the figure below: 

- Horizontal load (green): Fh=10.83 kN 

- Vertical load (red): Fv=149.57 kN 

- Uniformly distributed load (blue): qv=16.86 kN/m 

  

  



Frame 2 - LXXVII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

The force distribution across the members and the maximum values are given below 

N:  

Vy:  
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My:  

Column S12 and Beam S14 have the highest internal forces: 

 S12: HEB 140 S14: IPE 180 

Ned  [N] 1.43E+05 6.31E+03 

M y,ed [Nmm] 1.89E+07 1.89E+07 

V ed [N] 6.31E+03 2.79E+04 

 

 

 Resistance checks 
In the following paragraphs the resistance of the cross sections will be checked according to Eurocode 3. 

 Compression force: 
S12: HEB 140 S14: IPE 180 

𝑵𝑬𝒅
𝑵𝒄,𝑹𝒅

=
𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟗 ≤ 𝟏  

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

=
8.18 ∗ 103

5.46 ∗ 105
= 0.01 ≤ 1 

𝑵𝒄,𝑹𝒅 =
𝑨𝒇𝒚

𝜸𝑴𝟎
=
𝟒𝟏𝟕𝟐∗𝟐𝟑𝟓

𝟏
= 𝟗. 𝟖𝟎 ∗

𝟏𝟎𝟓 N 

𝑁𝑐,𝑅𝑑 =
𝐴𝑓𝑦

𝛾𝑀0
=
2325.20∗235

1
= 5.46 ∗

105 N 

 

 Bending moment: 
S12: HEB 140 S14: IPE 180 



Frame 2 - LXXIX 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝒄,𝑹𝒅
=
 𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓.𝟔𝟏 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟒𝟒 ≤ 𝟏. 𝟎 

 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑐,𝑅𝑑
=
2.46 ∗ 107

3.78 ∗ 107
= 0.65 ≤ 1.0 

𝑴𝒚,𝒄,𝑹𝒅 = 𝑴𝒑𝒍,𝑹𝒅 =
𝑾𝒚,𝒑𝒍𝒇𝒚

𝜸𝑴𝟎

=
𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∙ 𝟐𝟑𝟓

𝟏
= 𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕 𝑵𝒎 

𝑀𝑦,𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑦,𝑝𝑙𝑓𝑦
𝛾𝑀0

=
1.61 ∗ 105 ∙ 235

1

= 3.78 ∗ 107 𝑁𝑚 

 

 Shear force: 
S12: HEB 140 S14: IPE 180 

𝑽𝑬𝒅
𝑽𝒄,𝑹𝒅

=
𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
= 𝟎.𝟎𝟕 ≤ 𝟏 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

=
3.61 ∗ 104

1.24 ∗ 105
= 0.29 ≤ 1.0 

𝑽𝒄,𝑹𝒅 = 𝑽𝒑𝒍,𝑹𝒅 =

𝑨𝒗 (
𝒇𝒚

√𝟑
)

𝜸𝑴𝟎
=

𝟖.𝟗𝟔 ∗ 𝟏𝟎𝟐 (
𝟐𝟑𝟓

√𝟑
)

𝟏. 𝟎

= 𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓 𝑵 

𝑉𝑐,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =

𝐴𝑣 (
𝑓𝑦

√3
)

𝛾𝑀0
=

9.12 ∗ 102 (
235

√3
)

1.0

= 1.24 ∗ 105 𝑁 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘 

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝐴𝑣 = 𝐴 ∗ 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 > 𝜂ℎ𝑤𝑡𝑤 

𝐴𝑣 = 2325.20 − 2 ∗ 91 ∗ 8 + 5.3 ∗ 8

= 9.12 ∗ 102 𝑚𝑚2 

𝜂ℎ𝑤𝑡𝑤 = 1 ∗ 164 ∗ 5.3 = 8.69 ∗ 10
2 𝑚𝑚2 

𝐴𝑣 = 9.12 ∗ 10
2 > 8.69 ∗ 102 

 

 Combination bending moment and shear force: 
S12: HEB 140 S14: IPE 180 

Influence of VEd can be neglected if: 

𝑽𝒆𝒅 < 𝟎. 𝟓𝑽𝑹𝒅 

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑 < 𝟔. 𝟎𝟖 ∗ 𝟏𝟎𝟒 

So it can be neglected 

Influence of VEd can be neglected if: 

𝑉𝑒𝑑 < 0.5𝑉𝑅𝑑 

3.61 ∗ 104 < 6.18 ∗ 104 

So it can be neglected 

 

S12: HEB 140 S14: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑽,𝑹𝒅
=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟏𝟗 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟒𝟕 < 𝟏. 𝟎 

 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑉,𝑅𝑑
=
2.46 ∗ 107

3.64 ∗ 107
= 0.68 ≤ 1.0 

 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚−

𝝆𝑨𝒘
𝟐

𝟒𝒕𝒘
)∗𝒇𝒚

𝜸𝑴𝟎
  

= (𝟐.𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎.𝟕𝟒𝟗∗𝟖𝟏𝟐𝟐

𝟒∗𝟕
) ∗

𝟐𝟑𝟓

𝟏.𝟎
  

= 𝟓. 𝟏𝟗 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝑀𝑦,𝑉,𝑅𝑑 =
(𝑊𝑝𝑙,𝑦−

𝜌𝐴𝑊
2

4𝑡𝑤
)∗𝑓𝑦

𝛾𝑀0
  

= (1.61 ∗ 105  −
0.173∗8692

4∗5.3
) ∗

235

1.0
  

= 3.64 ∗ 107 𝑁𝑚𝑚 
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𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟖.𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟕𝟒𝟗 

𝜌 = (
2𝑉𝐸𝑑
𝑉𝑝𝑙,𝑅𝑑

− 1)

2

= (
2 ∗ 3.61 ∗ 104

1.24 ∗ 105
− 1)

2

= 0.173 

 

 Combination bending moment and axial loading 
S12: HEB 140 bending in y-y direction S14: IPE 180 bending in y-y direction 

Influence of NEd can be neglected if: 

𝑵𝑬𝒅 ≤ 𝟎.𝟐𝟓𝑵𝒑𝒍,𝑹𝒅 𝒂𝒏𝒅 

𝑵𝑬𝒅 ≤
𝟎. 𝟓𝒉𝒘𝒕𝒘𝒇𝒚

𝜸𝑴𝟎
 

Influence of NEd can be neglected if: 

𝑁𝐸𝑑 ≤ 0.25𝑁𝑝𝑙,𝑅𝑑 𝑎𝑛𝑑 

𝑁𝐸𝑑 ≤
0.5ℎ𝑤𝑡𝑤𝑓𝑦

𝛾𝑀0
 

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓 < 𝟐. 𝟒𝟓 ∗ 𝟏𝟎𝟓 𝒂𝒏𝒅 

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓 < 𝟗. 𝟓𝟒 ∗ 𝟏𝟎𝟒 

 

8.18 ∗ 103 < 0.25 ∗ 5.46 ∗ 105 𝑎𝑛𝑑 

8.18 ∗ 103 < 1.02 ∗ 105 

Influence of NEd cannot be neglected in y-y 

direction 

Influence NEd can be neglected in y-y direction 

 

In case the normal force cannot be neglected, the bending moment resistance needs to be reduced as 

follows: 

S12: HEB 140 in y-y direction S14: IPE 180 in y-y direction 

𝑴𝒚,𝑬𝒅

𝑴𝑵,𝒚,𝑹𝒅
=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟎𝟑 ∗ 𝟏𝟎𝟕
=  𝟎. 𝟒𝟗 ≤ 𝟏. 𝟎  

𝑀𝑦,𝐸𝑑

𝑀𝑁,𝑦,𝑅𝑑
=
2.46 ∗ 107

4.58 ∗ 107
=  0.65 ≤ 1.0  

𝑴𝑵,𝒚,𝑹𝒅 =
𝑴𝒑𝒍,𝒚,𝑹𝒅(𝟏 − 𝒏)

𝟏 − 𝟎. 𝟓𝒂

=
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕 ∗ (𝟏 − 𝟎. 𝟏𝟗)

𝟏 − 𝟎. 𝟓 ∗ 𝟎. 𝟐𝟎
= 𝟓. 𝟎𝟑 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎  

𝒃𝒖𝒕 𝑴𝑵,𝒚,𝑹𝒅 ≤ 𝑴𝒑𝒍,𝒚,𝑹𝒅 = 𝟓. 𝟔𝟏 ∗ 𝟏𝟎
𝟕𝑵𝒎𝒎 

𝑀𝑁,𝑦,𝑅𝑑 =
𝑀𝑝𝑙,𝑦,𝑅𝑑(1 − 𝑛)

1 − 0.5𝑎

=
3.78 ∗ 107 ∗ (1 − 0.02)

1 − 0.5 ∗ 0.37
= 4.58 ∗ 107 𝑁𝑚𝑚  

𝑏𝑢𝑡 𝑀𝑁,𝑦,𝑅𝑑 ≤ 𝑀𝑝𝑙,𝑦,𝑅𝑑 = 3.78 ∗ 10
7 𝑁𝑚𝑚 

𝒏 =
𝑵𝑬𝒅
𝑵𝒑𝒍,𝑹𝒅

=
𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟗. 𝟖 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟗 𝑛 =

𝑁𝐸𝑑
𝑁𝑝𝑙,𝑅𝑑

=
8.18 ∗ 103

5.46 ∗ 105
= 0.02 

𝒂 =
𝑨− 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟐𝟎 𝒃𝒖𝒕 𝒂 ≤ 𝟎. 𝟓 

𝑎 =
𝐴 − 2𝑏𝑡𝑓

𝐴
=
2325.20 − 2 ∗ 91 ∗ 8

2325.20
= 0.37 𝑏𝑢𝑡 𝑎 ≤ 0.5 

 

 Combination of bending moment, shear and axial force 
S12: HEB 140 S13: IPE 180 

Influence of VEd can be neglected if: 

𝑽𝒆𝒅 < 𝑽𝒑𝒍,𝑹𝒅 

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑 < 𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓 

Influence of VEd can be neglected if: 

𝑉𝑒𝑑 < 𝑉𝑝𝑙,𝑅𝑑 

3.61 ∗ 104 < 1.24 ∗ 105 



Frame 2 - LXXXI 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

So it can be neglected So it can be neglected 

 

If VEd can be neglected the combination of bending moment and axial force is governing. If not, three 

checks given in the Dutch national annex are given for: 

• Bending moment in y direction with normal and shear force 

• Bending moment in z direction with normal and shear force 

• Bending moment in y and z direction with normal and shear force 

Since no element is loaded in z direction the latter two checks are redundant. 

 

 

Bending moment in y direction with normal and shear loading: 
S12: HEB 140 S13: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑽,𝑹𝒅
+

𝑵𝑬𝒅
𝑵𝑽𝒛,𝑹𝒅

−
𝒂𝟐
𝟐

𝟏 −
𝒂𝟐
𝟐

 

=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟏𝟎 ∗ 𝟏𝟎𝟕
+

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟖. 𝟐𝟑 ∗ 𝟏𝟎𝟓
−
𝟎. 𝟎𝟒𝟗
𝟐

𝟏 −
𝟎. 𝟎𝟒𝟗
𝟐

= 𝟎. 𝟔𝟗

≤ 𝟏. 𝟎 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑉,𝑅𝑑
+

𝑁𝐸𝑑
𝑁𝑉𝑧,𝑅𝑑

−
𝑎2
2

1 −
𝑎2
2

 

=
2.46 ∗ 107

3.62 ∗ 107
+

8.18 ∗ 103

5.09 ∗ 105
−
0.309
2

1 −
0.309
2

= 0.51 ≤ 1.0 

𝑵𝑽𝒛,𝑹𝒅 =
𝑵𝒑𝒍,𝑹𝒅 − 𝝆𝑨𝒗𝒇𝒚

𝜸𝑴𝟎

=
𝟗.𝟖𝟎 ∗ 𝟏𝟎𝟓 − 𝟎. 𝟕𝟒𝟗 ∗ 𝟖𝟗𝟔 ∗ 𝟐𝟑𝟓

𝟏.𝟎

= 𝟖.𝟐𝟑 ∗ 𝟏𝟎𝟓 𝑵 

𝑁𝑉𝑧,𝑅𝑑 =
𝑁𝑝𝑙,𝑅𝑑 − 𝜌𝐴𝑣𝑓𝑦

𝛾𝑀0

=
5.46 ∗ 105 − 0.173 ∗ 912 ∗ 235

1.0
= 5.09 ∗ 105 𝑁 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚−

𝝆𝑨𝒗
𝟐

𝟒𝒕𝒘
)∗𝒇𝒚

𝜸𝑴𝟎
  

= (𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎. 𝟕𝟒𝟗 ∗ 𝟖𝟗𝟔𝟐

𝟒 ∗ 𝟕
) ∗
𝟐𝟑𝟓

𝟏

= 𝟓. 𝟏𝟎 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝑀𝑦,𝑉,𝑅𝑑 =
(𝑊𝑝𝑙,𝑦−

𝜌𝐴𝑣
4𝑡𝑤

2
)∗𝑓𝑦

𝛾𝑀0
  

= (1.61 ∗ 105  −
0.173 ∗ 9122

4 ∗ 5.3
) ∗
235

1

= 3.62 ∗ 107 𝑁𝑚𝑚 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘 

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝐴𝑣 = 𝐴 ∗ 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 > 𝜂ℎ𝑤𝑡𝑤 

𝐴𝑣 = 2325.20 − 2 ∗ 91 ∗ 8 + 5.3 ∗ 8

= 9.12 ∗ 102 𝑚𝑚2 

𝜂ℎ𝑤𝑡𝑤 = 1 ∗ 164 ∗ 5.3 = 8.69 ∗ 10
2 𝑚𝑚2 

𝐴𝑣 = 9.12 ∗ 10
2 > 8.69 ∗ 102 

𝒂𝟐 = 𝒂𝟏(𝟏 − 𝝆) = 𝟎. 𝟏𝟗𝟓 ∗ (𝟏 − 𝟎. 𝟕𝟒𝟗)

= 𝟎. 𝟎𝟒𝟗 

𝒂𝟏 =
𝑨 − 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟏𝟗𝟓 ≤ 𝟎. 𝟓 

𝑎2 = 𝑎1(1 − 𝜌) = 0.374(1 − 0.173) = 0.309 

𝑎1 =
𝐴 − 2𝑏𝑡𝑓

𝐴
=
2325.20 − 2 ∗ 91 ∗ 8

2325.20
= 0.374

≤ 0.5 
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𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟖.𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟕𝟒𝟗 

𝜌 = (
2𝑉𝐸𝑑
𝑉𝑝𝑙,𝑅𝑑

− 1)

2

= (
2 ∗ 3.61 ∗ 104

1.24 ∗ 105
− 1)

2

= 0.173 

 

  



Frame 2 - LXXXIII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

 Conclusion: 
In the table below all unity checks are given. The values presented in green are the unity checks which 

cannot be neglected. All values which are not coloured can be neglected. Based on these calculations the 

resistance of the members is sufficient. 

Unity check:  S12: HEB 140 S13: IPE 180 

N 0.190 0.015 

M-y 0.438 0.650 

V 0.067 0.292 

MV 0.473 0.676 

MN-y 0.488 0.650 

M-y VN 0.688 0.514 
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 Buckling length 
The buckling length of the two members described above needs to be calculated. The method given by 

Eurocode 3 is adopted in these calculations. 

S12: HEB 140 y-y  S14: IPE 180  

𝑪𝑨 =
∑
𝑰𝒄𝒍𝒏
𝑳𝒄𝒍𝒏

∑𝝁 ∗
𝑰𝒃𝒎
𝑳𝒃𝒎

 

Since the frame is out-of-

plane supported in the 

corners the buckling length 

of the column in z direction 

is taken equal to 

Lcr=Lclm=3000mm 

For the beam the buckling length is 

taken as Lcr=Lbm=3000mm because of 

the small normal force present in the 

beam. 

𝝁 = 𝟔     

𝑰𝒄𝒍𝒏 = 𝟏. 𝟒𝟕 ∗ 𝟏𝟎
𝟕 𝒎𝒎𝟒 

𝑳𝒄𝒍𝒏 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝑰𝒃𝒎 = 𝟏. 𝟐𝟕 ∗ 𝟏𝟎
𝟕𝒎𝒎𝟒 

𝑳𝒃𝒎 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

   

𝑪𝑨 =

𝟏. 𝟒𝟕 ∗ 𝟏𝟎𝟕

𝟑𝟎𝟎𝟎

𝟔 ∗
𝟏. 𝟐𝟕 ∗ 𝟏𝟎𝟕

𝟑𝟎𝟎𝟎

 

= 𝟎. 𝟏𝟗 

𝑪𝑩 = ∞ 

   

𝑳𝒄𝒓
𝑳
= 𝟐. 𝟑𝟐 

𝑳𝒄𝒓 = 𝟐. 𝟑𝟐 ∗ 𝟑𝟎𝟎𝟎

= 𝟔𝟗𝟔𝟎 𝒎𝒎 

   

 

  



Frame 2 - LXXXV 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

 Stability checks 
The buckling length calculated before is needed in the stability calculations. Three checks are available; 

for members in compression, bending, and combined bending and compression. In the next paragraphs 

these will be elaborated.  

 Members in compression 
S12: HEB 140   S14: IPE 180   

𝑵𝑬𝒅
𝑵𝒃,𝑹𝒅

=
𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟒. 𝟒𝟒 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟒𝟐 ≤ 𝟏, 𝟎 

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

=
8.18 ∗ 103

1.80 ∗ 105
= 0.05 ≤ 1,0 

buckling in y-y direction buckling in z-z direction buckling in y-y direction buckling in z-z direction 

𝑵𝒃,𝑹𝒅 =
𝝌𝒚𝑨𝒇𝒚

𝜸𝑴𝟏

=
𝟎. 𝟒𝟓 ∗ 𝟒𝟏𝟕𝟐 ∗ 𝟐𝟑𝟓

𝟏. 𝟎
= 𝟒. 𝟒𝟒 ∗ 𝟏𝟎𝟓 𝑵 

𝑁𝑏,𝑅𝑑 =
𝜒𝑧𝐴𝑓𝑦

𝛾𝑀1

=
0.61 ∗ 4172 ∗ 235

1.0
= 6.0 ∗ 105 𝑁 

𝑁𝑏,𝑅𝑑 =
𝜒𝑦𝐴𝑓𝑦

𝛾𝑀1

=
0.94 ∗ 2325.20 ∗ 235

1.0
= 5.16 ∗ 105 𝑁 

𝑁𝑏,𝑅𝑑 =
𝜒𝑧𝐴𝑓𝑦

𝛾𝑀1

=
0.33 ∗ 2325.20 ∗ 235

1.0
= 1.80 ∗ 10^5 𝑁 

𝝌𝒚 =
𝟏

𝝓𝒀 +√𝝓𝒀
𝟐 − �̅�𝒀

𝟐

 

=
𝟏

𝟏. 𝟒𝟔 + √𝟏. 𝟒𝟔𝟐 − 𝟏. 𝟐𝟓𝟐

= 𝟎. 𝟒𝟓 

𝜒𝑧 =
1

𝜙𝑧 +√𝜙𝑍
2 − �̅�𝑧

2

 

=
1

1.05 + √1.052 − 1.882

= 0.61 

𝜒𝑦 =
1

𝜙𝑌 +√𝜙𝑌
2 − �̅�𝑌

2

 

=
1

0.62 + √0.622 − 0.432

= 0.94 

𝜒𝑧 =
1

𝜙𝑧 +√𝜙𝑍
2 − �̅�𝑧

2

 

=
1

1.91 + √1.912 − 1.542

= 0.33 

𝝓𝒚 

= 𝟎, 𝟓 (𝟏

+ 𝜶𝒀(𝝀𝒀̅̅ ̅ − 𝟎,𝟐) + 𝝀𝒀̅̅ ̅
𝟐
)

= 𝟎. 𝟓

∗ (𝟏

+ 𝟎. 𝟑𝟒(𝟏. 𝟐𝟓 − 𝟎. 𝟐)

+ 𝟏. 𝟐𝟓𝟐) 

= 𝟏. 𝟒𝟔 

𝜙𝑍 

= 0,5 (1 + 𝛼𝑍(𝜆𝑍̅̅ ̅ − 0,2)

+ �̅�𝑍
2
)

= 0.5

∗ (1 + 0.49(1.88 − 0.2)

+ 1.882) 

= 1.05 

𝜙𝑦 

= 0,5 (1 + 𝛼𝑌(�̅�𝑌 − 0,2)

+ �̅�𝑌
2
)

= 0.5(1

+ 0.21(0.43 − 0.2)

+ 0.432) 

= 0.62 

𝜙𝑍 

= 0,5 (1 + 𝛼𝑍(𝜆𝑍̅̅ ̅ − 0,2)

+ �̅�𝑍
2
)

= 0.5

∗ (1 + 0.34(1.54 − 0.2)

+ 1.542) 

= 1.91 

�̅�𝒚 = √
𝑨𝒇𝒚

𝑵𝒄𝒓
=

√
𝟒𝟏𝟕𝟐∗𝟐𝟑𝟓

𝝅𝟐∗𝟐𝟏𝟎𝟎𝟎𝟎∗𝟏.𝟒𝟕∗𝟏𝟎𝟕

𝟔𝟗𝟔𝟎𝟐 

=1.25 

�̅�𝑍 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
4172∗235

𝜋2∗210000∗5.49∗106

30002

=1.88 

�̅�𝑦 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
2325.20∗235

𝜋2∗210000∗1.27∗107

30002

=0.43 

�̅�𝑍 = √
𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
2325∗235

𝜋2∗210000∗1.01∗106

3000

=1.54 

𝒉

𝒃
=
𝟏𝟒𝟎

𝟏𝟒𝟎
= 𝟏. 𝟎 → 

𝒚 − 𝒚 →   𝜶 = 𝟎. 𝟑𝟒 

ℎ

𝑏
=
140

140
= 1.0 → 

𝑦 − 𝑦 →  𝛼 = 0.49 

ℎ

𝑏
=
180

91
= 1.98 →  

𝑧 − 𝑧 → 𝛼 = 0.21 

ℎ

𝑏
=
180

91
= 1.98 →  

𝑧 − 𝑧 → 𝛼 = 0.34 
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 Members in bending 
S12: HEB 140 S13: IPE 180 

𝑴𝑬𝒅

𝑴𝒃,𝑹𝒅
=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟎𝟕 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟒𝟖 ≤ 𝟏,𝟎 

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

=
2.46 ∗ 107

3.40 ∗ 107
= 0.72 ≤ 1,0 

𝑴𝒃,𝑹𝒅 = 𝝌𝑳𝑻𝑾𝒚

 𝒇𝒚

𝜸𝑴𝟏
= 𝟎. 𝟗𝟏 ∗ 𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∗

𝟐𝟑𝟓

𝟏. 𝟎

= 𝟓. 𝟎𝟕 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎  

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑦
 𝑓𝑦

𝛾𝑀1
= 0.90 ∗ 1.61 ∗ 105 ∗

235

1.0

= 3.40 ∗ 107 𝑁𝑚𝑚  

𝝌𝑳𝑻 =
𝟏

𝝓𝑳𝑻 +√𝝓𝑳𝑻
𝟐 −�̅�𝐋𝐓

𝟐  

=
𝟏

𝟎. 𝟔𝟗 + √𝟎. 𝟔𝟗𝟐−𝟎. 𝟓𝟔𝟐 
= 𝟎. 𝟗𝟏 ≤ 𝟏.𝟎 

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇 +√𝜙𝐿𝑇
2 −λ̅LT

2  

=
1

0.71 + √0.712 − 0.582 
= 0.90 ≤ 1.0 

𝛟𝐋𝐓 = 𝟎, 𝟓(𝟏 + 𝛂𝐋𝐓(𝝀𝐋𝐓  − 𝟎, 𝟐) + �̅�𝐋𝐓
𝟐 )

= 𝟎. 𝟓(𝟏 + 𝟎. 𝟐𝟏(𝟎. 𝟓𝟔 − 𝟎.𝟐)

+ 𝟎. 𝟓𝟔𝟐) = 𝟎. 𝟔𝟗 

ϕLT = 0,5(1 + αLT(𝜆LT  − 0,2) + λ̅LT
2 )

= 0.5(1 + 0.21(0.58 − 0.2)

+ 0.872) = 0.71 

𝒉

𝒃
=
𝟏𝟒𝟎

𝟏𝟒𝟎
= 𝟏. 𝟎 ≤ 𝟐 → 𝜶𝑳𝑻 = 𝟎. 𝟐𝟏 

ℎ

𝑏
=
180

91
= 1.98 ≤ 2 → 𝛼𝐿𝑇 = 0.21 

𝛌𝐋𝐓 = √
𝐖𝐲𝐟𝐲

𝐌𝐜𝐫
= √

𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∗ 𝟐𝟑𝟓

𝟏. 𝟖𝟎 ∗ 𝟏𝟎𝟖
= 𝟎. 𝟓𝟔 

 

λLT = √
Wyfy

Mcr
= √

1.61 ∗ 105 ∗ 235

1.14 ∗ 108
= 0.58 

 

𝑴𝒄𝒓 = 𝒌𝒓𝒆𝒅 ∗
𝑪

𝑳𝒈
∗ √𝑬𝑰𝒛𝑮𝑰𝒕

= 𝟏 ∗
𝟒. 𝟐𝟗

𝟑𝟎𝟎𝟎

∗ √𝟐𝟏𝟎𝟎𝟎𝟎 ∗ 𝟓. 𝟒𝟗 ∗ 𝟏𝟎𝟔 ∗ 𝟖𝟏𝟎𝟎𝟎 ∗ 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟓

= 𝟏. 𝟖𝟎 ∗ 𝟏𝟎𝟖 𝑵𝒎𝒎 

𝑀𝑐𝑟 = 𝑘𝑟𝑒𝑑 ∗
𝐶

𝐿𝑔
∗ √𝐸𝐼𝑧𝐺𝐼𝑡

= 1 ∗
13.35

3000

∗ √210000 ∗ 1.01 ∗ 106 ∗ 81000 ∗ 3.84 ∗ 104

= 1.14 ∗ 108 𝑁𝑚𝑚 

𝒌𝒓𝒆𝒅 = 𝟏 𝒊𝒇
𝒉

𝒕𝒘
=
𝟏𝟒𝟎

𝟕
= 𝟐𝟎 ≤ 𝟕𝟓 

 

𝑘𝑟𝑒𝑑 = 1 𝑖𝑓
ℎ

𝑡𝑤
=
180

5.3
= 33.96 ≤ 75 

 



Frame 2 - LXXXVII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

𝑪 =
𝝅 ∗ 𝑪𝟏 ∗ 𝑳𝒈

𝑳𝒌𝒊𝒑
∗ (√𝟏+ (

𝝅𝟐 ∗ 𝑺𝟐

𝑳𝒌𝒊𝒑
𝟐 ∗ (𝑪𝟐

𝟐 + 𝟏))

+
𝝅 ∗ 𝑪𝟐 ∗ 𝑺

𝑳𝒌𝒊𝒑
)

=
𝝅 ∗ 𝟏. 𝟕𝟓 ∗ 𝟑𝟎𝟎𝟎

𝟒𝟐𝟎𝟎

∗ (√𝟏 + (
𝝅𝟐 ∗ 𝟓𝟖𝟕.𝟐𝟓𝟐

𝟒𝟐𝟎𝟎𝟐
∗ 𝟏)

+
𝝅 ∗ 𝟎 ∗ 𝟓𝟖𝟕. 𝟐𝟓

𝟒𝟐𝟎𝟎
) = 𝟒. 𝟐𝟗 

𝐶

=
𝜋 ∗ 𝐶1 ∗ 𝐿𝑔

𝐿𝑘𝑖𝑝

∗ (√1 + (
𝜋2 ∗ 𝑆2

𝐿𝑘𝑖𝑝
2 ∗ (𝐶2

2 + 1)) +
𝜋 ∗ 𝐶2 ∗ 𝑆

𝐿𝑘𝑖𝑝
)

=
𝜋 ∗ 2.3 ∗ 3000

3000

∗ (√1 + (
𝜋2 ∗ 708.272

30002
∗ (0.682 + 1))

+
𝜋 ∗ 0.68 ∗ 708.27

3000
) = 13.35 

𝑺 = √
𝑬 ∗ 𝑰𝒘
𝑮 ∗ 𝑰𝒕

= √
𝟐𝟏𝟎𝟎𝟎𝟎 ∗ 𝟐.𝟐𝟒𝟖 ∗ 𝟏𝟎𝟏𝟎

𝟖𝟏𝟎𝟎𝟎 ∗ 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟓

= 𝟓𝟖𝟕. 𝟐𝟓 

𝑆 = √
𝐸 ∗ 𝐼𝑤
𝐺 ∗ 𝐼𝑡

= √
210000 ∗ 7.43 ∗ 109

81000 ∗ 3.84 ∗ 104

= 708.27 

𝑳𝒌𝒊𝒑 = (𝟏.𝟒 − (𝟎. 𝟖 ∗ 𝜷)) ∗ 𝑳𝒔𝒕 =

= (𝟏. 𝟒 − (𝟎. 𝟖 ∗ 𝟎)) ∗ 𝟑𝟎𝟎𝟎

= 𝟒𝟐𝟎𝟎 𝒎𝒎 

𝑳𝒔𝒕 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝐿𝑘𝑖𝑝 = 𝐿𝑠𝑡 = 3000 𝑚𝑚 

𝐿𝑠𝑡 = 3000 𝑚𝑚 

 

To derive: 

 

𝑴 = −𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝜷 = 𝟎 

Case 1: 𝑪𝟏 = 𝟏.𝟕𝟓 − (𝟏. 𝟎𝟓 ∗ 𝟎) + (𝟎. 𝟑 ∗ 𝟎
𝟐) =

𝟏. 𝟕𝟓 ≤ 𝟐. 𝟑 

𝑪𝟐 = 𝟎 

 

A combination of basic load cases derives a 

structure with the exact moment line of the 

beam  combination of case 1 and 5: 

 

 

To derive: 

 

 

𝑀 = −2.46 ∗ 107 𝑁𝑚𝑚 
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𝛽 =
7.92

−24.57
= −0.323 

𝐵∗ =
8 ∗ 𝑀

(8 ∗ |𝑀|) + (𝑞 ∗ 𝐿𝑠𝑡
2 )

=
8 ∗ −2.46 ∗ 107

(8 ∗ 2.46 ∗ 107) + ((16.86 ∗ 30002)

= −0.564 

𝐶1 = 2.3 

𝐶2 = 0.68 

 

C factors are derived by the following figures: 
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 Members in compression and bending 
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𝑵𝑬𝒅
𝝌𝒀𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒚𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒚𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏. 𝟎     

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎  

+ 𝟏.𝟐𝟎
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎.𝟗𝟏
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟒𝟖𝟗
𝟎

𝟐.𝟖𝟎 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

= 𝟏. 𝟎 ≤ 𝟏. 𝟎     

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒛𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒛𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏. 𝟎     

𝟏.𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎.𝟔𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎  

+ 𝟎. 𝟗𝟐
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟏
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟖𝟐
𝟎

𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

= 𝟎. 𝟕𝟔 ≤ 𝟏. 𝟎    

𝑴𝒚,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒚 = 𝟐𝟑𝟓 ∗ 𝟐. 𝟑𝟗 ∗ 𝟏𝟎
𝟓 = 𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝑴𝒛,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒛 = 𝟐𝟑𝟓 ∗ 𝟏. 𝟏𝟗 ∗ 𝟏𝟎
𝟓 = 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝒌𝒚𝒚 = 𝑪𝒎𝒚(𝟏+ (𝝀𝒚 − 𝟎. 𝟐) ∗
𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒚(𝟏+
𝟎. 𝟖𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

)     

𝒌𝒚𝒚 = 𝟎.𝟗(𝟏 + (𝟏.𝟐𝟓 − 𝟎. 𝟐) ∗

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎.𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟗(𝟏+

𝟎. 𝟖 ∗ 𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
)   

= 𝟏.𝟑𝟎 ≤ 𝟏. 𝟐𝟎   

𝒌𝒚𝒚 = 𝟏. 𝟐𝟎 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏𝝀𝒛

𝑪𝒎𝑳𝑻 − 𝟎.𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≥ (𝟏−
𝟎. 𝟏

𝑪𝒎𝑳𝑻 − 𝟎. 𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

)    𝒊𝒇 𝝀𝒛 = 𝟐. 𝟖𝟐 > 𝟎. 𝟒 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏 ∗ 𝟎. 𝟖𝟖

𝟎. 𝟔 − 𝟎. 𝟐𝟓
∗

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟔𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≥ (𝟏−

𝟎.𝟏

𝟎. 𝟔 − 𝟎. 𝟐𝟓
∗

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟔𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
)   

= 𝟎. 𝟗𝟐 ≥  𝟎. 𝟗𝟏 

𝒌𝒛𝒚 = 𝟎. 𝟗𝟐 

𝒌𝒚𝒛 = 𝟎.𝟔𝒌𝒛𝒛 = 𝟎. 𝟔 ∗ 𝟎. 𝟖𝟏𝟔 = 𝟎. 𝟒𝟖𝟗 

𝒌𝒛𝒛 = 𝑪𝒎𝒛(𝟏+ (𝟐𝝀𝒛 − 𝟎.𝟔) ∗
𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒛(𝟏+
𝟏. 𝟒𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) 

= 𝟎. 𝟔 ∗ (𝟏 + (𝟐 ∗  𝟎. 𝟖𝟖 − 𝟎. 𝟔) ∗

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟔𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) ≤ 𝟎. 𝟔 ∗ (𝟏 +

𝟏. 𝟒 ∗ 𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟔𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) 
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= 𝟎.𝟖𝟏𝟔 < 𝟎.𝟖𝟔𝟏 

𝒌𝒛𝒛 = 𝟎.𝟖𝟏𝟔 

𝑵𝑹𝒌 = 𝒇𝒚𝑨 = 𝟐𝟑𝟓 ∗ 𝟒𝟏𝟕𝟐 = 𝟗. 𝟖𝟎 ∗ 𝟏𝟎
𝟓 𝑵 

For sway buckling (columns): 𝑪𝒎𝒚 = 𝟎.𝟗 

𝑪𝒎𝑳𝑻 = 𝑪𝒎𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒𝝍 = 𝟎. 𝟔 + 𝟎. 𝟒 ∗ 𝟎 = 𝟎.𝟔 ≥ 𝟎. 𝟒 

 

 

S14: IPE 180 

𝑵𝑬𝒅
𝝌𝒀𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒚𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒚𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎. 𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎  

+ 𝟎. 𝟔𝟏
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟎 ∗
𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟑𝟖 ∗
𝟎

𝟖. 𝟎𝟔 ∗ 𝟏𝟎𝟔

𝟏. 𝟎

= 𝟎. 𝟒𝟔 ≤ 𝟏     

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒛𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒛𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎. 𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
+ 𝟎. 𝟗𝟗 ∗

𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎.𝟗𝟎 ∗
𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎. 𝟔𝟐 ∗
𝟎

𝟖.𝟎𝟔 ∗ 𝟏𝟎𝟔

𝟏. 𝟎

= 𝟎. 𝟕𝟔 ≤ 𝟏    

𝑴𝒚,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒚 = 𝟐𝟑𝟓 ∗ 𝟏. 𝟔𝟏 ∗ 𝟏𝟎
𝟓 = 𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝑴𝒛,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒛 = 𝟐𝟑𝟓 ∗ 𝟑. 𝟒𝟑 ∗ 𝟏𝟎
𝟒 = 𝟖. 𝟎𝟔 ∗ 𝟏𝟎𝟔𝑵𝒎𝒎 

𝒌𝒚𝒚 = 𝑪𝒎𝒚(𝟏+ (𝝀𝒚 − 𝟎. 𝟐) ∗
𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒚(𝟏+
𝟎. 𝟖𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

)     

𝒌𝒚𝒚 = 𝟎. 𝟔𝟏(𝟏 + (𝟎.𝟒𝟑 − 𝟎. 𝟐) ∗

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎.𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎.𝟔𝟏𝟎(𝟏 +

𝟎. 𝟖 ∗ 𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎. 𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
)   

= 𝟎. 𝟔𝟏 ≤ 𝟎.𝟔𝟏 

𝒌𝒚𝒚 = 𝟎. 𝟔𝟏 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏𝝀𝒛

𝑪𝒎𝑳𝑻 − 𝟎.𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≥ (𝟏−
𝟎. 𝟏

𝑪𝒎𝑳𝑻 − 𝟎. 𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

)    𝒊𝒇 𝝀𝒛 = 𝟏. 𝟓𝟒 > 𝟎. 𝟒 

𝒌𝒛𝒚 = (𝟏−
𝟎. 𝟏 ∗ 𝟏. 𝟓𝟒

𝟎. 𝟔𝟏 − 𝟎. 𝟐𝟓
∗

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎.𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≥ (𝟏−

𝟎. 𝟏

𝟎. 𝟔𝟏 − 𝟎. 𝟐𝟓
∗ 

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎. 𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) 

= 𝟎. 𝟗𝟕 > 𝟎.𝟗𝟗 

𝒌𝒛𝒚 = 𝟎. 𝟗𝟗 
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𝒌𝒚𝒛 = 𝟎. 𝟔𝒌𝒛𝒛 = 𝟎. 𝟔 ∗ 𝟎. 𝟔𝟐 = 𝟎. 𝟑𝟖 

𝒌𝒛𝒛 = 𝑪𝒎𝒛(𝟏+ (𝟐𝝀𝒛 − 𝟎.𝟔) ∗
𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒛(𝟏+
𝟏. 𝟒𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) 

= 𝟎. 𝟔 ∗ (𝟏 + (𝟐 ∗ 𝟏. 𝟓𝟒 − 𝟎. 𝟔) ∗

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎.𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟔 ∗ (𝟏 +

𝟏. 𝟒 ∗ 𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎. 𝟑𝟑 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) 

= 𝟎. 𝟔𝟒 ≤ 𝟎. 𝟔𝟐  

𝒌𝒛𝒛 = 𝟎. 𝟔𝟐 

𝑵𝑹𝒌 = 𝒇𝒚𝑨 = 𝟐𝟑𝟓 ∗ 𝟐𝟑𝟐𝟓.𝟐 = 𝟓. 𝟒𝟔 ∗ 𝟏𝟎
𝟓 𝑵 

𝑪𝒎𝒚 = 𝑪𝒎𝑳𝑻 = 𝟎. 𝟏(𝟏 − 𝝍𝒚) − 𝟎.𝟖𝜶𝒔 ≥ 𝟎. 𝟒 

= 𝟎. 𝟏 ∗ (𝟏 + 𝟎. 𝟑𝟐) + 𝟎. 𝟖 ∗ 𝟎. 𝟔𝟎 = 𝟎.𝟔𝟏 ≥ 𝟎. 𝟒 

𝑪𝒎𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒𝝍𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒 ∗ 𝟎 = 𝟎. 𝟔 ≥ 𝟎. 𝟒 

𝝍𝒚 =
𝑴𝟏

𝑴𝟐
=
𝟕. 𝟗𝟐 ∗ 𝟏𝟎𝟔

−𝟐.𝟒𝟔 ∗ 𝟏𝟎𝟕
= −𝟎.𝟑𝟐 

𝝍𝒛 = 𝟎 

𝜶𝒔 =
𝑴𝒔

𝑴𝒉
=
𝟏. 𝟒𝟕𝟒 ∗ 𝟏𝟎𝟕

−𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕
= −𝟎. 𝟔𝟎 

𝑴𝟏 = 𝟕. 𝟗𝟐 ∗ 𝟏𝟎
𝟔 

𝑴𝟐 = 𝑴𝒉 = −𝟐. 𝟒𝟔 ∗ 𝟏𝟎
𝟕 

𝑴𝒔 = 𝟏. 𝟒𝟕𝟒 ∗ 𝟏𝟎
𝟕  

 

 Conclusion: 
Unity check:  S12: HEB 140 S13: IPE 180 

N 0.419 0.045 

M 0.484 0.723 

MN1 1.000 0.460 

MN2 0.756 0.759 

 

In the table above all stability unity check are given. Since the stability check for the column under 

combined compression and bending gives a value equal to 1 it can be concluded that the loading 

condition is equal to the ultimate loading. The forces acting on the structure cannot be increase without 

the structure to collapse. 

 

 

 



XCII - Frame 2 
 

 
Titulaer, L.H.J.D. |       

  



Frame 3 - XCIII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

4. Frame 3 
This chapter contains the elaborations for the resistance and stability unity checks for frame 1. Frame 1 is 

a so called three-dimensional frame. The connections are welded rigid and support conditions are hinged. 

Three types of loads act on the structure as shown in the figure below: 

- Horizontal load (green): Fh=10.83 kN 

- Vertical load (red): Fv=149.57 kN 

- Uniformly distributed load (blue): qv=16.86 kN/m  
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The force distribution across the members and the maximum values are given below 

N:  

Vy:  



Frame 3 - XCV 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

My:  

Column S12 and Beam S14 have the highest internal forces: 

 S12: HEB 140 S14: IPE 180 

N ed  [N] 1.86E+05 8.18E+03 

M y,ed [Nmm] 2.46E+07 2.46E+07 

V ed [N] 8.18E+03 3.61E+04 

 

 Resistance checks 
In the following paragraphs the resistance of the cross sections will be checked according to Eurocode 3. 

 Compression force: 
S12: HEB 140 S14: IPE 180 

𝑵𝑬𝒅
𝑵𝒄,𝑹𝒅

=
𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟗 ≤ 𝟏  

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

=
8.18 ∗ 103

5.46 ∗ 105
= 0.01 ≤ 1 

𝑵𝒄,𝑹𝒅 =
𝑨𝒇𝒚

𝜸𝑴𝟎
=
𝟒𝟏𝟕𝟐∗𝟐𝟑𝟓

𝟏
= 𝟗. 𝟖𝟎 ∗

𝟏𝟎𝟓 N 

𝑁𝑐,𝑅𝑑 =
𝐴𝑓𝑦

𝛾𝑀0
=
2325.20∗235

1
= 5.46 ∗

105 N 

 

 Bending moment: 
S12: HEB 140 S14: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝒄,𝑹𝒅
=
 𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓.𝟔𝟏 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟒𝟒 ≤ 𝟏. 𝟎 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑐,𝑅𝑑
=
2.46 ∗ 107

3.78 ∗ 107
= 0.65 ≤ 1.0 
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𝑴𝒚,𝒄,𝑹𝒅 = 𝑴𝒑𝒍,𝑹𝒅 =
𝑾𝒚,𝒑𝒍𝒇𝒚

𝜸𝑴𝟎

=
𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∙ 𝟐𝟑𝟓

𝟏
= 𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕 𝑵𝒎 

𝑀𝑦,𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 =
𝑊𝑦,𝑝𝑙𝑓𝑦

𝛾𝑀0
=
1.61 ∗ 105 ∙ 235

1

= 3.78 ∗ 107 𝑁𝑚 

 

 Shear force: 
S12: HEB 140 S14: IPE 180 

𝑽𝑬𝒅
𝑽𝒄,𝑹𝒅

=
𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
= 𝟎.𝟎𝟕 ≤ 𝟏 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

=
3.61 ∗ 104

1.24 ∗ 105
= 0.29 ≤ 1.0 

𝑽𝒄,𝑹𝒅 = 𝑽𝒑𝒍,𝑹𝒅 =

𝑨𝒗 (
𝒇𝒚

√𝟑
)

𝜸𝑴𝟎
=

𝟖.𝟗𝟔 ∗ 𝟏𝟎𝟐 (
𝟐𝟑𝟓

√𝟑
)

𝟏. 𝟎

= 𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓 𝑵 

𝑉𝑐,𝑅𝑑 = 𝑉𝑝𝑙,𝑅𝑑 =

𝐴𝑣 (
𝑓𝑦

√3
)

𝛾𝑀0
=

9.12 ∗ 102 (
235

√3
)

1.0

= 1.24 ∗ 105 𝑁 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘 

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝐴𝑣 = 𝐴 ∗ 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 > 𝜂ℎ𝑤𝑡𝑤 

𝐴𝑣 = 2325.20 − 2 ∗ 91 ∗ 8 + 5.3 ∗ 8

= 9.12 ∗ 102 𝑚𝑚2 

𝜂ℎ𝑤𝑡𝑤 = 1 ∗ 164 ∗ 5.3 = 8.69 ∗ 10
2 𝑚𝑚2 

𝐴𝑣 = 9.12 ∗ 10
2 > 8.69 ∗ 102 

 

 Combination bending moment and shear force: 
S12: HEB 140 S14: IPE 180 

Influence of VEd can be neglected if: 

𝑽𝒆𝒅 < 𝟎. 𝟓𝑽𝑹𝒅 

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑 < 𝟔. 𝟎𝟖 ∗ 𝟏𝟎𝟒 

So it can be neglected 

Influence of VEd can be neglected if: 

𝑉𝑒𝑑 < 0.5𝑉𝑅𝑑 

3.61 ∗ 104 < 6.18 ∗ 104 

So it can be neglected 

 

S12: HEB 140 S14: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑽,𝑹𝒅
=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟏𝟗 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟒𝟕 < 𝟏. 𝟎 

 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑉,𝑅𝑑
=
2.46 ∗ 107

3.64 ∗ 107
= 0.68 ≤ 1.0 

 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚−

𝝆𝑨𝒘
𝟐

𝟒𝒕𝒘
)∗𝒇𝒚

𝜸𝑴𝟎
  

= (𝟐.𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎.𝟕𝟒𝟗∗𝟖𝟏𝟐𝟐

𝟒∗𝟕
) ∗

𝟐𝟑𝟓

𝟏.𝟎
  

= 𝟓. 𝟏𝟗 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝑀𝑦,𝑉,𝑅𝑑 =
(𝑊𝑝𝑙,𝑦−

𝜌𝐴𝑊
2

4𝑡𝑤
)∗𝑓𝑦

𝛾𝑀0
  

= (1.61 ∗ 105  −
0.173∗8692

4∗5.3
) ∗

235

1.0
  

= 3.64 ∗ 107 𝑁𝑚𝑚 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟖.𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟕𝟒𝟗 

𝜌 = (
2𝑉𝐸𝑑
𝑉𝑝𝑙,𝑅𝑑

− 1)

2

= (
2 ∗ 3.61 ∗ 104

1.24 ∗ 105
− 1)

2

= 0.173 
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 Combination bending moment and axial loading 
S12: HEB 140 bending in y-y direction S14: IPE 180 bending in y-y direction 

Influence of NEd can be neglected if: 

𝑵𝑬𝒅 ≤ 𝟎.𝟐𝟓𝑵𝒑𝒍,𝑹𝒅 𝒂𝒏𝒅 

𝑵𝑬𝒅 ≤
𝟎. 𝟓𝒉𝒘𝒕𝒘𝒇𝒚

𝜸𝑴𝟎
 

Influence of NEd can be neglected if: 

𝑁𝐸𝑑 ≤ 0.25𝑁𝑝𝑙,𝑅𝑑 𝑎𝑛𝑑 

𝑁𝐸𝑑 ≤
0.5ℎ𝑤𝑡𝑤𝑓𝑦

𝛾𝑀0
 

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓 < 𝟐. 𝟒𝟓 ∗ 𝟏𝟎𝟓 𝒂𝒏𝒅 

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓 < 𝟗. 𝟓𝟒 ∗ 𝟏𝟎𝟒 

 

8.18 ∗ 103 < 0.25 ∗ 5.46 ∗ 105 𝑎𝑛𝑑 

8.18 ∗ 103 < 1.02 ∗ 105 

Influence of NEd cannot be neglected in y-y 

direction 

Influence NEd can be neglected in y-y direction 

 

In case the normal force cannot be neglected, the bending moment resistance needs to be reduced as 

follows: 

S12: HEB 140 in y-y direction S14: IPE 180 in y-y direction 

𝑴𝒚,𝑬𝒅

𝑴𝑵,𝒚,𝑹𝒅
=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟎𝟑 ∗ 𝟏𝟎𝟕
=  𝟎. 𝟒𝟗 ≤ 𝟏. 𝟎  

𝑀𝑦,𝐸𝑑

𝑀𝑁,𝑦,𝑅𝑑
=
2.46 ∗ 107

4.58 ∗ 107
=  0.65 ≤ 1.0  

𝑴𝑵,𝒚,𝑹𝒅 =
𝑴𝒑𝒍,𝒚,𝑹𝒅(𝟏 − 𝒏)

𝟏 − 𝟎. 𝟓𝒂

=
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕 ∗ (𝟏 − 𝟎. 𝟏𝟗)

𝟏 − 𝟎. 𝟓 ∗ 𝟎. 𝟐𝟎
= 𝟓. 𝟎𝟑 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎  

𝒃𝒖𝒕 𝑴𝑵,𝒚,𝑹𝒅 ≤ 𝑴𝒑𝒍,𝒚,𝑹𝒅 = 𝟓. 𝟔𝟏 ∗ 𝟏𝟎
𝟕𝑵𝒎𝒎 

𝑀𝑁,𝑦,𝑅𝑑 =
𝑀𝑝𝑙,𝑦,𝑅𝑑(1 − 𝑛)

1 − 0.5𝑎

=
3.78 ∗ 107 ∗ (1 − 0.02)

1 − 0.5 ∗ 0.37
= 4.58 ∗ 107 𝑁𝑚𝑚  

𝑏𝑢𝑡 𝑀𝑁,𝑦,𝑅𝑑 ≤ 𝑀𝑝𝑙,𝑦,𝑅𝑑 = 3.78 ∗ 10
7 𝑁𝑚𝑚 

𝒏 =
𝑵𝑬𝒅
𝑵𝒑𝒍,𝑹𝒅

=
𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟗. 𝟖 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟏𝟗 𝑛 =

𝑁𝐸𝑑
𝑁𝑝𝑙,𝑅𝑑

=
8.18 ∗ 103

5.46 ∗ 105
= 0.02 

𝒂 =
𝑨− 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟐𝟎 𝒃𝒖𝒕 𝒂 ≤ 𝟎. 𝟓 

𝑎 =
𝐴 − 2𝑏𝑡𝑓

𝐴
=
2325.20 − 2 ∗ 91 ∗ 8

2325.20
= 0.37 𝑏𝑢𝑡 𝑎 ≤ 0.5 

 

 Combination of bending moment, shear and axial force 
S12: HEB 140 S13: IPE 180 

Influence of VEd can be neglected if: 

𝑽𝒆𝒅 < 𝑽𝒑𝒍,𝑹𝒅 

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑 < 𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓 

So it can be neglected 

Influence of VEd can be neglected if: 

𝑉𝑒𝑑 < 𝑉𝑝𝑙,𝑅𝑑 

3.61 ∗ 104 < 1.24 ∗ 105 

So it can be neglected 

 

If VEd can be neglected the combination of bending moment and axial force is governing. If not, three 

checks given in the Dutch national annex are given for: 

• Bending moment in y direction with normal and shear force 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

• Bending moment in z direction with normal and shear force 

• Bending moment in y and z direction with normal and shear force 

Since no element is loaded in z direction the latter two checks are redundant. 

 

 

Bending moment in y direction with normal and shear loading: 
S12: HEB 140 S13: IPE 180 

𝑴𝒚,𝑬𝒅

𝑴𝒚,𝑽,𝑹𝒅
+

𝑵𝑬𝒅
𝑵𝑽𝒛,𝑹𝒅

−
𝒂𝟐
𝟐

𝟏 −
𝒂𝟐
𝟐

 

=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟏𝟎 ∗ 𝟏𝟎𝟕
+

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟖. 𝟐𝟑 ∗ 𝟏𝟎𝟓
−
𝟎. 𝟎𝟒𝟗
𝟐

𝟏 −
𝟎. 𝟎𝟒𝟗
𝟐

= 𝟎. 𝟔𝟗

≤ 𝟏. 𝟎 

𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑉,𝑅𝑑
+

𝑁𝐸𝑑
𝑁𝑉𝑧,𝑅𝑑

−
𝑎2
2

1 −
𝑎2
2

 

=
2.46 ∗ 107

3.62 ∗ 107
+

8.18 ∗ 103

5.09 ∗ 105
−
0.309
2

1 −
0.309
2

= 0.51 ≤ 1.0 

𝑵𝑽𝒛,𝑹𝒅 =
𝑵𝒑𝒍,𝑹𝒅 − 𝝆𝑨𝒗𝒇𝒚

𝜸𝑴𝟎

=
𝟗.𝟖𝟎 ∗ 𝟏𝟎𝟓 − 𝟎. 𝟕𝟒𝟗 ∗ 𝟖𝟗𝟔 ∗ 𝟐𝟑𝟓

𝟏.𝟎

= 𝟖.𝟐𝟑 ∗ 𝟏𝟎𝟓 𝑵 

𝑁𝑉𝑧,𝑅𝑑 =
𝑁𝑝𝑙,𝑅𝑑 − 𝜌𝐴𝑣𝑓𝑦

𝛾𝑀0

=
5.46 ∗ 105 − 0.173 ∗ 912 ∗ 235

1.0
= 5.09 ∗ 105 𝑁 

𝑴𝒚,𝑽,𝑹𝒅 =
(𝑾𝒑𝒍,𝒚−

𝝆𝑨𝒗
𝟐

𝟒𝒕𝒘
)∗𝒇𝒚

𝜸𝑴𝟎
  

= (𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓  −
𝟎. 𝟕𝟒𝟗 ∗ 𝟖𝟗𝟔𝟐

𝟒 ∗ 𝟕
) ∗
𝟐𝟑𝟓

𝟏

= 𝟓. 𝟏𝟎 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝑀𝑦,𝑉,𝑅𝑑 =
(𝑊𝑝𝑙,𝑦−

𝜌𝐴𝑣
4𝑡𝑤

2
)∗𝑓𝑦

𝛾𝑀0
  

= (1.61 ∗ 105  −
0.173 ∗ 9122

4 ∗ 5.3
) ∗
235

1

= 3.62 ∗ 107 𝑁𝑚𝑚 

𝑨𝒗 = 𝑨− 𝟐𝒃𝒕𝒇 + (𝒕𝒘 + 𝟐𝒓)𝒕𝒇 > 𝜼𝒉𝒘𝒕𝒘 

𝑨𝒗 = 𝟒𝟏𝟕𝟐− 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐 + 𝟕 ∗ 𝟏𝟐

= 𝟖. 𝟗𝟔 ∗ 𝟏𝟎𝟐 𝒎𝒎𝟐 

𝜼𝒉𝒘𝒕𝒘 = 𝟏 ∗ 𝟏𝟏𝟔 ∗ 𝟕 = 𝟖. 𝟏𝟐 ∗ 𝟏𝟎
𝟐 𝒎𝒎𝟐 

𝑨𝒗 = 𝟖. 𝟗𝟔 ∗ 𝟏𝟎
𝟐 > 𝟖. 𝟏𝟐 ∗ 𝟏𝟎𝟐 

𝐴𝑣 = 𝐴 ∗ 2𝑏𝑡𝑓 + (𝑡𝑤 + 2𝑟)𝑡𝑓 > 𝜂ℎ𝑤𝑡𝑤 

𝐴𝑣 = 2325.20 − 2 ∗ 91 ∗ 8 + 5.3 ∗ 8

= 9.12 ∗ 102 𝑚𝑚2 

𝜂ℎ𝑤𝑡𝑤 = 1 ∗ 164 ∗ 5.3 = 8.69 ∗ 10
2 𝑚𝑚2 

𝐴𝑣 = 9.12 ∗ 10
2 > 8.69 ∗ 102 

𝒂𝟐 = 𝒂𝟏(𝟏 − 𝝆) = 𝟎. 𝟏𝟗𝟓 ∗ (𝟏 − 𝟎. 𝟕𝟒𝟗)

= 𝟎. 𝟎𝟒𝟗 

𝒂𝟏 =
𝑨 − 𝟐𝒃𝒕𝒇

𝑨
=
𝟒𝟏𝟕𝟐 − 𝟐 ∗ 𝟏𝟒𝟎 ∗ 𝟏𝟐

𝟒𝟏𝟕𝟐
= 𝟎. 𝟏𝟗𝟓 ≤ 𝟎. 𝟓 

𝑎2 = 𝑎1(1 − 𝜌) = 0.374(1 − 0.173) = 0.309 

𝑎1 =
𝐴 − 2𝑏𝑡𝑓

𝐴
=
2325.20 − 2 ∗ 91 ∗ 8

2325.20
= 0.374

≤ 0.5 

𝝆 = (
𝟐𝑽𝑬𝒅
𝑽𝒑𝒍,𝑹𝒅

− 𝟏)

𝟐

= (
𝟐 ∗ 𝟖.𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟐𝟐 ∗ 𝟏𝟎𝟓
− 𝟏)

𝟐

= 𝟎. 𝟕𝟒𝟗 

𝜌 = (
2𝑉𝐸𝑑
𝑉𝑝𝑙,𝑅𝑑

− 1)

2

= (
2 ∗ 3.61 ∗ 104

1.24 ∗ 105
− 1)

2

= 0.173 
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 Conclusion: 
In the table below all unity checks are given. The values presented in green are the unity checks which 

cannot be neglected. All values which are not coloured can be neglected. Based on these calculations the 

resistance of the members is sufficient. 

Unity check:  S12: HEB 140 S13: IPE 180 

N 0.190 0.015 

M-y 0.438 0.650 

V 0.067 0.292 

MV 0.473 0.676 

MN-y 0.488 0.650 

M-y VN 0.688 0.514 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

 Buckling length 
The buckling length of the two members described above needs to be calculated. The method given by 

Eurocode 3 is adopted in these calculations. 

S12: HEB 140 y-y  S14: IPE 180  

𝑪𝑨 =
∑
𝑰𝒄𝒍𝒏
𝑳𝒄𝒍𝒏

∑𝝁 ∗
𝑰𝒃𝒎
𝑳𝒃𝒎

 

Since the frame is fully 

supported out-of-plane the 

structure cannot buckling in 

this direction. Therefor the 

buckling length will be equal 

to zero 

For the beam the buckling length is 

taken as Lcr=Lbm=3000mm because of 

the small normal force present in the 

beam. In z-z direction the buckling 

length is taken equal to zero since no 

buckling in this directions can occur. 

𝝁 = 𝟔     

𝑰𝒄𝒍𝒏 = 𝟏. 𝟒𝟕 ∗ 𝟏𝟎
𝟕 𝒎𝒎𝟒 

𝑳𝒄𝒍𝒏 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝑰𝒃𝒎 = 𝟏. 𝟐𝟕 ∗ 𝟏𝟎
𝟕𝒎𝒎𝟒 

𝑳𝒃𝒎 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

   

𝑪𝑨 =

𝟏. 𝟒𝟕 ∗ 𝟏𝟎𝟕

𝟑𝟎𝟎𝟎

𝟔 ∗
𝟏. 𝟐𝟕 ∗ 𝟏𝟎𝟕

𝟑𝟎𝟎𝟎

 

= 𝟎. 𝟏𝟗 

𝑪𝑩 = ∞ 

   

𝑳𝒄𝒓
𝑳
= 𝟐. 𝟑𝟐 

𝑳𝒄𝒓 = 𝟐. 𝟑𝟐 ∗ 𝟑𝟎𝟎𝟎

= 𝟔𝟗𝟔𝟎 𝒎𝒎 
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 Stability checks 
The buckling length calculated before is needed in the stability calculations. Three checks are available; 

for members in compression, bending, and combined bending and compression. In the next paragraphs 

these will be elaborated.  

 Members in compression 
S12: HEB 140   S14: IPE 180   

𝑵𝑬𝒅
𝑵𝒃,𝑹𝒅

=
𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟒. 𝟒𝟒 ∗ 𝟏𝟎𝟓
= 𝟎. 𝟒𝟐 ≤ 𝟏, 𝟎 

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

=
8.18 ∗ 103

1.80 ∗ 105
= 0.02 ≤ 1,0 

buckling in y-y direction  buckling in y-y direction  

𝑵𝒃,𝑹𝒅 =
𝝌𝒚𝑨𝒇𝒚

𝜸𝑴𝟏

=
𝟎. 𝟒𝟓 ∗ 𝟒𝟏𝟕𝟐 ∗ 𝟐𝟑𝟓

𝟏. 𝟎
= 𝟒. 𝟒𝟒 ∗ 𝟏𝟎𝟓 𝑵 

 
𝑁𝑏,𝑅𝑑 =

𝜒𝑦𝐴𝑓𝑦

𝛾𝑀1

=
0.94 ∗ 2325.20 ∗ 235

1.0
= 5.16 ∗ 105 𝑁 

 

𝝌𝒚 =
𝟏

𝝓𝒀 +√𝝓𝒀
𝟐 − �̅�𝒀

𝟐

 

=
𝟏

𝟏. 𝟒𝟔 + √𝟏. 𝟒𝟔𝟐 − 𝟏. 𝟐𝟓𝟐

= 𝟎. 𝟒𝟓 

 
𝜒𝑦 =

1

𝜙𝑌 +√𝜙𝑌
2 − �̅�𝑌

2

 

=
1

0.62 + √0.622 − 0.432

= 0.94 

 

𝝓𝒚 

= 𝟎, 𝟓 (𝟏

+ 𝜶𝒀(𝝀𝒀̅̅ ̅ − 𝟎,𝟐) + 𝝀𝒀̅̅ ̅
𝟐
)

= 𝟎. 𝟓

∗ (𝟏

+ 𝟎. 𝟑𝟒(𝟏. 𝟐𝟓 − 𝟎. 𝟐)

+ 𝟏. 𝟐𝟓𝟐) 

= 𝟏. 𝟒𝟔 

 𝜙𝑦 

= 0,5 (1 + 𝛼𝑌(�̅�𝑌 − 0,2)

+ �̅�𝑌
2
)

= 0.5(1

+ 0.21(0.43 − 0.2)

+ 0.432) 

= 0.62 

 

�̅�𝒚 = √
𝑨𝒇𝒚

𝑵𝒄𝒓
=

√
𝟒𝟏𝟕𝟐∗𝟐𝟑𝟓

𝝅𝟐∗𝟐𝟏𝟎𝟎𝟎𝟎∗𝟏.𝟒𝟕∗𝟏𝟎𝟕

𝟔𝟗𝟔𝟎𝟐 

=1.25 

 
�̅�𝑦 = √

𝐴𝑓𝑦

𝑁𝑐𝑟
=

√
2325.20∗235

𝜋2∗210000∗1.27∗107

30002

=0.43 

 

𝒉

𝒃
=
𝟏𝟒𝟎

𝟏𝟒𝟎
= 𝟏. 𝟎 → 

𝒚 − 𝒚 →   𝜶 = 𝟎. 𝟑𝟒 

 ℎ

𝑏
=
180

91
= 1.98 →  

𝑧 − 𝑧 → 𝛼 = 0.21 
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 Members in bending 
S12: HEB 140 S13: IPE 180 

𝑴𝑬𝒅

𝑴𝒃,𝑹𝒅
=
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟓. 𝟎𝟕 ∗ 𝟏𝟎𝟕
= 𝟎. 𝟒𝟖 ≤ 𝟏,𝟎 

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

=
2.46 ∗ 107

3.40 ∗ 107
= 1.72 ≤ 1,0 

𝑴𝒃,𝑹𝒅 = 𝝌𝑳𝑻𝑾𝒚

 𝒇𝒚

𝜸𝑴𝟏
= 𝟎. 𝟗𝟏 ∗ 𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∗

𝟐𝟑𝟓

𝟏. 𝟎

= 𝟓. 𝟎𝟕 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎  

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑦
 𝑓𝑦

𝛾𝑀1
= 0.90 ∗ 1.61 ∗ 105 ∗

235

1.0

= 3.40 ∗ 107 𝑁𝑚𝑚  

𝝌𝑳𝑻 =
𝟏

𝝓𝑳𝑻 +√𝝓𝑳𝑻
𝟐 −�̅�𝐋𝐓

𝟐  

=
𝟏

𝟎. 𝟔𝟗 + √𝟎. 𝟔𝟗𝟐−𝟎. 𝟓𝟔𝟐 
= 𝟎. 𝟗𝟏 ≤ 𝟏.𝟎 

𝜒𝐿𝑇 =
1

𝜙𝐿𝑇 +√𝜙𝐿𝑇
2 −λ̅LT

2  

=
1

0.71 + √0.712 − 0.582 
= 0.90 ≤ 1.0 

𝛟𝐋𝐓 = 𝟎, 𝟓(𝟏 + 𝛂𝐋𝐓(𝝀𝐋𝐓  − 𝟎, 𝟐) + �̅�𝐋𝐓
𝟐 )

= 𝟎. 𝟓(𝟏 + 𝟎. 𝟐𝟏(𝟎. 𝟓𝟔 − 𝟎.𝟐)

+ 𝟎. 𝟓𝟔𝟐) = 𝟎. 𝟔𝟗 

ϕLT = 0,5(1 + αLT(𝜆LT  − 0,2) + λ̅LT
2 )

= 0.5(1 + 0.21(0.58 − 0.2)

+ 0.872) = 0.71 

𝒉

𝒃
=
𝟏𝟒𝟎

𝟏𝟒𝟎
= 𝟏. 𝟎 ≤ 𝟐 → 𝜶𝑳𝑻 = 𝟎. 𝟐𝟏 

ℎ

𝑏
=
180

91
= 1.98 ≤ 2 → 𝛼𝐿𝑇 = 0.21 

𝛌𝐋𝐓 = √
𝐖𝐲𝐟𝐲

𝐌𝐜𝐫
= √

𝟐. 𝟑𝟗 ∗ 𝟏𝟎𝟓 ∗ 𝟐𝟑𝟓

𝟏. 𝟖𝟎 ∗ 𝟏𝟎𝟖
= 𝟎. 𝟓𝟔 

 

λLT = √
Wyfy

Mcr
= √

1.61 ∗ 105 ∗ 235

1.14 ∗ 108
= 0.58 

 

𝑴𝒄𝒓 = 𝒌𝒓𝒆𝒅 ∗
𝑪

𝑳𝒈
∗ √𝑬𝑰𝒛𝑮𝑰𝒕

= 𝟏 ∗
𝟒. 𝟐𝟗

𝟑𝟎𝟎𝟎

∗ √𝟐𝟏𝟎𝟎𝟎𝟎 ∗ 𝟓. 𝟒𝟗 ∗ 𝟏𝟎𝟔 ∗ 𝟖𝟏𝟎𝟎𝟎 ∗ 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟓

= 𝟏. 𝟖𝟎 ∗ 𝟏𝟎𝟖 𝑵𝒎𝒎 

𝑀𝑐𝑟 = 𝑘𝑟𝑒𝑑 ∗
𝐶

𝐿𝑔
∗ √𝐸𝐼𝑧𝐺𝐼𝑡

= 1 ∗
13.35

3000

∗ √210000 ∗ 1.01 ∗ 106 ∗ 81000 ∗ 3.84 ∗ 104

= 1.14 ∗ 108 𝑁𝑚𝑚 

𝒌𝒓𝒆𝒅 = 𝟏 𝒊𝒇
𝒉

𝒕𝒘
=
𝟏𝟒𝟎

𝟕
= 𝟐𝟎 ≤ 𝟕𝟓 

 

𝑘𝑟𝑒𝑑 = 1 𝑖𝑓
ℎ

𝑡𝑤
=
180

5.3
= 33.96 ≤ 75 
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𝑪 =
𝝅 ∗ 𝑪𝟏 ∗ 𝑳𝒈

𝑳𝒌𝒊𝒑
∗ (√𝟏+ (

𝝅𝟐 ∗ 𝑺𝟐

𝑳𝒌𝒊𝒑
𝟐 ∗ (𝑪𝟐

𝟐 + 𝟏))

+
𝝅 ∗ 𝑪𝟐 ∗ 𝑺

𝑳𝒌𝒊𝒑
)

=
𝝅 ∗ 𝟏. 𝟕𝟓 ∗ 𝟑𝟎𝟎𝟎

𝟒𝟐𝟎𝟎

∗ (√𝟏 + (
𝝅𝟐 ∗ 𝟓𝟖𝟕.𝟐𝟓𝟐

𝟒𝟐𝟎𝟎𝟐
∗ 𝟏)

+
𝝅 ∗ 𝟎 ∗ 𝟓𝟖𝟕. 𝟐𝟓

𝟒𝟐𝟎𝟎
) = 𝟒. 𝟐𝟗 

𝐶

=
𝜋 ∗ 𝐶1 ∗ 𝐿𝑔

𝐿𝑘𝑖𝑝

∗ (√1 + (
𝜋2 ∗ 𝑆2

𝐿𝑘𝑖𝑝
2 ∗ (𝐶2

2 + 1)) +
𝜋 ∗ 𝐶2 ∗ 𝑆

𝐿𝑘𝑖𝑝
)

=
𝜋 ∗ 2.3 ∗ 3000

3000

∗ (√1 + (
𝜋2 ∗ 708.272

30002
∗ (0.682 + 1))

+
𝜋 ∗ 0.68 ∗ 708.27

3000
) = 13.35 

𝑺 = √
𝑬 ∗ 𝑰𝒘
𝑮 ∗ 𝑰𝒕

= √
𝟐𝟏𝟎𝟎𝟎𝟎 ∗ 𝟐.𝟐𝟒𝟖 ∗ 𝟏𝟎𝟏𝟎

𝟖𝟏𝟎𝟎𝟎 ∗ 𝟏. 𝟔𝟗 ∗ 𝟏𝟎𝟓

= 𝟓𝟖𝟕. 𝟐𝟓 

𝑆 = √
𝐸 ∗ 𝐼𝑤
𝐺 ∗ 𝐼𝑡

= √
210000 ∗ 7.43 ∗ 109

81000 ∗ 3.84 ∗ 104

= 708.27 

𝑳𝒌𝒊𝒑 = (𝟏.𝟒 − (𝟎. 𝟖 ∗ 𝜷)) ∗ 𝑳𝒔𝒕 =

= (𝟏. 𝟒 − (𝟎. 𝟖 ∗ 𝟎)) ∗ 𝟑𝟎𝟎𝟎

= 𝟒𝟐𝟎𝟎 𝒎𝒎 

𝑳𝒔𝒕 = 𝟑𝟎𝟎𝟎 𝒎𝒎 

𝐿𝑘𝑖𝑝 = 𝐿𝑠𝑡 = 3000 𝑚𝑚 

𝐿𝑠𝑡 = 3000 𝑚𝑚 

 

To derive: 

 

𝑴 = −𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕 𝑵𝒎𝒎 

𝜷 = 𝟎 

Case 1: 𝑪𝟏 = 𝟏.𝟕𝟓 − (𝟏. 𝟎𝟓 ∗ 𝟎) + (𝟎. 𝟑 ∗ 𝟎
𝟐) =

𝟏. 𝟕𝟓 ≤ 𝟐. 𝟑 

𝑪𝟐 = 𝟎 

 

A combination of basic load cases derives a 

structure with the exact moment line of the 

beam  combination of case 1 and 5: 

 

 

To derive: 

 

 

𝑀 = −2.46 ∗ 107 𝑁𝑚𝑚 

𝛽 =
7.92

−24.57
= −0.323 



Frame 3 - CV 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

𝐵∗ =
8 ∗ 𝑀

(8 ∗ |𝑀|) + (𝑞 ∗ 𝐿𝑠𝑡
2 )

=
8 ∗ −2.46 ∗ 107

(8 ∗ 2.46 ∗ 107) + ((16.86 ∗ 30002)

= −0.564 

𝐶1 = 2.3 

𝐶2 = 0.68 

 

C factors are derived by the following figures: 
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 Members in compression and bending 
S12: HEB 140 

𝑵𝑬𝒅
𝝌𝒀𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒚𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒚𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏. 𝟎     

𝟏.𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎  

+ 𝟏. 𝟐𝟎
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟏 ∗
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎 = 𝟏. 𝟎 ≤ 𝟏. 𝟎     

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒛𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒛𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟏𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
+ 𝟎. 𝟔 ∗

𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟏 ∗
𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎 = 𝟎. 𝟒𝟔 ≤ 𝟏 

  

𝑴𝒚,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒚 = 𝟐𝟑𝟓 ∗ 𝟐. 𝟑𝟗 ∗ 𝟏𝟎
𝟓 = 𝟓. 𝟔𝟏 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝑴𝒛,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒛 = 𝟐𝟑𝟓 ∗ 𝟏. 𝟏𝟗 ∗ 𝟏𝟎
𝟓 = 𝟐. 𝟖𝟎 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝒌𝒚𝒚 = 𝑪𝒎𝒚(𝟏+ (𝝀𝒚 − 𝟎. 𝟐) ∗
𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒚(𝟏+
𝟎. 𝟖𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

)     

𝒌𝒚𝒚 = 𝟎.𝟗(𝟏 + (𝟏.𝟐𝟓 − 𝟎. 𝟐) ∗

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎.𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟗(𝟏+

𝟎. 𝟖 ∗ 𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟎. 𝟒𝟓 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
)   

= 𝟏. 𝟑𝟎 ≤ 𝟏. 𝟐𝟎  

𝒌𝒚𝒚 = 𝟏. 𝟐𝟎 

𝒌𝒛𝒚 = 𝟎. 𝟔 +  𝝀𝒛 ≤ (𝟏−
𝟎. 𝟏𝝀𝒛

𝑪𝒎𝑳𝑻 − 𝟎. 𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

)    𝒊𝒇 𝝀𝒛 = 𝟎 < 𝟎. 𝟒 

𝒌𝒛𝒚 = (𝟎. 𝟔 + 𝟎) ≤ (𝟏 − 𝟎)   

= 𝟎. 𝟔 ≤  𝟏 

𝒌𝒛𝒚 = 𝟎. 𝟔 

𝒌𝒚𝒛 = 𝟎. 𝟔𝒌𝒛𝒛 = 𝟎. 𝟔 ∗ 𝟎. 𝟓𝟒 = 𝟎. 𝟑𝟐 

𝒌𝒛𝒛 = 𝑪𝒎𝒛(𝟏+ (𝟐𝝀𝒛 − 𝟎.𝟔) ∗
𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒛(𝟏+
𝟏. 𝟒𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) 

= 𝟎. 𝟔(𝟏 + (𝟐 ∗ 𝟎 − 𝟎. 𝟔) ∗

𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟏𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟔 ∗ (𝟏 +

𝟏. 𝟒 ∗ 𝟏. 𝟖𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟏𝟏 ∗ 𝟗. 𝟖𝟎 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) 
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= 𝟎. 𝟓𝟒 < 𝟎.𝟕𝟒 

𝒌𝒛𝒛 = 𝟎. 𝟓𝟐 

𝑵𝑹𝒌 = 𝒇𝒚𝑨 = 𝟐𝟑𝟓 ∗ 𝟒𝟏𝟕𝟐 = 𝟗. 𝟖𝟎 ∗ 𝟏𝟎
𝟓 𝑵 

For sway buckling (columns): 𝑪𝒎𝒚 = 𝟎.𝟗 

𝑪𝒎𝑳𝑻 = 𝑪𝒎𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒𝝍 = 𝟎. 𝟔 + 𝟎. 𝟒 ∗ 𝟎 = 𝟎.𝟔 ≥ 𝟎. 𝟒 

 

 

S14: IPE 180 

𝑵𝑬𝒅
𝝌𝒀𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒚𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒚𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟎. 𝟗𝟒 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎  

+ 𝟎. 𝟔𝟐
𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎.𝟗𝟎 ∗
𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎 = 𝟎. 𝟒𝟔 ≤ 𝟏     

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

 
+ 𝒌𝒛𝒚

𝑴𝒚,𝑬𝒅

𝝌𝑳𝑻
𝑴𝒚,𝑹𝒌

𝜸𝑴𝟏

+ 𝒌𝒛𝒛
𝑴𝒛,𝑬𝒅

𝑴𝒛,𝑹𝒌

𝜸𝑴𝟏

≤ 𝟏     

𝟖. 𝟏𝟖 ∗ 𝟏𝟎𝟑

𝟏. 𝟎𝟕 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
+ 𝟎. 𝟔 ∗

𝟐. 𝟒𝟔 ∗ 𝟏𝟎𝟕

𝟎. 𝟗𝟎 ∗
𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕

𝟏. 𝟎

+ 𝟎 = 𝟎. 𝟒𝟓 ≤ 𝟏    

𝑴𝒚,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒚 = 𝟐𝟑𝟓 ∗ 𝟏. 𝟔𝟏 ∗ 𝟏𝟎
𝟓 = 𝟑. 𝟕𝟖 ∗ 𝟏𝟎𝟕𝑵𝒎𝒎 

𝑴𝒛,𝑹𝒌 = 𝒇𝒚𝑾𝒑𝒍,𝒛 = 𝟐𝟑𝟓 ∗ 𝟑. 𝟒𝟑 ∗ 𝟏𝟎
𝟒 = 𝟖. 𝟎𝟔 ∗ 𝟏𝟎𝟔𝑵𝒎𝒎 

𝒌𝒚𝒚 = 𝑪𝒎𝒚(𝟏+ (𝝀𝒚 − 𝟎. 𝟐) ∗
𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒚(𝟏+
𝟎. 𝟖𝑵𝑬𝒅
𝝌𝒚𝑵𝑹𝒌
𝜸𝑴𝟏

)     

𝒌𝒚𝒚 = 𝟎. 𝟔𝟏(𝟏 + (𝟎.𝟒𝟑 − 𝟎. 𝟐) ∗

𝟏. 𝟏𝟑 ∗ 𝟏𝟎𝟒

𝟎.𝟒𝟓 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
) ≤ 𝟎. 𝟓𝟗(𝟏 +

𝟎.𝟖 ∗ 𝟏. 𝟏𝟑 ∗ 𝟏𝟎𝟒

𝟎.𝟒𝟓 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏.𝟎
)   

= 𝟎. 𝟔𝟐 ≤ 𝟎.𝟔𝟑 

𝒌𝒚𝒚 = 𝟎. 𝟔𝟐 

𝒌𝒛𝒚 = 𝟎. 𝟔 +  𝝀𝒛 ≤ (𝟏−
𝟎. 𝟏𝝀𝒛

𝑪𝒎𝑳𝑻 − 𝟎. 𝟐𝟓
∗

𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

)    𝒊𝒇 𝝀𝒛 = 𝟎 < 𝟎. 𝟒 

= 𝟎. 𝟔 + 𝟎 ≤ (𝟏 − 𝟎) 

= 𝟎.𝟔 ≤ 𝟏 

𝒌𝒛𝒚 = 𝟎. 𝟔𝟎 

𝒌𝒚𝒛 = 𝟎. 𝟔𝒌𝒛𝒛 = 𝟎. 𝟔 ∗ 𝟎. 𝟓𝟗 = 𝟎. 𝟑𝟔 
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𝒌𝒛𝒛 = 𝑪𝒎𝒛(𝟏+ (𝟐𝝀𝒛 − 𝟎.𝟔) ∗
𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) ≤ 𝑪𝒎𝒛(𝟏+
𝟏. 𝟒𝑵𝑬𝒅
𝝌𝒛𝑵𝑹𝒌
𝜸𝑴𝟏

) 

= 𝟎. 𝟔 ∗ (𝟏 + (𝟐 ∗ 𝟎 − 𝟎.𝟔) ∗

𝟏. 𝟏𝟑 ∗ 𝟏𝟎𝟒

𝟏. 𝟎𝟕 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) ≤ 𝟎. 𝟔 ∗ (𝟏 +

𝟏. 𝟏𝟑 ∗ 𝟏𝟎𝟒

𝟏. 𝟎𝟕 ∗ 𝟓. 𝟒𝟔 ∗ 𝟏𝟎𝟓

𝟏. 𝟎
) 

= 𝟎. 𝟓𝟗 ≤ 𝟎. 𝟔𝟏  

𝒌𝒛𝒛 = 𝟎. 𝟓𝟗 

𝑵𝑹𝒌 = 𝒇𝒚𝑨 = 𝟐𝟑𝟓 ∗ 𝟐𝟑𝟐𝟓.𝟐 = 𝟓. 𝟒𝟔 ∗ 𝟏𝟎
𝟓 𝑵 

𝑪𝒎𝒚 = 𝑪𝒎𝑳𝑻 = 𝟎. 𝟏(𝟏 − 𝝍𝒚) − 𝟎.𝟖𝜶𝒔 ≥ 𝟎. 𝟒 

= 𝟎. 𝟏 ∗ (𝟏 + 𝟎. 𝟑𝟐) + 𝟎. 𝟖 ∗ 𝟎. 𝟔𝟎 = 𝟎.𝟔𝟏 ≥ 𝟎. 𝟒 

𝑪𝒎𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒𝝍𝒛 = 𝟎. 𝟔 + 𝟎. 𝟒 ∗ 𝟎 = 𝟎. 𝟔 ≥ 𝟎. 𝟒 

𝝍𝒚 =
𝑴𝟏

𝑴𝟐
=
𝟏. 𝟏𝟎 ∗ 𝟏𝟎𝟕

−𝟑.𝟒𝟎 ∗ 𝟏𝟎𝟕
= −𝟎.𝟑𝟐 

𝝍𝒛 = 𝟎 

𝜶𝒔 =
𝑴𝒔

𝑴𝒉
=
𝟐.𝟎𝟒 ∗ 𝟏𝟎𝟕

−𝟑. 𝟎𝟒 ∗ 𝟏𝟎𝟕
= −𝟎. 𝟔𝟎 

𝑴𝟏 = 𝟏. 𝟏𝟎 ∗ 𝟏𝟎
𝟕 

𝑴𝟐 = 𝑴𝒉 = −𝟑. 𝟒𝟎 ∗ 𝟏𝟎
𝟕 

𝑴𝒔 = 𝟐. 𝟎𝟒 ∗ 𝟏𝟎
𝟕 

 

 Conclusion: 
Unity check:  S12: HEB 140 S13: IPE 180 

N 0.419 0.016 

M 0.484 0.723 

MN1 1.000 0.460 

MN2 0.461 0.447 

 

In the table above all stability unity check are given. Since the stability check for the column under 

combined compression and bending gives a value equal to 1 it can be concluded that the loading 

condition is equal to the ultimate loading. The forces acting on the structure cannot be increase without 

the structure to collapse. 
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Appendix F: initial geometric imperfection shapes 

Magnitude of imperfections: 

• Eurocode 3: (CEN, 2006): initial geometric imperfections. 

 

• Eurocode 3: (CEN/TC 250/SC 3, 2017) 
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• Eigenbuckling mode method 

 

Situation 1: Sway in y-direction (3D IGI B&S y-y) 
Model13        

Nodal displacements      

  column    Beam 1   Beam 2   

sway in y z-z y-y  z-z y-y z-z y-y 
situation 
1 0 12.99  0 0 12.99 0 

  16.22 19.94  -5.63 6.3 18.62 -6.3 

  21.62 20.1  -7.5 8.4 20.49 -8.4 

  16.22 13.45  -5.63 6.3 18.62 -6.3 

  0 0  0 0 12.99 0 

    Beam 3   Beam 4   

    z-z y-y z-z y-y 

    0 0 12.99 0 

    5.63 6.3 7.36 -6.3 

    7.5 8.4 5.49 -8.4 

    5.63 6.3 7.36 -6.3 

    0 0 12.99 0 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 
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Situation 2: Sway in z-direction (3D IGI B&S z-z) 
Model 17    

 
     

Nodal displacements   
     

sway in z 1, 2, 3, 4     Beam 1     Beam 2   

Situation2 12.99 0   z-z y-y   z-z y-y 

  25.96 9.47   -12.99 0   0 0 

  28.11 13.6   -7.36 6.3   -5.63 -6.3 

  19.46 10.2   -5.49 8.4   -7.5 -8.4 

  0 0   -7.36 6.3   -5.63 -6.3 

     -12.99 0   0 0 

     Beam 3     Beam 4   

     z-z y-y   z-z y-y 

     -12.99 0   0 0 

     -18.62 6.3   5.63 -6.3 

     -20.49 8.4   7.5 -8.4 

     -18.62 6.3   5.63 -6.3 

     -12.99 0   0 0 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

Situation 3: Rotation (3D IGI B&S y-z) 
Model 16          

Nodal displacements        

  column    Beam 1     Beam 2     

sway in xy 9.19 9.19  z-z y-y x z-z y-y x 

situation 1 23.11 18.52  9.19 0 9.19 9.19 0 -9.19 

  26.21 20.1  10.19 -6.3 9.19 10.19 -6.3 -9.19 

  18.51 13.92  7.47 -8.4 9.19 7.47 -8.4 -9.19 

  0 0  1 -6.3 9.19 1 -6.3 -9.19 

       -9.19 0 9.19 -9.19 0 -9.19 

    Beam 3     Beam 4     

    z-z y-y   z-z y-y   

    -9.19 0 -9.19 -9.19 0 9.19 

    -10.19 -6.3 -9.19 -10.19 -6.3 9.19 

    -7.47 -8.4 -9.19 -7.47 -8.4 9.19 

    -1 -6.3 -9.19 -1 -6.3 9.19 

    9.19 0 -9.19 9.19 0 9.19 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 
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Situation 4: Sway in z-direction, with residual stresses (3D IGI B&S y-y +RS) 
 

Model 18        

Nodal displacements      

  column    Beam 1   Beam 2   

sway in y z-z y-y  z-z y-y z-z y-y 

situation 1 0 12.99  0 0 12.99 0 

  2.25 11.99  -1.13 2.25 14.12 -2.25 

  3 9.49  -1.5 3 14.49 -3 

  2.25 5.5  -1.13 2.25 14.12 -2.25 

  0 0  0 0 12.99 0 

    Beam 3   Beam 4   

    z-z y-y z-z y-y 

    0 0 12.99 0 

    1.13 2.25 11.86 -2.25 

    1.5 3 11.49 -3 

    1.13 2.25 11.86 -2.25 

    0 0 12.99 0 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

Appendix G: Amplified sway-moment method 

Amplified sway-moment method 

Condition: 𝛼𝑐𝑟 ≥ 3.0 

𝛼𝑐𝑟 =
𝐹𝑐𝑟

𝐹𝐸𝑑
  or derived by linear buckling analysis. 

LBA mode Buckling type 𝛼𝑐𝑟 

3D frame 2 sway 6.7241 

2D frame 1 LTB-beam 7.3786 

2D frame (lateral supported) 1 sway 23.328 

 

2D frame 2 including bow and sway imperfections 

 

1st step: Linear elastic analysis with horizontal support: 

 

LD5 N 0.835 0.00 0.000 0.000 X K8 

LD11 N 11.536 0.00 0.000 0.000 Z K8 

LD12 N 11.536 0.00 0.000 0.000 Z K11 

LD38 q 1.354 1.354 0.060 2.940 Z' S14 

LD39 q 0.173 0.173 0.000 L X S7 

LD40 q 0.173 0.173 0.000 L X S12 

LD41 q 0.005 0.005 0.000 L Z S14 

LD42 N 0.062 0.00 0.000 0.000 X K8 

LD43 N 0.062 0.00 0.000 0.000 X K11 

 

Reaction force horizontal support = -1.553 kN 
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2nd step: Linear elastic analysis of sway frame with horizontal reaction force. 

 

 

3rd step: approximate second order internal forces 

Add Non-sway by Sway internal forces where the last one is first multiplied by the moment 

amplification factor:  

1

1−1/𝛼𝑐𝑟
=

1

1−1/23.328
= 1.04  

 

  Non-sway     Sway     2nd Order     

  My [kNm] Nx  [kN] Vy [kN] My  [kNm] Nx  [kN] Vy [kN] My  [kNm] Nx  [kN] Vy [kN] 

1 0 -13573 5 0 1559 780 0.00E+00 -1.08E+04 1.37E+03 

2 0 -13413 43 0 -1559 7.79E+02 0.00E+00 -1.61E+04 1.41E+03 

3 -764000 -1411 204 2339000 -779 -1559 3.33E+06 -2.77E+03 -2.52E+03 

3' -764000 -13573 -514 2339000 1559 780 3.33E+06 -1.08E+04 8.51E+02 

4 -523000 -1411 -188 -2337000 -779 779 -4.61E+06 -2.77E+03 1.18E+03 

4' -523000 -13413 -85 -2337000 -1559 -1559 -4.61E+06 -1.61E+04 -2.81E+03 

5 885000 -1411     -779 780 8.85E+05 -2.77E+03 1.37E+03 

6   -13573     1559 779 0.00E+00 -1.08E+04 1.36E+03 

7 -544000 -13413     -1559 -1559 -5.44E+05 -1.61E+04 -2.73E+03 
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 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

2D frame including bow and sway imperfections 

 

LD5 N 0.835 0.00 0.000 0.000 X K8 

LD11 N 11.536 0.00 0.000 0.000 Z K8 

LD12 N 11.536 0.00 0.000 0.000 Z K11 

LD38 q 1.354 1.354 0.060 2.940 Z' S14 

LD39 N 0.062 0.00 0.000 0.000 X K8 

LD40 q 0.173 0.173 0.000 L X S7 

LD41 q 0.173 0.173 0.000 L X S12 

LD42 N 0.062 0.00 0.000 0.000 X K11 

LD43 q 0.275 0.275 0.000 L Y S7 

LD44 q 0.275 0.275 0.000 L Y S12 

LD45 q 0.005 0.005 0.000 L Z S14 

LD46 q 0.004 0.004 0.000 L Y S14 
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Reaction force horizontal support = -1.553 kN 

  

3rd step: approximate second order internal forces 

Add Non-sway by Sway internal forces where the last one is first multiplied by the moment 

amplification factor:  

1

1−1/𝛼𝑐𝑟
=

1

1−1/7.3786
= 1.157  

 

  

 Non-sway     Sway     Second order    

  N My Mz  Vy Vz Ned My Mz  Vy Vz Ned My Mz  Vy Vz 

1 -1.36E+04 0.00E+00 0.00E+00 5.00E+01 4.10E+02 1.56E+03 0.00E+00   7.80E+02   -1.18E+04 0.00E+00 0.00E+00 9.52E+02 4.10E+02 

2 -1.34E+04 0.00E+00 0.00E+00 4.34E+02 -4.10E+02 -1.56E+03 0.00E+00   7.79E+02   -1.52E+04 0.00E+00 0.00E+00 1.34E+03 -4.10E+02 

3 -1.41E+03 -7.64E+05 0.00E+00 2.04E+03 1.00E+01 -7.79E+02 2.34E+06   -1.56E+03   -2.31E+03 1.94E+06 0.00E+00 2.34E+02 1.00E+01 

3' -1.36E+04 -7.64E+05 0.00E+00 -5.44E+02 -4.10E+02 1.56E+03 2.34E+06   7.80E+02   -1.18E+04 1.94E+06 0.00E+00 3.58E+02 -4.10E+02 

4 -1.41E+03 -5.23E+05 0.00E+00 -1.88E+03 1.00E+01 -7.79E+02 -2.34E+06   -1.56E+03   -2.31E+03 -3.23E+06 0.00E+00 -3.68E+03 1.00E+01 

4' -1.34E+04 -5.23E+05 0.00E+00 -8.60E+01 4.10E+02 -1.56E+03 -2.34E+06   7.79E+02   -1.52E+04 -3.23E+06 0.00E+00 8.15E+02 4.10E+02 

5 -1.41E+03 8.85E+05 0.00E+00     -7.79E+02     -1.56E+03   -2.31E+03 8.85E+05 0.00E+00 -1.80E+03   

6 -1.36E+04   3.10E+05     1.56E+03     7.80E+02   -1.18E+04   3.10E+05 9.02E+02   

7 -1.34E+04 -5.44E-01 3.10E+05     -1.56E+03     7.79E+02   -1.52E+04 -5.44E-01 3.10E+05 9.01E+02   

 



Appendix G: Amplified sway-moment method - CXXVII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

3D frame including bow and sway imperfections 

1st step: Linear elastic analysis with horizontal support: 

N 0.835  0 0 X K8 
N 0.835  0 0 X K2 
N 9.6  0 0 Z K2 
N 9.6  0 0 Z K3 
N 9.6  0 0 Z K8 
N 9.6  0 0 Z K11 
q -1.364  0.07 2.93 Z' S13 
q 1.354  0.06 2.94 Z' S2 
q 1.354  0.06 2.94 Z' S14 
q -1.364  0.07 2.93 Z' S16 
N 0.062  0 0 X K2 
N 0.062  0 0 X K8 
q 0.173  0 L X S1 
q 0.173  0 L X S7 
q 0.173  0 L X S12 
q 0.173  0 L X S3 
q 0.275  0 L Y S7 
q 0.275  0 L Y S12 
q -0.275  0 L Y S1 
q -0.275  0 L Y S3 
q 0.005  0 L Z S14 
q 0.005  0 L Z S2 
q 0.001  0 L Z S13 
q 0.001  0 L Z S16 
q 0.004  0 L Y S14 
q -0.004  0 L Y S2 
q 0.001  0 L X S13 
q 0.001  0 L X S16 
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Reaction force horizontal support = -1.499 kN 

2nd step: Linear elastic analysis of sway frame with horizontal reaction force. 

 

 

 



Appendix G: Amplified sway-moment method - CXXIX 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

3rd step: approximate second order internal forces 

Add Non-sway by Sway internal forces where the last one is first multiplied by the moment 

amplification factor:  

1

1−1/𝛼𝑐𝑟
=

1

1−1/6.7241
= 1.175  

 

  

 Non-sway     Sway     Second order    

  Ned My Mz  Vy Vz Ned My Mz  Vy Vz Ned My Mz  Vy Vz 

1 -1,36E+04 0,00E+00 0,00E+00 5,00E+00 4,80E+02 1,50E+03 0,00E+00   7,50E+02   -1,18E+04 0,00E+00 0,00E+00 8,86E+02 4,80E+02 

2 -1,34E+04 0,00E+00 0,00E+00 4,34E+02 -4,80E+02 -1,50E+03 0,00E+00   7,49E+02   -1,52E+04 0,00E+00 0,00E+00 1,31E+03 -4,80E+02 

3 -1,41E+03 -7,64E+05 0,00E+00 2,04E+03 1,00E+01 -7,49E+02 2,25E+06   -1,50E+03   -2,29E+03 1,88E+06 0,00E+00 2,76E+02 1,00E+01 

3' -1,36E+04 -7,64E+05 2,10E+05 -5,14E+02 -3,40E+02 1,50E+03 -2,25E+06   7,50E+02   -1,18E+04 -3,41E+06 2,10E+05 3,67E+02 -3,40E+02 

3" 3,48E+02 2,12E+05 0,00E+00 -1,95E+03 0,00E+00 0,00E+00 0,00E+00   0,00E+00   3,48E+02 2,12E+05 0,00E+00 -1,95E+03 0,00E+00 

4 -1,41E+03 -5,23E+05 0,00E+00 -1,88E+03 -1,00E+01 -7,49E+02 -2,25E+06   -1,50E+03   -2,29E+03 -3,16E+06 0,00E+00 -3,64E+03 -1,00E+01 

4' -1,34E+04 -5,23E+05 2,10E+05 -8,50E+01 3,40E+02 -1,50E+03 -2,25E+06   7,49E+02   -1,52E+04 -3,16E+06 2,10E+05 7,95E+02 3,40E+02 

5 -1,41E+03 8,85E+05 0,00E+00     -7,49E+02     -1,50E+03   -2,29E+03 8,85E+05 0,00E+00 -1,76E+03 0,00E+00 

6 -1,36E+04   4,30E+05     1,50E+03     7,50E+02   -1,18E+04 0,00E+00 4,30E+05 8,81E+02 0,00E+00 

7 -1,34E+04 -5,44E+05 4,30E+05     -1,50E+03     7,49E+02   -1,52E+04 -5,44E+05 4,30E+05 8,80E+02 0,00E+00 

11 -1,36E+04 0,00E+00 0,00E+00 5,00E+00 -4,80E+02 1,50E+03 0,00E+00   7,50E+02   -1,18E+04 0,00E+00 0,00E+00 8,86E+02 -4,80E+02 

13 3,48E+02 2,12E+05 0,00E+00 1,95E+03 0,00E+00 0,00E+00 0,00E+00   0,00E+00   3,48E+02 2,12E+05 0,00E+00 1,95E+03 0,00E+00 

13' -1,34E+04 -7,64E+05 -2,10E+05 -5,14E+02 3,40E+02 1,50E+03 -2,25E+06   7,50E+02   -1,17E+04 -3,41E+06 -2,10E+05 3,67E+02 3,40E+02 

15 3,48E+02 -1,32E+06 0,00E+00   0,00E+00 0,00E+00     0,00E+00   3,48E+02 -1,32E+06 0,00E+00 0,00E+00 0,00E+00 

16 -1,36E+04   -4,20E+05     1,50E+03     7,50E+02   -1,18E+04 0,00E+00 -4,20E+05 8,81E+02 0,00E+00 
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Appendix H: Results of theoretical analysis 

1. Method 1: Sway-mode buckling length method  

1.1. With Eurocode calculations for Lcr, Ncr and Mcr 

3D 
Resistance unity checks 

 

Column Beam1 Beam2 

N 0,152 0,012 0,006 

M 0,495 0,734 0,349 

V 0,039 0,273 0,158 

MV 0,540 0,769 0,389 

MN-y 0,527 0,734 0,349 

MN-z 0,154 0,000 0,000 

M yz 0,398 0,365 0,082 

MVN-y 0,725 0,614 0,292 

MVN-z 0,153 0,334 0,345 

MVN-yz 0,559 0,522 0,193 

Stability unity checks 

 

   

N 0,696 0,037 0,019 

M 0,546 0,994 0,602 

MN 1,124 0,633 0,575 

MN 1,407 1,021 0,620 

 

  



Appendix H: Results of theoretical analysis - CXXXI 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

2D-1 
Resistance unity checks 

 

Column Beam1 

N 0,153 0,012 

M 0,510 0,757 

V 0,100 0,278 

MV 0,545 0,792 

MN-y 0,544 0,757 

MN-z 0,111 0,000 

M yz 0,371 0,388 

MVN-y 0,700 0,634 

MVN-z 0,111 0,335 

MVN-yz 0,517 0,545 

Stability unity checks 

 

  

N 0,337 0,035 

M 0,564 1,026 

MN 1,033 0,657 

MN 0,864 1,052 

 

  



CXXXII - Appendix H: Results of theoretical analysis 
 

 
Titulaer, L.H.J.D. |       

2D-2 
Resistance unity checks 

 

Column Beam1 

N 0,153 0,012 

M 0,511 0,757 

V 0,100 0,278 

MV 0,545 0,792 

MN-y 0,544 0,757 

MN-z 
  

M yz 
  

MVN-y 0,700 0,634 

MVN-z 
  

MVN-yz 
  

Stability unity checks 

 

  

N 0,337 0,012 

M 0,564 0,852 

MN 0,982 0,547 

MN 0,476 0,522 

 

  



Appendix H: Results of theoretical analysis - CXXXIII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

1.2. With  calculations of Lcr, Ncr and Mcr by using linear buckling analysis 

3D 
Resistance unity checks 

 

Column Beam1 Beam2 

N 0,152 0,012 0,006 

M 0,495 0,734 0,349 

V 0,039 0,273 0,158 

MV 0,540 0,769 0,389 

MN-y 0,527 0,734 0,349 

MN-z 0,154 0,000 0,000 

M yz 0,398 0,365 0,082 

MVN-y 0,725 0,614 0,292 

MVN-z 0,153 0,334 0,345 

MVN-yz 0,559 0,522 0,193 

Stability unity checks 

 

   

N 1,718 0,037 0,019 

M 0,596 1,899 1,757 

MN 2,030 1,197 1,665 

MN 2,492 1,917 1,772 
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2D-1 
Resistance unity checks 

 

Column Beam1 

N 0,153 0,012 

M 0,510 0,757 

V 0,100 0,278 

MV 0,545 0,792 

MN-y 0,544 0,757 

MN-z 0,111 0,000 

M yz 0,371 0,388 

MVN-y 0,700 0,634 

MVN-z 0,111 0,335 

MVN-yz 0,517 0,545 

Stability unity checks 

 

  

N 0,537 0,035 

M 0,698 1,684 

MN 1,487 1,070 

MN 0,990 1,703 

 

  



Appendix H: Results of theoretical analysis - CXXXV 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

2D-2 
Resistance unity checks 

 

Column Beam1 

N 0,153 0,012 

M 0,511 0,757 

V 0,100 0,278 

MV 0,545 0,792 

MN-y 0,544 0,757 

MN-z 
  

M yz 
  

MVN-y 0,700 0,634 

MVN-z 
  

MVN-yz 
  

Stability unity checks 

 

  

N 0,536 0,012 

M 0,699 1,684 

MN 1,434 1,070 

MN 0,557 1,021 

 

  



CXXXVI - Appendix H: Results of theoretical analysis 
 

 
Titulaer, L.H.J.D. |       

2. Method 2: Amplified way-moment method 

3D 
Resistance unity checks 

 

Column Beam1 Beam2 

N 0,155 0,042 0,006 

M 0,564 0,837 0,056 

V 0,108 0,294 0,158 

MV 0,601 0,870 0,063 

MN-y 0,603 0,837 0,056 

MN-z 0,154 0,000 0,000 

M yz 0,472 0,505 0,002 

MVN-y 0,756 0,742 -0,038 

MVN-z 0,152 0,281 0,345 

MVN-yz 0,619 0,660 0,010 

Stability unity checks 

 

   

N 0,216 0,127 0,019 

M 0,623 1,058 0,098 

MN 0,662 0,472 0,105 

MN 0,975 1,095 0,117 

 

  



Appendix H: Results of theoretical analysis - CXXXVII 
 

 EUROCODE 3 CALCULATIONS | Example of calculations according to Eurocode 3 for three test frames 

2D-1 
Resistance unity checks 

 

Column Beam1 

N 0,155 0,042 

M 0,575 0,854 

V 0,110 0,298 

MV 0,612 0,886 

MN-y 0,615 0,854 

MN-z 0,111 0,000 

M yz 0,442 0,525 

MVN-y 0,767 0,757 

MVN-z 0,111 0,281 

MVN-yz 0,618 0,679 

Stability unity checks 

 

  

N 0,254 0,128 

M 0,636 1,078 

MN 0,624 0,436 

MN 0,935 1,080 
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2D-2 
Resistance unity checks 

 

Column Beam1 

N 0,165 0,051 

M 0,823 1,220 

V 0,116 0,110 

MV 0,874 1,410 

MN-y 0,889 1,220 

MN-z 
  

M yz 
  

MVN-y 1,041 1,425 

MVN-z 
  

MVN-yz 
  

Stability unity checks 

 

  

N 0,184 0,054 

M 0,909 1,547 

MN 0,756 0,541 

MN 0,694 0,975 
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