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Highlights:  

 the material behaviour of an HEA section varies over the cross-section; 

 Eurocode design rules show unconservative approximations; 

 experimental My-N interaction behaviour is similar to theoretical behaviour; 

 benefit from strain hardening only applies to cross-sections with stocky flanges; 

 current partial safety factor is acceptable for S235/S355, but too small for S460. 

 

Abstract  

This paper describes the assessment of the EN 1993-1-1 [1] design rules for cross-section resistance to 

moment-normal force interaction (M-N interaction). Besides the fact that the Eurocode design rules 

show unconservative predictions of the reduced plastic moment capacity for the presence of relatively 

low normal force, the recommended partial factor is γM0  = 1.00 and relative large shear forces up to 

50% of the shear resistance are allowed. This means that, neglecting a possible benefit from strain 

hardening, the EN 1993-1-1 design rules have no spare capacity available in the section. 

A few large scale experiments for M-N interaction were performed on HEA240 (S355JR) sections. In 

order to simulate the behaviour of a section to M-N interaction, a Finite Element Model was created in 

Abaqus/CAE. The model was validated against the experimental test results. Then, 1188 numerical test 

results were generated. A statistical evaluation to assess the design rule against these numerical test 

results showed that the recommended value γM = 1.00 of the partial factor used in the EN1993-1-1 

design rules is statistically acceptable for I-shaped sections in steel grades S235 and S355. For S460 it is 

necessary to use γM = 1.10 based on the currently available statistical material data.  

 

Keywords: moment-normal force interaction, I-shaped cross-sections, experimental investigation, 

numerical investigation, statistical assessment of design rules 
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1 Introduction 

1.1 Background 

The background of the design rules in ‘EN 1993-1-1: Design of steel structures’ [1] for the cross-

sectional resistance of members is limited and purely based on mechanical principles neglecting strain 

hardening. This structural mechanics approach is reliable and unambiguous for cross-sections subjected 

to single internal forces. However, the interaction of multiple internal forces is less straightforward. 

Within the RFCS-project SAFEBRICTILE, research was carried out by Eindhoven University of 

Technology (TU/e) in the Netherlands to gain more knowledge on resistance design rules for multiple 

internal forces. This paper describes the assessment of the resistance design rules for cross-sections 

subjected to combined bending moment and normal force (M-N interaction) [2]. 

The background documentation [3], which supports the design rules regarding moment-normal force 

interaction, includes one investigation with seven useful test results dating back to 1974 [4], which are 

(very much) on the conservative side compared to the Eurocode design rules. The tests were originally 

performed to investigate cross-sectional classification and were not focussing on cross-sectional 

resistance.  

1.2 Scope and aims 

The scope of the cross-sectional resistance design rules regarding M-N interaction described by the EN 

1993-1-1 is given in clause 6.2.9.1. Only I-shaped, H-shaped, rectangular solid and hollow cross-

sections of steel grades S235, S355 and S460 are regarded. This research focuses on I- and H-shaped 

sections which show plastic behaviour without early interference of stability issues like local buckling, 
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meaning plastic and compact cross-sections (class 1 and 2). The cross-section has to be able to reach the 

plastic moment capacity and therefore yielding of the entire cross-section may occur.  

The primary goal is a statistical assessment according to the procedure of EN1990 Annex D [5] of the 

cross-sectional resistance design rules regarding M-N interaction, with bending moment around the 

strong axis (My). In order to perform an assessment, a population of test results is needed. Numerical test 

results obtained with a model validated against a number of experiments, are used to asses the design 

rule and to determine the associated partial safety factor for My-N interaction. 

1.3 Earlier investigations on MN-interaction 

To the knowledge of the authors the only experiments intended to investigate M-N interaction of 

compact cross-sections were two tests performed by Driscoll and Beedle in 1957 [6]. The documented 

test data are limited, meaning only utilisation ratios are available (no actual values of normal forces and 

bending moments). Besides, the failure behaviour is not clearly reported, which means that it is not 

certain if these specimens really failed in bending-normal force interaction instead of earlier local 

buckling. Hosseini and Abbas [7] showed that there is substantial reserve resistance in a cross-section 

subjected to My-N interaction due to the strain hardening. 

 

2 Theory  

2.1 Exact solution 

For the exact analytical solution of the My-N interaction behaviour of a rolled, I-shaped cross-section, 

perfectly plastic material behaviour was assumed. The second linear branch corresponds with the yield 

plateau and hence with the yield stress fy.  Varying from a small normal force to a large normal force 
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three positions of the plastic neutral axis (pna) can occur: in the web, in the roots or in the flange, as 

shown in Figure 1. 

 

Figure 1 Possible positions of plastic neutral axis 

 

The normal force is attributed to the web area, while the bending moment is symmetrically distributed 

around the horizontal axis. The area necessary to carry the normal force may even expand into the 

flanges.  

 

The validity limits of these positions are as follows (see also Figure 2 for designations): 

plastic neutral axis in the web  NEd ≤ NRd,web   with  NRd,web = fy · tw · d  

plastic neutral axis in the roots  NRd,web < NEd  ≤ NRd,roots  with NRd,roots = fy · (hw · tw + Ar)) 

plastic neutral axis in the flange NRd,roots < NEd ≤ Npl,Rd  with Npl,Rd = fy · A 

 

Where: 

A is the total area of a cross-section 

Ar is the area of the roots = 4 · r2 · (1 – 0.25π) 

NEd  is the design value of the axial force 
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NRd  is the design value of the resistance to axial forces 

My,Ed  is the design value of the bending moment around the strong axis 

b is the width of a section 

d  is the height of the web minus the roots = hw – 2 · r 

fy  is the yield strength 

h  is the height of a section 

hw  is the depth of a cross-section measured between the flanges  

r is the root radius 

tw  is the thickness of the web 

 

Figure 2 Stress distribution of I-shaped cross-section subjected to My-N (plastic neutral axis in web) 

 

The plastic neutral axis is located in the web when for the normal force area in Figure 2 the height is 

limited to 2α ≤ d. Equations (1) to (3) lead to the description of the reduced plastic bending moment 

resistance of equation (4).  

NEd = fy · tw · 2 · α         (1)  

α = 
NEd

fy · tw · 2           (2)  

MN,y,Rd = Mpl,y,Rd - α
 2 · tw · fy        (3) 

MN,y,Rd = Mpl,y,Rd - 
NEd

2

4 ·tw · fy
        (4) 
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Where: 

MN,y,Rd  is the design value of the reduced resistance to a bending moment around the strong axis 

Mpl,y,Rd  is the design value of the resistance to bending moment around the strong axis.  

 

In the case that the plastic neutral axis is located in the flange, meaning δ ≤ tf  according to Figure 3, 

equations (5) to (7) lead to the description of the reduced plastic bending moment resistance of equation 

(8).  

 

Figure 3 Stress distribution of I-shaped cross-section subjected to My-N (plastic neutral axis in flange) 

 

NEd = Npl,Rd - 2 · b · δ · fy         (5)  

δ = 
Npl,Rd - NEd

2 · b · fy 
          (6)  

MN,y,Rd = fy · b · δ · (h - δ)         (7)  

MN,y,Rd = (Npl,Rd - NEd) · 



h

2 - 



Npl,Rd - NEd

4 · b · fy 
       (8)  

 

The calculation of the reduced plastic bending moment capacity for the case where the neutral axis is 

located in the roots leads to extensive equations [2] and is therefore omitted in this paper. Similarly, 

calculations can be made for Mz-N interaction [2]. 
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Using the equations from the exact solution, Figure 4 shows the graphical representation of the M-N 

interaction behaviour of an HEA240 cross-section. The resistance to bending is hardly affected for small 

normal forces, but when the normal force increases, the resistance to bending decreases. When the 

normal force is equal to the cross-section’s plastic resistance, the resistance to bending is obviously zero. 

 

Figure 4 Exact M-N interaction curves for an HEA240 cross-section, left: strong axis, right: weak axis 

 

Since there is more material close to the neutral axis when regarding an I-shaped profile bent around its 

weak axis, its contribution to the moment resistance is smaller. Therefore, the part of the curve 

displaying hardly affected bending resistance is longer for bending around the weak axis than for 

bending around the strong axis. 

2.2 Theoretical reference calculation 

In literature, a theoretical reference calculation is used for comparison with test results [8] and design 

rule proposals for M-N interaction [9]. The theoretical reference calculation contains the same formulas 

as the exact solution, but this calculation is based on just two situations: neutral axis in the web or in the 

flange. To decrease the gap between both curves (the interaction formulas do not intersect, because of 
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the omission of one neutral axis position), the validity limits are modified as shown in equations (9) and 

(10).   

MN,y,Rd  = Mpl,y,Rd  -  
NEd

2

4 · tw · fy
    if  0 ≤ NEd ≤ Npl,w,Rd    (9) 

MN,y,Rd  = (Npl,Rd - NEd) · 



h

2 - 
Npl,Rd - NEd

4 · b · fy
  if  Npl,w,Rd < NEd ≤ Npl,Rd   (10) 

Npl,w,Rd = tw · hw · fy         (11) 

The theoretical reference calculation hardly deviates from the exact solution. It approaches the exact My-

N interaction behaviour by 99.9% to 100.0%  and the exact Mz-N behaviour by 99.7% to 100.0% [2]. 

Obviously, the difference is observed in the part where the neutral plastic axis is in the roots.  

Since the differences with the exact solution are negligible, these simple equations of the theoretical 

reference calculation can also be used for comparisons of existing and newly proposed design rules. 

2.3 Code requirements 

According to EN1993-1-1 clause 6.2.1(7), a linear summation of the utilisation ratios (design load 

divided by design resistance) shown in equation (12) may be used as a very conservative approximation. 

Using this equation the reduced bending moment capacity can be calculated with low computational 

work.   

NEd

NRd
 +  

My,Ed

My,Rd
 + 

Mz,Ed

Mz,Rd
  ≤  1.0       (12) 

Clause 6.2.9.1 of EN1993-1-1 defines a more accurate solution for M-N interaction. For bending around 

the strong axis, no allowance for normal force needs to be made when both equation (13) and (14) are 

satisfied. If one of these criteria is not met, equation (15) may be used to calculate the reduced bending 

moment resistance. 

NEd  ≤ 0.25 · Npl,Rd         (13) 
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NEd  ≤  
0.5 ·  hw ·  tw ·  fy 

 γM0
         (14) 

MN,y,Rd  =  Mpl,y,Rd ·  
(1 - n)

 (1 - 0.5 · a)  ≤  Mpl,y,Rd       (15) 

Where: 

a  is the area of the web over the total area of the cross-section a = (A - 2·b·tf ) / A ≤ 0.5 

n  is the utilisation ratio for normal force n = NEd / Npl,Rd 

γM0  is the partial safety factor for resistance of cross-sections 

 

For bending around the weak axis, no allowance for normal forces needs to be made when equation (16) 

is satisfied. If this is not the case, equations (17)  and (18) may be used to calculate the reduced bending 

moment resistance. 

NEd  ≤  
hw ·  tw ·  fy 

 γM0
           (16) 

MN,z,Rd  = Mpl,z,Rd     if  0 ≤ n ≤ a     (17) 

MN,z,Rd  = Mpl,z,Rd · 







1 - 



n - a

1 - a

2

   if a < n ≤ 1    (18) 

Figure 5 shows the design rules of the Eurocode compared to the theoretical reference calculation. 

Moreover, the design rules of the former German standard, the DIN18800-1 [10] are plotted.  
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Figure 5 M-N interaction for an HEA240 section according to the current and former code 

requirements, left: strong axis, right:weak axis. 

As shown, the Eurocode and former German standard generate both unconservative results compared to 

the structural mechanics approach, particularly for low values of n. Besides the partial factor used for the 

Eurocode calculation is γM0  = 1.00 and relative large shear forces are allowed up to half of the shear 

capacity. This means that the EN 1993-1-1 design rules have no spare capacity available in the section, 

when neglecting a possible benefit from strain hardening. 

The former German standard results in conservative values for Mz-N interaction for larger values of n. In 

all cases, the linear interaction curve is very conservative.  

2.4 Recent proposals for design rules  

In the last few years a lot of proposals to clause 6.2.9.1 of EN1993-1-1 were presented to make the 

governing standard more accurate. An overview of these proposals is presented in reference [2], a 

graphical representation is shown in Figure 6. The disadvantage of these proposals is that they are only 

based on structural mechanics and not validated by means of experiments. 
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Figure 6 Proposals for M-N interaction design rules for an HEA240 section, left strong axis, right weak 

axis 

3 Experimental investigation 

3.1 Material properties testing 

Material tests were performed to gain information about the actual material behaviour under tension and 

compression, since the specimen in a full scale M-N interaction test will also be subjected to both 

compression and tension. 

All test coupons (and also the full scale specimens) were taken from HEA240 beams belonging to one 

batch. Since this research is about material behaviour in the longitudinal direction of the specimen, all 

test specimens are longitudinally orientated. Test coupons were taken from both the flanges and the web 

at different positions. Figure 7 (left) shows the positions on the cross-section which were used for test 

coupons. In general position 1, located at 1/6th of the sections width, is used as the characteristic 
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position to describe the overall material behaviour. The results of the test coupons are attributed to 

corresponding areas of the cross-section as shown in Figure 7 (right). 

 

Figure 7 Positions for material testing (left), attributed to areas in the cross-section (right) 

3.1.1 Tensile tests 

The tensile coupons were tensioned until rupture according to ISO 6892-1 [11] in a displacement 

controlled 250 kN test rig where the strain was measured with two extensometers.  

The static yield stress was measured to eliminate the influence of the loading rate. This was 

accomplished by pausing the test rig three times in the yield plateau and three times after yielding, 

according to the structural stability guide by Ziemian [12]. At each stop the load decreased until it was 

stabilised, resulting in  drops in the stress–strain curve. The static stress-strain curve was created by 

shifting the dynamic (measured during non-stop test) stress-strain curve downwards to these low points. 

Following [12], a measured material property neglecting pausing the test is indicated by the word 

‘dynamic’, e.g. the dynamic yield stress, and a material property taking pausing of the test into account 

is indicated by the word ‘static’, e.g. the static yield stress. 

The average values of the yield stresses at different positions in the cross-section are listed in  

Table 1. The measured static yield stresses in the tensile tests are between 233 N/mm2 and 406 N/mm2. 
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Table 1 Dynamic and static yield stresses measured during material tests 

 Static yield stress [N/mm2] Dynamic yield stress [N/mm2] 

Position Tension Compression Tension Compression 

1 263 273 283 294 

2 233 235 258 260 

3 281 - 296 - 

4 406 - 416 - 

5 355 362 376 378 

6 277 275 298 297 

Stub column - 307 - 317 

 

3.1.2 Compression tests 

Since compression coupons are sensitive to buckling about their weak axis, the coupons were provided 

with a lateral support system, identical to the test set-up in Spoorenberg, Snijder and Hoenderkamp [13]. 

Due to the absence of a necking phenomenon, the ultimate compression stress cannot be obtained, but 

the yield stress, Young’s modulus and strain at yielding can be determined by compression tests. 

The coupons were loaded up to 2% strain in a displacement controlled 250 kN test rig with a test speed 

of 0.2 mm/min. Two strain gauges were attached at mid-height on the opposite unsupported sides of the 

coupon to exclude any bending. The output from both gauges was averaged to obtain the actual strain in 

the coupon. The average values of the measured static and dynamic yield stresses are listed in  

Table 1. 

3.1.3 Stub column test 

In addition, a stub column test was performed to determine the overall material behaviour of an HEA240 

cross-section under compression. The test consisted of a specimen having a length of 500 mm which 

was compressed in a displacement controlled 2.5 MN actuator until the load dropped significantly. Two 



16 

 

strain gauges at opposite sides on the mid-height of the flanges were used to determine the stress-strain 

relationship of this stub column. The stress is determined by dividing the total measured force by the 

initial measured area of the cross-section.  

As shown in Figure 8, after a distinct elastic and plastic branch, the cross-section was not able to reach 

the state of strain hardening, since the flanges had started to buckle due to yielding. 

 

Figure 8 Stress-strain diagram of the stub column test (HEA240 cross-section) 

3.1.4 Results of material testing 

Based on the material tests, the following can be concluded: 

 the material behaviour of an HEA-cross-section is not homogenous across the section: position 2 has 

the lowest yield stress and position 4 the greatest (see Figure 9 for a summary of the measured 

engineering stress-strain curves). For positions 4 and 5 the yield plateau is missing, which might 

prevent the development of the perfectly plastic state of the cross-section. The differences in material 

behaviour depending on coupon position might be caused by the rolling process; 
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Figure 9 Static engineering stress-strain curves of tension coupons and stub column, HEA240 

(S235JR) 

 the material behaviour, both quantitative and qualitative, is similar under compression (up to 2% 

strain) and tension in the longitudinal direction; 

 the option for partitioning the cross-section as shown in Figure 7 leads to a weighted average of the 

static yield stress of 286 N/mm2, while the dynamic value is 305 N/mm2. The yield stresses measured 

in the stub column test were greater: 307 N/mm2 and 317 N/mm2 respectively; 

 the stub column test result shows an elastic-plastic stress-strain diagram with a small start of strain 

hardening until the flanges started to buckle due to yielding of the material. This means that the 

overall behaviour is not affected by the missing yield plateau at the positions 4 and 5.  

 to gain a better insight into the distribution of the material properties within the cross-section, more 

positions have to be tested. Further research on these material properties could reduce the differences 

between the stub column yield stress and the weighted average yield stress determined with the 

coupons. 
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3.2 Full scale experiments 

3.2.1 Experimental program 

To test the actual behaviour of an HEA240 cross-section subjected to combined strong axis bending and 

normal force, a specific test set-up was designed (see Figure 10 for the principle). Ten specimens (5 

different duplicate tests) with a length l of 1200mm were subjected to combined bending and normal 

force without interference of other mechanisms like buckling and lateral-torsional buckling. The 

specimens were tested in three utilisation ratios: n = 0.125 (2x), n = 0.4 (6x) and n = 0.6 (2x).  

 

Figure 10 Principle of the My-N interaction test set-up 

The difference in load application for utilisation ratio n = 0.4 (3x2 tests) is a small sub-study in the 

experimental research. Three different options in load application were tested, see Figure 11 for 

graphical interpretation: 

1. Proportionally: NE,ecc and NE,cen both increase in a predetermined ratio.  

2. Constant moment (ME): first the maximum experimental moment achieved during the proportional 

test will be applied by NE,ecc, thereafter NE,cen will increase. 
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3. Constant normal force (NE): first the maximum normal force which is derived from the 

proportional test will be applied as NE,cen. Then NE,ecc is increased to apply the bending moment. 

While NE,ecc is increased, NE,cen is decreased in such a way that NE remains constant.  

The remaining 4 tests (with n = 0.6 and 0.125) were performed following load application case 1, since 

the design rules are based on this way of load application.  

 

Figure 11 Ways of load application to the My-N interaction specimens (dots are fictitious 

measurements), HEA240 

 

The response of a test specimen in a My-N interaction test was measured at several places. An 

impression of the measurements on a specimen is presented in Figure 12. Mitotuyo displacement 

controllers were connected to a second standalone frame positioned next to the test rig and measured the 

deflection in the plane of the web (δ1) at three spots over the height of the specimen. With this 

information the deflection at mid-height e2 - without interference of the ends of the specimen - can be 

calculated. The shortening of the column (δ2) and the deflection of the arms (δ3) were measured by 
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Linear Variable Differential Transducer (LVDTs). At each arm one inclinometer measured the rotation 

of the arms ϕ. Electrical strain gauges at mid-height of the specimen measured the strain ε.  

  

Figure 12 Schematic representation of the My-N interaction test (left), experimental test set-up (right) 

 

3.2.2 Full scale test results 

Figure 13 shows the force-deformation graph of the tests with n = 0.4. These tests showed different 

experimental test results, because of the difference in the onset of a moment due to eccentricity.  

The first two numbers in the name of a specimen define the utilisation ratio n, the third number refers to 

the load application type as mentioned before and the last number (not shown in Figure 13, but used in 

Table 2) refers to the specimen number.  

Overall, the force-deformation curves of the proportionally loaded specimens (MN041/MN01/MN06) 

show a distinct elastic branch followed by a decreasing plastic branch, which might be caused by the 
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small extra moment due to the increasing eccentricity. The maximum force, which is reached just after 

the start of the plastic branch, is regarded as the experimental ‘failure’ load and is used to determine the 

experimental failure normal force and bending moment (see dots in Figure 13). The total normal force 

NE at ‘failure’ is the sum of the centric and eccentric maximum experimental failure loads. While the 

corresponding ‘failure’ moment My,E is the summation of the eccentric force multiplied by the initial 

eccentricity of 750 mm and the total normal force multiplied by the deformation at midheight e2 

(including the second order moment due to eccentricity).  

 

Figure 13 Experimental test results for My-N interaction, n = 0.4 (HEA240, S235JR) 

For every set of two tests one specimen was continuously loaded, while the second specimen was 

paused three times in the plastic range to determine the static values of the test results.   

Table 2 summarises all My-N interaction full scale test results. The static values of the first tests (last 

specimen number is 1) were calculated based on the percentage of the static values compared to the 

dynamic values which were measured in the second test (last specimen number is 2).  

Table 2 My-N interaction experimental test results 

 Dynamic Static 

Specimen Fexp,cen Fexp,ecc My,Ed NEd Fexp,cen Fexp,ecc My,Ed NEd 
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 kN kN kNm kN kN kN kNm kN 

MN0411 712 196 160 908 694* 191 156 885 

MN0412 717 198 159 915 699* 193 155 892 

MN0421 662 200 160 862 605* 200 159 805 

MN0422 642 200 161 842 587* 200 160 787 

MN0431 704 198 159 902 719* 183 148 902 

MN0432 712 199 161 911 727* 184 150 911 

MN0111 0 289 221 289 0 278 213 278 

MN0112 0 289 221 289 0 278 213 278 

MN0611 1190 132 110 1322 1134* 126 105 1260 

MN0612 1190 132 108 1322 1134* 126 103 1260 

* Not actually ‘fair’, since the jack follows the other jack, or the other jack is stable 

Static values in italic are calculated values 

 

However, the static values are not always fair since the load application as explained in section 3.2.1 is 

in almost all cases a system of one jack following the other jack. Only one jack shows an actual drop in 

loading and thus the actual static value, the static value for the other loading just follows the actual drop 

from the master jack because of the predetermined ratio (load application 1 and 3) or is stable (load 

application 2).  

The dynamic failure loads of the MN043 set are similar to those of the MN041 set. The static values of 

the eccentric forces of the MN043 set might be affected by a chain reaction initiated by the decreasing 

load: the eccentric displacement was paused and therefore the eccentric loading dropped, but the centric 

loading increased as a reaction on the decreasing eccentric force, leading to another drop in eccentric 

loading until that stabilised. This shows that one should be cautious when comparing these static failure 

loads.  

The dynamic force-deformation curves show that the effect of the small extra moment due to the 

increasing eccentricity for the MN041 set is negligible compared to the curve of the MN043 set. The 
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only difference in extra moment for the MN043 set compared to the MN041 set is the centric force 

multiplied by e2, since the eccentric force still causes an extra moment.  

As shown in Table 2, no centric force is needed for the tests with utilisation ratio n = 0.125, since the 

initial eccentricity is already 750 mm and the total normal force should be low. Because of that, these 

two tests were performed completely displacement-controlled, resulting in ‘true’ static values. 

 

Figure 14 Comparison between experimental and theoretical test results (static values) 

 

Figure 14 shows the comparison between the experimental static test results and the EN1993-1-1 design 

rules. It seems that these rules are conservative when the nominal yield strength or yield strength at the 

characterising position 1 (provided by the producer) is used for the entire cross-section. However, in this 

case more data about the material behaviour is available resulting from the small scale material tests. 

After implementing this data in the EN1993-1-1 design rules, it seems that the Eurocode design rules 

accurately predict the experimental failure loads.  

Since the exact actual material behaviour always remains unknown, it is better to compare the Eurocode 

design rules with validated numerical simulation results instead of experimental results. The numerical 

simulations have well known material behaviour. 
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4 Numerical investigation 

4.1 Modelling 

Abaqus/CAE was employed to simulate the structural response of the HEA240 cross-sections subjected 

to combined normal force and bending. A Finite Element Method (FEM) model was built and validated 

against the test results. Since the FEM model, based on solid elements, is fully controlled by a Python 

script, all models are easy to adapt.  The HEA240 cross-section had 5 elements over the flange thickness 

and 4 elements over the web thickness, resulting in a total number of 700 elements over the cross-

section.  

The measured engineering stresses and strains were converted to true stresses and strains to allow for 

geometrical effects such as necking of the cross-section and elongation of a tension test coupon.  

The model uses two sets of material properties: one which defines the material behaviour according to 

the stress-strain curves measured for tension at the positions as shown in Figure 7 and one with the stub 

column material properties based on the complete cross-section.  

The numerical tests were performed by means of a geometrical and material nonlinear analysis (GMNA) 

to include plastic behaviour and deformations. For solving, the Riks method was used, since this method 

solves simultaneously for loads and displacements and is therefore able to calculate a negative stiffness 

in the load-displacement response. 

4.2 Validation 

The FEM model was able to replicate the experimental test results with good accuracy. In Table 3, the 

numerical failure loads are compared with the experimental failure loads (% difference) on four aspects: 

centric normal force Ncen, eccentric normal force Necc, total normal force NE and bending moment My,E. 
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The total percentage, being an average value for all compared parameters, is shown in the last column of 

Table 3. 

 

Table 3 Overview of FEM model validation against experiments (dynamic values) 

Specimen Material model* Ncen Necc NE My,E Total 

- - % % % % % 

MN041 TC -5.0 -4.1 -4.8 -6.5 -5.1 

MN041 SC -0.3 0.5 -0.2 -1.2 -0.3 

MN042 TC -8.6 0.0 -6.5 0.1 -3.7 

MN042 SC 6.5 0.0 5.0 -0.9 2.6 

MN043 TC 2.0 -8.1 0.0 -9.8 -3.9 

MN043 SC 0.0 0.0 0.0 -0.6 -0.2 

MN01 TC - -5.3 -5.3 -5.3 -5.3 

MN01 SC - 0.3 0.3 0.2 0.3 

MN06 TC -2.9 -2.8 -2.9 -5.2 -3.5 

MN06 SC 1.7 1.8 1.7 -0.3 1.2 

* TC: tension coupons bi-linear, SC: stub column 

 

For experiments with a proportional load application (MN041/MN01/MN06) the total difference 

between numerical and experimental test results does not exceed a deviation of 1.2% for the model with 

stub column material properties and 5.3% for the model with material properties based on tension 

coupon test results.  

For the tests with load application case 2 (MN042), which means that My,E was constant, the differences 

for Ncen are the highest. This might be caused by the fact that the eccentric loading was constant and did 

not deviate from the experimental behaviour. All deviations were therefore concentrated in the centric 

loading.  
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The stub column material model seems to be very accurate, while the model with the material properties 

based on the tension coupons is less accurate. Further research on the material properties should reduce 

these differences. It can be concluded that the numerical model has been validated. For the statistical 

evaluation, nominal values for material properties will be used.  

 

5 Statistical evaluation 

5.1 Parametric study 

The validated FEM model was used to generate numerical tests by performing a parametric study. This 

resulted in a database of numerical tests used to statistically evaluate the Eurocode design rule.  

In a physical test several imperfections (both material related and of geometrical nature) can be present: 

deviation of the stress-strain diagram from the nominal stress-strain diagram, inhomogeneous material, 

imperfections in the geometry of the cross-section, initial load eccentricity, and so on. In the statistical 

analysis of this research, geometric cross-sectional deviations and deviations in yield strength are taken 

into account.  

5.1.1 Resistance function and parameters 

The basic input variables for the Eurocode design resistance (Mpl,y,Rd, n and a) depend on the geometrical 

parameters height h, width b, root radius r, flange thickness tf, web thickness tw and the yield stress fy.  

These parameters are not constant for every cross-section and therefore their variability had to be taken 

into account by means of a statistical distribution. Since the distributions of these parameters are 

available and  generally accepted, the numerical tests were performed with nominal geometric and 

material parameters (bi-linear material model), to include the variability of these parameters later.  
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The distributions shown in Table 4 and Table 5 were considered for the variability. Table 4 was obtained 

from studies of Da Silva et al. [14] for S235 and S355 and from studies of Braconi et al. [15] for S460. 

The used geometrical property distributions are shown in  Table 5, taken from research by Alpsten [16] 

and Taras [17]. The root radius was set constant, since this parameter is basically constant in all cases 

because of the manufacturing process [18].  

 

Table 4 Adopted yield stress distributions 

Steel grade fy,nom fy,mean σfy c.o.v. fy,mean / fy,nom 

 N/mm2 N/mm2 N/mm2 % - 

S235 235 297.3 17.1 5.8 1.27 

S355 355 419.4 20.3 4.8 1.18 

S460 460 520.0 26.8 5.2 1.13 

σfy = standard deviation of fy, c.o.v. = coefficient of variation: σ / fy,mean 

 

Table 5 Adopted geometrical distributions 

Parameter mean c.o.v. 

 - % 

bmean/bnom 1 0.9% 

hmean/hnom 1 0.9% 

tf,mean/tf,nom 0.975 3.0% 

tw,mean/tw,nom 1.025 4.0% 

c.o.v. = coefficient of variation 

 

For the yield stress, the nominal value is a guaranteed value, which means that the scatter and mean 

value are always higher than the nominal value. The nominal geometrical properties on the other hand 

are not guaranteed values, therefore the mean value is close to or equals the nominal values.  
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Moreover, the basic variables were treated as statistically independent which is also adopted in EN 1990 

[5], but this is not always the case. For example, the yield stress is dependent on the plate thickness and 

cross-sectional dimensions could depend on each other due to the fact that the element mass is strictly 

monitored [20].  

5.1.2 Sub-sets 

For the parametric study three aspects were varied: normal force utilisation ratio n, cross-section and 

steel grade, leading to a (numerical) test population of 1188 tests, as shown in Table 6. The basic cross-

section is a HEA240, since this research concentrated on this cross-section. The other cross-sections 

were chosen in such a way that cases were created with at least one similar parameter next to significant 

differences in the others. Wpl,y, a and A are the most important parameters in this research.  

 

Table 6 Numerical test population (# = number of specimens) 

Utilisation ratio n # Cross-section # Similarities Steel grade # 

    with HEA240   

0.00 < n < 0.25 24 HEA240 99  S235 396 

0.25 ≤ n < 0.50 25 HEM400 99 Similar a S355 396 

0.50 ≤ n < 0.75 25 IPE330 99 Similar Wpl,y S460 396 

0.75 ≤ n < 1.00 25 HEB200 99  Similar a, Wpl,y,   

Total 99  396   1188 

 

With some numerical tests it was shown that a linear relation is present between the yield stress and the 

reduced bending moment capacity. Therefore all 396 numerical test results performed with steel grade 

S235 were rescaled to S355 and S460 test results.  



29 

 

In addition, it was important to check the cross-section classification of the sections for higher steel 

grades. Since cross-sections in higher steel grades will be highly stressed, the possibility of local 

buckling is increased. 

According to the classification in the Eurocode design rules, the IPE330 cross-section with the web 

mainly subjected to compression and the HEA240 cross-section with the flanges subjected to 

compression have to be categorised as sections which are not able to reach the plastic stress distribution 

due to early local buckling (class 3 and 4). However, the FEM model showed that these two cross-

sections in steel grade S355 or S460 were able to reach the plastic stress distribution. This means that 

rescaling was also acceptable for these cross-sections.  

5.1.3 Numerical test results 

Except for the HEM400 cross-section, the numerical tests showed similar results as the exact solution 

based on structural mechanics, as shown in Figure 15 for an HEA240. For the HEA240, IPE330 and 

HEB200, the nominal solution based on the exact theoretical calculation seems to provide very accurate 

results, while the Eurocode design rules seems to be unconservative for small values of n.   

The resistance of the HEM400 cross-section deviates from the exact solution since the flanges are not 

able to buckle easily after yielding (compare a flange thickness of 15 mm for IPE330 mm with 40 mm 

for the HEM400). Therefore, the HEM400 cross-section is in fact able to reach the state of strain-

hardening leading to higher resistances.  For that reason HEM400 results are omitted.  

The numerical test results for steel grades S355 and S460 are equal to the numerical test results shown in 

the dimensionless graph of Figure 15, since these are only rescaled by increasing the yield stress. 
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Figure 15 HEA240 numerical test results 

 

5.2 Statistical evaluation procedure 

The first step in the statistical evaluation according to Annex D of EN 1990 [5] is to calculate the mean 

value of the correction factor b, as shown in equation (19). This factor is a global value for a subset, it 

represents the accuracy of the resistance function and therefore should not strongly diverge from 1.0.  

b =  


i = 1

N
 re,i · rt,i

 
i = 1

N
 rt,i 

2

          (19) 

With: 

N is the number of numerical tests 

b is the correction factor 

re,i is the experimental (numerical in this case) resistance value for specimen i 

rt,i is the theoretical (Eurocode in this case) resistance value for specimen i, see section 2.3 
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The second step is to determine the error term δi (equation (20)) which represents the scatter around the 

estimator straight line with points corresponding to (rt,i , re,i). 

δi = re,i / (b · rt,i )          (20) 

The error term can be used to calculate the coefficient of variation of the error term Vδ, given by 

equation (21) to (23). 

∆i = ln(δi)           (21) 

s∆
2 = 

1
N-1 · 

i = 1

N
 (∆i - ∆mean)

2         (22) 

Vδ = exp(s∆
2) - 1         (23) 

The third step is to determine the coefficient of variation of the basic input variables, Vrt,i with the 

statistical distributions in Table 4 and Table 5. Vrt,i is obtained for each specimen as shown in equation 

(24). The partial derivatives are determined by means of an iterative numerical process [2][18]. 

Vrt,i 
2 =  

1
rt,i (Xm) 2 ·  

j = 1

k

 
d rt,i (Xj)

d Xj
 · σj        (24) 

Where: 

rt,i (Xm) is the theoretical resistance with mean variables for specimen i 

σj  is the standard deviation of variable Xj (X = h, b, tf, tw, fy) 

These two coefficients of variations take into account the variability of the variables (Vrt) and the error 

related to the design model (Vδ). The fourth step entails determination of the discounted design value of 

the resistance rd,i, as shown in equation (26). The reduction factor Q is shown in equation (25).  

Q = ln(Vδ 
2 + Vrt,i 

2 + 1)         (25) 

rd,i = b · rt,i (Xm) · exp(-kd · Q - 0.5 · Q2)   with kd = 3.04    (26) 
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The design fractile factor kd depends on the reliability index β according to Annex C of EN 1990 [5]. 

Here a reference period of 50 years and a reliability class of RC2 (medium consequence of loss of 

human life) is assumed, leading to a value of kd = 3.04. This corresponds to a probability of failure of 

roughly 10-4. 

The last step compares the calculated design value of the resistance rd,i with the nominal theoretical 

resistance, which leads to a partial safety factor for each specific case. The nominal theoretical 

resistance is determined by substituting all nominal parameters in the equations explained in section 2.3. 

The global partial safety factor for a subset is determined as a mean value of the specific partial safety 

factors (see equation (28)). This partial safety factor will be compared to the target value of γM0  = 1.00. 

γM,i  = rnom,i  / rd,i           (27) 

γM = 
1
N · 

i=1

N
  γM,i           (28) 

With: 

rnom,i is the nominal theoretical resistance for specimen i 

γM is the partial safety factor 

5.3 Statistical evaluation results  

A summary of the statistical evaluation is shown in Table 7. The HEM400 cross-section is omitted since 

it is able to reach the state of strain hardening causing very large ‘failure’ resistances, which will distort 

the results. Overall, the partial safety factor needs to be high for 0.00 < n < 0.25 because of the large 

deviation of the numerical results. Moreover, the partial safety factor for 0.75 ≤ n < 1.00 needs to be 

high too, due to high relative deviation: a small deviation on a small value can be relatively high.  

 
Table 7 Corrected partial safety factors for higher steel grades per cross-section 
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 Corrected partial safety factor γM

Cross- 0.00 < n < 0.25 0.25 ≤ n < 0.50 0.50 ≤ n < 0.75 0.75 ≤ n < 1.00 Overall (all n) 

section S460 S460 S460 S460 S235 S355 S460 

HEA24 1.092 1.088 1.102 1.116 0.993 1.037 1.093 

HEB20 1.087 1.084 1.097 1.109 0.989 1.033 1.088 

IPE330 1.115 1.082 1.060 1.072 0.995 1.041 1.097 

Overall 1.100 1.085 1.089 1.100 0.994 1.038 1.094 

 

The current partial safety factor γM0 = 1.00 for the HEA240, IPE330 and HEB200 cross-sections seems 

to be correct for S235 and S355. The partial safety factor should be greater for higher steel grades, 

caused by a smaller ratio of the mean yield stress over the nominal yield stress, as shown in Table 4. 

As shown in Figure 16, for a HEA240 section in steel grade S235 statistically 95% (from mean -2σ to 

mean +2σ) of a population will have a greater yield stress than the nominal value. Therefore, the critical 

area between the Eurocode design rule and the numerical test results for small values of n does not 

matter.  This means that in a normal situation, when there is not much information present about the 

material behaviour, the scatter between the actual and nominal material behaviour would result in 

additional safety in the design rules, which is most beneficial for small values of n. This is different for 

S460 as can be seen in Figure 16 as well.  

For S355 and S460, statistically more test results will be in the critical area, which results in an increase 

in partial safety factor.  

Since the distribution of the variables is constantly subject to changes due to better measurements, 

different methods and standards of production techniques, the required partial safety factor can change 

over the time. Fortunately, it seems that the mean value of the yield stress will only be more favourable, 

leading to a decrease of the partial safety factor.  
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Figure 16 My-N interaction of HEA240: nominal, mean and standard deviation for S235 (left) and S460 

(right) 

6 Discussion 

It was expected that strain hardening would result in additional safety, especially for small values of n. 

However, that is not the case for cross-sections with slender flanges, since the specimen is not able to 

reach the state of strain hardening due to preceding plastic buckling of the flanges.  It is the statistical 

distribution of the yield stress which causes the additional safety for the design rules for small values of 

n for steel grade S235 and S355. 

The recommended value of the partial safety factor γM0 = 1.00 for the HEA240, HEB200 and IPE330 

cross-sections as used in the EN1993-1-1 design rules for My-N interaction is acceptable for steel grades 

S235 and S355, but is too low for S460. If a factor of 1.00 would be accepted while 1.094 is needed, the 

factor kd needs to be 1.54, leading to a reliability index β = 1.93. This means that  a probability of failure 

of more than 10-2 would be accepted, which is a multiplication of the probability of failure by 100. It is 
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therefore advised to increase the recommended value for the partial safety factor to 1.10 for S460 or to 

modify the strength function accordingly, until more favourable statistical data for S460 become 

available.  

 

7 Conclusions 

‐ The theoretical reference calculation for M-N interaction gives an accurate approximation of the 

exact theoretical M-N interaction behaviour of a cross-section; 

‐ The material behaviour of a HEA cross-section is not as homogenous as often assumed; the 

‘locked up’ root positions show different behaviour from other positions; 

‐ Full scale My-N interaction tests with different load application methods do not show the same 

results, caused by the difference in the onset of a moment due to eccentricity. This leads to slightly 

different utilisation ratios, but all corresponding with the theoretical interaction curve; 

‐ The Eurocode design rule assumes benefit from strain hardening for small values of n, while in 

fact this is not true for all cross-sections (depending on the slenderness of the compressed parts); 

‐ Cross-sections with slender flanges (HEA, IPE, HEB) are not able to reach the state of strain 

hardening due to plastic ‘local buckling’ caused by yielding, while cross-sections with stocky 

flanges (HEM) show higher resistances;  

‐ The behaviour of a cross-section with slender flanges subjected to combined strong axis bending 

and normal force is similar to the theoretical exact behaviour.  

‐ The partial safety factor γM0 = 1.00 used in the Eurocode design rules for My-N interaction is 

statistically acceptable for cross-sections in steel grades S235 and S355. For S460 it is 

recommended to use γM0 = 1.10 based on the currently available statistical material data.  
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