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ABSTRACT 
Nedal was established in 1938 and is specialized in the production of high quality aluminum 

profiles. Since 1949 a large part of the production consists of aluminum lighting columns. In 

2013, Nedal and the TU/e started a collaboration which resulted in a project to optimize the 

lower 1,2 meter of their aluminum lighting columns. The lighting column consist of an outer tube 

with an opening for the inspection hatch. This hatch is used for maintenance of the lighting 

columns. The opening is strengthened with an expanded inner tube. The inner tube is 

strengthened with reinforcement, this means the inner tube is locally thickened next the 

opening. This graduation project is the third project at the TU/e concerning the aluminum 

columns. The first project was the graduation project [1] of J. van Dun, that included an 

experimental and numerical study. He concluded that peak stresses arise in the corner of the 

original opening and suggested an oval opening. The second project [2,3] of S. de Jongh and M. 

Scheen included an experimental research to specimen with the original and the oval opening. 

The test setup of J. van Dun was improved during their experimental research. Another 

important project is the experimental and numerical research performed by TNO [4-7] to the 

aluminum lighting columns.  

The main objective of this graduation project is to optimize the design of a lighting column using 

a validated numerical model. The aim of the optimization is achieving a higher resistance for a 

combination of bending and torsion, without modifying the total aluminum mass. Several steps 

have been taken for completing the optimization. First of all, the numerical model was validated 

with experimental results of TNO [5] and S. de Jongh and M. Scheen [2,3]. This validation 

included the moment – rotation diagram and the failure mode amongst others. The elastic 

branch of the moment – rotation diagrams of all numerical models corresponded very well with 

the experimental tests. The results differ more in the plastic branch. But overall, the numerical 

models could be validated properly with the experimental results. Secondly, the bending 

moment versus torsional moment interaction was established for the two types of opening. The 

interaction diagram of the oval opening revealed to be more suited to resist a combination of 

torsion and bending. Thirdly, the opening has been optimized with a parameter study. The total 

area of the opening remains the same as the original design for an accurate comparison. The 

shape has been varied to optimize the opening. Fourthly, reinforcement is added to the model 

with the optimized opening. The location of the reinforcement was varied for the optimization. 

The optimization was limited to the current production process of Nedal. All the models which 

were included in the optimization process could be produced by Nedal.  

After this optimization 3 different models are recommended to Nedal. Two models are 

recommended when the lighting columns are loaded by a combination of bending and torsion, 

the resistance of these models have increased 12% in comparison to the original design. Another 

model is recommended when the lighting columns are loaded by pure bending, the resistance of 

this model is slightly increased by 6%. The models with an oval opening are more suited for 

lighting columns with 1 cantilever and the models with straight edges are more suited for 

symmetric lighting columns with 2 cantilevers. The optimization included models with an 

opening which had the same area as the original design. However, the minimal size of the 

opening is significantly smaller. Nedal could consider to increase the resistance of the lighting 

column drastically by making the opening smaller. This modification to the opening will result in 

less space for maintenance.   
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SAMENVATTING (DUTCH) 
Nedal is opgericht in 1938 en is gespecialiseerd in de productie van hoge kwaliteit aluminium 

profielen. De productie van aluminium lichtmasten is voor het bedrijf een steeds grotere rol 

gaan spelen sinds 1949. In 2013 is een samenwerking ontstaan tussen Nedal en de TU/e. Deze 

samenwerking resulteerde in een optimalisatie van de voet van een aluminium lichtmast. De 

voet van de lichtmast bestaat uit een buitenbuis met een inspectieluik. Dit inspectieluik wordt 

gebruikt voor onderhoud aan de lichtmast. De opening is verstevigd door een geëxpandeerde 

binnenbuis. Deze binnenbuis heeft langs de opening 2 verdikkingen die zorgen voor extra 

versteviging. Dit is het derde project betreft de optimalisatie van de lichtmasten aan de TU/e . J. 

van Dun heeft aan het eerste project [1] gewerkt. Dit project bestond uit een experimentele en 

een numerieke studie. Hij concludeerde dat er piekspanningen ontstonden in de hoeken van de 

opening, daarom stelde hij voor om de opening een ovale vorm te geven. Het tweede project 

[2,3] van S. de Jongh en M. Scheen was een experimentele studie naar de originele en ovale 

opening. Hier was de proefopstelling van J. van Dun verbeterd. Een ander belangrijk project is 

het onderzoek van TNO [4-7] naar de aluminium lichtmasten.  

De doelstelling van dit project is om het ontwerp van de lichtmasten te optimaliseren door 

middel van een gevalideerd numeriek model. Deze optimalisatie heeft als doel om het materiaal 

gebruik gelijk te houden, maar de weerstand van de lichtmast te verhogen. De optimalisatie 

bestaat uit een aantal stappen. Ten eerste wordt het numerieke model gevalideerd met de 

experimentele resultaten van TNO [5] en S. de Jongh en M. Scheen [2,3]. Deze validatie bestaat 

onder andere uit het moment – rotatie diagram en de bezwijkmodus. De elastische tak van het 

moment – rotatie diagram in de modellen komt goed overeen met de experimentele resultaten. 

De plastische tak vertoont meer verschillen. Toch kan geconcludeerd worden dat de numerieke 

modellen goed gevalideerd konden worden met de experimentele resultaten.  Ten tweede werd 

het interactiediagram gemaakt van de originele en de ovale opening. Uit het interactiediagram 

van de ovale opening blijkt dat de ovale opening geschikter is als het model wordt belast met 

een combinatie van torsie en buiging. Ten derde wordt de opening van de lichtmast 

geoptimaliseerd met een parameter studie. Voor een eerlijke vergelijking is er gekozen om het 

oppervlakte van de opening gelijk te houden aan de originele opening. De hoogte, breedte en 

vorm van de opening worden gevarieerd voor de optimalisatie van de opening. Ten slotte 

worden de verstevigingen toegevoegd aan het model met de geoptimaliseerde opening. De 

locatie van deze verstevigingen is gevarieerd om het ontwerp te optimaliseren. De optimalisatie 

was gelimiteerd door het huidige productieproces van Nedal. Alle varianten die gemaakt zijn in 

dit project kunnen geproduceerd worden door het huidige productieproces van Nedal.  

Na de optimalisatie zijn 3 verschillende modellen aanbevolen aan Nedal. Twee modellen worden 

aanbevolen wanneer de lichtmasten belast worden op een combinatie van buiging en torsie,  de 

weerstand is verhoogd met 12% in vergelijking met het originele ontwerp. Een ander model 

wordt aanbevolen wanneer de lichtmasten belast worden op pure buiging, de verhoging in 

weerstand is dan 6%. Hieruit blijkt dat de modellen met een ovale opening meer geschikt zijn 

voor lichtmasten met 1 overstek en modellen met rechte zijdes meer geschikt zijn voor 

symmetrische lichtmasten met 2 overstekken. De optimalisatie is uitgevoerd met een opening 

met hetzelfde oppervlak als de originele opening. De minimale afmetingen van de opening zijn 

een stuk kleiner. Nedal kan overwegen om de weerstand van de lichtmasten drastisch te 

verhogen door de opening te verkleinen. Hierdoor zal er minder ruimte zijn voor onderhoud. 
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LIST OF SYMBOLS 
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CALT  An altitude factor to be taken as 1,0 unless specified in EN40 3-1 Annex A. Where 

topography is significant then the altitude shall be taken at the base of the 

topographic feature and not at the level of the site of the column 

Ce(z)  Factor depending on the terrain of the site and the height above ground z                        

          (EN40 3-1 art.3.2.5) 

Cs  Factor to convert Vref from an annual probability of exceedance of 0.02 to other  

probabilities       (EN40 3-1 Annex A) 

E  Modulus of elasticity (in N/mm²) 
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L  Length (mm) 

Mw Torsional moment (in Nm) 

R Mean radius of cross-section (in mm) 

Tu Ultimate torsional moment of resistance 

Vref 10 minutes mean wind velocity at 10 m above ground of terrain category II 

having an annual probability of exceedance of 0.02 

Vref;0 Basic value of the reference wind velocity at 10 m above sea level obtained from 

the wind maps referred to in EN40 3-1 Annex A 

ZP Plastic modulus of the cross-section (in mm³) 

Zpn Plastic modulus of the cross-section about the plastic neutral axis n-n (in mm³) 

Zpy Plastic modulus of the cross-section about the plastic neutral axis y-y (in mm³) 
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Latin lower case letters 
f  Topography factor      (EN40 3-1 art. 3.2.5) 
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g  Factor that is for circular sections 1,0 
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β  Factor depending on the dynamic behavior of the column  (EN 40 art. 3.2.4) 

γm Partial material factor  
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τ Shear stress 
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φ  Angle of rotation (in degrees) 

ϕ1 Factor having the value obtained from the curve appropriate to the cross-section 

in EN40 3-3 Figure 2 

ϕ2 Factor with a value equal to (0,474*E) / (fy *(R/t)1,5) but not greater than 1,0 

ϕ3 Factor with a value equal to (t² * E)/(t²*E + 0,07 RL fy) but not greater than ϕ1 

ϕ4 Factor with a value equal to (t² * E)/(t²*E + 0,035 RL fy) but not greater than ϕ2 

ϕ5 Factor having the value obtained from EN40 3-3 Figure 4 using the appropriate 
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1 INTRODUCTION 
Nedal approached the University of Technology in Eindhoven with a research proposal about the 

resistance of an aluminum lighting column. Nedal is a company that produces high quality 

aluminum profiles since 1938. The production of lighting columns has an increasingly important 

role since 1949. Considering the amount of lighting columns that are produced, a small 

improvement in the design could save a lot of expenses.  

Although lighting columns are traditionally produced in steel, aluminum lighting columns have 

interesting properties in comparison to steel. The use of aluminum result in low maintenance of 

the lighting column, because aluminum is resistant to uniform corrosion. Aluminum has a low 

density, which results in a low self-weight of the lighting column. This is an advantage on the 

construction site. A lower self-weight result in a lower required lift capacity of a crane. This can 

reduce the cost during construction. Research has shown that aluminum lighting columns form a 

much less hazardous obstacle than comparable lighting columns made of other materials. A 

disadvantage of aluminum is the material cost, these cost are in comparison higher than steel. 

1.1 PREFACE 
In 2013, Nedal and the University of Technology in Eindhoven started a collaboration, which 

resulted in a project about the resistance of an aluminum lighting column. In the same year J. van 

Dun worked on his graduation project [1] which focused on the optimization of the lower 1,2 m 

of an aluminum lighting column loaded by a torsional moment. This optimization was realized 

by minimizing the quantity of aluminum in a lighting column with a parameter study. His study 

consisted of  both experimental and numerical research. The experimental program resulted in a 

torsional moment – rotation diagram. The numerical model simulates the same loading case and 

also results in a moment-rotation diagram. When examining the results of J. van Dun, a 

significant difference is shown in the results of the experimental and numerical part. His 

moment-rotation diagram didn`t have a horizontal asymptote but increased rapidly after a 

rotation of approximately 15 degrees. This difference in diagram is likely due to some errors in 

the experimental setup. He has drawn a series of conclusions. First of all, the inner tube and 

outer tube were adequately connected due to the pressure fit and friction. Secondly, the corners 

of the opening were the weak point of the profile with high peak stresses. Thirdly, the influence 

of the service hatch was insignificant and can be ignored completely.  

Using his numerical research and a simple parameter study, he suggested some improvements 

of the aluminum lighting column. An important alteration was the shape of the opening in the 

lightning column. The original and modified design are shown in Figure 1.  
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 Figure 1: Left the original design, Right the modified design [1] 

In 2014 S. de Jongh and M. Scheen improved the experimental setup of J. van Dun in their 

research project [2,3]. They performed tests on specimens with the original and modified design 

recommended by J. van Dun`s graduation project [1]. The experimental research resulted in a 

moment-rotation diagram that showed a parabolic line with a horizontal asymptote. This is an 

improvement compared to the results of J. van Dun. Although the moment-rotation diagram is 

more realistic, these results have yet to be verified with a numerical model.  

Other projects were performed outside of the Technical University of Eindhoven for Nedal. From 

2000 till 2003 TNO has performed research into the structural resistance of the lighting column. 

This research includes an analytical, experimental and numerical part [4-7]. The lighting 

columns were loaded by a combination of torsional and bending moment. The ratio between 

these loads were given by Nedal. TNO concluded that a sufficiently long inner tube ensures a 

100% collaboration between the inner and outer tube, if the tube is loaded by a bending 

moment. A conservative 50% collaboration was recommended for designs with a sufficiently 

long inner tube, if the tube is loaded by a torsional moment.  

1.2 PROBLEM STATEMENT 
The standard NEN-EN40 [8] provides calculation methods to determine the resistance of 

lighting columns. The lighting columns can be strengthened by different types of reinforcement. 

Nedal combines reinforcement type 4 and 5, see Figure 2. The outer tube is strengthened with 

an inner tube and the inner tube contains reinforcement type 4. The standard NEN-EN40 [8] 

does not include calculation methods to determine the resistance of the lighting column as 

produced by Nedal. The standard [8] also states that the influence of the inner tube is neglected 

when the lighting column is loaded by a torsional moment, although the experimental results 

[2,3] indicate that the inner tube has a large influence on the torsional resistance of a lighting 

column.  
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Figure 2: Reinforcement type 4 and 5 as described in NEN-EN40 [8]. 

The main question of this graduation project is: “What is the optimal design of an aluminum 

lightning column with the aim of increasing the resistance when it is loaded with a combination of 

torsion and bending?” The numerical research of the graduation project of J. van Dun [1] reveals 

that peak stresses arise in the corners of the original opening. He suggested a modified opening 

shaped as an ellipse to reduce these peak stresses, see Figure 1 for the original and modified 

design. The experimental research of S. de Jongh and M. Scheen [2,3] included both the original 

and modified design. The results of these tests reveal that the original design has a higher 

torsional resistance as the modified design. Thus the optimal design of the aluminum column is 

not conceived yet.  

1.3 OBJECTIVE 
The objective of this graduation project is to optimize the design of a lighting column which is 

strengthened with an inner tube and reinforcement using a validated FE model. The FE model 

can be validated with the experimental results of S. de Jongh and M. Scheen [2,3] and the 

experimental results of TNO [5]. Normalized interaction diagrams will be created for both the 

original and the modified design. These will reveal the resistance of the lighting column, when it 

is loaded by a combination of bending and torsion. The optimization will consist of a parameter 

study. This parameter study includes the shape and dimensions of the opening and the location 

and shape of the reinforcement on the inner tube. Eventually a recommendation is given to 

Nedal for the optimal design of the lighting column.  

  



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  17 

1.4 PROJECT CONTENTS 
To get to an optimized design for the lighting column, this graduation project contains four 

phases.  In these phases certain topics need to be discussed to get an adequate result. 

1. Literature study 

The torsional and bending resistance of several types of cross-section are discussed separately 

according to the NEN-EN40 [8]. These calculation methods reveal the influence of the 

parameters used in the equations. The combination of torsion and bending according to the 

NEN-EN40 [8] will also be discussed. 

The numerical model can be validated with experimental results. The results of several 

experimental researches will be discussed. The results of a lighting column loaded by a torsional 

moment are included in the research project [2,3] of S. de Jongh and M. Scheen. TNO report [5] 

includes experimental results of a lighting column loaded with a combination of torsion and 

bending. In 2003, TNO also performed a numerical study [6] of the lighting columns. This study 

will be analyzed and modelling techniques will be considered for the numerical model in the 

current study. 

Finally the literature survey consist of a study into the pressure fit connection between the inner 

and outer tube. This consists of a study into the production process and of 2 different friction 

models that are included in the FE program. 

2. The numerical research 

The experimental research of S. de Jongh and M. Scheen [2] includes tests of specimen that 

consist only of an outer tube loaded by a torsional moment. These tests have been modelled first, 

because it is not required to model the production process. The results will be validated by 

several checks, with the most important check being the comparison of the moment-rotation 

diagram of the tests. In addition, strain gauges were placed in the corners of the inspection hatch 

to measure the strain at these critical areas. The strain measured during the tests can be 

compared with the strains in the numerical model.  The comparison of the failure mode of the 

experiments and the numerical model is another check to validate the model.  

Before the numerical model of an inner and outer tube can be created, the modelling technique 

for the pressure fit connection has to be analyzed. Three different models have been created to 

validate the production process. The first model validates the expansion process of the inner 

tube with an inside pressure. The results can be compared to an analytic model created by TNO 

[4]. The second model includes the same expansion process, but validates the friction between 

the inner and outer tube with a pulling test. The required force is measured when the inner tube 

is pulled out of the outer tube. The numerical results are compared to the results of an 

experiment described in the report of TNO Annex F [6]. The third model is the same model as 

the second model, except for the expansion process. The expansion process is now initiated with 

a cone instead of an inside pressure.  
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The experimental research of S. de Jongh and M. Scheen [2,3] also includes tests of specimen that 

consist of an inner and outer tube loaded by a torsional moment. Both the original and the 

modified design were tested. The experimental research of TNO [5] also includes a specimen 

with an inner and outer tube and the original design. This numerical model is also included, 

because the specimen is loaded by a combination of bending and torsion. All models will be 

validated with the same checks as discussed for the numerical model with only an outer tube. 

3. Optimization design 

Firstly the minimum requirements of the dimensions of the inspection hatch have to be 

specified, because this is an important factor in the resistance of the structure. The minimum 

dimensions of the inspection hatch are smaller than applied in the original design. The same 

area of the opening in the inner tube is used in the optimization for a fair comparison. Another 

aspect that affects the optimized design is the production process of the lighting columns. The 

cross-section of the lighting column and inner tube cannot differ over the length of the tube due 

to the extrusion process, except for the opening which is cut-out after the extrusion.  

The optimization consist of a parameter study, which reveal the influence of certain parameters 

on the bending and torsional resistance. The optimization addresses the shape of the opening 

and the location of the reinforcement.  

4. Discussion/Conclusion/Recommendation 

At the end of this report the graduation project is evaluated and critical decisions are discussed. 

A conclusion can be drawn from the optimization of the design to evaluated if the optimization 

was successful. Certain models can be recommended to Nedal with their advantages and 

disadvantages.  
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2 LITERATURE STUDY 

2.1 STRUCTURAL DESIGN ACCORDING TO NEN-EN40 
In this chapter the load combinations acting on the lightning column and the resistance of the 

structure according to the standard NEN-EN40 [8,9] are discussed. The loads on the structure 

include wind load and self-weight. The self-weight of the aluminum structure itself is negligible 

in the numerical research due to the very small effect of the load. The self-weight of the 

luminaires is not negligible and  is considered when a lighting column with a cantilever at one 

side is calculated. In this situation the self-weight can causes an extra moment in the same  

direction than the wind load.   

2.1.1 WIND LOADS 
The value of the wind load is dependent of the geographical location and the dimensions of the 

lighting column. The wind load can be calculated according to the standard NEN-EN40 [9], with 

the formula (1) and (2). 

𝑞(𝑥) =  𝛿 ∗ 𝛽 ∗ 𝑓 ∗ 𝐶𝑒(𝑧) ∗ 𝑞(10)         (1) 

𝑞(10) = 0,5 ∗  𝜌 ∗ (𝐶𝑠)2 ∗ 𝑉𝑟𝑒𝑓²         (2) 

Variable ρ is the air density, which is constant for wind calculations and taken equal to 1.25 

kg/m³ according to NEN-EN40 [9]. Variable Cs is a factor to convert Vref from an annual 

probability of exceedance to other probabilities. The probability of exceedance is 1/(design life 

requirement in years). This is 50 years for most structures. For lighting columns the normal 

requirement is for a mean return period of 25 years for which the factor Cs should be taken as 

√0,92. 

The wind velocity (Vref) is depending on Vref,0 and CALT, which can be calculated with equation (3). 

Variable Vref,0 is the basic value of the reference wind velocity at 10 m above sea level. It`s value 

is given in the national annex to NEN-EN 1991-1-4+A1+C2 [10] The value is depending on the 

geographical location. Because the lighting columns are used throughout the 3 different wind 

areas, the largest Vref,0  is applied. Figure 3 presents the Vref,o values for the Netherlands.   

 
Figure 3: Table NB.1 – Vref,0 for the Netherlands [10] 

𝑉𝑟𝑒𝑓 = 𝑉𝑟𝑒𝑓,0 ∗ 𝐶𝐴𝐿𝑇                          (3) 

The smaller the size of a surface subject to the wind load, the more likely it is that the maximum 

pressure acts over its full area. This is taken into account by the factor δ. The factor δ for the 

column size can be calculated with formula (4). 

𝛿 = 1 − 0,01 ℎ[𝑚]          (4) 
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Variable β is a factor depending on the dynamic behavior of the column. It`s value can be 

determined with the graph shown in Figure 4. The horizontal axis in this graphs describes the 

period of vibration (T) and the vertical axis the β-factor. This graph presents 3 lines, for 3 

different construction materials: 

1. Metal 

2. Pre-stressed concrete 

3. Reinforced concrete 

Because the lighting columns can have various designs, the period of vibrations are diverse. The 

governing situation includes a large period of vibration which results in a large β-factor. If the 

period of vibration is taken at the maximum of the graph, β is equal to 2,0. 

 
Figure 4: The graph to determine the β-factor [9] 

Variable Ce(z)  describes the variation of wind pressure with respect to height above ground and 

depends on the terrain category.  Figure 5 presents various terrain categories according to the 

standard NEN-EN40.  

 
Figure 5: The terrain categories [9] 

Since the lighting columns need to be capable of being constructed throughout the Netherlands, 

category II is assumed. The situation that a lighting column needs to be calculated with category 

I is rare. Figure 6 presents the factor Ce(z) in relation with the height of the lighting column.  
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Figure 6: The Ce(z) coefficient in relation to the height [9] 

 

2.1.2 TORSIONAL MOMENT 
In practice there will always be either a combination of torsional and bending moment, or a pure 

bending moment. This chapter describes the procedure to calculate the torsional resistance 

according to NEN-EN40 [8].  

2.1.2.1 TORSIONAL RESISTANCE 
Firstly the torsional resistance is calculated for a closed cross-section, see Annex A.2 for the full 

calculation. The torsional resistance is calculated with equation (5). Symbols are provided in the 

list of symbols. 

𝑇𝑢 =
𝑓𝑦 ∗ 𝜙2 ∗ 𝜋 ∗ 𝑅2 ∗ 𝑡

𝛾𝑚 ∗ 103
                                                                                                                                 (5) 

Secondly, the torsional resistance can also be calculated for an open cross-section. This 

calculation is presented in Annex A.4. The torsional resistance of an open cross-section can be 

calculated with equation (6).  

𝑇𝑢 =
𝑓𝑦 ∗ 𝑔 ∗ 𝜙4 ∗ 𝜙5 ∗ 𝑅3 ∗ 𝑡

𝛾𝑚 ∗ 𝐿 ∗ 103
                                                                                                                          (6) 
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Thirdly, the torsional resistance is calculated for a reinforced open cross-section, see Annex A.6 

for the full calculation. There are 2 types of reinforcement included in the lighting column of 

Nedal. Nedal includes an inner tube as reinforcement. This is included in the calculation by 

increasing the thickness. This results in a structure where all the stresses between the inner and 

outer tube are transmitted. The second type of reinforcement used by Nedal is type 4, see Figure 

7. The torsional resistance is calculated with equation (7).  

𝑇𝑢 =
𝑓𝑦 ∗ 𝜙6(𝜙5 + 𝑃𝜙7) ∗ 𝑅3 ∗ 𝑡

𝛾𝑚 ∗ 𝐿 ∗ 103
                                                                                                                  (7) 

 
Figure 7: Type 4 reinforcement [8] 

The torsional resistance of the 3 different types of tube are calculated according to the standard 

NEN-EN40 [8]. The resistance of the tubes are compared in Table 1. Note that the cross-section 

with an inner tube are calculated with the assumption that the friction between the inner and 

outer tube is high enough to fully transmit all the stresses. With this assumption the total 

thickness of the tube increases with thickness of the inner tube. Some conclusions can be drawn 

with the results of Table 1: 

- The opening in the tubes result in a drastic reduction of the torsional resistance. 

- The use of reinforcement results in increases the torsional resistance significantly.  

Table 1: The comparison of the torsional resistance of the different types of tubes 

Type Torsional resistance 
(kNm) 

Ratio 

Closed cross-section 10.20 1.00 
Open cross-section 0.47 0.05 
Type 4 reinforced open cross-
section with inner tube 

1.37 0.13 
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2.1.3 BENDING MOMENT 
Unlike the torsional moment, the bending moment is not constant over the height of the lighting 

column, but increases towards the support.  

2.1.3.1 THE DESIGN OF THE LIGHTING COLUMN WITH GOVERNING BENDING MOMENT 
A number of load cases and different lighting columns were considered to get the maximum 

bending moment. The structure is loaded by two different loadings: the wind load and the self-

weight of the lighting column. The governing load case for the highest bending moment can 

easily be determined. The governing load case for the highest pure bending moment is a 

symmetric lighting column with two cantilevers loaded as shown in Figure 8. The self-weight of 

the aluminum structure is neglected in the calculations due to the insignificant effect on the 

structure. The self-weight of the Luminaires is in this situation also negligible, because this 

loading case consist of a symmetrical lighting column. For the governing situation the inspection 

hatch is on the front of the lighting column, see Figure 8.  

The dimensions of the lighting column are determined with “Design standards for urban 

infrastructure – Street lighting section 12” [11]. The height of roadside columns according to the 

design standard varies from 4 m to 15 m and the outreach arm varies from 1,5 m to 4,5 m. In 

order to get the governing conditions the height and outreach arm are determined at the 

maximum values. The outreach arm is designed at both sides of the column to maximize the 

surface of the lighting column loaded by the wind. An overview of the structure is presented in 

Figure 8.  

 
Figure 8: The design of the lighting column with the extreme bending moment 
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The structural model of the lower 1200 mm is shown in Figure 9. The moment at node 2 is the 

internal moment at 1200 mm above the surface. This model is simplified in Figure 10. In this 

model the moment is constant over the length. This moment has a value of the moment at the 

support, so safe calculations will be made in the simplified model.   

 
Figure 9: The structural model of the first 1200 mm of the lighting column 

 

 
Figure 10: The simplified structural model 

 

2.1.3.2 BENDING RESISTANCE 
The bending resistance can be calculated according to the standard NEN-EN40 [8]. Firstly the 

bending resistance is calculated for a closed cross-section, the full calculation is included in 

Annex A.1. The bending resistance is calculated with equation (8).   

𝑀𝑅𝑑 =
𝑓𝑦 ∗ 𝜙1 ∗ 𝑍𝑝

𝛾𝑚 ∗ 103
                                                                                                                                              (8) 

Secondly, the bending resistance can also be calculated for an open cross-section. This 

calculation is also presented in Annex A.3. The bending resistance of an open cross-section 

varies for the x and y direction. This variation occurs due to a difference in section modulus. The 

n and y directions are positioned in Figure 11. The bending resistance can be calculated with 

equation (9) and (10). The bending resistance can also be calculated with the assumption that 

the friction between the inner and outer tube is high enough to fully transmit all stresses. With 

this assumption the total thickness of the tube increases with the thickness of the inner tube.  

 
Figure 11: The position of the x and y direction 
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𝑀𝑅𝑑;𝑛 =
𝑓𝑦 ∗ 𝑔 ∗ 𝜙3 ∗ 𝑍𝑝𝑛

𝛾𝑚 ∗ 103
                                                                                                                                 (9) 

𝑀𝑅𝑑;𝑦 =
𝑓𝑦 ∗ 𝑔 ∗ 𝜙3 ∗ 𝑍𝑝𝑦

𝛾𝑚 ∗ 103
                                                                                                                                (10) 

Thirdly, the bending resistance is calculated for a reinforced open cross-section, see Annex A.5 

for the full calculation. The same types of reinforcement were used as described in section 

2.1.2.1. The bending resistance is different in the n- and y-direction due to the opening in the 

cross-section. These directions can be calculated with equation (11) and (12). The results of all 

calculations of the bending resistance are presented and compared in Table 2. Some conclusions 

can be drawn with these results. 

- The opening in the tubes result in a drastic reduction of the torsional resistance. 

- The use of reinforcement results in a significantly increase in torsional resistance. 

- The resistance in the y-direction is significantly higher than in the n-direction. 

𝑀𝑅𝑑;𝑛 =
𝑓𝑦 ∗ 𝜙6 ∗ 𝑍𝑝𝑛𝑟

𝛾𝑚 ∗ 103
                                                                                                                                     (11) 

𝑀𝑅𝑑;𝑦 =
𝑓𝑦 ∗ 𝜙6 ∗ 𝑍𝑝𝑦𝑟

𝛾𝑚 ∗ 103
                                                                                                                                      (12) 

 
Table 2: The bending resistance of the different lighting columns. 

Type Torsional resistance 
(kNm) 

Ratio 

Closed cross-section 12.98 1.00 
Open cross-section (n-direction) 2.58 0.20 
Open cross-section (y-direction) 4.90 0.38 
Type 4 reinforced open cross-
section with inner tube (n) 

9.07 0.70 

Type 4 reinforced open cross-
section with inner tube (y) 

16.97 1.31 
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2.1.4 COMBINATION OF BENDING AND TORSIONAL MOMENTS 
If there is only one outreach arm at one side of the column, it will introduce a torsional and 

bending moment in two directions. The extreme values of a height of 15 m and an outreach arm 

of 4,5 m are considered for the governing situation. The overview of the structure is presented in 

Figure 12. 

 
Figure 12: The design of the lighting column with the extreme torsional moment 

According to the standard NEN-EN40 [8] the combination of bending and torsion can be 

calculated with equation (13). The side of the inspection hatch can be situated parallel and 

perpendicular to the outreach arm. The bending resistance in the y-direction is less than in the 

n-direction, see Table 2. In the governing situation the inspection hatch is located parallel to the 

outreach arm, this way the wind load creates a moment in y-direction. The self-weight of the 

aluminum structure is negligible, but the self-weight of the luminaires initiates a bending 

moment in the n-direction.  

𝑀𝑛

𝑀𝑢𝑛
+

𝑀𝑦

𝑀𝑢𝑦
+

𝑇𝑝

𝑇𝑢
 ≤ 1                                                                                                                                      (13) 

 
Figure 13: Interaction visualized for 3 components 
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2.2 ANALYTICAL MODEL OF THE BENDING AND TORSIONAL 

RESISTANCE 
In the TNO report [4], an analytical model is presented for the bending and torsional resistance 

of several types of tube. However according to the TNO report, the analytical model for the 

torsional resistance with an inspection hatch is difficult to derive.  In particular the influence of 

the prevented curvature is difficult to define. A procedure is available in NPR 993 [12] to 

determine the torsional resistance. According to the TNO report [4] this method does not result 

in a reduction of the torsional resistance, if the inspection hatch has a relatively small height. The 

application of this procedure is probably limited to a certain height of the inspection hatch.  

The analytical model in the report presents accurate equations for the calculation of the bending 

resistance. The cross-sectional properties of a circular tube with an inspection hatch are 

presented in Table 3. These equations are more accurate than the equations given by NEN-EN40 

[8]. 

Table 3: The cross-sectional properties of a circular tube with an inspection hatch [4]. 

 

The full derivation of these equations are shown in the TNO report [4] in Annex C. The equations 

are an approximation with variables: R (radius), T (thickness) and θ (angle of half the opening). 

These variables are shown in Figure 14. It should give an accurate approximation to compare 

with the numerical model.  

 
Figure 14: The variables used in Table 3 [4] 
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2.3 EXPERIMENTAL RESEARCH AT THE TU/E 
In 2013, J. van Dun worked on his graduation project [1] which focused on the optimization of  

an aluminum lighting column loaded with a torsional moment. The experiments were performed 

on a column of 1,2 m at the position of the inspection hatch. His study consisted of  both 

experimental and numerical research. The experimental setup consist of a steel framework with 

2 hydraulic jacks connected to introduce the torsional moment. J. van Dun tested four types of 

specimen. He performed tests on a closed cross-section, an open cross-section, an open cross-

section with an inner tube and an open cross-section with inner tube and with an closed 

inspection hatch. These specimen are presented in Figure 15. 

 
Figure 15: The four different types of specimen tested by J. van Dun [1]. 

During the tests the displacements were measured, which can be converted into a rotation. 

These experiments resulted in a moment-rotation diagram. The numerical model simulates the 

same loading case and also resulted in a moment-rotation diagram. J. van Dun only created a 

numerical model for a lighting column without an inner tube, so only these results could be 

compared. His conclusions are as follows: First of all, the experimental research showed that the 

inner tube and outer tube were adequately connected due to the pressure fit and friction. 

Secondly, the corners of the opening were the weak point of the profile with high peak stresses. 

Thirdly, the influence of the service hatch was insignificant and can be ignored completely. Using 

his numerical research and a simple parameter study, he suggested some improvements of the 

aluminum lighting column. An important alteration was the shape of the opening in the lightning 

column (see Figure 16). When examining the results of J. van Dun, a significant difference is 

shown in the results of the experimental and numerical part. The moment-rotation diagram of 

his experimental research didn`t have a horizontal asymptote but increased rapidly after a 

rotation of approximately 15 degrees. This difference is likely due to errors in the experimental 

setup. After approximately 15 degrees the specimen was deformed asymmetrically, which 

causes the jacks to form an unwanted angle to the headpiece. At some point the headpiece 

transferred the force from one of the jacks to the other, without increasing the torsional moment 

equally on the specimen. Because the forces in the jacks increased rapidly by this phenomena, 

the torsional moment in the results increased as well. This resulted in the increase of the 

stiffness in the moment-rotation diagram.  
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Figure 16: Left is the original design and on the right side is the modified design by J. van Dun [1] 

In 2014 S. de Jongh and M. Scheen improved the experimental setup of J. van Dun in their 

research project [2,3]. A major improvement in the experimental setup is the horizontal 

placement of the specimen (see Figure 17). This way an inclinometer can be used, which need to 

be placed horizontal to measure the angle of the slope during the tests. With the inclinometer S. 

de Jongh and M. Scheen could measure the angle of the slope with more precision than J. van 

Dun. A disadvantage of the horizontal placement of the specimen is the bending moment that is 

introduced due to the self-weight of the specimen and the self-weight of the end panel where the 

torsional moment is introduced. Through the use of a counterweight at the end of the specimen, 

this bending moment will be of minor influence. Another improvement in the experimental 

setup is the connection of the jacks. S. de Jongh and M. Scheen connected the jacks to the frame 

with a spherical bearing. This way the angle of the jacks can follow the asymmetrical plastic 

deformation of the specimen. During the test turnbuckles are used to measure the vertical 

displacements at the counterweight. For the horizontal displacement turnbuckles are placed 

parallel to the specimen.  
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Figure 17: The top view of the experimental setup of J. van Dun (left) and the side view of the experimental 
setup of S. de Jongh and M. Scheen (right) [2]. 

S. de Jongh and M. Scheen performed tests on specimens with the modified design recommended 

by J. van Dun`s graduation project [1].The experimental research consisted of 10 specimens, four 

tests were performed with an inner- and outer tube and six were performed without the inner 

tube. The experimental research resulted in a torsional moment-rotation diagram that 

presented a parabolic line with a maximum resistance (see Figure 18). This moment-rotation 

diagram seem more realistic and accurate than the results of J. van Dun. The data of the 

experimental research of S. de Jongh and M. Scheen are used to verify the numerical model 

created in this graduation project. These results has to be analyzed to make a good verification 

of the numerical model. 

Later that year S. de Jongh and M. Scheen performed another series of tests [3] with the same 

experimental setup as before. This series consists of 2 specimen with an inner and outer tube. 

The inner tubes were conducted with type 4 reinforcement. And the inspection hatch had the 

original design (see Figure 16). 
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2.3.1 RESULTS OF SPECIMENS WITH INNER AND OUTER TUBE  
The four tests with an inner and outer tube with the modified design of the inspection hatch 

resulted in four moment-rotation diagrams. These curves are presented in Figure 18. There is no 

obvious distinction between the elastic and plastic branch in the diagram. The scatter between 

the four test results is very small till a rotation of 20°. After this point the scatter becomes larger. 

The largest moment varies between approximately 2,7 kNm and 2,8 kNm.  

 
Figure 18: The results of the 4 tests with an inner and outer tube with the modified design [2] 

The results of the 2 tests with the original inspection hatch are presented in Figure 20. These 

specimen have an inner and outer tube. The inner tube is produced with type 4 reinforcement. 

The maximum moment is approximately 3,1 kNm. This is a higher resistance than the tests 

performed with the modified design (see Figure 18). This is probably because the type 4 

reinforcement of the inner tube. In the original design the reinforcement is conducted parallel to 

the edge of the inspection hatch. The reinforcement in the modified design is interrupted by the 

inspection hatch and is not conducted parallel to the edge of the inspection hatch, see Figure 19. 

Due to this difference in reinforcements, no conclusions can be drawn about the influence of the 

shape of the design of the inspection hatch.  

 
Figure 19: The placement of the reinforcement of an inner tube with a modified design. 
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Figure 20: The results of the 2 tests with an inner and outer tube with the original design and reinforcement 
type 4 

The experimental results are compared to the structural resistance calculated with the NEN-

EN40 [8] in section 2.1.2.1 (see Figure 20). This comparison gives a first indication of the 

strength of the pressure fit between the inner and outer tube. The analytic structural resistance 

is calculated with the dimensions measured by S. de Jongh and M. Scheen before the tests. This 

calculation is based on the assumption that the connection between the inner and outer tube is 

completely tight and that slip does not occur.  

The calculated analytic structural resistance is, as expected, near the end of the elastic branch. 

Although there are two aspects that needs to be considered. Firstly, the structural resistance is 

calculated with the assumption that the friction between the inner and outer tube is high enough 

to fully transmit all the stresses. This assumption is not tested in the experimental research and 

has a positive influence in the structural resistance in the analytic calculation. Secondly, the 

structural resistance is calculated with the assumption that the opening for the inspection hatch 

has a rectangular shape with rounded corners, whereas in reality the specimens have oval 

openings. This assumption has a negative influence in the structural resistance in the analytic 

calculations in comparison to the experimental research. The different shapes of the openings 

are shown in Figure 16.  
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2.3.2 RESULTS WITHOUT THE INNER TUBE 
Six tests were performed without an inner tube and with a modified design. The results are 

presented as a moment-rotation diagram in Figure 21. The scatter of these curves is slightly 

larger than the scatter of the 4 tests with an inner tube. The graph shows an linear curve until a 

torsional moment of approximately 0,7 kNm. The maximum resistance varies between 1,3 and 

1,5  kNm.  

 
Figure 21: The results of the 6 tests without an inner tube 
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2.4 EXPERIMENTAL RESEARCH OF TNO 
TNO performed experimental research [5] to validate their numerical model. The research 

consists of 1 specimen. The experimental setup is shown in Figure 22. The specimen is 

positioned vertically. The outer tube has an outer diameter of 145.3 mm and a thickness of 2.86 

mm. The inner tube has an outer diameter of 139.58 mm and a thickness of 2.63 mm. The 

baseplate is connected with bolts to a horizontal girder and the headpiece is connected to 

another horizontal girder. The latter horizontal girder initiates the loading with four jacks, this is 

visualized in Figure 22. The loading consist of a combination of a torsional and a bending 

moment. The red arrows initiate a torsional moment on the specimen and the blue arrows 

initiate a bending moment. During the test a certain ratio for bending and torsional moment is 

tried to maintain. The ratio recommended by Nedal is equal to 225/3969 (Mtorsion/Mbending), it 

was tried to maintain this ratio during the test.  

  
Figure 22: The experimental setup at TNO [5] and a schematic representation of the loads on the specimen 
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2.4.1 RESULTS OF SPECIMEN LOADED BY A TORSIONAL AND BENDING MOMENT 
The results are presented in Figure 23 with the bending moment on the y-axis and angular 

rotation on the x-axis. The maximum bending moment that this specimen could endure is 

approximately 8200 Nm. The relation between the bending moment and the torsional moment 

is presented in Figure 24. This graph shows the desired ratio of bending an torsional moment as 

the grey line. Until the bending moment of approximately 5000 Nm this desired ratio is realized 

fairly well. From that point onwards, the relationship was less well maintained. The tests 

consisted of four load cycles as shown in the graph. The maximum torsional resistance is hard to 

define, the value varies between 300 and 500 Nm.  

 
Figure 23: The test result of the specimen with an inner and outer tube and reinforcement type 4 [5] 
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Figure 24: The ratio between bending and torsion moment during the test [5] 

 

The experimental research resulted in several conclusions.  

- The bending resistance during the test corresponds with a simple analyses (see section 

2.2) that took the inner tube and inspection hatch into account. This proves that the 

inner tube has great influence on the bending resistance.   

- The torsional stiffness of the outer tube is highly depended on the prevented warping.  

- The strains measured at mid-span corresponds reasonably with the value calculated 

with the simple analytic model of section 2.2. 

- The torsional moment has relatively more influence in the plastic branch of the graph 

then the bending moment.  

- The measurements of the strain concludes that the inner tube increases the torsional 

resistance. 

- The maximum bending moment during the test is approximately 20% higher than the 

calculated yield-moment. 

- De outer tube has a large deformation capacity. The plastic deformations increase 

substantial whereas the bending moment remains almost constant.  
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2.5 NUMERICAL STUDY TNO 

2.5.1 GEOMETRY  
The numerical study performed by TNO [6,7] is modelled with the FE program DIANA release 

8.2. The model contains 8 node shell elements for the tubes and 16 node interface elements to 

model the interactions between the tubes. The dimensions of the tubes were measured in the 

experimental research and used in the numerical model.  The use of shell elements results in a 

slightly different cross-section of the inner tube. The reinforcement type 4 and the rail cannot be 

modelled with shell elements exactly the same as the designed cross-section. Figure 25 presents 

the nominal cross-section and the modelled cross-section. The reinforcement and the rail in the 

numerical model  have the same area as the nominal cross-section. A difference in these cross-

sections is the line of gravity of the reinforcement. In the modelled cross-section the line of 

gravity is the same as the rest of the tube, however in the nominal cross-section the line of 

gravity lies slightly towards the center.  Another difference is the horizontal tips of the rail. 

These are not modelled in the numerical study. These changes in the cross-section will have a 

negligible influence on the results of the numerical model.  

 
Figure 25: The nominal cross-section (left) and the modelled cross-section (right) [7]. 

 

2.5.2 MATERIAL PROPERTIES 
Tensile coupon test were performed to determine the material properties of the inner and outer 

tube. Some important results of these tests are presented in Figure 26. These results were used 

by TNO to construct a stress-strain diagram according to prEN 1999-1-1 [13].  The equations 

used to construct the diagram are presented in Annex C of the TNO report of the numerical study 

[6]. Several points of the stress-strain diagram are calculated with these equations and 

presented on the right in Figure 26. These points are introduced in the numerical program, 

which uses linear interpolation between these points.   
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Figure 26: The results of the tensile coupon tests and the stress-strain diagram used in the numerical model 
[6]. 

 

2.5.3 CONTACT BETWEEN THE INNER AND OUTER TUBE 
To model the contact between the tubes correctly, the expansion process has to be modelled in 

the numerical research. This process is simplified by TNO and will therefore not include a cone. 

The expansion is realized by introducing a certain pre-stress in the inner tube that initiates the 

expansion. This stress should have a high enough value to create sufficient pressure between the 

tubes. With a pre-stress of 37 N/mm² a contact pressure is realized of 0,75 N/mm². This is the 

same value obtained by the tests performed on the contact between the inner and outer tube, 

which is described in the experimental research of TNO Annex F [6].  

 

2.5.4 LOADS 
The model is loaded as identical as possible to the experimental research. This results in a 

bending and torsional moment with a certain ratio. The ratio of Mbending / Mtorsion is 3969/225. 

The torsional moment is working on the longitudinal axis and the bending moment is working 

on the weak axis of the tube.  

 

2.5.5 RESULTS 
The experimental tests were loaded till failure. Failure occurred when the edge of the inspection 

hedge failed due to instability. The numerical model has to simulate this failure mechanism. 

Firstly the contact properties between the inner and outer tube is checked. The contact pressure 

is realized by the pre-stress in the inner tube. Secondly the 2 moment-rotation diagrams are 

checked. These diagrams are presented in Figure 27. In these diagram a horizontal grey line 

indicates a bending moment of 5,2 kNm with the corresponding torsional moment. The 

experimental and numerical research are almost identical till this loading. After this moment the 

resistance of the numerical research is lower than the experimental results.  
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Figure 27: The torsional moment-rotation diagram (left) and the bending moment rotation diagram (right) 

 

There are 3 reasons for the lower resistance in the numerical model: 

1. Friction between the inner and outer tube is not modelled, although friction 

occur during the tests. But it is expected that the influence on the resistance is 

negligible small.  

2. The door of the inspection hatch was closed during the experimental research of 

TNO, although the door is not simulated in the numerical model. It is discussed 

that the door could influenced the instability of the edge of the inspection hatch. 

As a side note: in the report of J. van Dun it is stated that the door of the 

inspection hatch has no influence on the resistance of the specimen.  

3. In the experimental research the bending and torsional moment are created by 2 

couples of 2 jacks. In the undeformed situation the moment on the specimen is 

exactly the force in the jacks times the distance. This is not the case in the 

deformed situation and small errors arise in the calculation of the bending and 

torsional moments.  Afterwards, it is impossible to calculate the exact bending 

and torsional moment that were working on the specimen. Based on available 

data measured during the tests, the estimated value of the torsional and bending 

moment is calculated. These moments are presented in Table 4. 

 
 

Table 4: The nominal bending and torsional moment in comparison with the estimated 
bending and torsional moment 
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2.5.6 CONCLUSION NUMERICAL RESEARCH 
The TNO report [6] of 2003 includes 3 FEM analyses of 3 different sized tubes. One of these 

analyses could be validated with the test performed by TNO. The results of the analyses led to 

conclusions about the resistance and stiffness of the tubes. The stiffness in the elastic branch of 

the numerical model corresponds to the results of the tests (see Figure 27). In the plastic branch 

the resistance of the numerical model is lower than the tests. This results in conservative values 

calculated by the numerical model for the resistance of the structure. The results also show that 

the inner tube contributes to the resistance of the structure. If the inner tube has a sufficient 

length, the inner tube contributes 100% to the bending resistance and is conservatively set on 

50% for the torsional resistance. The torsional moment has a relative large influence on the 

stresses of the edge of the inspection hatch. This results in a relative high deformation by the 

torsional moment in the plastic branch.  

Other conclusions were: 

- Most of the strains that were measured during the test correspond to the strains in the 

numerical model.  Only the strains measured at the edge of the inspection hatch are 

difficult to compare, because the numerical model presents large differences in strains in 

a small area at the edge of the inspection hatch.  

- The reinforcement at the edge of the inspection hatch enlarge the resistance of the tube 

considerably. 

- The tubes fail due to the instability of the edge of the inspection hatch. 

- The length between the edge of the inspection hatch and the end of the inner tube is in 

these models not sufficient enough for the inner and outer tube to cooperate fully.  

- The NPR 993 does not take failure due to instability of the inspection hatch into account. 

Longitudinal stresses caused by the torsional moment are also not calculated correctly in 

this standard. This applies to longitudinal stresses in the inner and the outer tube. 

 

2.5.7 RECOMMENDATIONS TO NEDAL 
The following recommendation were given in relation to the production of lighting columns and 

the calculation of the resistance of the structure: 

- The length between the edge of the inspection hatch and the end of the inner tube should 

be sufficient. TNO recommends a length of minimal twice the diameter of the lighting 

column. 

- The calculation of the resistance must take the failure mechanism of instability of the 

edge at the inspection hatch into account.  

- There should be an analysis to fatigue at the location of the high stresses at edge of the 

inspection hatch. 

- It is also recommended to use safety factors where the resistance is not constant (For 

example: the strength of the material  is often higher in practice than during a 

calculation, but this should not be taken into account.) 
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2.6 PRESSURE FIT CONNECTION BETWEEN THE INNER AND 

OUTER TUBE 
The FE program Abaqus is used to create the model. An important aspect of the model is the 

interaction between the inner and outer tube. This interaction is established due to a pressure fit 

between the tubes. The experimental research of S. de Jongh and M. Scheen confirms that 

friction occur between the inner and outer tube. This conclusion can be drawn with the results 

presented in section 2.3 Figure 18 and Figure 21. Although these tests are performed with the 

same equipment and in the same circumstances, the resistance of the specimens with an inner 

tube is significantly higher than that of the specimens without an inner tube. This indicates that 

friction occurs between the inner and outer tube and that the inner tube contributes to the 

torsion resistance. The magnitude of this friction is not measured in this project, nor is this 

friction tested separately by S. de Jongh and M. Scheen. A closer look into the production process 

is needed to model this friction correctly. 

 

2.6.1 PRODUCTION PROCESS 
The inner and outer tube extrusions are produced separately. The assembly of the lighting 

column occurs semi-automatic. The outer tube is manually fixed in a setup. After this the 

opening of the inspection hatch is automatically cut out of the outer tube. The inner tube is 

manually inserted on another tube with a cone. Then the inner tube is automatically inserted 

into the outer tube and the cone is pulled through the tubes. The diameter of the tubes is 

enlarged by pulling the cone trough. This inner tube is subjected to plastic deformation and the 

outer tube experiences small plastic deformation. The difference in plastic deformation is due to 

alloys with different yield strength. The plastic deformations initiate the pressure fit between 

the tubes. After this process the oval opening for the inspection hatch is cut automatically out of 

the inner tube. Finally the specimen is removed manually from the setup. Later on, the oval part 

that is cut out of the outer tube is used for the door of the inspection hatch.  

After the production process the inner tube is connected with the outer tube through the 

pressure fit connection.  The connection is highly dependent on the fit of the inner tube in the 

outer tube. If there is any space between the inner and outer tube, the connection will not be 

able to transfer stresses. Another aspect that has influence on the connection is the length of the 

inner tube above and below the inspection hatch. If this length increases, to a certain value, the 

strength of the connection will increase 
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2.6.1.1 ANALYTICAL MODEL OF THE EXPANSION 
In 2000, an analytical model is built by TNO [4] to describe the expansion process. Longitudinal 

behavior is not considered in this model. The full derivation and calculation is included in Annex 

B. The following stages are included in the expansion process. This process is visualized in 

Figure 28. 

- In the first stage only the inner tube begins to expand elastic. After a strain of 0,17% the 

inner tube is subjected to plastic deformations.    

- At approximately an expansion of 2,58% of the inner tube, the gap between the inner 

and outer tube is closed. At this point the outer tube also starts to expand. 

- The maximum strain in the inner tube is approximately 4,52%. The corresponding strain 

in the outer tube is at that moment 1,94% (4,52% - 2,58%). 

- Relaxation starts after the cone is pulled through the inner and outer tube. The residual 

strain in the inner tube is approximately 4,24%. This results in a residual strain in the 

outer tube of 1,66% (4,24% – 2,58%). 

- The residual stresses in the inner and outer tube are approximately 31,8 N/mm². The 

residual stresses are compression stresses in the inner tube and tension stresses in the 

outer tube. This results in equilibrium of the forces, because in this model the thickness 

is equal in the inner and outer tube.  

 
Figure 28: The expansion process 

The analytical model shows that the expansion process is not useful if the gap between the inner 

and outer tube is not closed (until a strain of approximately 2,58%). Between a strain of 2,58% 

and 2,87% the gap is closed during the expansion process, but due to relaxation a gap between 

the inner and outer tube will be formed again. After a strain of the inner tube of 2,87% the gap is 

fully closed with a residual stress between the tubes. The value of this residual stress depends 

on the difference in stresses in the inner and outer tube. The diameter of the outer tube (of 165 

mm) increases with approximately 2,7 mm due to the expansion process.  
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2.6.1.2 TESTS ON THE PRESSURE FIT CONNECTION 
In 2003, TNO did a research into the interaction between the inner- and outer tube. The TNO 

report from 2003 Annex F [6] consists of 2 tests (ring A and ring B). The pressure fit between 

the tube was obtained with the same production process as described in section 2.6.1. There was 

not an oval opening cut out of the tubes for this research, however 2 rings were cut out with a 

depth of 24.45 mm from an inner- and outer tube. The inner tube was pulled out of the outer 

tube. During the test the strain of the tubes and the force were measured. The measurements of 

the difference in strain have been used to determine the normal stresses and the measurements 

of the force have been used to determine the friction coefficient. The results of these tests are 

presented in Table 5. The report concludes that the normal stresses between the tubes is 

approximately 0.75 [N/mm²] and the friction coefficient is approximately 0.25 [-].    

Table 5: The results of the two tests performed by TNO [6] 

 Normal stresses 
[N/mm²] 

Friction coefficient  
(obtained from Fslip) 

Friction coefficient 
(obtained from Fmax) 

Ring A 0.82 0.174 0.276 
Ring B 0.71 0.234 0.291 

 

 

 

2.6.2 FRICTION IN ABAQUS 
The default settings of Abaqus is frictionless contact with no bonding. To change these setting 2 

surfaces need to be created before contact can occur between two elements. In this case the 

surface is element-based, because the friction needs to be simulated over the entire plane of the 

tubes. In this section, two friction models are discussed to determine the correct friction 

formulation for this research project. “Rough friction model” is another option that Abaqus 

provides,  but is not discussed here. This model has sticking conditions regardless of contact 

pressure as long as there is contact. This model is similar to the Coulomb friction model, with μ = 

∞. This is not the case in this numerical research.  

 

2.6.2.1 COULOMB FRICTION MODEL 
Figure 29 shows 2 different kinds of friction models. The solid line represents the Coulomb 

friction model and the dotted line the Penalty friction model. The coulomb friction model can be 

described with equation (14). 

𝜏𝑐𝑟𝑖𝑡 = 𝜇 ∗ 𝑃                                                                                                                                                         (14) 

In this equation μ is the coefficient of friction and P is the contact pressure between the two 

surfaces. The τcrit factor is the limiting frictional shear stress across their interface before the two 

surfaces start sliding relative to one another.  This is an ideal stick-slip frictional behavior, with 

no elastic slip (the solid line in Figure 29). The paper of E. Biotteau and J.P. Ponthot [14] explains 

that the coulomb friction solution strategy needs stabilization algorithms to prevent instabilities. 

Therefore the ideal slip model is more expensive in terms of the computer resources. The 

Coulomb friction model can be used in Abaqus with the “Lagrange” friction formulation.  
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Figure 29: The Coulomb friction model (solid line) and the Penalty friction model (dotted line) 

 

2.6.2.2 PENALTY FRICTION MODEL 
The dotted line in Figure 29 presents the penalty friction formulation. This is the same principle 

as the Coulomb friction model though this model allows a minor elastic slip. The article of 

Andrei-Ionut Stefancu, Silviu-Cristian Melenciuc and Mihai Budeascu [15] explains that the 

difference between the 2 solution methods is the way they include the potential energy of 

contacting surfaces in their formulation. The penalty friction model is used in most cases and is 

widely accepted, because modelling ideal slip can be expensive in terms of computer resources 

in Abaqus. The minor elastic slip of the penalty model has most of the time an insignificant 

influence in the results of the friction model, thus this formulation is commonly used to describe 

the friction between surfaces in Abaqus.  
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3 MODEL OF LIGHTING COLUMNS WITHOUT AN INNER TUBE 
The numerical model is created with the FE program Abaqus. The goal is to simulate the tests of 

the experimental research. This whole chapter describes the simulation of the tests on the outer 

tube without the inner tube. The inspection hatch has the modified oval opening. In the 

following sections important topics are discussed that are included in the numerical model. 

3.1 GEOMETRY 
During the experimental research of S. de Jongh and M. Scheen, the dimensions of the specimen 

were measured before the tests. These measurements are presented in Annex 2 of their report 

[2]. The average values of these measurements are used in the numerical model.  

The edges of the inspection hatch have a slope, see Figure 30. The tube will consist of shell 

elements that have the same thickness throughout the whole model. The slope at the edges of 

the inspection hatch will not be modelled with these shell element. This situation introduces a 

lower and an upper bound. The upper bound exist of a geometry where the whole slope is 

modelled with the same thickness as the rest of the tube. The lower bound consist of a geometry 

where none of the slope is modelled. The upper and lower bound are indicated by the blue line 

in Figure 30. The green line indicates the average dimensions of the geometry. This model 

should correspond with the results of the experimental research by S. de Jongh and M. Scheen 

[2]. 

 
Figure 30: The slope of the edges of the inspection hatch 
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3.2 MATERIAL PROPERTIES 
The material properties in the numerical model have to correspond to the material used in the 

experimental research by S. de Jongh and M. Scheen. In Annex 4 of their report [2] the results of 

2 tensile coupon tests are presented as a graph. These results are combined and simplified as the 

green line in   

Figure 31. The blue line of this graph represents the material properties used in the numerical 

research of TNO [6]. The latter material properties are used in this numerical model, since the 

results of the experiments at Nedal that correspond with the material properties of the tests 

performed by TNO and are more difficult to read.  

  
Figure 31: The material properties of the outer tube 

This data has to be transferred into the numerical model.  The input of the material properties in 

the FE program Abaqus has to be true stress and true plastic strain. True stress and strain are 

the measured stress and strain including the effect of the lateral contraction of the cross-section 

when the coupon is under tensile or compressive stress. The true stress and strain used in the 

numerical model are presented in Table 6. A Young`s modulus of 67000 N/mm² is used and a 

Poisson ratio of 0.33 [-]. These values are also used in the numerical model created by TNO [6]. 

The Young`s modulus was not accurately determined in their experiments. The Young`s modulus 

was used from other experimental test of the same alloy.  

Table 6: Material properties used in the numerical model 

Engineering Strain 
[-] 

Engineering stress 
[N/mm²] 

True strain 
[-] 

True stress 
[N/mm²] 

True plastic strain 
[-] 

0,0027 180 0,0027 180,48 0,00000 

0,0034 205 0,0034 205,69 0,00030 

0,0039 210 0,0039 210,83 0,00078 

0,0052 215 0,0052 216,12 0,00197 

0,0151 225 0,0150 228,39 0,01155 

0,0785 236 0,0756 254,53 0,07177 
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3.3 ELEMENT TYPE 
Shell elements are used to model structures in which one dimension, the thickness, is 

significantly smaller than the other dimensions. The thickness of the outer tube (3,08 mm) is 

small in comparison to the length of the tube (1200 mm). The use of shell elements also reduce 

the solver time of the FE program in comparison with solid elements. Shell elements are 

therefore used to describe the aluminum tube.  

The naming convention of the shell elements depends on the element dimensionality, for 

example: S (Shell) 8 (number of nodes) R (Reduced integration is used). Shell elements can have 

a triangle (3 nodes) or a rectangular (4 nodes and 8 nodes) shape. General-purpose shell 

element are S3, S4, S4R, S8R. These four element types are simulated and the results are 

presented in Figure 32. The element size in these models is 8 mm. The mesh convergence study 

(see chapter 3.4)  reveals that the element size is sufficient. 

According to the Abaqus manual [16], the triangle elements (S3) may exhibit overly stiff 

response and the accuracy can be reduced significantly. Figure 32 reveals that the resistance of 

the model with triangle elements is higher than the other models. This is probably due to an 

overly stiff response of the elements.  

Reduced integration causes the elements to have one integration point compared to the 

standard four. This option can give less accurate results, but significantly reduces the cost of 

computation time. Figure 32 reveals that there is not a significant difference between S4 and 

S4R.  

 
Figure 32: The moment-rotation diagram of models with different element types 
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After the maximum torsional moment is reached the moment in the model consisting of the 

element types S8R decreases more rapidly than the S4R elements. Figure 33 and Figure 34 

presents the Von Mises stress of both element types when the rotation is 30°.  Figure 33 clearly 

shows a higher stress concentration at the corners of the edges of the inspection hatch. The 

other locations of the model correspond very well, the difference in color is due to the difference 

in legend.  

 
Figure 33: Von Mises stress at 30° for element type S8R 

 
Figure 34: Von Mises stress at 30° for element type S4R 

Figure 35 presents a close up at the strain concentration of the corner of the edges. At 1 node 

(circled in red) in the model with the element type S8R, a peak stress arise. The peak stress of 

306,2 N/mm² is far above the maximum stress (254,5 N/mm²) entered in the material 

properties. This peak stresses arise due to extrapolation of the integration points of an element. 

An element (S8R) consists of 4 integration points. In these integration points a maximum stress 

of 254,5 N/mm² arise. Due to the extrapolation between a lower stress and 254,4 N/mm², a peak 

stress of 306,2 N/mm² is showed in the results. Although the results show these higher peak 

stresses, the FE program uses the integration points to calculate the behavior of the model. An 

element (S4R) consists of 1 integration point. This point determines the stress of the whole 

element. This results in a distribution of the high stresses in the corner over several elements.  

The difference in the results of the element types is likely due to the difference in deformation of 

the elements. The deformed state of the S8R and S4R elements is presented in Figure 35. The 

local buckling mode located in the corner of the inspection hatch differs in both models. The S8R 

elements consists of 8 nodes per element, which result in a sharper corner in the buckling mode.  

This local buckling mode can result in a decrease of torsional moment after the maximum 

torsional moment in comparison to element type S4R.  
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The behavior after the maximum torsional moment of a model constructed with S4R correspond 

better with the results of the experimental research. The computing time is also much less if S4R 

elements are used in comparison to the S8R elements. For this reasons S4R elements are used in 

all models.  

  
Figure 35: Close up of the corner of the edge of the inspection hatch (Left: S8R and Right: S4R) 

3.4 MESH CONVERGENCE STUDY 
A mesh convergence study is done to verify that the mesh size describes the behavior of the tube 

correctly. The mesh convergence study consists of 4 mesh sizes. The length of the edges of the 

elements is halved with each mesh size. The different mesh-sizes are presented in Figure 36. 

 

 

Figure 36: The 4 different mesh-sizes (32, 16, 8 and 4 mm) 
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Figure 37 presents the moment-rotation diagram of these mesh sizes. The element size has 

significant influence on the mesh size of 32 mm, but minor influence on the moment-rotation 

diagram for the sizes of 4 mm, 8 mm and 16 mm. Warped element were created with a mesh size 

of 32 mm. These distorted element are probably the cause of the different results of the model 

with a mesh size of 32 mm. 

 
Figure 37: The moment-rotation diagram of different mesh-sizes 

To show the differences in mesh sizes, the maximum moment resistance is determined for every 

model. Figure 38 presents the maximum moment resistance for several mesh sizes. It shows a 

small difference between the mesh size of 32 mm and 16 mm. A mesh-size smaller than 16 mm 

does not influence the results significantly.   

 
Figure 38: The maximum moment of different mesh sizes. 
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Although the maximum moment of the mesh-sizes 16 mm, 8 mm and 4 mm appear to be equal, 

there are  very small differences. These are presented in Figure 39. The mesh-sizes 16 mm, 8 

mm and 4 mm do not converge to a certain maximum moment.  

 
Figure 39: The maximum moment for the different mesh-sizes. 

This small difference can be influenced by the increment size of the calculations. The size of the 

increments in these calculations are equal to a rotation of 0,79°. This means that after every 

rotation of 0,79°, a corresponding torsional moment is calculated. These points are visualized in 

Figure 40. Because the locations increments can vary between the different simulations, the 

maximum moment can vary a small amount. 

 
Figure 40: The calculated increments during the simulation. 
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3.5 BOUNDARY CONDITIONS 
The boundary conditions in the numerical model need to correspond to the boundary conditions 

in the experimental research. At the support all 6 degrees of freedom are set during the 

experiments. In the FE model the reference point (RP-1) is set in all 6 degrees of freedom. The 

edge of the tube is connected with a rigid body constraint to the reference point to transfer the 

boundary conditions, see Figure 41. This clammed support is identical to the experimental setup. 

The experimental setup creates minor slip at the support. This slip is measured with a LDVT and 

leads to a rotation at the support of around 0.02°. This effect can be neglected because of the 

small influence to the results.  

 
Figure 41: The boundary conditions in the FE model 

During the tests the tube of the specimen is connected to a headpiece. The headpiece introduces 

the forces into the specimen. The experimental setup is presented in Figure 42. The plate at the 

end of the specimen prevents the cross-section to deform. This way, the cross-section remains a 

circle at the location of the headpiece. This is simulated in Abaqus with a constraint that 

prohibits the cross-section at the end of the tube to deform.  

 
Figure 42: The test setup of the experimental research [2] 
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3.6 LOADS 
In the experimental research the specimen is loaded on the headpiece with a torsional moment. 

The head piece transfers the torsional moment in an equally distributed shear load along the 

edge of the tube. This is simulated in the FE model as a rotation on the reference point. This 

reference point is connected with a constraint to the edge of the tube. This way the load is 

equally distributed along the edge of the tube. A load control solution method cannot describe 

the moment-rotation diagram after the maximum moment is reached.  Therefore a displacement 

control model is used to fully describe the moment-rotation diagram. The tube is rotated until a 

rotation of approximately 30 degrees is obtained.  

3.7 THE RESULTS 
The numerical model resulted in a moment-rotation diagram. In section 3.7.1 the numerical 

results are compared to the experimental results. Differences in strength and stiffness are also 

discussed.  

3.7.1 THE MOMENT-ROTATION DIAGRAM 
Firstly the upper and lower bound are verified with the experimental research, see Figure 43. 

The upper and lower bound are based on the dimensions of the slope at the edges of the 

inspection hatch, see section 3.1. The test results of the experimental research of S. de Jongh and 

M. Scheen [2] all range between the upper and lower bound. Except after a rotation of 

approximately 24° the moment resistance of the tests begin to exceed the upper bound. This not 

an issue, because this difference occurs far in the plastic branch. 

 
Figure 43: The upper and lower bound compared to the experimental results. 
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The green line in Figure 43 presents the results of a model with nominal dimensions of the 

specimen. The inspection hatch has the average dimensions of the upper and lower bound. The 

blue line represents the results of a model with the dimensions measured by S. de Jongh and M. 

Scheen [2] before they conducted their tests. The Figure clearly shows that the elastic branch 

and the beginning of the plastic branch of the numerical model corresponds to the results of the 

tests. Far in the plastic branch, the behavior of the numerical model begins to significantly differ 

from the experimental research. This difference starts after a rotation of approximately 20 

degrees. 

3.7.2 ADDING IMPERFECTIONS TO THE NUMERICAL MODEL 
The imperfections of the aluminum tubes are insignificant in the extrusion process. Potential 

imperfection can arise during the production process of the inspection hatch. These 

imperfections are still very small. A linear buckling analyses with a torsional moment is 

performed in the FE program to create the correct displacement field. The eigenmodes are 

requested in the buckling analyses and the first 3 are presented in Figure 44. The eigenvalue of 

the first 2 modes do not differ significant. The eigenvalues of mode 3 till 6 differ a little more 

from the first 2 modes, but are also close. The first 2 eigenvalues are 2,045 kNm and 2,048 kNm. 

Eigenvalue 3 till 6 vary between 2,057 kNm and 2,067 kNm. The Figure shows the deformations 

of each eigenmode. 

 
Figure 44: The first 3 eigenmodes of the outer tube loaded with a torsional moment. 
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The support is located on the right and the torsional moment is applied on the left of Figure 44. 

Eigenmode 2 corresponds with the deformation of an outer tube loaded by a torsional moment, 

see section 3.7.4.4 Figure 53. This eigenmode is used for all calculations. The maximum 

deformation in the eigenmode is standard 1 mm. The maximum imperfection is estimated at 

1/1000 of the diameter. This results in an imperfection of 0,165 mm. This is simulated in Abaqus 

and the results are shown in Figure 45. The influence of the imperfection of 0,165 mm has an 

insignificant effect on the moment rotation diagram. For a better insight into the influence of the 

imperfections, various other imperfection were also simulated. The models with an imperfection 

of 1/200, 1/50 and 1/20 of the diameter are also presented in Figure 45. Even with an 

imperfection of 1/200 of the diameter the influence of the imperfection is minimal, thus it can be 

concluded that an imperfection with a realistic value does not have influence on the moment 

rotation diagram. A model with a large imperfection and a model with a small imperfection are 

created with the first eigenmode for an accurate comparison. These results are also presented in 

Figure 45. This graph reveals that the results do not differ significantly even with a imperfection 

of 8,25 mm.  

 
Figure 45: The results of simulation with different imperfections. 
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the difference in forces between the jacks during the tests. During most of the tests the 

difference is lower than 0,2 kN. After approximately 20° the difference in force between the jacks 
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Figure 46: The difference in force in the jack during the tests 

The calculation method of the moment-rotation diagram also has influence on the plastic branch. 

The effective force is calculated according to the scheme of Figure 47. Note that the “x” length in 

the scheme is the same for the upper triangle and the bottom triangle. When the specimen 

deforms plastically the “x” length changes, due to the asymmetrical cross-section. With this 

procedure the effective force is not calculated exactly, but it is a good approximation. This can 

lead to minor differences in the moment-rotation diagram in the plastic branch.  

 
Figure 47: The procedure to calculate the effective force used by S. de Jongh and M. Scheen [2]. 
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3.7.4 CHECKS TO VERIFY THE RESULTS 
The numerical model can be checked in several ways, these checks confirm that the results of 

the numerical model are reliable. Firstly the reaction forces and moments at the support are 

checked. Secondly the rotation is checked on 2 places close to the inspection hatch. Thirdly 

strain gauges are checked that were placed in the corners of the opening during 1 of the tests. 

Fourthly the failure mode is checked with photos of the experimental tests.  

3.7.4.1 THE REACTION FORCES AND MOMENTS AT THE SUPPORT 
Theoretically the sum of the reaction forces and moments per direction have to be 0, except for 

the torsional moment (RM3). Table 7 presents the values of the reaction forces and moments. All 

reactions are negligibly small, which result in equilibrium in the numerical model. 

Table 7: The maximum reaction forces and moments at the support in the numerical model 

Reaction force/moment   

RF1 1,98*10-6 N 

RF2 4,41*10-7 N 

RF3 1,25*10-5 N 

RM1 0,72 Nmm 

RM2 0,82 Nmm 

RM3 1397658 Nmm 

 

3.7.4.2 THE ROTATION AT THE LOCATION OF INCLINOMETER 7 AND 8 
The rotation of the specimen is measured at three different locations during the experimental 

research of S. de Jongh and M. Scheen. These locations are presented in Figure 48. Location 6 is 

used to create the moment-rotation diagram of  Figure 43. Locations 7 and 8 are used to verify 

the behavior of the model on these locations.  

 
Figure 48: The locations of the inclinometers during the tests [2]. 

Firstly the results are compared at the location of inclinometer 7, see Figure 49. The results of 

the numerical model correspond to the test results. The results begin to differ more in the plastic 

branch after the maximum moment is reached. This is the same difference as at the location of 

inclinometer 6. Figure 50 presents the results at the location of inclinometer 8. These numerical 

results show the same behavior as the experimental tests.   
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Figure 49: The moment-rotation diagram at location of inclinometer 7 

 
Figure 50: The moment-rotation diagram at location of inclinometer 8 
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3.7.4.3 LOCAL BEHAVIOR THROUGH STRAIN GAUGES 
Strains were measured in the corners of the inspection hatch during the experimental research 

of S. de Jongh and M. Scheen. Figure 51 presents the location of the strain gauges with 

corresponding  photos of test 07.  

  
Figure 51: The location of the strain gauges with photos of test 07. 

The results are presented in Figure 52. The strains were only measured during test 07. A 

significant difference is shown in the graph between the experimental and numerical results. 

Firstly the strain gauges have a negative value till a moment of approximately 1,0 kNm. Secondly 

a higher moment is required for equally strain during the test and the numerical model. 

Although the results have differences, the overall behavior of the lines are the same. After a 

strain of approximately 0,2%, the numerical and experimental results are approximately 

parallel. Because this comparison deals with local behavior of the model, a larger variation is 

expected in the results.  

 
Figure 52: Comparison between the strains measured in the corner of the inspection hatch 
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3.7.4.4 FAILURE MODE 
The failure modes of the experimental test and numerical test are compared. The failure modes 

are presented in Figure 53. The Von Mises stresses are displayed in the failure mode of the 

numerical model. In both failure modes, local buckling is initiated in the corners of the 

inspection hatch. 

 
Figure 53: Failure mode in the experimental and numerical tests. 

3.8 CONCLUSION 
The results of the numerical model correspond with the test results performed by S. de Jongh 

and M. Scheen [2]. Although there are some differences between the results. The end of the 

plastic branch of the numerical results significantly differs from the test results. After 

approximately 20 degrees the test results show an almost horizontal line, but the moment of the 

numerical results decreases.  

Explanations for this difference can be: 

- After approximately a rotation of 20 degrees the difference in force measured between 

the jacks increase rapidly. The difference till a rotation of 20 degrees has an average of 

0,10 kN. At a rotation of 30 degrees this average has increased to 0,81 kN.   

- Some minor differences can occur to the calculation procedure of the effective moment 

by S. de Jongh and M. Scheen. Their calculation procedure has the assumption that the 

length between the specimen and the support of the jack remains the same. This could 

lead a minor influence on the results.     
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4 SIMULATION OF THE EXPANSION PROCESS 
In order to model the production process correctly, several numerical models are built to verify 

the behavior. Section 4.1 describes a model that validates the contact and expansion behavior in 

the model.  In this model the stress and strain are checked during the expansion and relaxation. 

Another important aspect is the residual contact stresses between the inner and outer tube. 

Section 4.2 describes a model that validates the friction behavior between the inner and outer 

tube. This is realized with a pulling test, which measured the force which is needed to pull the 

inner tube out of the outer tube.  

Section 4.3 describes a model that validates the expansion process with a cone. This is realized 

with the same pulling test as described in section 4.2. The only difference is the use of a cone to 

realize the expansion process. 

 

4.1 EXPANSION BY AN INSIDE PRESSURE 
The expansion and relaxation process has to be modelled to create the interaction between the 

inner and outer tube. This process is described in an analytical model, see section 2.6.1.1. The 

analytical model is recreated in the FE program in order to validate the simulation of the 

expansion and relaxation process.  

4.1.1 GEOMETRY 
The geometry of the analytical model (see Annex B) is used in the numerical model. A section 

and dimensions of the tubes are presented in Figure 54. The Figure presents an inner and outer 

tube with a thickness of 3 mm and a gap between these tubes of 1 mm.  

 
Figure 54: The geometry of the tubes. 
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4.1.2 MATERIAL PROPERTIES 
The material properties of the analytical model are used in the numerical model. The 

engineering stress-strain diagram is presented in Figure 55. After a strain in the inner tube of 

2,58% the gap between the inner and outer tube is closed. After this point stresses arise in the 

outer tube.  

 
Figure 55: The material properties used in the analytical and numerical model. 

 

4.1.3 ELEMENT TYPE 
In section 3.3 several shell element types are analyzed for the model without an inner tube. It is 

concluded that the element type S4R best describes the behavior of the aluminum tube. It is 

expected that the behavior of the inner and outer tube, can also be described by this element 

type. For this reason the models of the expansion process are created by S4R elements. After the 

simulations are done, the results will verify if this element type can be used for the production 

process.  

 

4.1.4 MESH CONVERGENCE STUDY 
Numerical models with different sized mesh elements were created. These models are 

categorized with the number of mesh elements over the length of the tube. There were six 

different mesh sizes created with a range of 8 elements to 48 elements over the length of the 

tube. These mesh sizes are presented in Figure 56 and Figure 57. 
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Figure 56: The models with 8, 16 and 24 elements over the length of the tube. 

 
Figure 57: The models with 32, 40 and 48 elements over the length of the tube.  

 

The contact pressure between the inner and outer tube is used to compare the results of the 

mesh-sizes. This contact pressure can be compared to the analytical model, where the contact 

pressure is 1,2 N/mm². Figure 58 presents the results of 8, 16 and 24 elements over the length of 

the tube. The behavior of the first three mesh sizes have major differences. The following 

conclusions can be drawn by the results of these simulations: 

- The model with only 8 elements over the length of the tube show a high contact pressure 

with an average of 1,3 N/mm². This is significantly higher than the other numerical 

models and the analytical model.  

- The average contact pressure of the models with 16 and 24 elements over the length 

show an average contact pressure which correspond to the analytical model.  

- Although the average contact pressure correspond to the analytical model, the behavior 

of both models differ. The model with 24 elements over the length have much more 

variation than the model with only 16 elements over the length.  
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Figure 58: The results of 8, 16 and 24 elements over the length of the tube. 

Figure 59 presents the results of the  models with 32, 40 and 48 elements over the length. The 

following conclusions can be drawn by the results of the simulations: 

- The behavior of all 3 models correspond well with each other and the analytical model. 

With only a small difference in the analytical results and the average residual contact 

stresses.  

- The major differences between the numerical models and the analytical model are 

around the edges and in the middle of the tube. The deviation at these location are 

expected, because the elements at the edge can expand more freely and the boundary 

conditions are set in the middle of the tube.  

 
Figure 59: The results of 32, 40 and 48 elements over the length of the tube. 
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To verify if the results of the different mesh sizes converge, the average contact pressure 

between the inner and outer tube are presented in Figure 60. With a look at Figure 60, it seems 

that 16 elements over the length of the tube are sufficient to fully describe the contact pressure 

between the inner and outer tube. Although when Figure 58 and Figure 59 are considered, the 

minimum number of elements are 32 elements over the length of the tube. If 32 elements or 

more are used the behavior of the contact pressure is consistent.  

 
Figure 60: The average contact pressure for the models with different mesh-sizes.  
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4.1.5 BOUNDARY CONDITIONS 
Figure 61 presents the boundary conditions in the x, y and z directions. The boundary conditions 

are used to make the model stable, this means that translations and rotations of the whole 

structure are prohibited. The boundary conditions should not prohibit the structure from 

deforming during expansion and relaxation. The boundary conditions in x and y directions are 

realized on the top and side of the tube. The red line in Figure 61 refers to the boundary 

conditions that prohibits translations in the x-direction. The nodes on the blue line are 

prohibited of translations in the y-direction. Translations in the z direction are prevented by a 

boundary condition circumferentially on semi-length of the tube. This is shown as the green line 

in Figure 61.   

  
Figure 61: The locations of the boundary conditions. 

 

4.1.6 LOADS 
The expansion in the analytic model is created by a cone with a diameter of 156 mm. This 

expansion process is simplified by an inside pressure on the inner tube, see Figure 62. The inside 

pressure needs to ensure the same stress in the inner and outer tube as the expansion process 

with a cone. Equation (15) is used to get a first impression on the required pressure.   

 
Figure 62: The inside pressure model 

𝑃𝑡𝑜𝑡 = 𝑃𝑖𝑛𝑛𝑒𝑟 + 𝑃𝑜𝑢𝑡𝑒𝑟 =
𝜎𝑚𝑎𝑥;𝑖 ∗ 𝑡𝑖

𝑅𝑖
+

𝜎𝑚𝑎𝑥;𝑜 ∗ 𝑡𝑜

𝑅𝑜
= 14,73 𝑁/𝑚𝑚2                                                   (15) 
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When this pressure is used in the numerical model a maximum stress of 221,3 N/mm² is 

reached in the inner tube. In the analytical model a maximum stress of 225,3  N/mm² is reached. 

This difference occurs due to the simplified equation (15). This equation is a rough estimation 

and does not take all the variables into account, such as the increased diameter and the 

decreased thickness. The small difference in stress has a large effect on the strains in the model. 

After an iterative process, a pressure of 15,01 N/mm² is found. This pressure ensures the same 

stress-strain behavior as a cone with a diameter of 156 mm.  

 

4.1.7 RESULTS 
After the maximum pressure is put on the inner tube, the unloading begins and the pressure 

slowly reduces to zero. The results of this simulation are presented in Figure 63. The results of 

the numerical model closely follows the analytical results. The residual stresses in the analytical 

model are 31,79 N/mm². The residual stresses in the numerical model have a value of 32,92 

N/mm².  This is a difference of 3,55%.  

 
Figure 63: The stresses and strain during the expansion process.  

Another check to validate the numerical model is the pressure between the inner and the outer 

tube. Figure 64 presents the residual contact stresses between the inner and outer tube over the 

length of the tubes. The analytical calculations (see Annex B) reveal a residual contact stress of 

approximately 1,20 N/mm². The results of the numerical model presents a residual stress that 

varies between 1,0 and 1,4 N/mm². The average residual contact stress in the numerical model 

is 1,19 N/mm².  

-50

0

50

100

150

200

250

0 1 2 3 4 5

St
re

ss
e

s 
[N

/m
m

²]
 

Strain of the inner tube [%] 

Inner tube Abaqus

Outer tube Abaqus

Inner tube Analytical

Outer tube Analytical



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  68 

 
Figure 64: The residual contact stress over the length of the tubes.  

 

4.1.8 CONCLUSIONS 
The numerical model of the expansion corresponds very well with the analytical model. Based 

on the results of the simulation, some conclusions can be drawn:  

- The expansion process can be simulated with an inside pressure. 

- The stresses and strains in the inner and outer tube of the numerical model closely 

follows the analytical model. 

- The average residual contact stresses are approximately the same in the numerical and 

analytical model. 
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4.2 PULLING TEST ON A DOUBLE EXPANDED RING 
In 2003, TNO did experimental tests to determine the friction coefficient and the contact 

stresses  between the inner and outer tube. The model includes the same expansion process as 

described in section 4.1. The aim of this model is to validate the friction between the inner and 

outer tube with a pulling test. The numerical results are compared to the results of an 

experiment described in the report of TNO Annex F [6]. This experiment contains 2 ring. The 

inner tube is expanded against the outer tube and the pressure fit connection is formed. The 

inner ring is pulled out of the outer ring. The required force is measured during the test.  

This is simulated with 2 models. The first model simulates the production process. In the second 

model the connection between the tubes is tested by pulling the inner tube out of the outer tube, 

see Figure 65. 

       
Figure 65: The expansion process and the pulling test 

 

4.2.1 GEOMETRY 
The geometry consists of a tube which is divided into 3 parts. The middle part of the tube has the 

average dimensions of the tests performed by TNO discussed in their report Annex F [6]. This 

means an outside diameter of the outer tube of 145,055 mm and a length of 24,45 mm. The 

initial gap between the inner and outer tube is 0,5 mm. The thickness of the outer tube is 2,9 mm 

and the inner tube has a thickness of 2,6 mm. The reinforcement of the inner tube is not 

simulated in this numerical model. The middle part is later used to simulate the pulling test.  

The 2 outer parts of the tube have the same dimensions, except for the length. The required 

length of these parts are determined in section 4.3.1. The same length is used in this model to 

make an accurate comparison between the models. The length of these parts are 12,775 mm, 

which creates a total length of the tube of 50 mm.  
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4.2.2 MATERIAL PROPERTIES 
The material properties of the lighting columns created by Nedal are used for this model. The 

engineering stress-strain diagram of the material is presented in Figure 66. This data has to be 

transferred to the numerical model. The true stress and strain used in the numerical model are 

also presented in Figure 66. A Young`s modulus of 67000 N/mm² is used and a Poisson ratio of 

0.33 [-]. These values are the nominal properties of the material. 

 
Figure 66: The material properties used in the numerical model 

 

4.2.3 ELEMENT TYPE 
As described in section 4.1.3, this model is also created with S4R elements. Only if the numerical 

results do not correspond to the results of the experiments performed by TNO [6], a study to 

several element types is conducted. After analyzing the results, it is concluded that the S4R 

elements can describe the behavior of the tubes correctly and is used in all simulations. 
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4.2.4 TIE CONSTRAINTS 
Figure 67 presents the contact pressure over the length of the whole tube. The blue line in the 

Figure represents the contact pressure of a model that consists of 3 parts. The tie connection 

between the three parts are located on the striped black line. A large difference in contact 

pressure occurs at the location of these tie constraints. Another model is created with exactly the 

same properties and mesh elements, but without the tie constraints. The tubes of this model 

consist of 1 part with a length of 50 mm. This model is created to reveal the influence of the tie 

constraints to the rest of the tube. Figure 67 presents the contact pressure of both models. The 

contact pressure correspond at all the nodes except for nodes at the location of the tie 

constraint. At this location, the model with the tie constraints has a low contact pressure in the 

middle part and an high contact pressure at the outer parts. At that location, the model without  

tie constraints has the same contact pressure on both sides. This is the average contact pressure 

of the middle and the outer parts if tie constraints are used in the model. Although the contact 

pressure may vary at the tie constraint, the model with 3 parts and tie constraints provide 

adequate results on all other nodes. This concludes that the models are exactly the same, except 

for the locations where the tie constraints are used.  

 
Figure 67: The contact pressure of a model with and without a tie constraint.  

Now the difference in stress is minimized on the locations where tie constraints are used. The 

contact pressure of a simulation where the outer parts consist of 8 elements over the length and 

the middle part 18 elements over the length is presented in Figure 68 as the blue line. A large 

difference in stress occurs at the location of the tie constraint. This difference occurs due to the 

different mesh size on both sizes of the tie constraint. This difference becomes larger when the 

difference in mesh size of the middle part and outer part increases. If a simulation is performed 

with an equal mesh size over the whole tube (14 elements), the difference in stress at the tie 

constraint is minimized. The results of this simulation are presented as the red line.  
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The contact pressure of the middle part after it is imported into a new model is also presented in 

Figure 68 as the striped blue and red line for the corresponding models. The contact pressure of 

the middle part is exactly the same for both simulations. These results show that the difference 

in stress at the location of the tie constraints does not have an influence on the residual contact 

pressure of the middle part. For this reason a larger mesh size can be used in the simulation. 

Therefore the larger mesh is used in all the models and the number of elements of the outer 

tubes remain constant for all simulations. This results in less computing time.  

 
Figure 68: The contact pressure over the length of the tube of several simulations 
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4.2.5 MESH CONVERGENCE STUDY 
Numerical models with different mesh-sizes were created. These models are categorized with 

the number of mesh elements over the length of the middle part. There were 5 different mesh 

sizes created with a range of 6 elements to 22 elements over the length of the middle part. Each 

model added 4 elements over the length. There are 248 elements over the circumference, which  

remain constant in every model for lowering the computing time of the models with small mesh 

elements. Therefore the mesh elements will have a different length/width ratio in every model. 

The largest length/width ratio is 1/2,3, which is acceptable for the FE program. The mesh size of 

the outer parts consist of 8 elements over the length and 248 elements over the circumference. 

This mesh size remains the same in all simulations. In section 4.2.4 is determined that the mesh 

size of these outer parts do not influence the contact pressure of the middle part if this is cut out 

of the tube. The mesh size remain the same in all simulation for reducing the computing time. 

The mesh-sizes are presented in Figure 69 and Figure 70.  

 
Figure 69: Different mesh-sizes (6, 10 and 14 elements over the length of the middle part). 

 
Figure 70: Different mesh-sizes (18  and 22 elements over the length of the middle part). 
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The force-displacement diagram of the pulling test is used to compare the different mesh-sizes. 

In these simulations a friction coefficient of 0,25 [-] is used in all the models. Figure 71 present 

the results of the models with different mesh sizes. The results of the smallest and largest mesh 

sized simulation are bolded to illustrate the major differences between these simulations. The 

following conclusions can be drawn by the results of the simulations of different mesh sizes.  

- The overall behavior of the different mesh sizes is the same.  

- Models with larger mesh elements have a larger variation during the pulling test. 

- The increase in force at the end of the fulling test reduces in models with smaller mesh 

elements. 

 
Figure 71: The pulling test with different mesh sizes. 

The maximum force in the simulations is presented in Figure 72. The maximum force decreases 

if the mesh size decreases. These results are expected, because the variation of the line 

decreases if the mesh size decreases. If there are 18 or more elements over the length of the tube 

the reduction of the maximum force is minimal. In further simulations 18 elements over the 

length of the tube are used. The increase in force at the end of the pulling test and the maximum 

force is approximately the same as in the model with 22 elements.  

 
Figure 72: The results of the different mesh-sizes. 
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4.2.6 BOUNDARY CONDITIONS 
The initial boundary conditions are presented in Figure 73 on the left hand side. The boundary 

conditions on the top and side of the tubes remain the same as discussed in section 4.1.5. The 

boundary condition in the top of the tube prohibits displacement in the x-direction and the 

boundary conditions on the side of the tube prohibit displacement in the y-direction. With these 

boundary conditions the center of the tubes remains on the same place, but the tube can expand 

freely. The 3 parts are connected with a tie constraint to simulate 1 tube with a length of 60 mm. 

This means that the nodes which are connected have the same displacement and rotation.  

The middle part in the deformed state, i.e. after the expansion process, is imported into a new 

model. The boundary conditions of the tubes remain the same as in the previous model, see 

Figure 73. When a new equilibrium is acquired in the model, the boundary condition that 

prohibits the inner tube to displace in the z-direction is deactivated during the pulling test.  

 
Figure 73: The boundary conditions during the production process (left) and the pulling test (right) 

 

4.2.7 LOADS 
An inside pressure on the inner tube initiates the expansion process. The same expanding 

process as chapter 4.1 is used. After an iterative process the required pressure that initiates the 

correct contact pressure between the tubes is calculated. The required pressure is 14,475 

N/mm². Load control is used during this step. The relaxation process is initiated by deactivating 

the previous load.  

After the relaxation process, only the middle part is imported in a second model with the 

occurring stresses and deformations. A new equilibrium is calculated, because the other parts 

are not imported in the model. This simulates the rings are cut out of a longer tube. After this 

step the pulling test can begin. Displacement control is used to gradually describe the whole 

process. The corresponding force is calculated with the average contact shear stress between the 

tubes and the contact area of the inner and outer tube, see equation (16).  

𝐹 =  𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∗ 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡                                                                                                                                     (16) 
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4.2.8 DETERMINING THE FRICTION COEFFICIENT 
The force and displacements have been measured during the pulling test. The test results are 

presented in Figure 74. The force required to pullout is subjected to large variation during the 

tests. This variation is attributed to the stick slip behavior. This behavior occurs during the test 

but is not taken into account in the FE model. For this reason it is expected that there are some 

significant differences between the experimental results and the numerical results.   

  
Figure 74: The test results of TNO 

 

Firstly it is discussed how the friction coefficient is determined in the TNO report Annex F [6]. 

The force at which slip occurs and at which the maximum force is measured according to the 

TNO report are visualized with a red point in Figure 74. The corresponding friction coefficient is 

calculated with equation (17). The results of these calculation are presented in Table 8. The TNO 

report recommends a friction coefficient of 0,25. This is approximately the average of the 

calculated friction coefficients and corresponds to the expectations. The friction coefficient was 

previously assumed to have a value between 0,2 and 0,3.  

𝜇𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
𝐹

𝜎𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∗ 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡
                                                                                                                       (17) 

 

Table 8: Friction coefficients determined by TNO [6] Annex F 

Ring Friction coefficient  
(slip 1) 

Friction coefficient  
(max) 

Friction coefficient  
(suggested) 

A 0,174 0,276 0,25 

B 0,234 0,291 0,25 
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It is debatable if these values should be used in the numerical model. As for the force where 

slippage occurs, TNO determined this value as the first maximum to occur in the graph. It is also 

an option to use the value of the first minimum in the graph. This is marked with a green point in 

Figure 74. This value can be used to study the influence of the friction coefficient on the FE 

model as minimum friction coefficient. The average minimum friction coefficient is 

approximately 0,15.  

The maximum friction coefficient is calculated with the same points of the graph as the TNO 

report. However in the TNO report the maximum friction coefficient of ring B is calculated with 

the contact stresses of ring A. By calculating the friction coefficient with the corresponding 

contact stresses a higher friction coefficient is obtained. The average maximum friction 

coefficient is approximately 0,31.  

A different way to calculate the friction coefficient is considering the average force throughout 

the pulling test. A constant force can easily be drawn throughout the pulling test of ring A, see 

the blue line in Figure 74. This force is approximately 2000 N. This is more difficult for the 

pulling test of Ring B, an estimation is made with the blue line. This force is approximately 2350 

N. For these two forces a friction coefficient is calculated. The average friction coefficient of 

these 2 tests is approximately 0,25. Table 9 presents the average friction coefficients that will be 

used in the numerical model. This results in 4 different simulation which will reveal the 

influence of the friction coefficient on the numerical results.  

 

Table 9: Friction coefficients used in the numerical model. 

 Friction coefficient  
(slip 1) 

Friction coefficient  
(min) 

Friction coefficient  
(max) 

Friction coefficient  
(suggested) 

Ring A 0,174 0,125 0,276 0,25 
Ring B 0,234 0,178 0,336 0,25 
Average 0,20 0,15 0,31 0,25 
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4.2.9 THE RESULTS 
 

4.2.9.1 THE CONTACT PRESSURE BETWEEN THE TUBES.  
Figure 75 presents the contact pressure between the inner and outer tube. The blue line is the 

contact pressure of the 3 parts after the expansion process. The black striped lines are the 

locations of the tie constraints, see section 4.2.4 for more information. After the expansion 

process, the specimens were cut out of a long tube for the experiments. This process is simulated 

by only importing the middle part of the tubes. After this process, a new equilibrium is obtained 

in the middle part. The red line in Figure 75 represents the contact pressure of the middle part 

when it is imported in the second model. The average contact pressure is determined in the 

report of TNO Annex F [6], with a value of 0,75 N/mm². As the Figure shows the contact 

pressure corresponds to the recommended contact pressure, the average contact pressure of the 

middle part is 3,7% lower than the recommended contact pressure. This small difference is 

acceptable for this numerical model.  

 
Figure 75: Contact pressure over the length of the tube for the first and second model. 
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4.2.9.2 THE DIFFERENCE IN STRAIN BEFORE AND AFTER THE PULLING TEST 
The difference in circumferential strain was measured before and after the experimental tests. 

The results are presented in Table 10. Location 1 and 3 are visualized in Figure 76. The strain in 

location 1 and 3 vary significantly in the experimental research. It is unknown why this 

difference occurs during the experiments. The difference in strain in the numerical model are 

constant over the circumference, see Figure 77. The Figure shows the elastic strain before and 

after the pulling test. If the average difference in strain of the numerical model and experimental 

research is compared, the results of the numerical research correspond reasonable.  

 
Figure 76: Locations of strain gauges from the experimental research of TNO [6]. 

Table 10: Difference in strain before and after the pulling test.  

 Specimen Location 1 Location 3 Average 

Experiment Ring A 380*10-6 183*10-6 282 * 10-6 

Experiment Ring B 339*10-6 150*10-6 245 * 10-6 

Pressure model  276*10-6 276*10-6 276 * 10-6 

 

 
Figure 77: The elastic strain before and after the pulling test. 
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4.2.9.3 RESULTS OF VARIES FRICTION COEFFICIENTS 
In section 4.2.8 several friction coefficients are mentioned. Simulations have been performed 

where the friction coefficient is varied. The results of these simulations are presented in Figure 

78.  

 
Figure 78: Pulling results of different friction coefficients. 

The maximum force of the models are presented in Figure 79. This graph reveals that there is a 

linear relationship between the different friction coefficients and the pulling force. In section 

4.2.8 the average pulling force (indicated with the blue lines) was estimated between 2000 N 

and 2350 N. These test values are inserted into Figure 78 as striped blue lines. If a friction 

coefficient of 0,28 [-] is used, the beginning of the graph is approximately in the middle of the 

striped blue lines.  

 
Figure 79: The force where slip occurs and the maximum force of several friction coefficients.  
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4.2.9.4 THE NUMERICAL RESULTS COMPARED TO THE EXPERIMENTAL RESULTS 
The puling test is now simulated with an friction coefficient of 0,28 [-] and with approximately a 

pressure between the tubes of 0,75 N/mm². Figure 81 presents results of the experiments as 

determined by the TNO report Annex F [6]. Figure 80 presents the results of the simulation and 

the schematic results of the experiments. The overall behavior of the numerical model 

corresponds to the experimental research, although the numerical results have less variation in 

force. This variation of the experimental results are initiated by the, already mentioned, slip stick 

behavior during the experiment. This behavior is not modelled in the numerical simulations. The 

results of the numerical model also show an increase of the force at the end of the simulation. 

This increase in force is caused by the last element of the inner tube when it is separated from 

the outer tube. Figure 71 shows that this peak reduces with reducing element size. 

 
Figure 80: The Results of the friction model in Abaqus. 
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Figure 81: The results of the experiments [6]. 

 

4.2.10 CONCLUSIONS 
The numerical model of the expansion corresponds with the experiments performed by TNO [6]. 

Based on the results of the simulation, the following conclusions can be drawn:  

- The expansion process can be simulated with an inside pressure. 

- The average residual contact stresses are approximately the same in the numerical 

model and the experiments. 

- The friction coefficient is estimated at approximately 0,28 [-]. The lower and upper 

bound is estimated at approximately 0,15 [-] and 0,31 [-] respectively.    
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4.3 EXPANSION PROCESS WITH A CONE 
In 2003, TNO did experimental tests to determine the friction coefficient and the contact 

stresses  between the inner and outer tube. In chapter 4.2 these experiments were simulated 

with a FE model. In that model the expansion process is initiated with an inside pressure. This 

chapter will describe a model where the expansion process is initiated with a cone moving 

through the inner tube. The results of this model will be compared with the results of chapter 

4.2 for validation of the production process with a cone.  

This model will consist of 2 simulations. In the first simulation the production process is 

modelled with a long tube, which consist of 3 parts. After the production process the middle 

portion of the tube is imported and used in the second simulation. This simulation consists of the 

pulling test as performed by TNO discussed in their report Annex F [6]. 

4.3.1 GEOMETRY 
The tube consists of three parts in this model. These parts have the same dimensions as 

described in 4.2.1. The length of the two outer parts are determined by analyzing the contact 

pressure over the length of the tube. At the edges of the tube the contact pressure reached a 

maximum. The contact pressure is relatively constant between these two maxima, see Figure 82. 

The length of the two outer parts has to be sufficient enough to exclude these maxima in the 

middle part. If a length of 12,775 mm is used, the contact pressure of the middle part is fairly 

constant. The total length of the tube becomes 50 mm.  

 
Figure 82: Contact pressure over the length of the tube. 

This model also includes a cone. On both sides the outside diameter of the cone is equal to the 

inside diameter of the inner tube. In the middle of the cone, the diameter is increased to 134,1 

mm. By pulling the cone through the tubes, the inside diameter of the inner tube becomes equal 

to the largest outside diameter of the cone (134,1 mm).  With this process the pressure fit 

connection is made.  
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4.3.2 MATERIAL PROPERTIES 
The material properties of the inner and outer tube are exactly the same as described in section 

4.2.2. The cone is an rigid body, thus does not have material properties.  

4.3.3 ELEMENT TYPE 
The element type of the inner and outer tube are the same as described in section 4.2.3. The 

cone is modelled as an rigid body. A rigid body has an infinitely high stiffness therefore does not 

deform. In practice the cone has a very high stiffness which corresponds with the rigid body 

element type. This will have an insignificant influence on the results but will reduce the 

computing time.  

4.3.4 TIE CONSTRAINT 
Firstly the contact pressure over the length of the tube is analyzed. The blue line in Figure 83 

presents the contact pressure of a model after the production process is completed. The tube 

consist of a middle part and two outer parts, which are connected with tie constraints. The 

location of these tie constraints are indicated with the black striped lines. At these tie constraints 

a large difference in stress arise. In section 4.2.4 it is determined that this difference in stress is 

the result of the difference in mesh size at both sides of the tie constraints. This section also 

concludes that this difference in stress has no influence on the contact pressure of the middle 

part if this is imported into the second model.  

A numerical model is made consisting of 1 part to be certain the overall behavior of the tubes 

remain the same. This is already verified in section 4.2.4, but this is checked for the numerical 

model where a cone is used for the expansion process. The red striped line in Figure 83 presents 

the results of a tube without tie constraints. The other properties are exactly the same as the 

previous model. The Figure clearly reveals that the results of both models correspond very well. 

At the location of the tie constraints, the model with the tie constraints has a low contact 

pressure in the middle part and an high contact pressure at the outer parts. At the same location, 

the model without the tie constraints has the same contact pressure on both sides. This is the 

average contact pressure of the middle and the outer parts if tie constraints are used in the 

model. 

 
Figure 83: The contact pressure over the length of the tube for a model with and without tie constraints. 
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4.3.5 MESH CONVERGENCE STUDY 
The element size of the tubes is exactly the same as described in section 4.2.5. The cone has 248 

elements over the circumference, which is equal to the number of elements of the tubes. The 

number of elements over the length of the tube is determined by the length/width ratio of the 

elements as 1/1. This results in 68 elements over the length. Figure 84 shows the element 

distribution of 1 model.  

 
Figure 84: The model with 6 elements over the length of the middle part. 
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The force-displacement diagram of the pulling test is used to compare the different mesh-sizes. 

Figure 85 present the results of the models with different mesh sizes. The results of the smallest 

and largest mesh size simulation are bolded to illustrate the differences between these 

simulations. The Figure reveals the same overall behavior for the simulations with different 

mesh sizes.  

 
Figure 85: The pulling test of different mesh sizes 

The results of the models with different mesh sizes are presented in Figure 86. The blue line 

represents the maximum pulling force in the different models. If there are 14 or more elements 

over the length of the tube, the difference in force is minimal. Another aspect to analyze for the 

mesh convergence study is the average pulling force during the first 2,5 mm and 5,0 mm 

displacement in the simulation. These results are also presented in Figure 86 as the green and 

red line. The difference in average pulling force becomes minimal if 18 or more elements are 

used over the length of the middle portion. In further simulations 18 elements over the length of 

the tube are used.  

 
Figure 86: Results of models with different mesh sizes. 
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4.3.6 BOUNDARY CONDITIONS 
The same boundary conditions and constraints apply for the inner and outer tube as described 

in section 4.2.6. The only difference in the model is the use of a cone for the expansion process. 

This cone is prohibited to translate in the x and y direction. The boundary conditions are 

visualized in Figure 87.  

 
Figure 87: The boundary conditions of the model 

4.3.7 LOADS  
The first step in the model is to pull the cone through the inner and outer tubes. The outside 

diameter of the cone is larger than the inside diameter of the inner tube. By pulling the cone 

through the tubes the inner tube expands. At a certain point this expansion is sufficient enough 

to close the gap between the inner and outer tube. After this point the outer tube also begin to 

expand. If the cone is fully pulled through, relaxation is initiated in the tubes.  

The middle part of the tubes is imported into a new model after the production process. The 

pulling test is initiated with the inner tube being pulled out of the outer tube. The corresponding 

pulling force is calculated with the average contact shear stress between the tubes and the 

contact area of the inner and outer tube, see equation (18). In both cases displacement control is 

used to gradually perform the tests. The two steps are visualized in Figure 88. 

𝐹 =  𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∗ 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡                                                                                                                                     (18) 

 
Figure 88: The 2 load cases visualized 
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4.3.8 THE RESULTS 
 

4.3.8.1 CONTACT PRESSURE 
Figure 89 presents the contact pressure over the length of the whole tube as the blue line. The 

red line in the Figure presents the contact pressure over the length of the middle part after it is 

imported in the second model. The graph reveals that two maxima arise in the middle part. The 

average contact pressure for the middle part is 0,85 N/mm². This is significantly higher than the 

average contact pressure determined by TNO of 0,75 N/mm². If a cone is used with a n increase 

in diameter of 0,3 mm the green striped line is determined. The average contact pressure of this 

simulation is 0,74 N/mm², which corresponds with the average contact pressure determined by 

TNO.   

 
Figure 89: Contact pressure of the whole tube and the middle part after it is imported in the second model. 
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4.3.8.2 THE DIFFERENCE IN STRAIN BEFORE AND AFTER THE PULLING TEST 
The difference in strains were measured before and after the experimental tests on 2 locations 

as described in section 4.2.9.2. The results are presented in Table 11and Figure 90. In section 

4.2.9.2 it was established that the difference in strain on location 1 and 3 does not correspond to 

the numerical research. The average of these locations do correspond to the average of the 

numerical model with an inside pressure.  

The numerical results of a model where the production process is initiated with a cone are 

presented in Table 11 for 2 different diameters of the cone. The difference in strain of the model 

where the diameter of the cone is 0,6 mm enlarged in comparison to the diameter used by Nedal 

is significantly higher than the results of the experimental research. The difference in strain is 

approximately 27,5% higher. The results of section 4.3.8.4 show that the model with an increase 

in cone diameter of 0,6 mm has a significantly higher force at the time that slip occurs in 

comparison to the experimental research. The results of the model with an increase of diameter 

of 0,3 mm correspond better with the experimental results. The difference in strain is only 4,3% 

higher than Ring A for that model. The force where slip occurs also corresponds much better 

with the experiments for that model, see section 4.3.8.5.  

Table 11: The differences in strain on different location in the experimental and numerical research. 

 Specimen Location 1 Location 3 Average 

Experiment Ring A 380*10-6 183*10-6 282 * 10-6 

Experiment Ring B 339*10-6 150*10-6 245 * 10-6 

Pressure model  276*10-6 276*10-6 276 * 10-6 
Cone model (+0,3 mm) 294*10-6 294*10-6 294 * 10-6 

Cone model  (+0,6 mm) 336*10-6 336*10-6 336 * 10-6 

 

 
Figure 90: The elastic strain before and after the pulling test. 
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4.3.8.3 THE PULLING TESTS IN 2 DIFFERENT DIRECTIONS 
The contact pressure over the length of the tube is discussed in section 4.3.8.1 and is shown in 

Figure 89. This Figure reveals a non-symmetrical contact pressure. The peak stresses on the 

right side of the Figure are higher than on the left side. This is the result of the production 

process with a cone. Thus there is a difference in the results depended on the direction of the 

pulling test. Figure 91 presents the results of simulations with exactly the same production 

process. However in one of the simulations the inner tube is pulled to the right and in the other 

to the left. The Figure reveals that the difference is small in the results.  

 
Figure 91: The results of the pulling tests in two different directions. 

4.3.8.4 THE DIAMETER OF THE CONE VARIED 
In the report of TNO Annex A [6] it is stated that the diameter of the cone is 134,1 mm. In the 

same report the results of the pulling tests are evaluated. It is determined that experiments do 

not correspond to the analytical model. A cone with a diameter of 134,7 mm would correspond 

with the analytical model. The shape of the cone could result in a slightly larger expansion as 

expected. This is not the case in the numerical model. During the simulations the inside diameter 

of the inner tube is exactly enlarged to the outside of the cone. For this reason the diameter of 

the cone was increased by 0,6 mm for all the previous simulations. Now the increase in diameter 

is varied in several simulations. Various cone diameters are used in numerical models to see the 

influence. The original diameter of 134,1 mm is increased by 0.20, 0.30, 0.45 and 0.60 mm. 

Simulations indicate that there is no residual contact pressure if the cone is increased with less 

than 0.20 mm. In all simulations are a friction coefficient used of 0,25 [-]. The aim of these 

simulations is to see the influence of the diameter of the cone. The results of the various cone 

diameters are presented in Figure 92. The behavior is as expected the same in all the 

simulations, only the height of the required pulling force is varied. With a closer look to the force 

where slip occurs, a 0,30 mm increase of the cone diameter corresponds best with the 

experimental results and the numerical results described in section 4.2.9. The increase in 

diameter will be varied between 0.30 and 0.60 mm in the torsional test described in chapter 5.  
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Figure 92: The pulling tests for several diameter of the cone. 

4.3.8.5 THE NUMERICAL RESULTS COMPARED TO THE PREVIOUS RESULTS 
Firstly the results of the numerical tests are compared to the results of chapter 4.2. Both results 

are presented in Figure 93. The blue line presents the pulling test of the tubes which are 

expanded with a cone. The red line presents the pulling test of the tubes which are expanded 

with an inside pressure. Beforehand it is expected that the results would vary due to the 

difference in production process. The difference is expected because of the difference in contact 

pressure over the length of the tube. With an inside pressure, the contact pressure is almost 

constant over the length of the tube. If the production process is initiated with a cone, the 

contact pressure has peak stresses on two locations. Although the contact pressure over the 

length of the tube varies in de simulations, the overall behavior of the pulling test correspond. 

The value of the force where slip occurs does not differ much in the two different models if a 

cone with an increase in diameter of 0.30 mm is used.  

 
Figure 93: The numerical results compared with each other. 
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The results of the experiments are presented in Figure 94. The results are shown simplified in 

Figure 93 as the orange and purple striped lines. The overall behavior of the simulations 

correspond to the experiments. Although the beginning of the graph have a small difference. The 

pulling force of Ring A has a horizontal portion in the beginning. The pulling force of Ring B has a 

maxima at approximately a displacement of 5 mm. The pulling force in the simulations only 

decreases after the force where slip occurs. This difference in behavior is expected, because slip 

stick behavior is not included in the numerical model. The slip stick behavior during the 

experimental tests also causes the large variation in the test results.  

 
Figure 94: The results of the pulling tests performed by TNO [6]. 
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4.3.9 CONCLUSIONS 
The production process is simulated with a cone in this numerical model. The results are 

compared to the numerical results of chapter 4.2 and the experimental results of TNO [6]. Based 

on the results of the simulations, these conclusions can be drawn:  

- The expansion process can be simulated with a cone. 

- The average residual contact stresses are not constant over the length of the tube, but 

have peak stresses. The contact pressure is non-symmetrical, thus different results are 

obtained in different pulling directions. 

- The cone diameter given by Nedal is 134,1 mm. The required increase of diameter 

compared to the original diameter of Nedal is between 0,20 and 0,60 mm in order to 

have a sufficient pressure fit connection. With a closer look to the results of this chapter, 

it is recommended to increase the diameter with 0.3 mm. The influence of the increase of 

diameter on the model with an inner and outer tube will be checked in chapter 5.  

- The overall behavior corresponds to the results in chapter 4.2. The force where slip 

occurs during the numerical results also corresponds.  

- The overall behavior corresponds with the experimental tests performed by TNO. Most 

differences are the result of the slip stick behavior, which is not included in the 

numerical models. 

- The friction coefficient is 0,25 [-]. 
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5 MODEL OF A LIGHTING COLUMN WITH AN INNER TUBE 
This model consists also of two simulations, including the production process and the torsional 

test. The production process will be initiated with a cone pulled through the tubes. After this 

process the inspection hatch is cut out of the inner tube. After the production process is 

completed, the torsional test can begin. The results of these simulations will be the moment 

rotation diagram, which can be compared to the moment rotation diagram from the 

experimental research of S. de Jongh and M. Scheen [2,3].  

5.1 GEOMETRY 
During the experimental research of S. de Jongh and M. Scheen, the dimensions of the specimen 

were measured before the tests. These measurements are presented in Annex 2 of their report 

[2]. The average values of these measurements are used in the numerical model. A few 

dimensions could not be measured in this project, because the production process was already 

completed when the specimen were measured by S. de Jongh and M. Scheen. An important 

dimension that was not measured is the diameter of the inner tube before the production 

process. The initial outside diameter of the inner tube is 155,25 mm. This was not measured 

beforehand, but is the nominal diameter. This results in a gap between the inner and outer tube 

of approximately 1,8 mm.  

At the start of the cone the outside diameter is the same as the inside diameter of the inner tube, 

this is a diameter of 148,95 mm. In the middle of the cone the outside diameter of the cone is 

enlarged to 153,58 mm. At the end of the cone the diameter is reduced again for elastic 

relaxation of the tubes. In the cone 3 apertures are created. These are located on the same 

location as the reinforcement and cable tray. The apertures prohibit the cone to cause damage to 

the reinforcement and the cable tray.  

The cone in the numerical model has some differences compared to the cone used by Nedal. The 

length of the cone in the numerical model is increased. With this modification the angle of the 

cone is reduced and the expansion is performed more gradually. Another alteration in the 

numerical model is the diameter in the middle of the cone. The original diameter is increased by 

0,6 mm. This increase is applied to simulate the production process properly. The report of TNO 

[6] Annex F concluded that the shape and production method with the cone resulted in an inside  

diameter of the inner tube which is approximately 0,6 mm larger than the outside diameter of 

the cone. This phenomena did not occur in the numerical model. The diameter of the cone is 

increased with 0,6 mm in the numerical model to simulate the same expansion. This assumption 

is confirmed with the numerical model of chapter 4.3.  

The dimensions of the reinforcement and the cable tray were not measured by S. de Jongh and 

M. Scheen. The nominal dimensions are simplified and used in the numerical model. The 

dimensions of the reinforcement and cable tray are modelled with the requirement that the 

nominal area remains the same. In the numerical model, the outside diameter of the inner tube 

is drawn to create the part. The thickness of the inner tube is offset inwards. Other thicknesses 

were given at the location of the reinforcement and the cable tray. These thicknesses are also 

offset inwards to create the correct geometry. Figure 95 presents the simplified reinforcement 

and cable tray as it was modeled in comparison to the nominal dimensions of the inner tube.  
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Figure 95: Visualization of shell thickness in the numerical model (left) in comparison to the nominal 
dimensions of the inner tube (right). 

 

5.1.1 THE ORIGINAL INSPECTION HATCH 
Specimens with the original inspection hatch were tested in the additional experimental 

research of S. de Jongh and M. Scheen [3]. The dimension that were measured before the 

experimental tests are used in the numerical simulations. The nominal dimensions are used for 

the dimensions that were not measured by S. de Jongh and M. Scheen, such as the dimensions of 

the cable tray. The nominal location of the reinforcement was not used although this was not 

measured during the experimental research. The pictures of Figure 96 reveals that the 

production of the inspection hatch has cut out of a part of the reinforcement. Figure 97 clearly 

reveals that the inspection hatch is cut right after the reinforcement. The sloping edge is not 

even cut out by the inspection hatch.  

  
Figure 96: The specimen with an original inspection hatch. 
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Figure 97: The nominal measurements of the original inspection hatch. 

Both situations are visualized to reveal the influence of the location of the reinforcement. The 

red line is the width of the inspection hatch, this is in both situations the measured value of 

101,5 mm. Although the opening of the inspection hatch is in both cases 101,5 mm, the cross-

section differs significantly. This difference arise due to the larger thickness of the 

reinforcement. Figure 98 reveals the cross-section of both situations and a detail of the 

reinforcement. The length of the outside diameter of the tube to the inspection hatch (128,2 mm 

and 132,2 mm) was also measured before the experimental research. The average measurement 

is 129,5 mm. This corresponds with the length of 128,2 mm. For this reason and the photos of 

Figure 96, the numerical model is created with the dimensions when the cut of the inspection 

hatch is through the reinforcement (Figure 98 left).   

 
Figure 98: Both situations are visualized with measurements 
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5.2 MATERIAL PROPERTIES 
The same material properties are used in this model as described in section 4.2.2. The 

engineering stress-strain diagram of the material is presented in Figure 99. This data has to be 

transferred to the numerical model. The true stress and strain used in the numerical model are 

also presented in the Figure. A Young`s modulus of 67000 N/mm² is used and a Poisson ratio of 

0.33 [-]. These values are the nominal properties of the material. The cone does not have 

material properties, because it is modelled as an rigid body.  

 
Figure 99: Material properties of the inner and outer tube. 

 

5.3 ELEMENT TYPE 
The element type used in this model is S4R. This element type is used in all the previous models. 

Chapter 3 reveals that this element type can describe the behavior of the tubes, when they are 

loaded by a torsional moment. The models of chapter 4 reveal that this element type can 

describe the contact during the production process adequately. After analyzing the results of 

these simulations, it is concluded that the element type S4R can be used in this model.  
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5.4 MESH CONVERGENCE STUDY 
The mesh is created with the global seed function. This creates mesh elements with an edge of 

approximately the specified length. The different mesh sizes that were used vary between 6 mm 

and 8 mm. The different mesh sizes used in the numerical model are presented in Figure 100. 

 

 

 
Figure 100: The models with a mesh size of 6 mm (upper), 7 mm (middle) and 8 mm (lower). 

These models were simulated and the results are presented in Figure 101. The overall behavior 

of the models is the same. The behavior begins to differ slightly after the maximal torsional 

moment is reached.  

 
Figure 101: The results of models with different mesh sizes. 
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Table 12 presents the maximum torsional moment for the models with different mesh sizes. The 

differences are calculation in comparison to the results of the model with mesh elements with an 

edge length of 8 mm. The difference between the simulations are relatively small. For this reason 

a mesh edge length of 8 mm will be used in further models.  

Table 12: The maximum torsional moment for different mesh sizes. 

Mesh edge length Number of elements Maximal torsional 
moment 

[kNm] 

Difference 
 

[%] 
8 mm 21586 3,06 - 
7,5 mm 24753 3,06 0,0 
7 mm 25796 3,06 0,1 
6 mm 35233 3,05 0,4 

 

5.5 BOUNDARY CONDITIONS 
The boundary conditions will be discussed for the production process and the torsional test 

individually. The boundary conditions during the production process are visualized in Figure 

102. The tubes should be able to expand freely. For this reason the red lines in the Figure are 

prohibited to displace in the x direction and the blue lines are prohibited to displace in the y 

direction. The green lines in the Figure are prohibited to displace in the z direction.  

There are also boundary conditions placed on the reference point of the cone. Since the cone is a 

rigid body, all boundary conditions that are placed on the reference point are applied on the 

whole rigid body. The cone is prohibited of displacements in the x and y direction. 

 
Figure 102: The boundary condition during the production process with a cone. 

The rotational test has the same boundary conditions as described in section 3.5. A rigid body 

constraint is used at the support, which connects the circumference of the outer tube with a 

reference point, see the red line of Figure 103. The outer tube cannot deform at this location and 

remains circular. All nodes on the circumference have the same boundary conditions as the 

reference point (RP-1), which is set in all 6 degrees of freedom. This is identical as the clamped 

support during the experiments. The torsional moment was initiated by a headpiece during the 

experiments. The plate at the end of the specimen prevents the cross-section to deform. This 

way, the cross-section remains a circle at the location of the headpiece. This is simulated in the 

FE program with a coupling constraint which prohibits the cross-section at the end of the tube to 

deform. There are no boundary conditions on the inner tube during the rotational test, because 

the inner tube is connected to the outer tube with the pressure fit connection.  
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Figure 103: The boundary conditions during the second simulation. 

5.6 LOADS 
The boundary conditions will be discussed for the production process and the torsional test 

individually. The first step of the production process is the expansion with a cone. The cone is 

fully pulled through the tubes, which results in a translation of the cone of 1850 mm in the z-

direction. After this expansion process contact pressure between the tubes is established. The 

second step of the production process consist of cutting out the inspection hatch of the inner 

tube. This is simulated by removing elements from the inner tube. A partition with the shape of 

the opening is made beforehand to adequate position the mesh elements at the opening. The FE 

program finds a new equilibrium after the elements are deleted, see Figure 104.  

 

 
Figure 104: Stress distribution before and after creating the inspection hatch in the inner tube. 

For the rotational test, a rotation of 30° around the longitudinal axis is set on the reference point. 

The same constraints are present on both ends of the tube as described in chapter 5.5. As a 

result of the coupling constraint, the rotation is transferred evenly over the whole tube.   
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5.7 MODELLING OF THE REINFORCEMENT AND CABLE TRAY 
Important differences between the cross-section of the inner and outer tube are the 

reinforcement and the cable tray. These are realized in the inner tube during the extrusion 

process. These features have to be implemented in the FE model to ensure a good comparison 

with the experimental research. A method to model the reinforcement and cable tray is 

assigning a difference in thickness at these locations. Firstly several methods to assign 

thicknesses to the shell are studied.  

 

5.7.1 THE TUBE 
The simulations of this chapter only include a single tube. This reduces the calculation time of 

the FE model a lot, because the expansion process is not required during the simulations. These 

simulations will only reveal the influence of certain modelling techniques, which can be used for 

the model with the inner and outer tube.  

Firstly 3 models were created with different section assignment. In theory the models are 

exactly the same. The first model consists of a tube with a radius of 82,5 mm. The thickness of 3 

mm is offset inwards. This creates an inside radius of 79,5 mm. The second model consists of a 

tube with a radius of 81,0 mm. The thickness of 3 mm is offset in both directions. This results in 

an inside radius of 79,5 mm and an outside radius of 82,5 mm. The third model consist of a tube 

with a radius of 79,5 mm. The thickness of 3 mm is offset outwards, which creates an outside 

radius of 82,5 mm. The dimensions of the tubes are presented in Table 13.  

Table 13: The 3 models with different section assignment. 

 R 
(mm) 

t 
(mm) 

Routside 
(mm) 

Rinside 
(mm) 

1. Outside line 82,5 3 82,5 79,5 
2. Midline 81,0 3 82,5 79,5 
3. Inside line 79,5 3 82,5 79,5 

 

The tubes used in these models have a closed cross-section. This means that the inspection 

hatch, reinforcement and cable tray are not modelled. The results of these models are presented 

in Figure 105: The 3 models with different thickness assignment compared to the analytical 

calculation. Figure 105. The difference in the result of the 3 models is negligible. An analytical 

calculation is made to check elastic branch of the results. Formula (18) is used to describe the 

elastic branch of the closed cross-section. Figure 105 reveals that the numerical results 

correspond very well with the analytical calculation.  

𝑀𝑤 =
𝐺𝐼𝑤 ∗ 𝜑

𝐿
       (𝑤𝑖𝑡ℎ 𝐼𝑤 =

𝜋

32
∗ (𝐷4 − (𝐷 − 2 ∗ 𝑡)4))                                                                      (18) 
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Figure 105: The 3 models with different thickness assignment compared to the analytical calculation. 

The previous models are modified to include the inspection hatch in the models. The original 

inspection hatch is modelled, because the reinforcement (which will be added in section 5.7.2) 

will have a larger influence in the resistance of the tube. The dimensions of the inspection hatch 

changes depending on which radius is modelled in the FE model. Figure 106 presents the results 

of the 3 different models with corresponding dimensions of the inspection hatch. The results are 

approximately the same for all models. The small differences between the models could arise 

due to a difference in mesh or rounding differences in the dimensions of the inspection hatch. 

 
Figure 106: The 3 models with different thickness assignment with an inspection hatch. 
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5.7.2 THE REINFORCEMENT 
Since the results of the 3 models in section 5.7.1 correspond to each other, the reinforcement can 

be added to the model. Four different methods to model the reinforcement are used. These 

methods are presented in Figure 107. The red striped line in the Figure presents the cross-

section of the shell and the blue lines present the reinforcement. In model 4 the striped red line 

is the outside radius of the tube. The reinforcement is created by assigning a different thickness 

of 6 mm to a specific region. The thickness assignment is inwards in this model, which results in 

the creation of the reinforcement at the inside of the tube. In model 5 the striped red line is on 

the central axis of the tube. The reinforcement is created by assigning a different thickness of 6 

mm to a specific region. The thickness assignment is in both directions, which leads to creation 

of the reinforcement on both sides of the tube. In model 6 an extra line of 3 mm is created 

perpendicular to the tube. This line has a certain thickness which creates the reinforcement. In 

this model a portion of the tube and the reinforcement overlap. For this reason model 7 is 

created. The tube is modelled with the inside radius with an extra line of 3 mm perpendicular to 

the tube. The areas of the tube and the reinforcement does not overlap in this model.   

 

 
Figure 107: The four different methods to model the reinforcement. 

The results of model 4 till 7 are shown in Figure 108. The Figure also presents the result of the 

tube without reinforcement. These results are included to reveal the influence of the 

reinforcement on the structural resistance. Model 4 till 7 have the same overall behavior till 

approximately 26 degrees. After this point model 6 and 7 experience unexpected behavior.  



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  104 

Firstly model 4 and 5 are compared. Model 4 corresponds better with the specimen that were 

tested, because the reinforcement is only offset inwards. If model 5 were used in a numerical 

model with an inner and outer tube, the reinforcement would first make contact with the outer 

tube before the rest of the inner tube. This would result in an incorrect model. 

Secondly model 6 and 7 are compared. Both have a line perpendicular to the tube of 3 mm. This 

results in an overlapping area between the tube and the reinforcement of model 6. The 

overlapping area reduces the structural resistance of the model (see Figure 108). Model 7 does 

not have an overlapping area.  Some other aspects of the reinforcement are studied for a better 

comparison between model 4 and 7. 

 
Figure 108: The results of model 4 till 7. 

 

5.7.2.1 THE LOCATION OF THE REINFORCEMENT 
The location of the reinforcement were not determined by S. de Jongh and M. Scheen before the 

experimental tests. In section 5.1.1 it was determined that the reinforcement of the specimen 

differs from the nominal locations. A portion of the reinforcement was cut out during the 

creation of the opening in the tube. Four models were created to reveal the influence of the 

location of the reinforcement, these models are shown in Figure 109. The left model is the same 

as the previous model 4. The reinforcement is located next to the opening. The reinforcement of 

the other models is moved, which results in a portion cut out of the reinforcement. The 

reinforcement of these models are cut to 0,25%, 0,375% and 0,50% of the width respectively.   
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Figure 109: The different locations of the reinforcement.  

These models were made with model 4, this means the outer radius was assigned the thickness 

inwards and the reinforcement was assigned a larger thickness. It is very difficult to simulate a 

portion cut out of the reinforcement with model 7. The reinforcement would consist of multiple 

lines with different thicknesses and locations.  

The results of the model are presented in Figure 110. There is no significant difference in the 

elastic branch of the 4 models. The plastic behavior of the models is also very similar. The main 

difference between the models is the maximum torsional moment. This maxima occurs 

approximately at the same rotation (21-23 degrees). The maximum torsional moment of model 

4.1, 4.2 and 4.3 is reduced by 1,52%, 4,37% and 6,81% compared to model 4.  

 
Figure 110: The results of 4 models with different location of the reinforcement. 
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5.7.2.2 THE WIDTH OF THE REINFORCEMENT 
The width of the reinforcement is varied to study the influence of this parameter on the moment 

rotation diagram. In all the previous models a width of 14 mm was modelled.  Two of these 

models were modified in order to reduce the width of the reinforcement to 8 mm. The central 

axis of the reinforcement remained the same. The width of the reinforcement of model 4 and 7 

were modified and the results are presented in Figure 111. The stiffness in the elastic branch of 

model 4.4 and 7.1 is reduced in comparison to model 4 and 7. This stiffness is approximately the 

same in model 4.4 and 7.1. The maximum torsional moment is also reduced in model 4.4 and 7.1. 

This reduction of model 4 to model 4.4 is 10,52% and 8,64% between model 7 and 7.1.  

 
Figure 111: The results of different width of the reinforcement 

 

5.7.3 THE CABLE TRAY 
The cable tray was not simulated in the previous models. The nominal dimensions of the cable 
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Figure 112: The two different methods to model the cable tray. 

The results of the simulations are presented in Figure 113. The cable tray has insignificant 

influence till a rotation of approximately 10 degrees. After his point the cable tray result in a 

minor increase of the torsional resistance. In both cases the addition of the cable tray result in an 

increase of approximately 1,3%.  

 
Figure 113: The results of models with and without cable tray. 

  

  

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

0,0 5,0 10,0 15,0 20,0 25,0 30,0

M
o

m
e

n
t 

[k
N

m
] 

Rotation [°] 

4. Outside radius without cable tray

4.5 Outside radius with cable tray

7. Inside radius without cable tray

7.2 Inside radius with cable tray



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  108 

5.7.4 CONCLUSION 
Two different modelling techniques have been considered in detail, namely models 4.5 and 7.2. 

The cable tray in both models have the same effect, so this tray is not considered in selecting the 

modelling technique. This also applies to the tube. Figure 105 and Figure 106 reveal that there is 

an insignificant difference between models that were created with the inside, middle or outside 

radius. The reinforcement is the decisive factor for determining the modelling technique. The 

cross-section of the inner tube and model 4.5 and 7.2 are presented in Figure 114.  

  
Figure 114: The cross-section tested in the experimental research and the 2 modelling techniques. 

This Figure reveals that the 2 models are similar to the cross-section of the inner tube, but have 

minor differences. Model 4.5 is chosen for future analyses a number of reasons: 

- The shear stress cannot be transferred to the reinforcement in model 7.2. 

- The ratio between length and thickness of the shell elements of the reinforcement in 

model 7.2 is not preferable. The length of this element is 3 mm and the thickness is 14 

mm.  

- Section 5.7.2.1 reveals that the modelling technique of model 4.5 allows the user to cut 

out a portion of the reinforcement at the location of the inspection hatch. This also 

occurred in the specimen tested in the experimental research. This is very difficult to 

include in model 7.2.  

5.8 RESULTS OF THE MODIFIED INSPECTION HATCH 
Before the experimental tests were executed, the dimensions of all the specimen were measured 

by S. de Jongh and M. Scheen [2]. This resulted in a few differences with the nominal dimensions 

given by Nedal. The average thickness measured on the outer tubes corresponds to the nominal 

thickness, with only a very small difference. The average thickness measured on the inner tube 

has a larger difference in comparison to the nominal thickness, these are 3,27 mm and 3,15 mm 

respectively. The results of the numerical model will reveal the influence of the larger thickness.    

Three different models were created with a modified oval inspection hatch. Model 1 consists of 

the nominal dimensions given by Nedal, see Figure 115. Model 2 and 3 consist of the dimensions 

measured by S. de jongh and M. Scheen [2] in their experimental research. Model 2 is created 

according to the measured width of the opening. Model 3 is created according to the measured 

height of the tube at the location of the opening. It is impossible to include both measurements 

in 1 model with a cross-section which is perfectly round. Both indicating measurements are 

colored red in Figure 115. The measured width of the opening in the outer tube in model 2 and 3 

is determined by dimension A in the Figure. This dimension was measured in the experimental 

research.  



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  109 

 
Figure 115: The 3 different models with the modified inspection hatch. 

The results of the numerical simulations and the experiments are presented in Figure 116. The 

linear elastic branch of the graphs correspond to the results of the experimental tests. A small 

difference arise in the plastic branch of the graph. The maximum of model 2 differs 2,5% in 

comparison to the average maximum of the experiments. The numerical results of model 2 and 3 

also reveal that the width of the opening has a large influence on the torsional resistance of the 

structure. The geometry of the outer tube and the height of the inner tube is in both models 

exactly the same. Only the width of the opening of the inner tubes changes from 132 mm to 

133,5 mm. Figure 116 reveals that this variation initiates a significant difference. The inspection 

hatch of the inner tube of model 3 has a larger width, which result in an reduction of the 

maximum moment by approximately 0,1 kNm. The overall behavior of the numerical model 

corresponds to the experimental results, see Table 14 for a comparison between the models. The 

numerical model can be used to perform the optimization.  

 
Figure 116: The results of the nominal and measured dimensions. 
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Table 14: Important values of the experimental and numerical results. 

 Rotation at max. 
Moment [°] 

Maximum moment 
[kNm] 

Difference in Max. 
moment 

Average test results 22,6 2,804 0 % 
Model 1 21,3 2,967 +5,8 % 
Model 2 21,9 2,979 +6,3 % 
Model 3 21,9 2,873 +2,5 % 

 

5.8.1 CHECKS TO VERIFY THE MODEL OF THE MODIFIED INSPECTION HATCH 
The same checks will be performed as for the model with only the outer tube, see section 3.7.4. 

The first checks are the reaction forces and moments at the support. In theory, these should be 

all 0 except for the torsional moment (RM3). The results are presented in Table 15. As expected 

all the reaction forces and moment are minimal. 

Table 15: The reaction forces and moments at the support of the 3 different models. 

 Model 1 Model 2 Model 3 

RF1 (N) 8,89* 10-8 6,51* 10-8 1,84 * 10-8 

RF2 (N) -8,83* 10-9 -1,08* 10-7 -8,77 * 10-8 
RF3 (N) 5,67* 10-8 2,24* 10-7 -3,21 * 10-8 
RM1 (Nmm) 0,16 0,14 0,0963 
RM2 (Nmm) -0,38 -0,27 0,0261 

  

The second check is the rotation at the location of inclinometer 7 and 8. These are 2 other 

locations where the rotation is measured by S. de Jongh and M. Scheen. These locations are 

presented in Figure 117. Location 6 is used for all the previous moment-rotation diagrams.  

 
Figure 117: The locations of the inclinometers during the tests [2]. 

Firstly the numerical results are compared to the experimental results at the location of 

inclinometer 7, see Figure 118. The results of the numerical model correspond to the test results. 

The results begin to differ slightly in the plastic branch. Figure 119 presents the results at the 

location of inclinometer 8. The numerical results show a slightly different behavior as the 

experimental tests. The stiffness of the numerical model seems to be slightly higher, but the 

overall behavior is the same as in the experiments.   
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Figure 118: The numerical results compared to the experimental results at inclinometer 7. 

 
Figure 119: The numerical results compared to the experimental results at inclinometer 8. 
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0

0,5

1

1,5

2

2,5

3

3,5

0 5 10 15 20

M
o

m
e

n
t 

[k
N

m
] 

Rotation [°] 

Test 1

Test 2

Test 3

Test 4

Model 3

0

0,5

1

1,5

2

2,5

3

3,5

0 1 2 3 4 5 6 7 8

M
o

m
e

n
t 

[k
N

m
] 

Rotation [°] 

Test 1

Test 2

Test 3

Test 4

Model 3



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  112 

      
Figure 120: The location of the strain gauges with photos of tests 4.  

The results are presented in Figure 121. The strains were only measured during test 04. A 

significant difference is shown in the graph between the experimental and numerical results. 

Firstly the strain gauges have a negative value till a moment of approximately 2,25 kNm. This 

could be the results of imperfections in the specimen. Secondly a higher moment is required till 

a strain of approximately 1,75% for an equally strain during the experimental test in comparison 

to the numerical model. Although the results have differences, the overall behavior of the lines 

are the same. After a strain of approximately 0,3%, the numerical and experimental results are 

approximately parallel till a strain of approximately 1,65%. Because this comparison deals with 

local behavior of the model, a larger variation is expected in the results.  

 
Figure 121: The strains in the corner of the inspection hatch. 
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The fourth check is the comparison of the failure mode. The failure modes are presented in 

Figure 122. A photo of test 2 is shown on the left side of the Figure. The numerical results of 

model 3 are presented on the right side of the Figure. The failure mode of the numerical model 

has the von Mises stresses displayed. The failure mode of both models look very similar. The 

Figure also includes 2 close ups of the local buckling. Local buckling is in both cases located right 

after the reinforcement. In the close up of the numerical model the thickness of the shell is  

visualized to reveal the location of the reinforcement.  

        
Figure 122: Failure modes and close ups of the experiments (left) and the numerical model (right) 
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5.8.2 LENGTH OF THE CONE 
The cone used in the production process by Nedal has a small length in comparison to the cone 

used in the numerical model. Beforehand it was assumed that the length of the cone did not 

affect the numerical results, only the outside diameter had influence on these results. This 

assumption is now checked. Two numerical models were made with exactly the same 

properties, only the length of the cone is varied. The length of the cone is set as 250 mm and 750 

mm. The results of these numerical models are presented in Figure 123. The Figure reveals that 

the length of the cone has insignificant influence on the numerical results. The large length of the 

cone is recommended to use in the numerical model to graduate initiate the expansion process. 

 
Figure 123: The length of the cone varied in the numerical model. 

5.8.3 FRICTION COEFFICIENT 
The friction coefficient is varied in several numerical models. The friction coefficient had a large 

influence in the result of the pulling test, see section 4.2.9.3. This influence is now studied on the 

numerical model with an inner and outer tube. Firstly there were 2 models simulated with a 

friction coefficient of 0,15 [-] and 0,25 [-], see Figure 124 for the results. The influence of the 

friction coefficient in these simulations is negligible. Another numerical model is made with a 

friction coefficient of 0,05 [-], to reveal if a very low friction coefficient has influence on the 

results. The results of this model are also presented in Figure 124. These results indicate that the 

friction coefficient has minor influence in the moment-rotation diagram.  
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Figure 124: The friction coefficient varied in the numerical model. 

With a closer look to the visualization of the numerical results, it is revealed that the tubes 

deform asymmetrical in an early stage of the numerical tests. Figure 125 presents the 

deformations of the inner and outer tube at a rotation of 0°, 1,8° and 2,8°. The asymmetrical 

deformations are already visual at a rotation of 1,8°. The influence of the friction coefficient is 

minimal, because the asymmetrical deformations result in the transfer of all stresses between 

the inner and outer tube.  

 
Figure 125: The inner and outer tube with a rotation of 0°, 1,8° and 2,8° 

5.8.4 DIAMETER OF THE CONE 
The diameter of the cone is also varied to see the influence of this parameter. The influence of 

the diameter of the cone on the pulling test is discussed in section 4.3.8.4. Initially it was 

expected that the increase of diameter will have a significant influence on the moment rotation 

diagram. After the findings in section 5.8.3, the influence is expected to be minimal. Figure 126 

presents the results of various cone diameters. It shows the results of the original diameter used 

by Nedal (152,9 mm) increased with 0,20 mm, 0,30 mm and 0,60 mm. The graph reveals that the 

diameter of the cone has an insignificant influence on the moment rotation diagram. It seems 

that it is important that a pressure fit connect is formed, but the strength of this connection is 

not very significant.  
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Figure 126: The results of simulations with various diameter of the cone 

 

5.8.5 VARIATIONS OF THE EXPANSION PROCESS 
Sections 5.8.3 and 5.8.4 reveal that the strength of the pressure fit connection is relatively 

insignificant. Other modelling techniques for the expansion process are studied to reduce the 

simulation time. Firstly a model was made with an inside pressure on the inner tube, similar to 

the expansion process described in section 4.1, see Figure 127 (left). However, during the 

processing of the numerical results an irregularity was noticed. The inside pressure was set on 

the inside of the inner tube with the exception of the locations of the reinforcement and cable 

tray. This resulted in an unevenly expansion of the inner tube, see Figure 127 (right). This 

creates a large difference between the expansion process with a cone and an inside pressure.  

 
Figure 127: Model with an inside pressure and model with a predefined displacement. 

  

0

0,5

1

1,5

2

2,5

3

3,5

0 5 10 15 20 25 30

To
rs

io
n

al
 m

o
m

e
n

t 
[k

N
m

] 

Rotation [°] 

Increase in diameter of 0,30 mm

Increase in diameter of 0,60 mm

Increase in diameter of 0,20 mm



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  117 

Another modelling technique is with a predefiend displacement. Firstly a new coordinate system 

has to be created with the material orientation of the cylindrical part. This way the predefiend 

displacement can be set perpendicular to the shell. This is very similar to the inside pressure, 

with the key difference that this modelling tenchique is displacement control. The inner tube wil 

evenly expand and the process will be very similar to the production process with a cone. This 

statement is checked by simulating the same model twice, with the expanding process as the 

only difference. The results are presented in Figure 128. The graph reveals that the results are 

almost identical. The production process will be simulated with a predefiend displacement from 

now on. This results in a more stable numerical model and reduces the calculation time of the 

models. 

 
Figure 128: The numerical result of 2 models with a different expansion process. 
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5.8.6 ADDING IMPERFECTIONS 
Imperfections were added in this model to analyze the influence. The procedure is almost the 

same as in section 3.7.2. The first model includes the production process followed by the linear 

buckling analyses. The production process is exactly the same as in the other numerical models. 

It consists of the expansion process with a cone and the creation of the inspection hatch in the 

inner tube. After this process the linear buckling analyses is performed on the whole model. The 

first 3 eigenmodes are presented in Figure 129. The eigenvalues of these modes are 5,852 kNm, 

5,953 kNm and 6,402 kNm respective.  

 
Figure 129: The first 3 eigenmodes of the model with inner and outer tube. 

The eigenvalue of the third eigenmode differs significantly from the first 2 eigenmodes. For this 

reason only the first and second eigenmode are considered. The second eigenmode is chosen, 

because the imperfections corresponds to the deformations of the numerical model loaded by a 

torsional moment without imperfections. The eigenmodes of the model with only an outer tube 

and the model with an inner and outer tube differ. The local buckling is presented in Figure 130. 

The right Figure of the inner and outer tube reveals that the tubes buckle inwards and outwards. 

The inward buckling probably occurs due to the reinforcement.   

  
Figure 130: Close up of the local buckling of only the outer tube (left) and of the inner and outer tube (right). 

If the local buckling analysis is completed, the imperfections can be inserted in the second 

numerical model. The production process starts again for the tubes with the applied 

imperfection. The estimated imperfection is the outside diameter/ 200 = 0,825 mm. The 

imperfection is estimated larger than in the model with only an outer tube, because there is a 

second cut performed in the specimen. This can lead to larger imperfection. A model with an 

imperfection of maximal 0,825 mm is simulated and the results are presented in Figure 131.  
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The Figure reveals that there is an insignificant difference between a model with 0 mm 

imperfections and 0,825 mm. Two other simulations were performed with an imperfection of 

3,3 mm and 8,25 mm to reveal the influence of the imperfections on the numerical model. These 

results are also presented in Figure 131. 

 
Figure 131: Simulations with different imperfections. 

5.9 RESULTS OF THE ORIGINAL INSPECTION HATCH 
The original inspection hatch was also tested by S. de Jongh and M. Scheen in their additional 

experimental research [3]. This is an extra validation for the numerical model. A similar 

numerical model is used as in the previous simulations, however the geometry is adjusted to the 

original inspection hatch. The same 3 models were created as in section 5.8. Model 1 includes 

the nominal dimensions, Model 2 includes the measured width of the inspection hatch and 

model 3 includes the depth of the inspection hatch. These dimensions are indicated with red in 

Figure 132. The nominal location of the reinforcement is used in all models. The opening in 

models 2 and 3 cut through the reinforcement. This has a significant influence in the width of the 

inspection hatch, see Section 5.1.1 for more information. The results of the numerical 

simulations are presented in Figure 133. 
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Figure 132: The dimensions of models 1, 2 and 3. 

 
Figure 133: The results of the nominal and measured dimensions 

The graphs reveals that the elastic branch of the numerical results corresponds with the 

experimental results. For an more accurate comparison, the numerical results are compared to 

the experimental results at a rotation of 1,9° and 3,7°. These locations are approximately in the 

middle and end of the elastic branch. The comparison is presented in Table 16.  

Table 16: Comparison of the numerical and experimental results in the elastic branch. 

 Moment 
at 1,9° 

Average 
moment 

during tests at 
1,9° 

Difference Moment 
at 3,7° 

Average 
moment 

during tests at 
3,7° 

Difference 
[%] 

Model 1 0,85 kNm 0,87 kNm -1,38 % 1,55 kNm 1,44 kNm 7,26 % 

Model 2 0,75 kNm 0,87 kNm -13,1 % 1,38 kNm 1,44 kNm -4,19 % 

Model 3 0,79 kNm 0,87 kNm -8,79 % 1,41 kNm 1,44 kNm -1,99 % 
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The plastic branch of the numerical models differs more from the experimental results as the 

elastic branch. Table 17 presents a comparison between the numerical and experimental results. 

The maximum moment and the rotation at this point are used for the comparison. The Table 

reveals a large difference in rotation at the maximum moment of approximately 20%. The 

differences of maximum moments are much smaller. The maximum moment of model 2 and 3 

differ only 1,6% and 4,9%. The differences in the plastic branch could be caused by: 

- The material properties. The material properties determined by TNO [6] were used in 

the numerical simulations. The experimental research of S. de Jongh and M. Scheen 

included specimen with the same alloy, however this is another batch. This could lead to 

differences in the results. The original and modified design are also 2 different batches, 

which could explain that the modified design corresponds better with the experimental 

results. This batch could be more similar to the batch of the research by TNO [6].  

- Location and width of the reinforcement. The location and width of the reinforcement 

were not measured by S. de Jongh and M. Scheen in their experimental research. The 

nominal measurements were used in the numerical model. This could lead to significant 

differences in the results. The reinforcement has a much larger influence in the 

resistance of the model with an original design than on the modified design. The 

reinforcement in the modified design is cut by the inspection hatch. This could explain 

why the results of the modified design corresponds better with the experimental results. 

- Imperfections. The imperfections in the tube could lead to differences in the numerical 

results. These imperfections are probably created by cutting out the inspection hatch. An 

example of these imperfections are the difference between model 2 and 3. Other 

imperfections could also lead to different influences on the results.   

Table 17: Comparison of the numerical and experimental results in the plastic branch. 

 Rotation at 
maximum 
Moment 

Average 
rotation during 

tests at max. 
Moment 

Difference Max. 
Moment 

Average 
max. 

moment 
during tests 

Difference 

Model 1 26,07° 31,81° -18,1% 3,44 kNm 3,09 kNm 11,3% 

Model 2 25,14° 31,81° -21,0% 3,14 kNm 3,09 kNm 1,6% 

Model 3 25,16° 31,81° -20,9% 3,24 kNm 3,09 kNm 4,9% 

  

5.9.1 CHECKS TO VERIFY THE RESULTS 
The same checks were performed as described in section 5.8.1. Firstly the reaction forces and 

moments are determined at the support. In all 3 models the reaction forces in all 3 direction 

were approximately 0 N. The reaction moments at the support were also approximately 0 kNm 

around the weak and strong axis of the tube. Only the reaction moment around the longitudinal 

axis had a significant value. This is the result of the torsional moment performed on the tube.  

The second check to verify the numerical results is the moment rotation diagram at location 7 

and 8. These are the locations of two inclinometers which were placed on both sides of the 

inspection hatch, see Figure 117. The experimental and numerical results at location 7 are 

presented in Figure 134. The elastic branch of the numerical results corresponds to the 

experimental results. The plastic branch reveals similar differences as described in section 5.9. 
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Figure 134: The experimental and numerical results on the location of inclinometer 7. 

The experimental and numerical results of location 8 are presented in Figure 135. The numerical 

results corresponds with the experimental results till a rotation of approximately 3,8°. After this 

point the difference becomes larger. This phenomena is similar to the results in Figure 133 and 

Figure 134, where the difference in results also arise in the plastic branch.  

 
Figure 135: The numerical and experimental results on the location of inclinometer 8. 
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The third check is the strain gauges, which were placed in the corner of the inspection hatch. 

Figure 136 presents the location of the strain gauges with photos taken during the experiments. 

These photos reveal that the strain gauges were placed at the location where the local buckling 

is initiated.  

   
Figure 136: The location of the strain gauges with photos during the tests.  

The results of the strain gauges are presented in Figure 137. These results are similar to the 

results of the strain gauges in the model with the modified design. In both cases the 

experimental results first have a negative value. This could be the result of imperfections in the 

specimen. After a strain of approximately 0,25% the experimental and numerical results are 

parallel. Because this comparison deals with local behavior of the model, a larger variation is 

expected in the results. 

 
Figure 137: The results of the strain gauges in the corner of the inspection hatch. 
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The fourth check is the comparison of the failure mode in the experimental and numerical 

research. The failure modes are presented in Figure 138. The Von Mises stresses are visualized 

for the numerical results. The failure mode of the numerical model corresponds to the failure 

mode of the experiments. The numerical model is validated with the previous four checks and 

can be used for the optimization of the lighting columns.  

  
Figure 138: Comparison of the failure modes of the experimental and numerical research.  

5.9.2 CONCLUSIONS 
The results of the numerical research is compared with the experimental results. The differences 

in the results are larger than in section 5.8. The elastic branch and the maximum moment are 

similar in the experimental and numerical results. The rotation where the maximum moment 

occurs differs largely in the experimental and numerical results. Four checks were performed to 

fully validate the numerical model. The exact dimensions of the opening are crucial for the 

resistance of the structure. It is recommended to pay attention to tolerances on the cutting 

process.  
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5.10 RESULTS OF THE ORIGINAL HATCH LOADED BY TORSION AND 

BENDING 
From 2000 till 2003, TNO performed experimental and numerical research to a lighting column 

loaded by a combination of torsion and bending. This research is used to validate the numerical 

model, when it is loaded by torsion and bending. The same 3 models were simulated as 

described in section 5.8 and 5.9. Model 1 includes the nominal dimensions, Model 2 includes the 

measured width of the inspection hatch and model 3 includes the measured depth of the 

inspection hatch. The dimensions measured by TNO are described in their reports [5,6]. The 

experimental and numerical results of TNO are presented in Figure 139. The left graph presents 

the bending resistance and the right graph presents the torsional resistance. The experimental 

results of TNO were simplified for a better comparison with the numerical results of this project. 

The simplified experimental results are visualized with a red line in Figure 140, Figure 141 and 

Figure 142. 

 
Figure 139: The experimental and numerical results by TNO [6] 
(Left: Bending resistance, Right: Torsional resistance). 

The experimental and numerical results of the bending moment and rotation around the weak 

axis are presented in Figure 140. The elastic branch of the numerical models correspond to the 

experimental results. The maximum moment is significantly lower in the numerical models 

(14,4% lower). The experimental and numerical results of the torsional moment and the 

rotation around the longitudinal axis are presented in Figure 141. Model 1 and 2 correspond in 

the elastic and plastic branches with the experimental results. Model 3 differs significantly from 

the experimental results. Figure 142 presents a graph with the rotation around the 2 axis. Since 

the numerical results of the bending moment differ with the experimental results, these results 

will also differ from the experimental results. The numerical model corresponds very well till a 

rotation of approximately 2,3°. This is similar to the point where Figure 140 begin to differ from 

the experimental results. Section 5.10.1 presents checks to verify the numerical results.   
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Figure 140: The experimental and numerical results of the bending moment and rotation around the weak 
axis. 

 
Figure 141: The experimental and numerical results of the torsional moment and rotation around the 
longitudinal axis. 

 
Figure 142: The experimental and numerical results of the rotation round the weak axis and the longitudinal 
axis. 
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5.10.1 CHECKS TO VERIFY THE RESULTS 
The first check is the comparison between the numerical results determined by TNO and the 

numerical results of this research. Figure 143, Figure 144 and Figure 145 present the 

comparison between the numerical models. Note: The horizontal axis of the left graphs are 

expressed in degree and the right graphs are expressed in radians. Figure 143 reveal that both 

numerical models corresponds in the elastic branch with the experimental results, but differ in 

the plastic branch. The maximum moment in the numerical results of TNO is approximately 6,2 

kNm. Model 1 in this numerical research has a maximum moment of approximately 6,9 kNm. 

The maximum bending moment of the numerical research performed by TNO is similar to the 

results of model 3. Figure 144 reveals that the torsional moment in the numerical models of this 

research and TNO corresponds with the experiments. Both the numerical models of this 

research and TNO have a slightly lower torsional resistance than the experimental results. 

Figure 145 reveals there are differences between the numerical results and the experimental 

results. The numerical results of this research corresponds to the experimental results till a 

rotation around the weak axis of approximately 2,5°. The numerical results of TNO corresponds 

to the experimental results till a phi z of approximately 0,04 rad (2,3°). After these points the 

numerical results begin to differ from the experimental results.  

 
Figure 143: Comparison between the numerical model and the numerical results of TNO [6]. 

 
Figure 144: Comparison between the numerical model and numerical results of TNO [6].  
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Figure 145: Comparison between the numerical model and numerical results of TNO [6]. 

The second check is the comparison of failure modes. Figure 146 presents on the left a photo of 

the failure mode after the experiment and on the right the failure mode of the numerical 

research. The Von Mises stresses are visualized in the numerical model. The report of TNO [5] 

states that the picture is taken after the experiments. According to their results this occurs at a 

rotation of 10° around the weak axis and 10,9° around the longitudinal axis. The failure mode of 

the numerical model is shown with these rotations. The failure mode of the outer tube looks 

very similar in the Figure. The failure mode of the inner tube differs largely in the Figure. The 

inner tube buckled inwards during the experimental research and outwards during the 

numerical research. This difference can arise due to imperfections in the specimen during the 

experimental research. The larger bending resistance could be the result of this imperfection.  

Since more force is required to buckle the inner tube inwards.  

                
Figure 146: Failure mode of the experimental research (left) and the numerical research (right) 
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5.10.2 MODEL LOADED  BY ONLY BENDING 
A model is made to analyze the bending resistance of the numerical model. Figure 140 reveals 

that the bending resistance is significantly lower in the numerical model in comparison to the 

experimental research. A model is made that is only loaded with a bending moment around the 

weak axis. The absence of the torsional moment should result in a higher bending resistance. 

The model includes a bending moment around the weak axis that result in compression at the 

location of the inspection hatch. This is the same as in the experiments. The results of this model 

is presented in Figure 147. The results reveal that a model with only a bending moment also 

results in a maximum bending moment lower than the experiments.  

 
Figure 147: Numerical models with several load cases compared to the experimental results. 
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5.10.3 VARIATION OF THE FRICTION COEFFICIENT  
Several models were created in which the friction coefficient was varied to reveal the influence 

of friction between the inner and outer tube. The friction coefficient was set on 0,25 [-] in all 

previous models. This friction coefficient was initially used because this was suggested by TNO 

[6] after their pulling test on the tubes. The friction coefficient is varied to 0,50 [-] and 0,75 [-] to 

reveal the influence of the friction between the tubes on the resistance. In section 5.8.3 it was 

established that the friction coefficient did not have influence on the resistance if the tubes were 

only loaded with a torsional moment. The results are presented in Figure 148 and Figure 149. 

The Figures reveal that the friction coefficient has insignificant influence on the resistance of the 

tubes.  

 
Figure 148: Bending resistance of model 1 with several friction coefficients. 

 
Figure 149: Torsional resistance of model 1 with several friction coefficients. 
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5.10.4 ADDING IMPERFECTIONS 
Imperfections were added to reveal the influence on the resistance of the tubes. Section 5.8.6 

concluded that an imperfection of  0,825 mm (diameter/200) had insignificant influence on the 

torsional resistance. The procedure to add the imperfection to the model will be the same as in 

previous models: 

- The production process is simulated.  

- A linear buckling analysis is performed on the tubes with a bending and torsional 

moment.  

- The eigenmodes and eigenvalues are evaluated.  

- The imperfections are added in a new model. 

- A second simulation is performed with the imperfections 

A linear buckling analysis is performed and the first 2 eigenmodes are presented in Figure 150. 

The first eigenvalue is 16,1 kNm and the second eigenvalue is 16,8 kNm. The first eigenvalue is 

approximately 4,2% lower than the second eigenvalue. For this reason, the first eigenvalue is 

used as imperfection in the following numerical models.  

 
Figure 150: The first (upper visualization) and second (lower visualization) eigenmode 

The imperfection of the tubes is set on 0,145 mm (diameter/1000) and 0,725 mm 

(diameter/200). The results are presented in Figure 151 and Figure 152. The graphs reveal that 

an imperfection of 0,145 mm has insignificant influence on the bending and torsional resistance. 

If the imperfection is increased to 0,725 mm, the results begin to differ more. The curve of the 

graph becomes less sharp with a larger imperfection. Although the results begin to differ more, 

the difference of adding an imperfection of 0,725 mm is minor.  
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Figure 151: The bending resistance with several imperfections. 

 
Figure 152: The torsional resistance with several imperfections. 
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The first eigenmode of the structure is used in the previous simulations. These simulations do 

not conclude that a certain imperfection could lead to an increase in bending resistance. The 

structure with no imperfections will always buckle the same direction as a results of the 

direction of the torsional moment. The imperfections were in the same direction as the torsional 

moment. The first eigenmode is used for the following simulations, but with a negative value. 

This results in an imperfection in the other direction as the structure buckles due to the 

torsional moment. The numerical results of 2 simulations with an imperfection of -0,725 mm 

(diameter/200) and -2 mm are presented in the graph of Figure 153. The simplified 

experimental results and the results of a simulation without imperfection are also added in the 

same graph for a better comparison. The results reveal that a negative imperfection of 0,725 mm 

increases the bending resistance slightly and a negative imperfection of 2 mm increases the 

bending resistance with 5,7%.  

The failure mode of the numerical model with a negative imperfection is presented on the left 

side of Figure 153. The failure mode reveals that the inner tube still buckled outwards in the 

model with a negative imperfection. The failure mode of the experiment clearly reveals that the 

inner tube buckles inwards, see Figure 146 (left). The form and magnitude of the imperfections 

of the specimen tested by TNO are still unknown, thus these imperfections cannot be modelled. 

Although the bending resistance of the experimental results are still higher than the models with 

a negative imperfection, these simulations conclude that a negative imperfection can results in a 

higher bending resistance.  

 
Figure 153: The failure mode of an model with an imperfection of -2 mm (left), the numerical results of the 
models with an negative imperfection. 
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5.10.5 CONCLUSIONS 
This numerical model was created to validate the response to a combination of torsion and 

bending. The experimental results of TNO [5] were used to validate the numerical model. The 

numerical results of the torsion rotation diagram corresponds to the experimental results. The 

numerical results of the bending rotation diagram reveals a larger difference. The maximum 

bending moment of the numerical model is approximately 14,4% lower than the experiments. 

Section 5.10.1 reveals that similar differences between the experimental and numerical results 

were found in the numerical studies of TNO [6]. The higher bending resistance during the 

experiments could be the result of imperfections in the tube. The failure mode of Figure 146 

reveals that the inner tube buckle inwards during the experiments. More energy is required to 

buckle the inner tube inwards. In section 5.10.4 imperfections were added to the numerical 

model. These imperfections were the first eigenmode, which result in lowest stiffness of the 

structure. The imperfections of the specimen tested by TNO are probably very different from the 

first couple of eigenmodes. It is very difficult to simulate these imperfections, because the 

imperfections were not measured before the experimental tests. Although the plastic branch of 

the bending resistance differ, the numerical model can be used in the optimization for a couple 

of reasons.  

- The torsional behavior and the elastic branch of the bending graph correspond to the 

experimental results.  

- The difference in the maximal bending resistance could be the result of a difference in 

initial imperfections. The study to negative imperfections reveals that the bending 

resistance can increase due to certain imperfections.  
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5.11 RESISTANCE AGAINST A COMBINATION OF TORSIONAL AND 

BENDING MOMENT 
Several models were validated in section 5.8 till 5.10. The same models are used for the 

simulations discussed in this section. There are some modifications made in the model for a 

better comparison. The thickness of the inner and outer tube are set on 3 mm for all simulations. 

Other parameters like the length of the tubes (1200 mm) are also identical in the numerical 

models. Interaction diagrams of the maximum torsional and bending moments were created 

with these numerical models. Different load cases were simulated for these interaction 

diagrams. These load cases were used in the numerical model: 

- A pure torsional moment 

- Ratio torsion/bending: 3/1 

- Ratio torsion/bending: 2/1 

- Ratio torsion/bending: 1/1 

- Ratio torsion/bending: 1/2 

- Ratio torsion/bending: 1/3 

- Ratio torsion/bending: 1/4 

- Ratio torsion/bending: 1/5 

- Ratio torsion/bending: 1/6 

- Ratio torsion/bending: 1/8 

- Ratio torsion/bending: 1/10 

- A pure bending moment  

5.11.1 THE MOMENT ROTATION DIAGRAMS 
Firstly the different load cases were performed on the numerical model with an original 

inspection hatch. In contrast to all the previous models, the load cases in these numerical models 

had to be load controlled to maintain the torsion/bending ratio. This resulted in moment 

rotation diagram which stops at the maximum moment. The results of the bending moment and 

the rotation around the weak axis are presented in Figure 154. The results of the torsional 

moment and the rotation around the longitudinal axis are presented in Figure 155.  
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Figure 154: The bending moment and rotation around the weak axis of the nine different load cases on an 
original inspection hatch. 

 
Figure 155: The torsional moment and rotation around the longitudinal axis of the nine different load cases 
on an original inspection hatch. 
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Secondly these simulations were also performed on a numerical model with a modified 

inspection hatch. The results of the bending moment and rotation around the weak axis are 

presented in Figure 156. The results of the torsional moment and the rotation around the 

longitudinal axis are presented in Figure 157.  

 
Figure 156: The bending moment and rotation around the weak axis of the nine different load cases on  a 
modified inspection hatch. 

 
Figure 157: The torsional moment and rotation around the longitudinal axis of the nine different load cases 
on a modified inspection hatch. 
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The simulations where the model is only loaded by pure torsion or bending are also performed 

with an displacement controlled loading. The models with an displacement controlled loading 

will not stop the simulation at the maximum moment. This way the maximum torsional or 

bending moment can be compared and checked. The results of these checks are presented in 

Table 18. The difference of the original hatch loaded by pure torsion is relatively large (14%). 

This is the result of a local maximum see Figure 155: The torsional moment and rotation around 

the longitudinal axis of the nine different load cases on an original inspection hatch. Figure 154. 

The results of the displacement controlled model is the dotted line.  

Table 18: The comparison between load controlled and displacement controlled simulations. 

 Max. M  
load controlled 

Max. M  
displ. controlled 

Difference 
 

Modified hatch bending 8,21 kNm 9,55 kNm 14,0 % 
Modified hatch torsion 3,37 kNm 3,38 kNm 0,32% 
Original hatch bending 6,60 kNm 6,61 kNm 0,13 % 
Original hatch torsion 2,84 kNm 2,85 kNm 0,30 % 
 

Another check is introduced for the load controlled simulations. In theory, the slope of the graph 

is zero at the maximum moment. The slope can be determined between 2 increments of the 

numerical simulation. If the last increments are near the maximum moment, the slope should be 

approximately zero. The slope is determined with the last increment and an interval of 0,02° for 

the torsion and bending diagram with all numerical models. The calculated slopes are presented 

in Table 19. Initially some slopes were in the order of 0,3 [-] and 0,5 [-]. The graphs of Figure 154 

till Figure 157 also revealed a small slope at the end of the graph. These simulations were 

performed again with another load interval to reach the true maximum. The conclusion can be 

drawn that the load controlled simulation have all reached their maximum after these checks. 

Table 19: The slope of the simulation at 0,02° before the maximum moment. 

Slope of the 
simulations 

Original hatch 
Torsion 

Original hatch 
Bending 

Modified hatch 
Torsion 

Modified hatch 
Bending 

Pure Torsion 0,01 - 0,01 - 
T 3/1 B 0,01 0,01 0,01 0,01 
T 2/1 B 0,01 0,02 0,01 0,01 
T 1/1 B 0,01 0,04 0,01 0,02 
T 1/2 B 0,01 0,05 0,00 0,01 
T 1/3 B 0,00 0,03 0,00 0,02 
T 1/4 B 0,01 0,08 0,01 0,05 
T 1/5 B 0,01 0,08 0,01 0,06 
T 1/6 B 0,00 0,05 0,01 0,06 
T 1/8 B 0,00 0,03 0,00 0,02 
T 1/10 B 0,00 0,00 0,00 0,03 
Pure Bending - 0,43 - 0,04 
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5.11.2 INTERACTION DIAGRAM 
The maximum bending and torsional moments are used to create the normalized interaction 

diagram of Figure 158. The red striped line is the formula given in the NEN-EN40 [8] to calculate 

the resistance when the lighting column is loaded by a combination of bending and torsion. The 

graph clearly reveals that the models with the modified opening have a higher normalized 

resistance if the model is loaded by a combination of bending and torsion. This is especially the 

case when the model is loaded with a relatively large bending moment and low torsional 

moment.  

 
Figure 158: The interaction diagram of the original and modified hatch.  

5.12 CONCLUSION 
The numerical model is validated with three types of experiments, including an inner and outer 

tube with an original opening loaded by torsion, a modified opening loaded by torsion and 

original opening loaded by a combination of bending and torsion. After the validations, a number 

of conclusions can be drawn with the numerical model: 

- The production process of these models can be realized with an specified expansion of 

the inner tube.  

- The strength of the pressure fit connection between the inner and outer tube is not as 

imported as initially assumed. Even a low friction coefficient of 0,05 [-] is sufficient to 

transfer the stresses. 

Interaction diagrams were created for the inner and outer tube with an original and modified 

opening with the validated numerical model. The nominalized interaction diagram of the 

modified hatch reveals a better response to a combination of torsion and bending, see Figure 

158. However, the numerical model with an original hatch has a larger total resistance if 

combined with an inner tube without any reinforcement adjustments.  
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6 OPTIMIZATION OF THE LIGHTING COLUMNS 
This chapter describes the optimization process of the lighting columns. The results of various 

numerical models are analyzed and recommendations are presented to Nedal. In chapter 5, the 

numerical model is validated for a combination of torsion and bending. These validated models 

are used for the optimization. 

 

In chapter 5.8 a couple of parameters are discussed concerning the influence of the pressure fit 

connection between the inner and outer tube. These parameters include the length and diameter 

of the cone and the friction coefficient between the tubes. As a result of these simulations, it is 

concluded that the strength of the pressure fit connection is not important for the overall 

resistance of the lighting column. The stresses between the inner and outer tube are transferred 

due to the a-symmetrical deformation of the structure. For this reason the pressure fit 

connection is not included in the optimization of the lighting columns.  

Previous chapters reveal that the geometry has a large influence on the resistance of the lighting 

column. A few parameters are determined in advance in all numerical models for an accurate 

comparison. It is obvious that the resistance of the lighting columns increases, if the thickness of 

the tubes increase. For this reason the diameter and thickness of the tubes are fixed at 165 mm 

and 3 mm, respectively, and are not taken into account in the optimization. The parameters that 

are analyzed in this chapter are: 

- The shape of the opening 

- The location of the reinforcement 

- The shape of the reinforcement 

These parameters are analyzed in an specific order. The objective of this optimization is to 

obtain the optimal combination of the opening and the reinforcement. The optimal location and 

shape of the reinforcement is very depending on the shape of the opening, thus the 

reinforcement cannot be optimized separately. For this reason, the shape of the opening is 

optimized first in section 6.1. It is not certain that the optimized shape of the opening will result 

in the best combination with the reinforcement. Therefore, several shapes of the opening which 

show potential will be optimized in combination with the reinforcement, see section 6.2. The 

optimized lighting columns will be compared to the original design of Nedal. 

6.1 SHAPE OF THE OPENING 
Several shapes can be used for the inspection hatch. Sharp corners should be avoided in the 

design of the opening, because the openings are cut mechanically. Another reason is the peak 

stresses that arose in the corners of the opening in previous numerical models. For this study 

the following shapes are considered: 

- Opening created with an ellipse 

- Opening created with straight lines 
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6.1.1 MINIMUM DIMENSIONS OF THE OPENING 
Before the optimization can begin, the requirements of the opening should be determined. The 

dimensions of the opening should be sufficient in size for maintenance of the lighting column. 

The minimal dimensions for the optimization were determined by Nedal. The minimal width for 

the opening is 75 mm and the minimal height is 350 mm. The minimal dimensions and the 

original design are presented in Figure 159. The Figure reveals that the minimal size of the 

opening is significantly smaller as the original design. The original design could be easily 

optimized by decreasing the dimensions of the original design. However, Nedal has deliberately 

chosen for a much larger opening. It is decided that the area of all the openings during the 

optimization are approximately equal to the area of the opening of the original design. This 

ensures a fair comparison between the models. The size of the opening of the outer tube is 

determined by the opening of the inner tube. The difference in dimensions of the inner and outer 

tube of the original design were measured and used in the other models.  

 
Figure 159: The minimal dimensions of the opening of the inner tube. 

 

6.1.2 OPENING CREATED WITH AN ELLIPSE 
First the models in which the opening is created with an ellipse are discussed. The only 

parameters required for drawing an ellipse are the length, width and the location of the center. 

Figure 160 presents the side view of inner tube with the minimal size of the opening colored 

grey. The side view is presented, because the mechanical saw pattern is determined as a side 

view. An example of an ellipse is drawn in red with the corresponding parameters. The 

parameters W1 and L1 are introduced to reveal the extra width and height of the opening in 

comparison to the minimal size of the opening.   

 
Figure 160: The variables for the ellipse-shaped opening. 
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Several models can be created with the variables presented in Figure 160. The models created 

with these variables are presented in Table 20. The dimensions presented in the Table are from 

the inner tube. The opening of the inner tube determines the minimal size of the opening, 

because the opening in the outer tube is always larger. Model 1 till 4 were created with the same 

distance between the center of the ellipse and the edge of the inner tube. The influence of this 

parameter is analyzed later. The opening of Model 1 is constructed with the same width and area 

as the original design. The opening of Model 2 is constructed with the same height and area as 

the original design. The openings of Model 3 and 4 were also created with the same area as the 

original design. The height of these openings were changed to 530 mm and 550 mm. Model 1 till 

4 will reveal the influence of the height and the width of the opening, if the distance between the 

center of the ellipse and the edge of the inner tube remains the same.   

The distance between the center of the ellipse and the edge of the inner tube is varied in Model 5 

and 6. The distance is varied from 10 mm to 50 mm and 100 mm. The same height as Model 4 is 

used, because Model 4 had the highest torsional and bending resistance. The area of the opening 

is again approximately the same as the original design.  

Table 20: The different models created with an ellipse. 

 Distance to 
center ellipse 

[mm] 

Width of the 
opening 

[mm] 

Height of the 
opening 

[mm] 

Area of the 
opening 

[cm²] 

Original design - 100 500 523,2 
Model 1 10 100 586 523,4 
Model 2 10 111,1 500 523,4 
Model 3 10 106,3 530 523,5 
Model 4 10 103,3 550 523,7 
Model 5 50 108,0 550 523,7 
Model 6 100 108,7 550 523,1 

 

The models are loaded with 4 different load cases. The first load case consist of a pure torsional 

moment. The second load case consist of a pure bending moment. The last 2 load cases are a 

combination of bending and torsion. These load cases have a certain ratio, which are given by 

Nedal. The ratio bending/torsion of combination 1 is 5999/414 and of combination 2 is 

5303/274.  

The results of the original design and model 1 till 6 are presented in Table 21. Firstly the results 

of models 1 till 4 are analyzed. All 4 models have a higher torsional resistance as the original 

design. Model 2, 3 and 4 have approximately the same torsional resistance. Their maximal 

torsional resistance differs less than 0,5%. The bending resistance of Model 1, 3 and 4 are higher 

than the bending resistance of the original design. The results show that Model 4 has a higher 

torsional and bending resistance as Model 1 till 3. For this reason, the height of model 4 is also 

used for model 5 and 6. The results of these models are also presented in Table 21. The 

resistance of model 5 and 6 are approximately the same, because the geometry of the opening is 

approximately the same. There is a significant difference between model 4 and model 5/6. The 

bending resistance and both load combinations are higher in Model 4, but the torsional 

resistance is lower in Model 4. The pure torsional resistance is the least important loading case, 

because unlike the bending moment, the torsional moment will always be in combination with a 

bending moment. 
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Table 21: The resistance of models 1 till 6. 

 Torsional 
resistance 

[kNm] 

Bending 
resistance 

[kNm] 

Combi 1 
(Bending/Torsion) 

[kNm] 

Combi 2 
(Bending/Torsion) 

[kNm] 

Original design 3,06 8,85 7,59 / 0,52 7,88 / 0,41 
Model 1 3,25 9,24 8,76 / 0,60 9,00 / 0,46 
Model 2 3,37 8,82 8,45 / 0,58 8,62 / 0,45 
Model 3 3,38 9,11 8,72 / 0,60 8,91 / 0,46 
Model 4 3,38 9,27 8,87 / 0,61 9,07 / 0,47 
Model 5 3,41 9,08 8,73 / 0,60 8,89 / 0,46 
Model 6 3,43 9,06 8,72 / 0,60 8,90 / 0,46 
  

 

6.1.3 OPENING CREATED WITH STRAIGHT LINES 
The opening can also be created with straight lines. The side view of the cutting pattern is 

presented in Figure 161. The corners are rounded for a fluent cutting path. The rounded corners 

of all models have a radius of 100 mm. The rounded corners are recommended for the 

mechanical cutting process.  

 
Figure 161: The side view of the inner tube with the opening created with straight lines.  

Several models were created with different dimensions of the opening. The dimensions of the 

opening are presented in Table 22. The width of the opening in Model 7 till 9 is varied between 

90 mm and 110 mm. The required height can be determined, because the area of the opening of 

these models are approximately the same as the area of the opening in the original design. The 

opening in Model 10 is created with the same height as the original design. The area of the 

opening has remained the same, which results in a specific width of the opening.   

Table 22: The different model created with straight lines. 

 Width of the opening 
[mm] 

Height of the opening 
[mm] 

Area of the opening 
[cm²] 

Original design 100 500 523,2 
Model 7 90 630 522,7 
Model 8 100 520 523,2 
Model 9 110 460 524,5 
Model 10 104,4 500 523,3 
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The results of the simulations of Models 7 till 10 are presented in Table 23. There is clearly an 

optimum of these models at Model 8. The torsional and bending resistance is the highest in this 

model. This also results in the highest load combinations. If the width of the opening is increased 

to 110 mm (Model 9), the resistance becomes lower than the resistance of the original design.  

Table 23: The resistance of Model 7 till 10. 

 Torsional 
resistance 

[kNm] 

Bending 
resistance 

[kNm] 

Combi 1 
(Bending/Torsion) 

[kNm] 

Combi 2 
(Bending/Torsion) 

[kNm] 
Original design 3,06 8,85 7,59 / 0,52 7,88 / 0,41 
Model 7 3,33 8,82 7,97 / 0,55 8,17 / 0,42 
Model 8 3,34 9,05 7,99 / 0,55 8,25 / 0,43 
Model 9 3,07 8,22 7,26 / 0,50 7,50 / 0,39 
Model 10 3,20 8,67 7,64 / 0,53 7,91 / 0,41 

 

 

6.1.4 COMPARISON OF THE VARIANTS 
The results of all the simulations will be analyzed and discussed to determine which models will 

be used to optimize in combination with the reinforcement. Normalized graphs are created for a 

clear comparison between the models. These normalized graphs are created with equation (19) 

up to (21). These equations result in a value higher than 1 if the bending / torsional resistance is 

higher than the resistance of the original design. The normalized value of combination 1 or 2 

(equation (21))is the same for the torsional and bending moment, because the ratio between 

torsion and bending is predetermined.  

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 (𝑡𝑜𝑟𝑠𝑖𝑜𝑛) =
𝑇𝑅𝑑;𝑀𝑜𝑑𝑒𝑙 𝑥

𝑇𝑅𝑑;𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛
                                                                     (19) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 (𝑏𝑒𝑛𝑑𝑖𝑛𝑔) =
𝑀𝑅𝑑;𝑀𝑜𝑑𝑒𝑙 𝑥

𝑀𝑅𝑑;𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛
                                                                  (20) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 (𝑐𝑜𝑚𝑏𝑜 1 𝑜𝑟 2) =
𝑇𝑅𝑑;𝑀𝑜𝑑𝑒𝑙 𝑥

𝑇𝑅𝑑;𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛
=

𝑀𝑅𝑑;𝑀𝑜𝑑𝑒𝑙 𝑥

𝑀𝑅𝑑;𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛
                  (21) 

 

The normalized graphs for models 1 up to 4 are presented in Figure 162. The width of the 

opening is presented on the x-axis. The results of the 4 different models are located with a width 

of 100 mm (model 1), 103,3 mm (Model 4), 106,3 mm (Model 3) and 111,1 mm (Model 2). The 

graph reveals that there is a maximum strength if the opening has a width of 103,3 mm. Model 4 

has the largest resistance in pure bending, pure torsion and both combinations. The graph also 

reveals that the resistance of both load combinations resemble the curve of the bending 

resistance. This is revealed in the graph between a width of 103,3 mm and 111,1 mm. The 

bending resistance decreases gradually, which results in a decrease of the resistance of both load 

combinations, even when the torsional resistance remains approximately constant.  
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Figure 162: The normalized results of model 1 till 4 in comparison to the original design.  

The distance between the center of the ellipse and the edge of the inner tube is varied in Model 4 

till 6. The results of these models are presented in Figure 163. When the distance between the 

center of the ellipse and the edge of the inner tube is increased, the bending resistance decreases 

and the torsional resistance increases. This graph verifies the assumption that the resistance of 

the load combinations has the same form as the graph of the bending resistance. This 

assumption was also made when Model 1 till 4 were discussed with Figure 162. Model 4 is the 

most preferable of these 3 models, since the resistance of the pure bending moment and the 2 

load combinations decrease when the distance between the center of the ellipse and the edge of 

the inner tube is increased.   

 
Figure 163: The normalized graph of model 4 till 6 in comparison to the original design. 
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The normalized graph for Model 7 till 10 is presented in Figure 164. There is a maximum 

resistance, if the opening has a width of 100 mm (Model 8). If the width of the opening is 

increased to 110 mm, the resistance is even lower than the original design.  

 
Figure 164: The  normalized graph of model 7 till 10 in comparison to the original design.  

6.1.5 CONCLUSION 
Figure 162 and Figure 163 reveal that Model 4 has the highest resistance if the opening is 

created with an ellipse. It is assumed that Model 4 with reinforcement will also have the highest 

resistance. For this reason Model 4 will be used during the optimization in section 6.2 with 

several different types of reinforcement. The assumption that Model 4 will also have the highest 

resistance with reinforcement will be checked in section 6.2.3.3. Model 1 and 3 will be simulated 

with the reinforcement in the same location as the optimized Model 4. The resistance of these 

simulations will be compared.  

Figure 164 reveal that Model 8 has the highest resistance if the opening is created with straight 

lines. Model 8 has a significantly lower resistance as Model 4. Nevertheless, the model is used for 

the optimization. The shape of the opening is very different from Model 4. The shape of the 

opening of Model 8 has a large straight edge, which could benefit much more from the 

reinforcement as compared to Model 4.   
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6.2 OPTIMIZATION WITH REINFORCEMENT 
The opening of the models were optimized in the previous section. The models with the most 

potential were chosen to optimize further including the reinforcement. The models that are 

optimized in this section are Model 4 and 8.  

6.2.1 BOUNDARIES RELATED TO THE PRODUCTION PROCESS 
The reinforcement is only applied on the inner tube of the lighting column. The optimization 

process takes into account the production process used by Nedal. The production process of the 

inner tube is analyzed to reveal the boundaries of the use of reinforcement. The inner tube is 

produced by an extrusion process. This results in practically no limits to the shape of the cross-

section. Although the cross-section remains the same for the whole tube, except for the opening 

of the inspection hatch. The opening is cut out of the tube after the extrusion.  

6.2.2 ORIGINAL DESIGN 
The reinforcement of the original design is not optimized in this graduation project. It is 

assumed that the location of the reinforcement is in the optimum position for the opening shape 

considered. The reinforcement is located directly along the edge of the opening, see Figure 165. 

This model is created for the comparison with the optimized designs. The bending resistance is 

9,84 kNm and the torsional resistance is 3,58 kNm. The same load combinations are applied as 

discussed in section 6.1. Load combination 1 has an bending/torsion ratio of 5999/414 and the 

ratio of load combination 2 is 5303/274. The resistance of load combination 1 is 8,58/0,59 kNm 

and the resistance of load combination 2 is 8,85/0,46 kNm. The reinforcement has a thickness of 

6 mm and the area of the reinforcement is 127,7 cm². The same amount of reinforcement is used 

for the optimized designs for a fair comparison. If a portion of the reinforcement is cut out of the 

inner tube when the opening is created, that portion is not included in the total amount of 

reinforcement. This material can be used later for another lighting column.  

 
Figure 165: The original design with reinforcement 

6.2.3 OPTIMIZATION OF MODEL 4 WITH REINFORCEMENT 
First model 4 is optimized with different geometries of the reinforcement. The buckling modes 

of the different load cases without reinforcement are presented in Figure 166. The 

corresponding coordinates of the location where buckling occurs are presented in Table 24. The 

optimum location of the reinforcement is at the location of the local buckling. These location 

varies between the different load cases. An optimized location has to be found, where the 

lighting column benefits the most from the reinforcement. Load combination 1 and 2 are the 

most important load cases to increase the resistance. These loads are given by Nedal and are 

very common for lighting columns.  
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Figure 166: The failure mode of Model 4 (left: pure torsion, Middle left: pure bending, Middle right: load 
combination 1, Right: load combination 2) 

 

Table 24: The coordinates of the local buckling of the inner tube. 

 
X1 Z1 X2 Z2 Xav Zav1 Zav2 

Pure torsion 41,5797 802,704 41,5797 397,296 41,5797 802,704 397,296 

Pure bending 51,6472 600 51,6472 600 51,6472 600 600 

Combination 1 50,0851 691,782 50,0851 508,218 50,0851 691,782 508,218 

Combination 2 50,5164 678,678 50,5164 521,322 50,5164 678,678 521,322 

 

6.2.3.1 GEOMETRIC VARIANTS 
The coordinates of the location where local buckling occurs assists in determining the location of 

the reinforcement. Figure 167 presents Model 4.1 and 4.2. The locations where local buckling 

occurs are indicated with the red lines in the Figure. Model 4.1 is constructed by putting the 

locations where the original model 4 buckles with load combination 1 and 2 in the middle of the 

reinforcement. This way the resistance will increase the most for these load cases. The Figure of 

Model 4.1 also reveals that the location where buckling occurs, when the original model 4 is 

loaded by pure torsion, is not covered by the reinforcement. The reinforcement will have 

positive effect on the resistance when the model is loaded by pure torsion, but it will probably be 

a minor increase in resistance. Model 4.2 is constructed by covering the location where buckling 

occurs with reinforcement, if the original model 4 is loaded by pure torsion.  
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Figure 167: The location of the reinforcement in Model 4.1 and 4.2.  

Model 4.3 and 4.4 are presented in Figure 168. The reinforcement in these models are located 

with more distance to the center of the opening. The reinforcement of Model 4.4 is located next 

to the opening. The reinforcement is not cut when the opening is created. The distance from the 

center of the opening to the reinforcement of Model 3 is the average distance from the center of 

the opening to the reinforcement of Model 4.1 and 4.4. 

 
Figure 168: The location of the reinforcement in Model 4.3 and 4.4. 

Model 4.5 is presented in Figure 169. The location of the reinforcement is moved 5 mm 

outwards. This creates a tolerance of 5 mm for cutting the opening in the inner tube. In section 

5.1, the specimen that were measured and tested revealed that reinforcement was cut during the 

production process. This can be prevented by location the reinforcement away from the 

opening. This is simulated in Model 4.5. 

 
Figure 169: The location of the reinforcement in Model 4.5. 
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Model 4.6 and 4.7 are presented in Figure 170. The reinforcement is divided in 2 parts in Model 

4.6 and 4.7. All the locations where buckling occurs in the original model 4 are covered with 

reinforcement in Model 4.6. A portion of the reinforcement of Model 4.7 is relocated next to the 

opening, as used in Model 4.4. Model 4.6 and 4.7 will indicate if dividing the reinforcement in 2 

parts has a positive influence on the resistance of the tubes.  

 
Figure 170: The location of the reinforcement of Model 4.6 and 4.7. 

Model 4.8 is presented in Figure 171. The thickness of the inner tube is reduced from 3,0 mm to 

2,5 mm. The reduction of material for the thickness of the inner tube is used for the 

reinforcement. The Figure shows the reinforcement with a large width and a thickness of 6,0 

mm. This Model will reveal if it is beneficial to reduce the thickness of the tube and use this 

material around the opening.   

 
Figure 171: The location of the reinforcement in Model 4.8. 

 

6.2.3.2 RESULTS 
The results of Model 4.1 till 4.8 and the original design are presented in Table 25. The equations 

(19) up to (21) were used to also calculate the normalized value for an accurate comparison. 

Model 4.1 till 4.8 all have a higher resistance as the original design. Model 4.3, 4.4 and 4.8 have 

the highest resistance for load combinations 1 and 2 and pure bending. The load combinations 

are given by Nedal and have the highest priority in the optimization. The load case for pure 

bending is also common in practice if the lighting column is symmetric. Model 4.8 is slightly 

more favorable when the torsional moment is relatively high, but the differences can be 

neglected. 
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Since the resistance of Model 4.3, 4.4 and 4.8 are approximately equal, other factors determine 

which Model is favorable. The tolerance of the cutting path is set on -0 mm and +10 mm. If an 

extra portion of Model 4.4 is cut by the cutting process, it will be similar to Model 4.3. If an extra 

portion of Model 4.3 is cut by the cutting process, it will be similar to Model 4.1. If these 2 

situations are compared, Model 4.4 is more favorable to use. Model 4.8 is also very favorable to 

use, because the reinforcement has a very large width. If an extra portion of the reinforcement is 

cut by the cutting process, it will have a relatively low influence on the resistance in comparison 

to Model 4.3 and 4.4. Nedal is recommended to considered both Model 4.4 and 4.8.  

Table 25: The results of Model 4.1 till 4.8. 

 Torsional 
resistance 

[kNm] 

Bending 
resistance 

[kNm] 

Combi 1 
(Bending/Torsion) 

[kNm] 

Combi 2 
(Bending/Torsion) 

[kNm] 

Original design 3,58 (1,00) 9,84 (1,00) 8,58 / 0,59 (1,00) 8,85 / 0,46 (1,00) 
Model 4.1 3,75 (1,05) 10,02 (1,02) 9,58 / 0,66 (1,12) 9,76 / 0,50 (1,10) 
Model 4.2 3,83 (1,07) 9,93 (1,01) 9,52 / 0,66 (1,11) 9,69 / 0,50 (1,09) 
Model 4.3 3,66 (1,02) 10,08 (1,02) 9,62 / 0,66 (1,12) 9,81 / 0,51 (1,11) 
Model 4.4 3,79 (1,06) 10,12 (1,03) 9,61 / 0,66 (1,12) 9,85 / 0,51 (1,11) 
Model 4.5 3,75 (1,05) 9,98 (1,01) 9,48 / 0,65 (1,11) 9,71 / 0,50 (1,10) 
Model 4.6 3,82 (1,07) 10,02 (1,02) 9,58 / 0,66 (1,12) 9,76 / 0,50 (1,10) 
Model 4.7 3,83 (1,07) 10,06 (1,02) 9,55 / 0,66 (1,11) 9,78 / 0,51 (1,11) 
Model 4.8 3,96 (1,11) 10,08 (1,02) 9,66 / 0,67 (1,13) 9,84 / 0,51 (1,11) 

 

6.2.3.3 REINFORCEMENT COMBINED WITH MODEL 1 AND 3 
Section 6.1.2 discusses the models with an opening created by an ellipse. Model 4 had the 

highest resistance of these models. Thereby Model 4 was optimized with different 

reinforcement. Model 4.4 and 4.8 were recommended to Nedal. The model where reinforcement 

is located next to the opening (Model 4.4) is checked with Model 1 and 3. The same type of 

reinforcement will be used for Model 1 and 3 from section 6.1.2 to validate that the resistance of 

these models do not exceed the resistance of Model 4.4. The results are presented in Table 26. 

The table validates that Model 1 and 3 have a significantly lower resistance as Model 4.  

Table 26: The results of Model 1.4, 3.4 and 4.4 

 Torsional 
resistance 

[kNm] 

Bending 
resistance 

[kNm] 

Combi 1 
(Bending/Torsion) 

[kNm] 

Combi 2 
(Bending/Torsion) 

[kNm] 
Model 1.4 3,62 10,09 9,44 / 0,65 9,74 / 0,50 

Model 3.4 3,80 9,97 9,47 / 0,65 9,72 / 0,50 

Model 4.4 3,79 10,12 9,61 / 0,66 9,85 / 0,51 

 

6.2.4 OPTIMIZATION OF MODEL 8 WITH REINFORCEMENT 
The shape of the opening creates an obvious optimum location for the reinforcement.  The long 

straight edges of the opening result in an optimum location of the reinforcement. The optimum 

location is next to the long straight edges. Figure 172 presents the front view of the opening and 

the optimum location of the reinforcement. 
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Figure 172: The optimum location for the reinforcement of Model 8. 

6.2.4.1 GEOMETRIC VARIANTS 
Model 8.1 and 8.2 are presented in Figure 173. Model 8.1 is created with the reinforcement at 

the optimum location. The amount of reinforcement is equal to the original design.  This 

determines the width of the reinforcement. The location of the reinforcement in Model 8.2 is 

moved 5 mm outwards. This creates a tolerance of 5 mm for cutting the opening in the inner 

tube. The comparison of Model 8.1 and Model 8.2 will reveal the influence on the resistance, if a 

tolerance of 5 mm is used.  

 
Figure 173: The location of the reinforcement in Model 8.1 and 8.2 

Model 8.3 is presented in Figure 174. The thickness of the inner tube is reduced to 2,5 mm. The 

amount of reduced aluminum is added to the reinforcement. This creates reinforcement with a 

larger width and a thickness of 6,0 mm.  

 
Figure 174: The location of the reinforcement in Model 8.3 
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6.2.4.2 RESULTS 
The results of Model 8.1 till 8.3 are presented in Table 27. The equations (19) up to (21) were 

used to also calculate the normalized value for an accurate comparison. The resistance of all 

models are higher than the original design. Model 8.3 has the highest bending/torsional 

resistance and the highest resistance if the tubes are loaded by load combination 1 or 2. This 

model even has a higher resistance than Model 4.1 till 4.8, if the model is loaded by pure bending 

or pure torsion. A load case with a pure torsional moment will not occur in practice, thus is less 

important for the optimization. The pure bending load case can occur in practice, when a 

symmetric lighting column is used. Model 8.3 is slightly preferred in these situations. 

Table 27: The results of Model 8.1 till 8.3. 

 Torsional 
resistance 

[kNm] 

Bending 
resistance 

[kNm] 

Combi 1 
(Bending/Torsion) 

[kNm] 

Combi 2 
(Bending/Torsion) 

[kNm] 

Original design 3,58 (1,00) 9,84 (1,00) 8,58 / 0,59 (1,00) 8,85 / 0,46 (1,00) 

Model 8.1 3,81 (1,07) 10,04 (1,02) 8,98 / 0,62 (1,05) 9,24 / 0,48 (1,04) 

Model 8.2 3,77 (1,05) 9,85 (1,00) 8,80 / 0,61 (1,03) 9,07 / 0,47 (1,02) 

Model 8.3 3,95 (1,10) 10,43 (1,06) 9,30 / 0,64 (1,08) 9,49 / 0,49 (1,07) 

 

6.2.5 COMPARISON OF MODEL 4.4 AND THE MODIFIED DESIGN  
The results of model 4.4 clearly reveal an higher resistance than the original design. The 

experimental results of the modified design performed by S. de Jongh and M. Scheen [2] clearly 

revealed a lower torsional resistance as the original design. These differences in resistance are 

the result of the numerical optimization. The major differences in the design of the lighting 

column are: 

- The opening of model 4.4 has approximately the area as the opening of the original 

design. The area of the opening in these models is 523,4 cm². The area of the opening in 

the modified design is 627,0 cm². 

- The location of the reinforcement in the modified design was not optimized. The 

reinforcement in the modified design was fully cut by the opening. The numerical 

simulations indicate that the best location for the reinforcement is next to the opening.  

 

6.2.6 COMPARISON OF MODEL 4.4 AND 4.8 
Model 4.4 and 4.8 will be compared to reveal the advantages and disadvantages of each Model. 

The cross-section of Model 4.4 is very similar to the cross-section of the original design. The only 

difference is the shape of the opening. The extrusion process will be the same, except for the 

location of the reinforcement. Model 4.8 is very different in comparison to the original design. 

The thickness of the tube is reduced to 2.5 mm, the shape of the opening is different and the 

reinforcement has a much larger width. Nedal has to consider if it is worth to adjust the 

production process to create Model 4.8.  

Model 4.8 is less sensitive to production tolerances. If an extra portion of the reinforcement with 

a large width is cut by the cutting process, it will have a much smaller influence on the resistance 

in comparison to Model 4.4. 
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The bending moment – rotation diagram of both Model 4.4 and 4.8 are presented in Figure 175 

for an accurate comparison. The load cases of pure bending and load combination 1 are 

presented in the Figure. Load combination 2 was excluded to declutter the Figure. The Young`s 

modulus and the maximal moment are approximately the same for model 4.4 and 4.8. The 

graphs differ between approximately a rotation of 1,7° and 3,5°. The linear portion of Model 4.4 

stops at a lower rotation than the linear portion of 4.8. As a result, the resistance of Model 4.8 is 

slightly higher between a rotation of 1,7° and 3,5°.  

The torsional moment – rotation diagram of both Model 4.4 and 4.8 are presented in Figure 176 

for an accurate comparison. The load cases of pure bending and load combination 1 are 

presented in the Figure. Load combination 2 was excluded to declutter the Figure. Model 4.8 has 

a slightly higher torsional resistance if the Model is loaded by a pure torsional moment. The 

torsional resistance of load combination 1 and 2 are approximately the same. The Figure also 

shows that Model 4.8 has a higher Young`s modulus than Model 4.4. Model 4.8 is more favorable 

for the torsional resistance.  

 
Figure 175: The bending moment – rotation diagram of Model 4.4 and 4.8. 
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Figure 176: The torsional moment – rotation diagram of Model 4.4 and 4.8. 

The simulations that were performed for Model 4.4 and 4.8 can be placed in an interaction 

diagram. There are 4 different load cases for each model: Pure bending, pure torsion, load 

combination 1 and 2. Load combination 1 has an bending/torsion ratio of 5999/414 and the 

ratio of load combination 2 is 5303/274. Figure 177 presents the four points of the load 

combinations of Model 4.4 and 4.8. These four points are very similar. The interaction diagram 

of the modified design was created in section 5.11. The results of all these simulations are also 

presented in the Figure. Since Model 4.4, 4.8 and the modified design all have an opening shaped 

as an ellipse, it is assumed that the interaction diagrams are similar. After analyzing the results 

in Figure 177, this assumption seems to be correct.  

 
Figure 177: Interaction diagram of several models with an ellipse shaped opening. 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

0,0 5,0 10,0 15,0 20,0 25,0

To
rs

io
n

al
 r

e
si

st
an

ce
 [

kN
m

] 

Rotation [°] 

Model 4.4 pure torsion

Model 4.4 (Combo 1)

Model 4.8 (Pure torsion)

Model 4.8 (Combo 1)

0,0

0,2

0,4

0,6

0,8

1,0

0,0 0,2 0,4 0,6 0,8 1,0

M
/M

u
 [

-]
 

T/Tu [-] 

Modified design

Model 4.4

Model 4.8



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  156 

6.2.7 CONCLUSION 
The resistance of the original design used by Nedal can be increased by altering the shape of the 

opening in combination with altering the location and shape of the reinforcement. The results of 

the optimized models with reinforcement are presented in section 6.2.3 and 6.2.4. Model 8.1 till 

8.3 all have a lower resistance than Model 4.1 till 4.8, if the models are loaded with the load 

combinations 1 and 2. Model 8.3 has a higher resistance, if the model is loaded by pure bending. 

This is the same behavior as discussed in section 5.11.2. The models with an opening created 

with an ellipse have a more rounded interaction diagram. This results in a higher resistance 

against load combinations in comparison to the original design. The models with an opening 

created with straight lines are similar to the original design. The original design has a more 

straight interaction diagram. This result in a relatively lower resistance against load 

combinations for the original design and Model 8.1 till 8.3. Model 8.3 is more favorable if the 

column is symmetrical, thus loaded by a pure bending moment.  

The resistance of Model 4.1 till 4.8 are all similar. Model 4.3, 4.4 and 4.8 have the highest 

resistance, if the structure is loaded by load combination 1 or 2. Model 4.4 and 4.8 are favorable 

in comparison to Model 4.3, if the tolerance of the cutting path is considered. Model 1.4 and 3.4 

were created including reinforcement in the same location as Model 4.4. The results of these 

models validate the assumption that Model 4 has a higher resistance than Model 1 and 3 with 

the same reinforcement. Nedal has to consider the following advantages/disadvantages of Model 

4.4 and 4.8: 

- The production process of Nedal has to be adjusted far more for creating Model 4.8 than 

for Model 4.4. 

- Model 4.8 is less sensitive to production tolerances. If an extra portion of the 

reinforcement is cut by the cutting process, it will have a much smaller influence on the 

resistance. 

- The linear portion of the bending moment – rotation diagram of Model 4.4 stops at a 

lower rotation than the linear portion of Model 4.8. As a result, the resistance of Model 

4.8 is slightly higher between a rotation of 1,7° and 3,5°.  

- Model 4.8 has a slightly higher torsional resistance and Young`s modulus if the Model is 

loaded by a pure torsional moment. The torsional resistance of load combination 1 and 2 

are approximately the same.  
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7 DISCUSSION 
The numerical models were validated with several experiments of S. de Jongh and M. Scheen 

[2,3] and TNO [5]. Even though the numerical models are validated, there might be a difference 

between the numerical models and the experiments. For example, the cutting process was 

simulated with deleting certain elements. All elements are deleted in one step even though the 

cutting process needs time to finish the cutting path. This could lead to small differences in the 

stress distribution These minor incoherencies are not expected to have a large influence, since 

the numerical models were validated with the experiments.  

The optimization of the design has resulted in significant increase of resistance. However, not 

everything could be included in the optimization. The scope of this graduation project included 

the shape and dimensions of the opening and the location of the reinforcement. These 

parameters were expected to have the most influence on the resistance. Other factors have 

limited the scope of this graduation project: 

- The type of reinforcement was not optimized. The current type of reinforcement used by 

Nedal is a combination of type 4 with the use of an inner tube. The other types described 

in NEN-EN40 [8] were not simulated and optimized.  

- The minimum dimensions of the opening are significantly smaller as compared to the 

dimensions used in the optimization. The area of the opening remains the same during 

the optimization as the original design. If Nedal decides to only restrict their design to 

the minimum dimensions of the opening, the opening can be much smaller. This will 

results in a significantly higher resistance.  

- The production process in this graduation project was limited to the existing production 

process of Nedal. All models which were included in the optimization process could be 

produced by Nedal.  

  



Numerical research into the optimization of a lighting column 
 loaded by a torsional and bending moment. 

 

Roy van Nispen  
(0845821)  158 

8 CONCLUSION 
The aim of this graduation project was to optimize the design of an aluminum lighting column 

when it is loaded by pure bending or a combination of torsion and bending. The optimization 

was realized by a parameter study, where the shape of the opening and the location of the 

reinforcement were varied. Multiple models were created with the same amount of material and 

were evaluated with the resistance to four different load cases. Several conclusions can be 

drawn after the optimization: 

- The numerical model is validated with the experimental results of TNO [5] and S. de 

Jongh and M. Scheen [2,3]. The elastic branch of the moment – rotation diagrams of all 

numerical models corresponded very well with the experimental tests. Generally, the 

results differ more in the plastic branch. The value of this difference depends on the 

validation. But overall, the numerical models could be validated properly with the 

experimental results. 

- The numerical results of the validation reveals a significant difference in the resistance 

of a model constructed with the nominal or measured dimensions. Thus the production 

tolerances have a large influence on the resistance. A higher accuracy of the cutting 

process is required to guarantee the optimum resistance of the lighting columns.  

- The expansion process can be simulated with a cone in the FE program. Although when 

the expansion process is simulated with prescribed displacement, the results are 

approximately the same. This modelling technique is used in the numerical models to 

lower the calculation time of the FE program. 

- The strength of the pressure fit connection is not as crucial to transfer all the stresses 

between the inner and outer tube as initially expected. The stresses are transferred by 

the asymmetrical deformations of the tubes in an early stage of the test. The 

asymmetrical deformations are already clearly visual at a rotation of 1,8°.  

- The inner tube contributes to the torsional resistance of the lighting column. The 

torsional resistance was increased by approximately 93%, if an inner tube was added to 

the structure. The contribution of the inner tube is difficult to determine, because several 

factors change when the inner tube is added to the structure. The dimensions of the 

opening differs between the inner and outer tube. The inner tube also includes 

reinforcement.  

- The resistance of the lighting column can be increased by some modifications to the 

opening of the inspection hatch and the corresponding reinforcement. 

- The optimized models with an oval shaped inspection hatch increase the resistance with 

an average of 12% if the lighting columns are loaded by a combination of torsion and 

bending. One model consists of an oval shaped inspection hatch with an optimized 

location for the reinforcement. The other model also consists of an oval shaped 

inspection hatch, but includes a reduced wall thickness of the inner tube while increasing 

the width of the reinforcement. 

- The model with straight edges and a reduced wall thickness increases the resistance 

with an average of 6%, if the lighting columns are loaded by pure bending. This load case 

occurs in practice when the lighting column is symmetrical.  

- The bending – torsion interaction diagrams of the models where the opening is created 

by an ellipse are more rounded in comparison to the bending – torsion interaction 

diagram of the original design. This is more favorable when the structure is loaded by a 

combination of torsion and bending.   
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9 RECOMMENDATIONS 
After the optimization, two separate models are recommended to Nedal, because of the high 

resistance to bending and torsion. The first model consists of an oval shaped inspection hatch 

with an optimized location for the reinforcement. The second model also consists of an oval 

shaped inspection hatch, but includes a reduced wall thickness of the inner tube while 

increasing the width of the reinforcement. The resistance of these 2 models were the highest and 

approximately the same. The following advantages/disadvantages of these models has to be 

considered: 

- The production process of the original design has to be adjusted far more for production 

of the model with the reduced wall thickness than for the other model. 

- The model with the reduced wall thickness has the advantage of having reinforcement 

with a large width. If an extra portion of the reinforcement is cut by the cutting process 

due to production tolerances, it will have a much smaller influence on the resistance. 

Thus this model is less sensitive to production tolerances. 

- The linear portion of the bending moment – rotation diagram is larger for the model with 

the reduced wall thickness. As a result, the resistance of the model with the reduced wall 

thickness is slightly higher between a rotation of 1,7° and 3,5°.  

- The model with the reduced wall thickness has a slightly higher torsional resistance and 

Young`s modulus if the Model is loaded by a pure torsional moment. The torsional 

resistance of 2 load combinations given by Nedal are approximately the same.  

The optimization included models with an opening which had the same area as the original 

design. However, the minimal size of the opening is significantly smaller. Nedal could consider to 

increase the resistance of the lighting column drastically by making the opening smaller. This 

modification to the opening will result in less space for maintenance.  
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11 ANNEX 
The contents of the annex include: 

- Annex A1: Bending resistance closed cross-section 

- Annex A2: Torsional resistance closed cross-section 

- Annex A3: Bending resistance open cross-section 

- Annex A4: Torsional resistance open cross-section 

- Annex A5: Bending resistance reinforced cross-section 

- Annex A6: Torsional resistance reinforced cross-section 

- Annex B: Analytical model of expansion 

 

 



Annex A.1: Bending resistance closed cross-section
According to EN40 3-3 article 5.6.2.1 Closed regular cross-sections

fy * φ1 * Zp

γm * 10³

fy = 200 N/mm² (=0,2% rekgrens)

φ1 = a factor that can be calculated with the ε-factor

For circular cross-sections use curve 1 and 2

ε = (R/t) * √(fy / E)

R = 82,5 mm

t = 3,1 mm

E = 70000 N/mm²

ε = 1,423 [-] ≤ 0,8

ε = 0,8 [-]

φ1 = (0,8 / ε)
0,35

φ1 = 1,00 [-]

Zp = 4 * R² * t

R = 82,5 mm

t = 3,1 mm

Zp = 84398 mm³

γm = 1,30 [-]

MRd = 12984 Nm = 12,98 kNm

MRd =



Annex A.2: Torsional resistance closed cross-section
According to EN40 3-3 article 5.6.2.1 Closed regular cross-sections

fy = 200 N/mm²

0,474 * E

fy * (R/t)1,5

E = 70000 N/mm²

R = 82,5 mm

t = 3,1 mm

φ2 = 1,21 [-] ≤ 1

φ2 = 1,00 [-]

γm = 1,30 [-]

TRd = 10198 Nm = 10,20 kNm

φ2 = ≤ 1

TRd =
fy * φ2 * π * R² *t

γm * 10³



Annex A.3: Bending resistance open cross-section
According to EN40 3-3 article 5.6.2.2 Unreinforced openings

fy = 200 N/mm²

g = 1 [-] (for circular sections)

Calculation of φ3

t = 3,1 mm

E = 70000 N/mm²

R = 82,5 mm

L = a - 0,43 N

a = 523 mm (height of the opening)

N = 73,1 mm (Corner radius)

L = 491,6 mm

φ3 = 0,542 [-]

Calculation Zpn

Zpn = 2 F R² t * cos (ϕ/2) * (1 - sin(ϕ/2))

F = 2 [-] (for circular sections)

ϕ = 68,8 °

Zpn = 30295 mm³

Calculation Mux

fy = 200 N/mm²

g = 1 [-]

φ3 = 0,542 [-]

Zpn = 30295 mm³

γm = 1,30 [-]

Mux = 2527,5 Nm = 2,53 kNm

Mux =
fy * g * φ3 * Zpn

10³ * γm

φ3 =
t² * E

t² * E + 0,07 RLfy

≤ 1,00 [-]

Mux =
fy * g * φ3 * Zpn

10³ * γm



Calculation of parameters y-direction
Zpy = F R² t (1 + cos (ϕ))

F = 2 [-] (for circular sections)

R = 82,5 mm

t = 3,1 mm

ϕ = 67 °

Zpy = 58687 mm³

Calculation Muy

fy = 200 N/mm²

g = 1 [-]

φ3 = 0,542 [-]

Zpy = 58687 mm³

γm = 1,30 [-]

Mux = 4896 Nm = 4,90 kNm

Muy =
fy * g * φ3 * Zpy

10³ * γm



Annex A.4: Torsional resistance open cross-section
According to EN40 3-3 article 5.6.2.2 Unreinforced openings

fy * g * φ4 * φ5 * R³ * t

Calculation of φ4 and φ5

φ4 = 0,703 [-]

R/L = 0,168 [-]

φ5 = 1,23 [-]

Calculation Tu

fy * g * φ4 * φ5 * R³ * t

fy = 200 N/mm²

g = 1 [-]

φ4 = 0,70 [-]

φ5 = 1,23 [-]

R = 82,50 mm

t = 3,10 mm

γm = 1,30 [-]

L = 491,57 mm

Tu = 470,16 Nm = 0,47 kNm

Tu =
10³ * γm * L

t² * E + 0,035 RLfy

=

Tu =
10³ * γm * L

φ4

t² * E

1 + 2,15 * tan(ϕ) + 0,85 * R/L

1 + 2,15 * tan(ϕ) + 0,85 * R/L + 3,8 (R/L)²

≤ 1,21 [-]

φ5 = 10 * cos²(ϕ/2)

1 + 1,73 * tan(ϕ)
*



Annex A.5: Bending resistance reinforced cross-section
According to EN40 3-3 article 5.6.2.3 reinforced openings

Calculation Mux

fy = 200 N/mm²

Type 4 reinforcement:

φ6 factor

t = 6,4 mm

tw = 6,4 mm

E = 70000 N/mm²

R = 82,5 mm

L = a - 0,43 N

a = 523 mm (height of the opening)

N = 73,1 mm (Corner radius)

L = 491,6 mm

φ6 = 0,909 [-]

Calculation of parameters x-direction (1)
Zpnr = F R² t * (2*cos (ϕ/2 - 90Bx/π) - sin(ϕ) + Bx cos(ϕ))

F = 2 [-] (for circular sections)

R = 82,5 mm

t = 6,4 mm

ϕ = 68,8 °

Bx = Ae/Rt * mox/mx

Mux =
fy * φ6 * Zpnr

10³ * γm

φ6 =
(2t + tw)² * E

(2t + tw)² * E + 0,32 RL fy

[-]≤ 1,00



Ae factor

Ae = Min of Ae(a), Ae(b), Ae(c) and Ae(d)

Ae(a) = tw * dw

dw = 15 mm

Ae(a) = 96 mm²

Ae(b) = S * t0

S = 165 mm

t0 = 6,4 mm

Ae(b) = 1056 mm²

Ae(c) = (fy / √3) * (S * dw)

S = 165 mm

Ae(c) = 21 N

Ae(d) = (fy / √3) * (C * dw)

C = 261,5 mm

Ae(d) = 34 N

Ae = 21 mm²

Calculation of parameters x-direction (2)

Bx = Ae/Rt * mox/mx

mx = 28 mm

mox = 20 mm

Bx = 0,029 [-]

Zpnr = F R² t * (2*cos (ϕ/2 - 90Bx/π) - sin(ϕ) + Bx cos(ϕ))

Zpnr = 64861 mm³

Calculation of Mux 

fy = 200 N/mm²

φ6 = 0,909 [-]

Zpnr = 64861 mm³

γm = 1,30 [-]

Mux = 9066,7 Nm = 9,07 kNm

Mux =
fy * φ6 * Zpnr

10³ * γm



Calculation of parameters y-direction
Zpyr = F R² t * (1 + cos(ϕ) + By * sin(ϕ))

F = 2,0 [-] (for circular sections)

R = 82,5 mm

t = 6,4 mm

ϕ = 68,8 °

By = Ae/Rt * moy/my

Ae = 21 mm²

my = 76,92 mm

moy = 65 mm

By = 0,034 [-]

Zpyr = 121411 mm³

Calculation of Muy 

fy = 200 N/mm²

φ6 = 0,909 [-]

Zpyr = 121411 mm³

γm = 1,30 [-]

Muy = 16971,6 Nm = 16,97 kNm

Muy =
fy * φ6 * Zpnr

10³ * γm



Annex A.6: Torsional resistance reinforced cross-section
According to EN40 3-3 article 5.6.2.3 reinforced openings

fy * φ6 * (φ5 + P*φ7)* R³ * t

fy = 200 N/mm²

φ6 = 0,909 [-]

φ5 = 1,23 [-]

Ae L

R * t 4R

P = 0,04 ≤ 1,5 ≤ 1,6

P = 0,04 [-]

φ7 = Determined from graph

R/L = 0,17 [-]

ϕ = 68,8 °

φ7 = 2,7 [-]

R = 82,5 mm

t = 6,4 mm

L = 491,6 mm

γm = 1,30 [-]

Tu = 1366,1 Nm = 1,37 kNm

Tu =
10³ * γm * L

P = ≤ ≤ 1,6



Annex B: Analytical model of the expansion

E = 70000 N/mm²

α = 0,9 [-]

Outer tube
Data of the outer tube

Do = 165 mm

to = 3 mm

σ0,2;0 = 221 N/mm²

σmax;o = 250 N/mm²

εmax;o = 15 %

Point 1:

σy;i = α * σ0,2;o

σy;i = 198,9 N/mm²

εy;o = σy;o / E

εy;o = 0,284 %

Point 2:

σ0,2;o = 221 N/mm²

ε0,2;o = (σ0,2;o / E) + 0,002

ε0,2;o = 0,516 %

Point 3:

σt;o = σ0,2;o + 0,75*(σmax;o - σ0,2;o)

σt;o = 242,75 N/mm²

εt;o = 0,5 * (ε0,2;o + εmax;o)

εt;o = 7,758 %

Point 4:

σmax;o = 250 N/mm²

εmax;o = 15 %

General data

The stress-diagram will consist of 4 points with linear lines.



Inner tube
Data of the inner tube

Di = 155 mm

ti = 3 mm

σ0,2;i = 131 N/mm²

σmax;i = 243 N/mm²

εmax;i = 23 %

Point 1:

σy;i = α * σ0,2;i

σy;i = 117,9 N/mm²

εy;i = σy;i / E

εy;i = 0,168 %

Point 2:

σ0,2;i = 131 N/mm²

ε0,2;i = (σ0,2;i / E) + 0,002

ε0,2;i = 0,387 %

Point 3:

σt;i = σ0,2;i + 0,75*(σmax;i - σ0,2;i)

σt;i = 215 N/mm²

εt;i = 0,5 * (ε0,2;i + εmax;i)

εt;i = 11,694 %

Point 4:

σmax;i = 243 N/mm²

εmax;i = 23 %

The stress-diagram will consist of 4 points with linear lines.



Gap between inner and outer tube before the expansion proces.
Sv = 0,5 * (Do - 2 * to - Di)

Sv = 2 mm

Now the strain of the inner tube is calculated to close the gap.
εclose = Sv / (0,5*Di)

εclose = 2,581 %

The stresses in the inner tube are made into a function of the strain:
For ε ≤ εy;i

σi (εi) = E * εi

For εy;i < ε ≤ ε0,2;i

σi (εi) = σy;i + ( (σ0,2;I - σy;I) / (ε0,2;I - εy;i) * (εI - εy;i) )

For ε0,2;i < ε ≤ εt;i

σi (εi) = σ0,2;i + ( (σt;I - σ0,2;I) / (εt;I - ε0,2;i) * (εi - ε0,2;i) )

For εy;i < ε ≤ ε0,2;i

σi (εi) = σt;i + ( (σmax;I - σt;I) / (εmax;I - εt;i) * (εi - εt;i) )

The stresses in the outer tube are made into a function of the strain:
For ε ≤ εclose

σo (εo) = 0 N/mm²

For 0 < ε -εclose ≤ εy;o

σo (εo) = E * (εi - εclose)

For εy;o < ε - εclose ≤ ε0,2;o

σo (εo) = σy;o + ( (σ0,2;o - σy;o) / (ε0,2;o - εy;o) * (εo - εy;o - εclose) )

For ε0,2;o < ε - εclose ≤ εt;o

σo (εo) = σ0,2;o + ( (σt;o - σ0,2;o) / (εt;o - ε0,2;o) * (εo - ε0,2;o - εclose) )

For εt;o < ε - εclose ≤ εmax;o

σo (εo) = σt;o + ( (σmax;o - σt;o) / (εmax;o - εt;o) * (εo - εt;o - εclose) )

Stress - strain diagram



Dcone;max = 156 mm

The maximum expansion that a cone of 156 mm is determined.

εmax = (Dcone + 2 * ti - Di) / Di

εmax = 4,516 %

This results in a maximum stress in the outer tube.
For ε0,2;o < ε - εclose ≤ εt;o

σo (εo) = 225,264 N/mm²

This results in a maximum stress in the inner tube.

For ε0,2;i < ε ≤ εt;i

σi (εi) = 161,676 N/mm²

The expansion proces
During the production proces the inner tube is expended against the outer tube. The inner tube is enlarged 

by pulling a cone through the tube.
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σo;after cone = σmax;o - E * (εmax - εo)

σi;after cone = σmax;i - E * (εmax - εi)

ti * σi;after cone = 0

to * σo;after cone + ti * σi;after cone = 0

Firstly, if σo;after cone < 0 N/mm²

0 = ti * σi;after cone (ti can not be 0)

0 = σi;after cone 

0 = σmax;i - E * (εmax;i - εi)

σmax;i /E = (εmax - εi)

εi = εmax - (σmax;i / E)

εi = 4,285 %

Secondly, if σo;after cone > 0 N/mm²

to * σo;after cone + ti * σi;after cone = 0

to * σo;after cone = ti * σi;after cone 

to * (σmax;o - E * (εmax - εo)) = ti * (σmax;i - E * (εmax - εi))

225,264 -3161,29  + E * ε0 = 161,7 -3161,29  + E * εi

-2936,03  + E * ε0 = 0,000

ε0 = 4,194 %

εav = 4,24 %

Check: use εav. in both formules and check if the outcome is the same!

31,79 = -31,79

Residual stresses in the outer tube and inner tube

For εav < εclose

σres.;o = 0

For εav > εclose

σres.;o = σmax;o - E * (εmax;o - εo)

σres.;o = 31,79 N/mm²

Now the residual stresses in the outer tube can be calculated. First it needs to be checked if the stress is 

higher than 0 N/mm². If this is the case, the stress can be calculated. After that, the residual stresses in the 

inner tube can be calculated.

The relaxation is complete if the forces in the inner tube are in equilibrium with the forces in the outer 

tube. This leads to:

Residual stresses



σn = (2 to) / (Do - 2 * to) * σres;o

σn = 1,200 N/mm²

The increase of the diameter of the outer tube can now be calculated.

ΔDo = Do * (εav - εclose)

ΔDo = 2,738 mm

The whole process is visualized in the graph below:

σn = (2 to) / (Do - 2 * to) * σmax;o

σn = 8,50 N/mm²

Normal stresses between inner and outer tube

Normal stresses between inner and outer tube
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