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ABSTRACT 

Wind power is considered an efficient alternative for production of electrical energy. One 
advantage that wind power offers compared to conventional ways of producing energy such as 
fossil energy and nuclear energy is the low emission of carbon dioxide “CO2” during production of 
electrical energy. In the last two decades extensive research and huge resources have been focused 
on production of wind power around the world. In the European Union (EU) the installation of 
wind power has an annual growth rate of over 11% from 3.2 GW in 2000 to 11.9 GW in 2012 [1] 

A wind power station consists of a tower with a turbine at the top. In the tower equipment used for 
transforming kinetic energy in the wind and turbine to electrical energy is placed. The cost for the 
tower is up to 27%of the total building cost. Building higher towers increases the output of wind 
power as the wind becomes more constant and the wind speed increases with the increase of the 
tower height. To make the tower hollow to create space for equipment, decrease weight and 
increase bending stiffness the walls should be as thin as possible. For such thin walled structures 
stability is one of the most dangerous failure cases, it leads to brittle failure. The tower needs to be 
stiff enough to prevent instability. In addition to this, it is important to use connections with high 
fatigue endurance, which is no considered in this analysis.  

One solution to reduce transportation costs is to manufacture the tower in sections, at least for 
onshore towers where the access is difficult. These towers can be made from using a lattice (truss) 
tower or a tubular tower made from steel. By using sections of high strength steel the towers will 
have more structural strength with more stability and lower cost as less material is used. As many 
of the tubular and lattice (truss) towers are made from thin elements it is important to study 
buckling. Therefore, a study of optimization by geometrical analysis and comparison with the 
actual standards is performed. Thin plates are often made from cold-formed steel with higher yield 
strength. The focus of this thesis is in the evaluation and the use of thin folded plates that can be 
combined to form polygonal cross-sections in towers for wind turbines.  

An initial numerical study of a folded plate with three different polygonal cross-sections was done 
using the Finite Element software ABAQUS [2]. The results are compared with EN 1993 part 1-3 
[3] and EN 1993 part 1-5 [4]. The FEA showed local buckling as failure mode in all cases of the 
folded plates.  The folded plates are designed to be used as section members for tubular and lattice 
(truss) towers. In the design for lattice towers the thin folded plates may be connected with gusset 
plates at different distances over the length of the plate to form a semi-closed cross-section column. 
For tubular towers the plates were designed to be connected by longitudinal connections to form a 
tube with a polygonal cross-section. The validity of the design rules given in EN 1993 part 1-3[3], 
EN 1993 part 1-5 [4], EN 1993 part 3-2 [5]and EN 1993 part 1-6 [6] were used. 
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NOTATIONS 

Latin capital letters 

gA  Gross cross sectional area [mm2 ] 

effA  Effective area [mm2 ] 

C Centroid of the cross-section [mm ] 

xC  Coefficient in buckling strength assessment [- ] 

xbC  Parameter depending of the boundary conditions [- ] 

x,NC  Reduction parameter in the elastic critical stress [- ] 

D Diameter [mm] 

E Modulus of elasticity [N/mm2] 

I Second moment of inertia [mm4 ] 

effI  Effective second moment of inertia [mm4 ] 

 L Length [mm ] 

crL  Critical length [mm ] 

b,RkN  Characteristic buckling resistance  [kN ] 

crN  Critical load [kN ] 

dN  Designed load [kN ] 

elN  Elastic load [kN] 

c,RdM  Characteristic resistance Moment [kN ] 

dM  Designed moment [kN ] 

 Q Meridional compression fabrication factor [-] 

eW  Elastic section moduli [mm3] 

effW  Effective elastic section moduli [mm3] 
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Latin small letters 

b Width of a stiffened or unstiffened plate [mm] 

effb
 

Effective width [mm] 

pb  
Notional flat width [mm] 

yf  Yield strength [N/mm2 ] 

yaf  Average yield strength [N/mm2] 

ybf  Basic yield strength [N/mm2] 

uf  Ultimate tensile strength [N/mm2] 

i  Radius of gyration [-] 

r Radius [mm] 

t Thickness [mm] 

oxw  Depth of radial displacement [mm] 

 

Greek capital letters 

 

w  Characteristic imperfection [-] 

 

Greek small letters 

 

 Imperfection factor [-] 

0  Coefficient for geometrical imperfection [-] 

B  Coefficient for geometrical imperfection for bending loading [- ] 

x  Meridional elastic imperfection factor [-] 

 Plastic range factor [-] 

oM  Partial factor [-] 

 Strain [-] 

s  Reduction factor  [-] 

a  Reduction factor in compression [-] 

b  Reduction factor in bending [- ] 

 Interaction exponent [-] 

k  Buckling factor  

a  Relative slenderness ratio for local buckling [-] 
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VIII 

 Relative Slenderness [-] 

p  Plate slenderness [-] 

p,s  
The plastic relative slenderness of shells [-] 

0  The meridional squash limit [-] 

x  The relative shell slenderness [-] 

 Non-dimensional length [-] 

ad  Compressive designed strength [N/mm2 ] 

bd  Bending designed strength [N/mm2] 

el  Elastic compressive stress  [N/mm2] 

cr  Critical buckling stress [N/mm2] 

u  Characteristic buckling strength [N/mm2] 

x,Rcr  Critical meridional buckling stress [N/mm2] 

x,Rk  Characteristic buckling stress  [N/mm2] 

oxU  Dimple tolerance parameter [-] 

 Reduction factor for buckling resistance [-] 

 Stress ratio [-] 
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1 INTRODUCTION 

Wind power towers are large civil structures that often are built at remote locations. The cost of 
the tower is one of the most important questions to address at the moment of design and 
installations. One possibility to reduce production costs could be to produce them in smaller parts 
that are easier and less expensive to transport. For such a solution to be feasible it is important 
that the resulting structure and connections has the required stability and load resistance. The 
erection process, design of cross-section, connection details and the height of the tower are 
questions that need attention.  

1.1 Background 

Higher tower solutions have a significant role in reducing the unit costs of generated electricity [7]. 
The height of the tower  is an important factor in the efficiency of using wind power, especially 
when the towers are placed onshore. The problem of transportation of tower to inland sites 
significantly decreases if the tower is built by sections instead of large cross-section areas and in 
long segments. Moreover, the price of the tower can also be decreased by the use of thin elements 
with high strength values. In the design of steel towers for wind turbines the most common tower is 
tubular and lattice (truss) tower where the latter represents the more economical and efficient 
solution for the tower. Another consideration is the placement of the tower and its aesthetics and 
the protection of the tower itself. Many researches have been looking for different solutions to 
these problems, two projects which have been dealing with these questions are the RFCS projects 
HISTWIN [8] and the on-going HISTWIN2 [9]. One important issue for the stability of the 
presented tower is to analyse the connections required to maintain the structure erected. 
Heistermann [10] and Husson [11], proved a new solution with friction connections. An additional 
study conducted by Limam [12] demonstrated that the use of these new bolted connections as lap 
joints were effective enough to replace the traditional in flange connection and saving resources in 
connection time and the use of material in the tubular tower. The work presented here addressed 
questions related to folded plates resistance which may be used either in the lattice (truss) tower or 
in polygonal tubular towers.   

1.2 Lattice towers  

The simplest construction method of building higher and stiffer towers is a three-dimensional truss, 
so called lattice or truss towers [13]. An advantage of lattice towers is the ease of transportation in 
small parts, especially if the tower is to be placed inland. In 2008 the steel supplier “Rautaruukki 
Oy” [7] developed a method to build a lattice tower of 160 m using a new section made from cold-
formed steel as illustrated in Figure 1-1:. Furthermore, in collaboration and in partnership with the 
European project, High Strength Steel Tower for Wind Turbines HISTWIN [8] a new solution to 
join the parts of wind turbine towers was investigated [7]. The proposed type of connection which 
HISTWIN [8] tested is a friction type of joint with Huck bolts, used to in the high strength bolt 
connection. No welding is required and the properties of high-strength steel can be utilised in the 
structure [14], thanks to the friction connections. 
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(a)  

 
(b)  (c) 

Figure 1-1: a) Steel plate, b) Huck bolts (bob tail bolts) and c) Lattice (truss) tower designed by 
“Rautaruukki Oy”. 

A preliminary study of the behaviour of the new cross-section designed by the steel supplier 
“Rautaruukki Oy” was conducted at Luleå University of Technology, where a laboratory test was 
performed, the results of the test were compared with FE analysis and design calculations 
according to the rules of EN1993 part 1-3 [3] were done. The results of this study are presented in 
this thesis in Chapter 3 and 4. 

1.3 Tubular towers 

Wind turbines towers have most commonly a hub height of 80 to100 meters as maximum. This has 
usually been sufficiently high when wind towers are placed on the coast or in the plain landscape, 
where wind conditions are good. Inland it is necessary to have higher towers in order to avoid the 
non-uniform winds caused by the height, to have economical energy production. 

Steel tubular tower is the preferred type of construction for commercial wind turbine installations, 
the main reason being the short on-site assembly and erection time. Higher tubular towers of up to 
100m height are made from several sections which are bolted together so that no on-site welding is 
required [15]. 
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Figure 1-2: Proposed friction connection in HISTWIN project. 

Normally tubular towers were connected using flange connections. Innovative solutions for 
assembling joints of a tubular tower for wind turbines were studied in HISTWIN project [8]. Their 
solution was friction connection and is illustrated in Figure 1-2. This approach is simpler to 
produce and reduces the cost of the connection by 80 %. The feasibility study at the production 
plant indicated that the towers would be easier to assemble in situ. Further reduction of costs due to 
optimal use of higher-strength steel grades, especially in the bottom segments for the tower where 
the stiffening of the door opening is costly, was reported in HISTWIN [8]. The total cost reduction 
for a tower is estimated at about 10–15 % compared to the traditional towers. HISTWIN [8] project 
continued in HISTWIN2 [9] project addressing new objectives in order to produce higher towers 
with more economical solutions. The main objective of the on-going HISTWIN2 [9] project is to 
investigate high strength steel tubular towers made of modular segments used to support wind 
turbines for towers higher than 100 m. The modularized concepts are shown in Figure 1-3. 

  
a) Circular cross-section b) Polygonal cross-section 

Figure 1-3: Modularized tower with two different a) circular and b) polygonal cross-sections 
proposed in the project HISTWIN2. 

High strength bolt 
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One important issue addressing in HISTWIN2 [9]project, is the stability of the column which is 
suggested to be sectioned (modularized) in different parts; in order to check the stability of the thin 
shell columns the project is focused on the two following questions: 1. The distance of the bolts in 
the longitudinal direction connection; between the modular segments with respect to local stability, 
and 2. The influence on the longitudinal bolted connections which it is not evaluated in this thesis. 

1.4 Objectives and research questions 

The main focus of this thesis is the use of thinner walled on bolted elements (thin plates) in the 
application for wind towers. And the assessment of the design methods for thin plates according to 
the rules of euro codes in comparison with the Finite element method.  

 The research questions in the present thesis are:  

1. How accurate are the rules of eurocodes for thin plates when compared with the finite 
element method?  

2. Are the new profile (folded plate) designed by “Rautaruukki Oy” a good solution for use 
in polygonal folded plates for lattice (truss) towers?  

- Evaluation of the resistance of the folded plate under axially compressive loading. 

-Evaluation of the chord-column with the use of plates with polygonal cross-section. 

3. What differences in resistance are obtained between the Danish standards DS449 and 
DS412 and EN 1993 part 1-6? 

-Evaluation of the resistance in pure bending and pure compression for shells.  

4. What is the difference in resistance (compression and bending) using polygonal cross-
section vs. circular cross-section in towers?  

-Is the polygonal cross-section more effective than circular cross-sections? How many 
edges (folds) are needed for the polygonal cross-section to be as effective as a circular 
cross-section?  

-Evaluation of geometrical imperfections used to initiate buckling in compression and 
bending for circular and polygonal cross-sections. 

- Evaluation of the resistance of the sectioned tower with polygonal and circular cross-
section. 

5. Planning of experiments for plates with polygonal and circular cross-sections using design 
methods according to the eurocodes. 
-Prediction of the resistance using higher strength steel grades for single plates that 
represents down-scaled segment of polygonal and circular tower. 

1.5 Limitations 

This thesis focuses on the structural behaviour of thin folded plates with polygonal cross-section. 
The research questions are limited to the behaviour of the plate in pure compression and pure 
bending resistance when it comes to the analysis of the folded plate used as a part for modularized 
polygonal tubular tower.  

The models of the shell tubes were limited to address the resistance of the tubes in pure 
compression and pure bending. Complete boundary conditions from tubular towers used for wind 
power generation are not used in this thesis. 

An evaluation between circular and polygonal plates was done only with numerical and analytical 
analysis. A laboratory test of the single plate with circular and polygonal cross-section under axial 
loading will be conducted at “COMPLAB” the laboratory of Luleå University of Technology. 
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1.6 Scientific approach 

To address the objectives and answers of the research questions in this thesis the following 
approach was followed: 

1. Preliminary studies of the behaviour of the polygonal folded plate in comparison with circular 
cross-section under axial compressed load were done. 
 

2. Experimental test laboratory of the folded polygonal cross-section plate designed by the steel 
supplier “Rautaruukki Oy” was conducted at “COMPLAB” Luleå University of Technology to 
study the structural behaviour of the plate with four folds in the polygonal cross-section. 

 
3. An evaluation of the experimental results of the polygonal plate compared with numerical 

analysis performed by FEM and the standards of Eurocodes for steel design: EN 1993 part 1-1, 
EN 1993 part 1-3 and EN1993 part 1-5 was done. 

 
4. Modularized folded plates to be used in tubular shells have been evaluated. 

 
5. Evaluation of resistance using different standards: Danish standards DS449 and DS412, 

EN1993 part 1-6 and comparison with FEM for the circular shell. 
 

6. Evaluation of compressive resistance for polygonal and circular plates down-scaled with FE-
analysis and design methods according to eurocodes. The standards: EN 1993 part 1-5, EN 
1993 part 1-3 for polygonal cross-sections and EN 1993 part 1-6 for circular cross-section are 
used to predict the resistance experiments that will be performed in the future using plates with 
high strength steel grades. The main objective of this investigation is to improve 
competitiveness of tubular towers.  

1.7 Structure of the thesis 

This thesis has been structured to give the reader an introduction and a detailed explanation of the 
methodology used to investigate the structural behaviour of the folded plate based in a polygonal 
cross-section. The chapters are divided from the introduction part to the final conclusions of the 
research subject established herein. The contents of each chapter are explained as follows: 

Chapter 1 gives a background and a brief introduction to the research subject. Therein, also 
present the research questions and limitations of the study. 
 
Chapter 2 gives a brief description of the methodology and theory used in order to evaluate the 
single plates and shells according to the rules of eurocodes.  
 
Chapters 3 describes the laboratory test evaluation and comparison with FE-calculations and 
Eurocodes for the single folded plate with polygonal cross-section.  
 
Chapter 4 presents the new proposal for modularized circular and polygonal tubular towers 
according to HISTWIN2 project. Different FE-models and design methods of Danish standards 
DS449, DS412 and EN 1993 part 1-6 are compared in this chapter. 
 
Chapter 5 shows a possibility of modelling the modularized polygonal tower with a 
combination of shell and solid elements with the help of the finite element software ABAQUS 
in order to evaluate the possibility of modelling the longitudinal bolt connections of the tower. 
 
Chapter 6 shows a parametric study of a polygonal shell with D=4 m, where the buckling mode 
and the failure mode have similar shape as for circular cross-sections.  
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Chapter 7 deals with the evaluation according to FE-calculations and design calculations 
according to eurocodes for thin folded plates in comparison with circular plates; the use of high 
strength steel and the behaviour of the plates with door openings as a down-scaled plate from 
the original geometrical values of a regular tubular tower. 
 
The thesis ends up with the concluding remarks of the research topics presented in each chapter. 
 
Appendix A are a complement of parametric studies for the polygonal and circular shells with 
different calibration methods to perform the numerical and analytical analysis of the 
compressive and bending resistance for polygonal and circular cross-sections.. 
 
Appendix B shows initial parametric studies of the down-scaled circular and polygonal plates 
which can be used for modularized tubular towers. 
 
Appendix C shows the experimental load-displacement curves for the polygonal folded plates 
tested from “COMPLAB” the laboratory at Luleå University of Technology.  
 
Appendix D describes the MATLAB script used to evaluate the polygonal cross-section with 
different folds and cross-section classifications according to EN 1993 part 1-5. 
 
Appendixes E to Appendix H show the MathCAD sheets used to obtain the analytical calculation 
of each structural elements trough this thesis. 
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2 RESISTANCE OF THIN PLATES AND SHELLS ACCORDING TO 
EUROCODES

The primary function of any structure is to carry loads. For structures with large compressive 
forces stability is often a major concern. Depending on the cross section, material and boundary 
conditions (BC) the structure is either stable or un-stable. An engineering definition of stability 
was given by Timoshenko [16]; where, he describes the stability of a structure with the definition of 
critical load Ncr or critical stress cr. The critical load Ncr or critical stress cr is the value or point 
at which a perfectly straight column with an axially applied load can be in equilibrium in a 
deformed configuration. This value or point is the so called “bifurcation point”. 

2.1 Introduction 

The definition of the critical load is not enough to define the resistance of structural elements in 
compression as it was proposed by Euler, using pure mathematical approach. A design method is 
based on the Euler theory of a perfect column, as is explained by Timoshenko [16] where the 
definition of ideal column (a perfectly straight column is subjected to a centrically applied load), 
and elastic buckling was introduced. For the ideal column the load is less than the critical load, the 
column will remain straight in state of stable equilibrium. When the load is continuously increased 
equilibrium is not only possible for a straight column in deformed shape, however this is state of 
un-stable equilibrium meaning that small disturbances leads to large displacements.  Figure 2-2, 
illustrates the bifurcation point for a member under axial compressive load. 

 
Figure 2-1: Bifurcation point for member under axial compression load. (For a perfect column u is 

zero up to the bifurcation point). 

Evaluation of the critical load is done by eigenvalue analysis. The critical load can be determined 
for the column, defined as buckling load. The failure of a column under compressive stresses could 
be either local or global buckling. In the case of global buckling the deformation can be in bending, 
torsion or in combination depending on the type of cross-section. Local buckling occurs in the form 
of one or several small buckles [17]. An important characteristic of local buckling is the post-
buckling range, as; the load can be increased beyond the load at which an initially flat cross-section 
buckles. (See Figure 2-2). 
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Figure 2-2: Illustration of stability of a member under axial compression.. 

A column is assumed to be perfectly straight and compressed by a centrally applied load commonly 
namely as Euler’s column and the critical load for global buckling can be calculated as: 

2
cr 2( )

N
K L  

( 1) 

Where; 

K= effective length factor. 

And the critical stress is defined by: 

cr
cr

N
A

 ( 2) 

The process of local buckling and global buckling is different depending on the type of structural 
element [17], furthermore, in many cases calculations done by the classical Euler theory which is 
based on elastic material and perfect geometry, lead to results in poor agreement of the mentioned 
buckling modes with resistance of structural elements shown in Figure 2-2. Therefore, special 
calculation methods must to be used for most practical cases. Standards such as EN 1993 part 1-5 
consider this effect by the classification of the cross-sections. Where; Classes 1 and 2 is used for 
elements where buckling does not occur.  Class 3 and 4 is used when the slenderness is higher and 
buckling occurs before the yield stress is reached. Cross-sections formed from thin plates and thin 
shells fall in class 4 and are very sensitive to imperfections under axial compressive loads. 

2.2 Thin-Plates 

The resistance of a thin plate under compressive forces is calculated in two steps; first calculating 
the critical load (elastic or buckling analysis) and second the determination of the ultimate load 
level (post-buckling analysis), when the behaviour is not linear any more due to plasticity or loss of 
stability.  
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2.2.1 Elastic theory (buckling of thin plates) 

For special cases like rectangular simply supported plates it is possible to find analytical solutions 
for the critical load. In most practical cases numerical solutions from finite element analysis is the 
only possibility. Timoshenko [16] defined the critical compressive stress for buckling of a plate 
element as: 

2 2

cr 2 212 (1 )
 ( 3) 

Where; k  is the plate buckling coefficient that depends on the support conditions of the plate. 

For thin plates equation 4 is used in EN-1993 part 1-5 [4] to address the critical stress local 
buckling for structural plate members. When an element is formed from a folded plate the width of 
the element b can be defined in different ways. EN 1993 part 1-5 does not take the bent parts of the 
cross-section into consideration and the use of EN 1993 part 1-6 is recommended by the standard. 
This should be done by calculating a notional flat width bp of the plane elements, which is 
measured from the midpoints of the adjacent corner elements (see Figure 2-3). Hence the critical 
stress becomes: 

2 2

cr 2 2
p12 (1 )

 ( 4) 

Where; k is the buckling coefficient (4 for internal compression elements and 0.43 for outstand 
compression elements). 

 
Figure 2-3: Notional flat width bp [6] 

The minimum critical load is obtained from the outer plate both in using the elastic plate theory and 
in calculations with the notional flat width bp.  

2.2.2 The ultimate load for plates and columns. 

In a linear elastic analysis of compression, the stress distribution is assumed to remain uniform 
until the plate buckles. In post-buckling however, stresses are re-distributed in the plate. 
Equilibrium paths, the influence of imperfections and load eccentricities may be analysed by means 
of equations of equilibrium or energy methods. The theoretical analysis of post-buckling and 
failure of plates is extremely difficult and generally requires computer analysis to achieve an 
accurate solution [18]. In order to avoid this complex analysis in design, the criteria of effective 
width is used, where a simply supported plate is considered and axially loaded in two sides, the 
stress distribution in a buckled cross-section of the plate is simplified into two stress blocks with 
constant stress over the total width [17]. EN 1993 part 1-5 determined the effective width by using 

 

 

effb  ( 5) 
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If the flat width b is replaced by the notional flat width bp from EN 1993 part 1-3, equation 5 
becomes: 

eff pb
 

 
( 6) 

Where; 

p1 if 0,673;  ( 7) 

p2
p

1 0,055 (3 ) if 0,673
 

but 1,0                                                  ( 8) 

for doubly supported elements in compression  

where; 

2

1

  is the ratio of the extreme fibre stresses; 

 
( 9) 

2
p

1 0,188

   
but 1,0                                                  ( 10) 

for outstand compression element.    

p which is determinate in EN 1993 part 1-
3 as: 

p

y
p

crit 28,4

b
f t  ( 11) 

 

If we compare the notional flat width bp and the effective width beff we get two expressions for the 
cross section area as 

n

g p
i 1

A b t
   

( 12) 

n

eff eff
i 1

A b t
   

( 13) 

In the ultimate limit state EN 1993-1-3 differs from part 1-5 since it allows a consideration of an 
average yield strength yaf  (due to different levels of cold working) if there is no reduction due to 

local and/or distortional buckling, this average yield strength yaf  is illustrated in equation 15 and it 
isfound in EN1993 part 1-3 chapter 6.1.3(1) [3]. Thus the characteristic resistance for uniform 
compressed plate should be determined as follows: 

c,RK eff yb eff gifN = A f A A ( 14) 

c,RK g yb ya yb g ya eff g
el

( ) 4 (1 ) ifN = A f + f - f A f A A
  

( 15) 



Resistance of Thin Plates and Shells according to Eurocodes 
 

 

 21 

Due to local buckling the centroid of the effective cross-section does not coincide with the centroid 
of the gross cross-section described in EN1993 part 1-5 chapter 4.3(3) [4]. Therefore, an additional 
bending moment, considering the shift of the centroidal axis, should be considered. The 
characteristic buckling resistance for flexural buckling of a column made of thin plate is based on 
the relative slenderness : 

y

cr

A f
N  

for class cross-sections 1, 2, 3                                              ( 16) 

eff

eff y cr

cr 1

A
A f L A

N i
 for class cross-sections 4                                                         ( 17) 

1
y

E
f

 ( 18) 

Using the relative slenderness  and an imperfection factor  of 0.49 (in accordance with 
buckling curve c in EN 1993 part 1-1 [19] ) the reduction factor  for the buckling resistance can 
be calculated as: 

2 2 0.5

1
[ ]

 ( 19) 

20.5 (1 ( 0.2) ) ( 20) 

This leads to a characteristic buckling column resistance of: 

b,Rk yN  for class cross-section 1, 2, 3                                                      ( 21) 

b,Rk eff yN  for class cross-section 4                                                            ( 22) 

2.3 Thin shells (Buckling strength shells) 

Thin cylindrical shells structures under compressive stresses are known to be very sensitive to 
imperfections which reduce their resistance importantly. Therefore, local buckling is one of the 
most important criteria in the calculations of the maximum strength of such shells. The bending 
stress which varies trough the shell thickness, does not affect the stability of the shell, except in as 
much as they may cause yield of the material of the shell and in this case local reduction in the 
stiffness of the shell [17]. In general there are two ways in which an elastic structure may become 
unstable. These are commonly termed as snap-through and bifurcation point illustrated in Figure 
2-1 and Figure 2-2 

2.3.1 Elastic theory  

For thin circular shells the elastic theory of the shell is given by Timoshenko [16] where the elastic 
critical stress in the case for symmetrical buckling of the thin shell is defined as: 

crit
2

1 0.605
3 1

E t E t
r r

 ( 23) 

Where, r is the radius of the shell and t is the wall thickness. 

When analysing buckling in a shell, it is important to consider in addition to axial compression, the 
strain of the middle surface in the circumferential direction. Thus the strain energy of the shell is 
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increased. This increase in energy must be equal to the work done by the compressive load as the 
cylinder shortens owing to buckling.  The buckling mode can be given as: 

o sin sinmw w n
l

 ( 24) 

The critical load of a structure in the elastic range can be obtained from eigenvalue analysis if the 
geometry of the structure up to buckling remains essentially unchanged as in a compressed column. 
However, in many practically important buckling problems for shells e.g. for axis symmetrically 
loaded shells of revolution the critical load and the buckling mode is significantly affected by pre-
buckling geometric nonlinearity. Linear eigen value analysis is required to find the elastic 
bifurcation point on the pre-buckling path and thus predict the critical load and mode.  

2.3.2 The ultimate load for thin shells. 

Shell buckling is the principal design consideration for cylindrical shells with constant wall 
thickness under any stress loading conditions because the wall thickness of the shell may vary. 
Therefore, buckling stress becomes an important concept for the assessments of cylindrical shells 
assessments. Buckling stress design approach follows the principle established in many general 
standards e.g Eurocode, Danish standards, etc. is the ultimate load is defined by the relationship 

, and a function of the non-dimensional slenderness  
described in equation 24.  

The calculation process of the ultimate strength for cylindrical shells begins with the determination 
of two important variables [20]: 

1. The plastic limit load  
2. The linear elastic critical load. 

The square ratio of these two loads is used to determine the shell relative slenderness of the 
shell: 

 y

crit

f

 
( 25) 

Where fy is the yield strength of the shell and crit  is the critical stress value of the shell. The 
combination of the relative slenderness with different reduction factors governs the assessment of 
the relative plastic and elastic behaviour of the shell. 

There are different approaches which uses the relative slenderness in the evaluation of the buckling 
stress of cylindrical shells. In this thesis three different methods are compared in order to evaluate 
the ultimate strength of the cylindrical shells with design calculations. 

The first approach is the combination of the Danish standards DS449 and DS412 described in 
“Guidelines for design of Wind turbines” [21]; where the relative slenderness is defined by: 

yd
a

el

f
 ( 26) 

Where el crit  defined in Timoshenko [16] and  is a reduction factor calculated as: 

a ad b bd

ad bd  
( 27) 

Where; 
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a
0.83

1 0.001 r
t

 ( 28) 

b a0.1887 0.8113 ( 29) 

The critical stress is calculated and redefined as: 

crit y aIf 0.3  ( 30) 

crit a y abut 1.5 0.913 if 0.3 1
 

( 31) 

And finally the ultimate compressive load and bending moment are defined as follow: 

d crit2 Compressive loadN
 

( 32) 

2
d crit Bending MomentM

 
( 33) 

The second method studied in this thesis is a combination of the Danish standards [21] and EN 
1993 part 1-6 [3] and EN 1993 part 3-2 [5] described in Veljkovic et al [22] where the critical 
stress is based on Donnell’s theory formula [23] while the coefficient factor “C” is introduced and 
the critical stresses are calculate as: 

crit 0.605 t
r

 ( 34) 

The coefficient “C” is determined according to EN 1993 part 3-2 [5] (this part send the designer to 
EN 1993 part 1-6 [6] to find the coefficient C = Cx coefficient).  The C factor is described below 
this chapter. 

The semi-empirical coefficients o and B for geometrical imperfections are determined as: 

For axial loading: 

0
0.83 If 212

1 0.001

r
tr

t

 
( 35) 

So o is equal to the reduction factor o described in the Danish standards [21] but the definition of 
the coefficient varies according to the ratio of the radius vs. thickness of the shell. 

0
0.70 If 212

1 0.001

r
tr

t
 ( 36) 

And for the bending loading the coefficient is similar to the reduction bending factor b described 
in the Danish standards [21] and formulate in equation 28: 

B 00.1887 0.8113  ( 37) 

 u is defined as: 
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0.6
y y

u y B cr
B cr

1 0.4123 if
2

f f
 ( 38) 

y
u B cr B cr0.75 if

2
f

 ( 39) 

And finally, the third approach is based on the evaluation of the ultimate load according to the 
design standards rules of EN 1993 part 1-6 [6] and EN 1993 part 3-2 [5] which are defined by the 
variation of the reduction factors of:  

1. Geometry 
2. Load case 
3. Fabrication quality 

The critical stress in EN 1993 part 1-6 is determined by the variation of Donnell’s theory with the 
introduction of the coefficient factor Cx as is illustrated in equation 34. The factor Cx refers to the 
length of the shell defined from long to short cylinders where: 

x 1 for medium length cylinders if 1.7 0.5 rC
t

 ( 40) 

x 2

1.83 2.071.36 for short cylinders if 1.7C
 

( 41) 

x x,N for long cylinders if 0.5 rC C
t  

( 42) 

x,N
x,b

0.21.36 1 2 tC
C r  

( 43) 

Cx,N represents the reduction in the elastic critical stress. And Cx,b  is a parameter depending on the 
boundary conditions. The relative slenderness x  is equal to the relative slenderness illustrated in 
equation 24 but the variation of the critical stress according to equation 34 is used instead of the 
regular elastic critical stress described in equation 23. 

The idea to class shells into strength groups according to the quality of construction was introduced 
into the eurocode drafting work by Rotter [24]. Where, the characteristi
determinate factor used to calculate the sensitivity of the elastic buckling strength of the shell to 
both imperfections and geometry non-linearity where this factor is calculated as follow:  

And “Q” is the meridional compression fabrication quality parameter with three fabrication 
tolerance quality class. The meridional buckling parameter factor x is determined as a function of 
the non-
sensitivity analyses for the geometric and quality fabrication of the shells.  

y
x

crit

f

 
( 44) 

1 rw t
Q t  

( 45) 

x 1.44

0.62

1 1.91 w
t  

( 46) 
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Imperfection sensitivity plays an important role in 
1993part 1-6. The buckling reduction factor  is determined as a function of the relative slenderness 
of the shell x  from: 

Where; 

 is the plastic range factor 

is the interaction exponent  

0   is the meridional squash limit for short and medium cylinder is defined as: 

0 0.2     ( 50) 

x,M
0

x

0.2 0.1
 

( 51) 

And p  is the plastic relative slenderness defined as: 

x
p The plastic relative slenderness

1  
( 52) 

And the characteristic buckling strength is: 

u yd  ( 53) 

Chapter 5 shows the results of the shell assessment with the above mentioned methods and 
numerical results by FEM.    

2.4 Material 

Cold formed steel is often used for thin walled-structures. Because of the process of cold forming 
the material properties and plate thicknesses are modified [25].The reduction of the thickness in the 
corner and residual stresses can influence the strength of the structural behaviour. The magnitude 
of the effects for the reduction of the thickness in the bent corner depends on the size of the radius 
of this area. In EN 1933 part 1-3 [3] the influence of the corner may be neglected if the internal 

 

The increase of the strength depends on the degree of cold-forming at the bend corner. These 
effects can have negative consequences if the strength is increased due to strain hardening at the 
corner [25]. Residual stresses can have a more positive effect on resistance for local and overall 
buckling of the cross-section. Residual stresses also depend on the degree of the cold forming 
process, and are depending on how the bending is performed.  During the process the area in 
tension can be enlarged and the strain on the outside increase; resulting in tensile stresses which 
can increase more than half the yield stresses. 

x 01 if  ( 47) 

x 0
0 x p

p 0

1 if
 

( 48) 

0.6 and 1.0
 

 

x
p x2

x

if  ( 49) 
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2.5 Imperfections 

Geometrical and material imperfection are very important and affects the behaviour of thin walled 
structures; especially for thin shells where the consideration of these imperfections must be taken 
carefully due to the high impact that geometrical imperfection and boundary conditions have over 
the overall strength of the tubular shell. For thin plates imperfections may reduce the plate stiffness 
depending on slenderness of the plate. The imperfection for thin plates is considered in the actual 
standards in EN 1993 part 1-1 [19] and EN 1993 part 1-5 [4].  

Most buckling problems with circular shells display unstable post-buckling paths with respect to 
some possible imperfection patterns [20]. The sensitivity of the shell varies according to the form 
and amplitude of the imperfection. The evaluation of the strength of the shells is directly related to 
the imperfection factor. The European standard EN 1993 part 3-2 [5] and EN 1993 part 1-6 [6], 
evaluated the geometrical and material imperfections and the importance of the boundary 
conditions in the design assessment for shells with circular cross-section.  
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3 STRUCTURAL BEHAVIOUR OF AN AXIALLY COMPRESSED COLD-
FORMED FOLDED PLATE 

Use of cold-formed steel members is new compared to hot rolled members in building construction. 
Most of the cold-formed members have open cross-sections and the plate thicknesses are usually 
small compared to the widths. Therefore, local buckling most often occurs, before the yielding 
strength is reached. The work presented in this chapter is based on experiments of axially 
compressed cold-formed folded plates with two different plate thicknesses of 6 mm and 8 mm and 
widths of 564 and 545mm respectively. Four different lengths of 300, 400, 900 and 1100 mm of 
folded plates are tested. The folded plate can be used as a segment of a semi-closed cross-section. 
Such cross-section is optimised for a column of lattice tower for wind turbines. A parametric study 
of the column is presented in chapter 4.  

3.1 Introduction 

Local buckling occurs due to compressive stresses and may in a further perspective cause final 
failure due to loss of resistance of the cross-section in question [26]. In most cold-formed sections 
local buckling can be expected before section yielding due to the slenderness that cold-formed 
members usually have. However, the presence of local buckling of an element does not necessarily 
mean that its ultimate load capacity has been reached [18]. The objective of this chapter is to assess 
the established design procedure of an axially compressed cold-formed steel member and to 
analyse the behaviour of the member during a compression test in the laboratory. The investigated 
steel member is a segment of a semi-closed corner post as illustrated in Figure 1-1 (c). The element 
was intended to be used as part of a lattice tower for wind turbines. The resistance to axial 
compression of the folded plate was analysed with the help of FEA and evaluated according to the 
rules of EN-1993 rules part 1-3 [3] for the folded cold-formed members. The folded plate was 
designed by the steel supplier “Rautaruukki Oy” [7] as an optimized section to build lattice towers 
higher than 100 m. The steel supplier provided the material data of the single plate. This 
information was used for the FEA of the chord column behaviour. They also supplied the single 
folded plates for laboratory tests. 

3.2 Laboratory tests and FEA of a single cold-formed folded plate 

Two different types of laboratory tests have been carried out:  

1. Coupon tests to analyse how material properties, given by the steel supplier, have been 
influenced by the cold-forming process.  

2. A compression test on the whole plate to investigate the behaviour of the folded cold-
formed member. 

3.2.1 Coupon tests 

The first evaluation of the compression tests showed that the resistance is underestimated with up 
to 10 % for cross-section type 460_8 in FEA. One explanation for such behaviour could be that the 
material properties are changed in the cold-forming process. Furthermore, FEA was performed 
with a nominal thickness of 8 mm.  
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Table 3-1: Material data according to steel supplier.  

Specimen length 

[mm] 

Material data –specimens 

500_6 460_8 

yield strength 

[MPa] 

ultimate strength 

[MPa] 

yield strength 

[MPa] 

ultimate strength 

[MPa] 

300 
428 543 

440 569 
457 562 

400 457 562 408 555 

900 428 543 440 569 

110 457 562 408 555 

 

Measurements of plate thicknesses showed that the real thickness was always higher than 8 mm. 
Therefore, three coupon tests with material from the bended areas (angle 1100 and 1400) and the 
flat part were performed in order to get an indication of the yield strength in these areas (Figure 
3-1) compared to the data given by the steel producer. Table 3-1 shows the material properties of 
the specimens. 

 
Figure 3-1: Overview - cut specimens for a coupon test from a specimen with 8 mm thickness 

(460_8). 

3.2.2 Results from the coupon tests 

The results for the flat regions showed a good agreement with the yield strength of the virgin plate 
(fy = 408 MPa): Tests of specimens, taken from the corner of an element with 1100 region, showed 
that both yield strength and ultimate strength have increased with about 100 MPa. Table 3-2 shows 
a summary of the results from the tests. 

Table 3-2: Mean values of the results from coupon tests for specimens with 8 m thickness (460_8). 

Region 
Area 

[mm2] 

Avg. 
Thickness 

[mm] 

Yield 
Strength 

[MPa] 

Ultimate 
Strength 

[MPa] 

flat 

Corner 110° 

Corner 140° 

275 

67.3 

237.8 

8.33 

8.32 

8.32 

409 

526 

484 

519 

610 

577 
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The largest difference was found in the 110° specimens. The reason is that the bending radius for 
the 140° specimens was smaller than for the 110° specimens so a larger part of the 140° specimens 
come from the unaffected flat part. Thus, results from 110° bent specimens gave better indication 
for the influence of the cold-forming process. 

3.2.3 Compression test 

Figure 3-2 a) shows the cross-section of the 8 mm and 6 mm thick of the folded plate. Four plates 
with a thickness of 8 mm and 6mm with lengths of 300, 400, 900 and 1100 mm were tested. 

(a) (b) 

Figure 3-2: a) Cross-section 8 mm b) Cross-section 6 mm thickness of the single plate. 

The commercial software AutoCAD [27] was used to calculate the area and the second moment of 
inertia. The values for the single plate of 6 mm were: A6mm = 3902 mm2 and I6mm = 5770754 mm4 
and for a thickness of 8 mm: A8mm = 4998 mm2 and I8mm = 6328547 mm4. 

3.2.4 Experimental set-up of the compression test 

All tests were performed at “COMPLAB”, the laboratory of Luleå University of Technology. Two 
different experimental set-ups were used depending on the length of the plates. The first set up, 
consisted of a very stiff load frame with a capacity of 4500 kN. It was used to test the shorter 
specimens with lengths of 300 and 400 mm (see Figure 3-3 (a)). One hydraulic cylinder applied the 
load at the bottom of the specimens until failure occurred. To have pure compression stresses in the 
cross-section, the load was applied in the centroidal axis. The second set-up was used to test the 
long plates with lengths of 900 and 1100 mm (see Figure 3-3 (b)). The set-up consists of a load 
frame with a capacity of 2000 kN. The whole set-up is pre-stressed with a total load of 2400 kN. 
Two hydraulic cylinders applied simultaneously the load at one end of the specimen until failure 
occurred. The load was applied in the centroidal axis in order to have pure compression stresses in 
the cross-section. 

  
a) b) 

Figure 3-3:Set-up series a) series 300 mm and 400 mm and b) series 900 and 1100 mm. 
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Table 3-3 shows the experimental results from the single plate specimens. Two of the four tests 
were not completed. Because a lack of the load capacity of the hydraulic cylinders. 

Table 3-3: Results-series 6 mm and 8 mm thick specimens 
Series 8 mm Series 6 mm 

 
Max load 

[kN] 

Displacement 

[mm] 

Max load 

[kN] 

Displacement 

[mm] 

300 

400 

900 

1100 

2372 

2230 

0.834 

1.42 
1855 

1794 

1358 

1828 

0.83 

0.94 

2.94 

3.64 
(Test performed introducing 

bending moment) * 

*Data not available for the specified test.  

3.3 Description of Finite Element model for the single plate 

In the laboratory the tests were done in two different ways. Thus, two different finite element (FE) 
models were created, where the main difference was the boundary conditions and the length of the 
plates. The models are briefly described as follows. Model 1 is valid for all specimens with lengths 
of 300 and 400 mm and thicknesses of 6 and 8 mm. The model is named fully constrained plate, 
which means that the boundary conditions (BC) are applied on the shell edges at the top and 
bottom of the plates as can be seen in Figure 3-4(a). At the top edge the two lateral translations are 
restrained and the longitudinal translations are free in order to introduce the preload on the plate. At 
the bottom all translational degrees of freedom (DOF) are restrained. 

  
a) Model 1 b) Model 2 

Figure 3-4: Boundary conditions – for two different models of the compression test with two 
different lengths. 

Model 2 is named simply supported plate. The BC’s are applied at a reference point (RP) in each 
end of the plate as can be seen Figure 3-4(b). This RP is coupled to the shell surface. At the bottom 
four DOF are restrained, all translational and one rotational and at the top edge two translational 
and one rotational DOF are restrained.  
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3.4 Comparison of tests and numerical analysis 

To analyse the behaviour of the plates the same methodology as for the whole chord column 
(elastic buckling and non-linear post-buckling calculations, see chapter 2.1 and 2.2) were used. In 
this analysis, imperfections based on the mode shape from the buckling analysis have been 
introduced. For these calculations a value of b/200 (b is the width of the individual plate) was used 
as initial imperfection, since local buckling was always the expected critical buckling mode.  For 
plates both with 8 mm and 6 mm thickness, the elastic buckling results by FEA were always local 
buckling and  the critical load for plates with 8 mm thickness was more than twice as big as for the 
plates compared with 6 mm thickness (see Table 3-4).   

Table 3-4: Critical load according to elastic buckling analysis 

Length 

mm 

Elastic theory 

(EN1993 part 1-5) 

Elastic buckling 
analysis with a 

notional flat width 

(EN1993 part 1-3) 

Numerical Analysis 
(FEM) Buckling 

mode 

460_8 500_6 460_8 500_6 460_8 500_6 

Ncrit 

[kN] 

Ncrit 

[kN] 

Ncrit 

[kN] 

Ncrit 

[kN] 

Ncrit 

[kN] 

Ncrit 

[kN] 
 

300 

400 

900 

1100 

7814 

7814 

7814 

7814 

3327 

3327 

3327 

3327 

4199 

4199 

4199 

4199 

2281 

2281 

2281 

2281 

8022 

7777 

7814 

7817 

3431 

3327 

3359 

3361 

local 

local 

local 

local 

 

The buckling mode and the elastic critical load from the finite element analysis showed a good 
agreement with EN-1993 part 1-5 [4] (see Table 3-5); whereas the EN 1993 part 1-3 [3] has a 
disagreement on the elastic critical load (see Table 3-4).   

With imperfections considered in this way the non-linear analysis was repeated and the ultimate 
load was evaluated and compared with the results of FEA. Table 3-5 shows the results from the 
evaluation with EN1933 part 1-3 [3] and FEA. The agreement between the two methods was good. 

Table 3-5: Failure load from experiments and non-linear post buckling FE-analysis 

Length 

[mm] 

EN 1993 Part 1-3 FEA 

460_8 mm 500_6 mm 460_8 mm 500_6 mm 

Max. load 

[kN] 

 

Max. load 

[kN] 

 

Max. load 

[kN] 

Shortening 

[mm] 

Max. load 

[kN] 

Shortening 

[mm] 

300 

400 

900 

1100 

2191 

2039 

2191 

2039 

1638 

1741 

1741 

1638 

2179 

2032 

*N.A 

N.A 

0.76 

0.90 

N.A 

N.A 

1573 

1739 

1724 

1625 

0.72 

0.90 

2.01 

2.03 

*Data not available for the specified test. 
 

Table 3-5 shows the numerical results for the specimens using the material data of the single folded 
plates. For plates with a length of 300 mm and 1100 mm from series 500_6 the calculations were 
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based on the lower yield strength. In Figure 3-5and Figure 3-3 load-displacement curves from 
experiments and numerical analysis were compared for two single plates with a thickness of 6 mm 
and 8 mm. For the cross section with 6 mm thickness Table 3-6shows that the difference between 
experimental and numerical results less than 6 %. For the plates with 8 mm thickness and 400 mm 
length Figure 3-5and Table 3-6shows that the difference between experimental and numerical 
results is up to 10 %. The rounded corners of the plate have a positive effect on the yield strength 
of the plate. This is explained further in the discussion part. A graphical representation of this 
influence is shown in Figure 3-7 where the results of FEA are shown using fyb and fya, basic yield 
strength and average yield strength respectively.  

 
Figure 3-5: No-dimensional strength-displacement curves - series 400 mm for 6 mm. 

FEA results always show a lower resistance than the experiments. Figure 3-6 shows the buckling 
mode at failure in ABAQUS [2] (a) and in the test (b) for a plate of 400 mm length and 6 mm 
thickness. As can be seen the FEA and test agree well. 

 

 
 

a) b) 

Figure 3-6: a) Failure mode with FEA b) Failure mode series 400 mm test.  

Table 3-6 summarizes the new results and shows the difference between FEA and tests results.  

 

 

buckle
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Table 3-6: Ultimate resistance load with new values from a coupon test. 
460_8 mm 500_6 mm 

Length 

[mm] 

experimental 
results 

numerical 
results Difference experimental 

results 
numerical 

results Difference 

max load 
[kN] 

max load 
[kN] [%] 

max load 

[kN] 
max load 

[kN] [%] 

300 

400 

900 

1100 

2372 

2230 

N.A 

N.A 

2179 

2032 

N.A 

N.A 

8.86 

9.74 

N.A 

N.A 

1855 

1794 

1789 

1828 

1779 

1739 

1724 

1723 

4.3 

3.2 

3.7 

6.1 

 

Table 3-6 and Figure 3-7 shows, that the difference of FEM and test results for the folded plate 
with 8 mm thickness is less than 10%; this difference is further reduced when the stress-strain 
strength values obtained from the coupon tests are introduced instead of using values provided by 
the steel producer, into the model as FEM modified. FEA results always show a lower resistance 
than the experiments in both cases (6mm and 8mm thick) and 400 mm length.  

 

 
Figure 3-7:Non-dimensional strength-displacement curves - series 400 mm for 8 mm thickness. 

3.5 Discussion 

Folding a plate with press breaking increases the yield strength in the bended areas as is mentioned 
above. Different parametric studies have been carried out by FEA. 

Using the results from the coupon tests as material properties for the corners (see Figure 3-8 a), a 
modified non-dimensional -displacement curve (see Figure 3-8 b) was obtained. A good agreement 
between FEA and tests was reached (max. difference: 3.7 %). 
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a)  b)  

Figure 3-8: a) Load- displacement curve and b) non-dimensional test strength -displacement curve 
for influence of the corner yield strength   

Figure 3-8b, shows the non-dimensional specimens’ strength when the average yield value for the 
corner was used. The increased yield strength in the corner makes global buckling less likely which 
means that a single plates fails by the local buckling.  

After the FE model has been validated with the test results a study with high strength steel grades, 
S690, with different thicknesses was performed (see Figure 3-9).The thickness varied from 5 to 8 
mm. Results show that with high strength steel the ultimate resistance, which can be reached for a 
cold-formed plate of 8 mm with steel grade S355, is almost the same as for a plate with 5 mm 
thickness with steel grade S690.  

 
Figure 3-9: comparisons with high strength steel S690 and normal steel grade S355; with a 

thickness range from 5 to 8mm. 

The slenderness ratio in both FEM and according to EN-1993 part 1-3 [3] is calculated yb 
crit). In Figure 3-10 the non-dimensional load to slenderness relation from eurocode and FEA is 

shown.  
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Figure 3-10: Plate curve of EN-1993 part 1-3 [3], test strengths for two semi-polygonal folded 

plates and Numerical strengths comparison. 

An explanation for the differences between FEA and EN-1993 part 1-3 [3]can be that the critical 
stress from ABAQUS calculations is used to access the plate slenderness. From Figure 3-10 it can 
be observed that results with FEM and numerical analysis have a good agreement with the standard 
curves used in the rules of EN 1993 part 1-3 [3], there is no evidence of a large disagreement as 
was found in the analytical results for the critical resistance values. 

3.6 Conclusions 

Coupon tests have shown that the yield strength in the bent areas with 1100 due to the cold-forming 
process is increased about 29 % for the considered material in comparison to certified properties of 
the virgin plates. The overall influence on the resistance of the cold-formed plate is about 4 %. 

Calculations on the single folded plate resistance according to EN 1993-1-3 [3] has shown a good 
agreement with results obtained by numerical analysis (FEA), whereas the elastic critical buckling 
loads varies with 39 % for 8 mm thickness and 31% for 6 mm thickness. Therefore, the critical 
stress considering the elastic plate theory should be used to access the plate slenderness when the 
resistance is calculated according to EN1993-1-3 [3]. Instead of using the results from FEA, the EN 
1993 part 1-3 is calibrate to the hand calculation model and not to the results obtained by FEA. 
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4 PARAMETRIC STUDY OF THE MODULAR SHELL WITH CIRCULAR AND 
POLYGONAL CROSS-SECTIONS 

The use of tubular tower for larger wind turbines and higher hub-heights is limited by economic 
and technological barriers in view of recent advances of the concrete industry. The RFCS 
HISTWIN2 project is dealing with this question and its main goal is to develope new solutions for 
steel and hybrid (concrete/steel) towers. Previous results and experience with bolted connections 
from the RFCS HITSWIN project were used to achieve this aim. Using the results of RFCS projects 
HISTWIN, HISTWIN2 [9] will develop a possible steel tower with two to four segments, bolted to 
get connections. Part of the project is to study the tubular height of the tower with two different 
cross section circular vs. polygonal to see the optimization of the tower using two or four segments. 
Previous parametric study from RFCS HISTWIN2 project [9]shows that for polygonal shapes the 
best solution is a cross-section with 16 edges. The presented work in this chapter is based on a 
parametric study of the stabilization of two different cross-sections (polygonal and circular); the 
polygonal shape is made of 16 edges. The diameters of the circular tubes (shells) are from 2 to 6 m 
for circular cross-section without longitudinal connection and evaluation is added for the tube of 4 
m diameter 5 meter length with thicknesses of 8, 19, 29 and 39 mm. A parametric study of a 
circular cross-section vs. polygonal cross-section is presented in order to compare the results for 
the two cross-sections and using the validation of the rules from the Eurocodes EN-1993 part 1-6 
[6],  EN-1993 part 3-2 [5], and the combination of the design rules from the Danish standards 
[21] [22] for circular cross-section and EN -1993 part 1-5 [4]for polygonal cross-sections.  

4.1 Introduction 

In order to determine the most effective number of adjacent edges in a polygonal tube using 
bending moment and axial compressive loads, a preliminary study was conducted using 8, 10, 12, 
14, 16, 18, 20 and 22 adjacent edges for polygonal tubes with 4 m diameter, 5 m length and 8mm 
thickness. The analytical results proved that the 16 sided polygonal tube had better bending 
resistance than the circular tubes but not for compression loads. The 18 sided polygonal tubes was 
found to have more resistance to compression than to the circular tube. A new numerical and 
analytical study was done for the tubes with 4 m diameter, 5 m length, 16 adjacent edges and 39 
mm thickness. The results showed that for bending and compression resistance the 16 sided 
polygonal had more resistance than a circular tube. Also for the hex-decagonal (16-sided) tubes 
with 39 mm thickness the ultimate bending and compressive resistance in numerical and analytical 
results turn out to be larger in bending and almost equal in compression as compared to the circular 
tubes. It was determined that bending resistance was more important for this study than 
compression because the towers are always loaded in bending.  

To check the structural performance of the towers they were sectioned in different number of 
segments by two and four segments (Figure 4-1 and Figure 4-2) connected with longitudinal bolted 
connections.  
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Figure 4-1: Tubular tower with polygonal cross-section and longitudinal bolted connection. 

Different models were evaluated for this type of analysis. A numerical analysis was conducted with 
the help of the finite element software ABAQUS [29]. The numerical analysis was validated with 
the rules of a combination of Danish standards and Eurocodes.  

4.2 Geometry and material 

The geometry part was modelled according to the two models mentioned in this paper. The 
geometry of one shell is a circular cross-section with three different radiuses 2, 4 and 6 meter and 
with a length of 5 m and 8 mm thickness. The shell with 4 m diameter had a variation of thickness 
of 8, 19, 29, and 39 mm. The same assessment is conducted for shell with polygonal cross-section. 
The section is divided into different sections from one tubular section to four sections for the tube 
with 4 m diameter and the evaluation for the sectioned tubes is considered for thicknesses of 8 mm 
and 39 mm as illustrated in Figure 4-2.  
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Figure 4-2: High tub shell connected with four semi-segments a) Polygonal cross-section, b) 
Circular cross-section. 

. The overlapping between the sections was 250 mm. (see Figure 4-2). The material used in the 
modelling part was regular steel S355.  

4.3 FE-Model  

To evaluate bending and compression resistance of the shells, the commercial finite element 
software ABAQUS [2] was used. Two numerical analyses were done with FEM, one linear and one 
non-linear, in order to obtain the ultimate resistance of the tubes under bending and compressive 
loading. The first step used in ABAQUS [2] was the linear perturbation analysis (*BUCKLE); this 
type of analysis is the eigen value analysis that estimates the buckling modes and loads under the 
linear elastic conditions. The lowest value of the buckling mode, predicted in the linear analysis, is 
used for the non-linear calculations. In ABAQUS [2] a modification of the Newton-Raphson 
technique is used with the step called *RIKS analysis which use an arc length method for the 
iterative-incremental solution. In this method the force is applied by increments [29] calculated in a 
way that makes it possible to follow post-buckling behaviour of the tubular structure. 

For both cylindrical and polygonal model a cylindrical coordinates system was used to allow radial 
displacements in the shell tubes. Material orientations were set according to the cylindrical 
coordinate system in order to obtain a better contour plot of the stresses over the shell. (Figure 4-3). 

overlapping 

overlapping 

b) 

a) 

Geometry for circular 
and polygonal tubes 

t=8 mm and 39 mm 

D=4 m 

L = 5 m 

Overlapping= 250 mm 

L 

L 
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a) b) 

 

Figure 4-3: Boundary condition of the shell with two different cross-sections a) Boundary 
conditions for compression b) Boundary conditions for bending. 

The nodes at the end of the tubes were coupled to a reference point (RP) placed at the centroid of 
the cross-section. This RP was used to apply the distributed load to the cross-section of the tubes 
(see Figure 4-4 (c)). Boundary conditions (BC) were applied at the RP placed at the ends of the 
tubes. In one end six degrees of freedom (DOF) were restrained and at the other end of the shell 
were free. Material and geometrical imperfections were considered and calculated according to the 
rules of EN 1993 part 1-5 [4] for polygonal cross-sections and EN 1993 part 1-6 [6] for the circular 
tube. The imperfections were placed into the FE model before the non-linear analyses was started. 
The first eigen value of the linear calculations were set to introduce the imperfections as harmonic 
shapes along the entire tubes. Because non-linear analysis involves large in-elastic strains, the 
nominal (engineering) static stress-strain curve was turned into a true stress logarithmic plastic 
strain curve. The true stress and plastic true strain were introduced in ABAQUS [2] for the non-
linear analyses  

4.3.1 Interactions and contact definitions 

A tie constraint was used in order to connect the nodes of the contact surfaces in the overlapping 
regions.  A coupling constraint was introduced in order to constrain the top surface motion where 
the load is applied in the buckling step. See Figure 4-4. 

4.3.2 Mesh 

In the first study, 8 node linear brick elements were used. The element type was based on linear 
interpolation with reduced integration C3D8R. In the thickness three layer elements with five 
integration points were used.  The mesh is presented in Figure 4-4 a) and Figure 4-4 b). A very fine 
mesh was needed to obtain a good critical mode in the linear perturbation analysis. After the results 
of the linear analysis were obtained, imperfections were introduced into the non-linear analysis and 
an evaluation of the ultimate resistance of the shell was done.   

P Moment 
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a) b) 

  
c) 

Figure 4-4:  a) Model Mesh, b) Mesh element type and  c) tie and coupling interactions. 

From the preliminary results it was concluded that a new calibration of the model should be done; 
new elements were taken from the element library of ABAQUS [2]; Shell elements “S8R5”, an 8-
node element using five degrees of freedom per node. This elements have shown in earlier studies 
to be the most convenient elements to model thin shell structures, it was also recommended by 
ABAQUS [2]; other elements considered were “S4R” and again C3D8R with *ENHANCED 
control method in order to enhance the control of hourglassing behaviour. The element size of the 
mesh was 60mm*60 mm.  

4.4 Analytical analysis for polygonal cross-sections according to the 
standard rules of EN 1993 part 1-5. 

The adjacent edges of the polygonal tubes were considered as simply supported plates. Whereby, 
for each plate only the stress ratio between the adjacent edges is needed in order to estimate the 
buckling factor, to estimate the critical stresses and the plate slenderness. 

Solid elements  

C3D8R 
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Figure 4-5: Imperfection measurement for a polygonal cross-section shell. 

The procedure of the calculations is illustrated in the sub- chapters 2.1.1 and 2.1.2. Tubular shells 
with 8 mm thickness and 4 m radius are unlikely to be built as a shell for tubular towers due to their 
large slenderness and low resistance. The regular shell for the lower part of the tower has a 
thickness of 20 to 40 mm; numerical analysis was conducted for tubular shells of 9, 19, 29 and 39 
mm.  The classification of the cross-section is summarized in Table 4-1. 

Table 4-1: Class classification for a tube of 4 m diameter and 5 m length for polygonal cross-
section (16 sided polygon) and circular cross-sections S355 

Thickness  

(mm) 

Class cross-section 

EN 1993 part 1-1  

Circular Polygonal 

Compression Bending Compression Bending 

8 4 4 4 4 

19 4 4 4 1 

29 4 4 2 1 

39 4 4 1 1 

 

Cross-section classification was done according to EN1993 part 1-1. All circular shells will be in 
class 4 for analysis in pure bending and pure compression. For the polygonal cross-section the class 
varies with the thicknesses so the tower of 39 mm is in class 1. 

4.4.1 Axial compressive resistance 

The ultimate resistance load due to axial compression stress was determined by the effective area 
and the yield strength of the steel grade illustrated in equation (17) of chapter 2.2.2. The ultimate 
resistance load is calculated as follow: 

Imperfection factor of b/200 according to EN 1993 part 1-5.

b 

Single supported plate

L 
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o

eff y
c,Rd

M

for cross sec tion class 4
A f

N  ( 54) 

4.4.2 Bending resistance acc. EN 1993 part 1-5  

The effective section modulus Weff is determined assuming that the cross-section is subjected only 
to bending stresses, according figure 4.2 of EN 1993 part 1-5 [4].  

The design moment resistance of a cross-section for bending resistance about the principal axis was 
estimate as: 

eff
eff

eff

IW
C

 

 

( 55) 

Where, Ieff is the effective second moment of inertia and Ceff is the distance of the new centroid of 
the new effective area of the cross-section to the top of the surface in compression. The effective 
section moduli Weff should be less than the gross elastic section moduli Wel (section with reduction 
due to local and/or distortional buckling). Hence, the characteristic bending resistance was 
calculated as follow: 
 

c,R eff yM W f  ( 56) 

4.5 Analytical results for circular cross-section according to three different 
standards. 

Three different methods were used to evaluate the design calculations of the circular tube under 
bending and two methods were used in the assessments of the axial resistance. The stress design 
method as presented in EN1993 part1-6 [6] was used to determine the critical buckling load, the 
ultimate compressive load and the maximum bending moment in a non-linear buckling analysis 
(see Figure 4-6). This method was used to analyse the circular cross-section and for comparison 
with the polygonal shells. The critical load and stress was determined using the elastic theory.  
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Figure 4-6: Computing procedure for buckling analysis using stress design method with EN 1993 

part 1-3 [20]. 

The description and combination of the approach used in the Annex D DS449 combined with 
DS412, DIN 18800 [21] was used to evaluated the pure compressive and bending resistance for 
tubular shells; a third method described in a chapter described by Veljkovic et. al [22]  was used to 
evaluate the bending resistance of the circular shell. The design calculations with the three methods 
mentioned above were compared with the numerical calculations carried out with FEM. 

4.5.1 Axial compression resistance 

The ultimate characteristic axial compressive resistance load NcR according to EN1993 part 1-6 and 
Nd the Danish standards and EN part 1-6 were calculated using the follow equations respectively: 

d ad 2N  ( 57) 

cR,class y c classN f A  ( 58) 

Where, Ac is the area of the circular shell and fy is the yield stress.  

4.5.2 Bending resistance. 

The bending resistance moment was calculated with the elastic section moduli of the shell: 
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e
IW
C

 ( 59) 

Where, I is the second moment of inertia and C is the distance between the centroid of the cross-
section to the outer fibre of a cross-section. 

 

c,Rk e y classM W f  ( 60) 

4.6 Numerical and analytical results 

To calibrate the numerical results vs. analytical results, a comparison with eurocodes EN 1993 part 
1-5 and EN 1993 part 1-6 [6], EN 1993 part 3-2 [5] and the Danish standards [21] was done.  

4.6.1 Results for the axial compressed shells 

In order to condense the results and have an overview of the ultimate failure of the shells, a 
preliminary comparison was done with three different diameters and one segment. Previous results 
showed different values and patterns to arrive at a conclusion, especially for polygonal cross-
section. A new calibration of the numerical analysis with ABAQUS software was done. An 
analysis with two different sizes of mesh and two different element types was performed and a 
validation with EN 1993 part 1-5 and EN 1993 part 1-6 was also done. Table 4-2, shows the results 
for the critical load with one segment with 2, 4 and 6 m diameter. Two element types were used on 
the new calibration and a new mesh size was also considered in the analysis.  

Table 4-2: Comparison of the critical loads for tubular with polygonal cross-section with three 
different diameters and EN 1993 Part 1-5. Two different elements are compared shell S4R and 
solid elements C3D8R and 8 mm thickness. 

Diameter 
(m) 

Polygonal 
N.crit 

(kN) 

Solid 
elements 

Polygonal 
N.crit 

(kN) 

Shell 
elements 

EN 3 Part 1-5 
N.crit 

(kN) 

% 
Difference 

2 16370 15911 16000 0.6/-0.5 

4 8168 8400.9 7986 2.3/5.2 

6 5580 5545 5320 5/4.2 

 

Solid elements C3D8R, shell elements S8R5 were used and the results are compared to results 
obtained using EN1993 part 1-5 for polygonal cross-section and EN1993 part 1-6 for circular 
cross-sections. C3D8R elements have the disadvantage that they are no totally capable to prevent 
hourglassing. Therefore, a major control is required and addition of hourglassing control, 
*ENHANCED method is selected when the numerical calculations were run in ABAQUS. The new 
mesh size was set as 0.5% of the length and width of the shells. For solid elements the thickness of 
the shell were layered in three elements, in order to obtain a better shape deformation of the shells. 

 

In order to observe the behaviour of the shells with the different type of elements and overlapping, 
a comparison was done for circular and polygonal cross-section. From Table 4-3 and Table 4-4, it 
seems that the diameter that fits better is the shells with diameter of 4m. The calculations for 
circular cross-section are reduced by one imperfection factor class A. 
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Table 4-3: Comparison of the ultimate load and ultimate stress with circular cross-section with 
three different diameters and EN1993 Part 1-6. Two different elements are compared shell S8R5 
and solid elements C3D8R (*ENHANCED control). Class A and 8 mm thickness.  

Diameter 
(m) 

Solid Shell EN3 Part 1-6 
Solid/EN/ 

Shell/EN Displ 
(mm) 

Load 
(kN) 

Stress 

(Mpa
) 

Displ 
(mm) 

Load 
(kN) 

Stress 

(Mpa) 
Load 
(kN) 

Stress 

(Mpa) 

2 7,7 11907 238 8,03 N.A 335 11912 238 -5/- 

4 7,9 15831 158 8,2 18058 179 17264 172 -8/4.6 

6 7,1 17726 146 6,93 21467 143 18952 125,5 2.8/11.8 

 

The same trend for circular cross-section as for critical load of the polygonal shells is shown in 
Table 4-3, where it shown a good agreement in the results of the axial compressive load with both 
cases for solid elements and shell elements for a diameter of 4m compared to EN 1993 part 1-6. All 
calculation where done for class “A”, in order to introduced imperfections into the non-linear 
analysis in FEA. 

Table 4-4: Comparison of the ultimate load and ultimate stress with polygonal cross-section with 
three different diameters and EN 3 Part 1-5. Two different elements are compared shell S8R5 and 
solid elements C3D8R (*ENHANCED control) and 8 mm thickness. 

Diameter 

(m) 

Solid Shell EN3 Part 1-5 
Solid/EN/ 

Shell/EN Displ 

(mm) 

Load 

(kN) 

Stress 

(MPa) 

Displ 

(mm) 

Load 

(kN) 

Stress 

(MPa) 

Load 

(kN) 

Stress 

(MPa) 

2 7,7 14316 302 7,2 12858 258 13603 274 5.2/-5.8 

4 7,7 15835 231 8,2 15834 151 15204 153 1/-1.3 

6 7,7 16943 177 7,1 16430 108 15736 105 7.8/2.8 

 

The imperfection factor for polygonal cross-sections was defined according to EN 1993 part 1-5 
and is illustrated in Figure 4-5, where, the width of the flat element of the polygon is considered as 
a simply supported plate and the imperfection was calculated as: b/200; where b is the width of the 
flat element. For circular cross-sections the imperfection was taken as class A and is defined as is 
illustrated in equation 43 chapter 2.3.2, where the imperfection factor class depends of the 
meridional compression fabrication quality parameter with one fabrication tolerance quality class 
“QA”. 

 

 

 

A

1 rw t
Q t  

( 61) 
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Figure 4-7: Load-displacement curvature for shells with circular cross-section, imperfection class 

A, and 2, 4 and 6 m diameters and 8 mm thickness. 

Figure 4-7, shows the load displacement curves for the circular cross-section with class A and three 
different diameters. Table 4-4, it shows that solid elements have better agreement with analytical 
results than shell elements. The better fit between analytical results and FEA was for a shell with 4 
m diameter. One reason can be the mesh size for shells with 2 and 6 m diameter. 

 
Figure 4-8:  Load-displacement curvature for shells with polygonal cross-section, 4 m diameter 

and 2, 4 and 6 m diameters and 8 mm thickness. 

Figure 4-8, illustrated the load displacement curves for the polygonal cross-section with class A 
and three different diameters. Table 4-4, it shows that solid elements have better agreement with 
analytical results than shell elements. The better fit between analytical results and FEA was for a 
shell with 4 m diameter. One reason can be the mesh size for shells with 2 and 6 m diameter. 

 

Assessments of geometrical imperfections for the cylindrical shell are an important factor to 
evaluate the strength of the circular shell. The evaluation under compressive loading was conducted 
for shell with slenderness and  0,84 with 8mm thickness 
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respectively. Table 4-5 summarize the values of the imperfections measurements according to class 
imperfection A with 2, 4 and 6 m radiuses and 8, 19, 29 and 39 mm thicknesses. 

Table 4-5: Imperfections used in FEM according to EN 1993 part 1-6 for class imperfection A. 

Thickness 

(mm) 

Diameter 

(m) 

2 4 6 

8 2,23 3,16 3,87 

19 3,44 4,87 5,96 

29 4,24 6,02 7,36 

39 4,92 6,97 8,54 

 

After an evaluation of the modelling in ABAQUS [2] and an evaluation of the most convenient 
elements for thin shells an assessment on the thickness of the circular and polygonal shells was 
conducted. Figure 4-9 illustrated the comparison for the numerical results with two design methods 
for the shell with 4m diameter and four different thicknesses of 8mm, 19 mm, 29 mm and 39 mm 
thickness.  

 

 
Figure 4-9: Ultimate load from ABAQUS (X- axis) vs. Characteristic load from two different 

approaches and 4 m diameter. 

Table 4-6 summarizes the results for the circular tube with different thicknesses and when the 
numerical analysis is compared with the two different methods used for the design calculations. 
The results compared between FEM and EN 1993 part 1-6 [6], showed that the difference between 
both methods are smallest 5%, for the tube with 8 mm thickness and the largest 21% for the tube 
with 19 mm thickness. When the Danish design rules are used instead of EN 1993 part 1-6 the 
results showed the largest difference when the tube has 4 m diameter and 19 mm thickness with a 
29%. 
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Table 4-6: Ultimate compressive force Nc,R with two different methods for circular tubes with class 
imperfection A with 4m diameter, 5 m length and 8, 19, 29 and 39 mm thick. 

Thickness 

(mm) 

FEM 

(kN) 

EN3 part 1-6 

(kN) 

GDWT 

(kN) 

FEM/ 

EN 1993 part 1-6 
FEM/GDWT 

8 18012 18991 17027 -5 5 

19 79784 65427 61740 21 29

29 126685 109397 106358 16 19 

39 171761 154215 152910 11 12 

 
Figure 4-10, illustrated the results for the shells with 39 mm thickness and 4 diameter under the 
compressive loading; in the figure it can be observed that for all cases the load-displacement curves 
with FEM are at 1% below to the line of their own yield strength capacity. The lines for results 
obtained by design methods are lower from the yield strength of the circular shell. 

 
Figure 4-10: Load displacement curve for imperfections in a shell with 39 mm thickness and 4 m 

diameter. 

Table 4-7, shows the results for 3 imperfections levels for a circular shell under the axial 
compressive loading. All cases had a good agreement up to 10% for the results of imperfection 
class A. In both methods numerical and design calculations showed the resistance of the tubes was 
decreasing when the imperfection value were increasing.  

 

 

 

 

 

 

 

 



Parametric study of the modular shell with circular and polygonal cross-sections 
 

 

 49 

Table 4-7: Ultimate compressive force NcR with imperfections for 39 mm thickness for circular 
cross-section. 

Imperfection 
Class 

FEM 

(kN) 

EN 1993 
part 1-6 

(kN) 

FEM/ 

EN 1993 part 1-6 

A 171761 154215 11 

B 168353 152675 10 

C 161022 149973 7 

 

The impact of imperfections in circular shells axially compressed loading showed a larger value in 
numerical results than for analytical results where the tube with imperfection class “C” had a 
difference of 6% compared with the tube with imperfection class “A”. The difference for the 
analytical results was up to 3% for the tube with class A compared with tube with class 
imperfection “C”. 

 
Figure 4-11: Load displacement curve for imperfections in a shell with 8 mm thickness and 4 m 

diameter. 

Figure 4-11, shows the load-displacement curves for the rather slender circular shell with 8 mm 
thickness and 4m diameter with three imperfection classes according to EN 1993 part 1-6. The 
results are summarized in Table 4-8. The numerical and analytical results showed a good 
agreement when the circular tubes are compared with class imperfection “A” in 5% and 4% for the 
imperfection class “B”. The difference in class “C” was up to 31 % when the results of both FEM 
and EN part 1-6 calculations are compared.  

Contrary to the results shown for slenderness of circular tube with a thickness of 39 
mm thick; the results for the most slender  cross-section  with 8 mm thickness showed that 
the geometrical imperfections in numerical analysis had less impact between classes than 
calculated according to EN1993 part 1-6.   
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Table 4-8: Ultimate compressive force Nc,R with imperfections for 8 mm thickness for circular 
cross-sections. 

Imperfection Class 
FEM 

(kN) 

EN 1993 part 1-6 

(kN) 

FEM/ 

EN 1993 part 1-6 

A 18012 18991 -5 

B 16462 15762 4 

C 15964 11018 31 

 

The difference for the numerical results was up to 13% for the circular tube with 8 mm thickness 
with class “A” compared with tube with class imperfection “C”. In numerical analysis the 
difference in the values of the axially compressive circular tubes showed that the tube with 
imperfection “A” is larger in 72% than the tubes with class imperfection “C”. A conclusion is that 
EN1993 part 1-6 is not so realistic for shells with larger slenderness, for 8 mm thickness and 4 m 
diameter. 

Table 4-9: Ultimate compressive force Nc,R with imperfections polygonal tubes with 16 sides with 
imperfection of b/200. 

Thickness 

(mm) 

FEM 

(kN) 

EN 1993 
part 1-5 

(kN) 

FEM/ 

EN 1993 part 1-5 

8 15082 15315 2 

19 70381 75445 7 

29 125937 128280 2 

39 171333 172520 1 

 

Table 4-9 summarizes the results for the polygonal tube with different thicknesses.  The results 
showed that the difference between numerical and analytical analysis showing a good agreement in 
all calculations with a difference up to 7% for the tube with 19 m thickness.  

4.6.1.1 Compression resistance for shells with segments 

The numerical calculation for the circular and polygonal shells sectioned with a diameter of 4 m 
and 8 and 39 mm thick was conducted. Table 4-10, shows the results of ultimate resistance load 
between the FEM and EN 1993 part1-6 for circular tubes with one cross-section and the tube 
sectioned in two and four segments. The results between FEM and EN 1993 part 1-6 had a good 
agreement for the tube with one segment where the results of FEM showed 5% lower in resistance 
than the results of EN 1993 part 1-6. The resistance of the circular tube was increased with an 
approximation of 5% when the tubes were sectioned (modularized) in two parts and up to 12% for 
the tubes with four segments. In order to evaluate the connected tube with their total cross-section 
area in the design calculations, the added area of the overlapping regions were considered in the 
hand calculations as follow: A =2 r t+Bo no t; where Bo is the length of the overlapping region and 
no is the number of overlapping regions on the cross-section. The results agree more precisely when 
the assumption of the overlapping was taken. Reducing the difference between numerical and 
analytical analysis was reduced from 11.8 % to 4.7 % when the both methods were compared. 
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Table 4-10: Comparison of the ultimate load with circular cross-section for imperfection class A 
with 4m diameter, 5 m length, 8 mm thickness and 1, 2 and 4 segments and EN 3 Part 1-6.  

Segment 

FEM 
EN 1993 

Part 1-6 

EN 1993 

Part 1-6* FEM/EN/ 

FEM/EN* Displ 

(mm) 
Load 
(kN) 

Load 

(kN) 

Load 

(kN) 

1 8,03 18012 18991 18991 -5/-5 

2 8,2 19992 18991 19748 5/1.2 

4 6,93 21522 18991 20505 11.8/4.7 

* Design calculations considering the real area of the overall cross-section. 

Table 4-11, summarizes the results of ultimate resistance load between the FEM and EN 1993 
part1-5 for polygonal shells with one cross-section and the tube sectioned in two and four 
segments. The comparison of both the numerical and analytical results agree well, with a difference 
up to 7% when the resistance of the polygonal cross-section tubes  were compared with FEM and 
EN 1993 part 1-5. The assumption of add the increased area about overlapping regions as it was 
assumed for the circular cross-sections. This assumption did no showed any increment in the 
design calculations, the reason of this can be because the distance of the flat element in the 
polygonal tube with overlapping regions was taken as the same length for flat elements for regular 
polygonal tube like is illustrated in Figure 4-5. Where the overlapping regions were totally tie on 
the contact surfaces as is showed in Figure 4-2. With the assumption the overlapping region are 
allocated at the middle part of the flat elements and using the effective formulation from EN 1993 
part 1-5 lead these regions out the effective areas which are allocated near to the corners of the 
polygonal cross-section.  

Table 4-11: Comparison of the ultimate compressive load Nc,R with polygonal cross-section with 
4m diameter, 5 m length, 8 mm thickness and 1, 2 and 4 segments and EN 3 Part 1-5.  

Segment 

FEM 
EN1993 

Part 1-5 

EN1993 

Part 1-5* FEM/EN/ 

FEM/EN* Displ 

(mm) 
Load 
(kN) 

Load  

(kN) 

Load  

(kN) 

1 8,25 15034 15315 15315 -1.8/-1.8 

2 7,17 15734 15315 15949 -4/-1.3 

4 7,27 16110 15315 16659 -12.7/-3.3 

. 

Figure 4-12, illustrates the deformation shape at failure of the circular tube with 39 mm thickness. 
One complete shell and the sectioned shell in four parts were considered. The deformation of the 
complete circular shell showed symmetric local buckling in the middle of the shell. The sectioned 
shell seems to be more resistance to local buckling and the ultimate deformation shape at the 
ultimate load shows that there was no buckling at the overlapping regions. The failure region was 
shifted to the edge where the load was applied. 
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a)  b) 

Figure 4-12: Ultimate fail deformation for an axial compressed circular cross-section with a) one 
tube and b) four segments tube with 39 mm thickness, 5m length, and 4 m diameter axially 

compressed.  

Figure 4-13, illustrates the fail failure mode of the tube with polygonal cross-section with 39 mm 
thickness of one complete tube and when the tube is sectioned in four parts. The deformation of the 
complete and four sectioned polygonal shell showed local buckling at the middle length of the 
shell. The effect of local buckling in the flat parts was more evident for the shell without 
overlapping regions. The shell with overlapping region showed that ultimate deformation shape 
had smaller deformation at the overlapping regions for the cylindrical sectioned tube. 

  

a)  b) 

Figure 4-13: Ultimate deformation fail for a polygonal cross-section with a) one tube and b) four 
segments tube with 39 mm thickness, 5m length, and 4 m diameter axially compressed.. 

Table 4-12, summarizes the results between FEA and EN part 1-6 for the tubes with polygonal and 
circular cross-section sectioned in four parts with 39 mm thickness and 4 m diameter. The 
difference between FEM and EN part 1-6 for the four sectioned circular shell was 16%. For the 
polygonal cross-section the difference in both methods was of 7%. When, the comparison of the 
results is done between the results of FEM of the four sectioned shells and results of a regular tube 
without considering the overlapping areas. 
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Table 4-12: Ultimate compressive load Nc,R with four segments 4 m diameter, 5 m length and 39 
mm  thickness for tubes with circular cross-section and polygonal cross-section with 16 sides, with 
imperfection level of b/200. 

Tube 
FEM 

(kN) 

EN 1993*  

(kN) 

EN 1993**  

(kN) 
FEM/ EN 1993* 

Circular Class A 184094 154215 166512 16/9.5 

Polygonal 16 sides 184971 172520 186360 7/-0.7 

*For circular and polygonal cross-sections the rules of EN 1993 part 1-6 and part 1-5 respectively. 

** Design calculations considering the real area of the overall cross-section 
 

Using the assumption of the overlapping areas the results of FEM and EN part 1-6 and part 1-5 
gives a better approximation of between both methods which the difference of the circular cross-
section is reduced to 9.5 and for the polygonal to 0.7%. As the polygonal shell with 39 mm is 
considered as cross-section class 1, which means that the flat parts of the shell can use their own 
strength capacity. At the ultimate resistance load for shells with 39 mm thickness and 4 diameters 
the polygonal cross-sections seems to reach the same capacity of the circular shell.  

4.6.2 Bending resistance results 

The evaluation of results for bending moment was done and compared the numerical results using 
three different methods explained in chapter 2.2. Where, “WES” is the method described in a 
chapter writing by Veljkovic et all [22] and “GDWT” is the method described in the book 
guidelines for design of wind turbines [21]. Figure 4-17, illustrates the comparison of the results 
between FEM and the three different methods of evaluation. 

 
Figure 4-14: Bending moment from ABAQUS (X- axis) vs. Characteristic bending moment from 

three different approaches. 

Table 4-13, shows the results of bending moment comparison between FEM and the three different 
methods. The difference in bending resistance between the three methods increases when the 
thickness of the shell increases. The agreement between FEM  and the three methods is very good 
for a tubular shell with 8 mm thickness where the difference is 1% and increases to 22% for a shell 
with 39 mm thickness; both shells had a length of 5 m and 4 m diameter. However, for shells with 
39 mm thickness the compared results in bending resistance between FEM and the three 
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approaches showed larger values from 21% for GDWT and 23% for the comparison between FEA 
and EN1193 part 1-6. 

Table 4-13: Bending  moment MB,R with three different methods for circular shells with 5 m length, 
4 m diameter and 8, 19, 29 and 39 mm thicknesses. 

Thickness 

(mm) 

FEM 

(MN*m) 

EN3 part 1-6 

(MN*m) 

WES 

(MN*m) 

GDWT 

(MN*m) 
FEM/EN 1993 

part 1-6 FEM/WES FEM/GDWT 

8 24,85 18,95 24,639 19,98 31 0.01 24 

19 83,53 64,98 71,82 65,69 28.5 16 27 

29 141 108,39 114,27 111 30 23.4 27 

39 198,5 152,43 156,08 158 30 27 26 

 

Table 4-14, summarizes the bending resistance results for the polygonal cross-section shells with 
4m diameter, 5 m length and 8, 19, 29 and 39 mm thickness. The classification of the shells loaded 
in bending changed when the thicknesses increased, as it can be seen in Table 4-1. The FEM model 
was always more resistance than the design models with a difference of up to 17%. 

Table 4-14: Bending Resistance moment MB,R for polygonal with 4m diameter, 5 m length and 8, 
19, 29 and 39 mm thickness and 16 sides. 

Thickness 

(mm) 

FEM 

(MN*m) 

EN 1993 
part 1-5 

(MN*m) 

Difference  

FEM/ 

EN 1993 part 1-5 

8 20,6 19,82 4 

19 81,34 73,30 10 

29 144,61 124,75 14 

39 202,918 167,81 17 

 

The circular shell is classified as class 4 for all thicknesses, in both compression and bending; and 
the use of EN 1993 part 1-6 is recommended for circular cross-sections. Shells in this category are 
very sensitive to geometrical and material imperfections. Figure 4-15, illustrates the moment 
resistance vs. curvature for three imperfection factors of the circular tubes with a diameter of 4 and 
5 m length and 39 mm thickness. The lines of EN 1993 part 1-6 lies under the region of the 
maximum moment (yield strength) resistance. But the results from FEM overestimate results from 
the design models suggesting that the tube can exceed its maximum yield strength resistance.  
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Figure 4-15: Load displacement curve for imperfections in a shell with 39 mm thickness and 4 m 
diameter. 

 Table 4-15, shows the results for the circular tubes with 39 mm thickness, 5 m length and 4 
diameter. The results showed that the effect of the imperfections on the circular shell with three 
imperfection classes did not have a great impact in the bending resistance analysis of the shells, 
which is rather consistent with results from design methods. There is larger difference in the 
bending resistance results for the shells when comparing FEM with analytical results, up to 23% 
for class imperfection “A”. Table 4-15: Bending Resistance moment MB,R with imperfections for a 
circular tube with 39 mm thickness, 4m diameter and 5 m length. 

Imperfection 
Class 

FEM 

(MN*m) 

EN 1993 
part 1-6 

(MN*m) 

FEM/ 

EN 1993 part 1-6 

A 198,5 152,43 23 

B 193,33 150,91 22 

C 189,20 148,239 22 

 

Figure 4-16, illustrates the moment vs. curvature curve for three imperfections classes for a tube 
with 8 mm thickness, 5 m length and 4 m diameter. The imperfections did not show any significant 
effect on the bending resistance calculations by FEM. The differences were even smaller than the 
effects for the tube with 39 mm thicknesses. 
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Figure 4-16: Moment vs. curvature curve for circular tubes with 8 mm thickness, 4 m diameter and 

5 m length with measurements of imperfections according to EN 1993 part 1-6 [6].  

Table 4-16, summarizes the results of the numerical and design calculation for bending resistance 
of circular cross-section with 8 mm thickness, 5m length and 4 diameters. The results did not fit 
with design calculations.  

Table 4-16 Bending Resistance moment MB,R with imperfections for a circular tube with 8 mm 
thickness, 4 m diameter and 5 m length . 

Class 
FEM 

 (MN*m) 

EN 1993 part  

(MN*m) 

% 
Difference  

Analytical/
Numerical 

A 24,93 18,91 24 

B 24,71 15,7 36 

C 24,41 10,97 55 

 

The results of FEM from non-linear analysis comparing the three different measurements of 
imperfections according to EN 1993 part 1-6 shows very small difference between the three results 
less than 2%, whereas the design analysis shows a large difference in results. It looks that design 
model overestimate the influence of imperfections levels on the resistance for the slender shell. 

4.6.2.1 Bending analysis for shells with 4 segments 

The numerical analysis of bending resistance was conducted in the same way as in axial 
compressive analysis. A validation with the rules of EN 1993 part 1-6 [6] and part 1-5 [4] was also 
done. 
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a) b)

Figure 4-17: Circular tube with four semi-sections under bending moment with 8 mm thickness, 5m 
length and 4 m diameter. a) first eigen mode and b) final failure.  

Figure 4-17, shows the deformation shape under bending moment loading for the linear analysis 
and at the final failure in the non-linear analysis for a circular cross-section. The final failure under 
pure bending conditions seems to be at the middle of the tube. The analysis was conducted only for 
tubes with imperfection Class “A”, as earlier results showed that imperfections did not have any 
influence in the resistance of the tube under bending analysis. However, the imperfection class had 
big influence in the design models according to the EN 1993 part 1-6 [6]. 

 

  
a) b)

Figure 4-18: Polygonal tube with four semi-sections under bending moment with 8 mm thickness 
4m diameter and 5 m length. a) first eigen mode and b) final failure. 

Figure 4-18, shows the first eigen-mode and the failure deformation shape of the polygonal tube 
with four segments. For the ultimate deformation shape the failure was at the middle of tube. The 
imperfections used for polygonal cross-section were b/200.  
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Figure 4-19: Moment vs. curvature for the bending resistance with four semi-segments tubes with 

circular and polygonal cross-sections with 8 mm thickness, 4m diameter and 5 m length.  

Figure 4-19, shows the moment vs. curvature curve for tubes with polygonal and circular cross-
section with 8 mm thickness, 4 m diameter and 5 m length with one and four segments. Results 
showed a good agreement for the bending resistance of polygonal cross-section when comparing 
numerical and analytical analysis. But, a disagreement was found for circular cross-section were 
the bending resistance for a tube without overlapping showed a 24% higher bending resistance in 
the numerical analysis compared to the analytical analysis. The results of the bending resistance for 
shells with 8 mm thickness and overlapping are summarize in Table 4-17 

Table 4-17: Bending Resistance moment MB,R with overlapping and 8 mm thickness. 

Imperfection Class 
FEM 

(MN*m) 

EN 1993* 

(MN*m) 
FEM/EN 1993* 

Circular Class A 27,31 18,95 44 

Polygonal 16 sides 22,06 19,82 11 

*For circular and polygonal cross-sections the rules of EN 1993 part 1-6 and part 1-5 respectively.  

Table 4-18, shows the results from bending resistance analysis for the four sectioned shell tubes 
with polygonal and circular cross-section. The results of the bending analysis with numerical 
analysis showed that the resistance from FEM is 4% higher for the sectioned tube than for a regular 
polygonal tube and for the circular sectioned tube with four segments the increase in resistance is 
9%. The differences between the numerical and analytical were 42% for the circular cross-section 
and 32 % for the polygonal cross-section. 
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 Table 4-18: Bending Resistance moment MB,R with overlapping and 39mm thickness. 

Imperfection Class 
FEM 

(MN*m) 

EN 1993* 

(MN*m) 
FEM/EN 1993* 

Circular Class A 217,04 152,43 42

Polygonal 16 sides 222,66 167,81 32 

*For circular and polygonal cross-sections the rules of EN 1993 part 1-6 and part 1-5 respectively. 

Figure 4-20, shows the final failure deformation for tubes under pure bending conditions for 
polygonal cross-sections with four segments and regular tube. The deformation shape in the bended 
areas for the regular tube shows more distribution among the compressive stresses, whereas for the 
polygonal tubes with four segments the stresses are much lower in the overlapping regions.   

  
a) b)  

Figure 4-20: Polygonal tube with a) one and b) four semi-sections under bending moment with 39 
mm thickness, 5m length and 4m diameter. 

Figure 4-21 shows the final failure deformation for tubes under pure bending conditions for circular 
cross-sections with four segments and regular tube. Again the increased stiffness in the overlapping 
regions is observed. 

a) b)  

Figure 4-21: Polygonal tube with a) one and b) four semi-sections under bending moment with 39 
mm thickness, 5m length and 4m diameter. 
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4.7 Elastic and non-linear analysis with dimple of imperfection  

”The  limit  state  of buckling shall be taken  as  the  condition  in  which all or part  of the structure 
suddenly develops large displacements  normal  to the shell surface, caused by loss of stability 
under compressive membrane or shear membrane stresses  in the shell wall, causing possibly 
catastrophic failure.” [30]. This is the definition of the buckling limit state as given by the EN1993 
1-6 [6]. The different geometric imperfections are expected to be met during execution and they are 
considered, with respect to different fabrication classes, with reference to EN1993 1-6 [6]. The 
imperfection magnitude of a circular shell is calculated according to the amplitude of a 
characteristic imperfection as follows: 

class
class

r 1w t
t Q

 ( 62) 

Where; 

class
w  = characteristic imperfection amplitude. 

t = thickness of the shell 

r = radius of tubular section middle surface 

classQ  = meridional compression fabrication quality parameter. 

Table 4-19: Values of fabrication quality parameter Q [6] 
Fabrication Class Description Q 

Class A Excellent 45 
Class B High 20 
Class C Normal 16 

 

The geometrical imperfections were calculated according to the values of the fabrication quality 
parameter “Q”, listed in Table 4-19.  Table 4-20, shows the level of imperfection for each circular 
tube with different radiuses.  

Table 4-20: Geometrical imperfections calculated for different fabrication classes for 8 mm 
thickness 

Imperfection Factor Tubular  2m Tubular  4m Tubular  6m 

Class A 2.232 3.159 3.87 

Class B 3.571 5.055 6.193 

Class C 5.791 7.898 9.679 
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4.7.1 Local dimpled imperfection simulation 

To enter the geometric imperfections into the numerical analysis, the so called local dimpled 
imperfection is imposed as a 0x, symmetrically or un-
symmetrically at the middle of the height of the shells, in which the maximum axial stress may be 
expected. (see Figure 4-22). 

 
Figure 4-22: Measurement on a circle. [6] 

The calculation of the displacement introducing the imperfection is based on the calculation of the 
radial displacement w  described in EN1993 part 1-6 [6] and determined as follows: 

gx 4l r t  ( 63) 

ox ox gxw U l  ( 64) 

oxw  = Depth of the radial displacement; 

oxU  = Accidental eccentricity parameter; 

gxl   = Imperfection width. 

Table 4-21, shows the values obtained for the imperfection width, depth of the radial displacement 
and accidental eccentricity parameter. The linear buckling analysis was carried out for 3 
different diameters; for the simplicity of the study t h e  influence of dimple imperfection was 
studied only on the 4 m tubular model  with cylindrical cross-section and polygonal cross-
section.  

Table 4-21: Values for geometrical imperfections for different fabrication classes 
Fabrication class Uox lgx wox 

Class A 0.006 506 3.035 

Class B 0.010 506 5.059 

Class C 0.016 506 8.095 

 

This consists of two steps. In the first step the discrete deformation is implemented to obtain the 
shape of the shell with initial deformation, such the deformed mesh does not have any residual 
stresses. As a second step the non-linear resistance was checked. The model considered tubes with 
two and 4 semi-segments of the tubular tower without bolted connection. The numerical 
investigation was carried out through two steps: dimple application and compression of the 
deformed shell. 
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4.7.2 Step1: dimple application  

This step was conducted like a static general step and consisted of applying the radial displacement 
either symmetrically or an-symmetrically on the edge of the cylinder. The boundary conditions are 
as shown in Figure 4-23.  . The BC’s at the top and the bottom of the tubes had 6 DOF restrained. 
A displacement point was set up in the middle part of the height of the tubes. The size of the 
displacement was equal to the depth of the radial displacement wox, as was mentioned 
previously in this chapter. Two points on the upper part and lower part of the 
displacement point were restrained with 3 DOF. The distance between the points was the 
imperfection width lgx, as illustrated in Figure 4-23. 

 
Figure 4-23: Boundary conditions for step1 

The application point of the out-of-plane displacement has an influence of the deformation shape of 
the initial geometry imperfection. As we can compare on these figures, when the imperfection was 
applied in the region of overlapping, even if the applied displacement was 5.059, there was a small 
deviation in the results. However for the second case when the displacement was applied at the 
middle of the semi-circular segment far from the overlapping region, symmetry of the results was 
preserved. (See Figure 4-24). 

 

  
a) Symmetric b) un-symmetric 

Figure 4-24: a) Symmetric and b) an-symmetric dimple imperfection for 4 segments model 

4.7.3 Step2: non-linear analysis 

In the second step, the model was imported from the ODB file of the previous step (deformed 
shape) and introduced without stresses. As the initial geometry the boundary conditions for this 

g  
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step are 3 DOF (all translations) were restrained at the bottom of the cylinder, at the top the BC 
were free and a displacement in the longitudinal direction was applied in order to introduce the 
compressive axial stress into the shell. (See Figure 4-25) 

 
Figure 4-25: Boundary conditions for step 2. 

4.7.4 Non-linear analysis Results 

The study includes a preliminary test for shells with two and four semi-segments in order to 
evaluate the ultimate load under axial compression [30]. When the load was close for every class 
imperfection, the zoom on the maximum load zone, shows that the trend for the 3 different classes 
was good. The load was decreasing when increasing the initial imperfection as illustrated in Figure 
4-26.  

 
Figure 4-26: Load-displacement curve for symmetrical dimple analysis for a circular cross-section 

with 4 m diameter and two and four segments and Class A imperfection. 
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a) Symmetric b) un-symmetric 

Figure 4-27: Deformation shape after introducing a) symmetric and b) un-symmetric dimple 
imperfection for 4 segments model. Class A.8 mm thickness. 

Figure 4-26 and Figure 4-27 shows the results for the out-of plane displacement for the model with 
4 segments and when the imperfection was applied in the overlapping region. Even for the 
symmetric dimple imperfection, the final deformation shape was symmetric for class imperfection 
A. As can be seen clearly in Figure, the influence of the geometrical imperfection was the same 
when it was applied symmetrically and an-symmetrically in the tube as is illustrated in Figure 4-27. 

 

  

  
a) b)

Figure 4-28: Applied out-of-plane displacement for fabrication and ultimate deformation shape 
with imperfection class A for a) symmetrical and b) un-symmetrically dimple imperfection with 4m 

diameter and 4 segments with 8 mm thicness. 
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Figure 4-29, shows the results for the application of the symmetric dimple imperfection, the final 
deformation shape was un-symmetric for class imperfection B and C. Class C has a larger effect on 
the deformation shape of the shell. 

 

 

  

a) Class A b) Class B c) Class C 

Figure 4-29: Applied out-of-plane displacement for fabrication classes A, B and C and failure 
shape for symmetrical and un-symmetrically dimple with 4 m diameter and 4 segments with 8 mm 

thickness. 

The same study for a symmetrical dimple analysis was performed for polygonal cross-section with 
Class A, which was equal to the imperfection of b/200. The out-of plane displacement was applied 
at the middle flat part of the plate. (See Figure 4-30). The deformation shape for polygonal cross-
section is symmetric.  
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Figure 4-30: Failure shape for symmetrical and un-symmetrically dimple with 4 m diameter and 4 
segments and with geometrical and material imperfections of Class A, B and C with 8 mm 

thickness. 

Figure 4-31, shows the trend for a circular cross-section with 4 m diameter and four segments, the 
trend seems to be right. The maximum load decreases when the class imperfection is increased 
When comparing the numerical analysis with the linear elastic analysis *Buckle in ABAQUS [2] 
and with design calculations according to EN 1996 part 1-6 [6] the maximum load is quite 
different. A contradiction on the above mentioned seems for the polygonal cross-section were the 
difference on the ultimate  compressive load was not as big as for the circular tube but still results 
showed higher resistance values than for the regular calculation done using initial imperfections 
from the buckling analysis. 

 

 

   

  
 

a) Class A b) Class B c) Class C
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 Figure 4-31: Load-displacement curves for non-linear analysis, numerical results and 

symmetrically dimple imperfection with Class A, B and C, for a circular and polygonal cross-
section with 4 m diameter and four segments 8 mm thickness. 

Table 4-22, summarize the results of the numerical analysis using dimple model for tubes with 
circular and polygonal cross-sections and four segments. Results shows that the ultimate load of the 
circular tubes were around 47% higher than for polygonal tubes. 

Table 4-22: Ultimate compressive resistance load Nc,R for 4 segments model using dimple model. 

Imperfection 

Circular tube Polygonal tube 

Difference Type of 
imperfection 

Nc,R 

(kN) 
Type of 

imperfection 
Nc,R 

(kN) 

Class A Symmetric 34621 Symmetric 19001 0.45 

Class B Un-Symmetric 33082 Symmetric 17600 0.46 

Class C Un-Symmetric 31522 Symmetric 16445 0.47 

4.7.4.1 Results of bending resistance with dimple analysis. 

The numerical analysis in pure bending resistance presented in the present chapter was conducted 
following the same steps as describe under pure compression analysis. 
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a) b) 

Figure 4-32: Bending resistance deformation for a) circular and b) polygonal cross-sections using 
dimple imperfection analysis. Upper part step 1and lower part step2.8 mm thickness. 

Figure 4-32, shows the deformation shape at the first step when the displacement was placed at the 
side of the tube assuming to be the imperfection measure of the dimple punch. The lower picture 
shows the final deformation for the shells with circular and polygonal cross-section under bending 
moment. The deformation at the middle of the tubes was similar as when using a regular procedure 
of buckling analysis (linear harmonic deformation) and post-buckling analysis (non-linear 
deformation). 
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Figure 4-33: Moment vs. curvature for tubes with circular and polygonal cross-section using 

dimple imperfection analysis.8 mm thickness.  

Figure 4-33, shows the moment vs. curvature for tubes with circular and polygonal cross-section 
with one and four segments. There is a large difference in the resistance between numerical and 
analytical results for the circular tube with 48% higher resistance for the numerical analysis.  

Table 4-23 Ultimate bending resistance moment MBR for polygonal tubes made of 4 segments 
model using dimple model with 8 mm thickness. 

Segments 
Circular 

tube 

(MN*m) 

EN 1993 
Part 1-6 

(MN*m) 

Difference 

% 

Polygonal 
tube 

(MN*m) 

EN 1993 
Part 1-5 

(MN*m) 

Difference 

% 

1 31,88 
18,91 

40 20.92 
19,82 

5 

4 37,19 49 21.45 8 

 

The same behaviour was observed for axial compressive force. For polygonal tubes this difference 
was not observed. See Table 4-23. 

4.7.4.2 Discussion 

Figure 4-34, shows a comparison between the ultimate deformation shapes of the tubes under both 
numerical analysis (non-linear analysis and imperfection with dimple). The tubes shown in Figure 
4-34 had four segments and were connected by tie interactions in the longitudinal direction. 
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a) b) 

Figure 4-34: Comparison of the final deformation with two different numerical analyses a) 
buckling and post-buckling analysis and b) introducing dimple imperfections measurements. 

The deformation shape seems to be similar from both methods with small changes in the stress 
distribution at maximum load Figure 4-35, the comparison of the curves at the ultimate 
compressive load and the bending moment. According to the load displacement curve results with 
dimple analysis shows higher resistance than the results obtained from the model having initial 
imperfection before of critical buckling mode.  

 

  
a) b) 

Figure 4-35: a) Load-displacement curve and b) moment vs. curvature for a tube with polygonal 
cross-section 16 sided and 4 segments for 4 m diameter and 8 mm thickness. 
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In pure bending deformation results showed that for both models the curves moment vs. curvature 
follows the same trend and the ultimate bending moment are very close to each other using control 
steps the hourglass by default in the program ABAQUS 

4.8 Discussion and conclusions 

Results summarized in Appendix C, did not show any trend of evaluation to draw a good 
conclusion of results when the models were done using solid elements C3D8R and the control steps 
of hourglassing were defined as default in ABAQUS [2]. The second analysis using shell elements 
S8R5 showed the expected trend and leads to real conclusions. Being aware about the hourglassing 
behaviour and the consequences that this problem can give to the final results; the models were re-
evaluated by solid elements C3D8R and *ENHANCED hourglass control method in ABAQUS [2]. 
The results showed that solid and shell elements gave the same deformations and all results were 
very close using both methods. There were good agreement between the numerical analysis and 
analytical analysis with the Eurocodes. Therefore, it will be convenient to use shell elements for a 
model where no bolt connection is introduced into the shells. 

When comparing polygonal and circular tubes results showed that 29 and 39 mm thick shells have 
the axial compressive resistance and bending resistance are similar, as when FEM and EN 1993 
part 1-6 and EN 1993 part 1-5 were used. Disagreement between the two methods was observed for 
the tubes with 19 m thickness; where, numerical analysis showed that the resistance of the 
polygonal tube was lower than the resistance with circular shape.  In the analytical analysis the 
axial compressive resistance and the bending resistance were larger for the polygonal tube than for 
the circular. For the tubes with 8 mm thickness the resistance for both FEM and EN 1993 part 1-6 
and EN 1993 part 1-5 showed that the 16 sided polygonal shell had lower resistance in compression 
and bending than the circular shape. 

An evaluation of the size of the imperfections was done by numerical and analytical analysis using 
dimple measurements as indicated in EN 1993 part 1-6 [6], under pure compression and pure 
bending loading. Results with polygonal cross-section with 4 segments overlapping show a good 
agreement with the expected results. However, the size of the imperfections does not show any 
impact. For circular cross-section the dimple imperfection evaluation show a good agreement in 
shape deformation to a normal non-linear evaluation done by post-buckling analysis. However, 
there is no impact for imperfection for circular cross-section. Furthermore, results using the dimple 
imperfection model did not have a good agreement in both cases of evaluation loading compared 
with analytical analysis.  

For bending resistance results in both numerical analyses compared with analytical results for the 
circular tubes showed always a disagreement in results. The local dimple model numerical analyses 
always showed larger resistance in bending and axial compression than using the imperfections 
with linear buckling analysis. 

The resistance for bending and compression loading for the tubes with 8 mm thickness and 4 m 
diameter showed lower values of resistance for the circular shapes than the calculations performed 
with the numerical analysis. 
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5 STUDY OF THE MODULAR SHELL WITH POLYGONAL CROSS-SECTION 
MADE OF FOUR SEGMENTS UNDER COMPRESSION AND BENDING 

The stability of the modularized tower with polygonal cross-section is one of the main objectives of 
the project HISTWIN [9]. In the previous chapter an initial evaluation of the resistance capacity of 
the circular and polygonal cross-sections was showing the importance of tying the overlapping 
regions together as one complete section. But, the tubes are meant to be joined together with 
longitudinal connections and the influence of those must be considered, while the number of 
longitudinal bolts to keep the structure stable is an important aspect in the project. In the present 
section an assessment of the stability with three longitudinal bolt connections is presented.   

5.1 Introduction 

The stability of a tube with polygonal cross-section and with longitudinal connections is needed to 
see the behaviour of the shell and possible failure shapes. To observe such behaviour the shell 
should be modelled as real as possible. As the shell is quite complicated to model, advanced 
engineering tools are needed in order to introduce an appropriate and effective way of modelling. 
Modelling all sections with longitudinal connections is difficult and will require a lot of computer 
time and effort that can be avoided by finding a more appropriate way of modelling. It might be 
more logical to model the cross-section with solid elements and real bolt connections, but a simple 
model with a combination between shell and solid elements can make the model more effective. 
Such a model is described and presented in this chapter. 

5.2 Geometry and parameters 

For the bolted tower, the study was restricted to the 4m diameter, with 4 overlapped segments of 5 
m length and 8 mm diameter.  

 
Figure 5-1: Polygonal tube with four semi-segments connected with bolts. 

Bolts set in the 
longitudinal 
direction. 

Folded 
segments with 
an angle of 158

o
 

Overlapping and bolt connection.  
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The bolts are modelled as solid square elements see Figure 5-2.  Figure 5-1, shows the cross-
section of the polygonal tube with four semi-segments illustrating the position of the longitudinal 
bolts and the angle of the folded edge. 

5.2.1 Stability of the polygonal cross-section with longitudinal connections.  

In order to ensure that modelling the structure with solid and shell elements can give accurate 
results a numerical analysis of a simply supported plate was conducted. Figure 5-2 and Figure 5-3 
shows a the numerical analysis for a simple plate with an area of 20mm*20 mm and 8 mm 
thickness with shell elements S4R and a combination between shell and solid elements C3D8R in 
order to evaluate the deformation and the numerical results of the combination shell-solid elements 
into the modelling process, especially to introduce the longitudinal bolt connections into the overall 
shell model. 

  
a) Shell b) Shell -solid 

Figure 5-2:  Plate test simulation with shell elements vs. shell-solid elements. 

Figure 5-3, shows a good agreement in the two models and the difference in deformation shape and 
numerical results are negligible. This proves that that it is acceptable to introduce the combination 
into the model of the polygonal cross-section shell. 

 
Figure 5-3: Load displacement curve for plate test simulation with shell elements vs. shell-solid 

elements. 
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Figure 5-4, shows the model where the shell-solid combination is used. The elements in the mesh 
around the solid elements are smaller than in the rest of the mesh of the shell.  

 
Figure 5-4: Mesh combination between shell-solid elements for a polygonal shell cross-section 

with overlapping. Solid elements should be used to model the bolt connections. 
 

The benefit expected from this refined mesh around the solid elements, is to calculate and observe 
the failure of the longitudinal connections as real bolt connections. Figure 5-5, shows a 
combination model with shell-solid. Three bolt connections in the longitudinal direction are 
assumed and modelled, each as a solid square. 

 
Figure 5-5:  Mesh combination between shell-solid elements for a polygonal shell cross-section 

with overlapping. Solid elements should be used to model the bolt connections with 4 m diameter, 5 
m length and 8 mm thickness. 

The boundary conditions were set with 5 DOF restrained at the bottom and 4 DOF restrained at the 
top with free longitudinal displacement in order to introduce pure compressive loading. The results 
show good agreement with earlier results for the tube and the tube with overlapping segments, a 
resume of the results is shown in  
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Table 5-1.  

  
Figure 5-6:  First eigen-mode for a shell under pure compressive loading simulating three bolts in 
the longitudinal direction. The use of solid elements is to simulate the connection behaviour of the 

longitudinal bolts. 

Figure 5-6, shows the first eigen-mode of the tube subjected to an axial compressive load. There is 
no separation in the overlapping regions as in ABAQUS software, regions under contact conditions 
cannot change during a linear perturbation analysis. The open/close status of each contact 
constraint remains as defined in the base state [2]. 

  
Figure 5-7: Failure shape at the ultimate resistance load for a shell under pure compressive 

loading with three bolts on the longitudinal direction. The use of solid elements is to simulate the 
connection behaviour of the longitudinal bolts 

Figure 5-7, after introducing the harmonic deformation in the linear analysis the non-linear analysis 
was run. The ultimate load deformation of the tube was local buckling and separation of the regions 
in contact is shown Figure 5-8, shows the separation of the contact plates is visible.  
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Figure 5-8: Separation of the segments for a tube subjected to compression load and using solid-

shell model for the second step “non-linear”.  

Figure 5-9; shows the load-displacement curve for the shell with three bolt connections on the 
longitudinal direction. A good agreement between the results and EN 1993 part 1-5 is found.  

 
Figure 5-9: Load-displacement curve for shells with polygonal cross-section, 4 m diameter with 1 

and 4 segments. The comparison is for tubes with different segments and bolt connections. 

The polygonal cross-section sectioned was modelled with a combination of shell-solid elements. 
Contact pairs interactions between the longitudinal overlapping regions showed a god agreement in 
resistance when the results were compared with the resistance of shell without any sectioned part 
and the results for four sectioned shell using tie interaction along the overlapping regions.  
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Table 5-1: Ultimate compressive resistance load NcR for 4 segments with longitudinal bolted 
connections compared with a tube with tie interaction models. 

Type of interaction 
Load 

(kN) 

Displacement 

(mm) 

Difference 

1 tube/ 
interaction 

1 tube (shell elements) 15539 7,85 - 

Tie 16110 7,27 -0.03 

Tie - Contact 15556 7,99 -0.001 

 

Table 5-1 summarizes the numerical results in resistance for a polygonal cross-section modelled 
with one section, four sections using contact pairs interactions and shell-solid element combination 
and a four section using tie interactions.  

5.2.2 Bending results 

In the bending resistance model a moment was applied placing it at the top of the shell. The 
resistance moment results showed good agreement with previous models using shell elements and 
tie interactions. The ultimate moment resistance was lower. This could be due to of the contact 
interactions and it is also a logical result since the tie interaction, glues all the elements around the 
structure giving perfect bond. 

 

 
 

Figure 5-10: a) Deformation shape and b) first eigen mode for a polygonal tube in bending 
analysis with four semi-segments and with shell-solid model. 

The final deformation shape in the non-linear analysis and the first eigen mode of the structure is 
illustrated in Figure 5-10. A comparison between the model using tie interactions and a tube 
without overlapping was done. (See Figure 5-11). The results showed a good agreement between 
the different models even though the tube without overlapping showed a lower resistance and the 
tubes using tie interaction a higher value. The solid-shell model used contact interactions in the 
overlapping sections and separation of those was seen at the ultimate deformations shape. This can 
be the explanation of the difference in resistance between the model using tie interaction and shell-
solid model.  
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Table 5-2: Ultimate bending resistance moment MBR for 4 segments with longitudinal bolted 
connections (solid-shell model) compared with a tube with tie interaction connections. 

Type of 
interaction 

Moment 

(MN*m) 

Curvature 

(1/m) 

Difference 

1 tube/ 
interaction 

1 tube (shell 
elements) 20.59 0.004 - 

Tie  22.06 0.004 -0.03 

Tie - Contact 21.35 0.004 -0.04 

 

Table 5-2, summarizes the results of the bending resistance moment comparing with numerical 
analysis of one tube and two tubes with four semi-segments, one connected with tie interactions in 
the longitudinal direction and one with tie-contact interaction in the longitudinal direction. In the 
tie interaction contact regions solid elements are used and the contact pairs are placed along the 
regions in contact in the overlapping regions modelled with shell elements. 

 
Figure 5-11: Comparison of the moment vs. curvatures for a polygonal cross-section under 

bending with one tube without overlapping, a tube with 4 semi-segments using tie interactions and 
one tube with four semi-segments using solid-shell model and contact interactions.   

The results from the shell-solid model shows a good approximation in comparison with the results 
from the tube with one section and results from the tube with four segments and tie interactions.  

5.3 Discussion and conclusions 

The tube modelled with a combination of shell-solid elements for the longitudinal connections with 
four semi-segments showed a good agreement when comparing with results of a shell with one 
shell and four semi-segments the difference in results was up to 3%.  

The results showed that the model with contact pairs has less resistance than the model with tie 
interactions along the overlapping regions in the shell. Moreover, the results showed that it is 
enough with 3 bolts placed in the longitudinal direction for a polygonal cross-section with 8 mm 
thickness and 4000 mm diameter to hold all four parts together and make the structure stable.  
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6 PARAMETRIC STUDY OF THE SHELL WITH POLYGONAL CROSS-
SECTIONS WITH 4 M DIAMETER AND 5 M LENGTH 

A parametric study for a tube designed as the lower part of a tower for wind turbines with two 
different cross-sections (polygonal and circular) was performed. The analysis was focused on 
finding the angle on the adjacent edges of the flat widths in the polygonal cross-section where their 
buckling mode and failure mode have similar shape as for circular cross-sections. The number of 
edges of the polygonal cross-section varies from 8 to 22 edges. (See Figure 6-1). The polygonal 
shells have the same length of 5 meter and thicknesses of 8 mm and 39 mm as the circular cross-
sections. The middle line diameter of the shells is 3992 mm; a 4 m diameter is used as the nominal 
diameter of the shells. 

6.1 Introduction 

The behaviour of thin shells are restrained because of their sensitivity to imperfections in circular 
cross-sections; an alternative of using of polygonal cross-section instead of circular cross-sections 
had been studied for different slenderness ratio of D/t. Bulson [33] tested very thin walled slender 
tubes with a ratio of the flat width and thickness “b/t” between 63 to 630. His results showed that 
for the relationship between the maximum strength and number of sides was linear for tube having 
up to 18 sides. The polygonal cross-section having 22 sides and above collapse the same mode as 
the circular tube. Therefore, he concluded that after 22 sided the polygonal tube did not have any 
structural advantage. A good agreement is shown when the polygonal cross-section is modelled 
with a thickness of 8 mm when the ratio of b/t is between 69 and 191; but is no longer in agreement 
for the polygonal tube with a b/t of 17,77 to 39,17 where the thickness of the tubes were 39 mm. 
The polygonal cross-section that reaches the maximum strength capacity under compression is the 
tube with 16 sides, but a small difference is observed in the resistance over the tube with 12 sides. 
And, concluding that after 16 sides the polygonal tube had no longer structural advantage from the 
circular tube. Godat [34] tested 22 polygonal tubes with a b/t ratio of 31.5 to 50.2 and in his results 
observed that from the polygonal cross-section with 12 sides the tubes buckle in a shape close to 
the cylinder buckling mode.  

6.2 Analytical and numerical analysis 

Analytical analysis was done using the rules of the eurocodes EN 1993 part 1-5 [4] for the 
polygonal cross-sections. The flat region was considered as a simple supported plate as is 
illustrated in figure 5-5. The results of the maximum resistance for polygonal cross-sections were 
carried out with the help of the program MatLAB [35] where a script with the numerical 
formulation according to EN 1993 part 1-1 and part 1-5 was made, and is presented in Appendix E. 
For circular cross-sections the rules of EN 1993 part 1-6 [6] was used and a MathCAD [36] sheet 
was elaborated. In order to compare the results a numerical analysis was performed using the 
commercial software for Finite Element method (FEM) “ABAQUS” [2] 

6.2.1 Analytical analysis according to EN 1993 part 1-5 and EN 1993 part 1-6 for tubes (columns) 
with two different cross-sections.  

The internal angle is investigated for shell/tubes at which the polygonal tube reaches the same 
strength as the circular cross-sections. The numbers of edges of the polygonal cross-section were 
increasing with even numbers, ranged from 8 to 22 edges. In total 16 columns were modelled with 
different numbers of edges for the polygonal cross-sections and two different thicknesses 8 mm and 
39 mm having diameter vs. thickness ratio from D/t8mm=500 to D/t39mm=102,56 in all polygons 
tubes. The ultimate resistance load for the bending and compression was evaluated in order to 
optimize the circular cross-section and the effect of the angle of the adjacent corner edge. 



RESISTANCE OF POLYGONAL CROSS-SECTIONS 

  
 

82 

 

 

 
 

 

 
  

 

Figure 6-1Polygonal cross-section with the number of edges ranged from 8 to 22 with an 
increment by 2.  

Figure 6-1, summarizes the properties of the geometry and the angle of the adjacent edges 
according to figure A-1. One of the purposes was to examine the tubes in thin shells with polygonal 
and circular cross-sections. Therefore, an evaluation of the classification of the cross-section for 
plastic global analysis according to EN 1993 part 1-1 [19] was done. 

Table 6-1Geometry and properties of polygonal tubes with 5m length with 8 mm and 39 mm 
thickness. 

Number of 
edges 

Angle 
Deg 

( ) 

Width of the 
edge 
(b) 

(mm) 

Area 

 *104 (mm)2 

Class-section 
EN 1993 part 1-1 

 8 
mm 

39 
mm 

8 mm 39 mm 

Compressive Bending Compressive Bending 

8 135 1527.7 9.77 47,66 4 4 4 1 

10 144 1233.6 9.87 48,110 4 4 3 1 

12 150 1033.6 9.92 48,35 4 4 1 1 

14 154.3 888.4 9.95 48,50 4 4 1 1 

16 157 778.8 9.97 48,59 4 3 1 1 

18 160 693.2 9.98 48,66 4 3 1 1 

20 162 624.5 9.99 48,71 4 3 1 1 

22 163.6 568.2 9.99 48,74 4 3 1 1 

Circular cross-section 10.03 48,91 4 4 4 4 

 

The widths of the polygonal cross-sections were taken as the width of flat parts (flat elements), 
which means that the flat part were considered as a simply supported plate for polygonal cross-
sections. 
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6.3 FE-Model  

To evaluate the columns under bending and compression resistance, the same approach (two 
numerical analyses linear and non-linear models) as for the modelling of the shells described in 
chapter 5 was used. Cylindrical coordinates system was included in the models in both cases 
polygonal and circular cross-sections to allow radial displacements in the shell tubes. Material 
orientations were set according to the cylindrical coordinate system to obtain a better contour plot 
of the stresses over the shell. 

6.4 Results 

6.4.1 Analytical results 

Design calculations were done according to the approach of EN1993 part 1-5 for polygonal cross-
sections and EN1993 part 1-6 for circular cross-sections. Figure 6-2, shows the plot results of the 
effective widths used for compressive and bending resistance calculations.  

 
a) 

 
b) 

 
c) 

Figure 6-2:Polygonal cross-section a) octagon cross-section b) Effective area of the cross-section 
for compressive resistance load (red lines), c) Effective area for bending resistance (red lines). 

The shift on the centroid of the cross-section due to the effective cross-section was considered on 
the bending moment calculations as is illustrated in Figure 6-2.Extra calculations because of the 
shift of the neutral axis in compression resistance were no necessary. 

 



RESISTANCE OF POLYGONAL CROSS-SECTIONS 
 

  
 

84 

Table 6-2: Effective widths of the polygonal cross-sections with 8 mm thickness according to EN 
19993 part 1-5. 

Number of 
edges 

Angle 

deg 

Width 
of the 
edge 

(mm) 

AreaeffC 

104 

(mm2 ) 

AreaeffB 

104 

(mm2 ) 

IyyeC 

1010 

(mm4) 

IyyeB 

1011 

(mm4) 

Centroid 
Bending 

(mm) 

8 135 1527.7 3.584 5.008 4.298 1.097 -726 

10 144 1266.6 2.162 5.97 5.297 1.159 -781 

12 150 1233.6 1.968 6.419 5.974 1.245 -610 

14 154.3 888.4 2597 6.534 6.840 1.294 -552 

16 157 778.8 3.576 6.772 7.489 1.342 -496 

18 160 693.2 2.253 7.341 1.384 1.948 -421 

20 162 624.5 1.614 7.156 8.809 1.419 -401 

22 163.6 568 1.880 7.430 9.020 1.411 -315 

 

Table 6-2 shows a summary of the calculations for the effective widths according to compressive 
and bending resistance and the shift of the centroid of the cross-section in order to calculate the 
bending resistance for the tube with a ratio of D/t8mm = 500. 

Table 6-3: Design results for critical load and critical bending moment for polygonal cross-
sections. 

Number of 
edges 

8 mm 39 mm 

b/t  
Nc, crit 

(kN) 

Mb, crit 
(MN*m

) 
b/t  

Nc, crit 

(kN) 

Mb, crit 
(MN*m

) 

8 190,96 3,82 2383 2,14 39,17 0,78 235840 208,47 

10 154,20 3,17 3482 3,24 31,63 0,65 365070 337,52 

12 129,15 2,70 4837 4,6 26,49 0,55 523050 498,69 

14 111,04 2,34 6445 6,2 22,78 0,48 709770 677,14 

16 97,35 2,06 8301 8,06 19,97 0,42 172520 899,94 

18 86,65 1,84 10406 10,15 17,77 0,37 1169400 1143,6 

20 78,06 1,66 12762 12,05 16,01 0,35 1442300 1431 

22 71,0 1,54 15052 14,03 14,56 0,31 1902400 1684 

Circular 

(EN 1993 
part 1-6) 

D/t=500 0,84 51089 50,88 D/t=102,56 0,38 1214182 1200,14 

 

Table 6-3, shows the different results under the elastic conditions, this table summarize the 
calculation of the critical load and critical moments for polygonal and circular cross-sections with 
different number of sides and D/t8mm = 500 and D/t39mm=102,56. All the calculations were 
according to eurocodes EN 1993 part 1-5 [4] for polygonal cross-sections and EN 1993 part 1-6 [6] 
for circular tubes. Results showed an increase of stresses when the numbers of adjacent edges 
increases. Critical stresses were larger for the circular cross-section compared to all the results for 
polygonal cross-sections. The critical stresses for polygonal tubes with constant D/t8mm = 500 were 
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lower than the yield strength. In contrast the critical stresses for polygonal tubes with 
D/t39mm=102,56 showed higher values than the yield strength. 

Table 6-4: Design results for axial compressive stress and bending resistance for polygonal cross-
sections. 

Number 
of edges 

Axial compressive resistance Bending resistance 

8 mm 39 mm 8 mm 39 mm 

NcR     
(kN) 

NcRcir/
NcR, 

pol 

NcR      
(kN) 

NcRcir/
NcR, pol 

Mb,Rch 

(MN*m) 

MbRch,cir
/ Mb, 

Rchpol 

Mb,Rch 

(MN*m) 

MbRch,cir/ 
Mb, Rchpol 

8 8592 -1,10 156190 0,01 14.1 -0,34 147,17 -0,04 

10 10270 -0,75 167380 0,08 15.12 -0,25 157,38 0,03 

12 11998 -0,50 169720 0,09 17.35 -0,09 163,66 0,07 

14 13646 -0,32 171660 0,10 18.52 -0,02 164,26 0,07 

16 15315 -0,18 172520 0,11 19.82 0,05 167,8 0,09 

18 16872 -0,07 172750 0,11 21.20 0,11 168,94 0,10 

20 18800 0,04 172920 0,11 22 0,14 167,95 0,09 

22 21148 0,15 167580 0,08 24,07 0,21 159,29 0,04 

Circle  18012 - 154215  18,915 - 152,43 - 

 

Table 6-4 summarize the results of the bending and compression resistance for polygonal cross-
sections and circular cross-sections with D/t8mm = 500 and D/t39mm=102,56. Results showed that the 
resistance increases of the polygonal cross-sections when the number of adjacent edges increases 
for D/t8mm = 500. The compressive resistance of the tube with circular cross-section is reached and 
exceeds when the polygonal cross-section had 18 sides. For bending resistance the resistance is 
exceeded after 16 sided polygon cross-section. For cross-section with D/t39mm=102,56 the 
compressive resistance of the circular tube is reached after 14 sided polygon the bending resistance 
is larger when the polygon cross-section had 12 sides. 
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Table 6-5: Numerical results for critical load and critical moment for polygonal and circular 
cross-sections. 

Number of edges 
8 mm 39 mm 

 Nc, crit 
(kN) 

Mb, crit 
(MN*m)  Nc, crit 

(kN) 
Mb, crit 

(MN*m) 

8 3,82 2185 2,61 0,78 249809 294,33 

10 3,17 3333 3,82 0,65 377495 429,59 

12 2,70 4724 5,31 0,55 533694 588,2 

14 2,34 6343 7,04 0,48 711647 762 

16 2,06 8234 8,99 0,42 905306 968,71 

18 1,84 10384 11,19 0,37 1048380 1093 

20 1,66 12517 13,63 0,35 1560700 1431 

22 1,54 12216 16,29 0,31 1901400 1684 

Circular 

(EN 1993 part 1-6) 
0,84 49000 51,48 0,38 1184400 1256,2 

 

Table 6-5 summarizes the different results of the critical forces and critical moments. Results show 
and increment of stresses when the numbers of adjacent edges increases for polygonal and circular 
cross-section with D/t8mm = 500 and D/t39mm=102,56. 

Table 6-6: Numerical results for axial compressive and bending moment for polygonal cross-
sections. 

Number of 
edges 

Axial Compression Bending moment  

  8 mm 39 mm 8 mm 39 mm 

NcR     
(kN) 

NcR,cir/
NcR, pol 

NcR       
(kN) 

NcR, 

cir/NcR, 

pol 

Mb,Rch 

(MN*
m) 

Mb, Rch, cir/ 
Mb, Rch, pol 

Mb, Rch 

(MN*m) 
Mb, Rch, cir/ 
Mb, Rch, pol 

8 8801 -1,05 145554 -0,2 12.9 -0,9 167,67 -0,2 

10 9754 -0,85 160488 -0,1 14.2 -0,7 184,43 -0,01 

12 12201 -0,48 167490 -0,03 17.6 -0,4 201 0,01 

14 13719 -0,31 170002 -0,01 18.8 -0,3 200 0,007 

16 15027 -0,20 171333 -0,002 20.6 -0,2 203 0,02 

18 17191 -0,05 171545 -0,001 22.3 -0,1 205 0,03 

20 18710 0,04 171186- -0,003 24.1 -0,03 197,9 -0,003 

22 19436 0,07 172012 0,001 25,2 0,01 197,6 -0,005 

Circle  18012 - 171761  24, 85 - 198,5  

 

Table 6-6 resume the results of the maximum resistance in bending and compression for the 
polygonal tubes and circular cross-section with D/t8mm = 500 and D/t39mm=102,56. The results 
showed that the polygonal cross-sections increase compressive and bending resistance when the 
number of adjacent edges increases in larger values for tubes with a ratio D/t8mm = 500 than tubes 
with D/t39mm=102,56. 
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8 18 20 Circular 

 

 

 

 

8 18 20 Circular 

Figure 6-3:a) Buckling mode and b) failure shape of 3 polygonal columns with 8, 18 and 20 edges 
and a circular cross-section under axial compressive with 8 mm thickness. 

Figure 6-4, show the deformation shape of the columns with different set of adjacent edges under 
axial compressive loading the buckling mode shows local buckling between the corners of the 
adjacent edges. Local buckling deformation and ultimate deformation of the polygonal cross-
section with 20 adjacent edges had the same behaviour as an axially loaded circular cross-section. 

8 16 20 Circular

 

8 18 20 Circular 

Figure 6-4: a) Buckling mode and b) failure shape of 3 polygonal columns with 8, 16 and 20 edges 
and a circular cross-section under bending with 8 mm thickness. 
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Figure 6-5, shows the deformation shape of the columns with different set of adjacent edges under 
bending resistance moment conditions. The buckling mode shows local buckling between the 
corners of the adjacent edges. 

8 10 12 Circular 

8 10 12 Circular 

Figure 6-5: Failure deformation a) compression and b) bending of 3 polygonal columns with 8, 10 
and 12 edges and a circular cross-section with 39 mm thickness. 

6.4.2 Comparison of analytical and numerical results. 

An evaluation of the numerical and analytical analysis is done by comparing the results for the 
resistance of the polygonal and circular cross-sections.Table6-7 summarize the results for the 
critical stress. The numerical results show lower values compared with analytical results, although 
the results did not show a significant difference between the methods the maximum difference is 
around 10 % for tubes with 8 adjacent edges. For the rest of the tubes, the differences remain 
between 0.2 to 4 %.  

Table6-7: Analytical vs. numerical analysis results for critical stresses under compressive. 

Number of 
edges 

Numerical analysis 

(FEM) 

crit (MPa)

Analytical Analysis

 (EN 1993 part 1-5) 

crit (MPa)

crit Numerical /  

crit Analytical 

8 mm 39 mm 8 mm 39 mm 8 mm 39 mm 

8 22,35 524,1 24,37 497,79 -0.09 0,05 

10 33,77 784,6 35,28 758,82 -0.04 0,03 

12 47,63 1103,7 48,77 1081,7 -0.02 0,02 

14 63,94 1467,3 64,78 1463,4 0.01 0,003 

16 82,76 1862,9 83,28 1903,39 -0.01 -0,02 

18 104,02 2154,4 104,24 2403,1 -0.002 -0,1 

20 125,28 2304 127,72 2961 -0.02 0,2 

22 152,17 2357 153,66 3577 -0.01 0,3 

Circle  488,53 2421 509,21 2482 -0.042 0,03 
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Table 6-8 shows the results for ultimate resistance in compression and bending from numerical and 
analytical analyses.  

Table 6-8: Numerical and analytical results for the compressive and bending resistance for 
polygonal cross-sections ranged from 8 to 20 edges and comparison with a circular cross-section 
of 4 m diameter and 8 mm thickness. 

Number 
of edges  

 

Adjacent 
edges 

NcR       
(kN)      

Numerical 

NcRch      
(kN)      

Analytical 
NcR/NcRch 

Moment.R 

(MN*m) 
Numerical 

Moment.Rch 

(MN*m) 

Analytical 

Moment.R 

/Moment. 
Rch 

 

8 mm thickness 

8 135 8801 8592 -0,02 12,9 14.1 -0.1 

10 144 9754 10270 0,05 14,2 15.12 -0.1 

12 150 12201 11998 -0,02 17,6 17.35 0.01 

14 154.3 13719 13646 -0,01 18.8 18.52 0.01 

16 157 15027 15315 0,02 20,6 19.82 0.04 

18 160 17191 16872 -0,02 22,3 21.20 0.05 

20 162 18710 18800 0,00 23,24 22 0.05 

22 163.6 19436 21148 0,08 25,27 24.08 0.04 

Circular cross-section 18012 17264 -0,04 24,85 18,915 0.24 

39 mm thickness 

8 135 145554 156190 0,1 167,67 147,17 -0,1 

10 144 160488 167380 0,04 184,43 157,38 -0,2 

12 150 167490 169720 0,01 201 163,66 -0,2 

14 154.3 170002 171660 0,01 200 164,26 -0,2 

16 157 171333 172520 0,01 203 167,8 -0,2 

18 160 171545 172750 0,01 205 168,94 -0,2 

20 162 171186 172920 0,01 197,9 167,9 -0,2 

22 163.6  167580 1,00 197,6 159,29 -0,2 

Circular cross-section 171761 154215 -0,1 198,50 152,43 -0,3 

 

Figure 6-6 shows the load-displacement curves for polygonal cross-section tubes with 8 to 20 
adjacent edges and the circular cross-section under axial compressive load. The curves showed that 
for polygonal cross-sections with 20 edges the ultimate resistance load exceeds the resistance of the 
circular cross-section by 4%.  

 



RESISTANCE OF POLYGONAL CROSS-SECTIONS 

  
 

90 

 

Figure 6-6: Load-displacements curvatures with numerical analysis for polygonal cross-sections 
ranged from 8 to 20 edges and one circular cross-section. All columns have a diameter of 4 m and 

5 m length with 8 mm thickness.  

  

a) b) 

Figure 6-7: Ultimate load resistance N.cR with numerical and analytical analysis for polygonal 
cross-sections ranged from 8 to 22 edges and one circular cross-section with a) 8 mm thickness 

and b) 39 mm thickness. 

Figure 6-7 and Figure 6-8 shows the comparison between numerical and analytical analyses for the 
ultimate compressive resistance load. The results showed a good agreement for both methods. 
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a) b) 

Figure 6-8: Ultimate stresses with numerical and analytical analysis for polygonal cross-sections 
ranged from 8 to 22 edges and one circular cross-section with  a) 8 mm thickness and b) 39 mm 

thickness 

 

Figure 6-9: Moment resistance vs. curvature for tubes ranged with 8 to 22 adjacent edges, 
compared with a circular tube with 8 mm thickness. 
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a) b) 

Figure 6-10: Comparison of the Moment between analytical and numerical analysis for tubes 
ranged with 8 adjacent edges to 22 compared with a circular tube. a) 8 mm thickness and b) 39 mm 

thickness  

A good agreement for polygonal cross-sections between the rules of EN 1993 part 1-5 [4]and FEM 
was concluded. A large variation in results for the bending resistance between the rules EN 1993 
part 1-6 [4]and FEM for the circular tubes was found. One reason of this disagreement can be the 
measurement of the imperfections factor for circular cross-section in the rules of EN 1993 part 1-6 
[4]and the numerical analysis.  

Table 6-9: No-dimensional values for D/t ratio, slenderness, Mmax /Mp and Maximun moment and 
Plastic moment resistance for circular cross-section shells with 4 different thicknesses. 

D/t Thickness  Mmax (FEM) Mp Mmax/Mp 

500 8 0,84 24,9 45,25 0,55 
210,52 19 0,54 83,5 107,49 0,78 
137,93 29 0,44 141,0 164,05 0,86 
102,56 39 0,38 198,5 220,64 0,90 

Table 6-10: No-dimensional values for b/t ratio, slenderness, Mmax /Mp and Maximun moment and 
Plastic moment resistance for polygonal cross-section shells with 16 sides. 

b/t Thickness  Max (FEM) Mp Max/Mp 
98,6 8 2,06 21 26,54 0,78 
41,5 19 0,87 81 80,38 1,01 
27,2 29 0,57 145 128,08 1,13 
20,2 39 0,42 203 172,17 1,18 

 

Table 6-11: No-dimensional values for b/t ratio, slenderness, Mmax /Mp and Maximun moment and 
Plastic moment resistance for polygonal cross-section shells with 12 sides. 

b/t Thickness  Max 
(Abaqus) Mp Max/Mp 

129,15 8 2,70 17 24,39 0,71 
54,37 19 1,14 62 80,38 0,77 
35,62 29 0,74 118 128,08 0,92 
26,49 39 0,55 201 171,00 1,18 
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6.4.3 Discussion 

The results of the numerical analysis for the bending resistance of the circular cross-section did not 
fit with the results of the design calculations. The results of FEM under the non-linear analysis, 
including the three different measurements of imperfections according to EN 1993 part 1-6 which, 
gives three different values shows a difference less than 2% and compared with the values expected 
by analytical analysis shows a significant difference in results (see table A 9). 

Table6-12: Bending resistance results for analytical and numerical analysis with three 
imperfections measurements according to EN 1993 part 1-6. 

Class Imperfection 
(mm) 

Analytical 

Bending Moment 

(MN*m) 

Numerical 

Bending Moment 

(MN*m) 

Analytical/
Numerical 

A 3,159 18,91 24,93 -0.32 

B 5,055 15,7 24,71 -0.36 

C 7,898 10,97 24,41 -0.56 

 

Looking at the results for analytical and numerical analyses two more imperfections were included 
in FEM analysis to observe the effect of the imperfection on the bending resistance calculations. 
The new imperfection values were 1 mm for the minimum value and 10 mm as the maximum 
value. The results show that the differences between all five imperfections values are still 
remarkably small: giving for 1mm imperfection a result of 25.54 MN*m and imperfections with 10 
mm a resistance of 23.69MN*m. The imperfections did not show a significant impact on bending 
resistance calculations in the numerical analysis performed by ABAQUS. 

 

Figure6-11: Moment vs. ratio for circular tubes with 5 different measurements of imperfections.  

The moment vs. curvature showed two different peaks for the ultimate resistance moment (see 
Figure6-12). The peak can mean the local buckling deformation of the tube under the loading 
condition. 
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Figure6-12: Moment vs. ratio for circular tubes with measurements of imperfections according to 
EN 1993 part 1-6 [6]. 

6.5 Conclusions 

Polygonal cross-sections that are axially loaded showed a good agreement between numerical and 
design calculations. The results indicated that the number of adjacent edges optimizes the 
resistance compressive load compared to a circular cross-section were polygonal cross-sections 
with 18 to 20 edges. Difference between results did not exceed 10% in both methods for tube with 
D/t8mm=500. 

The angle of the adjacent edges that shows larger resistance for angles between 1600 to 1620 
degrees for both analytical and numerical analyses, when the tubes had D/t8mm=500. 

Numerical results showed that the optimum angle compared to circular cross-sections for tubes 
with D/t8mm=500 was between 1620 and 163.60 for edges between 20 and 22. For analytical results 
of the bending resistance, the optimum angle of the adjacent edges was 1570 for 16 edges. 

The results for tubes with circular and polygonal cross-section with D/t39mm=102,56 indicated that 
the number of sides were the polygonal tubes with 14 edges, but the difference between the 
resistance with the polygonal tubes with 12 sides is very small up to 1% compared with the circular 
cross-sections.  

The angle of the adjacent edges that shows better compressive resistance were the angles between 
1500 to 154,30 degrees for both  design and numerical analyses, when the tubes had 
D/t39mm=102,56. 

Numerical results showed that the optimum angle compared to circular cross-sections for tubes 
with D/t39mm=102,56 was 1500 for polygonal cross-section with 12 sides. For analytical results of 
the bending resistance, the optimum angle of the adjacent edges was 1440 for 10 edges. 

Imperfections values for circular cross-sections did not show a significant influence on the 
numerical analysis as it did for analytical analysis according to EN 1993 part 1-6.  
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7 LABORATORY TEST PREPARATION OF THE SINGLE PLATES 

The tubular tower for the use to support wind turbines is sectioned into different parts to build up a 
modularized tower. When the parts are join together; the proposal for such towers has been 
evaluated in chapters 4 and 5. Each section of the tower can be assumed as a thin plate. Therefore, 
an evaluation of the behaviour of the plates must to be done. A down-scale tests of the plates is 
proposed in the project HISTWIN2 [28]. The work presented in this chapter is based on the 
preparation of a laboratory test of axially compressed plates with two different cross-sections 
circular and polygonal which represents the parts of the modularize towers. The design of the test 
is focused in evaluating the local buckling behaviour of the plate under compressive load. The 
dimensions of the plates were downscaled according to the dimensions of a real tubular tower that 
is illustrated in Figure 7-1. The plates were designed with thicknesses of 4 mm and 6 mm and 1000 
mm long. Numerical analysis was carried out in this chapter as the first step of the pre-design of 
specimens. The materials used for the numerical analysis were steel grades of S355, Optim 650 
MC (S650 MC) and Optim 700MC (S70MC) which the two latter are the commercial names of high 
strength steel from the steel supplier “Rautaruukki Oy” [7].  

7.1 Introduction 

The proposal of the test is to identify the compressive resistance of the plates in a downscale test in 
order to verify the resistance of the new tubular tower design. The plates were reduced by different 
factors keeping D/t = 103.56 ratio of the original tower.  

7.2 Compression test of the single plate 

The test is designed and prepared in order to carry out the compressive resistance of the single 
plates with two different cross-sections and with door openings.  

  
Figure 7-1: Geometry of the tower considered in the HISTWIN2 [30] project. 

The geometry values of the original tower are illustrated in Figure 7-1.  The dimension of the 
circular cross-section shell considered above was the same as the original tower with a 
modification of the length of the lower part which was considered as to be 5m length. For the 
polygonal cross-section a 16 sided polygonal cross-section was chosen with the same diameter and 
thickness as the original tower and with a length of 5 m. The initial values of the geometry and 
slenderness of polygonal and circular shells are summarized in Table 7-1. 
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Table 7-1: Geometrical properties for circular shell and the measurements for a polygonal shell 
with 16 sides. 

Thickness of 
the shell 

(mm) 

Diameter 

of the shells 

(mm) 

Length 

(mm) 

New flat part 

Polygonal 

(mm) 

Polygonal 

Slenderness 
(b/t) 

Circular 

Slenderness 
(D/t) 

39 4039 5000 784.4 20.11 103.56 

 

The slenderness of the shells were the determinate factor in order to down scaled the single plates 
from 39 mm to 6mm and 4 mm thickness holding the slenderness ratio of the cross-sections. The 
factor of reduction of the plates was calculated as 6.5 for plates with 6 mm thickness and 9.75 for 
plates with 6 mm thickness. The calculations were done as follow: 

For the real plate of 39 mm thickness the ratio is: b/t= 784.36/39 = 20.11 

F=treal/tspe=39 mm/4 mm =9.75 

where:  
F: factor ratio of the thicknesses 

treal is the thickness of the shell of the shell in a “real” tower for wind turbines. 

tesp is the down-scaled thickness of the plate. 

The flat portion of a “real” polygonal tower for wind turbines is reduced by the factor “f” and 
becomes: besp = b/F =80.45 mm. 
The same slenderness is kept as in “the real” tower: besp/tesp= 20,11. 

Table 7-2: Geometrical properties of the down-scaled plates without door opening. 

Thickness 
(mm) 

Reduced 
factor 

New diameter 

(mm) 

New flat part 

Polygonal 

(mm) 

Polygonal 
cross-section 

Slenderness 
(b/t) 

Circular cross-
section 

Slenderness 
(D/t) 

4 9.75 414.2 80.4 20.11 103.56 

6 6.5 621.4 120.7 20.11 103.56 

 

The new cross-sections values of the single plates are summarized in Table 7-2. Figure 7-2 shows 
the cross-section for the single plates without door opening for polygonal and circular cross-
sections after small production modification were made. 

 
a) b) 
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Figure 7-2:Cross-section of the down-scaled plates a) polygonal cross-section and b) circular 
cross-section without the door opening. 

 

 
a) b) 

Figure 7-3:Cross-section of the down-scaled plates a) polygonal cross-section and b) circular 
cross-section with the door opening and door stiffener. 

Figure 7-3, shows the new geometrical values proposed for the single plates testing with circular 
and polygonal cross-sections.  

Table 7-3: Geometrical properties for the down-scaled plates and the thickness of the door 
stiffener. 

Thickness 
(mm) 

Reduced 
factor 

New 
diameter 

(mm) 

New flat 
part 

Polygonal 

(mm) 

Radius of 
the adjacent 
corner of the 

plate 

(mm) 

Thickness 
of the 
door 

stiffener 

(mm) 

Polygonal 
cross-section 

Slenderness 
(b/t) 

Circular 
cross-section 

Slenderness 
(D/t) 

4 9.75 414.2 77.25 8 6 19.31 103.56 

6 6.5 621.4 115.9 12 9 19.31 103.56 

 

An addition the radius in the adjacent edges of the polygonal cross-section was considered 
according to the design rules of cold formed sections [31]; where a radius for a folded corner with a 
thickness of 4 mm was 8 mm (see Figure 7-2) and 12 mm for a plate with 6 mm thickness. 

7.3 FEM- Model 

All plates were modelled with ABAQUS software [2].The boundary conditions of the plates were 
placed at a reference point set it in the centroid of the plates. A coupling interaction was used from 
the reference point to the edges of the thickness of the plates at the top and bottom. Five DOF were 
restrained at the bottom of the plate and four DOF at the top with free longitudinal displacement in 
order to apply the compression load. (See Figure 7-4)  



RESISTANCE OF POLYGONAL CROSS-SECTIONS 

  
 

98 

Figure 7-4: Boundary conditions for the down-scaled plate a) polygonal (folded) plate and b) semi-
circular cross-section. 

Tie interactions were applied between the edge of the door opening in the plate and the surface 
connected to plate of the door stiffener. Tie interactions “glues” the elements working as a welded 
part. The same method was used to model the stiffeners at the sides of the plates which are placed 
in order to introduce local buckling at the middle of the sections. 

Figure 7-5: Tie and coupling interactions of down scaled plate with door openings and lateral 
stiffeners in single plates with polygonal and circular cross-sections.  

Figure 7-5, illustrated the interactions used in the modelling part of the single plates. The elements 
chosen from the ABAQUS library [29] were shell elements S8R5. These elements are 
recommended to use for thin plates analysis. From previous analysis in the towers for wind turbines 
shown that these elements are the most convenient to predict the eigen mode of the thin cross-
sections in the linear analysis and also to predict the ultimate resistance load compared to design 
models. 

7.4 Test set-up 

All tests will be performed at the laboratory “COMPLAB” of Luleå University of Technology. The 
set-up, consist of a very stiff load frame with a capacity of 4500 kN. One hydraulic cylinder will 
apply the load at the bottom of the specimens until failure occur.  Figure 7-6, shows the stiff load 
frame. 

RP 

RP 

Tie Interactions Coupling Interaction 

Coupling Interaction Tie Interactions
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Figure 7-6:  Laboratory set-up at “COMPLAB”, the laboratory of Luleå University of technology. 

7.5 Analytical and numerical results 

Analytical and numerical analyses were conducted in order to evaluate the ultimate carrying 
capacity of the plates with normal steel strength S355 and High Strength Steel Optim 650MC 
(S650 MC) and Optim 700 MC (S700MC). Results are summarized in Appendix C. 

The critical load for polygonal plates was according to the rules of EN 1993 part 1-3 and EN 1993 
part 1-5 described in chapter 2.2.1 and 2.2.2. For circular plates the calculation of the critical load 
is done by the formulation described in Young [32] for curved panels with simply supported edges 
the formulation is: 

2 4 2
2

crit 2
12 1

6 1
E t

r b b
 ( 65) 

Where, b is the perimeter width of the curved panel. 

The evaluation of the ultimate load including geometrical and material imperfection were done 
according to the rules of EN 1993 part 1-6 described in equations 45 to equation 49 in chapter 
2.3.2, with the variation of using the critical stress from equation 65 (for curved panels) instead of 
equation 24.(critical stress for circular shells). 

Table 7-4: Critical load for single plates with two cross-sections Ncrit 

Thickness 

(mm) 

Circular plate 

FEM/Young 

Polygonal plate 

FEM/Theory 

FEM/EN1993 
part1-3 

Numerical 

(FEM) 

(kN) 

Young 
[32] (kN) 

Numerical 

(FEM) 

(kN) 

Theory 

EN3 
Part 1-5 

(kN) 

EN3 
part 
1-3 

(kN) 

4 8220 8401 -2 5949 6032 2343 -1/60 

6 12356 12434 -0.6 8014 8976 5273 -12/34 
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The results of the critical load are summarized in Table 7-4. Results showed that the critical load 
for polygonal plates had a large difference up to 60% comparing the results between numerical and 
analytical analysis when the design calculations are done according to EN 1993 part 1-3 (see 
equation 4).  

 
Figure 7-7: Load –displacement curvature for circular cross-sections with 4mm and 6mm 

thicknesses and steel grade S355. 

When the comparison is done with the results obtained from the theory formulation (see equation 
3) used in EN 1993part1-5, the critical load had a good agreement with numerical calculations. The 
same behaviour in the results in the critical values as it was observed in chapters 3 and 4 is 
observed for the single plates presented in this chapter. For circular plates the critical load showed 
a very good agreement in comparison with FEM. Figure 7-7, shows the load-displacement curve 
for polygonal plates (folded plates) with 4 mm and 6mm different thickness. The results showed a 
good agreement with design calculations up to 2%.  
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Figure 7-8: Load –displacement curvature for Polygonal cross-sections with 4mm and 6mm 

thicknesses and steel grade S355. 

Figure 7-8, shows the load-displacement curves for plates with circular cross-section with and 
without door opening. Figure 7-9, shows the first eigen mode of the single circular plate under 
linear analysis, and final deformation shape at the maximum load for plates with steel grades S350, 
S650MC and S700 MC for a plate with 6 mmm thickness and 1000 mm length. 

  

a) Linear analysis b) Steel stength S355 

  
c) Steel stength S650 MC d) Steel stength S700 MC 

Figure 7-9: First eigen mode and final failure shape deformation for semi-circular plates with steel 
strength S355, S650MC and S700MC and 6mm thickness.   

The deformation shape of the plates shows similar behaviour in all plates; the plates deform at the 
middle of the high length like it was expected and designed. Figure 7-10, shows the first eigen 
mode and the final deformation shape of the circular plates with door opening and adding a plate 
stiffener around the hole of the opening. The linear analysis results showed that local buckling of 
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the plate is located around the door opening and the final deformation shape for all plates showed a 
concentration of tresses at the border of the door opening.  

  

a) Linear analysis b) Steel stength S355 

 
c) Steel stength S650 MC d) Steel stength S700 MC 

Figure 7-10: First eigen mode and final failure shape deformation for semi-circular plates with 
steel strength S355, S650MC and S700MC, door stiffener 9mm and 6mm thickness. 

Table 7-5, summarized the results of the ultimate compressive load for circular and polygonal 
plates with and without door openings. Numerical results conducted by FEM showed a good 
agreement in all cases in comparison with analytical results with a maximum difference of 4.71% 
for a circular plate with 6 mm thickness and.S650 steel grade.  

Table 7-5: Ultimate resistance load for single plates with circular and polygonal cross-section 
including plates with door opening with steel grades of S355, S650Mc and S700 MC. 

 

Steel 
grade 

Thickness 
(mm) 

Circular  plate  Polygonal plate 

FEM 
EN 

1993 
part 1-6 

% 

Differe
nce 

FEM 
door 

opening 
FEM EN 1993 

part 1-3 
% 

Differ
ence 

FEM 
door 

opening 

(kN) (kN) (kN) (kN) (kN) (kN) 

S355 
4 1136 1114 1,9 1010 1166 1159 0,60 1049 

6 1658 1622 2,2 1489 1724 1732 -0,5 1531 

S650 
MC 

4 1442 1381 4,2 1327 1538 1533 0,3 1298 

6 2355 2244 4,7 2016 2533 2563 -1,2 2146 

S700 
MC 

4 1471 1422 3,3 1360 1579 1597 -1,1 1282 

6 2426 2337 3,7 2060 2621 2706 -3,2 2199 
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Figure 7-11, illustrated the load-deformation curves of the preliminary results for high strength test 
with circular cross-section with and without door opening and 4mm, 6mm thicknesses. The load 
carrying capacity of the singles plates increases when the strength of the steel increases. And in the 
same way the load carrying capacity decreases when the plates are modelled with the door opening. 

Figure 7-11: Load –displacement curvature for semi-circular cross-sections with high strength 
steel, plates without and with opening and 4mm, 6 mm thickness. 

Figure 7-12, illustrated the load-deformation curves of the preliminary results for high strength test 
with polygonal (folded plates) cross-section with and without door opening and 4mm, 6mm 
thicknesses. The load carrying capacity of the polygonal plates increases when the strength of the 
steel increase. 

  
Figure 7-12: Load –displacement curvature for polygonal cross-sections with high strength steel, 

plates without and with opening and 4 mm thickness. 

The results also show an indication that polygonal plates may be more resistance than the circular 
plates. And the difference is larger when the steel grade of the plates increases. 
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7.6 Conclusions 

The results with FEM showed that polygonal (folded) plates have higher compressive resistance 
than circular plates up to 5% with all the different steel strength values of S355, 650MC and 
S700MC. The difference in resistance also increase when the steel strength value increase with 
2.6% for plates with steel grade S355 and 4 mm thickness and the larger difference of 7% for plates 
with 6 mm thickness and S700MC. 

Preliminary numerical results of the polygonal plates without rounded corners (see appendix C) did 
not show a large difference comparing the results with polygonal plates with radial corners in the 
adjacent edges. However, the radial corners may increases the compressive resistances of the plates 
due to residual stresses. Therefore, a part of the laboratory test will include a tensile test of the 
material on the flat area and on the bent areas of the polygonal plates. 
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CONCLUSIONS 

The design rules of EN1993 part 1-3 and part 1-6 had a good agreement with the laboratory test 
evaluation and the numerical analysis by FEM when the comparison of the axial resistance of the 
plate were done on the folded plates. However, for the calculations of the critical load considering 
the notional width recommended by EN 1993 part 1-6 a large difference between results up to 39% 
was obtained. If the critical load is calculated using the approach of the flat width recommended in 
EN1993 part 1-5 the difference between numerical and analytical results is reduced to 3%. This 
means that FEM is more suitable for the critical load calculation in combination with EN1993 part 
1-5 than for EN 1993 part 1-3. 

Evaluation of one segment of the folded plate under axially compressive load showed that the 
polygonal plate with four fold regions is a good solution for the construction of lattice (truss) 
towers. The strength even with the use of less material in the cross-section is more effective 
approximately 5% higher than plates with circular cross-sections. The comparison was done for 
circular cross- 56 and polygonal cross-section 
with  = 0,6519 and b/t=14,50. 

Design according EN1993 part 1-6 for very slender tubes  = 0,84 with a diameter of 4000 mm and 
8 mm thickness with circular cross-sections showed a large scattering compared to numerical 
calculations.  

For polygonal cross-section a good agreement in resistance was obtained for all calculations, 
numerical and analytical results differ less than 10%. 

A preliminary assumption for the calculations of the resistance for circular plates under axial 
loading was done using the same approach according to EN 1993 part 1-6 for circular shells. A 
good agreement with FEM results was obtained; however, there is no design of buckling curves for 
plates with semi-circular cross-sections. Therefore, a test laboratory will be performed at 
“COMPLAB”, the laboratory of Luleå University of Technology to evaluate the structural 
behaviour of the semi-circular plates under axial compression.  

The number of sides for polygonal cross-sections needed to reach the resistance of the tubes with 
circular cross-section with a diameter of 4000 mm depends of the thickness of the cross-sections. 
Where, for a tube with polygonal cross-section and 8 mm thickness 
and b/t=20,2 required 18 sides in compression and 16 sides in bending to be as effective as a 

500. For a polygonal tube with 39 mm thickness and 
 and b/t=20,2  12 sides are needed to reach the capacity of a circular tube 

56. 

The design and calculations presented in chapter 4 and 5 were done for polygonal cross-sections 
with a polygon having 16 sides. For the design of the lower part of the tower, results with FEM and 
eurocodes indicate that the polygonal cross-section with 12 sides has out the same resistance as the 
circular cross-section for a tube with 39 mm thickness.  
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APPENDIX A CALIBRATION OF THE NUMERICAL ANALYSIS BY FEM 
WITH TWO DIFFERENT TYPE OF ELEMENT SHELL AND SOLID  

Earlier results of the modularized columns with polygonal and circular cross-sections using solid 
element type, showed a disagreement when results were compared between FEM and analytical 
analysis, furthermore, the results for FEM did not show a pattern to follow during the investigation 
with solid element type,C3D8R The deformation shape of the shells indicated that hourglassing 
effects were disturbing the FEM analysis. A new investigation was conducted with shell element 
type and the hourglassing control method *ENHANCED, the initial results with solid elements and 
the comparisons are presented in this Appendix. 

 Preliminary results of the shell tubes with one type of element solid. A.1.

Table  A-1 Critical load for tubular with circular and polygonal cross-section with three different 
diameters complete tube with solid element type C3D8R. 

Diameter 
(m) 

Circular 
N.crit(kN) 

Polygonal 
N.crit(kN) 

2 48589 21854 

4 49000 54717 

6 49402 78140 

Table  A-2 Critical load for tubular with circular and polygonal cross-section with three different 
diameters two segments with solid element type C3D8R. 

Diameter (m) Circular 
N.crit(kN)  

Polygonal 
N.crit(kN)  

2 52105 45252 

4 51359 67648 

6 51650 86227 

Table  A-3 Critical load for tubular with circular and polygonal cross-section with three different 
diameters four segments with solid element type C3D8R. 

Diameter (m) Circular 
N.crit(kN)  

Polygonal 
N.crit(kN)  

2 59172 48621 

4 57569 70526 

6 56687 89242 

 

The load displacement curves obtained by FE analysis for non-linear analysis are as follows for the 
different studied cases. The maximum loads and the associated displacements for each model are 
summarized in Table  A-1, and Table  A-6. 
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Table A-4 Ultimate load and ultimate stress for tubular 2m diameter model with a circular cross-
section with solid element type C3D8R. 

Imperfection 

(mm) 

One-segm Two-segm Four-segm 

Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 

2,232 7,67 11907 238 7,9 15074,5 284 7,87 15984 273 

3,571 7,64 9891 198 8,2 13811 260 8,41 14632 250 

5,579 8,95 8068 161 8,5 12214 230 8,73 12907 221 

Area (mm2) 50064 53103 58476 

 

Table  A-5, Table  A-6 and Table A-7 show the trend for a tubular cross-section with 2, 4 and 6 m 
diameter and with 1, 2 and four segments. The ultimate load decrease when the imperfections 
measures increases and increase when more segments are added to the member.  

Table  A-5 Ultimate load and ultimate stress for tubular 4m diameter model with a circular cross-
section with solid element type C3D8R.. 

Imperfection 

(mm) 

One-segm Two-segm Four-segm 

Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 

3,159 7,9 15831 157 7,1 21929 207 6,7 22005 200 

5,055 7,3 13690 136 7,3 18949 179 8,08 18446 169 

7,898 11,2 11040 110 7,8 15684 148 7,43 14962 137 

Area (mm2) 100329,4 105854 109479 

 

Table  A-6Ultimate load and ultimate stress for tubular 6m diameter model with a circular cross-
section with solid element type C3D8R.. 

Imperfection 

(mm) 

One-segm Two-segm Four-segm 

Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 

3,87 6,1 19726,3 131 6,7 24851 158 6,9 24417,1 153 

6,193 8,9 16578,4 110 7,3 20870 133 8,12 20113 126 

9,679 13,5 12729,8 85 8,3 16826 107 9,49 15845,4 99 

Area (mm2) 150595,34 156780,2 159983 

 

Table A-7, Table A-8 and Table  A-9, show the trend for a polygonal cross-section with 2, 4 and 6 
m diameter and with 1, 2 and four segments. It is difficult to see a trend in the results from this 
cross-section. All results differ one to the other and extra calibration of the model it is needed.  
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Table A-7 Ultimate load and ultimate stress for tubular 2m diameter model with a polygonal cross-
section with a solid element type C3D8R.. 

Imperfection 

(mm) 

One-segm Two-segm Four-segm 

Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 

b/200 8,51 15017 302 8,3 18405 342 8,5 19676 341 

Area (mm2) 49739,39 53739,25 57739,10 

Table A-8 Ultimate load and ultimate stress for tubular 4m diameter model with a polygonal cross-
section with a solid element type C3D8R.. 

.Imperfection 

(mm) 

One-segm Two-segm Four-segm 

Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 

b/200 7,8 29715 298 7,6 29095 281 7,5 30539 283 

Area (mm2) 99683 103682,4 107682,24 

Table  A-9 Ultimate load and ultimate stress for tubular 6m diameter model with a polygonal 
cross-section with a solid element type. 

.Imperfection 

(mm) 

One-segm Two-segm Four-segm 

Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 
Displ 
(mm) 

Load 
(kN) 

Stress 

(MPa) 

b/200 7,03 30468 204 6,9 29895 196 6,6 32410 206 

Area (mm2) 149625,2 153626 157626 

 

Figure  A-1, Figure  A-2 and Figure  A-3 shows the ultimate stress value with three different 
diameters 2, 4 and 6 m.; higher stresses values were always shown by the polygonal cross-section. 
These results could be interpreted that the 16 edges polygonal (hexadecagon) cross-section was an 
optimization of the circular cross-section giving an incremental increase of almost 50% in the 
resistance load of the columns. But as the results for polygonal cross-sections differ between 
themselves with a large number and it is difficult to identify the pattern. For that reason was 
necessary to calibrate the model again with numerical results. A comparison with design 
calculations was conducted before drawing any conclusion.  
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Figure  A-1Ultimate stress for columns with 5 m length, 2 m radius and1, 2 and 4 segments with a 

solid element type C3D8R. 

 
Figure  A-2 Ultimate stress for columns with 5 m length, 4 m radius and1, 2 and 4 segments with a 

solid element type C3D8R. 

 
Figure  A-3 Ultimate stress for columns with 5 m length, 6 m radius and1, 2 and 4 segments with a 

solid element type C3D8R.. 
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 Preliminary results of the shell tubes with two different types of A.2.
element shell S4R and solid C3D8R. 

Figure  A-4, shows the different mesh size used in previous calculation for solid elements and 
polygonal cross-section. Figure  A-5 shows the Eigen mode shape under the linear perturbation 
analysis in order to see where the local buckling is allocated into the columns. For solid elements a 
better view of the local buckling is shown when the mesh is denser around 0.5 % of the length and 
width of the column. For the mesh with 1 % of the size of the column the deformation harmonic 
deformation seems to be stiffer and goes to a radial deformation shape. For the mesh with 1% with 
shell elements it shows clearly a local buckling shape deformation between the folds and also into 
the overlapping zones. 

   
   

Figure  A-4 Mesh density for polygonal cross-section with solid and shell elements. 4m diameter 
and four segments. 

   
   

Figure  A-5 Eigen value for a polygonal cross-section with two different mesh density and solid 
elements and shell elements. 4m diameter and four segments.  

Figure  A-6, shows the failure shape deformation at the ultimate load carrying capacity for the 
polygonal tubes with four semi-segments connected by tie interactions. As for the linear 
perturbation all of them seem differently but have better agreement with the shape deformation for 
a mesh density of 0.5 % with solid elements and shell elements. The deformations shape shows that 
that the failure will be allocated as a local buckling behaviour like a punch between the folds. 
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Figure  A-6 Failure shape at the ultimate load for a polygonal cross-section with two different 
mesh density and solid elements and shell elements. 4m diameter and four segments.  

Figure A-7, shows the eigen mode 1 for the circular cross-section with 4m diameter and four 
segments. Results are presented in comparison with two solid element types C3D8R and C3D8R 
with *ENHANCED method and shell element S4R all results shape modes shows a different 
behaviour. A more stiff behaviour it seems with solid elements C3D8R without *ENHANCED 
method. The deformation with shell elements shows a more allocated deformation between the 
semi-circular segments. It is important to mention for solid element C3D8R with the hourglassing 
control method *ENHANCED the linear perturbation shows the same behaviour as shell elements. 
This behaviour of the tube does not happen with solid elements C3D8R after run the 15th eigen-
mode. 

   
   

Figure A-7 Eigen value and failure mode for a circular cross-section with two different mesh 
density and solid elements and shell elements. 4m diameter and four segments.  

Figure  A-8, shows the eigen mode and the deformation shape at the ultimate load for the circular 
cross-sections with 4 segments overlapping. The same behaviour in deformation shape is observed 
when the solid element C3D8R is used with and without *ENHANCED hourglassing control 
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method. A small difference in the critical load is occurring at the linear analysis but it can be 
corrected with decreasing the mesh size. 

   
   

Figure  A-8 Failure shape for a circular cross-section with two different solid elements and shell 
elements. 4m diameter and four segments. Class A. 

   
   

Figure A-9 Eigen value and failure mode for a polygonal cross-section with two different mesh 
density and solid elements and shell elements. 4 m diameter and four segments. Class A. 

Figure  A-8, shows the failure shape at the ultimate resistance load for a circular cross-section with 
4 meter diameter and 4 segments. As all previous results ultimate shape with solid element with a 
reduced integration C3D8R show a stiffer behaviour compared with shell elements and solid 
elements C3D8R using the hourglassing control method *ENHANCED. The failure shape for 
C3D8R shows a radial deformation shape, for shell elements and C3D8R with *ENHANCED 
method the behaviour of the failure shape is between the semi-circular segments. Similar behaviour 
it seemed for all cross-section with different diameters and 2 segments.  
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Figure A-10 Load-displacement curve for columns with polygonal cross-section, 4 m diameter and 

1and 4 segments. 

Figure  A-11,shows the load displacement curvatures for polygonal cross-section with one, two and 
four segments. The curvatures are the comparison between analytical results and numerical 
analysis with two element type solid C3D8R using *ENHANCED method and shell S4R elements. 
Shell elements have better agreement with numerical calculations between the circular tube and EN 
1993 part 1-6.  

 

 
Figure  A-11 Load-displacement curve for columns with circular cross-section, imperfection class 

A, 4 m diameter and 1, 2 and 4 segments. 

The shape deformation at the linear perturbation and ultimate resistance for the different 
imperfection measurements of the columns is a very important factor to observe in FEA. There is 
no good agreement in all the cases with different mesh size between solid elements and shell 
elements. 
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APPENDIX B PRELIMINARY RESULTS FOR THE PREPARATION OF THE 
LABORATORY TEST FOR THIN PLATES WITH TWO CROSS-SECTIONS. 

One way of evaluating the numerical and analytical results of the low part of the modularized 
columns is to perform down-scale tests of the single plates. An initial numerical analysis is done in 
order to prepare the laboratory tests of the plate. The numerical analysis is presented in this 
appendix with three different Steel grades S355, S650 MC and S700 MC. 

 Preliminary numerical results of the single plates under axial B.1.
compressive load. 

 a)  

 b)  

Figure B-1 Circular cross-section. a) Top- linear analysis at the first eigen mode of each model for 
4, 5 and 6mm thickness and b) bottom- non-linear analysis. At the ultimate failure shapes for model 

for 4, 5 and 6mm thickness. 
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 a)  

 b)  

Figure  B-2 Circular cross-sections with opening. a) Top- linear analysis at the first eigen mode of 
each model for 4, 5 and 6mm thickness and b) bottom- non-linear analysis. At the ultimate failures 

shape for model for 4, 5 and 6mm thickness. 

 a)  

 b)  

Figure  B-3 Polygonal cross-sections. a) Top- linear analysis at the first eigen mode of each model 
for 4, 5 and 6mm thickness and b) bottom- non-linear analysis. At the ultimate failures shape for 

model for 4, 5 and 6mm thickness.  



Preliminary results for the preparation of the laboratory test for thin plates with two cross-
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 a)  

 b)  

Figure  B-4 Polygonal cross-sections with opening. a) Top- linear analysis at the first eigenmode 
of each model for 4, 5 and 6mm thickness and b) bottom- non-linear analysis. At the ultimate 

failures shape for model for 4, 5 and 6mm thickness. 

  
Linear analysis S355 

  
S650MC S700MC 

Figure  B-5 First eigen mode and final failure shape deformation for semi-circular plates with steel 
strength S355, 650MC and 700MC, door stiffener and 4mm thickness. 
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Linear analysis S355

  
S650MC S700MC 

Figure  B-6 First eigen mode and final failure shape deformation for semi-circular plates with steel 
strength S355, 650MC and 700MC and 4mm thickness. 

  
Linear analysis S355 

  
S650MC S700MC 

Figure  B-7 First eigen mode and final failure shape deformation for polygonal plates with steel 
strength S355, 650MC and 700MC, door stiffener and 6mm thickness.  

  



Preliminary results for the preparation of the laboratory test for thin plates with two cross-
sections. 
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Linear analysis S355 

  
S650MC S700MC 

 

Figure  B-8 First eigen mode and final failure shape deformation for polygonal plates with steel 
strength S355, 650MC and 700MC, door stiffener 9mm and 6mm thickness.  

 

  
Linear analysis S355 

  
S650MC S700MC 

Figure  B-9 First eigen mode and final failure shape deformation for polygonal plates with steel 
strength S355, 650MC and 700MC and 6mm thickness.    
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APPENDIX C TESTS RESULTS OF THE AXIALLY COMPRESSED 
POLYGONAL PLATES  

The verification of the new profile designed by the steel supplier RUUKKI was made by testing the 
profiles under axial compressive load. This appendix shows the laboratory results of the plates 
with different lengths and thicknesses. 

 Results of the laboratory tests at COMPLAB the laboratory of Luleå C.1.
university of Technology 

C.1.1. Test results for single plates with 8 mm thickness. 

 

Figure  C-1 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 8 mm thickness and 300 mm length.   
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Figure  C-2 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 8 mm thickness and 400 mm length.   

 

Figure  C-3 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 8 mm thickness and 900 mm length.   

 

 

 

 

 

 

 

 

C.1.2. Test results for single plates with 6 mm thickness. 
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Figure  C-4 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 6 mm thickness and 300 mm length.   

 

Figure  C-5 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 6 mm thickness and 400 mm length.   
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Figure  C-6 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 6 mm thickness and 900 mm length.   

 

Figure  C-7 Load-displacement curves for the test laboratory of single plates with polygonal cross-
sections for 6 mm thickness and 1100 mm length.   
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C.1.3. Material data of the plates 8 mm thickness 

 
Figure  C-8 Material data certificate for plates with 8 mm thickness.   

 
Figure  C-9 Material data certificate for plates with 8 mm thickness.   
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C.1.4. Material data of the plates 6 mm thickness 

 

 Figure  C-10 Material data certificate for plates with 6 mm thickness.   

 

  



MatLAB script fordesign calculations of polygonal shells according to en part 1-5. 

 

 131 

APPENDIX D MATLAB SCRIPT FORDESIGN CALCULATIONS OF 
POLYGONAL SHELLS ACCORDING TO EN PART 1-5. 

Polygonal shell tubes were investigated with different number of adjacent edges forming tubes of 8, 
10, 12, 14, 16, 18, 20 and 22 polygonal sided. For the simplicity of calculations MatLAB scrip was 
done in order to obtain the bending and compressive resistance of the shell tubes with polygonal 
shape. The calculations were performed following the rules of the standard EN 1993 part 1-5 [4]. 

 Matlab script for hollow sections with polygonal shell. D.1.

 

       Figure  D-1 chart flow of the Matlab script. 

 

 

 

 

%%%MatLAB code Script 
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%%%OLGA GARZON 

%%%Luleå Univeristy of Tecnology 2013 

Geometry 

%%%Geometry 

r=1996;                                                 %%%Ratio 

t=8;                                                       %%%Thickness 

n= 22                                                    % input('number of sides'); 

beta=2*pi/n;                                          %%% Angle Radians 

degrees=beta*180/pi ;                             %%% Angle degrees 

alpha_ang=pi-beta;                                 %%% Angle between corner side 

degrees_alpha=alpha_ang*180/pi;           %%%Degrees 

%%%%Material properties 

Sty=355;                                                %%%Steel strength (MPa) 

eps = sqrt(235/Sty);                                %%%Strain acc. EN 1993 part 1-5 

E=210000;                                              %%%Steel modulus of elasticity (MPa) 

%%%%Polygonal coordinates. 

 f =linspace(0,2.*pi,n+1);                        %%% angle for coordinates points 

 xt=(r+t/2)*sin(f);                                   %%%coordinates points max diameter 

 yt=(r+t/2)*cos(f); 

 x=(r)*sin(f)';                                          %%%coordinates points middle line 

  y=(r)*cos(f)'; 

Cross section properties 

length = sqrt((diff(x)).^2 + ((diff(y)).^2));  %%%Length of each side 

a = t*length;                                               %%%%Area of each side 

A = sum(a);        %%%% Total area of the polygon 

Sy=(y(1:end-1)+y(2:end)).*a/2;      %%%First moment of area for each side 

sy=sum(Sy);                                               %%%First moment of area for the total section 

cg=sy/A;                                                     %%%Centroid of the section 

%%Second moment of inertia for each side 

Iy= (y(2:end).^2+ y(1:end-1).^2+y(2:end).*y(1:end-1)).*a/3; 

Iyy = sum(Iy)-A*cg^2;                                %%%Second moment of inertia for all section 

%%%Max Elastic resistance moment (not imperfections) 

We=Iyy/(r-cg) ;                                            %%%Elastic section modulus of the section 

Me=We*Sty/1e9;         %%% Elastic Resistance moment  

     %%%(not imperfections) 

 

Stress ratio of the cross-section and effective width calculation acc. EN 1993 part 1-5. 

%%%Fixing the stress ratio 
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%%Effective widths acc. Table 4.1 EN1993 part 1-5 and stress ratio. 

Sec=abs(y(2:end)-cg*ones(siz))<abs(y(1:end-1)-cg*ones(siz));  

                                                                  %%%Limit for the calculation of the stress ratio. 

Ra=(y(2:end)-cg*ones(siz)); 

Rsigma= round(Ra)./round((y(1:end-1)-cg*ones(siz))); 

Rs=Rsigma.*Sec; 

Sec2=abs(y(2:end)-cg*ones(siz))>abs(y(1:end-1)-cg*ones(siz)); 

Ra2=(y(1:end-1)-cg*ones(siz)); 

Rsigma2= round(Ra2)./round((y(2:end)-cg*ones(siz))); 

Rs2=Rsigma2.*Sec2; 

FRS1=Rs+Rs2; 

FRS= FRS1; 

FRS(isnan(FRS)) = 0;                                     %%%Stress ratio for each width of the section. 

a1=16*ones(siz); 

Ks=a1./(((ones(siz)+FRS).^2+0.112*(ones(siz)-FRS).^2).^0.5+... 

(ones(siz)+FRS)); 

lamda = (length/t)./(28.4*eps*sqrt(Ks));                    %%%% Slenderness calculation 

 

% %% Correction factor ro. for effective area. 

s1= lamda>=0.673;                                                    %%%% eq 5.4b EN1993 part 1-6 

s11=0.055*(3*ones(siz)+FRS)./lamda; 

c11=ones(siz); 

ro11=((c11-s11)/lamda)*s1; 

s2= lamda<=0.673;                                                    %%%%% eq 5.4b EN1993 part 1-6 

 ro22=1*s2; 

 ro=ro11+ro22; 

beff=ro.*length; 

%%% New_angle of the each effective width (See figure below) 

%%%%Triangulation of the polygon is needed to find the new angle 

h=Fbef1*sin(alpha_ang/2);  n2=Fbef1*cos(alpha_ang/2); 

%% %High and length small triangles 

new_ady=r-n2;                                                        %%%New hypotenuse of the triangles 

new_beta=atan(h./new_ady); 

rbef1=h.*csc(new_beta);  

new_beta2=[new_beta', 0];  
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Figure  D-2  Triangularization of the polygonal cross-section.   

%%Coordinates for each point of the new radius with effective widths 

xo=[];                             %%start x point of the first effective width (see figure above) 

xo=[rbef1.*sin(new_angle(1:end-1))'];   

yo=[];                             %%start y point of the first effective width (see figure above) 

yo=[rbef1.*cos(new_angle(1:end-1))'];  

xoo=[];                           %%start x point of the second effective width (see figure above) 

xoo=[rbef2.*sin(new_anglel(1:end-1))'];  

yoo=[];                           %%start y point of the second effective width (see figure above) 

yoo=[rbef2.*cos(new_anglel(1:end-1))']; 

 xbc=[];                 %%start y point of the bc cut for effective width (see figure above) 

xbc=[rbc.*sin(new_anglebc(1:end-1))'];  

ybc=[];      %%start y point of the bc cut for effective width (see 
figure above) 

ybc=[rbc.*cos(new_anglebc(1:end-1))'];  

%%%defining effective width coordinates 

xeff=[x(1); xo(1); xoo(1); x(2); xo(2); xoo(2); x(…); xo(…); xoo(…); x(end-point);] 

yeff=[y(1);yo(1);yoo(1);y(2);yo(2);yoo(2); y(…);yo(…);yoo(…);y(end-point);] 

%fixing the length width for each effective width 

%%%Coord point for each effective width 

EffX1=[xeff(1:2)];EffX2=[xeff(3:4)];EffX3=[xeff(4:5)];EffX4=[xeff(6:7)]; EffX…=[xeff(..:..)]; 

EffY1=[yeff(1:2)];EffY2=[yeff(3:4)];EffY3=[yeff(4:5)];EffY4=[yeff(6:7)]; EffY…=[yeff(..:..)]; 

length = sqrt((diff(EffX1)).^2 +((diff(EffY1)).^2));  

 %%%effective width for each effective width 

aeff1 = t*length1; %%%%%%effective area for each effective width 

AeffT= sum(aeff1)+sum(aeff2)+sum(aeff3)+...  

 %%%total area of the effective widths Compression 

Aeffh= sum(aeff1)+sum(aeff2)+sum(aeff3)+...   
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 %%%total area of the effective widths bending 

Sye1=(EffY1(1:end-1)+EffY1(2:end)).*aeff1/2;  

%%%First moment of area for each effective width 

Syeff= sum(Sye1)+sum(Sye2)+sum(Sye3)+ …   

%%%Final moment of area for the total effective width 

 %%%Compression 

Syefh= sum(Sye1)+sum(Sye2)+sum(Sye3)+ …  

%%%Final moment of area for the total effective width 

%%%bending 

cgeff=Syeff/AeffT;          %%% Centroid for new effective area (Compression) 

cgefh=Syefh/Aeffh;                           %%% Centroid for new effective area (Bending) 

  %%%Second moment of inertia for each effective width. 

Iyy1= (EffY1(2:end).^2+ EffY1(1:end-1).^2+EffY1(2:end).*EffY1(1:end-1)).*aeff1/3; 

Iyeff= sum(Iyy1)+sum(Iyy2)+sum(Iyy3)+... 

 %%%Second moment of the effective area.(Compression) 

Iyefh=sum(Iyy1)+sum(Iyy2)+sum(Iyy3)+…. 

%%%Second moment of the effective area.(Bending) 

%%Bending resistance 

Wh=(Iyefh/(r+cgefh));                        %%%Section modulus for the new effective area (bending) 

Wh2=(Iyefh/(r-cgefh)); 

Mh= Wh*Sty/1e9;                              %%%Bending resistance moment. 

Mh2= Wh2*Sty/1e9; 

%%%Axial force 

Lcr=AeffT*Sty/1000;        

Lcr2=Aeff*Sty/1000 

  





Design Calculations for the folded plate and single polygonal plates according to EN 1993 part 
1-1, EN 1993 part 1-3 and EN 1993 part 1-5. 
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APPENDIX E DESIGN CALCULATIONS FOR THE FOLDED PLATE AND 
SINGLE POLYGONAL PLATES ACCORDING TO EN 1993 PART 1-1, EN 
1993 PART 1-3 AND EN 1993 PART 1-5. 

The design calculations for the folded plates with polygonal cross-section tested under axially 
compressed resistance presented in chapter 3 and the evaluation of the chord column presented in 
chapter 4 were performed using the rules of Eurocodes EN1993 part 1-1, EN 1993 part 1-3 and 
EN 1993 part 1-5 and is presented in this Appendix. 

 
Figure  E-1 Cross-section of the polygonal plate with notional flat width according to EN1993 part 

1-3. 

 

Section and properties. 

Thickness of the plate 

 

Poisson ratio 

 

Basic yield strength  
 

Modulus of elasticity 

 

Ratio of the corner 

 

Ratio at the middle line 
 

Ultimate yield strength  
 

Length of the plate 

t 8mm

0.3

fyb 408MPa

E 210GPa

r 20mm

rm r 0.5t

fu 555MPa

bp= 169.28 mm with notional 
width according to EN 1993 part 
1-3 

b 

Flat witdh 
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Second moment of inertia 

 

 

Strain coefficient according to EN 1993 part 1-1 Table 5.2  

 

Normal widths of the flat parts. 

 

 

 

 

 

Section Class according to EN 1993 part 1-1 Table 5.2 

Oustand plate 

 

 

 

Intermediate plates 

 

 

 

 

Intermediate plate 

Lplate 1100mm

I 6330647.53mm4

235MPa
fyb

0.75893

b1 59.99mm

b2 129.92mm

b3 152.87mm

b4 b2

b5 b1

Classp1 1
b1
t

33if

2 33
b1
t

38if

3 38
b1
t

42if

4 otherwise

Classp5 Classp1 1

Classp1 1

Classp2 1
b2
t

33if

2 33
b2
t

38if

3 38
b2
t

42if

4 otherwise

Classp2 1

Classp4 Classp2 1
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Influence of the corner (EN1993-1-3 Claused 5.1.4(3)) 

 

 

 

Arch lengths of corners:  

 
 

 

 

 

 

Notional widths of plane bp alements according to EN 1993 part 1-3  

figure 5.3: 

 

 

 

 

 

 

 

 

Classp3 1
b3
t

33if

2 33
b3
t

38if

3 38
b3
t

42if

4 otherwise

Classp3 1

1 70
180

1 1.22173 rad

2 40
180

u1 1 rm

u1 29.32153 mm

u2 2 rm

u2 16.75516 mm

gr1 rm tan
1

2
sin

1
2

gr2 rm tan
2

2
sin

2
2

gr1 3.03915 mm

gr2 0.5268 mm

bp1 b1 rm tan
1

2
gr1

bp1 73.756 mm

bp2 b2 rm tan
1

2
tan

2
2

gr1 gr2

bp2 151.89432 mm



RESISTANCE OF POLYGONAL CROSS-SECTIONS 
 

  
 

140 

 

 

 

 

 

Maximum width-to-thickness ratios (EN1993 1-3 (table 5.1)) 

 

 

Gross sectional properties: 
 

 

 

 

Average yield strength (3.2.3): 

 

Number of 900 bends in the cross-section 

 

Type of forming coefficient  

 

Average yield strength  

 

 

 

 

Ok ! 

 

 

bp3 b3 2 rm tan
2

2
gr2

bp3 169.28697 mm

bp4 bp2

bp5 bp1

40deg

Ratios "Influence of the corner ratio"
bp1

t
50

bp2
t

500 sin( )
bp3

t
50if

"Influence of the corner ratio" otherwise

Ratios "Influence of the corner ratio"

Ag b1 b2 b3 b4 b5 2 u1 u2 t

Ag 4998.74708 mm2

Ap 2 bp2 2 bp1 bp3 t 4.9647 103 mm2

n
2 30deg 2 40 deg 2 40deg

90.deg
2.44444

k 5

fya fyb fu fyb
k n t2

Ag
431.0031 MPa

but

fya
fu fyb

2
1

ok

fya
fu fyb

2
1

fu fyb
2

481.5 MPa

fya fyb 23.0031 MPa
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Average yield strength according to test material (Ltu) 

Test thikcness = 8.32 mm 

 

 

 

 

 

 

Calculation of the effective widths of the section according to EN1993 part 1-3: 

outstand flanges b1 and b5 (5.5.2): 
 

Stress ratio in the section 
 

Buckling factor 

 

 

Plate slenderness according to EN1993 part 1-3 (5.4b) 
 

Reduction factor according to EN1993 part 1-3 (5.4c)  
 

Effective width of the element plate according EN 1193 part 1-3 (Table 5.3))  
 

 

Internal compression element b2 and b4 (5.5.2): 
 

stress ratio in the section 

Buckling factor 

Ag2 2 u1 u2 8.3mm 764.87309 mm2

Ag3
Ag
t

8.3mm 5.1862 103 mm2

Ags Ag3 Ag2 4.42133 103 mm2

fatest
526MPa 2u1 8.3mm 484MPa 2u2 8.3mm 409MPa 2 b1 2.b2 b3( ) 8.3mm

Ag3

fatest 424.00298 MPa

1 1

k 1 0.43

p1

bp1

t

28.4 k 1

p1 0.6523

1 1.0 p1 0.673if

min

1
0.188

p1

p1
1 p1 0.673if

1 1

beff,1 1 bp1 73.75583 mm

beff,5 beff,1 73.75583 mm

2 1
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Plate slenderness according to EN1993 part 1-3 (5.4b) 

 

 

 

Reduction factor according to EN1993 part 1-3 (5.4c)  

 
 

 

Effective width of the element plate according EN 1193 part 1-3 (Table 5.3))  
 

Internal compression element b3 (5.5.2): 
 

Stress ratio in the section 
 

Buckling factor 

 

Plate slenderness according to EN1993 part 1-3 (5.4b) 
 

 

Reduction factor according to EN1993 part 1-3 (5.4c)  
 

 

Effective width of the element plate according EN 1193 part 1-3 (Table 5.3))  

Axial compression resistance according to EN 1993 part 13 (6.1.3): 

k 2 4

p2

bp2

t

28.4 k 2

p2 0.44045

2 1.0 p2 0.673if

min

1
0.055 3 2

p2

p2
1 p2 0.673if

2 1

beff,2 2 bp2 151.89432 mm

beff,4 beff,2 151.89432 mm

3 1

k 3 4

p3

bp3

t

28.4 k 3

p3 0.49089

3 1.0 p3 0.673if

min

1
0.055 3 3

p3

p3
1 p3 0.673if

3 1

beff,3 3 bp3 169.28697 mm
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Effective area of the plate 
 

Slenderness of the element 

according EN1993 (6.1.3)    

Partial safety factor 
 

 

Elastic slenderness 

 

Axial compressive force 

 

Local Buckling 
 

Resistance of the single plate  

Critical stress 
 

 

Critical stress according theory plate EN1993 part 1-5 

 

Critical stress with notional flat width EN1993 part 1-3 

Critical load for the plate section according plate theory EN1993 part 1-5 
 

 

Critical load according EN1993 part 1-3 with notional flat 

Global buckling 
 

Partial safety factor 

Aeff t 2beff,2 beff,3 2beff,1 4964.69817 mm2

max p1 p2 p3 0.6523

M0 1.0

el 0.673

Nc,Rdl Aeff
fyb

M0
Aeff Agif

min Ag fyb Ag

fyb fya fyb 4 1
el

M0
otherwise

Nc,Rdl 2025.59685 kN

k 1 0.43

crit.teo k 1

2E

12 1 2

t2

b12
1451.39996 MPa

crit.En3 k 1

2 E

12 1 2

t2

bp1
2

960.1787 MPa

Ncrit.teo crit.teo Ag 7255.18132 kN

Ncrit.En3 crit.En3 Ag 4799.69049 kN

M1 1.0
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Second moment of inertia 

 

Giration ratio 

 

Critical length 
 

 

Buckling slenderness 
 

Imperfection factor corresponding to the buckling curve in EN 1993 part 1-1 (Table 6.1 and 6.2) 

 

 

Value to determinate the reduction factor 

 

 

Reduction factor for the relevant buckling mode according to EN1993 part 1-1 (6.49) 

 

 

Ultimate resitance Load with global buckling 
 

Ultimate resistance load 
 

 

 

 

1
E

fyb

Slenderness

1 71.27372

I 6.33065 106 mm4

i
I

Ag

Lcr 0.5 Lplate

buckling
Lcr

i

Aeff
Ag

1

buckling 0.2161

0.49

0.5 1 buckling 0.2 buckling
2

0.52729

min
1

2
buckling

2
0.5

1.0

0.9918

Nb,Rdg
Nc,Rdl M0

M1

Nb,Rdg 2008.97789 kN

Nb,Rd min Nc,Rdl Nb,Rdg 2008.97789 kN



Buckling stress design of the cylindrical shells according to EN 1993 part 1-6; EN 1993 part 3-2 
and Wind Energy Systems book 
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APPENDIX F  BUCKLING STRESS DESIGN OF THE CYLINDRICAL 
SHELLS ACCORDING TO EN 1993 PART 1-6; EN 1993 PART 3-2 AND 
WIND ENERGY SYSTEMS BOOK 

  

Thickness of the shell  

 Radius of cylinder middle surface 

 Outer radius 

 Inner radius 

Cylinder length 
 

 Area of the shell 

 Young's modulus of Elasticity 

 Yield strength  

 

Class of the cross-section 

 

 

1. Geometrical quantities and Material properties 

t 39mm

r 1996mm

ro r
t
2

2.015m

ri r
t
2

1.976m

Li 5000mm

Ac 2 r t 250mm 4 t 528108.277 mm2

E 210GPa

fy 355MPa

c
235MPa

fy
0.814

Class 1
2 ro

t
50 c

2if

2
2 ro

t
70 c

2if

3
2 ro

t
90 c

2if

4 otherwise

Class 4
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2.  Critical meridional buckling stress, EN1993 part 1-6 ANNEX D (D.1.2.1) 

Dimensionless length parameter 

EN1993 part 1-6 ANNEX D (D.1) 

 

C.x Factor 

  

 EN1993 part 1-6 ANNEX D (D.4 and D.5) 

Medium-length cylinders 

EN1993 part 1-6 ANNEX D (D.6 and D.7) 

Short-length cylinders 

 

 
Critical meridional buckling stress 

EN1993 part 1-6 ANNEX D (D.2)  
Critical load  

3. Design Resistance load 

 Relative shell slenderness 

EN 1993 part 1-6 (8.16) 

3.1 Meridional buckling parameters EN1993 part 1-6 ANNEX D (D.1.2.2) 

Table1. Values of fabrication quality parameter Q 
 

Li

r t
17.921

Cx.b 6
Cx.N 1

0.2
Cx.b

1 2
t
r

Cx( ) 1 1.7 0.5
r
t

if

1.36
1.83 2.07

2
1.7( )if

Cx.N otherwise

Cx( ) 1

x.Rcr 0.605 E Cx( )
t
r

2.482 103 MPa

NxR.cr x.Rcr Ac 1.311 106 kN

x
fy

x.Rcr
0.378

i 1 3
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Meridional squash limit slenderness 

EN 1993 1-6 ANNEX D (D.16)  

Plastic range factor 

EN 1993 1-6 ANNEX D (D.16)  

Interaction exponent 

EN 1993 1-6 ANNEX D (D.16)  

Characteristic imperfection amplitude 

EN 1993 1-6 ANNEX D (D.15)  

 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

 Meridional elastic imperfection factor 

EN 1993 1-6 ANNEX D (D.14) 

 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

3.2 Design Resistance (buckling strength), EN1993 part 1-6 (8.5.2) 

Plastic limit relative slenderness 

EN 1993 1-6 (8.16)  

Q is the meridional fabrication
quality parameter. 

EN 1993 1-6 ANNEX D (Table
D.2) 

Qi

40
25
16

x0 0.2

0.60

1 0

w ki

1
Qi

t
r
t

w ki

6.975
11.16

17.438

mm

xi

0.62

1 1.91
w ki

t

1.44

xi

0.534
0.471

0.388

pi

xi

1
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Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

Buckling reduction factor  

EN 1993 1-6 (8.13)  

EN 1993 1-6 (8.14) 

EN 1993 1-6 (8.15) 

 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

 Characteristic buckling stress 

EN 1993 (8.12)  

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

Partial factor  

EN 1993 (8.11) 
 In Sweden  

 

 
Characteristic buckling Resistance 

EN 1993 (8.11)  

pi

1.156
1.086

0.984

i 1 x x0if

1
x x0

pi x0
x0 x pi

if

xi

x
2 pi xif

i

0.888
0.879

0.864

b.Rki
fy i

b.Rki

315.299
312.151

306.626

MPa

M1 1.1

x.Rd i

fy i

M1

x.Rdi

315.299
312.151

306.626

MPa
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Ultimate design resistance load 

 

Imperfection Class A 
Imperfection Class B 
Imperfection Class C 

Bending Resistance Moment with Imperfections 

 Elastic Section Modulus 

 

 
Ultimate bending resistance moment
(characteristic) Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

Ndr.k i

166512.226
164849.307

161931.547

kN

We
ro

4 ri
4

4.ro
483453531.364 mm3

MR.ki b.Rki
We

MR.ki

152.433
150.91

148.239

MN m

Ndr.k i x.Rd i
Ac
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  Ultimate bending resistance load 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

Bending Resistance Moment without
Imperfections 

 

 

 

From the book wind energy systems for bending loading 

 

 

For bending 
 

  

Md.ki x.Rd i
We Md.ki

152.433
150.91

148.239

MN m

MRe.k fy We

MRe.k 171.626 MN m

Mcrit x.Rcr We 1200.144 MN m

r
t

51.179

0
0.83

0.1 0.001
r
t

r
t

212if

0.70

0.1 0.001
r
t

r
t

212if

b 0.1887 0.8113 0 1.649

b x.Rcr 4094.303 MPa
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 For imperfection class A 

Modify critical load for bending with the imperfection factor of EN 1993 part 1-6  

 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

 

 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

For  

 

Imperfection Class A 

Imperfection Class B 

Imperfection Class C 

 

 

u fy 1 0.4123
fy

b x.Rcr

0.6

b x.Rcr
fy
2

if

0.75 b x.Rcr b x.Rcr
fy
2

if

Mu u We 155.31 MN m

xi

0.534
0.471

0.388

b2i
0.1887 0.8113 xi

b2i

0.622
0.571

0.503

b2i x.Rcr

1544.717
1417.88

1249.201

MPa

b2i x.Rcr
fy
2

2ui
fy 1 0.4123

fy

b2i x.Rcr

0.6

b2i x.Rcr
fy
2

if

0.75 b2i x.Rcr b2i x.Rcr
fy
2

if
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Imperfection Class A 

 

Imperfection Class C 
Imperfection Class B 

M2ui 2ui
We

M2ui

142.342
140.798

138.364

MN m
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APPENDIX G  BUCKLING STRESS DESIGN OF THE CYLINDRICAL 
SHELLS ACCORDING TO “GUIDELINES FOR DESIGN OF WIND 
TURBINES”. 

 

 

 

  

 

Radius of cylinder middle surface 

 

 

Cylinder length between defined boundaries 
 

Young's modulus of Elasticity 
 

Yield strength  
 

Poisson ratio  

Pure compression 

Initial bending stress =0  
 

Assuming an initial compressive stress =1 

 

 

 
 

1. Geometrical quantities and Material properties 

Thickness of the shell 

 

i 1 4

r i

2996 mm
2996mm
2996mm
2996mm

Ri r i

Li 5000mm

E 210GPa

fy 355MPa

0.3

ai

0.83

1 0.01
r i

ti

bd 0

ad 1

bi
0.1887 0.81113 ai

i

ai ad bi bd

ad bd i

0.381
0.517

0.582

0.624

ti

8mm
19mm
29mm
39mm
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Elastic stress 

 

 

  

 

 

eli
E

r i

ti
3 1 2

eli
339.38

806.027

1230.252

1654.477

MPa

aci

fy

i eli
aci

1.657
0.923

0.704

0.586

critbi
fy aci

0.3if

1.5 0.913 aci
fy 0.3 aci

1if

fy otherwise

critbi

355
221.124

260.538

284.322

MPa
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Global Buckling 

 Height of the tower does not exceed  

 

 
Assumed the critical stress as the yield strength 

 

  

1.42 Ri

Ri

ti
5m 1.42 R

R
t

1.42 Ri

Ri

ti
82.33

53.423

43.242

37.288

m

criti
fy 1.42 Ri

Ri

ti
5mif

critbi
otherwise

criti
355
355

355

355

MPa

Nel i

1
4

2E Ri
3 ti

Li2
Nel i

14008264.291
33269627.691

50779958.054

68290288.418

kN
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The relative slenderness ration for global stability  

 

The core radius of a tube 
 

 

For cold-formed welded towers the equivalent geometrical imperfection is: 

 

 

ri

criti
Nel i

2 Ri ti

ri

0.062
0.062

0.062

0.062

i

Ri

2

Ri

2996
2996

2996

2996

mm

ei 0 ri
if

0.49 ri
0.2 i otherwise

ei

0
0

0

0

m
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Design resistance of the tube  

Acc. to the limits  

 

Ultimate compressive without taking any limit 

 
 

 

 

 

Pure bending 

 
Initial bending stress =0 

Nd i criti
2 r i ti

Nd i

53461.362
126970.734

193797.437

260624.139

kN

critnli
1.5 0.913 aci

fy

critnli
115.3

221.124

260.538

284.322

MPa

Ndnl i critnli
2 r i ti

Ndnl i

17363.592
79088.079

142229.896

208735.791

kN

ai

0.83

1 0.01
r i

ti



RESISTANCE OF POLYGONAL CROSS-SECTIONS 
 

  
 

160 

  

 

Assuming an initial compressive stress =1 

  

 

 

 

 

 

 

bd 1

bi
0.1887 0.81113 ai ad 0

i

ai ad bi bd

ad bd

i

0.498
0.608

0.661

0.695

bi

fy

i eli

bi

1.45
0.851

0.661

0.556

criti
fy bi

0.3if

1.5 0.913 bi
fy 0.3 bi

1if

fy otherwise

criti
355

233.497

269.03

290.901

MPa
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 Pure bending resistance without taking any limit 

 

 

 

 

 Pure bending resistance according to the  limit 

 

 

critnbi
1.5 0.913 bi

fy

critnbi

142.263
233.497

269.03

290.901

MPa

Mdnli critnbi
Ri

2 ti

Mdnli
32.093

125.103

220.005

319.921

MN m

Mdni criti
Ri

2 ti

Mdni

80.085
125.103

220.005

319.921

MN m
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APPENDIX H  DESIGN CALCULATIONS FOR A SINGLE POLYGONAL 
PLATE ACCORDING TO EN 1993 PART 1-1, EN1993 PART 1-3 AND 
EN1993 PART 1-5. (PREPARATION LABORATORY TEST) 

 

 

 

 

   

Thickness of the plate 

Poisson ratio 

 

 

 

Basic yield strength   
Modulus of elasticity 

 
Ratio of the corner 

 Ratio at the middle line 

 Ultimate yield strength  

 
Length of the plate 

Second moment of inertia 

Strain coefficient according to EN 1993 part
1-1 Table 5.2   

 

 

 

 

 

Stiffener dimensions 

 

 

 

 

Normal widths of the flat elements. 

Lplate 1000mm

t 4mm

0.3

fyb 355MPa

E 210GPa

r 8mm

rm r 0.5t

fu 555MPa

235MPa
fyb

b1 36mm

b2 72mm

b3 b2

b4 b2

b5 b1

tS 10mm

bS 100mm

I 3330837.4467mm4

0.81362
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Section Class according to EN 1993 part 1-1 Table 5.2 

Plate connected to the outstand stiffener  

 

 Intermediate plates 

 

  

Stiffener  
 

 

Influence of the corner (EN1993-1-3 Clause 5.1.4(3)) 

  

Classp1 1
b1
t

33if

2 33
b1
t

38if

3 38
b1
t

42if

4 otherwise Classp5 Classp1 1

Classp1 1

Classp2 1
b2
t

33if

2 33
b2
t

38if

3 38
b2
t

42if

4 otherwise

Classp2 1

ClassS 1
bS
tS

33if

2 33
bS
tS

38if

3 38
bS
tS

42if

4 otherwise

ClassS 1

1 11.25
180 1 0.19635 rad
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Arch lengths of corners:  

  

Notional widths of plane bp elements according to EN 1993 part 1-3  

figure 5.3: 
Gap of the corner ratio  

 

 

 

 

 

 

 

 

Maximum width-to-thickness ratios (EN1993 1-3 (table 5.1)) 

 

 

 

u1 1 rm u1 1.9635 mm

gr1 rm tan 1 sin 1

gr1 0.03822 mm

bp1 b1 rm tan 1 gr1

bp1 37.951 mm

bp2 b2 rm tan 1 tan 1 2gr1

bp2 75.90181 mm

bp3 bp2

bp4 bp2

bp5 bp1

22.5deg

Ratios "Influence of the corner ratio"
bp1

t
50

bp2
t

500 sin( )
bp3

t
50if

"Not influence f the corner ratio" otherwise

Ratios "Influence of the corner ratio"
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Gross sectional properties: 

 Gross-section area of the plate  

 

Total area with stiffeners  

 Area with notional flat width 

 

 

Average yield strength according to EN 1993 part 1-3 (3.2.3): 

 Number of 900 bends in the cross-section 

 Type of forming coefficient  

Average yield strength  
 
  

 

 Ok ! 

Calculation of the effective widths of the section according to
EN1993 part 1-3: 
Outstand flanges b1 and b5 (5.5.2): 

 Stress ratio in the section 

Buckling factor  

 

Ag b1 b2 b3 b4 b5 4 u1 t

Ag 1183.41593 mm2

At 2bS tS Ag 3183.41593 mm2

Ap 2 bp2 bp3 2bp1 t

Ap 1214.4289 mm2

Atp 2bS tS Ap 3214.4289 mm2

n
2 22.5deg 2 45deg

90.deg
1.5

k 5

fya fyb fu fyb
k n t2

Ag
375.28027 MPa

fya
fu fyb

2
1

fu fyb
2

455 MPa

1 1

k 1 4

p1

bp1
t

28.4 k 1
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Plate slenderness according to EN1993 part 1-3
(5.4b)  

Reduction factor according to EN1993
part 1-3 (5.4c)   

 

 Effective width of the element plate according EN
1193 part 1-3 (Table 5.3))  

 

Internal compression element b2, b3 and b4 (5.5.2): 

 Stress ratio in the section 

 
Buckling factor 

 Plate slenderness according to EN1993 part 1-3
(5.4b) 

 

 Reduction factor according to EN1993
part 1-3 (5.4c)  

 

 Effective width of the element plate according EN
1193 part 1-3 (Table 5.3))   

 

p1 0.2053

1 1.0 p1 0.673if

min

1
0.055 3 1

p1

p1
1 p1 0.673if

1 1

beff,1 1 bp1 37.9509 mm

beff,5 beff,1 37.9509 mm

2 1

k 2 4

p2

bp2
t

28.4 k 2

p2 0.4106

2 1.0 p2 0.673if

min

1
0.055 3 2

p2

p2
1 p2 0.673if

2 1

beff,2 2 bp2 75.90181 mm

beff,3 beff,2 75.90181 mm

beff,4 beff,2 75.90181 mm
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Internal compression element Stiffener: 

 Stress ratio in the section 

Buckling factor 
 

Plate slenderness according to EN1993 part 1-3
(5.4b)  

 

 
Reduction factor according to EN1993
part 1-3 (5.4c)  

 

Effective width of the element plate according
EN1993 part 1-3 (Table 5.3)   

Axial compression resistance according to EN 1993 part 13 (6.1.3): 

 Effective area of the plate 

 Total effective area 

 Slenderness of the element 

according EN1993 (6.1.3)    
 

 Partial safety factor 

Elastic slenderness  

S 1

k S 4

S

bS
t

28.4 k S

S 0.54097

S 1.0 S 0.673if

min

1
0.055 3 S

S

S
1 S 0.673if

S 1

beff,S S bS 100 mm

Aeff t 2beff,2 beff,3 2beff,1 1214.4289 mm2

Aefft 2beff,2 beff,3 2beff,1 t 2 beff,S tS

Aefft 3.21443 103 mm2

max p1 p2 S 0.54097

M0 1.0

el 0.673



Design Calculations for a single polygonal plate according to EN 1993 part 1-1, EN1993 part 1-
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Axial compressive
force  

 Axial compressive
total force

Local Buckling 

 Resistance of the single plate without stiffener 

 Total resistance of the plate with stiffeners 

Critical stresses 

 Critical stress according theory
plate EN1993 part 1-5 

Critical stress with notional flat
width EN1993 part 1-3  

Critical load for the plate section
according plate theory EN1993
part 1-5 

Total critical load 

Critical load according EN1993
part 1-3 with notional flat  

 

Nc,Rdl Aeff
fyb

M0
Aeff Agif

min Ag fyb Ag

fyb fya fyb 4 1
el

M0
otherwise

Nc,Rdtl Aefft
fyb

M0
Aefft Atif

min At fyb At

fyb fya fyb 4 1
el

M0
otherwise

crit.teo k 1

2E

12 1 2

t2

b22
2.34321 103 MPa

crit.En3 k 1

2 E

12 1 2

t2

bp2
2

2.10849 103 MPa

Ncrit.teo crit.teo Ag 2772.99312 kN

Ncrit.teot crit.teo At 7459.41497 kN

Ncrit.En3 crit.En3 Ag 2495.22413 kN

Ncrit.En3t crit.En3 At 6712.21001 kN
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Global buckling 

Partial safety factor  

  

 

 Second moment of inertia 

 
Gyration ratio 

 Critical length 

Buckling slenderness 
 

 

 Critical load for global 
buckling 

Imperfection factor 
corresponding to the 
appropriate buckling curve 
according EN 1993 part 1-1 
(Table 6.1 and 6.2) 

 

Value to determinate the reduction factor  

M1 1.0

Slenderness
1

E
fyb

1 76.40915

I 3.33084 106 mm4

i
I

Ag

Lcr 0.5 Lplate

buckling
Lcr

i

Aefft
At

1

buckling 0.12394

Ncrit
E I

0.5 Lplate
2

8789.87294 kN

0.49

0.5 1 buckling 0.2 buckling
2



Design Calculations for a single polygonal plate according to EN 1993 part 1-1, EN1993 part 1-
3 and EN1993 part 1-5. (Preparation laboratory test) 
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Reduction factor for the relevant buckling 
mode according to EN1993 part 1-1 (6.49) 

 

 

Ultimate resistance Load with
global buckling  

 

Ultimate resistance Load  

 Ultimate resistance Load  

Calculation of the total ultimate resistance load  for global buckling including stiffener 

 

 

 

 

 

 

 

0.48905

min
1

2
buckling

2 0.5
1.0

1

Nb,Rdg
Nc,Rdl M0

M1

Nb,Rdg 420.11265 kN

Nb,Rd min Nc,Rdl Nb,Rdg 420.11265 kN

Ip 1981199.5886mm4

ip
Ip
At

bucklingp
Lcr

i

Aeff
Ag

1

bucklingp 0.12495

Ncritp
E Ip

0.5 Lplate
2

5228.26254 kN

p 0.5 1 bucklingp 0.2 bucklingp
2

p min
1

p p
2

bucklingp
2 0.5

1.0 1
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Total of the ultimate
resistance Load with global
buckling including stiffener 

 

Ultimate resistance Load  

 Total of the ultimate resistance
Load  

Nb,Rdgt
Nc,Rdtl p M0

M1
1130.11265 kN

Nb,Rdt min Nc,Rdtl Nb,Rdgt 1130.11265 kN
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APPENDIX I DESIGN CALCULATIONS FOR THE SINGLE SEMI-
CIRCULAR PLATE ACCORDING TO EN 1993 PART 1-6. 

  

Plate Buckling 

 

Geometry of the plate 
 Thickness of the plate 

 Width of the plate outstand (without stiffener) 

 Width of the plate internal 

 

 

 

 Length of the plate 

 Area of the plate 

 

 

Material Properties 

 Yield strength of the plate (Steel grade S355) 

 Modulus of elasticity of the plate 

 Poisson's ratio  

 Strain acc. to EN1993 part 1-1 

t 4mm

rm
414.25

2
mm

45deg

Perimeter
rm
2

325.351 mm

bc Perimeter 325.351 mm

Dm 2rm 414.25 mm

Lp 1000mm

Ap 2 rm t 1301.405 mm2

AStiff 10mm 100mm 1000 mm2

Atotal AStiff 2 Ap 3301.405 mm2

fy 700MPa

E 210GPa

v 0.3

235MPa
fy

0.579
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Elastic critical stress 
Unstiffened plate (outstand width buckle) 

 

 

 

3. Design Resistance load 

 Relative shell slenderness 

EN 1993 part 1-6 (8.16) 

3.1 Meridional buckling parameters EN1993 part 1-6 ANNEX D (D.1.2.2) 

Meridional squash limit slenderness 

EN 1993 1-6 ANNEX D (D.16) 
 

Plastic range factor 

EN 1993 1-6 ANNEX D (D.16)  

Interaction exponent 

EN 1993 1-6 ANNEX D (D.16)  

Dimensionless length parameter 

EN1993 part 1-6 ANNEX D (D.1) 
 

C.x Factor 

  

 EN1993 part 1-6 ANNEX D (D.4 and D.5) 

Medium-length cylinders 

EN1993 part 1-6 ANNEX D (D.6 and D.7) 

Short-length cylinders 

crit
E

6 1 v2
12 1 v2 t

rm

2 t
bc

4 t
bc

2

crit 2.513 103 MPa

Ncrit crit Ap 2 AStiff 8294.983 kN

x
fy

crit
0.528

x0 0.2

0.60

1 0

Lp

rm t

Cx.b 6 Cx.N 1
0.2

Cx.b
1 2

t
rm

Cx( ) 1 1.7 0.5
rm
t

if

1.36
1.83 2.07

2
1.7( )if

Cx.N otherwise
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3.1 Meridional buckling parameters EN1993 part 1-6 ANNEX D (D.1.2.2) 

 

 

 

 

 

Characteristic imperfection amplitude EN 1993 part 1-6 ANNEX D (D.15).  

 Imperfection Class A 

 Imperfection Class B 

 Imperfection Class C 

Meridional elastic imperfection factor EN 1993 1-6 ANNEX D (D.14) 

 Imperfection Class A 

 Imperfection Class B 

 Imperfection Class C 

Cx( ) 0.989

i 1 3
Qi

40
25
16

Qa 40

Qb 25

Qc 16

w ka
1

Qa
t

rm
t

0.72 mm

w kb
1

Qb
t

rm
t

1.151 mm

w kc
1

Qc
t

rm
t

1.799 mm

xa
0.62

1 1.91
w ka
t

1.44
0.534

xb
0.62

1 1.91
w kb
t

1.44
0.47

xc
0.62

1 1.91
w kc
t

1.44
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Design Resistance (buckling strength), EN1993 part 1-6 (8.5.2) 

Imperfection Class A 
 

Imperfection Class B 
 

Imperfection Class C 
 

Reduction factor acc. EN3 1-6 8.13  

 Buckling reduction factor  

EN 1993 1-6 (8.13) 

EN 1993 1-6 (8.14) 

EN 1993 1-6 (8.15) 

 

 Buckling reduction factor  

EN 1993 1-6 (8.13) 

EN 1993 1-6 (8.14) 

EN 1993 1-6 (8.15) 

 

 Buckling reduction factor  

EN 1993 1-6 (8.13) 

EN 1993 1-6 (8.14) 

EN 1993 1-6 (8.15) 

 

Characteristic buckling stress  EN 1993 (8.12) circular plate 

 Imperfection Class A 

pa
xa

1

pb
xb

1

pc
xc

1

a 1 x x0if

1
x x0

pa x0
x0 x paif

xa

x
2 pa xif

a 0.794

b 1 x x0if

1
x x0

pb x0
x0 x pbif

xb

x
2 pb xif

b 0.778

c 1 x x0if

1
x x0

pc x0
x0 x pcif

xc

x
2 pc xif

c 0.749

b.Rka fy a



Design Calculations for the single semi-circular plate according to EN 1993 Part 1-6. 
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 Imperfection Class B 

 Imperfection Class C 

 Partial factor 

 Imperfection Class A 

Imperfection Class B  

Imperfection Class C  

Ultimate characteristic resistance load circular plate 

 Imperfection Class A 

Imperfection Class B  

 Imperfection Class C 

Resistance load Stiffeners 
 

Ultimate resistance load complete plate with stiffener 

 Imperfection Class A 

 Imperfection Class B 

 Imperfection Class C 

b.Rkb fy b

b.Rkc fy c

M1 1

b.Rka

M1
555.852 MPa

b.Rkb

M1
544.336 MPa

b.Rkc

M1
524.134 MPa

Nbr.kA
b.Rka Ap

M1
723.389 kN

Nbr.kB
b.Rkb Ap

M1
708.402 kN

Nbr.kC
b.Rkc Ap

M1
682.111 kN

fy 2 AStiff 1400 kN

Nbr.kAt Nbr.kA fy 2 AStiff 2123.389 kN

Nbr.kBt Nbr.kB fy 2 AStiff 2108.402 kN

Nbr.kCt Nbr.kC fy 2 AStiff 2082.111 kN
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