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Abstract 
 

A transition piece has responsibility to transmit forces from one member to another member. 

But when doing it, the transition piece must be stiff enough. Studying what parameter of the 

transition piece is contributing to the stiffness the most, will give economic advantages. 

Studies on the stiffness when introducing a transition piece on a hybrid tower will be carried 

out with an analytical procedure through Finite element method, with the software Abaqus. A 

linear perturbation, with a frequency step where extraction of the eigenfrequency value will 

be obtained. The value will reflect the stiffness of the structure, because it has a linear relation 

between each other. Higher eigenfrequency means higher stiffness and vice versa. The first 

model (Case A) is model of a fixed tubular tower. The frequency of case A is desired because 

it’s stiff at the bottom. Therefore a comparison has been made when introducing the transition 

piece. 

The eigenfrequency of the tubular tower (Case A) is 0,36765 Hz. And The eigenfrequency of 

the structure (Case D) is 0,21964 Hz, which make a stiffness reduction of 40,3 % when 

introducing the transition piece.  60,6 % of the total reduction is due to the bridging ring. The 

most efficient change on the bridging ring that will obtain a higher stiffness on the entire 

structure is to increase mid-plates layers.
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Notation and Abbreviations 

 
𝑅𝑛 Bolt pretention    [N] 

𝐸 Young’s modulus     [GPa] 

𝑘 Stiffness     [N/m] 

𝑀𝐸𝑑 Design moment of the cross-section   [kNm] 

𝑀𝑐,𝑅𝑑 Moment resistance of the cross-section   [kNm] 

𝑀𝑗,𝐸𝑑 Design moment for joint    [kNm] 

𝑀𝑗,𝑅𝑑 Moment resistance for joints   [kNm] 

�̅�𝑥 Buckling load    [N] 

𝑁𝐸𝑑 Design value of the compression force   [N] 

𝑁𝑏,𝑟𝑑 Design buckling resistance of the compression member. [N] 

𝑅𝑤,𝑅𝑑 Plastic deformation value of the local transverse resistance  [N] 

𝑃𝑐𝑟 Euler buckling load    [N] 

𝑆𝑗 Rotational stiffness    [Nm/rad] 

𝑆𝑗,𝑖𝑛𝑖 Initial rotational stiffness    [Nm/rad 

𝑣 Poisson ratio     [-] 

𝜔𝑛 Natural frequency     [Hz] 

𝜔𝑑 Damped natural frequency    [Hz] 

𝛽    Elastic imperfection reduction factor   [-] 

�̅�0  Squash limit relative slenderness   [-] 

𝜁2 Damping ratio    [-] 
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1 Introduction 

1.1 Background 

 

Today’s world has never been discussing more on the global warming and the causes to it 

than today. Measures and restriction are being imposed to fulfill one of United Nations (UN) 

goals to decrease the air pollution. A way to tackle this issue is by using energy from other 

sources, which don’t afflict the public health (United Nations, 2015).  

For hundreds of years humans have used wind to access energy, and it’s been a good 

alternative source for sustainable and renewable energy. Wind energy has great advantages, 

not because it produces no air pollution, but because operational costs are insignificant low. 

Together with mass production and technology the wind turbines are becoming cheaper. For 

encouraging the development of wind energy are governments applying lower tax (National 

geographic, 2015). This makes wind energy a highly favorable resource.  

1.2 Wind tower 

The wind tower is the structure holding the Nacelle (wind turbine), which is converting the 

winds kinetic energy to electrical power. There are several designs for this structure, and 

mentioning the most common types are tubular and lattice towers. Today can a new type of 

tower be in the horizon to become more common to use throughout the world, due to its 

pleasing advantages. Hybrid lattice towers can be the next to be preferred. 

1.2.1 Tubular wind tower 

Tubular towers are the most common wind tower in Sweden and elsewhere. A height of 80-

100 meters depending where the towers are placed. In Inland it’s necessary that wind turbines 

need greater heights because of the need to eliminate non-uniformed wind flow whereas if the 

turbine is located in an open landscape and close to the coast require less height (Hau, 2006). 

These towers have modularized tubular section of 20 to 30 meters and can be bolted or 

welded together. Bolting is the efficient way to save time on site, and there are two different 

connections. Ring flange connection, which is the most used design or friction bolting which 

saves the cost for connections by 80% and also decreasing the assembly cost of the tower. 

Further the frictions connection is less sensitive to fatigue (M.Veljkovic, C.Heistermann, & 

&, 2009). Even though ring flange connection is the most common does not mean it’s the 

most sufficient. The ring flange connection requires welding on both ends of the tube, which 

have more cost impact. Figure 1-1 shows the different connection for tubular wind tower.  
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a) Ring friction Connection 

 

Figure 1-1: Different connections for tubular wind towers a) Friction connection 

presented in HISTWIN project b) bolted flange connection c) transverse and 

longitudinal welding for shell towers. 

Advantages for tubular towers: 

 Tubular towers have high radius on the base and get smaller towards the top. This is 

due to achieving material savings. However the base of the tower needs strong 

foundation which will lead to high foundation cost. 

 Because of the circular cross-section the bending stiffness is the same in any given 

direction. 

 Installation and equipment’s are covered inside the tube. (Muskulus, 2012) 

 The Aesthetic of the tubular tower has satisfied appeal. 

 Tubular towers are mostly welded and many bolt aren’t needed. This leads to a rigid 

structure and less concentrated stresses, which is not the case for bolt connection. 

When more wind flow is required to get more energy, a taller structure is desirable. But this 

will lead to an increase of loading applied which means higher dimension for the tower. This 

can give complications and difficulties with the transportation and manufacturing of the rolled 

thick plate. 

 

1.2.2 Lattice wind tower 

Lattice towers has historically been common to support wind turbines, Until the mid-1980s 

the lattice towers were the dominant support structure, and has ever since then been slowly 

overtaken by the tubular towers. Mainly because it has an aesthetically pleasing design and 

good fatigue properties, and therefore more favored for the industry. However when the need 

of higher towers is requested, it has transport issues and higher cost in manufacturing. This 

makes the lattice tower more preferred, primarily because it’s stiff. The structure is 

constructed by an L-shaped profile, which is bolted together in the site. With a larger base 

dimension and truss action helps resisting the applied load more efficiently and this lead to 

lighter structure, which is one of the reason why to use the method. The affect off wind load 

becomes less because lattice design (Genbturk, Attar, & Tort, 2012). Figure 1-2 illustrate a 

typical lattice wind tower. 

b) Flange connection 
c) Welded shell tower 
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Advantages for lattice towers: 

 Easy to design 

 The Tubular requires a strong foundation because the loads are concentrated in a small 

area, lattice tower whoever spreads the loads over a larger area which leads to less 

concrete used. 

 The wind load has a larger impact on the tubular which will be reduced when it comes 

to lattice structure because of its topology (Genbturk, Attar, & Tort, 2012).  

 The size and weight is less than tubular towers which means that the transport will be 

easier (Fabriment, 2017)  

 Global vibration is not significant for lattice towers (Muskulus, 2012). 

 Less steel is required which lead to lower cost for lattice towers than tubular. 

 Lattice towers are chosen mostly for the structures stiffness.  

 Cheaper transitions piece in lattice towers (Muskulus, 2012) 

 

Figure 1-2: Lattice tower, with polygonal cross-section 

Aesthetically the structure is mostly not preferred comparing to tubular. The bolts are not 

covered from climate, which make the maintenance cost high, due to inspections. As for 

tubular the cost are lower. Torsional stiffness for lattice is weaker than tubular. 

 

1.2.3 Hybrid lattice-tubular tower 

 

Hybrid lattice towers expects to boost the energy production between 10 to 12%, due to the 

tower obtains a greater height of 120 meter. Compared to the preferred tubular tower is this 40 

meters higher than normally tubular tower. This type of structure can be very sufficient for 

areas where there is low wind. Because of its extra ordinary performance makes it usable all 

over the world and don’t have obligation to search after areas with pleasingly high wind. 

(Özturk, 2016) 

Hybrid lattice towers are made of three parts. Tubular tower that is modularized with flange 

connection and transition piece, so the forces from the tubular part can be transmitted and 

connected to the third component, which is the Lattice tower. The lattice tower is set on a 

https://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi9ouSU56bSAhXE_SwKHYLlBz8QjRwIBw&url=https://www.voestalpine.com/krems/en/products/vc_e/erneuerbar/wind/&bvm=bv.148073327,d.bGg&psig=AFQjCNFLlxGTi2tauTGnFLx9rELhQ-hnjQ&ust=1487959429884853
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foundation and is assembled on site (Suzlon Energy Ltd, 2016). Figure 1-3 shows the design 

of hybrid lattice tower.  

 

Figure 1-3:Hybrid lattice-tubular tower 

1.3 Goals and objection 

The goal is to study the structures reduction on stiffness when introducing a transition piece to 

a hybrid wind tower, and what part of the transition piece is decisive for achieving a stiffer 

tower.  

1.4 Research achivments  

The questions that the thesis aims to answer, is to:  

1. Determine the eigenfrequency of the structure, with finite element analysis.  

2. Determine the decrease of stiffness when introducing the transition piece 

3. Which part of the transition piece has the highest impact on stiffness? 

4. How many layers of plates on the bridging ring are sufficient? 

 

1.5 Limitation 

Limitations are being done in two different aspects, limitation on the assembly of the wind 

tower and the stiffness. For the assembly the thesis will assemble the parts in which the 

bridging ring will be effected in one way or the other, this means the lattice structure will not 

be taken into account in the Abaqus analysis due to its insignificance of the this study. There 

are three major parts in the assembly, which will be connected to the bridging ring. The 

transition piece, the connecting truss and the tubular part will be taken into account. There is 

also frontal plates which is connecting elements to each other for transmitting forces, and its 

not necessary in Abaqus to take that into consideration, because of the use of different 

coupling strategies which ensure the transmission of forces from an element to another. For 

the stiffness of the bridging ring the rotational stiffness will be the only that will be 

considered, because this significant factor of the sufficiency of the ring. The bridging ring is 

built up of 5 plate’s packet together, in this analysis it will not be considered. Instead one 

entire body will examine these 5 plates. And lastly a non-linear analysis will not carried out, 

however only a linear analysis will be executed. The torsional truss will not be designed, but a 

http://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjUt_Xk5abSAhWGBywKHXWrDXYQjRwIBw&url=http://www.eqmagpro.com/suzlonbagsthe-golden-peacock-eco-innovation-award-for-its-s97-120-meter-hybrid-tower-wind-turbine/&psig=AFQjCNHXse01vVI-hmIns4HEoNTYF6sDPQ&ust=1487959076552051
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boundary condition will be applied in Abaqus, to restrict the rotation in UR2, and the 

restriction will correspond to the torsional truss.  
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1.6 Thesis structure 

The thesis will have following steps to answer the research achievements: 

 Chapter 1 - Introduction where the background and different win towers are explained. 

In this chapter the Research questions and limitations are also presented. 

 Chapter 2 – The literature review are presenting the steel material and the failures of 

steel in general. The elastic global analysis which are used in the finite element 

method is mentioned and lastly theory of stiffness is described. 

 Chapter - 3 The method of analyzing the stiffness of the bridging ring. 

 Chapter – 4 The technical descriptions of the model, where the conditions are 

described and shown in pictures. Strength checks of the transition assembly are 

presented together with detailing of the connecting members. 

 Chapter 5 – The different modeled parts are presented and the entire assembly. The 

material properties, base features, mesh size, loads, constraints and boundary 

conditions.  

 Chapter 6 – Results of bridging ring from Abaqus. 

 Chapter 7 – Analysis and discussion of the different stiffness obtained by the four 

models. 

 Chapter 9 – Conclusion. 

 

2 Literature view 
 

2.1 Manufacturing of cold-formed steel  

For structural steel there is mainly two different ways to manufacture the structural member. 

Hot- rolled shapes is commonly used, and the cold-formed steel has during recently increases 

it importance in the structural industry. The members being manufactured are mainly plates, 

steel sheets and strips and are shaped under room temperature. Two different procedures, cold 

rolling and press braking can obtain the required shapes. Where press brake is one of the 

oldest deformation method. (Yu & Roger , 2010) The concept seems easy but can be hard to 

obtain accurate result. The method can obtain the desired shape depending on punch. The 

procedure is to place a steel plate between the press brake punch and the die block 

(Advantage fabricated metals, 2009). See figure 2.1. Further there are cold-rolling procedures 

that produce sheet, strip and foil and rings. The method obtains a good surface and higher 

mechanical strength, where the sheet steel coil is rolling through the roller dies, see figure 2.1. 

The procedure could be found in different ways depending on the desired result. (Suranaree 

university of technology, 2007) 

  
(a) 
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(b) 

Figure 2-1: a) Press brake process b) Cold rolling process 

 

 

2.2 Cold formed bolt connections 

Connections are used to hold the structures components together and has a critical role in the 

stability of the entire structure. Throughout the history of steel structure collapses has been 

due to connection failure. The design of the connection depends on, (American Institute Of 

Steel Construction, 2014): 

 Type of loading.  

 Economy. 

 Strength and stiffness. 

 Difficulty or ease of erection. 

The bolt connections can be applicable for hot- rolled and cold formed steel, however there is 

a differences in structural behavior due to steel sheet are thin for cold formed. Which means 

that the cold formed connection uses only bearing types connection, where the bolt shear and 

bearings are responsible to transfer the shear force. Whereas the hot-rolled uses bearing type 

connection and slip critical. Slip critical transfers shear forces through the friction between the 

faying surfaces. (Terpstra & Arber, 2016) 

Failure modes of bolted connection can be categorized into four modes, pull out, bolt shear, 

net section fracture and failure on bearing (Department of Civil Engineering Sydney NSW, 

1998) 

 

Figure 2-2: Typical failure modes for cold formed steel connections (Panyanouvong, 2012) 
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2.3 Slip critical connection 

Slip-critical connection, also called friction connection transfers shear forces through the 

friction between the faying surfaces. The concepts is aiming to impose minimized tension on 

bolt i.e Pretension. This results to a normal force between connecting plates, which is giving a 

friction between the elements. The friction is used for shear resistance for the connection, see 

figure 2-3. The friction force can be determined by a function of pretension and slip surface. 

(Terpstra & Arber, 2016) 

−𝑅𝑛 = 𝜇𝐷𝑢𝑏𝑓𝑇𝑏𝑛𝑠 

The principle of the equation above is friction coefficient 𝜇 multiplied by normal force which 

gives the bolt pretension𝑅𝑛. 

The use of slip critical connections are should not be used if it’s not necessary, because it will 

increase the cost for erection and fabrication. The aspects, which increase the cost, are the 

preparation of the surface, which is required to obtain a curtain slip coefficient. More 

widespread inspections and installation cost will also be factor for the increased price. 

Therefor is it important to know when the method should be relevant. Slip critical connections 

are used mainly for minimizing the deformation and: (Terpstra & Arber, 2016) 

 When using oversized holes for the bolts. 

 When fatigue load is applied on the joints and are reversed from the direction of the 

load  

 Using slotted holes were the direction of the load is parallel to the slot 

 If slip on the faying surface can be dangerous for the structural performance 

 

Figure 2-3: Top) Bolt in bearing-type connections. Low) Bolt in Slip-critical connections, (Terpstra & Arber, 2016) 
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2.4 Design of connection 

2.5 Stability for structural elements under axial compression 

When designing the wind tower, the stability of the structure needs to be secured from any 

question marks. However to know under which loading the structure is unstable will be a 

critical thing to calculate. But if the building is theoretically stable, the assumption of the 

imperfection can make it instable and collapse in various buckling phenomena’s. Buckling for 

different structural members differs depending on cross section, but more importantly the 

imperfections and post buckling. Minor change in load on a critical member of the structure 

can lead to large displacement, and if the deformation is great enough, then the entire 

structure can collapse. Further the structure will be exposed to loads from nature. In this 

matter it refers to wind load or during erection of the structure and loads made by humans. 

Taking this to account is the stiffness and strength of the complete structure significant. 

(Robert, 2006).  

2.5.1 Buckling of plates 

The depended parameters are mainly the plate geometry, buckling mode shape and material 

properties. For a plate with simple supported in all edges have waviness in buckling shape. 

The shape can also be described as a sinusoidal form, see figure 2-4. The nodal line, which is 

seen in the figure, is not moving perpendicular or parallel to the plate surface through 

buckling of the plate. To determine the buckling load �̅�𝑥, the following parameters are 

depended on (Robert, 2006) 

�̅�𝑥 = �̅�𝑥(𝑎, 𝑏, 𝑡, 𝐸, 𝑣, 𝑚, 𝑛) 

Where 

𝑎 = 𝑙𝑒𝑛𝑔𝑡ℎ 

𝑏 = 𝑤𝑖𝑑𝑡ℎ 

𝑡 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

𝐸 = 𝑦𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑖𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 

𝑚, 𝑛 = 𝑁𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 ℎ𝑎𝑙𝑓 − 𝑠𝑖𝑛𝑒 𝑤𝑎𝑣𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑒 
 

 

Figure 2-4: Deformation behavior of loaded plates 
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2.5.2 Buckling of shells 

 

Depended parameters of a shell are mainly the plate geometry, buckling mode shape and 

material properties. (Robert, 2006) 

�̅�𝑥 = �̅�𝑥(𝐿, 𝑟, 𝑡, 𝐸, 𝑣, 𝑚, 𝑛) 

Where 

𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 

𝑟 = 𝑟𝑎𝑑𝑖𝑢𝑠 
 

The load-deformation curve for post-buckling of an axially loaded cylindrical shell, are below 

the Euler load. The shell buckled more quickly from the initial shape to a deformed shape at 

some load below the Euler load. The flat shell is similar to a plate when it comes to post-

buckling behavior. (Robert, 2006) 

 

 

Figure 2-5: Load-deformation for shells 

 

 

 

2.5.3 Buckling of bars 

A symmetric bar, which is simple supported and imposed with an axial load, has a straight 

initial configuration with buckling modes, which can be seen in figure 2-6 
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Figure 2-6: Bar with axial load and two types of buckling modes 

The buckling modes relate to different m-values and which is depending on the Euler 

buckling load obviously. (Robert, 2006) 

�̅� = 𝑃𝐸 = 𝑃𝑐𝑟 = 𝑚2𝜋2
𝐸𝐼

𝐿2
              𝑚 = 1,2,3, … 

Where 

�̅� = 𝑃𝐸 = 𝑃𝑐𝑟 = 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝑙𝑜𝑎𝑑 

2.6 Resistance calculation – based on Eurocode 

2.6.1 Serviceability limit state  

Serviceability of the structure is a state where the buildings function, durability, appearance, 

maintainability and comfort are well preserved during normal use. One of the critical areas to 

check in serviceability limit state is the deformation. (Wellington & Vlachaki, 2004) 

2.6.1.1 Plastic deformation  

According to EN-1993-1-3, section 7.2. In case of plastic global analysis the combination of 

support moment and support reaction at an internal 

Support should not exceed 0,9 times the combined design resistance. And According to EN-

1993-1-3 section 6.1.11. Cross-sections subject to the combined action of a bending moment 

MEd and a transverse force due to a local load or support reaction FEd should satisfy the 

following: 

 

𝑀𝑒𝑑
𝑀𝑐,𝑅𝑑

⁄ ≤ 1,0 

𝐹𝑒𝑑
𝑅𝑤,𝑅𝑑

⁄ ≤ 1,0 

𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
+

𝐹𝐸𝑑

𝑅𝑤,𝑅𝑑
≤ 1,25 

 

 

Where 

𝑀𝑐,𝑅𝑑 is the moment resistance of the cross-section 
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𝑅𝑤,𝑅𝑑 is the appropriate value of the local transverse resistance 

 

2.6.1.2 Deflections 

According to EN-1993-1-3, section 7.3. The deflections may be calculated assuming elastic 

behavior, and the influence of slip in the connections should be considered in the calculation 

of deflections, forces and moments. 

 

2.7 Buckling resistance  

According to EN-1991-1-1, section 6.3.1 a compression member should be verified against 

buckling as follows 

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

⁄ ≤ 1,0 

Where 

𝑁𝐸𝑑 is the design value of the compression force; 

𝑁𝑏,𝑅𝑑 is the design buckling resistance of the compression member. 

The design buckling resistance of a compression member should be taken as: 

𝑁𝑏,𝑟𝑑 =
𝜒𝐴𝑓𝑦

𝛾𝑀1

        𝐹𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 1,2 𝑎𝑛𝑑 3 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 

𝑁𝑏,𝑟𝑑 =
𝜒𝐴𝑒𝑓𝑓𝑓𝑦

𝛾𝑀1

             𝐹𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 4 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 

Where 𝜒 is the reduction factor for the relevant buckling mode. 

According to EN-1991-1-1, section 6.3.1.2 for axial compression in members the value of  𝜒 

for the appropriate non-dimensional slenderness 𝜆̅ should be determined from the relevant 

buckling curve according to: 

 

𝜒 =
1

𝜙 + √𝜙2 − 𝜆2̅ 
            𝑏𝑢𝑡 𝜒 ≤ 1,0 

Where 𝜙 = 0,5[1 + 𝛼(𝜆̅ − 0,2) + 𝜆2̅] 

 

𝜆̅ = √
𝐴𝑓𝑦

𝑁𝑐𝑟

 𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 1,2 𝑎𝑛𝑑 3 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 

 

𝜆̅ = √
𝐴𝑒𝑓𝑓𝑓𝑦

𝑁𝑐𝑟

 𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 4 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 
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Table 2-1: Imperfections factor for buckling curves, EN 1993-1-1, table 6.1 

 

The imperfection factor a corresponding to the appropriate buckling curve should be obtained 

from EN-1991-1-1 Table 6.1 and Table 6.2 

 

Table 2-2: Selection of buckling curve for cross-section, EN-1993-1-1, Table 6.2 
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Table 2-3: Buckling curves, EN-1991-1-1, Table 6.4 

 

 

 

 

2.8 Buckling resistance of uniform members in bending 

 

According to EN-1991-1-1, section 6.3.2.1 a laterally unrestrained member subject to major 

axis bending should be verified against lateral torsional buckling as follows: 

 

𝑀𝐸𝑑
𝑀𝑏,𝑅𝑑

⁄ ≤ 1,0 

 

Beams with certain types of cross-sections, such as square or circular hollow sections, 

fabricated circular tubes or square box sections are not susceptible to lateral-torsional 

buckling. The design buckling resistance moment of a laterally unrestrained beam should be 

taken as: 

 

 

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑦

𝑓𝑦

𝛾𝑀1
 

Where 

 

𝑊𝑦 = 𝑊𝑝𝑙.𝑦   𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 1 𝑜𝑟 2 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 

𝑊𝑦 = 𝑊𝑒𝑙.𝑦   𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 3 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 

𝑊𝑦 = 𝑊𝑒𝑓𝑓.𝑦   𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 4 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 
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According to EN-1991-1-1, section 6.3.2.2 for bending members of constant cross-section, 

the value of 𝜒𝐿𝑇 for the appropriate non-dimensional slenderness should be determined from: 

 

𝜒𝐿𝑇   =
1

𝜙𝐿𝑇 + √𝜙𝐿𝑇
2 − 𝜆̅

𝐿𝑇
2  

            𝑏𝑢𝑡 𝜒𝐿𝑇  ≤ 1,0 

 

Where 𝜙𝐿𝑇 = 0,5[1 + 𝛼𝐿𝑇(𝜆̅
𝐿𝑇 − 0,2) + 𝜆2̅] 

According to EN-1991-1-1, section 6.3.2.2 the recommendations for buckling curves are 

given in Table 6.4. 

Table 2-4: Values for lateral torsional buckling curves, EN-1991-1-1, table 6.4 

 

𝜆̅
𝐿𝑇 = √

𝑊𝑦𝑓𝑦

𝑀𝑐𝑟

 

𝑀𝑐𝑟 is the elastic critical moment for lateral-torsional buckling. 

2.9 Stress design based on Eurocode  

2.9.1 Buckling strength of shells 

According to EN-1993-1-6, section 8.5.2, the design buckling stresses should be obtained 

from:  

𝜎𝑥.𝑅𝑑 = 𝜎𝑥.𝑅𝑘/𝛾
𝑀1

,      𝜎𝜃.𝑅𝑑 = 𝜎𝜃.𝑅𝑘/𝛾
𝑀1

,    𝜏𝑥𝜃.𝑅𝑑 = 𝜏𝑥𝜃.𝑅𝑘/𝛾
𝑀1

 

The characteristic buckling stresses should be obtained by multiplying the characteristic yield 

strength by the buckling reduction factors 𝜒: 

𝜎𝑥.𝑅𝑘 = 𝜒𝑠𝑓
𝑦𝑘

,        𝜎𝜃.𝑅𝑘 = 𝜒𝜃𝑓
𝑦𝑘

,      𝜏𝑥𝜃.𝑅𝑘 = 𝜒𝜏𝑓
𝑦𝑘

/√3 

The buckling reduction factors 𝜒𝑠, 𝜒𝜃, 𝜒𝜏 should be determined as a function of the relative 

slenderness of the shell �̅� from: 

𝜒 = 1                    when       �̅� ≤ �̅�0            
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𝜒 = 1 − 𝛽
�̅� − �̅�0

�̅�𝑝 − �̅�0

         𝑤ℎ𝑒𝑛        �̅�0 < �̅� < �̅�𝑝 

𝜒 =
𝛼

𝜆2̅
                          𝑤ℎ𝑒𝑛              𝜆̅

𝑝 ≤ 𝜆̅  

Where 

𝛽   is the elastic imperfection reduction factor 

�̅�0 is the squash limit relative slenderness 

The value of the plastic limit relative slenderness 𝜆̅
𝑝 should be determined from: 

𝜆̅
𝑝 = √

𝛼

1 − 𝛽
 

The relative shell slenderness parameters for different stress components should be 

determined from: 

𝜆̅
𝑥 = √𝑓𝑦𝑘/𝜎𝑥.𝑅𝑐𝑟,     𝜆̅

𝜃 = √𝑓𝑦𝑘/𝜎𝜃.𝑅𝑐𝑟,     𝜆̅
𝜏 = √(𝑓𝑦𝑘/√3)/𝜏𝑥𝜃.𝑅𝑐𝑟 

2.9.2 Buckling strength verification 

According to EN-1993-1-6, section 8.5.3, buckling is not limiting the design values of 

membrane stresses should represent a purely stress-initiated failure phenomenon, the buckling 

limit state, within this section. Depending on the loading and stressing situation, one or more 

of the following checks for the key values of single membrane stress components should be 

carried out: 

𝜎𝑥,𝐸𝑑 ≤ 𝜎𝑥,𝑅𝑑      𝜎𝜃,𝐸𝑑 ≤ 𝜎𝜃,𝑅𝑑      𝜏𝑥𝜃,𝐸𝑑 ≤ 𝜏𝑥𝜃,𝑅𝑑 

 

If more than one of the three buckling-relevant membrane stress components are present 

under the actions under consideration, the following interaction check for the combined 

membrane stress state should be carried out: 

(
𝜎𝑥,𝐸𝑑

𝜎𝑥,𝑅𝑑
)

𝑘𝑥

− 𝑘𝑖 (
𝜎𝑥,𝐸𝑑

𝜎𝑥,𝑅𝑑
) (

𝜎𝜃,𝐸𝑑

𝜎𝜃,𝑅𝑑
) + (

𝜎𝜃,𝐸𝑑

𝜎𝜃,𝑅𝑑
)

𝑘𝜃

+ (
𝜏𝑥𝜃,𝐸𝑑

𝜏𝑥𝜃,𝑅𝑑
)

𝑘𝜏

 

 

2.10 Finite element analysis - Abaqus 

Finite element analysis (FEA) is numerical method and is used for solving solid mechanics 

problems. The numerical method has in recent times solved multi-physical problems. The 

applied areas of the analysis are many, but one of the areas that will be used in this thesis is 

the structure analysis. The reason of use of this method is due to the impossibility to find an 

exact solution of difficult structures. So the aim will thereafter be to approximate the exact 

solution by using the software Abaqus. (Qi). There is two Different buckling analysis, Linear 

and nonlinear analysis, where linear analysis obtain a critical stress value which is presented 

as an eigenvalue where the shell will buckle in an arbitrary buckling shape. In this kind of 

analysis the imperfections are not taken into account and the results will obtain resistance of 
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the elastic critical buckling. Nonlinear analysis the imperfections are concerned, where the 

shell aims to a larger displacement due to increment of load. Further the method uses a theory 

of geometrical nonlinearity. 

2.11 Natural frequency 

Natural frequency is when a structure is vibrating without external force. The natural 

frequency has its own values on all degrees of freedom (Dof). This is dependent on the 

geometry, mass and the stiffness.  

Natural frequency can either have a damping or undamped coefficient. Under circumstances 

which damping is induced by the system, the damped natural frequency is determined by 

(Chegg, 2015): 

𝜔𝑑 = 1 − 𝜁2 ∗ 𝜔𝑛 

Where: 

𝜁2 = 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 

𝜔𝑛 = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

𝜔𝑑 = 𝐷𝑎𝑚𝑝𝑒𝑑 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

 

 

The natural frequencies can be obtained by computing eigenfrequencies from FEA, and 

knowing that it’s dependent on the stiffness, a linear equation can compute the stiffness of the 

entire structure: 

𝜔𝑛 =
1

2𝜋
√

𝑘

𝑚
 

Where: 

𝜔𝑛 = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝐻𝑧] 

𝑘 = 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 [𝑁/𝑚] 
𝑚 = 𝑀𝑎𝑠𝑠 [𝑘𝑔] 

The equation to determine the stiffness from above equation is: 

 

𝑘 = 𝑚 ∗ (𝜔𝑛 ∗ 2𝜋)2 

 

2.12 Stiffness 

The stiffness is important factor when it comes to designing a wind tower. There is wind 

towers throughout the history which has collapsed due to failure in stiffness. The main goal 

when it comes to build a wind tower is to optimize the weight and the stiffness, which 

correspond to the deflection.  

Hooke’s law addresses the basis of stiffness, and recognized that deflection are proportional 

to the applied load (Youssefi & Anagnos, 2010), see figure 2-7    
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Figure 2-7: A linear behavior of the load and the deformation. 

This makes the Stiffness 𝑘 achieved by the following equation (for example a bar in tension 

or compression): 

𝑘 =
𝐹

𝛿
 [ 𝑁/𝑚 ] 

Where:  

𝐹 = 𝐹𝑜𝑟𝑐𝑒 

𝛿 = 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝐷𝑂𝐹 𝑎𝑠 𝑡ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 

 

Note that the formula above didn’t take elastic modulus into account, the elastic modulus is 

the property of the material and the stiffness is a property of the structure which is dependent 

on what boundary condition is established, shape and material properties. Having a Young’s 

modulus 𝐸 introduced the spring constant should be determined by (Georgia Institute of 

Technology, 2010): 

𝑘 = 𝐸
𝐴

𝐿
 

 

2.12.1 Rotational stiffness 

The rotational stiffness is the moment applied which gives a change in angle 

http://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjAg9-4_rrTAhWBlCwKHQXzCbsQjRwIBw&url=http://www.bbc.co.uk/schools/gcsebitesize/science/add_aqa/forces/forceselasticityrev2.shtml&psig=AFQjCNHSnr_UwS_J36VJmCVg1cFOzJUc4g&ust=1493050966351067
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Figure 2-8: Tubular tower with a horizontal force, which generates a rotation on the base, (Spoon & Grant, 2010) 

 

 

The general rotational stiffness is obtained by the following equation 

   

𝑘 =
𝑀

𝜃
 [ 𝑁𝑚/𝑟𝑎𝑑 ] 

Where: 

𝑀 = 𝑚𝑜𝑚𝑒𝑛𝑡 [𝑁𝑚] 

𝜃 = 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 [𝑟𝑎𝑑] 

It’s known that stiffness is dependent on Young’s modulus, but for rotational stiffness is the 

material dependent on rigidity modulus when an axial force is applied: 

𝑘 =
𝐺 ∗ 𝐽

𝐿
 

Where 

𝐺 = 𝑅𝑖𝑔𝑖𝑑𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝐽 = 𝑇𝑜𝑟𝑠𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  

But for the tubular part on the wind hybrid lattice tower the formula for rotational stiffness is 

presented with the following equation: 

𝑘 =
3𝐸𝐼

𝐿3
 

This equation describes figure 2-8, and obtains the rotational stiffness of the base of the tube. 

 

   

2.12.2 Stiffness classification 

When a global analysis is to be taken into account the behavior on the internal forces as well 

as moment and deformation on the entire structure will be needed. The behavior of the joint 

on the base of a column or tube will be dependent on the moment that generates rotational 

behavior on the base where the joint is located. See figure 2-9 
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-  

Figure 2-9: Characteristics of moment-rotation 

The rotational stiffness 𝑆𝑗 which is presented in figure 2-9 is the secant stiffness which applies 

to the rotation not exceeding 𝜙𝑋𝑑 and the moment 𝑀𝑗,𝐸𝑑 when it reaches its initial stage of 

𝑀𝑗,𝑅𝑑. 

Further there is a slope 𝑆𝑗,𝑖𝑛𝑖 which is the initial rotational stiffness. This stiffness corresponds 

to the elastic range of the stiffness before it goes to plasticity. Therefore stiffness with a 

higher inclination will not be preferable. 

For an elastic global analysis there are three classifications on the stiffness of a column base, 

which is: 

 Rigid  

 Nominally pinned 

 Semi-rigid 

Theses classification rotational stiffness’s will be achieved by comparing the initial rotational 

stiffness 𝑆𝑗,𝑖𝑛𝑖 and the boundaries which the classifications limited by, see figure 2-10. 

 

Figur 2-10: Stiffness classes 

1993-1-8, section 5.1.1 describes that analysis of joints can be based on different factors 

depending on which method of global analysis is used. For rigid-plastic analysis is classified 

based on its strength, for elastic-plastic analysis is based on its strength and stiffness and 
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lastly the elastic analysis is based on its rotational stiffness. Table 2-11 describes which 

classification is used for respectively method of global analysis. 

 

Table 2-5: Classification of joint based on method of global analysis. 

 

 

2.12.3 Elastic global analysis based on Eurocode 1993-1-8 

According to EN-1993-1-8, section 5.1.2 a classification of the joint should be based on the 

rotational stiffness, and the moment and forces acting on the joint should be sufficient in 

strength and transmission. For semi-rigid joint, the rotational stiffness 𝑆𝑗 is chosen for the 

global analysis if moment 𝑀𝑗,𝐸𝑑 exceed 2/3 of the moment resistance 𝑀𝑗,𝑅𝑑. If not, the initial 

rotational stiffness 𝑆𝑗,𝑖𝑛𝑖, see figure 2-11. Further it’s mentioned that that a simplification can 

be done by dividing the rotational stiffness with a stiffness modification coefficients 𝜂. This 

makes that the rotational stiffness id defined by 
𝑆𝑗,𝑖𝑛𝑖 

𝜂
 in the analysis. Howerver the restriction 

is that its considers for all values of 𝑀𝑗,𝐸𝑑, see figure 2-11. 

 

 

Figure 2-11: Rotational stiffness, which can be used for elastic global analysis, based on Eurocode 1993-1-8. 
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3 Method 
 

Obtaining the stiffness of the bridging ring can be done in an analytical or theoretical 

procedure. However doing it theoretical would take time and could be difficult to obtain a 

reasonable stiffness values, due to its complex structure.  The bridging ring has a circular 

geometry with three bolts along the width, which are bolted through layers of packed plates, 

and the geometry a similar to a steel beam. If a theoretical calculation would be done, then it’s 

necessary to assume the bridging ring as a straight beam with fixed at both ends.  This 

assumption will give a stiffness, which will not take the circular geometry into account. 

Which means an oversimplified approach. Therefore an analytical procedure will be carried 

out through Finite element method, and the analysis will give a more satisfying results. The 

reason of use of this method is due to the impossibility to find an exact solution of difficult 

structures. So the aim will thereafter be to approximate the exact solution by using the 

software Abaqus, where the full geometry will be taken into account. (Qi). Modeling the parts 

will do this analysis and constrain them together to a full assembly, see figure 5-1. The parts, 

which are assembled together, are: 

 Tubular part 

 Drum (Main cylinder, top and bottom ring) 

 Top and bottom diaphragm 

 Bridging ring 

 Connecting truss (O1, D1 and U1) 

 End plate 

A linear perturbation will be carried out, with a frequency step where extraction of the 

eigenfrequency value will be obtained. The value will reflect the stiffness of the structure, 

because it has a linear relation between the each other. Higher eigenfrequency means higher 

stiffness and vice versa. The first model will present the eigenvalues of a fixed tubular tower. 

Its stiff, and the aim are to obtain stiffness like a tubular tower when introducing the transition 

piece. The first part of the analysis is to compare the different parts of the structures 

contribution to the stiffness for the tower. This will be done with using different boundary 

condition. The second step is to isolate where the highest drop of stiffness is found, by 

changing geometry’s to see which changes of the geometries between the outer plates or the 

mid-plates that will be efficient for change, and lastly use combination of plates to achieve the 

higher stiffness. More details of the method on the Abaqus modeling are described in chapter 

5.
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4 Technical description 
 

The concept is made up by a cylindrical drum which refers to a transition piece with the L= 

6050 mm and the inner and outer diameter of the cylindrical drum r1=5102 mm, r2=5200 mm, 

further the drum thickness is 49 mm. The transition piece is located between the truss and the 

tubular part, and the purpose is to transmit stresses through the two parts. The transition 

assembly, which contains the transition piece and the connecting truss, are shown in figure 4-

5. The four-legged tower can be seen in a vertical view, see figure 4-1. (Koltsakis, 2017) 

4.1 Transition assembly  

The transition assembly is built on following parts, (Koltsakis, 2017): 

1) The drum is shown in green, figure 4-1. The drum is vertical and parallel to the tubular 

part in purple. And the drum are built on three welded parts with steel quality S355: 

a. The top ring is connecting to the upper drum with a butt weld which is 

presented in figure 4-9. Further one is the top ring connected the bridging rings 

on the other end, see figure 4-3. The bridging ring is a connection which will 

connect the tubular and the transition piece. They are connected by friction, 

which means that it transfers shear forces through the friction between the 

faying surfaces. 

b. The main cylinder, see figure 4-9 

c. The bottom ring, see figure 4-7 

2)   The top diaphragm, see figure 4-4, 4-5, and 4-12. The diaphragm is connected to the 

strut O1 and the upper drum; the plate has a steel quality of S355 with thickness 50 

mm. 

3) The bottom diaphragm, is similar to the top diaphragm in thickness and steel quality, 

but has a larger diameter, see figure 4-2 and 4-15. 

4) The bridging ring is located between the tubular part and drum. The connection is 

holds these parts together and confirm the transmission of stresses. The connection is 

built on five rectangular plates (in yellow), and can been seen as a sandwich beam 

which relay on the friction to hold them together, see figure 4-3, 4-4 and 4-11. The 

bridging ring is held with three 90 M60 10.9 pretensioned bolts, see figure 4-10. The 

connection is subjected to torsion. The gap between the tubular (in purple) and the 

drum (in green), is because the erection process. Where the wire ropes, which lift up 

the tubular part to its final position, will go through the gap. 

5) The connecting truss, see figure 4-2. The truss is connecting the lattice tower to the 

drum, and are made of three hot-rolled bars O1:CHS323.9x45, D2:CHS244.5x20, and 

U1:CHS355.6x40. These bars have a steel quality of S690 and the profile is a circular 

hollow section (CHS), which is seamless. O1 are connected to the top diaphragm and 

D1 and U1 is connected to the lower diaphragm. O1 and D1 are terminated by end 

plates endplates. The plates are then welded together with the diaphragm to ensure that 

stresses are distributed evenly from O1 and D1, see figure 4-3 and 4-6. Under the 

lower diaphragm, there is another endplate with thickness 40 mm. that plate is also 

welded together with the diaphragm. The connection with the lower diaphragm and 

the bars are bolted together with 20 M45 10.9 bolts, see figure 4-15. 
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6) The truss strut is needed because of the rotational stability, which is triggered by the 

tubular part. This means that the torsional strut is taking up the moment Mz. The four 

parts of this strut, which are arranged at the same level as the connecting truss, see 

figure 4-5. The strut is made of S355 CHS 144.3x12.5 seamless tube. The strut is 

connected by a pin with D=78 mm to the top diaphragm in bolt holes with D=80 mm, 

see figure 4-14, and 4-12. On the other side they bolted onto the gusset plates I1, I2, 

I3, I4, see figure 4-5.  

7) The horizontal brace see figure 4-5. They are made by four bars C1C2, C2C3, C3C4, 

C4C1, these bars needs to cross O1. Apparently they are in the same level, which 

makes A1B1, and C1C4 crosses each other, and the same thing goes for the three 

remaining sides. This makes intersection essential. 

 

 

Figure 4-1: Section of transition assembly.  

 

Figure 4-2: detail for the truss (blue), drum (green) and the lattice tower connections. 
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Figure 4-3:Detail of the top diaphragm connecting the bar O1 with fin plates and end plates which will transfer stresses from 

the tube (purple), bridging ring (yellow) and the drum (green). 

 

Figure 4-4: Section of the transition assembly and the connection between the truss and the top/bottom diaphragm. 
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Figure 4-5: Seen from above, the bars A1-A4 connecting to transition piece, which are connected to the torsion strut and 

lattice tower 

 

 

Figure 4-6: Joint detail - The bar D1 and U1 connecting to the lower diaphragm. 

 

 

 

Figure 4-7: Bottom ring, located in under the main cylinder. 
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Figure 4-8: Main cylinder 

 

Figure 4-9: Top ring, located over the main cylinder. 
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Figure 4-10: M60 10.9 bolts with boreholes of 64 mm are bolted to hold the transition piece and the tubular part together. 

 

Figure 4-11: Bridging rings which located on gap between the top ring and the tubular part.  
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Figure 4-12: Top diaphragm 

 

Figure 4-13: Gusset plate 
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Figure 4-14: The top diaphragm connecting the bar O1, torsion strut and the gusset plate. 

 

   

Figure 4-15: Lower diaphragm. 
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For the transition piece, a strength check has been carried out of the buckling failure mode 

with consideration of Eurocode 1993-1-6, see table 4-1. These checks has been done with a 

numbers of forces (Fx,Fy) and moments (Mx and My) (Koltsakis, 2017), see table 4-2.  

Table 4-1: Buckling verification on the transition piece according to Eurocode 1993-1-6 

 

           

 

Table 4-2: Loads used for the buckling checks with aeroelastic analysis. 

 

The top and bottom diaphragm has a plate thickness of 50 mm, due to match the thickness of 

the drum. Further the diaphragms have a required force to obtain a moment of equilibrium, 

which is 21575 kN.  Along B1-B2, see figure 4-5, the bending axis and the moment resistance 
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which is caused by the bars O1 and U1, are under the worst scenario having an in-plane stress 

of 28.76 kN/cm
2
. This stress is way beneath the yield strength of the bars. In normal 

circumstances the bar O1 and U1 work with a push-pull behavior which reduces the stress 

28.76 kN/cm
2 

by half (Koltsakis, 2017). 

The yielding moment on the base of the tubular part is 129451 kNm, which is a sum of the 

two direction x and y. Dividing the yield moment with the lever arm which is force couple of 

21575 kN will give the height of the drum (6.05 m). The force couple is essential because it 

takes up the moment from the base of the tubular part.  The force couple will be induced by 

the bar O1 which can be referred to A1B1 and A3B3 in figure 4-5. This means the force 

couples that are induced by two bars will have a force of 10788 kN each. This leads to O1 

will have two behaviors worth mentioning, which is the bar will have a force that which is 

essential to the base moment and the bar also behaves like a push-pull mode (Koltsakis, 

2017).  

The compression design load and the resistance for the truss is shown in Table 4-3 

Table 4-3: Design load and resistance for bar O1, D1, and U1 

Bar Profile 
Area 

[cm
2
] 

Radius 

of 

gyration 

[cm] 

Buckling 

length 

[m] 

Slenderness, 𝜆 

[-] 
𝜑 
[-] 

𝜒 
[-] 

𝑁𝑏,𝑅𝑑 

[kN] 

𝑁𝐸𝑑 
[kN] 

O1 CHS 

323.9×45 

394 9.99 0.80 1.460 1.648 0.415 11282 10788 

D1 CHS 

244.5×20 

141 7.97 10.06 2.261 3.190 0.222 2160 1932 

U1 CHS 

355.6×40 

397 11.2 9.88 1.609 1.855 0.386 10573 10437 

 

4.2 Connection of Bar O1 and top diaphragm 

The bar O1 which connect to the top diaphragm are bolted together with a frontal plate which 

is welded on the end of O1. These plates are then bolted together to an identical plate, which 

is welded together with the top diaphragm, see figure 4-14 and 4-3. The connection are then 

bolted with a M45 10.9 bolts with a resistance from tension Ft,Rd=1006.6 kN for each bolt. 

Theses bolt have an area of 13.98 cm
2
, but if the area reduces with 78 % of the gross area, 

then resistance will then be Ft,Rd=895.75 kN. This means that 12 bolts are required to 

withstand the design load from O1 which is 10788 kN, see table X. The minimum thickness 

of the frontal plate is tmin42.3 mm and have a steel quality of S460. This is necessary to resist 

the collection of bolts which have a tensile strength of 12×1006.6 kN. Therefore is t=45 mm 

for the frontal plate reasonable. Four fin plates with material S355, see figure 4-3, which is 

backing the frontal plates, are stretching all the way to the near end of the top diaphragm. A 

control against compression is critical because its purpose is to transfer the loads from O1 to 

the diaphragm (Koltsakis, 2017).  
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4.3 Connection of Bar U1 and bottom diaphragm 

 

The bar U1 is connected to the bottom diaphragm. And underneath the bottom diaphragm, a 

welded end plate is located, and indirect way is U1 connected to that plate, see figure 4-6, and 

4-15. For keeping the connection firm, twenty bolts of type M45 10.3 are used. These bolt are 

have a shear plane resistance of Fv,Rd=635 kN each. This makes 20 bolt×635 kN= 12700 kN 

which surpass the design of U1 with 22 %. The end plate, which have a thickness of 40 mm 

and a steel quality of S355, has a bearing resistance of 1202.7 kN per bolt, this makes the total 

resistance 20 bolt×1202.7 kN= 24054 kN. For the lower diaphragm which has a thickness of 

t=50 mm and S355 have a bearing resistance of 1420 kN per bolt, however the resistance of 

the lower diaphragm are not governing, which leads to the resistance of bolt arrays will be 

governed by the bolts shear resistance. 

Concerning the block share failure the end plate becomes significant, with t=40 mm and S355 

the area resisting block tearing by shear and tension is 29480 mm
2
 and 14480 mm

2
 per bolt.  

This will result to a shear block resistance of 21798.2 and a tearing resistance of the lower 

diaphragm to 22490.3 kN, (Koltsakis, 2017) 

4.4 Connecting transition assembly and tubular part 

At the bottom of the tubular part a base moment of approximately 130000 kNm, this moment 

is expected to be taken by 90 bolts. See figure 4-10. A 23-bolt group expects to produce the 

forces of the moment resisting couple. The bolts M60 10.9 have a resistance of Ft,Rd=1699.2 

kN, this means that each 23 bolt group will generate a tension resistance of Ft,Rd=39081 kN.  

The precise performance of the bridging ring in yellow, see figure 4-3, is not completely 

clear, however due to its five plates with thickness 50 mm each will give a relative low stress, 

(Koltsakis, 2017).   

5 Modelling – Abaqus 
The modeling of the structure will take those components, which will be a necessary for 

investigating the stiffness of the bridging ring. To make this analysis the following parts are 

taken into account and assembled in Abaqus: 

 Tubular part 

 Drum (Main cylinder, top and bottom ring) 

 Top and bottom diaphragm 

 Bridging ring 

 Connecting truss (O1, D1 and U1) 

 End plate 

These members listed above would need a way to be connected to each other. In the Abaqus 

model there will not be any frontal plates or fin plates that will make these connection, instead 

some coupling alternatives will be presented which will correspond to the type of coupling 

which is made described in the technical description. These will save time for the 

investigation. 
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Figure 5-1 shows the assembled structure in Abaqus. 

 

Figure 5-1: The entire geometry of the structure, which will be analyzed 

  

 

5.1  Material properties  

All of the members don’t have the same steel grade, therefore a list of steel grades are 

presented in the table 5-1. An elastic analysis will be done with this model, and this means 

that Young modulus (Elastic modulus) and the poison ratio are same for all members, 210000 

mPa respectively 0.3. The density of steel are 7.85 × 10
-9

 tons/mm
2 

Table 5-1: Material properties for the parts 

Members Steel grade [MPa] Fyb [N/mm
2
] 

Tube S355 355 

Drum (Main cylinder, 

top and bottom ring) 

S355 355 

Top and bottom 

diaphragm 

S355 355 

Bridging ring S355 355 

Connecting truss (O1,D1 

and U1) 

S690 690 
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End plate S460 460 

 

5.2 Base features 

Three base features have been selected for the model. Shell element, solid element and wire 

element. 

5.2.1 Shell elements 

Four part of the structure has been modeled with shell features. These four parts are the 

tubular part, main cylinder and bottom/top diaphragm. The reason of doing it will not just 

making the mesh easier but also save time when running the analysis, due to less mesh 

elements required. The model takes a lot of memory space, which can be minimized by using 

shell elements.  

 

5.3 Parts 

The model is structures with thirteen parts, which is depended on each other in the assembly, 

that’s makes it necessary to mesh in “part” module. 

 

 

Figure 5-2: Tubular part (left) and the Tube flange (right). 

 

 

 

 

Figure 5-3: Bridging ring (left) and Top ring (right) which is located on the top the drum. 
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Figure 5-4: Main cylinder (left), which is a part of the drum, and the bottom ring (right). 

 

 

Figure 5-5: Top diaphragm (left) and bottom diaphragm (right). The only differens between these two elements are the 

diameter. 

 

 

 

Figure 5-6: Stiffening rings with thickness 50x3 (left), and the end plate with thickness 40 mm (right) 
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For the bars O1, D1, and U1 are designed as a wire where geometry properties are manually 

put in, however the profiles are CHS and have the following geometry  

 O1 - 323.9×45 

 D1 - 244.5×20 

 U1 - 355.6×40 

The truss can be seen in figure 5-1 

5.4 Constraints of parts 

By constraining parts means that the elimination of the degrees of freedom is being done for a 

set of nodes. The constraints make the master nodes coupled to the motion of the connected 

part. In this model three types of constrains has been used: 

 Shell-to-solid coupling. 

 Tie constraints. 

 Coupling 

When all parts are ready to be assembled, connecting these will be done differently due to 

obtain a realistic transmission off forces. The tubular part, which is modeled with shell 

elements, is connected to the tube flange. The connection is a shell to solid constrain which is 

highlighted in red in figure 5-7. A tie constraint on the upper and lower surface of the 

connection are applied on the Bridging ring, Tube flange and the Top. The master surface is 

the bridging ring and the slave surface are the connecting parts (Tube flange and Top ring), 

see figure 5-8. The main cylinder are connected to the top and bottom ring with a Shell-to-

solid coupling, see figure 5-9 and 5-10. Further the top and bottom diaphragm are connected 

by top and bottom ring, with a solid-to shell coupling, see figure 5-11. The stiffening and the 

bottom ring have a tie constrains with the surface on the bottom ring being the master surface, 

see figure 5-12.  

 

Figure 5-7: Shell-to-sold coupling between tubular part and the tube flange. 

  

Figure 5-8: Tie constraints for constraining the Tube flange and Top ring with the Bridging ring. 
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Figure 5-9: Shell-to-solid coupling between Top ring and Main cylinder. 

 

 

Figure 5-10: Shell-to-solid coupling between Bottom ring and Main cylinder. 

 

 

 

Figure 5-11: Shell-to-solid coupling between Top diaphragm and Top ring (left), and Bottom diaphragm and Bottom ring 

(right). 
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Figure 5-12: Tie constrain between bottom ring and the stiffening ring. 

 

 

5.5 Boundary condition 

For the four different models, there will be different boundary conditions applied 

5.5.1 Case A 

The boundary condition is restricted in all degrees of freedom (Dof). The BC is applied at the 

base of the tubular part. 

 

5.5.2 Case B  

The boundary condition is restricted in all degrees of freedom (Dof). The BC is applied at the 

top of the drum. 
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5.5.3 Case C 

In this case the TP are restrained from translation. This includes the diaphragms. To 

differentiate the impact of the truss on the stiffness. 

 

5.5.4 Case D 

Boundary conditions are applied on to the connecting truss where translations are restricted in 

all three directions.   
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5.6 Mass 

Normally a load should be applied in order to get a reasonable value. However this is not 

necessary for this model. The turbine, which is not designed in this model, will have an 

impact on the stiffness. And by applying the turbines total mass on the top the tubular part 

will be good interpretation of the reality. Applying nonstructural point mass of 350 tons does 

this. 

 

Figure 5-13: Isotropic mass of 350 tons, which correspond to the wind turbine 
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5.7 Mesh 

Mesh size: 50  

Number of elements along the thickness: 3 

Number of elements along the thickness (truss): 1



 

 
43 

6 Results 

6.1 Natural Frequencies  

Natural frequencies of the models are presented in the sub chapters. The values are also called 

eigenfrequencies. 

6.1.1 Case A 

In case A, the BC was applied at the base of the tubular part. This is representing a stiffness of 

a tubular tower, which is fixed at the ground. Which makes it obvious that case A will have 

the highest frequency. 

Frequency: 0,36765 Hz 

 

 

 

 

MAIN CYLINDER 

6.1.2 Case B 

The frequency obtained when BC is instead applied at the top of the drum, a lower frequency 

will be obtained, which means a lower stiffness. 

Frequency: 0,27802 Hz 
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6.1.3 Case C 

BC applied at the connection between the truss and the top/bottom diaphragm.  

Frequency: 0,23772 Hz 
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6.1.4 Case D 

When BC is applied at the truss, which means a desired BC that described the reality of this 

model.   

Frequency: 0,21964 Hz 
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A summary of the obtained frequency values from different boundary conditions are 

presented on the diagram below: 

 

Figure 6-1: The obtained eigenfrequencies from FEA 
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The obtained values are decreasing compared to the when the boundary conditions are applied 

at the base of the tubular part. The table below shows the result when comparing the reduction 

of stiffness with Case A. 

Table 6-1: reduction of eigenfrequencies 

Case A A-B A-C A-D Units 

ΔEigenfrequency  0 0,08963 0,12993 0,14801 [Hz] 

Stiffness reduction 0 24,4 35,3 40,3 [%] 

 

 

6.2 Significance of members 

The top ring, bridging ring and tube flange are those three parts, which are significant for the 

stiffness. Increasing the module of elasticity with five times 210000 MPa, which will be 

1050000 MPa, can tell how respectively part influence the stiffness. See figure 6-2 

 

 

Figure 6-2: Increase of the total structural stiffness when studying Top ring, bridging ring, and tube flange 

The bridging ring has the biggest influence of the stiffness with 11.2 % increase of stiffness In 

table 6-2 it present obtained values of the increase of stiffness due to change in E-module  
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Table 6-2: Increase of E-module and changes in stiffness 

Increase of E-module       Units 

 
Top ring 

Bridging 
ring 

Tube 
flange   

E-module 1050000 210000 210000 MPa 

Eigengfrequency 0,22694 Hz 

Increase of stiffness 3,3 % 

Increase of E-module       Units 

 
Top ring 

Bridging 
ring 

Tube 
flange   

E-module 210000 1050000 210000 MPa 

Eigengfrequency 0,24418 Hz 

Increase of stiffness 11,2 % 

Increase of E-module       Units 

 
Top ring 

Bridging 
ring 

Tube 
flange   

E-module 210000 210000 1050000 MPa 

Eigengfrequency 0,23952 Hz 

Increase of stiffness 9,1 % 

 

The focus is being on the bridging ring, because it has the highest contribution to the stiffness. 

Therefore a change in number of layers of plates will present an increase on the stiffness. The 

eigenfrequency on case D is the model that will have these changes, because it takes the entire 

structure into account. On case D the bridging ring have five layers of plates with thickness 50 

mm, and that results on an eigenfrequency of 0,21964 for the whole structure. 

The eigenfrequencies obtained by increasment of outer plates for the bridging ring in Case D 

and B is parented in table 6-3. And note that five plates is the reference, and the outer-plates is 

increased by one on both sides. 

Table 6-3: Eigenfrequencies, when increasing number of outer plates 

 

Case D Case B 
 Number of outer-plates 

[50mm] Eigenfrequency [Hz] Eigenfrequency [Hz] Stiffness [%]  

5 0,21964 0,27802 0 

7 0,23527 0,30593 7,1 

9 0,2447 0,32479 11,4 

11 0,25015 0,33657 13,9 

13 0,25348 0,34401 15,4 

15 0,25556 0,34882 16,4 

17 0,25693 0,35205 17,0 

 

The obtained values from table 6-3, can be seen as a diagram below. 
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Figure 6-3: Relations between eigenfrequency and numbers of outer plates (bridging ring). 

 

Returning the numbers of plates again to five, and instead change the thickness of the 

midplates, will give the following effect on the stiffness. 

 

Table 6-4: Eigenfrequencies, when increasing number of mid-plates 

 

Case D Case B 
 Number of mid-plates [50mm] Eigenfrequency [Hz] Eigenfrequency [Hz] Stiffness [%] 

1 0,21964 0,27802 0 

2 0,2459 0,32385 12,0 

3 0,27811 0,34687 26,6 

4 0,29145 0,35434 32,7 

5 0,30106 0,35838 37,1 

6 0,30872 0,35986 40,6 

 

The obtained values from table 6-5, can be seen as a diagram below. 
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Figure 6-4: Relation between eigenfrequency and numbers of mid-plates (bridging ring) 

The read lines from figure 6-3 and 6-4 indicate were the most sufficient change in stiffness is 

obtained, and a combination of these, which means mid-plates of three and outer-plates of 

nine will give an overall reduction of the of stiffness, see table 6-5. 

 

Table 6-5: Three mid-plates and nine outer-plates, gives a stiffness reduction compared to Case A 

Case A A-B A-C A-D Units 

ΔEigenfrequency  0 0,03244 0,054 0,117 [Hz] 

Stiffness reduction 0 9,7 14,8 31,9 [%] 
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Figure 6-5: The original drop in stiffness compared to the optimized model
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7 Analysis and Discussion 
When introducing the transition piece into the model, a small decrease in stiffness is desired, 

compared to a fully fixed tubular tower (Case A). However the reduction of stiffness when 

introducing the TP is 40, 3 %, which quite large. 60.6 % of the reduction is due to the 

bridging ring, Top ring and the tube flange. This can be solved in numerous of ways. The 

reduction of stiffness is due to the bridging rings rotational behavior, see Appendix A1. 

The image in Appendix A1 shows that the bridging ring is rotating, due to its low rotational 

stiffness. This rotation is induced by a force going up from the main cylinder to the top ring. 

On the other side where the tubular flange is located a downward force from the tubular part 

is pushing the tubular flange down. These two forces are making the bridging ring rotate. This 

results to a significant reduction of the stiffness. Focusing on the bridging rings which have 

70,2 % more significance than the top ring and, 18,9 % more than the tube flange, will lead to 

higher stiffness after all.  

The extraction of eigenfrequency from the four models explains the parts contribution to 

stiffness. In Case C and D the eigenfrequency has a slight difference. This means that the 

truss decrease the structural stiffness with 4.9 %. 

The frequency in case B is 0,27802 Hz and C is 0,23772 Hz. This means a 14,5 % reduction 

on stiffness. This reduction can be based on main cylinder, An increase of the thickness could 

be a significannt, because there is not a major change in geometry between those two cases 

more than the main cylinder. However for case C there is BC condition applied at the 

connecting parts between the truss and top/lower diaphragms and in case B, the BC is applied 

at the top of the main cylinder. A change in stiffness is can be due to its thickness or length. 

There are several ways to increase the stiffness of the transition piece, but more importantly 

the bridging ring. The top ring have a fillet radius of 35 mm, by making the radius smaller 

will probably increase the stiffness, but this change will not give a major effect on the 

eigenfrequency because when the E-module changed to five times greater than 210000 MPa 

just gave an increase of 3.3 %. 

Another thing, which will contribute to the stiffness, is the thickness of the plates. A sandwich 

plate with thickness 50 mm, don’t necessary need to increase in thickness, however instead of 

having five plates, an increase of plate layers to seven, will give a higher eigenfrequency of 

the structure as a whole for case D from 0,21964 to 0,23527. That’s an increase of 7.1%. 

However from the results we could see that change in mid-plate will have the best 

contribution to a higher stiffness when introducing the TP. By just put one extra lager in the 

middle of the bridging ring, an increase of 10.7 % will be achieved, which is the most 

important parameters to change to obtain a higher stiffness of the entire structure. This major 

increase is due to its geometry, because when gradually increasing the numbers of mid-plates 

will give the bridging ring more like a behavior of a I-beam cross section. This will decrease 

the rotational behavior significant. An increase of the mid-plates compared to the outer plates 

(bigger geometry), will save money, and due to fewer plates is required to increase the 

stiffness.  

The analysis has not included the torsional truss. However in Abaqus this is taken into 

account by restricting the rotation in Y-axis (UR2), If this wasn’t done, the eigenfrequency of 

the entire structure will drop to 0,1257 Hz. That’s a reduction of 65,8 %. This indicated the 

importance of the torsional truss for the structures stiffness. 
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When optimizing the bridging ring by giving the mid-section three plates of 50 mm, and the 

outer-plates increases with two plates on both sides. This gives an increasing value of stiffness 

for the bridging ring with 60,3 %, the transition piece 58,1 % and the entire structure will be 

20 % stiffer. 

8 Conclusion 
 

 The eigenfrequency of the structure is 0,21964 Hz. 

 The eigenfrequency of the tubular tower is 0,36765 Hz. 

 A stiffness reduction 40,3 % when introducing the transition piece. 

 The bridging ring gives a 24,4 % reduction of stiffness.   

 60,6 % of the total reduction is due to the bridging ring. 

 The most efficient change on the bridging ring that will obtain a higher stiffness on the 

entire structure is to increase mid-plates layers. 

 Three mid-plates and four outer-plates is most sufficient. 

 Increase of stiffness: 

 - Bridging ring: 60,3 % 

 - Transition piece: 58.1 % 

 - Entire structure: 20,8 % 
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9 Future work 
 

The bridging ring is designed as an entire body and the stiffness on the body have been 

analyzed. The next procedure suggested is: 

1. Setting a limit on the reduction of allowed stiffness and derivation of a linearized 

relationship between decisive parameters (Numerical analysis). 

 

2. Model the bridging ring with bolt holes, which can optimize the number of bolts 

required. Instead of only take the bridging ring as an entire body with tie constrains 

which hold the plates together. 

 

3. Do a parametric study with integrating Python script into Abaqus to obtain decisive 

parameters. 

 

4. Study the effect of the friction connection to the stiffness of the bridging ring. 

 

5. Analyze the bridging ring’s response to torsion. 

 

6. Study sufficient layers of plates required for the bridging ring. 
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11 Appendices 
 

A1 

 

Figure 11-1: Rotational behavior of the bridging ring 

A2 

 

Figur 11-2: Stress distribution of the bridging ring 
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A3 

 

Figure 11-3: Scaled deformation of TP 

A4 

 

Figure 11-4: Deformation of bridging ring 
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