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Abstract. In the last decades the demand for renewable energies, including wind energy, is increasing. With this 

increase more powerful wind energy converters that require higher supporting structures are needed. One of the 

solutions to reach higher heights is the construction of lattice towers. The major disadvantage of lattice towers is 

large number of the installed bolts. Therefore, the steel hybrid tower that combines the advantages of steel lattice 

(lower part) and tubular tower (upper part) was proposed in SHOWTIME project. The sections used in lattice portion 

of the tower are built-up polygonal sections composed of cold-formed pieces connected together with preloaded bolts. 

The goal with using built-up polygonal cross-section is to improve fatigue life of the connections and members. The 

focus in this paper is numerical investigation of preloaded gusset plate connections between these types of members. 

The highly detailed three-dimensional (3-D) finite element model has been created using ABAQUS software. The 

connection model has been analyzed through the elastic and plastic ranges up to failure. It was observed that with 

increase of brace and gusset plate thickness the connection resistance is improved, as it was expected. 

 

 

1 INTRODUCTION 

The high demand for wind energy, due to European Union target to until 2030 at least 27% of total energy 

consumption is covered from renewable sources [1], is leading to construction of more powerful wind energy 

converters. Therefore, higher towers are required. However, with the increase of the tower height, transportation, 
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assembly, erection and maintenance of the tower becomes more difficult and more costly [2,3]. At the moment, the 

most commonly used type of the tower for WEC is steel tubular tower with the height up to 100m. Proposed solution 

for higher tower is steel hybrid tower that uses lattice structure for lower and a tubular structure for upper portion of 

the tower. The use of tubular tower for upper portion takes all the advantages of optimized technology for tubular steel 

towers with the diameters within public road transportation limitations, while the lattice portion enables the extension 

of the height [4]. Another advantage is that the lattice portion can be used to facilitate installation of the upper tubular 

portion and the turbine, therefore avoiding the need for very high cranes.  

For the lattice portion new types of bolted cross-sections are proposed (Figure 1). This types of cross-section are 

composed of cold formed pieces connected together with preloaded bolts creating polygonal (hexagonal and 

nonagonal) cross-section. The goal with using bolted polygonal built-up cross-section instead of CHS is to use 

advantage of polygonal over circular sections [5], and to improve fatigue life of the connections and members. The 

fatigue behavior of pretension high strength bolted joints under shear or friction loads can bear higher fatigue loads 

then welded joints [6].    
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Figure 1. Proposed cross-sections and joint details 

Since the behavior of the joints is an important parameter in the structural global behavior, and the current design 

codes lack information on this type of joints, an intensive study is carried out. This paper focuses on development of 

FE model and the evaluation of the resistance of joints between this types of members under bending moment. The 

considered joint has the geometry depicted in Figure 2. The secondary member of the connection (horizontal in Figure 

2) is called brace, and the main member (vertical in Figure 2) is the pylon. Connection with gusset plates and preloaded 

bolts is used in order to maintain simplicity of the connection bolted in-situ. 

 



 

 

 

Figure 2. Joint between pylon and brace members 

 

Different thicknesses for brace and gusset plate were considered (Table 1). The dimensions were determined using 

analytical design procedure of the bolted gusset plate connection according to EN1993:1-8 [7]. The design and /or 

checks of the joint components were performed for 40% of brace axial resistance (0.4Nbrace,Rd). This reduction was 

done due to buckling reduction factor in the diagonals of the lattice tower. 

  

Pylon Brace Bolts 
Gusset 

Plate 

D 

[mm] 

t 

[mm] 

D 

[mm] 

t 

[mm] 
 

t 

[mm] 

325 20 220 

5 M27 10 

6 M30 12 

8 M36 14 

10 M36 14 

Table 1: Numerical study parameters 

2 THE FINITE ELEMENT MODEL DESCRIPTION 

The numerical model considered for this study was developed using ABAQUS [8] software. The finite element 

type C3D8I (an 8-node linear brick, incompatible mode) is adopted for steel pylons, braces, gusset plates and high 

strength bolts. This element was selected because it can effectively avoid shear locking phenomenon (comparing with 

element C3D8R), which could significantly affect the initial stiffness of connection [8, 9]. To capture accurately the 

stress behavior in the region around the bolt holes, where the higher stresses are more likely to occur, an intensive 

mapped mesh was made within the vicinity of the bolt holes (Figure 3). The bolt holes are modelled as 3mm larger 

than the bolt shank diameter, and the hexagon bolt heads were modelled as cylinders.  



 

 

 

 

Figure 3. Numerical model global view and joint detail 

 

Two types of interaction were accounted as follows: (i) rigid-body constraint that allows simulating the planar 

behavior of a cross section and integrating the global mechanic response of the whole section, (ii) contact that allows 

accounting for the interaction between surfaces which cannot penetrate and are characterized by friction sliding. In 

particular, “Coulomb friction” is used in order to describe the tangential behavior with a friction coefficient equal to 

0.4, while “Hard contact” is selected to characterize the normal behavior (Figure 4). 

 

Figure 4. Detail of contact interaction 

S355 steel grade with an elastic modulus of 210GPa and 355MPa yield stress with strain hardening was adopted 

for pylon, brace and gusset plates. All bolts are high strength steel of grade 10.9 with Poisson’s ratio of 0.3 and proof 

Young’s modulus 210GP. The bolt shank is modelled by meshing a solid cylinder (Figure 5) having a nominal circular 

gross area of the bolt. However, the bolt is characterized by the threaded part of the shank, resulting in an effective 

bolt area that is noticeably smaller than the nominal gross area. Since the shank of the bolt is created using nominal 

diameter instead of the diameter of the threaded part, the equivalent elastic modulus has to be implemented in the 



 

 

ABAQUS model. This way the modelled bolts have the same stiffness as the real ones [10]. The final value of Young’s 

modulus used in the modelling of the material characteristic assigned to the bolts is 130GPa.  

 

Figure 5. Meshed bolt 

With the respect to the boundary conditions, the external restraints are simulated by introducing special nodes 

which are identified as “reference points” (RP). The restraining conditions are considers as follows: (i) both pylon 

ends have all the translational degrees of freedom and the rotational around the axis of the column fixed, (ii) at the 

end of the brace, perpendicular to the beam axis, the load is applied by imposing a displacement history. 

The analysis type is Dynamic Implicit, realized in two steps: clamping and monotonic load with the final 

displacement equal to 200mm. The load application method is “Quasi-Static” and the nonlinear effects of large 

displacements are included.  

The tightening force of the bolts was modelled by means of the predefined ABAQUS option “Bolt force”. The 

clamping load was calculated according to the EN1993:1-8 and it was applied in the middle section of the bolt shank. 

Figure 6 shows the applied load on the bolt middle section and the effect of the pretension on the gusset plate.  

 

 

 

Figure 6. Bolt load definition and the effect of clamping on the gusset plate 



 

 

3 RESULTS 

3.1 Stresses 

The von Mises stresses for the second load step (monotonic load – bending) corresponding to 

P320/20_B220/5_GP10 are presented in Figure 7.  

 
Figure 7. von Mises stress (P320/20_B220/5_GP10) 

3.2 Deformed shape 

The deformed geometry under the loading considered in 3.1 is presented in Figure 8. 

 

 
 

Figure 7. Deformed shape: joint (left), gusset plate (right) 

Gusset Plate 



 

 

3.3 Moment-rotation curves 

Joint behavior may be represented by the moment-rotation curve (Mj-θj) presented in Figure 8. This curve 

describes the relationship between the bending moment Mj applied to a joint and the corresponding rotation θj between 

connected members.  

 

 

 
Figure 8. Moment-rotation curves 

According to Figure 8 it is possible to observe, as expected, that the connection resistance increases for the 

increasing thickness of the brace and gusset plate.  

4 CONCLUSIONS 

The moment-rotation curves obtained are consistent with expected behavior of the connection. It was observed 

that the connection resistance is improved with the increase of brace and gusset plate thickness. 

In reality, this research program is going further than the development of the FE model. Experimental testing and 

FE model validation are in progress. In addition, a new hand-calculation method taking into account the influence of 

the joint tolerances for assembly is to be developed.  
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