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ABSTRACT 

The most common solutions for in-situ connections of steel tubular tower 
segments of onshore wind turbines are ring flange connections. These have 
certain drawbacks, such as e.g. costly production, long delivery time and rather 
low fatigue endurance. Friction connections with long open slotted holes have 
previously been proven to be a competitive alternative. In this work, the new 
type of connection is investigated in various scales: segment tests, down-scaled 
experiments and full-scale models. The influence of tower cross-section shape, 
execution tolerance (horizontal gap between the tower segments) and length of 
the connection on the bending resistance is thoroughly studied. In addition, 
buckling behaviour of the shell in the vicinity of the friction connection in 
towers with circular and polygonal cross-sections is analysed in order to check 
possible advantages of either cross-section. The influence of two types of the 
execution tolerances on the connection strength is investigated: inwards bent 
“fingers”, leading to inclined gaps, and a parallel gap created by different 
diameters of the tower segments. Based on validated finite element analyses 
recommendations for execution tolerances are proposed. 

A closer look is taken at the level of bolt forces under load application for the 
new friction connections as well as for the ring flange connection. For the 
former case, the influence of slotted holes on the joint resistance is checked. 
For both types of connections, comparison is drawn to hand calculation models 
used in engineering practice. Additionally, the distribution of meridional 
stresses in the shell in the vicinity of the connection is studied. 

Based on the findings from the above described investigations, 
recommendations for the design of friction connections with open slotted holes 
in steel tubular towers for onshore wind turbines are given. 
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SAMMANFATTNING 

Den vanligaste lösningen för platsmontage av cylindriska tornsegment i stål för 
landbaserade vindkraftverk är flänsförband. Dessa förband har en del 
nackdelar, såsom exempelvis höga tillverkningskostnader, långa leveranstider 
och förhållandevis låg utmattningshållfasthet. Friktionsförband med avlånga 
öppna hål har tidigare visat sig vara ett konkurrenskraftigt alternativ. I detta 
arbete undersöks denna nya typ av förband i varierande storleksskala; 
provningar på segment såväl som nedskalade provningar och fullskalemodeller 
är utförda. Inverkan av tvärsnittets utformning, utförandetoleranser (gap mellan 
mantelsegmenter) och förbandslängd på bärförmågan i böjning studeras. 
Därutöver undersöks buckling intill friktionsförband för cylindriska och 
polygonala tvärsnitt i syfte att utreda möjliga fördelar hos respektive tvärsnitt. 
Inverkan av två typer av toleranser på förbandets styrka är undersökt: inåtböjda 
”fingrar” vilket leder till lutande gap, samt ett parallellt gap orsakat av olika 
diametrar på tornsegmenten. Rekommendationer för utförandetoleranser 
baserade på validerade FE-beräkningar föreslås.  

Storleken på skruvkrafter under belastning studeras ingående för både det nya 
friktionsförbandet och det konventionella flänsförbandet. För det förra studeras 
effekten av avlånga hål på förbandets bärförmåga. För båda förbanden görs 
jämförelser med ingenjörsmässiga handberäkningsmetoder. Därutöver studeras 
fördelningen av längsspänningar i manteln i närheten av förbandet. 

Baserat på det som framkommit vid ovanstående utredningar ges 
rekommendationer för konstruktion och beräkning av friktionsförband med 
avlånga öppna hål i landbaserade vindkraftstorn. 
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Latin letters 
AD Cross-section area of clamping package cone [mm2] 

AF Cross-section area of one finger [mm2] 

As Tensile stress area of the bolt [mm2] 

As,seg Cross-section area of one segment [mm2] 

CS Stiffness of bolt shaft [N/mm]

CD Stiffness of clamping package [N/mm]

DA Minimum distance between bolts in clamping 
package so that pressure cones do not overlap 

[mm] 

DD Damage [-] 

DK Width of pressure cone [mm] 

E  Young’s modulus [MPa] 

Ecp Young’s modulus of clamping package [MPa] 

FA Axial load (VDI 2230) [kN] 

FM Assembly preload (VDI 2230) [kN] 

FKR Residual clamp load at interface (VDI 2230) [kN] 

FPA Part of axial load, which is taken up by clamping 
package (VDI 2230) 

[kN] 

Fp,C Preloading force [kN] 
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Fs Slip resistance [kN] 

Fs,Rd Design slip resistance [kN] 

Ft,I, Bolt force in region 1 (Petersen’s bilinear model) [kN] 

Ft,II Bolt force in region 2 (Petersen’s bilinear model) [kN] 
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Lfree Free finger length [mm] 

Ishell Moment of inertia of the shell [mm4] 

M Bending moment [kNm] 

M1, M2 Second order bending moments [kNm] 

Mb,Ru Ultimate buckling bending moment resistance [kNm] 

MEd Design value of bending moment [kNm] 

MFEA Moment acc. to finite element analysis [kNm] 

MN,Rd Design plastic moment resistance  [kNm] 

Mpl,2 Plastic moment resistance of the flange with 
consideration of reduction due to bolt hole 

[kNm] 

Mpl,3 Plastic moment resistance of the shell with 
consideration of M/N-interaction or plastic moment 
resistance of the flange with consideration of M/V-
interaction, respectively 

[kNm] 

pl,RdM  Design plastic moment resistance of a member [kNm] 

Mref Bending moment achieved in reference case (perfect) [kNm] 

MRu Ultimate bending moment resistance [kNm] 

Mult Ultimate bending moment achieved in FEA [kNm] 

EdN  Design value of axial force [kN] 

NFEA Axial resistance acc. to finite element analysis [kN] 

pl,RdN  Design plastic resistance to normal forces [kN] 

NR,i Endurance for stress range i [-] 
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Pu Ultimate applied load [kN] 

Ps,ult Applied load corresponding to slip failure [kN] 

Wel,shell Elastic section modulus of the tower shell [mm3] 

Wpl,F Plastic section modulus of the finger [mm3] 

Wpl,shell Plastic section modulus of the tower shell [mm3] 

Z Concentrated load (Petersen’s bilinear model) [kN] 

Zb,Ru Ultimate buckling resistance [kN] 

Zcrit Critical concentrated load; flange opening starts 
(Petersen’s bilinear model) 

[kN] 

   

a Length from inner end of the flange until centre of 
bolt 

[mm] 

b Length from centre of bolt to centre of shell in 
approach for flange design 

[mm] 

b’ Distance between plastic hinges [mm] 

c Segment width in one-bolt approach for flange 
connection 

[mm] 

d0 Hole diameter [mm] 

dW Outer diameter of washer [mm] 

fy Yield strength [MPa] 

fu Ultimate strength [MPa] 

fub Ultimate tensile strength of the bolt depending on 
bolt class 

[MPa] 

ks Factor considering shape and size of hole [-] 
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 Correction factor [-] 

M3 Partial safety factor at ultimate limit state (Category 
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s Elastic resilience of the bolt [mm/N] 

p Elastic resilience of the clamping package [mm/N] 

 Lever arm factor (Petersen’s bilinear model) [-] 
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1 INTRODUCTION 

The market share of energy produced from renewable resources grows 
continuously. To “make onshore wind the most competitive energy source by 
2020” is one of the main objectives of the European Wind Initiative (EWI) [1]. 
One of the means to reach this target is the improvement of the supporting 
structures of wind turbines, i.e. the steel tubular towers, which are the most 
common constructions. Their main drawbacks, as relatively low fatigue 
resistance, high production costs and time consuming assembly can be revised 
by substituting the ring flange connections in the towers by friction connections 
with long open slotted holes [2]. Their use is estimated to reduce the total 
tower costs by 10 – 15 % [3]. 

1.1 Background 

The use of friction connections with long open slotted holes (hereinafter 
referred to as friction connection) is a relatively new idea to join two segments 
of a steel tubular tower. Especially in the field of wind energy, where steel 
tubular towers are the most common support for wind turbines [4], the friction 
connection is a competitive alternative to the conventional flange connection. 

A friction connection with long open slotted holes, as depicted in Figure 1.1, 
consists of an outer upper segment with normal clearance holes in which high 
strength bolts are pre-installed. During assembly this upper segment slides over 
long open slotted holes of the lower segment. Additional cover plates are 
attached on the inner side of the connection below the nuts. They help to keep 
the bolts in place on the one hand and on the other hand support a more 
homogeneous pressure distribution. 
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Figure 1.1: Steel tubular tower – segment joining with friction connection [5] 

Feasibility of this procedure has been experimentally proven [2] and will 
accelerate the assembly process on site. According to Veljkovic et al., the 
actual tower costs can be reduced up to 15 % due to the replacement of flange 
connections, which connect the 20 – 30 m high segments of a steel tubular 
tower. This mainly depends on the omission of complicated and time 
consuming flange production and welding efforts but also on material savings. 
A less complex design approach applies for fatigue design, as in case of the 
friction connection a linear behaviour of the connection can be considered. As 
conservative recommendation, fatigue detail class 100 is suggested [6] – in 
contrast to a fatigue detail class of 71-36* for the common flange connection 
[7]. This fact shifts the design limit from resistance of the connection (fatigue) 
to resistance of the tower shell (stability), which vindicates the use of thinner 
plates and offers the opportunity to use higher strength steels. 

The replacement of ring flange connections enables a more flexible choice of 
the cross-section shape. Besides circular also polygonal cross-sections may be 
realized. This also provides the opportunity to construct the tower segments in 
a modularized way, i.e. to vertically combine pieces of one segment, as shown 
in Figure 1.2. Thus, the transportation limit resolved, as the segment-pieces can 
be assembled in-situ and greater diameters are possible to construct. Allowance 
for greater hub-heights is thereby achieved [6]. 

In this thesis, transversal friction connections with open slotted holes are 
focused on. Both, circular and polygonal cross-sections are considered. 
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Figure 1.2: Modularized steel tubular towers as proposed in HISTWIN2 [6] 

1.2 Objectives and expected research achievements 

The main objective of this thesis is to gain knowledge on the resistance of 
friction connections with open slotted holes as an alternative connection 
between the segments. The overall aim is to understand its behaviour and to 
judge the accuracy of hand-calculations of common practice. The main 
contribution of the author was to identify problems for reinvestigation of 
down-scaled tests. Thereafter, objectives for an advanced modelling of these 
down-scaled tests as well as for a full scale analysis had to be defined and 
conclusions were drawn from finite element analyses. 

The following key research questions are addressed: 

1. Which benefits and drawbacks can be named comparing ring flange 
connection and new friction connection with open slotted holes? How 
does the respective connection type influence the resistance of the 
tower connection? 

2. Can a realistic reproduction of the behaviour of a friction connection 
with open slotted holes in tubular towers be achieved with finite 
element modelling technique? Are results obtained by FEA of segment 
tests applicable to real-scale connections? 
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3. Execution tolerances (difference in diameter of upper and lower tower 
segment) are necessary for the assembly of a wind turbine tower. How 
do they influence the resistance of the connection/tower? Which size 
may be allowable? 

4. Is a circular cross-section shape the most optimal choice for tubular 
steel towers? 

5. Is it possible to derive a simple hand calculation model, which 
realistically describes the behaviour of friction connections with open 
slotted holes in steel tubular towers? 

1.3 Limitations 

In this thesis, the main focus is on the resistance of friction connections with 
open slotted holes for use in onshore towers with hub heights up to 100 m. 
Thus, no efforts have been made to analyse the behaviour of the complete 
tower. The resistance of the connection is investigated for quasi-static loading. 
Neither dynamic nor cyclic loading situations are considered; nonetheless the 
fatigue resistance of the connection is briefly described. 

Feasibility tests of the friction connections have proven the necessity of 
assembly tolerances [2,6]. In this thesis two different options to provide such 
assembly tolerances are numerically investigated with regard to the resistance 
of the friction connection. Feasibility of fabrication methods for these options 
is however not considered. 

1.4 Method 

The reason for the research presented in this thesis is to further the knowledge 
on the behaviour of friction connections with open slotted holes as a 
competitive alternative to ring flange connections in steel tubular towers. In 
order to achieve this and find answers on the above stated research questions, 
the following approach has been followed: First, a literature study is conducted 
to obtain an overview on existing research findings, which deal with the actual 
status of application and design of both flange and friction connections. 
According hand calculation models are briefly presented. The development of 
bolt forces in the connections is focused on. This is followed by a description 
of experimental tests on the two types of connections carried out within the 
project HISTWIN [2]. Based on these tests, a finite element modelling 
technique is validated for more detailed investigation of friction connections. 
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As real scale experiments on tubular towers would be extremely expensive, 
finite element analyses offer great possibilities to take a closer look on the 
response of the connection under the influence of various parameters. The 
friction connection is studied in different scales. Its behaviour is compared to 
the one of the flange connection and analogy to existing hand calculation 
models is checked. Finally, design recommendations for detailing of friction 
connections with open slotted holes are given. 

1.5 Structure of the thesis 

In Chapter 1 the background for the use of friction connections with long open 
slotted holes is briefly explained. It is shortly stated why research on the topic 
is necessary and were limitations are faced. The research method is described 
and information on the structure of the thesis is given. Finally, publications by 
the author related to the topic are listed. 

Chapter 2 contains the state of the art on connections in tubular steel wind 
towers, which are constructed onshore. Basic theory for flange connection 
design is described and necessary background information for the use of 
friction connections with long open slotted holes is given. 

Results of experimental work on ring flange- and friction connections with 
open slotted holes are outlined in Chapter 3. They are later on used to validate 
finite element models. 

Chapter 4 gives an overview of the finite element models, which are used for 
analyses. 

In Chapter 5 the behaviour of the common ring flange connection is analysed. 
The connection is analysed on various scales. 

In Chapter 6 the resistance of the new friction connection with open slotted 
holes is investigated. Different sizes and geometries are considered. 

Chapter 7 compares the behaviour of the ring flange connection to the 
behaviour of the new friction connection with long open slotted holes. 

The discussion of results and the main conclusions of the research work 
described in the previous chapters are presented in Chapter 8. Research 
questions are discussed and answered. 
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As last chapter Chapter 9 provides an outlook for possible future work. 
Suggestions for further research on the use of friction connections with open 
slotted holes are given. 

Annex A to C show background information to the derivation of the damage 
plasticity material model used for the bolts in finite element analyses. 

In Annex D the bilinear approach acc. to Petersen is applied on a down-scaled 
ring flange connection. 

Annex E provides the calculation of ultimate slip resistance of a down-scaled 
friction connection with open slotted holes. 

A calculation of the loss of preload in a real-scale friction connection is shown 
in Annex F. 

In Annex G a design example of a friction connection with long open slotted 
holes in a real scale tower is calculated for two different connection (finger) 
lengths. 

1.6 Requirements to receive a doctoral degree 

As fulfilment of requirements to receive a doctoral degree in the field of Steel 
Structures at Luleå University of Technology, Sweden, the student has to 
attend courses on third cycle level, publish manuscripts about the performed 
research work and finally write and defend the concluding thesis. 

During the course of her studies, the author was responsible for the execution 
of project work [2,6] at LTU. She carried out small-scaled tests and 
corresponding FEA studies, defined the loss of preload in bolts of friction 
connections and provided an analytical formula for the prediction of loss of 
preload. Results of these findings are described in the licentiate thesis [8]. She 
then reinvestigated previously published results of down-scaled tests, defined 
objectives for their modelling with advanced finite element methods and 
presented new ideas for the analysis of gaps between two components of a 
friction connection. These findings are presented in this thesis.  

Additionally, the author was member of the international HISTWIN and 
HISTWIN2 consortiums as well as active in the Centre for High performance 
Steel (CHS) at Luleå University of Technology. 
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1.6.1 List of publications 

During the time of Ph.D. studies the following publications have been 
prepared: 

Conference papers 

Heistermann C, Pavlovi  M, Andrade P, Veljkovic M, Rebelo C, Simões da 
Silva L. Finite element analysis of lap joints in steel tubular towers. 
Proceedings of the 7th European Conference on Steel and Composite 
Structures: Eurosteel 2014, Naples, Italy, September 10 – 12 2014, p. 291 et 
seqq. 

Heistermann C, Tran A T, Veljkovic M, Rebelo C. Flangeless connections in 
steel tubular towers. Proceedings of the METNET Seminar 2013 in Luleå: 
Metnet Annual Seminar in Luleå, Sweden, October 22 – 23 2013, p. 157 – 168 

Heistermann C, Heistermann T, Limam M, Veljkovic M. Finite element 
analysis of a single lap joint. Proceedings of Nordic Steel Construction 
Conference 2012, Oslo, Norway, 5 – 7 September 2012; p. 673 – 682 

Limam M, Heistermann C, Veljkovic M. Finite element analysis of a single 
shear lap joint connection. Proceedings of Nordic Steel Construction 
Conference 2012, Oslo, Norway, 5 – 7 September 2012; p. 655 – 662 

Heistermann C, Veljkovic M. Bolts for slip resistant joints in towers for wind 
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2 STATE OF THE ART 

Steel tubular towers are the most common supports for nacelle and rotor of 
wind turbines [9]. They are built of 20 – 30 m high segments, which are 
conventionally connected by flange connections. Newly finished research 
projects have proven that friction connections with long open slotted holes are 
a competitive alternative [2,6]. They are advantageous concerning costs for 
design, material, fabrication, assembly and maintenance of the tower. As main 
argument for their use the much higher fatigue resistance is stated. This 
chapter describes the most important background for the design of ring flange 
and friction connections. 

2.1 Tower design 

General design requirements for wind turbines are regulated in IEC 61400-1 
[10]. They have to be applied in combination with other appropriate 
regulations, which standardize the design of the according sub-structure, e.g. 
EN 1990 (Eurocode – Basis of structural design), EN 1991-1-4 (Eurocode 1: 
Actions on structures – Wind actions) and EN 1993. (Eurocode 3: Design of 
steel structures). A list of design load cases taking into account different design 
situations can be found in the Guideline by DNV [9].  

Main focus of this work is the friction connection with long open slotted holes. 
Therefore, the above mentioned load cases are only named for the sake of 
completeness and will not be regarded in the following.  

Common assumption for the tower design is a static system simplifying the 
tower as a lever arm with concentrated loads at tower top and a distributed load 
along the height [11]. Due to the height of the towers, bending moments in 
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direction of wind application are design driving. They lead to tensile and 
compressive stresses in the tower shell.  

For structural design, the following limit states have to be considered according 
to GL Wind [7]:  

1. Ultimate Limit State (ULS), taking into account rupture of critical 
parts due to fracture/exceedance of ultimate strength, loss of stability 
and fatigue, loss of static equilibrium. 

2. Serviceability Limit State (SLS), taking into account deformations, 
vibration amplitudes and accelerations, crack widths, stresses and 
strains. 

Authoritative for the design of the connection between two tubular segments in 
a tower for wind turbines are bending moments. In the following sub-chapters 
the design for both types of connections is exemplified. 

2.2 Flange connections  

Today, ring flange connections with preloaded high strength bolts are the most 
common solution to attach tubular steel profiles of wind turbine towers to each 
other. In accordance with their shape one differentiates between - and -
models [12]. Further on only the -model is considered, as this is of most 
interest for towers with onshore dimensions. Design driving is the prevention 
of the flange connection from opening under service loads. Thereby, a residual 
preloading force is preserved. In case of failure, the flanges separate and 
rupture may occur either in the bolts or in the attached tower shell. 

Depending on their way of fabrication, quite big tolerances may occur in the 
flanges. These are regulated in ISO 2768 [13]. Differentiation is done for 
geometrical dimensions and accuracy of the flatness of the flange itself, 
whereof the latter one is more crucial for the resistance of the connection. 
Additional imperfections may result from welding of the flanges to the tower 
shells. Various types of flange imperfections have been investigated by 
Schmidt and Jakubowski [14]. They found that a flange, which opens on the 
inside of the tower and is present only in a section of the circumference, has the 
worst influence on bolt force development. Imperfections will therefore limit 
the lifetime of a connection dramatically. Thus, limits for such are given by 
producers of wind turbines [11]. 
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For the design of the connection mainly tension stresses resulting from the 
authoritative bending moment are taken into account. As compression stresses 
are transferred by contact between the flanges they do not cause failure of the 
connection. They will, however, be considered in stability checks of the tower 
shell. 

To simplify the design only one segment of the tower flange is considered, see 
Figure 2.1. Instead of the complete circumference a one bolt strip segment is 
taken into account in this approach, where the tension stresses acting in the 
tower shell are integrated to a concentrated load Z. 

 

Figure 2.1: Segment approach for flange connections [15] 

Load carrying behaviour of such a segment follows the nonlinear graph shown 
in Figure 2.2. For small tension forces Z in the tower shell, as represented by 
Range 1, the inclination in bolt force FS is low, keeping the force within the 
band of preload FV. An increase in load Z relieves the pressure acting in the 
contact zone between the flanges. Thus, as soon as the flange starts to 
unclench, the bolt force rises (Range 2). The relation between the two forces in 
Range 3 keeps about linear until yielding of the bolt starts (Range 4) and final 
rupture occurs. 
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Range 1: 

Approx. linear curve, 
stresses between flanges 
are reduced while contact 
zone is closed 

Range 2: 

Successive opening of the 
flanges 

Range 3: 

Open connection with 
slope depending on loads 
and geometry 

Range 4: 

Plastification of bolts 
and/or flange until failure 
of the connection 

Figure 2.2: Nonlinear relationship between bolt force and applied load in 
segment model for flange connections [15] 

In this approach the one bolt segment has to satisfy the requirements of the 
ultimate limit state, fatigue strength and serviceability limit state. Fatigue and 
service loads usually act in ranges 1 and 2. Serviceability state will not be 
engrossed any further. 

2.2.1 Elastic load-bearing behaviour 

Various models have been developed to determine the bolt force as a function 
of applied load. All of them have are based on the stiffnesses of bolt CS and 
clamping package CD , see Figure 2.3, as input parameters. These can be 
calculated according to equations (2-1) and (2-2), which are assessed by the 
use of a unity force 1F . 

dx
xEA

C
S

S

S

0
)(

1

1  (2-1) 
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C
Ft

D
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0
)(

12

1  (2-2) 

 

Figure 2.3: Scheme for different load situations of clamping package [16] 

2.2.2 Bolt force models for flange connections 

Models related to Petersen’s theory presented in [12] are most commonly used 
for the design of ring flange connections in steel tubular towers for wind 
turbines. Therefore, Petersen’s model is explained here and is used as the basis 
of the research described in chapter 5. Further theories and suggestions by 
other authors to improve the model’s accuracy are mentioned in brief, but will 
not be regarded in the analyses as they do not contribute to the comparison 
between flange and friction connection behaviour, which is of main focus in 
this work. A detailed comparison of these models is given by Feldmann et al. 
[17]. 

Bilinear approach according to Petersen 

The bilinear model pictured in Figure 2.4 describes ideal-elastic behaviour of 
the bolt force in relation to the load applied on the tower shell as developed by 
Petersen [12]. It divides the bolt force function into two regions: a first one, 
which describes the inclination of the bolt force function a little more 
conservative than it actually is, and a second one, at which the flanges have 
opened and pure edge bearing is considered. 
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Figure 2.4: Petersen’s bilinear model [12] 

Necessary parameters are calculated according to equations (2-3) to (2-8).  

t,I p,CF F p Z  (2-3) 

t,IIF Z  (2-4) 

S

S D

Cp
C C

 (2-5) 

D

S D

Cq
C C

 (2-6) 

a
ba  (2-7) 

p,C
crit

F
Z

q
 (2-8) 

The values for CS and CD are to be achieved according to equations (2-1) and 
(2-2).  

Since this approach does not consider bending moments in the bolts, which 
develop due to flange opening, design rules, as e.g. the guideline by GL Wind 
[18], advise a maximum fatigue detail category 36*. 
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Trilinear approach according to Schmidt/Neuper 

Schmidt and Neuper modified Petersen’s approach into a trilinear model [19], 
see Figure 2.5. It is less conservative with respect to small shell forces Z due to 
the flat slope of the relation between bolt force FS and shell force Z in the first 
region. It is the next often used approach after the one of Petersen and may be 
used for fatigue design check of the bolts according to DIBt [20] if certain 
criteria are fulfilled. In case of pure edge bearing, which is present in region 3, 
small initial imperfections are taken into account. Necessary forces can be 
calculated according to equations (2-9) to (2-14). Stiffness factors p and q are 
derived in chapter 2.2.1. 

 

Figure 2.5: Trilinear model developed by Schmidt/Neuper [19] 

S,I p,CF F p Z  (2-9) 

* I
S,II p,C I II p,C I

II I

Z ZF F Z Z F p Z
Z Z

 (2-10) 

*
S,IIIF Z  (2-11) 

I p,C
0.5a bZ F

a b
 (2-12) 

II p,C*

1Z F
q

 (2-13) 
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* 0.7
0.7

a b
a

 (2-14) 

Application limits of this approach are given in dependence of geometry: 

F

3a b
t

 (2-15) 

As well as for Petersen’s approach, fatigue detail category 36* is recommended 
by design guidelines since a bending moment is not considered. 

Nonlinear approach according to Seidel 

A more accurate method, which also takes the development of bending 
moments in the bolts due to opening of the flange into account, is derived by 
Seidel [11]. He simplifies the flange as a compact cantilever, constraint at the 
contact point between the two opening flanges, see Figure 2.6. The increase of 
shell force Z leads to a rotation  in the flange due to opening. Thereby the bolt 
deforms and elongates by an amount l, which can be determined in 
accordance with geometry. A reasonable lower limit for flange thickness is 
given by equation (2-16). With a and b as dimensions of the flange, see afore 
mentioned approaches, and c as width of the regarded segment. 

2 2

4
8 a b At
c a b

 (2-16) 

 

Figure 2.6: Dependency of bolt bending moment on flange opening [11] 
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Seidel’s approach is an improvement of the model developed by 
Faulhaber/Thomala [21] and the one used in VDI 2230 [22], which are not 
further explained here.  

2.2.3 Flange connection failure modes according to Petersen and Seidel 

The ultimate limit state design follows an elasto-plastic approach by Petersen 
[12], which idealises the flange as a beam. The final resistance of the beam has 
to be calculated according to plastic hinge theory. Petersen classified the failure 
of a flange connection into three different modes, see Figure 2.7: Failure of the 
bolt (A), failure of the bolt with simultaneous development of a plastic hinge in 
the shell (B) and failure of the connection due to formation of plastic hinges in 
the shell and in the flange (C). Limits and ultimate resistances for the 
application of failure modes (A) – (C) are given in Table 2.1 

 

Figure 2.7: Failure modes for flange connections according to Petersen [12] 

Where 

b’ distance between plastic hinges 

M’pl,2 plastic moment resistance of the flange with consideration  
of reduction due to bolt hole, see equation (2-17). 
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2

'
,2

'
4pl y

c tM f  (2-17) 

Mpl,3 plastic moment resistance of the shell with consideration of M/N-
interaction or plastic moment resistance of the flange with 
consideration of M/V-interaction, respectively, derived from 
equation (2-18). 

2 2
2

pl,N,sh pl,sh y,sh
pl,sh y,sh

pl,3 2 2
2

pl,V,fl pl,fl y,fl
pl,fl y,fl

1 1
4

min

1 1
4

U

U

FN c sM M f
N c s f

M
FV c tM M f

V c t f

 (2-18) 

Table 2.1: Limits and ultimate resistance for failure modes A, B and C [12] 

Failure mode A B C 

Condition U pl,3F b M  '
pl,2R a M  s t,RF Z F  

Ultimate resistance U t,RF F  t,R pl,3
U '

F a M
F

a b

'
pl,2 pl,3

U '
M M

F
b

 

 

This last case (C) has been divided into two refined cases by Seidel [11], see 
Figure 2.8. The plastic hinge, which develops additionally to the one in the 
shell, either occurs in the bolt axis (D) or close to the shell in the centre of the 
washer (E). Limits and ultimate resistances for the application of these two 
failure modes are given in Table 2.2. 

Where 

c, c’ width of regarded segment (with consideration of hole reduction) 
Mpl,2 bending resistance of the flange, see equation (2-19). 

 
2

,2 4pl y
c tM f  (2-19) 

Mpl,2 moment increase due to eccentricity of bolt force, see equation 
(2-20). 
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 t,R W H
pl,2 2 4

F d dM  (2-20) 

 

Figure 2.8: Modification of Petersen’s failure C by Seidel [11] 

Table 2.2: Limits and ultimate resistance for failure modes D and E [11] 

Failure 
mode Conditions Ultimate resistance  

D 

1.   t,R 'W H
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F d dF M M  
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F
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2.3 Friction connections 

Conventional friction connections with normal clearance holes, also known as 
slip resistant joints, have been used in structural engineering for decades. Their 
behaviour has been extensively examined by various researchers and is 
conclusively described by Kulak et al. [23]. Slip resistant joints rely on load 
transfer between the joined elements due to friction, which is ensured by a 
clamping force provided by preloaded high strength bolts, see Figure 2.9 
Additionally, the slip coefficient plays an important role. In a slip resistant 
connection, all bolts are assumed to carry the same load [24]. The maximum 
capacity is regarded to be reached when the entire joint slips and the clamped 
plates move towards the bolt, so that bolt bearing takes place. Although the 
basic theory derived by Coulomb states that the friction force is the product of 
normal force by friction coefficient, a couple of other influences have been 
found during the last decades. The most important ones for a friction 
connection with long open slotted holes are briefly presented in chapters 2.3.1 
to 2.3.3. 

Friction

Friction

 

Figure 2.9: Schematic view on load transfer in friction connections [25] 

Valtinat et al. support the use of slip resistant connections in towers for wind 
turbines, since friction connections are rather efficient when movement in the 
connection with loads varying between tension and compression, as e.g. from 
wind, has to be prevented [26]. Due to preloaded bolts and force transfer by 
friction, notch stresses do not appear. In case of fatigue loading below service 
load, this leads to fatigue strength similar to the one of the unpunched steel 
material [12]. 

Since a couple of years standard friction connections are even implemented in 
tubular steel towers for wind turbines [27]. Veljkovic et al. [2] suggest 
substituting normal clearance holes on the lower tower section with long open 
slotted holes, which are depicted in Figure 2.10. The remaining steel parts 
between the long open slotted holes are with respect to their visual appearance 
designated as “fingers”. The on top opened bolt hole shall ease the assembly 
process. On the inside of the tower, cover plates shall be mounted to ensure an 
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equal distribution of pressure. To facilitate the assembly process, they were 
originally thought to replace conventional washers. 

Outer shell – normal holes

Inner shell – long oppened slotted holes 
Cover plates

“Finger” 

 

Figure 2.10: Friction connection components 

The structural design of friction connections in general is regulated in various 
standards and guidelines [23,28,29]. As an example, the design procedure 
according to EN 1993-1-8 is described in chapter 2.3.4. 

2.3.1 Friction 

Guarantee of sufficient friction between the facing surfaces is essential for the 
performance of the connection. Standard procedures exist to achieve factors, 
which consider the influence of surface roughness, as e.g. EN 1090-2 [30]. 
They assign a way of load application and placement of measurement 
technique on specimens with defined dimensions. Depending on the applied 
method to achieve the slip factor, different values may result for the same type 
of coating [31]. According to Kulak et al. [23] the slip coefficient can be 
calculated as the slip load divided by the product of the number of slip planes 
and the sum of bolt tensions. It depends on type of steel, surface treatment, 
temperature and surface conditions of the engaged plates plus on a number of 
other factors, but is independent of the geometry of the joint [32]. Valtinat and 
Huhn performed tests on double lap joints and concluded that the friction 
capacity is remarkably increased by application of friction paint [33]. 
Nonetheless, the slip factor tends to decrease by time, which is explained by 
creep in the coated surfaces. Additionally, environmental exposure affects the 
slip factor [34]. The slip factor for various surface conditions can be found in 
literature, as e.g. in [35,36]. The influence of steel grade on the friction 
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behaviour of the connection was found to be negligible for the slip factor [37]. 
The reported difference in slip resistance is motivated by variation in thickness 
of the plate coating. Literature dealing with tribology distinguishes between the 
coefficient of static friction μs and the coefficient of dynamic friction μd [38]. 
The first one designates the friction, which has to be overcome to initiate 
sliding. The latter one identifies the friction properties once sliding is 
established and may also be betokened as μk , which means kinematic 
conditions [32]. This differentiation is usually not considered in structural 
design guidelines for slip resistant connections. Nonetheless, it may be 
important if realistic behaviour of a friction connection has to be taken into 
account, e.g. by means of finite element methods. For this purpose, Stembalski 
et al. [39] derived the friction coefficient as function of sliding speed and 
normal force. 

2.3.2 Hole geometry 

The provision of a nominal clearance of 1-3 mm, depending on the bolt 
diameter, is a standard procedure for bolted connections. In some cases, 
oversize holes, slotted holes or a combination of both is feasible to facilitate 
assembly. The influence of an enlargement of the bolt hole in comparison to 
the bolt diameter on the slip resistance has been found to be negligible up to 
nominal level. It however does have high impact in case of oversize and slotted 
holes, especially if washers are not used [40,41]. This depends on the contact 
pressure, which increases with reduction of contact area. Thereby the friction 
coefficient exponentially reduces, which is due to the flattening of surface 
asperities [23]. The larger the bolt holes are, the larger local deformations 
around the hole occur, which may lead to a shortfall of the preloading force in 
the bolts depending on the tightening method [42,43]. For friction connections 
with long open slotted holes, it has been found that the friction coefficient 
decreases in comparison to standard round holes [37]. This is explained by the 
smaller contact area and is conform to correction factor ks according to EN 
1993-1-8 [29], which consider the shape of hole, see chapter 2.3.4.  

2.3.3 Bolt force/Loss of preload 

Preloaded bolts in slip resistant connections are usually tightened up to at least 
70 % of the ultimate bolt strength in tension, which is the preload required by 
EN 1993-1-8 [29]. In order to guarantee the validity to assume the same force 
in all bolts of one connection, Petersen recommends not to employ more than 6 
bolts per row [12]. A well-known fact is the loss of preload over time. This can 
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basically be divided into three stages, which are schematically shown in Figure 
2.11  

a) The initial loss, which appears within the first couple of seconds after 
tightening the bolts. 

b) The short term loss, which can be regarded during the first 12 hours 
after tightening. 

c) The long term loss, which develops asymptotically during the life time 
of the bolt. 

preload

timea b c

 

Figure 2.11: Time dependent development of preload 

The initial loss depends on the installation process of the bolts. It happens 
within the first couple of seconds after tightening and increases with bigger 
preloads, especially if the bolt is tightened beyond its yield limit. In case of 
higher tightening speeds, the loss of preload rises [44]. Short term losses 
usually arise due to embedment, whereas long term losses describe the 
reduction of residual preload over life time of the connection. This on the one 
hand depends on relaxation of bolt and clamping package, lateral contraction 
and external tensile loads, on the other hand on the self-loosening of the bolt, 
which is provoked by dynamic loads acting on the structure [45]. All these 
reasons for loss of preload act on the assumption, that false installation and 
design as well as temperature changes can be excluded. 

Since the remaining preload in the engaged bolts is essential for the 
performance of a friction connection, an assumption of the loss of preload 
during the life time of a structure is reasonable [31]. Especially in cases, where 
the slip resistance is governing for the resistance of the structure, an 
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underestimated or neglected loss of preload may have severe consequences 
[46]. For specific cases with variation of surface preparation a calculation 
model for the loss of preload has been developed based on experimental data, 
which was monitored during a period of one month and extrapolated to 
expected lifetime [8]. The VDI 2230 guideline suggests a mathematical 
approach for estimation of loss of preload due to embedding actions and one 
due to temperature changes [22]. 

However, faulty tightening of the bolts has to be excluded. Certain care has to 
be taken of the tightening procedure, as preload may vary depending on 
conditions during installation of the connection [47]. Regular maintenance can 
ensure the preservation of required preload. Thereby, self-loosening of the 
bolts due to dynamic action of the tower can be avoided. 

In the current version of EN 1993-1-8 [29], as described in the next chapter, 
loss of preload over time is not considered explicitly but approaches to estimate 
the preload can be found in literature for specific cases [3]. In VDI 2230 [22] a 
mathematical model is given to calculate the loss of preload based on the 
resilience of the members of the connection, which is presented in chapter 2.4. 

2.3.4 Eurocode 

The design of friction connections is regulated in EN 1993-1-8 [29], which 
differentiates between slip resistance at serviceability limit state (category B) 
and ultimate limit state (category A). For the research presented in this thesis, 
the latter one is of main interest. Failure for slip resistant connections is defined 
in EN 1090-2 at a level of 0.15 mm of slip [30].  

The calculation of slip resistance mainly depends on friction properties of 
joined surfaces and the preload in the engaged bolts, cp. equation (2-21): 

s
s,Rd p,C

M3

k nF F  (2-21) 

With  

 ks factor considering shape and size of hole, see below 

 n number of friction surfaces 

 μ slip factor, see below 
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 M3 partial safety factor at ultimate limit state (Category C); 1.25 

The design preload for pretensioned bolts is given as: 

p,Cd ub s0.7F f A  (2-22)

With  

 fub ultimate tensile strength of the bolt depending on bolt class 

 As tensile stress area of the bolt 

According to EN 1993-1-8 [29] the variable n represents the number of friction 
surfaces. This is a misleading terminology, as it actually refers to the number 
of sliding joints [31]. 

As mentioned earlier, the structural design for slip resistant connections, as it is 
presented in this chapter, does not consider time dependent losses of preload 
explicitly. However, note 4 in Table 2.3 of EN 1993-1-8 [29] states, that “a loss 
of pre-load may occur over time” in case of painted surface treatments. 

Slip factor μ 

Surface classification and corresponding slip factor for steel grades up to S460 
are regulated in EN 1993-1-8 [29], cp. Table 2.3. As an alternative, the slip 
factor can be identified by specific friction tests, as regulated in EN 1090-2, 
Annex G [30]. Evaluation of test results will then follow the procedure 
described in EN 1990 [48]. In general, differentiation is made between the slip 
factor, which is the nominal value, and the friction coefficient, which considers 
the true physical properties.  



Resistance of Friction Connections with Open Slotted Holes in Towers for Wind 
Turbines 

28 

Table 2.3: Slip factor μ for preloaded bolts acc. to EN 1993-1-8 [29] 

 

ks-factor 

If the hole shape differs from normal clearance holes, a ks-factor has to be 
considered, see Table 2.4 according to EN 1993-1-8 [29]. It takes into account 
various geometries. It does, however not consider the combination of long 
slotted and oversized hole. 

Table 2.4: Values of ks acc. to EN 1993-1-8 [29] 
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2.3.5 Assembling 

Main purpose of the fact that the slotted holes in the investigated friction 
connection are open slotted holes is to ease the assembling process on the 
construction site. They allow for sliding the upper tower segment with 
preinstalled bolts in normal clearance holes into the lower segment. The 
practicability of this procedure as well as manufacturing possibility and quality 
are proven in feasibility studies under laboratory conditions [2,6]. For segments 
with 2 m outer diameter and 16 mm shell thickness tolerances between the two 
cylinders of 2 and 5 mm were considered. The parts were manufactured 
without any difficulty. However, for the assembling it was concluded that even 
a 5 mm tolerance between upper and lower shell segment is rather tight and 
slowed down the jointing process. The subsequent tightening and 
accompanying preloading of the engaged M30 Tension Controlled Bolts (TCB) 
of grade 10.9 did not pose any problem; the gap could be closed and the 
necessary preload was achieved [2]. For a down-scaled tubular tower of 1 m in 
diameter, no difficulties were faced when jointing two segments, although no 
assembling tolerance was provided [49]. In contrast to this, difficulties are 
reported for tests, which were performed on modularized tubular towers of 
about 3 m in diameter with shell thicknesses of 15 and 20 mm, respectively, 
were no assembling gap between the upper and lower segment shell was 
provided [50].  

2.4 Elastic resilience acc. to VDI 2230 

The Association of German Engineers (Verein Deutscher Ingenieure, abbr. 
VDI) has published a guideline about “Systematic calculation of high duty 
bolted joints” (VDI 2230 [22]). This guideline is widely recognized as a 
helpful tool when it comes to analysis and calculation of high duty bolted joints 
with cylindrical bolts. The calculation model is derived for a single-bolt-joint 
but applicable for any type of connection, as a complex and statically 
undefined multiple-bolts-joint can be divided into numerous single-bolt-joints. 
It is based on the elastic behaviour of the bolt and the clamping package in the 
nearest vicinity of the bolt. Resulting forces can be obtained under 
consideration of the spring stiffnesses of both. These are accounted for as 
tension and compression springs with elastic resilienc s and p, respectively, 
see Figure 2.12. The relation between applied load, which acts on both 
clamping package and bolt, and spring elongation is shown in Figure 2.13, as 
well as its association with the classical joint diagram. There, FM designates the 
preload at bolt tightening, FA an axial working load, FSA and FPA the forces 
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acting on bolt and clamping package, respectively, due to application of FA and 
FKR denominates the residual clamp load at the interface. 

 

Figure 2.12: Spring stiffnesses for single-bolt joint [22] 

 

 

 

Figure 2.13: Spring stiffnesses in relation to joint diagram [22] 
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Due to the elastic behaviour of the connection the clamp load or the load in the 
bolt, which are aroused by the initial preload FM, reduce depending on whether 
tension or compression is applied. 

The elastic resilience of a joint joint is calculated as the sum of the elastic 
resilience of the clamping package and the elastic resilience of the bolt, see 
equations (2-23) to (2-30) as well as Figure 2.14 and Figure 2.15. 

joint bolt cp  (2-23) 

 

Figure 2.14: Pressure cone in the clamping package [2] 

The elastic resilience of the clamping package is determined according to 
equation (2-24): 

w 0 w cp 0

w 0 w cp 0
cp

cp 0

tan
2 ln

tan

tan

d d d l d
d d d l d

E d
 (2-24) 

The resilience of the bolt takes into account elastic deformation within the 
clamp length and any elastic deformations, which occur outside this region and 
have effect on the deformation behaviour of the bolt in the joint. Thus the 
geometry of the whole bolt has to be considered. The bolt shown in Figure 2.15 
consists of a certain number of individual elements, which is substituted by 
cylindrical bodies of various lengths and corresponding cross sections. 
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Individual cylindrical elements of the bolt are: the head, the shank, unengaged 
loaded part of the thread (free thread), part of the thread inside the nut 
(engaged thread) and the nut, as shown in Figure 2.15. 

  

Figure 2.15: Deformation regions of a bolt to calculate elastic resilience [2] 
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2.5 Cross-section shape 

The most common cross-section shape for steel towers of wind turbines is a 
circular cross-section. However, other cross-section shapes have been shown to 
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be competitive. Towers with polygonal cross-section, for instance, have been 
used for lighthouses and ski-lifts for years [6] and also as support structure for 
onshore wind turbines they can be found [51]. Their fabrication is less 
expensive and more automated as the rolling process is omitted. Due to their 
folds, which increase their local stiffness and makes them less sensitive to 
imperfections, design as plated structure acc. to EN 1993-1-5 [52] is possible. 
Veljkovic et al. have shown that the substitution of the circular cross-section by 
a polygonal one may lead to a reduction of shell material due to improved 
buckling resistance, if perfect cross-sections without imperfections are 
considered. Depending on the number of folds, the bending resistance of a 
polygonal cross-section may exceed the one of a circular cross-section. 

Various authors have performed research on circular and polygonal cross-
sections for application in towers. Garzon focuses on the application of thin 
polygonal plates, mainly ranked as class 4, in lattice and tubular wind towers 
[53]. Tran investigates the behaviour of the lower part of the tower, under 
consideration of door openings and the required stiffeners [54]. Reinke 
describes the effective design rules for poles up to 60 m with polygonal cross-
section [55]. Inconsistencies between circular and polygonal cross-sections 
with high numbers of folds are explained and an alternative numerical design 
concept is presented to calculate the bending moment capacity. 

2.6 Surface finishing/Corrosion protection 

Surfaces of outdoor structures have to be protected from corrosion. Various 
possibilities of corrosion protection exist. For application in wind turbines, the 
steel surfaces are usually shot- or grit-blasted. This is then covered by a spray 
metalized with aluminium or zinc [34]. Alternatively, and more common in 
case of wind turbines, is painting with an alkali-silica zinc rich primer or 
coating [5]. Paint is however known to have a negative impact on the 
pretension behaviour of the engaged bolts, so that a reduction of preload is 
visible [9]. Therefore, codes exist to regulate suitable surface treatments for 
preloaded structures, e.g. EN 1090-2 [30].  

In lattice towers, which are common e.g. for radio masts, the members usually 
are hot-dip galvanized to ensure corrosion protection. As these members are 
then combined with standard friction connections, sufficient friction properties 
have to be provided. This generally is assured by the application of an 
additional coating [46]. 
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2.7 Fatigue 

Fatigue design of connections follows Eurocode 3 part 1-9 [56]. Here, the 
different stress spectra i can be calculated as a function of the acting tower 
loads, e.g. by a Rainflow or Marcov-matrix. Afterwards, the design life time 
NR,i can be determined for each stress range i, depending on the detail 
category as given in Tables 8.1 - 8.10 of Eurocode 3 part 1-9 [56]. This proof is 
based on the cumulative damage theory by Palmgren-Miner: 

E,i
D

R,i

1,0
m

i

n
D

N
 (2-31) 

with 

DD Damage (of entire life time) 

nE,i Expected load cycles on stress range i acc. to Rainflow matrix 

NR,i Endurance (in terms of life cycles) obtained from the fatigue  
strength curve of the detail for the stress range i 

m Number of stress ranges considered 

To prevent fatigue failure of flange connections, separation of the flanges has 
to be avoided during the relevant number of load cycles. This can be ensured 
by preloading the engaged bolts up to an adequate level [17]. In this case, 
maximum fatigue detail category 71 can be assumed for the connection, which 
then depends on the resistance of the welds. If opening of the flanges cannot be 
obeviated, nonlinear load bearing behaviour of the flange connection, as 
described in Figure 2.2, has to be considered and fatigue resistance of the bolt 
has to be taken into account. The fatigue detail category of the bolts depends 
on the design model, which is chosen to calculate the stress ranges. VDI 
Guideline 2230 [22] and GL Wind Guideline [7] advise detail category 36* in 
case of simplified models. If the bending moment in the bolts is considered, the 
detail category may be risen to 50 as it is forseen in EN 1993-1-9 [56] for bolts 
in tension. 

In case of friction connections, the relation between fatigue load and response 
of the joint is linear, which allows for design with Damage Equivalent Loads 
(DEL). For friction connections with open slotted holes, a fatigue detail class 
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of 100 is proposed [6]. This is said to be a conservative suggestion as it is 
based on a limited number of tests. 

2.8 Finite element model for bolts 

Pavlovi  created a model for finite element analysis to investigate the 
resistance of bolted shear connectors in composite decks [57]. Here, the bolt is 
represented accurately; taking into account real dimensions even for the 
threaded bolt shaft and nut, see Figure 2.16. This respects tightening of the 
bolts by turn-of-nut up to a specific value instead of using the inbuilt 
preloading function of finite element software Abaqus [58]. To illustrate the 
failure modes as realistic as possible, damage material models are considered, 
which allow for element removal. Good agreement between FEA and results of 
laboratory tests was shown by Pavlovi  under consideration of a ductile 
damage plasticity model. 

 

Figure 2.16: Accurate model of a threaded bolt [59] 

The typical stress-strain behaviour of a ductile material is shown in Figure 2.17 
[58], which can be divided into three stages: 

1. Section a-b, where the material respond is linear-elastic. 

2. Section b-c, in which plastic yielding with strain hardening is clearly 
visible. The hit of point c marks the onset of damage. From here, the 
material stresses would progress until d’, if a damage of the material is 
not taken into account. 

3. Section c-d, where necking of the specimen is present and final rupture 
occurs. In order to reproduce such behaviour in finite element analyses, 
a damage initiation criterion and a damage evolution law need to be 
defined. 



Resistance of Friction Connections with Open Slotted Holes in Towers for Wind 
Turbines 

36 

 

Figure 2.17: Stress-strain diagram for  ductile material [58] 

For definition of onset of damage, damage initiation criterion and damage 
evolution law, Pavlovi  modelled a fictive tensile coupon test with calibration 
of the model parameters in order to achieve the same coupon behaviour as for 
the test with a high strength bolt grade8.8. In order to achieve results from a 
quasi-static load case, Abaqus Explicit was used with variable, non-uniform 
mass-scaling technique. He derived the following damage initiation criterion: 

11,5
pl pl 3

0 ( ) n e  (2-32) 

After definition of the damage initiation criterion in equation (2-32), plasticity 
curves and damage evolution laws were extracted from the data achieved by 
the modelled tensile coupon test. These were then used as input data for further 
Abaqus models of a real structure under consideration. 
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3 EXPERIMENTAL WORK ON FLANGE AND 
FRICTION CONNECTIONS 

For further research described in this work, various experimental tests will be 
considered: Chapter 3.1 deals with 4-point bending tests on down-scaled steel 
tubular towers performed at RWTH-Aachen University, Germany, whereas in 
chapter 3.2 segment tests carried out at Luleå University of Technology, 
Sweden, are specified. Both test programmes have been undertaken within the 
course of the RFCS project “HISTWIN” [2]. In this chapter, both test series 
are described and the main results are briefly presented. 

3.1 4-point bending tests at RWTH-Aachen University: Flange vs. 
friction connection 

A series of tests on down-scaled tubular steel towers with a diameter of 1 m 
and a shell thickness of 8 mm has been performed at RWTH-Aachen 
University in Aachen, Germany (hereinafter RWTH). The specimens have 
been tested in 4-point-bending over a span of 7 m. One of the main objectives 
was to compare the performance of ring flange connections to the behaviour of 
friction connections with long open slotted holes. In total eight specimens – 
four with flange connections, four with friction connections – have been tested, 
whereof two of each type are considered here: 

- Flange connection FC1: perfectly flat ring flanges  

- Flange connection FC4: imperfect ring flanges with parallel 
imperfection over one fourth of the connection circumference 
(unrepaired) 
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- Friction connection FJ1: press-fitted knurl bolts, tightened from inside 

- Friction connection FJ2: press-fitted knurl bolts, tightened from 
outside 

Figure 3.1 shows the general set-up of the tests. Each specimen consists of the 
two actual test segments, which are jointed with the connection detail in 
question, plus two additional comparably stiff adaptor segments. The adaptor 
segments are fabricated of S460ML with a length of 2570 mm and a shell 
thickness of 15 mm to stay within elastic behaviour during all testing. The 
same adaptors were used in all tests. 

 

Figure 3.1: Dimension of test set-up for down-scaled wind-tower connection 
test [2] 

Further information about those four tests, which are not regarded here, is 
given in [2,17,49]. 

3.1.1 Loading scheme 

For comparison reasons, RWTH designed test set-up, specimens and test 
procedure on the basis of tests, which had been performed previously on down-
scaled tubular towers in order to investigate the fatigue resistance of preloaded 
imperfect ring flanges connections [60]. In accordance with those tests, a cyclic 
loading program was performed; first, the specimen was loaded up to a certain 
level and unloaded again. Then, load was applied fast up to the same level, 
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which was then followed by 100 cycles. These steps were repeated with steady 
load level raise. After the final step, the load was increased up to failure. A 
schematic view on the loading procedure is given in Figure 3.2. 
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Figure 3.2: Loading scheme for down-scaled 4-point bending specimens [49] 

The cyclic loading may not be considered as fatigue test. Their purpose was to 
analyse the load changes within the bolts due to tension in the shell evoked by 
global bending of the specimen [14]. For evaluation of the experiments only 
measured data from the first load increase step (single loading) was regarded. 

3.1.2 Bolts 

M20 bolts were used for the experiments. To monitor the development of bolt 
forces, strain gauges were inserted into the bolt shanks, cp. Figure 3.3. 

Preliminary tests on the bolts and a calibration of the bolts had taken place in 
advance of the actual bending tests to ensure reliability of the measured data. 
Further information on bolt preparation and testing can be found in the 
according background document [49]. During testing, a full preload 
FV = 160 kN was applied to the bolts. 
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Figure 3.3: Tested bolt and strain gauge positioning in the bolt [61] 

3.1.3 Flange connection specimens FC1 and FC4 

Four cases of flange connections were tested, whereof two are taken into 
account here: Specimen FC1 was supposed to act as a reference case. Thus, it 
was manufactured as perfect as possible. In specimen FC4 single sided so-
called best-fit imperfections, cp. Figure 3.4, were considered, as they have been 
known to lead to the largest reaction forces in the bolts [14]. The maximum 
imperfection amplitude was 6 mm. The specimen was orientated such that the 
imperfections are located in the maximum tension zone R during testing, as 
shown in Figure 3.5. 

 

Figure 3.4: Parallel flange imperfection on partial circumference [14] 
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Figure 3.5: Location of imperfection [49] 

Tightening of the bolts in the imperfect flange connection specimen FC4 was 
performed manually in the first place and then with a hydraulic torque up to a 
preload of 160 kN. The development of imperfection was measured for all 
steps and is presented in Figure 3.6 
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Figure 3.6: Imperfection development due to bolt tightening [49] 

The flange connection tubes were fabricated of S355, with an inner diameter of 
1008 mm and a shell thickness of 8 mm. Each segment was 930 mm long. The 
geometry of the flanges, which were welded to the steel tubes, is shown in 
Figure 3.7. They were connected to each other by 32 bolts M20, grade 10.9. 
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Figure 3.7: Geometrical details of flanges [49] 

3.1.4 Friction connection specimens FJ1 and FJ2 

The tested friction connections were fabricated of S355 tubes of 8 mm 
thickness. The outer tube with 24 x 3 round bolt holes had an inner diameter of 
992 mm. This was also the dimension for the outer diameter of the inner tube 
with long open slotted holes. 24 slots were equally distributed along the 
circumference, having a width of 23 mm and a length of 340 mm to give room 
to 3 rows of Friedberg HV Rändel knurl bolts [62], see Figure 3.8. The bolts 
were non-standard high-strength bolts with an enlarged shank thickness 
underneath the bolt head, equipped with special grooves, which allow for 
keeping the bolt in position by press-fitting. Thereby, the bolt can be tightened 
from one side only. Additional cover plates of 8 mm thickness were attached. 
Two specimens with different tightening scenarios were considered for testing, 
see Figure 3.9: In specimen FJ1 the bolts were tightened from inside the 
specimen. Thus the outer tower shell had hole diameters of 20.1 mm to keep 
the press fitted bolts in place. Cover plates in this case were provided with 
normal clearance holes of diameter 23 mm. For specimen FJ2, the bolts were 
tightened from outside the specimen, meaning that the bolts were press-fitted 
into the cover plate. Thus the hole diameter of the cover plate was of 
d0 = 20,1 mm whereas the outer steel tube was equipped with normal clearance 
holes of diameter 23 mm. Different orientation of the bolts was expected to 
have an influence on the bolt preload. 
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To measure the slip between inner and outer shell, two displacement 
transducers have been attached to the specimen. They were placed at 
positions 0° and 180°. 

 

Figure 3.8: Layout of friction connection and tested bolts 

 

 

 

Figure 3.9: Maximum preload points for tightening from inside (1) and 
outside (2) of the tower shell [2] 

3.1.5 Test results 

Both types of specimens have been loaded in 4-point bending up to failure. 
This chapter presents the conclusions from the above described tests in short. A 

2) 1) 
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more detailed interpretation follows in chapter 5, where also a comparison to 
FEA-achievements is presented. 

Note 

During the analysis of these tests, which is described in chapters 5 to 7, a data-
logging fault was discovered: The stored values of applied load have to be 
multiplied by a correction factor of 1,238. Thus, failure loads and load axes in 
chapters 5 to 7 do not coincide with the values presented below. 

Flange connection 

Results of specimens FC1 and FC4 are presented in Figure 3.10 and Figure 
3.11, respectively, which also shows bolt forces according to the bilinear 
design approach according to Petersen [12], the trilinear design approach 
according to Schmidt and Neuper [19] and the nonlinear approach according to 
Seidel [11]. For test results, the bolt of position 0° is considered, where highest 
tensile stresses appear in the shell. 

 

Figure 3.10: Bolt force development in specimen FC1 during testing [49] 
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Figure 3.11: Bolt force development in specimen FC4 during testing [49] 

It was concluded from the diagrams above that common design approaches 
underestimate the development of bolt forces in case of imperfect flanges. 
Unloading the specimens after each load step showed significant loss in 
preload, which were compared at a level of 50 kN. 

The comparison to common approaches as it is presented in [2], see Figure 
3.10 and Figure 3.11, respectively, is however not reliable: Due to the above 
mentioned data logging fault, the applied load P has to be multiplied by a 
correction factor of 1.238. 

Friction connection 

Figure 3.12 depicts the load-displacement-diagram for the specimens with long 
open slotted holes in 4-point bending. Here, particular attention should be paid 
to specimens FJ1 and FJ2, which are of interest for further investigations. It 
can be seen that the resistance of all specimens exceeded the expected failure 
load remarkably. This was motivated by an underestimated friction coefficient 
(μ = 0.563) and an overestimated hole shape factor of k = 0.7. Even after a first 
slip, the load could be increased substantially. 

A noteworthy difference in resistance due to bolt orientation was not found.  
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Figure 3.12: Load-displacement curves of friction connection specimens 
FJ1 - FJ4 [2] 

In comparison to the specimens with flange connections, quite stable bolt 
forces were reported. However, an expected drop in preload was observed as 
expected. This consisted of a loss of preload due to settlement effects, Fse,i, 
which was due to settlements in the bolt thread. Stagnation of this kind of 
settlements has been found to be stable from 2000 cycles [2]. The additional 
change Fel,i (in total about 3 kN) was explained by change of shell thickness, 
which was provoked by changes of tensile and compressive stresses in the 
tubular shell. The development of preload is shown in Figure 3.13 for specimen 
FJ1 exemplarily. 

The comparison to common approaches as it is presented in [2], see Figure 
3.12, is however not reliable: Due to the above mentioned data logging fault, 
the applied load P has to be multiplied by a correction factor of 1.238. 
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Figure 3.13: Bolt force development in friction connection specimen FJ1 [2] 

3.2 Segment tests at Luleå University of Technology 

A series of five identical specimens of a flat segment friction connection with 
long open slotted holes was tested at Luleå University of Technology in Luleå, 
Sweden (hereinafter LTU) [5]. For comparison reason additional three tests 
were performed on specimens with the same geometry but normal clearance 
holes. These eight specimens were tested in tension in order to investigate the 
segment capacity and behaviour. The segments consisted of each one bolt row 
with three bolts. Its layout and the test set-up are depicted in Figure 3.14. 
Dimensions of the specimens were chosen such that they represent one row of 
bolts in a tower of real-scale.  

The thicknesses of the plates with normal clearance holes and with long open 
slotted hole were 25 mm. All faying surfaces were coated with an ethyl silicate 
rich paint (TEMASIL 90 by Tikkurila [63]) that is already widely used as a 
primer for wind towers. Slip factor  = 0.45 of such faying surface was 
determined in friction tests according to EN 1090-2 [30]. Single cover plates, 
6 mm thick, with holes of 31 mm diameter were used instead of washers 
between the nuts and the open slotted hole, or normal clearance hole 
respectively. The cover plates were not coated. 
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a) with long open slotted holes b) with normal clearance holes 

Figure 3.14: Layout of friction connection segment test [5] 

3.2.1 Test procedure 

The specimens were clamped into an INSTRON load frame with a capacity of 
600 kN. Stroke control at a constant rate of 5 m/s was used during the tensile 
loading of the samples. Measurements were taken with a frequency of 5 Hz. 

Relative displacement between the plates was monitored by means of crack 
opening devices (CODs) in various locations, as shown in Figure 3.14. 

3.2.2 Bolts 

M30 tension control bolts (TCB) M30 of grade S10T, which is regarded to be 
equivalent to grade 10.9, were used for testing, see Figure 3.15a. These bolts 
are beneficial because of the ability to preload the bolt from only one side of 
the connection, see Figure 3.15b. All bolts were equipped with strain gauges 
and calibrated within the elastic range prior to testing. Thereby it was possible 
to monitor the bolt strains during both tightening and the resistance test and 
transfer them into forces. 

The bolts were tightened according to the recommendations given in EN 1090-
2 [30], namely from the stiffest part of the connection outwards. As the 
clamping package was expected to be stiffest at the end of the slotted hole, the 
following tightening order was chosen: B1 – B2 – B3, see Figure 3.14. The nut 
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faces were smeared with a lithium based molybdenum grease in order to assure 
proper preloading of bolts [5]. The thread was not lubricated. An average bolt 
preloading force of approximately Fp = 370 kN was observed in each bolt at the 
start of the experiments. 

a) Schematic view of inserted 
strain gauge 

b) Tightening procedure  

Figure 3.15: Tightening of a Tension Control Bolt (TCB) [64] 

3.2.3 Results 

While the segments were loaded in tension, the evolution of bolt forces was 
monitored and compared for the specimens with long open slotted holes and 
those with normal clearance holes. The following observations are made: 

- No significant difference in behaviour of bolts B1 and B2. 

- The central bolt (B2) loses the least preload. 

- Bolt B3 at the open end of the slot loses the most force 

With regard to the slip behaviour, the two different types of lap joints behave 
similar at the connection’s edge before failure. However, specimens with 
normal clearance holes exhibit less relative slip compared to long open slotted 
holes at the same stage. The stiffness increases towards the centre of the 
connection. 

The specimens with long open slotted holes revealed a slip resistance in 
average about 4 % lower than those with normal clearance holes. However, the 
variations in bolt forces were approximately the same. 
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4 FINITE ELEMENT MODELLING 

This chapter contains a description of the most important models, which are 
built in order to analyse the behaviour of both flange and friction connection. 
The general procedure of the analyses is described and model-specific details 
are given. Dimensions for those models, which are based on the tests described 
in chapter 3, are however not repeated here. In case of the real-scale tower 
connection, which is not modelled in dependence on a test that was carried out 
previously, the geometry is described including sizes of the parts included. 

4.1 Introduction 

Various different configurations have been modelled in order to investigate the 
behaviour of a friction connection with long open slotted holes and compare it 
to the one of a conventional ring flange connection. The most important main 
models are listed in Table 4.1. In the following, conformities for all models are 
described, such as considered material models, tightening of the bolts, general 
loading procedure, and contact interaction. Thereafter follows a brief 
description of each model with respect to geometry, boundary conditions and 
mesh. Finally, the verification of the applied modelling is explained in short. 
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Table 4.1: Investigated main models  

 Name of 
test 
specimen 

Basis for 
the model 

 Connection 
type 

Curvature Type of 
clearance 

Friction 
coefficient 

1 FC 4-point 
bending 
tests 
 

Complete 
cross-
section 

Flange Circular Normal  Constant 
2 FJ Friction Open slot Constant 

3  Segment Flange Flat Normal Constant 
4  Curved Constant 
5  Friction Flat Open slot Constant 
6  Curved Constant 
7 Z-1x3 Segment 

tests 
Segment Friction Flat Open slot Constant 

8 Variable 
9 Z-1x3n Normal Constant 
10 Variable 
11 RFC Real scale 

connection 
Complete
cross-
section 

Flange Circular Normal Constant 
12 FCC Friction Circular Open Slot Constant 
13 FCP Polygonal Constant 
 

4.2 General 

All finite element analyses in this work are performed with the commercial 
software Abaqus [58]. The explicit solver is used to avoid convergence 
problems, which are more likely to appear with the standard solver. It is known 
to be robust for this kind of analysis, where complex contact interactions 
coupled with large deformations and nonlinear behaviour are present. 
However, the computation may be time consuming, if the real dynamic 
response of a model is required. In the models considered in this thesis, the 
dynamic solver is used to efficiently solve quasi-static problems. The 
calculation time is shortened by using variable non-uniform mass scaling 
technique with the target time increment set to t = 5.0 x 10-5 s. Artificial 
durations are adopted for the computation steps: 7 s and 10 s, for preloading of 
the bolts and loading up to failure, respectively. Trial computations are made in 
order to select the appropriate different target time increment and to avoid 
unwanted inertia forces in quasi-static FEA.  
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4.3 Material models 

Two different stress-strain relationships are considered in FE models in 
general; nominal and true stresses and strains. For use in Abaqus, nominal 
stresses and strains have to be transferred to true values to define nonlinear 
material properties [58]. Equations (4-1) and (4-2) describe the relationship 
used to convert nominal strain to true strain. 

true nomln 1  (4-1) 

Where 

true are the true strains, 

nom are the nominal strains. 

The relationship between true stress and nominal stress is established by 
considering the incompressible nature of metal plasticity and assuming an 
incompressible elastic response, which then leads to the following relationship. 

true nom nom1  (4-2) 

Where 

true are the true stresses, 

nom are the nominal stresses, 

According to this procedure, material parameters can easily be transformed 
from nominal to true values. Figure 4.1 exemplarily shows the elastic-plastic 
relationship allowing for strain hardening as it used in the models based on the 
4-point bending tests. Young’s modulus is taken as E = 210 GPa and Poisson’s 
ratio as  = 0.3. 

The actual applied material properties are listed in Table 4.2. As far as data was 
available from material tests, it is considered. This was the fact for plate 
elements of the 4-point bending test at RWTH and the segment tests at LTU. 
Otherwise nominal values are taken into account.  
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Figure 4.1: Example of nominal and true stress–strain relationship 

 

Table 4.2: Material properties  

Model 
no. 

Basis for 
the model 

Part Steel 
grade 

Thick
-ness 

Yield 
strength

Ultimate 
strength 

Ultimate 
Elong. 

    t 
(mm) 

  fu (MPa) A (%) 

1-6 4-point  
bending 
tests 
 

FC shells S355J2 8 415 534 - 
FC flanges S355J2 35 360 586 - 
FJ shells S355J2+N 8 415 534 - 
Adaptor 
segment 

S460ML 15 536 604 - 

Bolts M20  10.9 - 900 1000 10 
7-10 Segment 

tests 
Shells S355J2 25 415 534 - 
TCB M30 S10T - 900 1000 10 

11-13 Real-scale 
connection 

RFC Shells S355J2 24 415 534 - 
RFC Flanges S355 85 300 480 - 
FCC/P 
Shells 

S460 24 460 550 - 

Bolts M48 10.9 - 900 1000 10 
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As test data from the bolts was not available, nominal values have been 
considered: fy = 900 N/mm2, fu = 1000 N/mm2 and Ault = 10 %, which is in 
accordance with EN ISO 898-1 [65] for bolts of grade 10.9. True stress-strain 
relationship for the bolts is obtained considering a damage plasticity model. 

4.3.1 Damage plasticity model 

In order to model progressive damage and the most realistic failure of the 
specimen, a ductile damage model is considered to allow for element removal. 
This is defined by the help of a damage initiation criterion, which has to be 
derived first, and an evolution law that shows the progress of decrease in initial 
stiffness E0. The determination follows the procedure described in chapter 2.8. 
Parameters of ductile damage initiation criterion and damage evolution law are 
derived analysing undamaged and damaged material response in a standard 
(round bar) tensile test, see Figure 4.2, as described by Pavlovi  et al. [59].  
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Figure 4.2: Comparison of nominal and FEA tensile test results for bolts 

The parameters used in this study are as follows for: initial gauge length 
l0 = 100 mm; average necking zone length lloc = 7.0 mm; localization rate 
factor L = 0.2; damage eccentricity factor D = 1.7; finite element size 
LE=2.5 mm; finite element size factor S = 0.55 (M20) and S = 0.41 (M48) 
and element type factor E = 1.0 (M20) and E = 5.0 (M48) for C3D4 elements.  

Values of those parameters are calibrated by matching the nominal stress-strain 
curve to the curve obtained from the standard tensile test FEA (coupon FEA), 
see Figure 4.2. For further finite element analyses of bolts under consideration 
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of this damage plasticity material model, it is essential to use exactly the same 
element type (C3D4) and corresponding size (2.5 mm) as in the coupon FEA. 

Additional information on model derivation is given in Annexes A to C. 

4.4 Simulation procedure 

The analysis is carried out in two subsequent steps: 1. Introduction of a preload 
to the bolts, 2. Application of external loading condition up to failure, which is 
later on described model-wise. 

4.4.1 Bolt preload 

In order to display the most realistic development of bolt forces, preloading of 
the bolt is performed as turn-of-nut method This tightening procedure by turn-
of-nut is possible since the bolt geometry is modelled accurately and a thread is 
present on the shaft of the bolt and inside the nut. Tightening is realized by 
changing the boundary conditions of the reference point in the nut up to an 
afore calibrated level to reach the planned preload. The reference points are 
kinematically coupled to the edges of the nut, see Figure 4.3. 

kinematic 
constraints 

nut 
reference 
point 

 

Figure 4.3: Bolt model with reference point for turn-of-nut method 

Since the amount of nut turns does not only depend on the preload that has to 
be achieved, but also on the thickness of the clamped package and the 
assembly tolerance, which for instance is considered between the two cylinders 
in specimen FC4, a calibration has to be performed for each specimen. 
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Additionally, calibration for specimen FC4 has to be carried out for each single 
bolt within the area of imperfection because of different clamping lengths due 
to variation of imperfection over one quarter of the circumference. Required 
nut rotations and achieved preloads are listed in Table 4.3. 

Table 4.3: Calibration data for bolt preload  

Model 
no. 

FE model Grip 
length 
(mm) 

Gap 
(mm) 

Nut 
rotation 
(rad) 

Obtained 
preloading 
force (kN) 

1 FC1 (no gap) 70 0 1.01 155.9 
1 FC4 (max gap 6.5 mm) 70 6.5 13.2 159.8 
2 FJ 24 0 5.50 167.1* 
6 4-point bending (curved segment model) 24 0 5.50 167 
5 4-point bending (flat segment model) 24 0 0.89 174 
7,8 Segment test – slotted holes 56 0 1.015 

(0.96)** 
357 
(379)** 

9,10 Segment test – normal holes  56 0 0.814 356 
11 RFC 170 0 1.00 939 
12 FCC 60 0 3.83 960 

60 10 16.40 1024 
60 20 28.95 892 
60 30 41.52 893 

13 FCP 60 0 1.00 905 
60 10 13.60 964 

*   average value for three bolts in one row 
** values in brackets are given for the bolt at the closed end of the slotted hole 

 

As can be seen from the table above, a much bigger rotation of the nut in case 
of friction connection FJ is necessary compared to flange connection FC1, 
although in none of them a gap was considered. This depends on the fact that in 
case of the friction connection the plate covering the long open slot on the 
inside of the tower had to deform a little in order to ensure contact. 

Preloading forces are obtained by integration of stresses in the cross-section of 
the bolt at the position where the tip of the strain gauge was placed in the 
experiments. The achieved forces in the bolts are shown exemplarily in Figure 
4.4 for the single lap joint FE model. 
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Figure 4.4: Bolt preload [N] by stress integration for friction connection 
segment model with TCB M30 S10T 

4.5 Contact interactions 

To define the contact between various surfaces in the model, the inbuilt option 
“general contact” is chosen, which allows for self-contact. Thus, contact 
surfaces do not have to be defined manually. However, this might result into a 
drawback with regard to computation time, especially if the standard solver is 
used. 

As tangential behaviour, “penalty” friction is chosen with a friction coefficient 
of 0.14 for threaded surface contact pairs according to ECCS Publication 
No 38 [66] and 0.36 - 0.40 otherwise; adjusting FEA results to the ultimate slip 
resistance from experiments. For all other surface pairs in the real-scale 
connection models a nominal Class A friction surface is assumed with slip 
factor  = 0.5 according to EN 1993-1-8 [29]. 

This is part of the basic Coulomb friction model. For normal behaviour “hard” 
contact is formulated. Thereby, contact pressure can be transmitted if surfaces 
are in contact, but it also enables a separation of contact surfaces afterwards. 

4.6 Down-scaled tubular tower connection in 4-point bending 

Finite element models are described, which are used to evaluate 4-point-
bending tests on tubular towers in small scale. These have a diameter of one 
meter and consider both flange and friction connections. A more detailed 
description of the laboratory experiments is given in chapter 3. 
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4.6.1 Boundary conditions, geometry and mesh 

To save computation time, only one half of the specimen is modelled. As 
consequence, symmetry boundary conditions in the vertical plane are 
considered. In order to ensure the behaviour of a simply supported beam, load 
application points and supports are kinematically constrained to reference 
points, which are provided with corresponding boundary conditions, see Figure 
4.5 for the ring flange connections. Boundary conditions for the friction 
connection are shown in Figure 4.6. 
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load application by 
imposed deformations 

kinematic copulings 
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support reactions 
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Figure 4.5: Boundary conditions for 4-point bending test with ring flange 
connection 

The specimens consist of the actual connection plus an adaptor tube on each 
side. Whereas the latter ones are modelled as shell elements, the important 
parts to achieve an impression of the connections behaviour, i.e. flanges and 
adjacent steel tubes/friction connection steel tubes, bolts, nuts, washers and 
cover plates are modelled as solid elements. For the mesh, C3D4 (tetrahedron 
solid elements) are chosen for bolts, nuts and washers; all with a global 
element size of 5 mm, which in the thread area is decreased to 2.5 mm. For 
cover plates, shells and flanges element type C3D8R (eight node hexahedron 
solid elements with reduced integration) is used to reduce computation time. 
The global element size for them is 10 mm, with minimum four elements over 
thickness as recommended in the Abaqus manual [58] to make realistic 
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allowance for the bending stiffness of these parts. Thereby, hourglassing is 
avoided. Increased mesh density in areas of matter, such as around the holes 

load application 
by imposed 

deformations 

Detail A 

Detail B 

B 

A 

 

Figure 4.6: Boundary conditions for 4-point bending test with friction 
connection 

4.6.2 Load application 

After tightening of the bolts in the above described manner, the external load is 
applied as a displacement of the load application points, i.e. the connection 
between adaptor segments and the tubes containing the actual connection to be 
tested. 

4.7 Segment models 

Besides the above described 4-point bending tests, different kinds of segment 
models are investigated: One bolt segments with different curvature in case of 
flange connection and in case of friction connection one bolt row segments 
with different curvature are considered in order to investigate the influence of 
curvature. These models are based on the above described 4-point bending tests 
and are therefore built in the same way.  

The influence of the shape of hole is analysed based on friction connection 
segment models, which are developed in analogy to the tests carried out at 
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LTU and consider normal clearance as well as open slotted holes, but no 
curvature. 

4.7.1 Flange and friction segment model based on 4-point bending tests 

Boundary conditions, geometry and mesh 

Two different models of a flange connection segment and of a friction 
connection segment, respectively, are built, using the same geometrical 
dimensions as in the down-scaled 4-point bending tests. The segment models 
differ in curvature: in one model, this is considered for both flanges and shells, 
whereas the other one has perfectly flat geometry, cp. Figure 4.7 and Figure 
4.8. The aim is to analyse the influence of stress redistribution in the shell on 
the development of bolt forces. To represent the stiffness, which would be 
provided by the tower circumference, symmetry boundary conditions are 
considered on the vertical edges of the models. 
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a) curved segment model b) flat segment model 

Figure 4.7: Segment models of ring flange connection 
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a) curved segment model b) flat segment model 

Figure 4.8: Segment models of friction connection 

Load 

First, the bolts are tightened in the above described way. Then loading of the 
segment model is applied as displacement at the end of the upper “plate”. The 
reaction force is summed up at the boundary condition of the lower “plate”. 

4.7.2 Friction segment model based on segment tests 

Two models, which represent the segment tests that were carried out at LTU, 
are analysed: a model with long open slotted hole and a model with normal 
clearance holes on both plates. The aim is to study a possible reduction of slip 
resistance due to the presence of the long open slotted hole and the governing 
phenomenon for behaviour of the single lap joint. 

Boundary conditions, geometry and mesh 

Figure 4.9 illustrates geometry and mesh of the different parts of the friction 
connection. Dimensions are the same as for the test specimens described in 
chapter 3.2. The mesh of the bolts and the shells is made by tetrahedron solid 
elements (C3D4) and the eight node hexahedron solid elements (C3D8R), 
respectively. 
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Displacement BC

 

Figure 4.9: Meshed parts of friction connection 

Load application 

First, the bolts are tightened in the above described way. Then loading of the 
segment model is applied as displacement at the end of the upper “plate”. The 
reaction force is summed up at the boundary condition of the lower “plate”. 

4.8 Model of real-scale tower connection 

To analyse the behaviour of a friction connection with long open slotted holes 
in a real tower, a full-scale tower connection model has been built in finite 
elements. The considered tower segment has a diameter of D = 3374 mm with 
a shell thickness of t = 24 mm and steel grade S460. The connection of two 
such segments consists of three rows of 56 M48 high strength bolts of grade 
10.9 each. As realistic load case, a moment of MEd = 45.8 MNm is applied. To 
prevent failure of the connection in friction and ensure buckling as dominant 
malfunction, a sufficient slip resistance is provided. 

Two FE models are created for a real-scale tower connection with circular 
cross-section: a ring flange connection (RFC) and a friction connection in a 
tubular tower (FCC). Additionally, a model of a friction connection in a real-
scale tower connection with polygonal cross-section (FCP) is built. 
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4.8.1 Boundary conditions, geometry and mesh 

The FE model geometry and boundary conditions of one half of the tower 
segment, including details of the connection, are exemplarily shown in Figure 
4.10 for the friction connection with circular cross-section. Symmetry 
boundary conditions are used to reduce computation time. The tower segment 
is 3 m long on each side of the connection allowing for local buckling and 
stress redistribution of the shell. Cross-section surfaces of the shells are fully 
kinematically constrained to reference points. The FE mesh of the bolts is 
made by tetrahedron solid elements (C3D4), 5 – 11 mm long, see Figure 4.11. 
For the other connection parts eight node hexahedron solid elements (C3D8R) 
of sizes 15 - 50 mm are used. 
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Figure 4.10: Real scale model with friction connection (FCC) 
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Figure 4.11: Geometry of M48, grade 10.9 

4.8.2 Load application 

A preloading force in the bolts of Fp,C = 960 kN according to EN 1993-1-8 [29] 
is applied by the turn-of-nut method. In a second step, bending is applied 
“displacement controlled” by imposing rotations of the upper and lower 
reference point.  

4.9 Verification of Finite Element Modelling Technique 

Verification of the finite element modelling technique is achieved by 
comparing results of the laboratory tests on the ring flange and friction 
connections in 4-point bending to the results obtained by finite element 
analysis. The load deflection curves for the down-scaled tubular segment with 
ring flange connection show good agreement. The same applies for the load 
deflection curve of the friction connection. This proves a proper level of 
sophistication and the robustness of the modelling technique, which is used. 
Experimental and FE results are used together, to analyse the behaviour at 
failure of the ring flange connection (see chapter 5) and the friction connection 
(see chapter 6). The same computational procedure is adopted for the analyses 
of the segment models as well as the real scale connection models. 
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5 FLANGE CONNECTION BEHAVIOUR 

The behaviour of ring flange connections has been investigated a lot during the 
last decades and is regarded as well-known. It is analysed here in order to 
validate an appropriate finite element modelling technique. This is based on 
results obtained by 4-point bending tests on down-scaled tubular models of 1 m 
in diameter. Furthermore, the bolt force development is looked into in detail on 
the basis of segment tests and models. The latter one considers curvature and 
straight segments. Comparison of ring flange and friction connection 
behaviour follows in chapter 7. 

5.1 Results from down-scaled 4-point-bending tests 

4-point bending tests on down-scaled tubular tower segments with ring flange 
and friction connections have been tested by RWTH. Test set-up and procedure 
are described in chapter 3.1. In the following paragraphs the behaviour is 
analysed and compared to results achieved by finite element modelling 
technique. 

5.1.1 Failure modes 

Good agreement between FEA results and data from experimental tests is 
found: Load-deflection behaviour of the 4-point bending specimen with ring 
flange connection is shown in Figure 5.1. Additionally to the agreement 
between FEA and experimental results agreement to elastic beam theory in the 
initial loading phase is obtained. In case of specimen FC1 shell buckling occurs 
at ultimate load Pult = 1722 kN (1800 kN in FEA). It is close to the ultimate 
load calculated using the buckling criterion according to EN 1993-1-6 [67] 
assuming the fabrication tolerance quality class B (Pb,EC3 = 1810 kN). 
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Buckling failure of specimen FC1 is shown in Figure 5.2a. Since geometric 
imperfections of the shell are not introduced in the FE model, this is a possible 
reason for a slightly higher ultimate load obtained in FEA compared to the 
experimental results, see in Figure 5.1. Effects of geometric imperfection are 
studied in chapter 7. Failure of the bolts due to flange imperfections in 
specimen FC4 is shown in Figure 5.2b. 
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Figure 5.1: Load-deflection behaviour of the 4-point bending specimen with 
ring flange connection 

 

a) FC1 – perfect flange  b) FC4 – imperfect flange 

Figure 5.2: Failure modes of the ring flange connection - FEA 
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5.1.2 Redistribution of the meridional membrane stresses 

Measured and FEA meridional strains on the outer shell surface, at 70 mm 
distance from the flange, of the FC1 specimen are shown in Figure 5.3. 
Reduced stains in the tension zone (0° angle) can be noticed at the load level of 
approximately P = 1590 kN which is 90 % of the ultimate load. Excellent 
agreement between experimental and FEA results is achieved. 
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Figure 5.3: Strains on the outer edge of the shell – FC1 

The meridional membrane stresses obtained in FEA are shown in Figure 5.4 
and Figure 5.5 for both specimens (FC1 and FC4). Good agreement of shell 
meridional membrane stresses of the specimen FC1 to the elastic bending 
theory at relatively low load level (up to P = 1093 kN) is evident, see Figure 
5.4. As the load increases, meridional stresses in the tension zone become 
smaller than that of stresses calculated by the elastic bending theory. 
Consequently, the stresses in the compression zone (180° angle) have to be 
larger. 

Opening of the gap between flanges is shown in Figure 5.6 in function of the 
applied load. During the bending, the contact stresses between the flanges are 
reducing in the tension zone and finally the gap opens leading to a nonlinear 
increase of the bolt forces due to prying effects. 

When the gap is opened, the meridional stiffness of the shell segment in the 
tension zone is no longer governed by bending stiffness of the shell, but it is 
modified by the cross-section area of the bolt: Abolt = As = 247 mm2, which is 
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smaller than As,seg = 98 · 8 =784 mm2. The reduction of the axial shell stiffness 
is the origin of geometrical nonlinearity in the tension zone and leads to the 
reduction of the meridional tensile stresses in the shell. The same behaviour 
has been found by Jakubowski and Schmidt [68]. 
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Figure 5.4: Meridional membrane stresses in reference case FC1 
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Figure 5.5: Meridional membrane stresses in imperfect case FC4 
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Relatively high “residual” stresses, up to 300 MP in compression, are present 
in the shell of FC4 specimen, see Figure 5.5. The distribution of residual 
meridional stresses in specimen FC4 after preloading of the bolts is more 
clearly shown in Figure 5.7.  
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Figure 5.6: Gap opening vs. applied load in maximum tension zone 
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Figure 5.7: Meridional stresses in the shell after preloading of the bolts – 
FC4 

Meridional tension stresses are produced in the zone of the gap by the bolts 
preloading. Consequently the compression stresses appear in a nearby zone of 
the support which are in equilibrium with the tension stresses. Comparison of 
the initial gap and the gap after preloading of the bolts, in experiments and 
from FEA, are shown in Figure 5.8. FE results are mirror-copied in the range 
0º-45º. The large initial gap (6 mm) is not fully closed even with full 
preloading force of the bolts. 
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Figure 5.8: Development of gap on inner circumference of FC4 

5.1.3 Bolt forces 

Forces in the most loaded bolts in the tension zone (0º angle), obtained from 
the monitored strain-gauges in experiments are shown in Figure 5.9. For the 
sake of comparison the bolt forces in FEA are also calculated from strains in 
the core of the bolt shank by multiplying by the “stiffness” factor 
63.7 N/ m/m.  
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Figure 5.9: Bolt forces in the ring flange connection monitored by strains 
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This value is obtained to achieve the same bolt force as by integrating stresses 
in the cross-section of the bolt at the preloading stage, see Figure 5.10. The 
stiffness factor is close to the actual axial stiffness of the bolt 
E · Ab = 65.9 N/ m/m, where Ab = 314 mm2 is the gross cross-sectional area of 
the bolt at the shank. Very good agreement of bolt forces in the FEA and 
experiments is obtained in both cases, FC1 and FC4. 

integration 
of stresses

bolt 
force 

 

Figure 5.10: Vertical stresses and force after the preloading 

The bolt forces are much higher than the bolt ultimate tensile resistance Ft,Ru 
calculated according to equation (5-1). It can be noticed that the preliminary 
calibration test of the bolts are performed only in the elastic range, therefore 
measurements of the bolt forces at higher loading levels are not certain due to 
the expected nonlinear dependence between the bolt force and the strain. 

kN 246usRut, fAF  (5-1) 

Realistic bolt force beyond the elastic range can be obtained by integrating 
stresses in the cross-section of the bolt using FE results, as shown in Figure 
5.10. Bolt forces for the specimens FC1 and FC4, obtained from FEA by 
integrating stresses in the cross-section of the bolt are shown in Figure 5.11. 
The ultimate bolt force (Ft,FEA = 275 kN) is 11 % higher than the ultimate 
tensile resistance of the bolt Ft,Ru = 246 kN. Higher ultimate tensile resistance 
of the bolt in FEA is addressed to a relatively short length of the threaded part, 
see Figure 4.3. This effect is also noticed in evaluation of experiments on high 
strength bolts conducted by Sterling et al. [69]. 
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Figure 5.11: Bolt forces obtained by integrating FEA stresses in the cross-
section of the bolt 

The bolt force in the specimen FC4 increases more rapidly compared to the 
specimen FC1. Since the initial gap is not fully closed after the preloading of 
the bolts the bolt force starts to increase instantly, see Figure 5.6. The bolt 
force variation ranges for specimens FC1 and FC4 are presented in Table 5.1 at 
the same load levels corresponding to 30 %, 50 % and 70 % of the ultimate 
load Pult, as indicated in Figure 5.11. The bolt force variation range is obtained 
as the difference between the bolt force at the specific load level and the 
preloading force in the bolt corresponding to the unloaded stage. In case of the 
flange connection with initial parallel imperfection of 6 mm (FC4) the bolt 
force variation ranges are much higher, as shown in Table 5.1. At higher load 
level, the difference in the bolt force variation range reduces. Since the damage 
equivalent loads on towers for wind turbines are usually around 30 % of 
ultimate load, the unrepaired gap causes serious reduction of the fatigue 
endurance in the bolts. 

Table 5.1: Bolt force variation range 

Load level  Bolt force variation 

Ratio Load  FC1 - perfect flange FC4 - imperfect flange

P / Pult P (kN) Ft,FC1 (kN) Ft,FC4 (kN)

0.3 540  13 79 
0.5 900  63 107 
0.7 1260  103 116 
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The bolt force for specimen FC1 shown in Figure 5.11 is compared to a widely 
accepted method for determination of the bolt force relying on simplified, 
bilinear model derived by Petersen [12]. Evidently, the bolt force in the 
specimen FC1 is lower when compared to Petersen’s model, which is presented 
in chapter 2.2.2.. 

Development of the bolt force Ft with regard to the applied segment load Z is 
separated in two characteristic regions. In the first region flanges are in contact, 
but with increase of the applied load Z the contact pressure between the flanges 
is reduced and the bolt force Ft,I given in equation (5-2) develops with regard 
to the ratio of the bolt stiffness, CS, the clamping package stiffness CD, and the 
lever arm factor . 

ZFZpFF IIt,Cp,It,           ;  (5-2) 
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In previous equations AS = 246 mm2 is the tensile stress area of the bolt while 
the cross sectional area of the clamping package cone AD is calculated 
according to equation (5-6). 

2
2 2fl

wash 0
2 1072 mm

4 10D
tA d d  (5-6) 

Following Petersen’s approach leads to a critical force in the flanges of 
Zcrit = 115 kN, see equation (5-7). 
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p,C
crit 115.1 kN

F
Z

q
 (5-7) 

When the value of the critical applied load is reached, the flanges start to 
separate and contact pressure between them disappears. The development of 
bolt force is now governed only by the prying effects with flanges acting as 
lever arms. The lever arm factor  is calculated as 1.7, see equation (5-8). 

1.709a b
a

 (5-8) 

These calculations are shown in a more comprehensive way in Annex D.  

5.2 Results from segment flange connection 

Scattering between the obtained bolt forces to the Petersen model is explained 
by comparing the 4-point bending test model to the results of the curved and 
flat segment models, see Figure 5.12. 

 

a) bolt forces in complete + segment model b) shell stresses in tension zone 

Figure 5.12: Comparison of the FC1 results to the approach of Petersen [12] 

Bolt forces Ft from different FE models are shown in Figure 5.12a in function 
of a segment force Z = x · As,seg, where As,seg is the cross-section area of the 
shell segment corresponding to the one bolt row and x is the meridional 
membrane stress. In the segment models Z is simply the applied load. In the 
complete 4-point bending model stresses x are obtained in two ways. In the 
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first case, “Complete model – elastic theory stresses”, the segment force Z is 
obtained using meridional stresses x according to the elastic bending theory, 
as shown in equation (5-9), using the load P applied in 4-point bending test. 
This case is shown in Figure 5.12a with the solid black line and it corresponds 
to the bolt force for the specimen FC1 shown in Figure 5.11. In the second 
case, “Complete model – stresses from FEA”, the segment force Z is calculated 
using meridional stresses x obtained from FEA results, taking into account 
redistribution of meridional stresses in the cross-section of the shell, see section 
5.1.2 and Figure 5.4. Figure 5.12b shows the development of meridional stress 

x in the maximum tension zone (0° angle) in function of the load applied in 4-
point bending test, derived according to the elastic bending theory calculated in 
equation (5-9) and FEA results. 

2570 / 2( / 2) ( / 2)x
shell shell

M PD D
I I

 (5-9) 

Comparing the results for the case “Complete model – stresses from FEA” to 
the case “Complete model – elastic theory stresses” the following observation 
are made. There is obvious similarity in the difference between the segment 
force for these two cases, cp. Figure 5.12a, and the difference between the 
meridional stresses in FEA and according to elastic bending theory, which is 
shaded areas in Figure 5.12. The large part of the difference between the bolt 
forces in the 4-point bending test and the Petersen model is addressed to the 
redistribution of the stresses in the cross-section of the shell, section 5.1.2. A 
similar conclusion was made by Seidel and Schaumann [70]. Furthermore, 
there is a small difference between the “Curved segment model” and the 
“Complete model – stresses from FEA”. This is the consequence of 
determination of the segment force in the latter case by observing the 
maximum instead of the average tensile stress in the cross-section of the shell. 
The meridional stresses x at the segment edges are slightly lower. Influence of 
the curvature of the flange and shell can be observed by comparing the 
difference between curves “Curved segment model” and “Flat segment model” 
in Figure 5.12a. The curvature influences the lever arm a and the bending 
stiffness of the shell. Finally, the flat segment model shows an excellent 
agreement to the Petersen model. The conclusion is drawn that the Petersen 
model is conservative compared to the behaviour of the bolt in the ring flange 
connection due to effects of redistribution of stresses in the shell and 
strengthening effect of the curved connection geometry. It is expected that for 
the larger shell diameters all the above mentioned differences will have less 
influence. 
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6 FRICTION CONNECTION BEHAVIOUR 

Although the friction connection has been shown to be feasible for application 
in steel tubular towers for wind turbines [2], there are still unanswered 
questions left to understand the behaviour and to give recommendations for the 
design. Therefore, the friction connection is looked at on different scales; a 
one-bolt-row segment, a down-scaled connection with 1 m in diameter and a 
real-scale connection of about 3 m diameter. Description of the performance 
under quasi-static load conditions is given in this chapter. 

6.1 Failure modes 

The expected failure mode of a tower with friction connections in bending is 
slip failure, which will appear symmetrically on tension and compression side 
of the segment. In order to prevent the connection to fail in slip, various means 
exist, e.g. to raise the number of bolts. This will then change the failure mode 
of the connection to buckling on the compression side. Both cases are 
considered and thoroughly described in the following subchapters.  

6.2 Friction connection in 4-point bending - behaviour under tensile 
loading 

Experimental and FE results of the 4-point bending test of the down-scaled 
friction connection of 1 m diameter are shown in Figure 6.1 and Figure 6.2. 
Slip failure occurs in the connection, seen Figure 6.2, for both specimens and 
the FE model. At the average ultimate load of Pu,test = 1827 kN in experiments 
and Pu,FEA = 1920 kN in FEA no buckling of the shells is observed. The first 
slip between shells occurred in experiments at the average load of P = 1566 kN 
when the load slightly decreases, see Figure 6.1. No sudden decrease of the 
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load can be obtained in FE results. However, the load P = 1214 kN in FEA 
corresponds to a slip of 0.15 mm, which is criterion for slip resistance 
according to EN 1090-2 [30]. Such a difference between experiments and FEA 
is addressed to the difference between uniform friction coefficient used in FEA 
and the real static-kinetic friction behaviour in experiments [39]. A more 
detailed investigation of this is given in chapters 6.4 and 6.5. 

 

Figure 6.1: Load-deflection curve for friction connection in 4-point bending 

 

Figure 6.2: Slip of friction connection in 4-point bending at finger end 
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The load resistance obtained in experiments and FEA are compared to the 
hand-calculation model used in engineering practice: The ultimate slip 
resistance of one segment with three bolts in a row, is calculated in equation 
(6-1), according to EN 1993-1-8 [29]. One friction surface is considered, n = 1, 
and values of the slip factor  = 0.56, according to the friction tests, and the 
reduction factor ks = 0.63 for the long slotted hole are used. The partial safety 
factor M3 [29] is neglected. The ultimate load Ps,ult in the 4-point bending test 
set-up can be obtained for cross-section area of the shell As,seg = 1047 mm2, 
which corresponds to one row of bolts, see equation (6-2). The plastic section 
modulus of the cross-section of the shell Wpl,shell = 80 · 105 mm3 is used for the 
sake of comparison to the ultimate resistance obtained in experimental and 
FEA results. The plastic behaviour of the cross-section is considered because 
of the limit imposed by the slip resistance of the circular connection segments. 

kN 3.169Cp,ss FnkF  (6-1) 

s
, pl,shell

s,seg

2 / 2.57 1008 kNs ult
FP W

A
 (6-2) 

These calculations are shown in a more comprehensive way in Annex E. 

6.2.1 Activation of second friction surface 

The ultimate load resistance obtained in experiments and in FEA is 
approximately 80 % higher than the obtained resistance Ps,ult = 1008 kN, see 
Figure 6.1. Main reason for this difference is the activation of a second friction 
surface – the interface between the cover plates and fingers. Friction forces vs. 
vertical deflection obtained from FEA results, for one row of bolts in the 
tension zone, are shown in Figure 6.3. 

Friction forces for both interfaces are shown separately as they appear in the 
model at the interface between the fingers and the outer shell as well as at the 
interface between the fingers and the cover plate. The total friction force for 
those two interfaces is plotted also. Primarily, the applied load is carried by the 
friction force between the fingers and the outer shell, as it can be seen in Figure 
6.3. 
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Figure 6.3: Friction forces in tension zone of 4-point bending test 

When the slip resistance at this interface is reached, the slip occurs and the 
friction force at the second interface between the fingers and the cover plate is 
activated. Summed up, the friction forces at those two interfaces show good 
agreement to the segment force Z, which corresponds to one row of bolts. The 
segment force is obtained as: Z = x·As,seg, where x is the meridional shell 
stress in the maximum tension zone. The friction coefficient 0.40 is used in 
FEA for both faying surfaces. Multiplying the friction coefficient by the sum of 
preloading forces in the bolts and considering two friction surfaces, the slip 
resistance Fs = 2 Fp is obtained. Very good agreement is found between the 
slip resistance, the sum of friction forces and the segment force, as shown in 
Figure 6.3. 

6.2.2 Bolt forces 

Contour plots of meridional displacements and axial and shear forces in the 
bolts presented as vectors at different load levels, which are also marked in 
Figure 6.3, are shown in Figure 6.4. As load increases, slip firstly occurs on the 
interface between the fingers and the outer shell, cp. Figure 6.4b, and at the end 
between fingers and cover plate, see Figure 6.4c. This can be seen by 
comparing the colours representing the meridional displacement on different 
parts in Figure 6.4. Increase of applied load is followed by increase of shear 
force in the bolts and reduction of the preloading force. 
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Total shear force and average preloading force in the bolts are shown in Figure 
6.5, together with the friction force at the second friction surface, “Fingers – 
Cover plate” curve. The slip at both friction surfaces are shown as well. The 
shear force in the bolts is developed once the slip is initiated at the first friction 
surface, “Fingers – Outer shell” curve, at approximate deflection of v = 8 mm. 
This is equivalent to the load level of P  1000 kN, see Figure 6.1, and the slip 
resistance of one friction surface Ps,ult = 1008 kN, as calculated in equation 
(6-2). Origin of the shear force is the load transfer from cover plate to outer 
shell. This is justified by the fact that the total shear force in the bolts and the 
friction force transferred at the second friction surface are identical, see Figure 
6.5. After slip at the second friction surface is activated - at approximately 
v = 17 mm and P  1800 kN, see Figure 6.1 - the shear forces in the bolts are 
no further increased. 

 

a) v = 7 mm b) v = 12 mm c) v = 30 mm 

Figure 6.4: Meridional displacements and forces in bolts in the tension zone 
of 4-point bending test 



Resistance of Friction Connections with Open Slotted Holes in Towers for Wind 
Turbines 

84 

 

Figure 6.5: Shear force in the bolts and slips at two friction surfaces 

Kulak et al. [23] have stated that “the measurements of the internal tension in 
bolts in joints have shown that at ultimate load little preload is left in the bolt”. 
Thus, the reduction of preloading force in the bolts is induced by development 
of the shear forces. The shear forces in the bolts do not reach the ultimate shear 
resistance, since they are limited by the slip resistance of the second friction 
surface. Therefore the preloading forces in the bolts remain constant after the 
ultimate slip resistance of the connection P  1800 kN is reached, see Figure 
6.5. 

The average preloading force in the bolts in the tension zone of the connection 
is shown in Figure 6.6 together with experimental results and the hand-
calculation model presented in Annex F. Very good agreement of the 
experimental and FE results is obtained, while the hand-calculation model 
gives good prediction up to approximately 50 % of the ultimate failure load. 
This load level corresponds to the slip resistance of the first friction surface. A 
higher rate of decrease of the preloading force is due to development of shear 
forces in the bolts, which is not considered in the hand-calculation model. 
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Figure 6.6: Bolt forces in the tension zone of 4-point bending test 

According to Kammel and Sedlacek [45], RWTH derived the force variation 
range Fp,C, see equation (6-3), in the preloaded bolts of the friction 
connection, which is caused by the Poisson’s effects in the connecting plates. It 
can be determined as function of shell stresses depending on the elastic 
resilience of the bolted connection, which is defined in the guideline of VDI 
[22], see chapter 2.4. Calculation of Fp,C at the maximum applied load is 
presented in Annex F. 

x,i
p,C

joint shell

( )is
F

E
 (6-3) 

The hand-calculation model shows good correlation with experimental and 
FEA results presented in Figure 6.6 in the initial loading stage, which is up to 
approximately 50 % of the ultimate load. At higher loading stages the 
experimental and FEA results showed nonlinear behaviour in the loss of 
preloading force. This is the consequence of development of shear forces in the 
bolts at higher applied loads due to activation of the second friction surface, 
which is explained in chapter 6.2.1. 

The estimation of loss of preloading force in the bolt of the friction connection 
is mostly intended to be used for an assessment of fatigue endurance. A fatigue 
damage equivalent load rarely exceeds 50 % of the ultimate load. Therefore, 
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the hand-calculation model can be successfully used for assessment of bolt 
fatigue endurance in the friction connection. 

6.2.3 Meridional stresses 

Development of the meridional stresses in the tension zone (0° angle) is shown 
in Figure 6.7. Good agreement to the stresses obtained according to elastic 
bending theory is found in case of the friction connection, contrary to the 
nonlinear behaviour of the ring flange connection, shown in chapter 5.1.2. 
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Figure 6.7: Stresses in the shell obtained by FEA and elastic bending theory 

6.3 Friction connection in 4-point bending - behaviour under 
compressive loading 

Variation of the bolt force in the compression zone is shown in Figure 6.8. As 
predicted by the hand-calculation model, an increase of the preloading force in 
the bolt is expected, which is caused by the expansion of connecting plates 
subjected to compression stresses, commonly known as Poisson’s effects. 
However, the experiments and FEA results do not confirm this. The shear 
forces in bolts are developed in the compression zone in the same manner as it 
is described for the tension zone, see chapter 6.2.2. The reduction of preloading 
force due to development of shear forces is obviously larger than the increase 
of preloading force due to Poisson’s effects. Therefore, the total bolt force 
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variation range in the compression zone is slightly smaller in comparison to the 
tension zone. 
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Figure 6.8: Bolt forces in the compression zone of 4-point bending test 

It is concluded that the bolt force variation range in the tension and the 
compression zone with up to 5 % is rather small for a load of approximately 
50 % of the ultimate load. Such small bolt force variation range excludes the 
need to consider fatigue endurance of the bolts in design of a friction 
connection with open slotted holes. 

6.4 Segment behaviour of friction connection 

6.4.1 Slip behaviour 

Load-slip behaviour of the single lap joint experiments and FEA is given in 
Figure 6.9. Good agreement between FEA and experiments is achieved 
considering the connection stiffness and the ultimate slip resistance. Slip at two 
positions in the connection is analysed: a) at the connection end and b) at the 
connection side. Relative slip at the connection side is approximately five times 
lower than the slip at the connection end, where elongation of the plates 
contributes to the relative displacement. The slip resistance of Fs,exp = 381 kN 
in experiments and Fs,FEA = 365 kN in FEA corresponds to the value of slip at 
the connection end of    0.15 mm. This justifies the criterion for 
determination of the slip load according to EN 1090-2 [30], Annex G. Based 
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on these findings the recommendation is given that slip at the connection end 
should be used for the assessment of the slip resistance with the criterion of 
 = 0.15 mm according to EN 1090-2 [30]. 
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a) connection end  b) connection side 
Figure 6.9: Load vs. slip of single lap joint 

After the slip resistance of the connection is reached, a sudden drop of the load 
can be noticed in experiments, see Figure 6.9a. The reason for such a behaviour 
is the true static-kinetic nature of the friction coefficient [39]. The friction 
coefficient is considered as a constant value in FEA and therefore the reduction 
of the load cannot be obtained in the FE model. The load increase, after the 
load dip, can be addressed to activation of the second friction surface between 
the fingers and the cover plate. This phenomenon is described in chapter 6.2. 
The cover plate in the single lap joint is not treated as the faying surface and 
the slip factor at this friction surface is assumed to be rather low. Therefore, the 
initial reduction of the load due to static-kinetic slip is not overcome by the 
activation of the second friction surface. In the down-scaled 4-point bending 
test set-up, see chapter 6.2.1, the cover plates have the same coating layer as 
the shells. Contrary to the single lap joint, rather small decrease of the load due 
to transition from static to a lower kinetic friction coefficient is recognized in 
the 4-point bending experiment, see Figure 6.2. The favourable behaviour of 
the connection subjected to bending is addressed to the redistribution of forces 
between adjacent bolt rows. 
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6.4.2 Bolt forces 

Variation of bolt forces, or in other words reduction of preloading force, in the 
experiments and FEA of the single lap joint is given in Figure 6.10 as a 
function of applied load. Variation of the bolt force appears to be linear up to a 
load level corresponding to the slip resistance. The bolt force starts to decrease 
rapidly after the slip of 0.15 mm because of the appearance of shear force in 
the bolts. The same behaviour, but less emphasised, is noticed by the bolt 
forces in the down-scaled 4-point bending test set-up, see Figure 6.6. 
Experimental and FE results are compared to the hand-calculation model 
presented in chapter 6.2.2, and recalculated for the current case. The hand-
calculation gives very good prediction of the preloading force reduction up to a 
load level of 70 % of the slip resistance, except for the lower bolt at the opened 
end of the finger. 

The total preloading force in the bolts at the beginning of the experiments 
Fp,start = 1107 kN (1093 kN in FEA) is reduced to the value of Fp,slip = 1073 kN 
at major slip. This gives a value of the apparent friction coefficient in 
experiments of 0.36, which is exactly the same value as used in FEA. 

 

a) upper bolt   b) middle bolt c) lower bolt 

Figure 6.10: Reduction of the preloading force in the bolts due to applied load 

6.4.3 Parametric study of friction coefficient 

In the segment test at LTU as well as in the down-scaled tubular tests at 
RWTH, the slip factors are determined experimentally using the friction tests 
according to EN 1090-2 [30]. Friction coefficients in FEA are adopted 
approximately 25 % lower compared to the slip factors determined 
experimentally in order to achieve agreement to experimental results. The 
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comparison is given in Table 6.1. In case of the single lap joint test set-up the 
friction coefficient used in FEA is identical to the apparent friction coefficient 
calculated from the experiment. 

Table 6.1: Slip factors in experiments vs. friction coefficients in FEA 

 Slip factor 
acc. to [30]

Friction coefficient
in FEA 

Ratio 

 Exp. FEA FEA/ Exp 

Segment set-up 0.45 0.36 0.80 
4-point bending set-up 0.56 0.40 0.71 

 

As described in chapter 2.3.1, the friction coefficient depends on the slip rate, 
contact pressure, contact time, temperature, etc. [39]. The friction coefficient 
decreases with the increase of contact pressure [32]. A higher contact pressure 
is obtained in case of friction connection with long open slotted holes 
compared to normal clearance holes as they are used in standard friction tests 
as well. This phenomenon is studied below in a short parametric study, see 
Figure 6.11. The FE model of the single lap joint with long open slotted holes 
is used as reference case. An alternative model is created with normal 
clearance holes. Those two models are analysed with two sets of friction 
parameters: A constant friction coefficient calibrated to a value of 0.36 is used 
as reference and compared to an assumed variable friction coefficient as 
function of contact pressure. In the second approach it is assumed that the 
friction coefficient at zero contact pressure is 0.5 and drops to 0.2 at a contact 
pressure of 500 MPa. Those values are calibrated so that the same slip 
resistance is obtained as in the reference case. The results are shown in Figure 
6.11. 

If the friction coefficient is set to a constant value, a difference in slip 
resistance cannot be noticed between slotted and normal clearance holes. If the 
friction coefficient depends on contact pressure, an approximately 15 % lower 
slip resistance is obtained in case of long open slotted holes. Differences 
between experimentally determined slip factors and constant friction 
coefficients used in FEA in this study are rather high (20 % - 30 %). This is 
due to the slip factors, which are experimentally determined using M20 bolts in 
normal clearance holes on a rather thick plates, with plate thickness 
tp = 25 mm. Lower contact pressure appears compared to the reference case 
with the normal clearance holes analysed here, leading to a higher friction 
coefficient. In case of 4-point bending test set-up, bolts M20 are used with 
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relatively thin plates (8 mm) providing higher influence of the contact pressure 
than in the single lap joint test set-up. Therefore, a larger difference between 
experimentally established slip factor and the constant friction coefficient used 
in FEA of the 4-point bending test compared to the single lap joint test, 30 % 
vs. 20 %, respectively, is found. 
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Figure 6.11: Influence of slotted holes on slip resistance 

6.5 Segment behaviour vs. down-scaled cross-sectional behaviour 

Results of the complete FE model of the 4-point bending test set-up and the 
curved and flat segment models are compared in Figure 6.12. For the sake of 
comparison of different models, the segment force corresponding to one row of 
bolts is shown dependent on the meridional elongation of the test-segment in 
the tension zone. The length of the test-segment is LTS = 2000 mm, see Figure 
6.12. 
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Figure 6.12: 4-point bending test FEA vs. segment test FEA 

An approximately 11% higher slip resistance is obtained in the complete model 
of the 4-point bending test compared to the results of the segment models. This 
difference is due to the redistribution of segment forces to the corresponding 
adjacent bolt rows in the complete model subjected to ultimate bending. An 
influence of curvature of the shell does not exist contrary to the ring flange 
connection, as described in chapter 5.2; the results of the curved and flat 
segment model are identical. 

6.6 Failure mode: Slip 

The reduction factor ks used in EN 1993-1-8 [29] covers the difference between 
the slip factor determined by standard friction tests acc. to EN 1090-2, Annex 
G [30] and the apparent friction coefficient at ultimate load in a real connection 
with oversized holes. Based on findings presented in this study it is concluded 
that this reduction is influenced at least by the following two phenomena: 

- the dependence of the friction coefficient on the contact pressure, which 
is governed by the geometry of the connection; 

- the reduction of the preloading force in bolts.  

The constant friction coefficients used in this study are reduced to 
approximately 75 % compared to the slip factors determined experimentally 
due to the dependence of the friction coefficient on the contact pressure. 
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In case of the friction connection subjected to the ultimate bending load the 
initial preloading force in bolts shown in Figure 6.6 is reduced to 
approximately 85 %. Therefore, the total reduction of the slip factor obtained in 
this study is ks = 0.75·0.85 = 0.64, the same value as the reduction factor for 
the long slotted holes given in EN 1993-1-8 [29]. 

If the friction connection subjected to bending is provided with the cover plates 
that have the same finishing as the shells, the second friction surface is 
activated leading to the double ultimate slip resistance of the connection. 
Therefore, the ultimate slip resistance of the segment of the connection 
subjected to bending is given in equation (6-4).  

s,Ru s p,C p,C2 1.26F k F F  (6-4) 

In equation (6-4) Fb is the sum of bolt forces in one row and  is the slip 
factor according to EN 1993-1-8 [29]. 

6.7 The friction connection in full scale – the buckling failure mode 

The friction connection in the full scale tower model is designed to perform 
adequately to the flange connection. Therefore, the same shell thickness 
t = 24 mm is considered. First, the behaviour of a friction connection in a tower 
with circular cross-section (FCC) is studied thoroughly. Buckling of the shell 
segment in the vicinity of the friction connection is analysed considering 
design imperfections of the shell according to EN 1993-1-6 [67]. Then, main 
variables of the friction connection that influence the bending resistance, i.e. 
different connection length and steel grades, are analysed in a short parametric 
study. A necessary assembly tolerance is taken into account. Finally, circular 
(FCC) and polygonal (FCP) tower cross-sections are compared to each other 
concerning imperfections and tolerances. A comparison between friction 
connection with circular cross-section and ring flange connection (RFC) 
follows in chapter 7.2.  

Specimen designation 

Denomination of the cases considered is as follows: the first letter indicates the 
tower shape. The second is the digit designating the gap size between the 
shells. The third character denotes the steel grade of the shell, while the 
remaining three digits represent the length of the fingers LF, cp. Figure 6.13. 
The last lower case character in the end defines the method to provide the 
assembling tolerance. 
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Figure 6.13: Full scale tower segment dimensions 

Overlapping length in the friction connections is 50 mm longer than the fingers 
in all cases. Reference cases C0A450; C0B450 and C0C450 have an ideal 
geometry and are not provided with gaps between the outer and inner shells. 

C or P shape of cross-section; C – circular, P – polygonal 

0, 1, 2, 3  gap size between the shells; 0 – 0 mm, 1 – 10 mm, 2 –
 20 mm, 3 – 30 mm 

A, B or C  Steel grade; A – S355, B – S460, C – or S650 

450, 550 or 650 finger length LF in [mm] 

g or b type of assembling tolerance; g – gap between the shells, 
b –  bent finger 

6.7.1 FCC – Shell imperfections 

A short parametric study is conducted for the friction connection considering 
different orientations of the imperfections and amplitude, as shown in Table 
6.2. Maximum amplitude of dimple imperfection of 13 mm is used, according 
to EN 1993-1-6 [67], which corresponds to fabrication tolerance quality class 
B. Imperfection shape, see Figure 6.14, is affine with the failure mode obtained 
in geometrical material nonlinear analysis (GMNA) of the shell with ideal 
geometry, see Figure 6.15. This shape is introduced in stress free condition in 
the subsequent nonlinear analysis. 
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Figure 6.14: Applied shell imperfections in FCC 

 

Figure 6.15: Buckling failure of FCC 

Results of the bending resistances are compared to the reference case without 
dimple imperfections and nearly the same reduction of the bending resistance 
is obtained regardless of the orientation of the imperfection, see Table 6.2. The 
bending resistance is 5 % higher with 4 mm compared to 13 mm dimple 
imperfection. 
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Table 6.2: Influence of orientation and size of imperfection 

Imperfection   Influence of the imperfection 

Upper 
orient. 

Lower 
orient. 

Size 
(mm) 

 Ultimate bending 
moment (MNm) 

Reduction 

None None 0  101.84 0.00 
Inside Outside 13  96.76 -4.98 
Inside Inside 13  96.45 -5.29 
Outside Outside 13  95.74 -5.98 
Inside None 13  96.05 -5.68 
Inside Outside 4  99.96 -1.84 

 

6.7.2 FCC – Parametric study of various factors influencing the bending 
resistance 

Different variables analysed in the parametric study of the friction connection 
bending resistance are shown in Table 6.3: steel grade, length of the connection 
– the so-called “fingers” – and execution tolerance – the so-called “gap” 
between the shells. 

Table 6.3: Results of parametric study on various influencing factors for 
bending resistance 

Case Gap between 
the shells 

Steel grade Length of the 
fingers (mm) 

Ultimate bending 
moment in FEA 

Failure mode 

 g (mm)  LF (mm) Mult (MNm)  

C0A450 0 S355 450 81.64 shell buckling 
C1A650g 10 S355 650 74.37 fing. buckling 
C0B450 0 S460 450 101.83 shell buckling 
C1B450g 10 S460 450 99.31 shell buckling 
C1B550g 10 S460 550 102.86 shell buckling 
C1B650g 10 S460 650 90.58 fing. buckling 
C0C450 0 S650MC 450 129.97 shell buckling 
C1C650g 10 S650MC 650 114.08 fing. buckling 

 

The friction connection length is important because of the danger of global 
buckling of the “fingers”, which designates the part of the shell between two 
slotted holes, shown as the shaded area in Figure 6.13. Proper dimensions, i.e. 
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length and width of the finger, are important for easy execution of the friction 
connection. A gap has to exist between upper and lower segment of the tower, 
which is closed by preloading of the bolts. The longer the finger is, the lower is 
the force needed to close the gap, but risk for global buckling increases, which 
may lead to a reduced resistance of the friction connection. Therefore, due 
attention has to be paid to the design of the connection length.  

6.7.3 FCC – Buckling behaviour 

Failure modes of different lengths of the fingers and the moment rotation 
curves are shown in Figure 6.16 and Figure 6.17, respectively. A significant 
reduction of ultimate bending resistance is present for LF = 650 mm. Different 
failure modes occur in cases of different lengths of the fingers. Buckling of the 
shell and buckling of the fingers occurs for LF = 450 mm and 550 mm, and 
LF = 650 mm, respectively.  

 

a) LF = 450 mm (C1B450) b) LF = 550 mm (C1B550) c) LF = 650 mm (C1B650) 

Figure 6.16: Circular cross-section with 10 mm gap 

It can be noticed that specimen C1B450 with the shortest fingers has the lowest 
meridional stresses and bending moments due to closure of the gap between the 
shells, see Figure 6.18a and Figure 6.19. The lower segment with the shortest 
fingers has similar radial stiffness as the upper segment, assuming that all bolts 
are preloaded at the same time. The gap is closed by deformation of the lower 
and the upper shell, in relation to 75 % vs. 25 % in section C, which designates 
the area of the finger in the centreline of the lowest bolt, respectively. In cases 
C1B550 and C1B650, which may be considered as long fingers, closure of the 
gap between the shells is obtained dominantly by bending of the fingers. The 
radial deformation of the fingers in the lower shell at section C is 
approximately 95 % and 99 % of the complete gap closure, respectively. A bit 
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larger meridional stresses and bending moments appear in the long fingers 
compared to the short fingers. 

 

Figure 6.17: Moment-rotation curves for friction connection with circular 
cross-section (FCC) with assembling tolerance 

L f
re

e 

 

 a) C1B450 b) C1B550 c) C1B650 

Figure 6.18: Meridional stresses in the fingers due to closing of the gap by 
tightening of the bolts 
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Bending moments due to tightening of the bolts in the long fingers are reduced 
as the length of the fingers increases, see C1B550 vs. C1B650 in Figure 6.19, 
because the bending stiffness of the longer fingers is lower.  
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Figure 6.19: Bending moment in the finger due to closing of the gap and at the 
load prior to buckling 

Buckling of the fingers in cases C1B550 and C1B650 is analysed using 
bending moments and axial forces obtained in FEA at the load level prior to 
buckling of the fingers, see Figure 6.19; NFEA and MFEA, respectively. Buckling 
assessment is made using a cross-section check according to EN 1993-1-1 [71] 
because the FE results are obtained using materially and geometrically 
nonlinear analysis with imperfections (GMNIA). For a rectangular solid 
section, the design plastic moment resistance MN,Rd, reduced due to the axial 
force NEd, is obtained using equation (6-5) from EN 1993-1-1 [71], section 
6.2.9.1(3). 

Substituting MN,Rd = MFEA and NEd = NFEA equation (6-5) becomes the failure 
criterion given in equation (6-6) considering interaction of the bending moment 
and the axial force. Ultimate cross-section resistances NRu = fu·AF and 
MRu = fu·Wpl,F are used in equation (6-6) instead of the design plastic 
resistances Npl,Rd and Mpl,Rd. The partial safety factor M1 is excluded from 
equation (6-6) for the sake of comparison with FE results. 
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2
Rdpl,EdRdpl,RdN, /1 NNMM  (6-5) 

1
Ru
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N  (6-6) 

Ultimate strength of the material fu = 550 MPa is used instead of plastic limit 
because the strain hardening is used in the material model in FEA, e.g., the 
stresses up to ultimate strength are reached at the cross-sections with maximum 
bending in the finger, see Figure 6.18. Validation of FE results with regard to 
the failure criterion given in equation (6-6) is given in Table 6.4. 
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Figure 6.20: Deformation of the finger and shell at post-buckling stage for 
specimen C1B650; M = 85.5 MNm 

Utilization ratios close to 1.0 are achieved. Values MFEA are obtained as the 
absolute maximum bending along the finger from FE results, see points M1 and 
Figure 6.19. A larger contribution of bending moment to the failure criterion is 
found for LF = 650 mm compared to LF = 550 mm, 31 % vs. 13 %, 
respectively. This indicates larger susceptibility to buckling of longer fingers 
because the larger second order bending moments develop evidently due to 
larger slenderness, see Figure 6.19. 
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Table 6.4: Verification of ultimate loads by FEA acc. to EN 1993-1-1 [71] 

 FE results  Resistances of 
the cross-section 

 Utilization 

Case Axial 
compr. 

Bending 
moment 

 Axial 
compr. 

Bending 
moment 

 Axial 
compr. 

Bending 
Moment 

Total 

 NFEA 
(kN) 

MFEA 
(kNm) 

 Npl,Rk 
(kN) 

Mpl,Rk 
(kNm) 

 (NFEA/Npl,Rk)2 MFEA/Mpl,Rk axial+ 
bending 

C1B550 1644 1.38  1758 10.5  0.87 0.13 1.00 
C1B650 1470 3.26  1758 10.5  0.70 0.31 1.01 
 

The criterion given in equation (6-6) is not practical for the design of fingers 
regarding their buckling. It is hard to analytically obtain the second order 
bending moments in fingers M1 and M2 due to complicated boundary 
conditions. However, contribution of the bending moment to the utilisation 
ratio is relatively low when compared to contribution of the axial force, see 
Table 6.4, especially for shorter fingers. Therefore, a simplified approach, 
considering the finger and a part of the shell as axially compressed uniform 
member is proposed here. 

Figure 6.16c shows that the finger and a part of the shell buckle together. For 
the cases considered here, an equivalent buckling length of the fingers and a 
part of the shell LF,i is estimated to a value of 2/3 of the free length of the finger 
(LFree  160 mm / 250 mm). This is done by observing a curvature along the 
shell in the post-buckling phase in Figure 6.20 (the corresponding deformed 
shape is shown in Figure 6.16c). Free length of the finger Lfree is defined as 
distance between the lowest bolt and the root of the slotted hole, see Figure 
6.18c. 

Relative slenderness of the finger F  is calculated with respect to the 
equivalent buckling length of the finger iF,L  according to equation (6-7). 

F,i free
F

u u

12 / 0.66 12 /
/ /

L t L t
E f E f

 (6-7) 

Reduction factors for buckling of the fingers  are calculated as for uniform 
members in axial compression according to EN 1993-1-1 [71] with buckling 
curve C. Those reduction factors are shown in Table 6.5 for different cases of 
finger lengths LF and steel strengths analysed in this study. 
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Proposed reduction factors for buckling of the fingers are compared to the 
reductions obtained in FEA in Table 6.5. Reduction factors in FEA: Mult/Mref 
are obtained with respect to reference, perfect cases, without gaps between the 
shells, e.g. specimens C0A450, C0B450 and C0C450, see Table 6.3. Good 
agreement of reduction of bending resistance in FEA and the reduction factors 
for buckling of the fingers according to hand-calculation model is obtained. 

Table 6.5: Reduction of bending resistance in FCC due to buckling of the 
fingers 

 Slenderness 
of the fingers 

 Reduction of 
bending resistance 

 Buckling resistance 
of the finger 

Case Free 
length 

Buckling 
length 

Relative 
slenderness 

 Acc. [71] 
(curve C) 

FEA  The 
finger 

Whole 
cross-
section 

 Lfree 
(mm) 

LF,i,eq 
(mm) 

 F   Mult/ 
Mref 

 Zb,Ru 
(kN) 

Mb,Ru 
(MNm) 

C1A650 250 165 0.359  0.919 0.911  1381 81.9 
C1B450 50 33 0.078  1.000 0.975  1758 80.5 
C1B550 150 99 0.233  0.983 1.010  1729 64.3 
C1B650 250 165 0.388  0.904 0.890  1589 74.0 
C1C650 250 165 0.438  0.877 0.878  1963 91.4 
 

The ultimate buckling resistances of the finger Zb,Ru = F · fu · Af and the 
corresponding bending moment resistances of the shell Mb,Ru, given in equation 
(6-8), are calculated in Table 6.5 and shown in Figure 6.21. 

b,Ru
b,Ru el,shell

s,seg

Z
M W

A
 (6-8) 

The hand-calculation model is conservative compared to FE results because the 
elastic section modulus Wel,shell is used in equation (6-8) assuming that only the 
critical finger has suffered buckling at load level Mb,Ru. However, the 
connection has a redundancy and the ultimate bending moment is reached after 
successive buckling of several fingers in the compression zone, see Figure 
6.16c. The onset of nonlinear moment-rotation behaviour in Figure 6.21 
corresponds to load levels defined by the Mb,Ru, which justifies the validity of 
the presented hand-calculation model for design purposes. 
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Figure 6.21: Bending resistance in FEA and HCM 

In the cases with F 0.2  buckling of the fingers does not occur, see Table 
6.5, which confirms the criterion given in EN 1993-1-1 [71]. Setting the limit 
for relative slenderness F 0.2 , as shown in equation (6-9), the limitation of 
the free length of the fingers to avoid their buckling is obtained in equation 
(6-10). The yield strength of the material fy is used for the design purposes. 

free
F

y

0.66 12 / 0.2  
/

L t
E f

 (6-9) 

free 8.2 ;    where:  235 / yL t f  (6-10) 

The proposed criterion is for the design of the connection width, i.e. buckling 
of the fingers. Buckling of the shell, outside the connection, should be checked 
separately with appropriate design imperfections according to well-known 
design recommendations, e.g. EN 1993-1-6 [67]. A design example of short 
and long fingers using the above derived equation (6-9) is presented in Annex 
G. Here, Swedish national regulations for the European standards are taken 
into account [72]. 
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6.7.4 FCC – Parametric study on steel grade 

Three different steel grades are analysed: S355, S460 and S650MC with two 
different finger lengths: LF = 450 mm and LF = 650 mm, see Table 6.3. 
Moment-rotation curves for those cases are shown in Figure 6.22. Comparing 
the perfect cases, where buckling occurred by inclination of the whole 
connection the bending resistance with the steel grade S460 is 25% higher, 
while with the S650MC it is 60 % higher compared to the case with steel grade 
S355. 

With length of the fingers LF = 650 mm, buckling of the fingers is the 
governing failure mode for all three cases of steel grades. None of the analysed 
cases exhibits slip failure. In cases with LF = 650 mm and gap between the 
shells of 10 mm increases of bending resistances are lower. In this case the 
bending resistance with the steel grade S460 is 22 % higher, while with the 
S650MC it is 53 % higher compared to the case with steel grade S355. 
Therefore, reductions of ultimate bending resistances, shown in Table 6.5, are 
higher for high steel grades in cases where the buckling of fingers occurred. 
This is in accordance with the buckling theory, since the relative slenderness of 
the fingers increases as the steel grade increases. The conclusion that can be 
drawn is that high strength steels can be successfully used in towers with 
friction connections, as far as the strength of the connection is concerned. 
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Figure 6.22: Moment rotation curves for various steel grades 
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6.7.5 FCC – Assembly tolerances 

So called assembly or execution tolerances are essential for fast and smooth 
construction of a tower with friction connections. They are manufactured on 
purpose and have to be taken care of in the design process. Two different types 
of execution tolerances are considered: a gap between the shells due to 
different diameters of the segments and an inclined gap due to bending of 
fingers, as shown in Figure 6.23. Both alternatives are investigated for the 
maximum gap in range of 10 – 30 mm in case of circular cross-section, see 
Table 6.6. The reduction of bending resistance with regards to the parameters 
considered is shown in Figure 6.25. 

gap gap

 

a) parallel gap between the shells b) inclined gap due to finger bending 

Figure 6.23: Execution tolerances 

The effect of execution tolerance provided by the parallel gap between the 
shells leads to higher reduction of ultimate bending resistance compared to the 
inclined gap obtained by inward bending of the fingers. Almost linear 
dependency of the reduction factor with regard to size of the gap between the 
shells is obtained. With the largest execution tolerance of 30 mm gap between 
the shells 7 % reduction of the bending resistance is obtained. Inward bending 
of the fingers causes very small reduction, which is practically negligible. 
These results are expected as less eccentricity is introduced in the tower 
segment at the connection, if the gap is made by inward bending of the fingers. 
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This is illustrated in Figure 6.25, where deformed shapes and meridional 
stresses after preloading of the bolts and after failure are shown for the 
reference case and both types of execution tolerances. 

Table 6.6: Influence of tolerance type and size on bending resistance 

Case Type of the 
execution 
tolerance 

Size of the 
execution 
tolerance 

Ultimate 
bending 
moment 

Reduction 
factor 
 

  g (mm) Mult (MNm) Mult/ Mref 

C0B450 none 0 101.8 (Mref) 1.000 
C1B450g gap 10 99.3 0.975 
C2B450g 20 96.7 0.950 
C3B450g 30 94.4 0.927 
C1B450b bending 10 101.2 0.993 
C2B450b 20 100.2 0.984 
C3B450b 30 100.3 0.985 
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Figure 6.24: Influence of execution tolerances on bending resistance  

Meridional stresses along the inner and outer edge of the fingers in the lower 
shell are shown in Figure 6.26 for different sizes and types of execution 
tolerances. Yielding criterion, fy = 460 MPa, is reached below the fingers at 
z  650 mm for the 30 mm parallel gap , see Figure 6.26a. The inclined gap is 
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favourable since the meridional stresses are in elastic range, see Figure 6.26a. 
Moreover, preloading of the bolts is simpler if the fingers are pre-bent as they 
can be fully straightened by tightening of the lowest bolt row. Obviously the 
method of the inward finger bending for achieving the execution tolerances is 
advantageous. 

 
preloading  after failure preloading  after failure preloading  after failure 

 a) C0B450 b) C3B450g c) C3B450b 

Figure 6.25: Deformed shapes and meridional stresses after preloading of 
bolts and after failure 
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Figure 6.26: Meridional stresses along the edges of inner shell after bolt 
preloading 
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6.7.6 Cross-section shape 

In the following sub-chapters, different cross-section shapes of the full-scale 
connection are studied in order to investigate their influence on the buckling 
behaviour of the tower, see Figure 6.27. 

     

Figure 6.27: Circular (FCC) and polygonal (FCP) cross-sections considered 
in this chapter 

6.7.7 FCP – Polygonal cross-section 

To prevent the structure from local buckling, it has to be ensured that the 
criteria for cross-section class 3 according to EN 1993-1-1 [71] are met: 

flat / 42c t  (6-11) 

With  = (2.5/fy)1/2 = (2.5/460)1/2 = 0.71 for steel grade S460 follows: 

flat 42 0.71 24 716 mmc  (6-12) 

edge
flat

3374 mm =14.7
716 mm

Dn
c

 (6-13) 

From this, a number of 15 folds follows. However, for the sake of 
simplification during finite element modelling nedge = 14 is chosen. This, on the 
one hand is motivated by reasons of practicality, so as to model a structure, 
which takes advantages of symmetry since layout in compression and tension 
zone is the same. On the other hand, and more important, it is justified by the 
behaviour of the tower. Figure 6.28 clearly shows that the cross-section 
undergoes global buckling. To take local buckling into consideration, as a class 
4 cross-section imposes, would therefore lead to pessimistic estimation of 
strength. The angles in the polygon are too obtuse to stiffen the cross-section 
enough to keep the folds in place, so that the cross-section buckles outwards. 
Such a phenomenon has also been confirmed in experiments performed by 
Tran [54]. 



Friction Connection Behaviour 

 109 

Cross-section 
below connection 

Tension 

Compresion 

Above conneciton 

Undeformed 

Below conneciton 
Cross-section 

above connection 

Mx

1

1’

 

Figure 6.28: Buckling of FCP 

6.7.8 FCC vs. FCP – Shell imperfections 

Both types of cross-section are firstly analysed with and without shell 
imperfections in the compression zone. For the circular tower shape (FCC) a 
dimple imperfection is applied, as described in chapter 6.7.1. Figure 6.14 
shows FCC with dimple imperfections of maximum amplitude of 13 mm 
calculated according to EN 1993-1-6 [67] assuming fabrication tolerance 
quality class B. 

For the polygonal tower shape (FCP) a harmonic shape of the local 
imperfection is applied as shown in Figure 6.29. Maximum amplitude of 
harmonic imperfection of 4 mm is assumed, which equals approximately 
b/200, where b is the width of the flat part of the polygonal cross-section 
between two folds. This is in accordance with EN 1993-1-5, Annex C [52]. The 
position of imperfection is obtained from nonlinear analysis of the initially 
ideal geometry, see Figure 6.30. This initial deformation is introduced in the 
subsequent model under stress-free conditions. 
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Figure 6.29: FCP with harmonic imperfections 

 

Figure 6.30: FCP-reference case after failure, LF = 450 mm 

Failure mode in reference cases for both FCC and FCP is local buckling of the 
shell, which includes rotation of the whole connection. This appears due to 
eccentricity of the single lap joint. Moment-rotation curves for FCC and FCP, 
with and without imperfections are shown in Figure 6.31. Initial stiffnesses are 
identical, while bending resistances are different. In both cases the ultimate 
buckling resistance Mb,Ru calculated according to EN 1993-1-6 [67], assuming 
fabrication tolerance class B, is exceeded. 

The bending resistance of the connection in the circular tower without 
imperfections is 5 % higher than the one of the polygonal tower. However, the 
same ultimate bending moment is obtained FCC and FCP - 96.8 MNm and 
95.6 MNm, respectively - if imperfections are considered, cp. Table 6.8. This is 
expected as the harmonic imperfections introduced in the polygonal tower are 
smaller than the dimple imperfections introduced in the circular tower, 4 mm 
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vs. 13 mm, respectively. The folds in the polygonal tower stiffen the cross-
section. 

 

Figure 6.31: Moment-rotation curves of FCC and FCP, LF = 450 mm 

Table 6.7: Nut rotation and preload for circular (FCC) and polygonal 

Case Imperfections  Bending resistance (MNm) 

 Shape Size 
(mm) 

 Without 
imperfections 

With 
imperfection 

Influence of  
imperfection 

FCC Dimple 13  101.8 96.8 -5 % 
FCP Harmonic 4  95.7 95.6 0% 

 

Deformed shapes and meridional stresses in the compression zone of the shell 
at the load step prior to buckling are shown in Figure 6.32 for FCC and FCP 
with design imperfections. 

Buckling shape in FCC is different compared to the case without imperfection. 
If imperfections are not considered, the shell local buckling is affected by 
eccentricity of the single lap joint resulting in an inclination of the whole 
connection, see Figure 6.15. If the design imperfections are applied, buckling 
occurs in the zone of imperfection without inclination of the whole connection, 
see Figure 6.32a. In FCP shell imperfections are rather small, and similar 
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buckling shape including the inclination of the connection can be seen in 
Figure 6.30 and Figure 6.32b. Therefore, the circular tower is more sensitive to 
buckling of the shell in the vicinity of the friction connection compared to the 
polygonal towers. 

 

a) FCC (M = 90.7 MNm)  b) FCP (M = 89.5 MNm) 

Figure 6.32: Deformed shapes and meridional stresses in the shell prior to 
buckling 

6.7.9 FCC vs. FCP – Assembly tolerance 

A parametric study of the bending resistance of the friction connection 
regarding execution tolerances is made. Several parameters are analysed: tower 
shape, length of the connection, which means the length of the so-called 
“finger”, and type and size of execution tolerance. Two different types of 
execution tolerances are considered: a gap between the shells due to different 
diameters of the segments and an inclined gap due to bending of fingers, as 
shown in Figure 6.23. Both alternatives are investigated for the maximum gap 
in range of 10 – 30 mm in case of circular cross-section see chapter 6.7.5. For 
the polygonal cross-section a maximum execution tolerance of 10 mm is taken 
into account in either fabrication way. The cases analysed here are listed in 
Table 6.8. Denomination of models follows the same rules as given in 6.7.2. 

In the polygonal tower with assumed execution tolerances, slots are cut at the 
corners in the connection zone, see Figure 6.33, to allow the unrestrained 
deformation of the fingers during preloading of the bolts. For the sake of 
simplicity no rounded root of the slot in the fold is modelled. The width of 
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those slots is 24 mm and the length is 50 mm longer than the fingers. In the 
initial case with perfect geometry, P0B450, where a gap between the shells 
does not exist, such slots are not considered. 

 

 a) P0B450  b) P1B450g and P1B450b 

Figure 6.33: Corner slots in FPC 

Table 6.8: FCC and FCP cases considered for parameter study 

Case Tower 
shape 

Execution 
tolerance 

Length of the 
fingers (mm) 

Type of 
exec. tol. 

  g (mm) LF (mm)  

C0B450 circular 0 450 none 
C1B450g 10 450 gap 
C1B550g 10 550 gap 
C1B650g 10 650 gap 
C2B450g 20 450 gap 
C3B450g 30 450 gap 
C1B450b 10 450 bending 
C2B450b 20 450 bending 
C3B450b 30 450 bending 
P0B450 polygonal 0 450 none 
P1B450g 10 450 gap 
P1B450b 10 450 bending 
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6.7.10 FCC vs. FCP – Influence of cross-section shape 

Moment-rotation curves for the friction connection with and without a gap of 
10 mm in both circular and polygonal tower are shown in Figure 6.34. 
Reduction of the bending resistance due to execution tolerance is 2 % and 7 %, 
in circular and polygonal tower, respectively, see Figure 6.34 and Table 6.9. 
The larger reduction in polygonal tower is caused by the reduction of cross-
section area of the shell due to application of corner slots, see Figure 6.33. The 
second moment of inertia of the cross-section of the shell with corner slots Ired 
is 6 % lower than the second moment of inertia of the gross cross-section, 
which justifies the reduction of bending resistance obtained. 
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Figure 6.34: Influence of corner slots in FCP on bending resistance 

 

Table 6.9: Influence of cross-section shape on bending moment 

Case Tower 
shape 

Execution 
tolerance 

Ultimate 
bending 
moment 

Reduction 
factor  
 

  g (mm) Mult (MNm) Mult/ Mref 

C0B450 circular 0 101.8 (Mref) 1.00 
C1B450g 10 99.3 0.98 
P0B450 polygonal 0 95.7 (Mref) 1.00 
P1B450g 10 88.9 0.93 
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Stress concentrations at the roots of the corner slots in the polygonal tower are 
caused by preloading of the bolts, see Figure 6.35b, which can reduce fatigue 
endurance of the shell.  

 

a) P1B450    b) P1B450g 

Figure 6.35: Stress concentration at roots of corner slots in FCP 
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7 COMPARISON OF CONNECTION TYPE 

In the introduction, the higher fatigue resistance has been named as the most 
pivotal argument for the use of friction connections with open slotted holes 
instead of ring flange connections. In this chapter a direct comparison of the 
two connection types is presented. The results are obtained in the afore 
described analyses of down-scaled and full-scale geometries, see chapters 5 
and 6. 

7.1 Results from down-scaled test FEA 

The comparison of the load-deflection behaviour of the ring flange and the 
friction connection (FC1 vs. FJ) by FEA is shown in Figure 7.1. The same 
initial stiffness is obtained, but approximately 7 % higher ultimate load is 
obtained for the friction connection. Meridional stresses are compared for the 
ring flange and the friction connection in Figure 7.2 at various load levels 
indicated in Figure 7.1. At the friction connection there is no redistribution of 
stresses in the shell as in the ring flange connection, i.e. the meridional 
membrane stresses in the tension and compression zone are the same which is 
the advantage of the friction connection. 
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Figure 7.1: Load-deflection curves for ring flange (FC1) and friction (FJ) 
connection achieved by FEA 

 

Figure 7.2: Meridional stresses in the shell for ring flange (FC1) and friction 
(FJ) connection 

7.2 Results from full-scale tower connection FEA 

In the finite element model described in chapter 4.8, a tower connection with 
realistic dimensions is considered. The friction connection (FCC) is designed 
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so that its performance is adequate to the one of the ring flange connection 
(RFC), keeping the same shell thickness. Buckling of the shell segment in the 
vicinity of the friction connection is analysed considering design imperfections 
of the shell according to EN 1993-1-6 [67]. 

7.2.1 Bending resistance of the connections 

For static loading, local buckling is the failure mode of RFC and FCC if the 
ideal geometry is assumed, see Figure 7.3. Failure of the bolts occurs in the 
post-buckling phase for the ring flange connection. Moment-rotation curves for 
RFC and FCC are shown in Figure 7.4. Initial stiffnesses are identical while the 
bending resistances are different. In both cases the ultimate buckling resistance 
according to EN 1993-1-6 [67] is exceeded. If shell imperfections are not 
applied in FEA, the bending resistance of the tower segment with ring flange 
connection is higher than the bending resistance of the tower with friction 
connection. This is expected, as there is no initial eccentricity present in the 
ring flange connection, which exists in the ideal geometry of the friction 
connection, see chapter 6.4. If design imperfections of the shells are assumed, 
the friction connection resists approximately 5 % higher bending moments than 
the tower with ring flange connection. The bending resistance decreases by 
14 % and 5 % in case of ring flange connection and friction connection, 
respectively, cp. Table 7.1. 

 

a) Ring flange connection (RFC) b) Friction connection, circular (FCC) 

Figure 7.3: Buckling failure 
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Figure 7.4: Moment-rotation curves of RFC and FCC 

Table 7.1: Bending resistances of RFC and FCC with and without design 
shell imperfections 

Case Imperfections  Bending resistance (MNm) 

 Shape Size 
(mm) 

 Without 
imperfections 

With 
imperfection 

Influence of  
imperfection 

RFC  Dimple 13  106.6 91.6 -14 % 
FCC Dimple 13  101.8 96.7 -5 % 

 

Deformed shapes and meridional stresses in the compression zone of the shell 
are shown in Figure 7.5 for RFC and FCC for the design dimple imperfections 
(13 mm). Both connections show similar behaviour if the design imperfections 
are introduced. Post failure shape of the FCC with imperfection is different 
compared to the case without imperfection. If imperfections are not considered 
in the shell, buckling is affected by eccentricity of the friction connection only, 
resulting in an inclination of the whole connection, as shown in Figure 7.3b. If 
design imperfections are considered, buckling occurs in the imperfection zone, 
as shown in Figure 7.5. Therefore, if design imperfections are considered, the 
eccentricity in case of the single-lap friction connection does not influence the 
buckling resistance of the shell. 
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a) RFC (M = 90.7 MNm) b) FCC (M = 91.4 MNm) 

Figure 7.5: Deformed shapes and meridional stresses in the shell prior to 
buckling 

7.2.2 Bolt forces 

When prying effects are present in the ring flange connection, nonlinear 
increase of the bolt forces appears as the applied load increases, cp. Figure 7.6, 
and finally leads to gap opening in the tension zone, cp. Figure 7.7. In the 
friction connection prying effects are of no concern. A minor variation of the 
bolt force in the tension and compression zone of the friction connection is a 
consequence of change in the shell thickness due to Poisson’s effects and the 
shear force in bolts, as explained in chapters 6.2 and 6.3. Bolt forces as 
function of the applied loading, see Figure 7.6, show that no reduction of 
fatigue endurance is expected regarding the fatigue of the bolts in the friction 
connection, contrary to the ring flange connection. Moreover, there is no 
welding in the zone of the friction connection, which leads to much higher 
endurance limits for the shell, compared to the ring flange connection. 

Friction connections show good serviceability performance since no significant 
slip occurs at the design bending moment even at the ultimate limit state, see 
Figure 7.7. The slip at different positions of the most loaded bolt row in the 
tension zone is shown in Figure 7.8. The bending moment of M = 67.1 MNm 
corresponding to the slip criterion of 0.15 mm according to EN 1090-2 [30] is 
approximately 80 % of the ultimate bending resistance Mult = 96.7 MNm). At 
this stage the slip occurs only at a few bolt rows in the tension zone, which 



Resistance of Friction Connections with Open Slotted Holes in Towers for Wind 
Turbines 

122 

allows the stress redistribution and the dominant failure mode becomes the 
buckling of the shell in the vicinity of the connection. 
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Figure 7.6: Bolt forces 
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Figure 7.7: Slip/opening of the gap 
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Figure 7.8: Slip in tension zone of FCC 
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8 DISCUSSION AND CONCLUSIONS 

8.1 Discussion 

Eight 4-point bending tests have been performed on a down-scaled steel 
tubular tower by RWTH taking into account flange and friction connections 
[49]. With four of these tests a finite element modelling technique has been 
successfully validated, which takes even the real geometry of the bolts into 
account. In addition, a damage plasticity model is considered, so that the 
failure is modelled in the most realistic way. 

The behaviour of ring flange connections, which nowadays are the common 
solution to joint two segments in a steel tubular tower, has been investigated 
for a perfectly flat flange and an imperfect flange. It has been shown that the 
nonlinear behaviour of bolt forces in ring flange connections due to flange 
separation under external loading evokes a redistribution of meridional 
membrane stresses in the tower shell, as earlier described by Schaumann and 
Seidel [70]: In comparison to elastic theory at ultimate load level, the 
meridional stresses in the shell part in tension are reduced by up to 28 % at the 
ultimate load level, which is followed by an increase of compression stresses 
up to 9 % to keep equilibrium. This reduces the buckling resistance of the shell 
in the vicinity of the connection. 

It could be shown that flange imperfections change the behaviour of the 
connection and reduce the fatigue resistance of the engaged bolts. At a load 
level of 30 % of the ultimate load the change in magnitude of the bolt force 
range is approximately a 4-fold more than for perfectly flat flanges. Reparation 
of the flange is therefore unavoidable. This was reported in literature earlier 
[11] and could be confirmed here. Additionally, it could be affirmed that the 
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hand calculation model for bolt forces in flange connections according to 
Petersen [12] gives conservative results, reducing the bolt force up to 22 % at 
the load level, which corresponds to SLS. This mainly depends on stress 
redistribution, but also on the neglect of curvature to simplify the segment 
model of a flange connection. 

In case of friction connections in 4-point bending, good agreement between 
FEA results and elastic bending theory could be achieved. Comparing friction 
connection FEA results to hand calculation according to Eurocode 3 [71], the 
hand calculation underestimates the final bending resistance by 80 %. This 
difference has been found to be due to activation of a second friction surface, 
which is provided by the engaged cover plates. These raise the final slip 
resistance of the friction connection even after the first slippage is detected. It 
is recommended to double the ultimate slip resistance of the connection 
segment in bending. The comparison of friction connection behaviour in 
tension and compression has shown to be almost equal. Therefore, the use of 
linear elastic theory is proposed to design tower. In case of adaption of the 
second friction surface in the design, slip exceeding 0.15 mm has to be 
permitted.  

Regarding the shape of hole in friction connections, EN 1993-1-8 [29] 
recommends a reduction factor ks = 0.63 in the calculation of slip resistance for 
long slotted holes with axis parallel to the direction of load transfer. In tests 
and FEA this has been found to be 0.64 for the case of long open slotted holes. 
This is considered to be in the same range. Therefore, for the hand calculation 
model the use of reduction factor ks = 0.63 is suggested even for open slotted 
holes with axis of load transfer parallel to the slot. Considering the slip factor, a 
25 %-reduction of the experimentally obtained slip factor is recommended for 
the friction coefficient in FEA with consideration of open slotted holes to take 
into account contact pressure dependence and thereby the open slotted hole. 

Meridional stresses in the shell, the development of shear forces in the bolts 
and Poisson’s effect decrease the preload in the friction connection. A 
reduction of preload of 5 % was found at a level of 50 % of the ultimate load 
and 15 % at ultimate load. This is rather small, so that it can be concluded that 
the fatigue endurance of the friction connection is not influenced by the 
variation range of bolt forces. 

The FEA on full-scale tower joints with flange and friction connection 
respectively has shown that shell imperfections in the vicinity of the shell have 
less influence on friction than on flange connections. In case of dimple 
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imperfections, the friction connection exceeds the bending resistance of the 
flange connection by 5 %. The eccentricity of the friction connection does not 
have an impact on the buckling resistance given that design imperfections of 
the shell are taken into consideration 

A parametric study on different finger lengths has been carried out. It has been 
shown that for the shortest fingers analysed here (LF = 450 mm), buckling does 
not take place. Instead, fingers and the shell of the other segment deform 
equally. In case of the longest fingers (LF = 650 mm) buckling of the fingers 
occurs and thereby the bending resistance is reduced up to 12 %. It has been 
shown that buckling analysis of the fingers can follow the rules of EN 1993-1-
1 [71] under the assumption of a uniform member under axial compression 
with the buckling length equal to 2/3 of the free finger length Lfree and buckling 
curve C. Therefore, to avoid buckling of the fingers in friction connections, the 
free length between lower end of the open slot and lowest bolt row, Lfree, is 
recommended to be limited to Lfree  8.2· ·t, with  = (235/fy)^(1/2). Buckling 
of the shell has to be analysed separately and can follow conventional rules, 
e.g. EN 1993-1-6 [67]. 

The parameter study on various steel grades has proven that the reduction of 
final resistance clearly depends on the steel grade and rises for stronger steels. 
The substitution of flange connections with friction connections gives room to 
the application of high strength steels, as the fatigue resistance of the shell has 
to be considered (~ detail class 100). Fatigue loads, which for wind turbine 
towers usually are within the range of 30 % of the ultimate load, correspond to 
a bolt force variation range that is many times lower than for ring flanges. 

Different diameters of upper and lower tower cross-section to provide 
assembly tolerance cannot be recommended for large dimensions of the gap, 
since it has been shown that yielding occurs at the finger base for a gap of 
20 mm. A gap of 30 mm leads to a decrease in bending resistance of 7 %. In 
contrast to this, the inclined gap as an alternative option to provide an assembly 
tolerance reduces the bending resistance by about 2 % in case of a 30 mm gap. 

Neglecting shell imperfections leads to a 5 % higher bending resistance for 
circular cross-sections compared to polygonal ones. However, the design 
imperfections of the flat parts of the polygonal cross-section are lower 
compared to dimple imperfections of the circular cross-section which leads to 
approximately the same bending resistance if the imperfections are considered. 
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For a polygonal cross-section with a number of folds determined to match the 
criteria of cross-section class 3 [71] as slenderness limit for buckling in the flat 
part, the cross-section has been shown to be fully effective. 

To provide deformability of the lower part of the tower (with long open slots) 
with polygonal cross-section, additional slots have to be cut in the folds of the 
cross-section. These slots do not need to be substantially longer than the open 
slots, into which the bolts will be slid. To provide easy assembly, they should, 
however, surpass the length of the open slotted bolt holes a little, e.g. 1·d0. 

8.2 Research questions 

The following answers have been found on the research questions stated in 
Section 1.2:  

1. Which benefits and drawbacks can be named comparing ring flange 
connection and new friction connection with open slotted holes? How 
does the respective connection type influence the resistance of the 
tower connection? 

Literature research has shown that friction connections in general have higher 
fatigue endurance than flange connections. It also unveiled substantial cost 
savings if friction connections with long open slotted holes are used instead of 
the common ring flange to connect the segments of a tubular steel tower. In 
addition to that, they are also more robust when local imperfections in the 
tower shell or in the connection itself (non-flat flange vs. assembly tolerance) 
are considered. 

2. Can a realistic reproduction of the behaviour of a friction connection 
with open slotted holes in tubular towers be achieved with finite 
element modelling technique? Are results obtained by FEA of segment 
tests applicable to real-scale connections? 

It has been shown that the behaviour of a friction connection with open slotted 
holes can be modelled realistically. With the validated model good agreement 
was found between laboratory tests and FE results regarding the global load-
displacement behaviour and the local behaviour, such as development of bolt 
force. The investigated segment model has been proven to be able to represent 
the behaviour of a friction connection with open slotted holes. This is valid for 
both flat and curved segment model. 
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3. Execution tolerances (difference in diameter of upper and lower tower 
segment) are necessary for the assembly of a wind turbine tower. How 
do they influence the resistance of the connection/tower? Which size 
may be allowable? 

Two different ways to provide execution tolerances have been studied. Both of 
them reduce the bending resistance of the connection/tower. In case of the 
inwards bent-finger-solution a reduction of 2 % in case of a 30 mm gap in a 
circular connection of about 3 m diameter is predicted. As a rule of thumb an 
execution tolerance of approximately 1 % of the connection diameter might be 
allowable. 

4. Is a circular cross-section optimal for tubular steel towers regarded 
here? 

A circular cross-section is prone to local buckling, which may arise due to 
dimple imperfections in the tower shell. A polygonal cross-section has been 
shown to be less sensitive to imperfections. Here, however, the influence of 
necessary corner slots reduces the bending resistance. 

5. Is it possible to derive a simple hand calculation model, which 
realistically describes the behaviour of friction connections with open 
slotted holes in steel tubular towers? 

The study of common hand calculation models for friction connections 
underestimated the resistance of the friction connection with open slotted holes 
heavily. It is revealed that a second friction surface is activated due to the 
presence of a cover plate, cp. Figure 6.3. This doubles the slip resistance of the 
connection, which is suggested to be calculated as Fs = 1.26 · Fp. 

8.3 Conclusions 

From the above described research, the following main conclusions are drawn: 

1. Due to the presence of a cover plate above the open slotted hole on the 
inside of the tower segment connection, an activation of a second friction 
surface takes place once the friction resistance between the two shell 
segments is overcome. This increases the ultimate slip resistance of the 
connection, which is therefor suggested to be obtained by 
Fs = 1.26 · Fp. This can however not be applied in the design due to the 
imposed failure definition by a slip of 0.15 mm. 
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2. As a result of the presence of open slotted holes remaining steel “fingers” 
are formed, which are prone to buckling if they are too long. Thus, it is 
recommended to design the fingers with a buckling length of 0.66 · Lfree, 
using an appropriate buckling curve (C in the case analysed here) and the 
procedure according to EN 1993-1-1 [71]. It is recommended to keep the 
relative slenderness of the fingers below 0.2 to prevent their buckling. 

3. A matter of fact is the necessity of assembly tolerance to ease the 
connection of two tower segments. These shall be provided by an inclined 
gap due to inwards bending of the fingers. This has been shown to have a 
negligible influence, as a gap of 30 mm reduces the bending resistance by 
less than 2 % in case of a tubular cross section. 

4. A redistribution of stresses in the shell is not present in the case of friction 
connection. Therefore, towers with friction connections can be designed 
using elastic bending theory. 
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9 FUTURE RESEARCH 

The findings on the behaviour of friction connections with long open slotted 
holes are based on investigations in different scales of the connection. 
However, analyses do consider quasi-static loading only. Although the 
simplification of loading by reducing external loads to a bending moment is a 
common procedure for the design, it is of legitimate interest to scrutinize 
dynamic behaviour as well. 

The activation of a second friction surface due to the cover plate is one of the 
main findings in this thesis. Here, investigations are necessary on the reliability 
of this arousal and its consequences. If the activation of a second friction 
surface becomes part of the design for friction connections with long open 
slotted holes, clear limits of its formation have to be ascertained. Partial safety 
factors should be assessed by experiments. 

In order to ease the assembly of the tower segments, tolerances are necessary. 
Symmetrical gaps, as they are considered in this work, may not be realistic for 
in-situ construction. It is therefore important to investigate unsymmetrical 
distances between outer and inner cylinder. Besides this horizontal 
misalignment also vertical tilt should be investigated.  

Regarding the polygonal cross-section shape, it is mentioned before that the 
corner slots, which are necessary to provide sufficient finger flexibility, reduce 
the fatigue endurance of the connection if an assembly tolerance is provided. 
Thus, a more detailed assessment is needed to justify the application of a 
polygonal cross-section shape in towers for wind turbines. 
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Buckling of the fingers is investigated here for cases, which meet buckling 
curve C, with certain thickness and radius of the shell and an assembling 
tolerance provided by a parallel gap between the shells. A parametric study and 
an experimental program should be carried out in future in order to investigate 
the influence of the assembly gap on the choice of an appropriate buckling 
curve. Additionally, the recommended buckling length of 0.66 · Lfree should be 
verified for other thicknesses and radii of the tower shell. 

So far, research on the application of friction connections with long open 
slotted holes is particularly carried out with regard to onshore towers. It might 
furthermore be of interest for other applications. Due to good fatigue 
endurance, offshore towers have to be named in the first place. These have to 
resist impact of the marine environment additionally. Here, certain care has to 
be taken of the plate coating, as sufficient friction has to be provided as well as 
satisfactory corrosion protect. 
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A. DERIVATION OF DAMAGE INITIATION 
CRITERION 

Here, the derivation of initiation criterion according to Pavlovi  et al. [59] is 
presented in brief. 

The following terminology is valid: 

pl
0
pl
0

pl
n

pl
f

uniaxial plastic strain at onset of damage

equivalent plastic strain at onset of damage
uniaxial true plastic strain at onset of necking
achieved in standard tensile tests, thus KNOWN

equivalent plastic strain at fracture
, material constants

 

At uniaxial tension 1
3

: pl pl pl
0 0 n  (A-1) 

According to derivation of various authors [73,74]: pl
f ( ) e  (A-2) 

For uniaxial tension 1
3

 then applies: 
1

pl 3
f

1( ) e
3

 (A-3) 

If equivalent plastic strain at fracture then is set into relation to uniaxial strain 
at fracture:  



Resistance of Friction Connections with Open Slotted Holes in Towers for Wind 
Turbines 

144 

1
3

1
3

1pl -
- 3f

1 1
pl 3 3f

( ) e e e e1( ) ee e3

e  (A-4) 

With the assumption that the relation between equivalent and uniaxial strains 
are the same at fracture and at the onset of damage follows: 

1pl plpl
30 0f

pl pl pl
f 0 0

1
pl pl 3

0 0

( ) ( )( )
1 1 1( ) ( ) ( )
3 3 3

1( ) ( )
3

e

e

 (A-5) 

From uniaxial tension as above pl pl
0 n  follows: 

1
pl pl 3

0 ( ) n e  (A-6) 

For material parameter 1,5  as given in literature [73] this can be simplified 
to: 

11,5
pl pl 3

0 ( ) n e  (A-7) 

which is the final damage initiation criterion to be used. For the tensile coupon 
test specimen of bolt M20 10.9 modelled here, a uniaxial true plastic strain at 
onset of damage of 0301.0pl

n is obtained. From this, the graph in Figure A. 
can be derived. 
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Figure A.1: Damage initiation criterion for a bolt M20 10.9 tensile coupon 
test specimen FEA 
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B. EXTRACTION OF PLASTICITY CURVE 

Here, the extraction of the plasticity curve from experimental results of 
standard tensile test models is explained in short, following the description of 
Pavlovi  et al. [59]. 

Li

L0Lloc

Fi, ΔLi

Fi, ΔLi

LiΔLn

ΔLi

ΔLr

L0 Lloc

p

n
r

f

 

Figure A.1: Basic outline of plasticity curve with important points for 
extraction from test results  

Definition of abbreviations as shown in Figure A.: 

p onset of plasticity 

n onset of necking (damage initiation) 

r rapture point (= critical damage) 

f fracture point (= total damage) 
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According to Lemaitre, the strains in a specimen under tensile loading start to 
localize in the necking zone, as soon as necking starts [75]. Therefore follows 
for the variable gauge length li: 

0ii n l l  (B-1) 

i n r n

0 0

i n

0 0r n

i n
0 0

r n

1 1

L L

L

L

L

L

i loc

loc i

i loc

l l l l
i n

l l l l

l l
l l l ll l

l l
l l l l

l l

  

i n
0 0

r n

L

Li loc

l l
l l l l

l l
 (B-2) 

With 

00

loc

i

i

L

initialgauge length, here 
average length of necking zone, here
variable gauge length at every loading/elongation stage "i"
elongation at stage "i

  100 mm
  7.0 m

"
localizati

m

on rate factor, her

locl l
l

l
l

l

L  0.2 based on trialand e oe rr ra

 

Following the same thinking as above, nominal strains i
nom are obtained acc. to 

equations (B-3) and (B-4). 

nom i
i

i

li n
l

 (B-3) 

1nom nom
-1

i i
i i

i

l l
i n

l
 (B-4) 

On the basis of well-known transformations from nominal to true values, as 
also described in chapter 4.3, true strains i and stresses i, are obtained, which 
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localize in the necking zone of the tensile coupon test specimen. Their 
development is illustrated by the dashed graph in Figure A.2. 
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Figure A.2: True plastic strains and stresses with localization in the necking 
zone for a bolt M20 10.9 tensile coupon test specimen FEA 

The solid line in Figure A.2 shows the true material response in the undamaged 
case of perfectly plastic behaviour when necking has started. It can be 
calculated with the help of equations (B-5) to (B-8). 

nom nom1i i i ii n  (B-5) 
nom nom1i n ii n  (B-6) 

nomln 1i i  (B-7) 

p
pl

i i  (B-8) 

Data achieved according to equations (B-5) to (B-8) is used as input for finite 
element modelling with Abaqus. 
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C. DEFINITION OF DAMAGE VARIABLE 

Figure A. depicts the damage evolution law- the non-dimensional discrepancy 
in material response between damaged and undamaged state - as used as input 
in Abaqus. Its derivation is based on the description of Pavlovi  et al. [59]. 
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Figure A.1: True plastic strains and stresses with localization in the necking 
zone for a bolt M20 10.9 tensile coupon test specimen FEA 

In the afore described plasticity curve, see Figure A.2, sudden change from 
rapture, which equals the critical damage, to fracture, which is the total 
damage, is clearly visible.  

This complete lapse of stiffness was first observed by Lemaitre [75] and later 
on improved by Bonora et al. [76], who described it as given in equations (C-1) 
and (C-2). Here, D is a factor to take eccentricity into account. It depends on 
the steel grade and is in this case taken as 1,7 for 10.9 bolts. 

i
i D

i
1n i r D  (C-1) 

i 1i f D  (C-2) 
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The definition of x-axis of the damage evolution law in Figure A., the 
equivalent plastic displacement 

pl
iu , is given by equation (C-3). 

pl pl
pl i npl
i f pl pl

f n

i n u u  (C-3) 

With 

plasticdisplacement at onset of necking

plasticdisplacement at fracture

pl
n
pl
f

 

The total equivalent plastic displacement 
pl
fu , which is present at total damage 

(fracture point f), can be calculated depending on the characteristic element 
length Lchar = E · LE, see equation (C-4). 

S char

pl pl pl
f f nu L  (C-4) 

Where the element size factor S is defined as in equation (C-5): 

R3S
E

L
L

 (C-5) 

With  

E

RR

EE element size, he
element type factor, here  1 .0 C3D4 elements

2.5 re 
element size for refined mesh density,  here 

mm
0.42 mm

E

L
L

L
L
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D. PETERSEN’S BILINEAR APPROACH 
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E. RESISTANCE OF FRICTION CONNECTION 
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F. CALCULATION OF LOSS OF PRELOAD  
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G. DESIGN EXAMPLE 
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