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1 Final summary 

The main objective is to improve competitiveness of the steel tubular tower for the hub-height up to 80-

90m. This limit is imposed by the transport feasibility which limits the diameter of the bottom segment 

to about 4,5m.  The fabrication process of the traditional flange connection is laborious and costly, and 

the design is based on complex models. The fatigue resistance is low, fatigue class between 36 and 71 

and in many design situations this is the limiting criterion. The fatigue class depends on fabrication 

process and connection detailing.  

The main break through is achieved using an innovative solution of assembling joints using friction 

connection with opened slotted holes. The idea is illustrated in Figure 1.1a/ where the traditional flange 

connection and the friction connection are shown. This objective is achieved in series of experimental 

activities, feasibility of the production, small scale tests on the critical connection, accompanying 

testing to insure input data for design and for Finite Element Analysis.    

 

Figure 1.1.a/ Flange connection and the friction connection  

 

Figure 1.1.b/ Main concept of the friction connection in tubular tower for wind turbines  

 

To facilitate assembly of the tubular sections the lower segment has long open slotted holes. The 

fasteners can be preinstalled in the normal holes of the upper section and they can be used for the 
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angular alignment while it is slide down in position. Temporary support, made by the horizontal ring 

preferably not welded, is provided to hold the sections during tightening. Slots weaken the lower 

section providing less sensitivity to the assembling tolerances. The shell bending stiffness is stiffened 

by the overlapping connection. This connection allows tight contact between the cylinders. Instead of 

standard washers for each bolt, a common cover plate is used. Its purpose is to hold the bolt group 

together during assembly and to spread the clamping force in a more uniform manner. 

 

Resistance of friction connection 

Tension Control Bolt (TCB) is a bolt type chosen according to the contract; see the technical annex, to 

provide the clamping force. However performances of other bolt types, see Figure 2.2, are evaluated 

because of their possible advantages especially during the life time. The self loosening due to the cyclic 

loading is very important issue and therefore both Huck BobTail bolt and a bolt with NordLock washers 

are considered, more in detail than planned in the contract. The short summary of the experiments are 

given in chapter 3. TCB and Huck BobTail are a special type of high strength fasteners with tightening 

carried out entirely at the nut-side end with a special electric wrench.  The mechanical properties are 

equivalent to those of High Strength Bolts: grade S10T may be considered as bolt grade 10.9. The 

tightening is performed at the nut end only; no torsion is introduced in the shank. It is believed that this 

reduces the risk of self loosening and the amount of the relaxation. 

 

High Strength Friction Grip connections (friction connections) were shown to have a fatigue resistance 

similar or better than that of but welds, which means at least two times higher than the flange 

connection fatigue class. Their implementation in towers could thus shift the design limitations from 

joint to shell resistance and improve the overall structure efficiency. 

Static resistance of a plain segment of the tower is considered as reliable test set-up to predict behaviour 

of the bolts in connections of tubular steel towers. Two different types of tests are performed; short-

term tests and long-term test, so called creep tests. In short term tests the influence of the open slotted 

holes was investigated and conclusion is the correction factor 0,63
s

k =  which is rather close to value 

proposed by the EN1993-1-8 for the oval holes where the correction factor is 0,64. This factor is 

influenced by the slip factor obtained from the friction tests. Therefore, series of accompanying friction 

tests was performed to establish influence of faying surfaces and the lap joint. Their slip factor was a bit 

higher 0,45µ =
 for the consider correction factor, compared to proposed 0,40µ = . These findings led 

to the improvement of the performance of the lap joint for 14%.    

 

 

    

Figure 1.2 Tension Control Bolt, standard bolt with NORD-LOCK, Friedberg HV-Rändel, Huck 

Lockbolt 
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Figure 1.3 Lap friction joint, short-term and long-term (creep) test set-up, the segment tests 

 

In creep tests a tensile force is applied to a level of 60% and 80% of the assumed static resistance  in  

three specimens each and left to act to the lap joint for period of 8 weeks. By the time a bolt is 

prestressed the force gradually reduces. This reduction depends on the bolt type and tests performed. 

The loss of pretension force obtained in segment specimens was considered in static creep tests (60% 

load and 80% load does not show any difference) and during the fatigue test. The characteristic value of 

the pretension loss is very close, and estimated to be about 20% of the maximum pretension force after 

20 years. 

 

Figure 1.4 Loss of pretension force in bolts during the segment test (long-term segment tests and fatigue 

tests), mean value and function of characteristic value of the trend line 

However, loss of pretension forces in the tower, measured during the feasibility test, diameter 2m is a 

bit bigger, for about 40%. The characteristic value is not estimated because of few measurements, but 

the tendency is rather clear considering the trend line of the mean value. 
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Figure 1.5 Loss of pretension during the feasibility test 

Bending tests 

Two test series (a and b) on eight down scaled wind-tower connections have been performed. 

The objective of test-series a) was to investigate the characteristic bolt force function of preloaded bolts 

used in conventional wind-tower site connections with imperfect L-flanges and to determine the benefit 

of conventional retrofitting techniques with lining plates. 

Therefore four quasi-static tests on down scaled wind-tower connections with flange connections (FC) 

have been performed (cp. Figure 1.6, left): 

1 flange connection detail with perfectly plane/parallel ring flanges (FC1) 

1 flange connection detail with “systematic imperfect” ring flanges (FC2) 

2 flange connection details with “systematic imperfect” ring flanges retrofitted with lining plates 

using two different retrofitting methods (FC3 & FC4) 

By these tests it could be proven that imperfections in form of a flange sided taper or parallel gap can be 

retrofitted successfully using lining plates, whereas almost perfect bolt-force functions have been 

obtained after retrofitting. In conclusion the bolt-load function of an accurate retrofitted imperfect ring-

flange connection can be determined acc. to Faulhaber and Thomala.  

In practice, the lining plate packages may consist of galvanized or stainless steel plates with different 

thicknesses. The provided plates should allow for a maximum grading of 0.5 mm (e.g. by combining 

plates with a thickness of 2 mm, 1 mm and 0.5 mm). A detailed description of the required work steps is 

given in the report from RWTH, WP2-5-progress-report-090330. 

 

Figure 1.6: FC and FJ test-segments with flange mounted adaptor-segments 
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The aim of the test series b) was: 

1. to investigate the performance of a new friction connection and to compare it with  

conventional ring-flange connections, 

2. to investigate whether the type of failure of the new connection detail has a more ductile  

or brittle failure mode, 

3. to perform a (down-scaled) “feasibility” test of the assembling procedure, 

4. to perform an application test on different kinds of single-side preloaded bolts, 

5. to investigate whether the curvature of the shell surface has an influence on the preload  

force in the bolts or not. 

Therefore four quasi-static tests on down scaled wind-tower connections with friction joint connections 

(FJ) have been performed (cp. Figure 1.6, right): 

2 friction joint details with bolts tightened from inside of the tower 

application of two different types of bolts; one specimen each (FJ1 & FJ2) 

2 friction joint details with bolts tightened from outside of the tower;  

application of two different types of bolts; one specimen each (FJ3 & FJ4) 

Taking all evaluated test data into account the following conclusions can be drawn: 

1. The behaviour of the new friction joint during the quasi-static tests was completely elastic  

until the ultimate slip resistance was reached. 

2. All test specimens exceeded the expected ultimate slip load significantly. One reason is that the 

real slip factor was much higher than the considered one (µconsidered = 0.563 ≡ 5%-fractile from 

preliminary product tests). 

3. The performance of the connection after the first slippage between the tower shells was ductile 

for all specimens and the load could always be increased significantly. 

4. Compared to the flange connection specimens, the bolt forces in the friction joint specimens 

kept almost constant (apart from normal bolt settlement effects) until failure. Just a very slight 

force variation range of about ∆Fp < 1,875% of Fp,Cd could be observed caused by lateral 

contraction of the tower shells under loading. 

5. As the ultimate resistance correlates directly with the friction behaviour of the surfaces in 

contact, the knowledge of the real slip factor is essential to obtain correct hand-calculation 

results compared to test-results. In this regard the hand-calculation method for the ULS is an 

exact method. Concerning the fatigue design it was found out, that due to local effects 95 % of 

the measured bolt forces show much lower strain variation ranges than predicted by a hand-

calculation method proposed within the scope of the project. Only 5 % of the measured stress 

variation ranges reached higher values, so that a correction factor β = 1.25 has been 

implemented into the hand-calculation formula to obtain safe results. 

6. With regard to the feasibility of the friction connection it can be said that no problems occurred 

during the assembling of the friction test specimens. 

Fatigue 

Fatigue studies were performed on segment friction connections. These studies included mainly fatigue 

tests and FE numerical analysis of the test specimens. Also a numerical study of the fatigue resistance 

of the flange connection of a wind tower of the type Repower MM92 was performed. 
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Three preliminary fatigue tests were conducted on friction connections in order to fix the adequate 

specimen geometry and cyclic loading type. Further exploratory tests were made in friction eccentric 

connections. Because of the secondary bending developed in the tensioned eccentric specimens (two 

plates bolted together with connection working in friction), this type of specimen was proved to be 

inadequate to simulate the real three dimensional situation of the wind tower where two tubes are 

connected. From these tests it was concluded that further tests should be performed using centred 

specimens and sinusoidal loading with one cycle per second. The mean yield strength of the steel used 

in the specimens was 416MPa confirmed with coupon tests. 

Therefore, six fatigue tests (Figure 1.7) were conducted using sinusoidal cyclic loading always in 

tension, with stress range up to about 253MPa. Slippage between plates was prevented through 

adequate bolt prestressing. The results obtained, in number of cycles, for each specimen, are presented 

in Table 1.1. Three specimens marked with (*) did not collapse. Specimens were considered to reach 

the endurance point, except for the last specimen which could not be further tested due to slippage 

during reloading. The huge difference in number of cycles resisted by similar specimens is probably 

due to the fact that, in the cases where no fatigue collapse was reached, the test was interrupted due to 

unforeseeable events (test machine maintenance work). 

 

SG 3

SG 2

SG 1

     

Figure 1.7: Test layout and specimens after rupture by fatigue 

Table 1.1: Summary of fatigue test results 

Specimen 

Maximum 

stress 

(MPa) 

Minimum 

stress 

(MPa) 

Stress range 

(MPa) 

Theoretical 

Number of cycles  

(acc. EC3-1-9) 

Experimental 

number of 

cycles 

1 184.7 14.2 170.5 1.654.109 4.877.357* 

2 255.7 14.2 241.5 199.552 1.411.860 

3 267.9 14.9 253.0 173.558 783.089 

4 255.6 13.9 241.7 199.083 755.380 

5 255.6 13.9 241.7 199.083 2.227.174* 

6 255.6 13.9 241.7 199.083 631.950* 
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The results obtained from the specimens that collapsed were used to obtain the fatigue detail applying 

the following relation from Eurocode 3 part 1-9 [12] 

 m m 6

R R C 2 10Nσ σ∆ = ∆ ⋅ ⋅   

where m = 3, m

Rσ∆  is the stress range used in testing and m

Cσ∆  is the stress range of suitable 

fatigue detail. The results are summarized in Table 1.2. According to these results fatigue resistance of 

the connection approaches the fatigue resistance of base material (∆σC  = 160MPa). 

Table 1.2: Fatigue detail obtained from test results 

Specimen 
N. Cycles 

from test 
∆σR m ∆σC 

Mean 

∆σC 

St. Dev. 

∆σC 

5% quantile 

∆σC 

2 1411860 241,5 3 215,0 

3 783089 253,0 3 185,1 

4 755380 241,7 3 174,7 

191,6 20,9 157,2 

When the friction connection resistance is assessed using the fatigue curves of Eurocode 3 [12], detail 

category ∆σC = 112MPa seems to be the most appropriated for calculations. The test results show that 

this assumption is conservative. 

Within the present report a detailed numerical FE model of the tested connections was developed in 

order to analyse stress concentration. Numerical results agree with the type of rupture observed in the 

test specimens, that is, rupture must initiate near the bottom of the long slotted holes. 

Also a numerical evaluation of the fatigue resistance of a wind tower of the type Repower MM90 was 

performed using the design fatigue load spectrum given by the manufacturer. Comparison with detail 

categories is presented. According to the Palmgren-Miner rule the cumulative damage index (0.962) 

approaches maximum (1.0) for detail category ∆σC = 71MPa. 

Monitoring 

The report presents the experimental program concerning the instrumentation, the calibration of 

equipment and the monitoring performed on a steel wind tower of the type Repower MM92 erected in 

the centre part of Portugal (Figure 1.8). The following objectives were established for the information to 

be extracted from the measured data: i) the dynamic behaviour of the tower and an accurate modal 

identification of the system; ii) the section loads acting on the top and bottom of the tower and on two 

intermediate levels, iii) the performance of the assembling joints and the behaviour of the thin walled 

section in the vicinity of those joints. 

The measured physical quantities are the strains on the inner surface of the steel cylinder and inside 

some of the bolts used in the connections, the accelerations at various levels, the inclinations in the 

upper part of the tower and the surface temperatures at a fixed level.  

In order to obtain as much information as possible it was planned to acquire data during several months. 

For reasons that the research team could not control, which were presented in previous reports, the 

monitoring started with considerable delay comparing to the initial time plan. Effective monitoring took 

place during more or less one year. 

The analysis of the data obtained so far allows some general conclusions about the tower behaviour. 

First, there was the need to assure the quality oft the measured data. It was verified that, at each cross 

section, the sum of the vertical stresses was, as expected, near zero, since only stresses due to bending 
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are being measured. As expected, stress variation along the tower height is low, since the cross section 

varies in diameter and thickness, optimizing the structural solution. 

The strains measured on the cylinder shell (vertical, horizontal and inclined) vary with wind speed, 

increasing up to the wind speed of about 12 m/s and decreasing after that. This is typical of pitch 

regulated towers and is due to the pitch rotation of blades in order to maintain a constant production 

without overloading the tower. The maximum measured principal stress in the shell was about 130MPa, 

and the maximum vertical stress was about 70MPa both in tension and in compression. 

The stress variation inside the pre-stressed bolts is very low and therefore almost independent of the 

wind speed. It is concluded that the bolt pre-stress is very effective and there is a good contact between 

stiffening rings. This is an expected conclusion because it is not probable that service loads, mainly 

from measured wind speeds up to 20 m/s, could induce the opening of the joints between the stiffening 

rings of the connection. 

The bending moment distribution along the tower height is almost linear and reproduces the moment 

variation of a cantilever connected in the base and acted by moment and transverse load at the top. The 

maximum bending moment measured at the top introduced by the nacelle was about 2300kNm. This 

values compares well with the value of 2690 kNm given by Repower for the top of the tower for load 

case dlc1511_0_gt2. 

The maximum bending moment measured at the tower bottom was about 25000kNm. This is rather 

lower than the value of about 67800 kNm given by Repower for the same load case dlc1511_0_gt2. In 

fact, that load case includes a fault situation related to the malfunction of the pitch regulation and 

therefore considers the introduction of a higher horizontal force at the tower top which is responsible 

for the difference of the bending moment at tower bottom. 

 

 

 

  

Figure 1.8: Wind tower instrumented for structural monitoring 

Feasibility 

Concerning the proposed feasibility test, the aims were to collect information from the different 

production and assembling phases and monitoring the tightening and pre-stress losses over time. 

The manufactures of the prototype was straightforward. The execution of the slotted holes presents the 

main problem and must be optimized for series production. Also the cutting process deserves special 

attention because the cut requires a high thermal delivery by the flame cutting which leads to dilation of 

the plate. This implies a variation of the dimensions of the plate as well as the slotted holes.  
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Assemblage of the components is laborious because of tight tolerances and number of holes that must 

be kept in right place during assembling. 

The monitoring of the prestress in bolts showed that the pre-stress force is achieved with a good 

precision to the value of 70%.fu that in this case is 700 MPa. Also, the tightening sequence does not 

show significant influence in the bolts final pre-stress. 

The observed pre-stress losses happened immediately after the bolt tightening and tend to stabilize 

rapidly. The measured gaps between plates after tightening vary between 0 and 1.7 mm with a mean 

value of 0.2 mm. 

   

Figure 1.9 Production and assembling feasibility of the friction connection with open slotted holes 

FEA 

Finite element models of various complexities are analysed. An analysis of the complete tower, which 

has been monitored, including the foundation and details of door opening is shown in Chapter 2.2.6.1. 

Results of analysis of the Four point bending tests, “the down-scaled tower” Chapter 2.2.2., are used to 

draw some conclusions related to possible influence of production tolerances of the friction connection 

on the ultimate load of the tower. Rather consistent results are achieved but when compared to the 

experimental results of the down-scale bending test certain warnings should be emphasised. 

The numerical analysis is performed with ABAQUS. A very detailed 3D model is prepared where the 

geometry is modelled with solid elements and a very realistic model of the connection is achieved by 

using contact elements and a special option to model pretension in the bolts, see Figure 1.10.  

The analysis is performed in three sequential steps: 2 pretension force steps, due to numerical 

convenience, and one step modelling bending of the specimen.  

         - In the first step, an arbitrary small displacement of 0.3 mm is applied in the head and the nut, 

until the gap between two segments of connection is reduced. 

         - In the second step the gap between two segments of the connection is closed introducing the 

pretension force of 160 kN in all bolts, until the upper and the lower segments are in contact. Influence 

of the gap size is considered in a parametric study of remaining stresses in the steel and to estimate the 

gap influence on the ultimate load. Various gaps: 3 mm, 5 mm and 6 mm are considered for the 

thickness of the cylinder   t=8 mm,     

         - In the third step, a displacement is applied at the top of the specimen modelling the applied load. 

The results of this step are influenced by the choice of the mesh and type of solid elements used. Based 

on comparison with experimental results the most suitable choice is chosen. Initial stiffness of the 

specimen shows the biggest discrepancy. Such finding is rather common if solid elements are used in 

FE modelling. 
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Central part and bolts with 

solid elements 

Each single bolt is model and 

contact surfaces indicated 

Targeted pretension force of 160kN in the 

bolts is achieved  

Figure 1.10 FE models with various complexity level 

The global behaviour of the specimens in bending and comparison with the FEA is shown in         

Figure 1.11. Comparison of numerical predictions using higher strength steel grades (S460 and S690) is 

shown. Increase of the ultimate load is about 40 % if material properties are changed from yield 

strength of 415 MPa (nominal steel S355 used in experiments) to the steel S690. The failure mode is 

local buckling close to the applied load, for all cases.   
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Figure 1.11 Results of  FE analysis using higher strength steel grades comparing with experimental 

results (FJ3 and FJ4) in which nominal S355 is used (measured yields strength  is 415 MPa) . Constant 

gap of 5 mm is assumed between the inner and outer section of the central part. 

 

One of the concerns for implementation of opened slotted holes in the friction connection is the level of 

the bending stresses due to the pretensioning of the bolts and closing the gap which is necessary for the 

assembling. Influence of the gap is rather important on the ultimate load of the specimen in bending. 

Change from the 3 mm to 6 mm gap does not influence change in the failure mode. However, there is 

rather considerable influence of 10 % of the ultimate load decrease for changing the gap from 5mm to 6 

mm. It is worth mentioning that the FE model is made so that the increase of the gap means decrease of 

the diameter of the central segment where the oval holes are modelled.  
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Figure 1.12 Results of FE analysis varing the gap between the inner and outer section of the central part in 

comparison with experimental results FJ3 and FJ4.  

Influences of the gap between the inner and outer sections on longitudinal stress distribution along the 

cylinders are closely distributed at the connection independently of the size of the gap. The outer 

cylinder is always more loaded because it is the stiffer part of the connection. Bolt forces of about 

40kN, 50kN and 80kN are necessary to close the gap of 2mm, 4mm and 6mm, respectively 

  

 

Figure 1.13 Prediction of the longitudinal stress distribution caused by pretensioning 

gap 
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FE analysis for predicting the behaviour of the monitored tower door opening is performed in order to 

analyse the use of higher-strength steel in the lower sections. For this purpose 8 node double curved 

shell elements with reduced integration, S8R, are used. A complete set of cross section forces from 

design load tables provided by the Repower is considered in the analysis. All results of the parametric 

study presented below show the load factor higher than 1.0 meaning that the lower segment is properly 

designed for considered conditions.    

The main results are summarized in Table 1.3 and Figure 1.16. The ultimate load of the model “Shell 4” 

using S690 is more than 50 % higher comparing with model “Shell 3” where S355 is used. The 

monitored tower has the same detail of the door opening produced using S355 steel grade.  

Difference in the ultimate load between the models with S690 is about 10% due to increase of the initial 

imperfection amplitude by the factor 5. The geometrical imperfections are obtained in the buckling 

analysis and are assumed in a shape of the first eigenmode, shown in Figure 1.14.  

   

Figure 1.14:The first eigenmode of the lower tower section with the door opening  

 

The results obtained clearly indicate possible advantages of using higher strength steels.   

 

Table 1.3: Results from FE-calculations 

Yield 

strength 

Shell thick. t1 in 

Sec. 1 and 2 

Shell thick. t2 in 

Sect. 3 

Stiff. 

thick. 

Imperf. 

ampl. δ 
δ/t1 Model 

name 
[MPa] [m] [m] [m] [m]  

Shell 1 355 0,030 0,026 0,070 0,006 0,2 

Shell 2 690 0,020 0,017 0,070 0,004 0,2 

Shell 3 690 0,015 0,013 0,070 0,003 0,2 

Shell 4 690 0,030 0,026 0,070 0,006 0,2 

Shell 5 690 0,030 0,026 0,070 0,030 1,0 

Shell 6 690 0,030 0,026 0,070 0,060 2,0 
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Load displacement response of different models with varied imperfection and different material
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Figure 1.15:Lower tower 

section geometry of the 

opening  

Figure 1.16:Load displacement response of the original tower and the tower 

with high strength steel and varied imperfection 
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2 Scientific and technical description of the results 

2.1 Objectives of the project 

The main objectives of this project are already discussed above mentioning that an integrated view on 

the steel tower for wind turbines is achieved optimizing the performance of the critical details 

separately. Optimization of the tower geometry is based on innovative solutions for assembling joints, 

which are planed to remedy existing limits. The work was carried-out in five subsequent phases: 

- Improvement of the fatigue performance of the assembling joint led to allowance of higher 

stresses in the shell.  

- The possibility of higher stresses in the shell lead to economical justified utilization of high 

performance steel, with higher yield strength.  

- Creating a more slender shell is causing needs to review the stability issues and detailing such 

as door openings and design of so called “fingers”, the part of the tower shell between the long 

open slotted holes in the friction connection. 

- From the production standpoint, feasibility study at the production plant was done.  

- All improvements were justified by experiments in laboratory and in-situ.  

- Complete design examples are worked out illustrating the design procedure for wind tower  

2.2 Description of activities and discussion 

2.2.1 Testing of bolted connection 

Series of tests are performed on bolted connections to provide data for the design of the friction 

connection with the open slotted hole. The main characteristics of the connection investigated are: slip 

factor and friction factor, short term and long term loss of the pre-tension force and strength of the 

connection in tension. 

2.2.1.1 Short term test  

2.2.1.1.1 Friction tests 

The slip factor and the friction coefficient are established for various faying surface, uncoated steel and 

steel protected by various surface treatments and for various steel grades, mild steel S275, steel grade 

S355 and higher strength steel S690. The specimens’ outer dimensions were taken according to 

EN1090-2.  The plates are made of the same base material as used in further tests, i.e. the thickness was 

25 mm. The specimens’ geometry is shown in Figure 2.1. 
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Figure 2.1: Test set-up used in the friction tests Figure 2.2 Load cell 

The bolt forces were calculated from 3 strain gauges at 120° glued at load-cells made of a steel cylinder.  

The equipment was calibrated in compression tests were two cells were stacked on top of each other 

and pressed between heavy steel plates up to a load of 250 kN and back at a constant rate of about 

20 µm/s. The procedure was repeated three times with the load cells turned 120 °. 

The gauge responses were found to be slightly nonlinear at lower loads. They were therefore calibrated 

in their linear functioning range, between 100 kN and 250 kN, taking in account both loading and 

unloading of the cells. 

For each gauge a single regression function was obtained as an average of those obtained from each of 

the calibration tests. 

The slip in the connection was recorded with Crack Opening Devices (CODs) measuring the relative 

displacements between “knife-edges” spot welded on the plate sides. The CODs were calibrated for a 

total stroke of 4mm with an accuracy of about 1µm. 

For each connection the slip between the inner plate and one of the outer plates was measured on both 

sides in order to compensate for possible in plane rotation. The welds and thus the measuring points 

were placed half way between the two holes, at the plate’s centre. 

The specimens were assembled with the plates pushed in bearing position to obtain the maximum hole 

clearance during testing. The bolts were then tightened with a key wrench while reading the gauges’ 

outputs. The targeted pretension was about 170 kN per M20 bolt. 

The specimens were then pulled at a constant rate until both connections had failed. Tests were run in 

both load and stroke control. 
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Figure 2.3 The friction tests set-up  

Slip criterion 

In EN1090-2 the slip load is defined as the load at which a relative slip of 150 µm occurs. The criterion 

is well adapted for tests performed under load control; once major slip occurs the machines control tries 

to increase the applied load thus producing a continuous movement with high velocity. It is then 

possible to specify a certain amount of displacement that will conveniently assess the slip load. 

If the tests are run in stroke control however, as it was the case here, the velocity of the movement after 

failure remains unchanged but the transferred load is free to vary. The amount of displacement at major 

slip being specimen dependent, it appears impossible to propose a general displacement criterion that 

will coincide with actual slip failure for all cases. Therefore the slip load was here taken as the ultimate 

load at first major slip. 

Results 

The average clamping force was about 330 kN per connection with a variation of about 6 %. 

No significant difference could be noticed between the specimens tested in load or stroke control. The 

test rate did not seem to have any influence either. 

The slip factor rather than a friction coefficient is used EN1090-2 and in ECCS TC10 document from 

1984 [6]. The slip factor is defined as the ratio of the slip load and the initial clamping force. The 

friction coefficient is defined as the ratio of the slip load and the actual clamping force at the slip. Both 

parameters are presented here for the two main faying surfaces considered: an ethyl silicate zinc rich 

paint, already widely used as a primer for wind towers, and weathering steel which provides a relatively 

high friction coefficient. 

Ethyl silicate zinc rich paint 

The plates were made of construction steel with grade S355 produced by Ruukki. They were first grit-

blasted with steel grit of size G70 to a quality Sa2.5 according to ISO-8501-1 [23] and then coated with 

the two component ethyl silicate zinc rich paint called TEMASIL 90 produced by Tikkurila Coatings. 

According to the producer this coating has an excellent abrasion resistance and can be used as single 

coat or as primer. The zinc content is between 70 and 90 %. A coat thickness of 50 to 80µm was 

21



 

requested. The coating has a greenish grey appearance and seemed to be made of two layers; a 

pigmented outer layer and a layer of zinc adhering to the steel. The average friction coefficient was 

µf,Z = 0.45 with a variation of about 12 % with 6 specimens (12 values). The slip factor µs,Z did not 

differ significantly. 

Table 2.1 Results of friction tests with ethyl silicate zinc rich paint. 

test rate

connection A1 A2 M1-1 M1-2 M2-1 M2-2

friction coefficient 0.43 0.43 0.52 0.36 0.48 0.46

slip factor 0.42 0.42 0.51 0.35 0.47 0.45

stroke control

5 um/s

test rate

connection A1 A2 B1 B2 C1 C2

friction coefficient 0.46 0.45 0.55 0.43 0.38 0.46

slip factor 0.46 0.45 0.55 0.42 0.38 0.46

load control

0.5 kN/s1.5 kN/s

 

Corroded weathering steel 

The average friction coefficient was µf,WS = 0.84 with a variation of about 5 % with 5 specimens (10 

values). The slip factor µs,WS = 0.79 was about 6 % lower. 

Table 2.2: Results of friction tests with corroded weathering steel. 

test rate

connection R1-1 R1-2 R2-1 R2-2

friction coefficient 0.86 0.84 0.77 0.89

slip factor 0.82 0.79 0.71 0.82

5 um/s

Stroke control

 

test rate

connection R1-1 R1-2 R2-1 R2-2 R3-1 R3-2

friction coefficient 0.84 0.86 0.90 0.79 0.86 0.84

slip factor 0.79 0.81 0.84 0.74 0.82 0.78

1.5 kN/s 0.5 kN/s

Load control

 

As expected the rust layer of weathering steel provided a higher friction and whereas the zinc coated 

specimens had a rather smooth behaviour the corroded specimens presented a “stick-slip” behaviour 

with very distinctive noise and vibrations during testing. It can also be noticed that the spread of results 

is about two times greater when a coating is used.  

 

a/ Ethyl silicate zinc coating 

appearance 

b/ COR-TEN B after  

exposition of 3 months 

c/ Detail of the rust layer  

after light brushing 

Figure 2.4 Two main faying surfaces considered 
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In addition to the two main faying surfaces used in the lap joint with the slotted hole, results obtained 

on other surface treatments, shown in Figure 2.5, were carried out according to Annex G of EN 1090-2 

[10] for the sake of completeness. 

Figure 2.5 Surfaces prepared on plates made of steel S 275 

 Type A Type B Type C Type D Type E Type F 

Surface 

blasted 

with shot 
grit, degree 
Sa 2½  

with shot 
steel, degree 
Sa 2½  

with shot 
steel, degree 
Sa 3  

chemistry 
with shot 
steel, degree 
Sa 2½  

with shot 
steel, degree 
Sa 2½  

Surface 

treatment 

without 
treatment  

without 
treatment 

spray 
metalized 
with zinc 

75 µm  

galvanization 
by hot 
immersion 
with zinc  
160 µm  

painted with 
zinc ethyl-
silicate (one 
layer) with 
70µm 

painted with 
zinc epoxy 
(one layer) 
with 70µm 
 (current 
product in 
Portugal) 

Surface 

appearance 

 

           

Figure 2.6 Surfaces prepared on plates made of steel S 690 and water resistant steel S355 

 High strength steel S 690 Cor-Ten steel S 355 

 Type B Type C Type F Type BI Type BE Type BEE 

Surface 

blasted 

with shot 
steel, degree 
Sa 2½  

with shot 
steel, degree 
Sa 3  

with shot 
steel, degree 
Sa 2½  

with shot 
steel, degree 
Sa 2½  

with shot 
steel, degree 
Sa 2½ 

with shot 
steel, degree 
Sa 2½  

Surface 

treatment 

without 
treatment 

spray 
metalized 
with zinc 

75 µm 
nominal (75 
µm real)  

painted with 
zinc epoxy 
(one layer) 
with 70µm 
nominal 
(135 mm 
real)  
 (current 
product in 
Portugal)  

without 
treatment 

 

exposed to 
the 
environment 
in the Interior 
of the 
Laboratory - 
10 days 

without 
treatment 

exposed to 
the 
environment 
in the Interior 
of the 
Laboratory - 
15 days + 

Exposed to 
the outside 
environment  
- 20 days 

without 
treatment 

exposed to 
the 
environment 
in the Interior 
of the 
Laboratory - 
15 days + 

Exposed to 
the outside 
environment  
- 80 days 

Surface 

appearance 

   
Type C 

   
 
 

 
   

The load was applied with a speed 0.4 kN/s which leads to test duration of 10 to 15 minutes) of four 

short time tests. The fifth “creep test”, duration of about 3 hours, was performed for each surfaces 

finishing shown in Figure 2.5 and Figure 2.6.  
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In the first four tests, the load for a slip of 0.15 mm, the slip load FSi, is recorded. The 5th model is 

loaded with 90 % of the average slip loads reached in the previous 4 tests, during 3 hours. If the 

difference between the slip measured at five minutes and at three hours after the load application does 

not exceed 0.002 mm, the test is valid and the slip load shall be determined as for the previous four 

tests. If this condition is not verified, a minimum of three extended creep tests should be performed, 

according the Annex G of EN 1090-2. The validity of the 5th test still depends of an additional 

condition: the standard deviation SFs of the slip loads, defined in Annex G of EN 1090-2 obtained in the 

5 tests can not exceed 8 %. 

The individual slip value µi, the mean value µm and the standard deviation sµ are obtained by the 

following equations: 
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where n represent the number of values, equal 10 for five tests. The characteristic value of the slip 

factor µ shall be taken as the 5 % fractile value with a confidence level of 75 %, through the following 

equation:   
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Figure 2.7 Load slip curves for short time test 
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Table 2.3: Slip with actor results for the second experimental series 

Slip force Slip factor 
Surface 

treatment 
Steel FS,min 

kN 

FS,max 

kN 

FS,average 

kN 

90%FS,average 

kN 

FS,average – FS,min 

kN 
sµ µm µchar µproposed 

A S275 340.6 431.6 382.6 344.4 3.7 3.98% 0.558 0.476 - 

B S275 360.9 431.1 384.8 346.3 -14.6 2.84% 0.561 0.503 - 

C S275 345.1 373.0 356.8 321.2 24.0 1.67% 0.520 0.486 0.40 

D S275 326.2 382.6 357.6 321.8 4.4 2.90% 0.521 0.462 0.40 

E S275 293.5 337.3 313.7 282.3 11.1 2.51% 0.457 0.406 0.40 

F S275 251.6 272.6 259.5 233.5 18.0 1.19% 0.378 0.354 0.30 

B S690 356.6 417.8 382.4 344.2 -12.4 2.65% 0.557 0.503 - 

BI 
Corten 

S355 
356.4 417.2 390.4 351.3 -5.07 3.27% 0.569 0.502 - 

BE 
Corten 

S355 
394.2 433.4 414.3 372.8 -21.37 2.15% 0.604 0.560 - 

F S690 149.5 178.6 167.2 150.5 1.0 1.44% 0.244 0.214 0.20 

C S690 349.3 392.1 374.5 337.1 -12.3 1.74% 0.546 0.510 0.40 

FS,average is the average of 8 values (2 values for each of the first four tests); 

Where µproposed is proposed, means that the results of 5th tests were not valid (slip higher than 

0.002 mm). In those cases, the µchar presented in the table is based on the first four tests only (so, no 

valid). That’s the reason to propose a value quite smaller for slip factor (a value that satisfies the 

condition of G.5 of Annex G of EN 1090-2). 

2.2.1.1.2 Lap joint tests with the opened slotted hole 

A total of 28 lap joint tests were performed in tension using Tension Control Bolts, grade S10T which is 

equivalent to grade 10.9 [24]  produced by TCB Limited in England.  Two different plate thickness 

8 mm and 25 mm and corresponding bolts M20 and M30, respectively, were used to provide data for 

downscale tests and for design of the friction connection of the case study tower considered in the 

project. Overview of tests performed is shown in Table 2.4 and Table 2.5. 

Specimens used in the friction test with opened slotted hole had one plate with normal clearance holes 

on the side of the bolt head while the other plate had one or two open slotted holes where the width of 

the hole was equal to the normal hole diameter. The single cover plates were used instead of the 

washers under the nuts, at the side of the opened slotted hole. The material has the same hardness as the 

washers and the hole diameter a bit smaller 21 mm and 31 mm for M20 and M30, respectively. 

Series of preliminary tests, P-1x3, PZ-1x3 and PWS-1x3, and WS-1x3 and Z-1x3, were performed to 

evaluate the different faying surfaces and possible influence of the level of pretension on the friction 

coefficient. Series Z-2x3 and Z-1x6 were designed to study the influence of the bolt arrangement on the 

behaviour and resistance of the lap connection. A series Z-1x3n of three specimens with rounded holes 

with 33 mm diameter on both plates were used as reference to estimate experimentally the effect of the 

slotted hole. The geometry of the specimen was identical to that of series Z-1x3 except of the holes. 
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Table 2.4 Summary of static test in tension, the plate thickness 8mm 

 Preliminary tests 

Reference P-1x3 PZ-1x3 PWS-1x3 

No. of Specimens 3 3 3 

Bolt type TCB S10T M20-55mm 

Plate thickness 8mm 

Surface type* a b c 

No. of rows 1 

Bolts per row 3 

Hole type Open slot, 22mm 

* a: weathering steel / b: ethyl silicate zinc rich paint / c: 
corroded weathering steel (see [3] for detailed 
information)  

 

 

8
0

8
0

5
0

5
0

 
 

a/ Specimens dimensions for 

series WS-1x3 and Z-1x3 

b/ Specimens dimensions for 

series Z-2x3 

c/ Specimens dimensions for  

series Z-1x6. 

Figure 2.8 Static test in tension of lap joint with open slotted hole, plate thickness 25 mm 

Table 2.5 Summary of static test in tension, the plate thickness 25 mm 

 Resistance tests 

Reference WS-1x3 Z-1x3 Z-2x3 Z-1x6 Z-1x3n 

No. of Specimens 5 5 3 3 3 

Bolt type TCB M30-110 mm 

Plate thickness 25 mm 

Surface type* a b 

No. of rows 1 2 1 1 

Bolts per row 3 3 6 3 

Hole type Open slot, 33 mm hole, 33 mm 

* a: corroded weathering steel / b: ethyl silicate zinc rich paint  
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The strain in the bolt were continuously measured during tightening and testing in order to obtain 

information on the pretension force, load relaxation, and behaviour of the pretension forces during 

loading of the specimens. The strain-gauges, BTM-6C supplied by TML, were installed in the bolts’ 

shanks to monitor axial strains. The gauges were glued in 2 mm-diameter holes with the centre at a 

depth of about 18.5 mm and 28 mm below the head for M20 and M30 bolts respectively. 

  

Figure 2.9:M20 Tension Control Bolt equipped with 

BTM6-C strain gauge. 

Figure 2.10:CODs measuring the relative slip 

of plates 

The nut faces were smeared with lithium based molybdenum grease (Castrol MS3). The thread was not 

lubricated. The clamping package was expected to be stiffer where the slotted hole ends. Therefore the 

tightening order chosen was: B1 – B2 – B3.  

Two sequences of bolt pretension were tested to check their influence on the loss of pretension:  

-  bolts pretensioned in one step and  

-  bolts pretensioned in two steps, in the first step the bolts  

are tightened to about 2/3 of the targeted pretension.  

The strain output was monitored from the pretensioning to the end of the test. The residual pretension is 

defined as the pretension remaining at test start. It is lower than the initial pretension defined as the bolt 

force appears directly after tightening. Two phenomena are responsible for the pretension losses. 

Elastic interaction 

The bolt forces tend to decrease when consecutive bolts are tightened. This effect was more important 

when the bolts were tightened in one single step and for the thinner plates. If the bolts were first all 

tightened to about 80 % of their expected pretension the drop could be neglected. The variations were 

negligible for the specimens with thicker plates, as the tightening was performed in two steps, from the 

stiffest location outwards. 

  
Figure 2.11: Bolt forces during one step  tightening, 

series P-1x3, bolt M20-55mm, plate thickness 8mm, 

spec. 2 

Figure 2.12:Bolt forces during two step  tightening, 

series PWS-1x3, bolt M20-55mm, plate thickness 

8mm, spec. 2 
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Short term relaxation 

The bolt force loss always occurs at the moment when the pretensioning process stops and after that the 

force decreases asymptotically. The magnitude of the pretension loss depends on the surface, plate 

thickness as well as on position of the bolt in the connection. 

The specimens from series P-1x3 and PWS-1x3, which have similar properties show very similar losses. 

The small differences may be related to the tightening procedure, one–step- vs. two-step-tightening, 

respectively. The bolts of series PZ-1x3 have greater losses for the same geometry and bolt size. The 

discrepancies are addressed to the surface properties. It is likely that a coated surface will creep more 

thus leading to higher force decrease. Series PZ-1x3 and Z-1x3 have identical surface properties but 

different plate thickness and bolt size. The pretension losses are bigger for thin plates where creeping of 

the coating has a relatively greater influence, as it is confirmed by the tests. Series Z-1x3 and Z-1x3n 

have identical surface properties, plate thickness and bolt size but the hole’s geometry changes. The 

losses are 1 % higher when using slotted holes. 

With a slotted hole, independently of the surface or specimen geometry, the greatest losses are found at 

the central bolts (B2). This can however be reduced by tightening in two steps. The decreases are very 

similar for the leading bolts (B1 and B3) although there is a tendency for higher losses close to the slot 

opening (B3). With normal holes on both plates, the variations are very similar at all three locations 

Table 2.6 The average loss of pretension of three bolts in specimens, % of the maximum pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 

10s 3.0 2.5 3.4 2.7 2.1 

10min 5.8 4.6 8.4 5.7 5.0 

12hrs 7.2 6.9 12.1 8.9 7.7 

Table 2.7 The average loss of pretension of B1 in % of the maximum pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 

10s 2.8 2.1 3.2 2.6 2.2 

10min 4.4 3.9 7.5 5.2 5.2 

12hrs 5.6 6.2 10.9 8.3 8.3 

Table 2.8 The average loss of pretension of B2 in % of the maximum pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 

10s 2.9 3.0 3.5 2.8 1.8 

10min 8.6 5.9 9.2 6.1 4.7 

12hrs 10.3 8.1 13.4 9.4 7.2 
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Table 2.9 The average loss of pretension of B3 in % of the maximum pretension. 

Time after Max. P-1x3 PWS-1x3 PZ-1x3 Z-1x3 Z-1x3n 

10s 3.2 2.7 3.5 2.7 2.3 

10min 4.4 4.5 8.8 5.8 5.0 

12hrs 5.9 6.6 12.4 8.9 7.6 

Bolts forces variations during experiments 

The bolts forces decreased when a tensile load was applied on the specimens until the major slip, 

approximately at the resistance of the connection. A sudden drop of the pretension force occurred after 

that and no pretension force is recovered after unloading. Rather big scattering of the pretension force 

losses was recorded between different faying surfaces and depending on bolt position in the specimen. 

The complete set of data obtained from the tests is given in the background document. For the sake of 

illustration loss of pretension force is shown in Figure 2.13. 

  
a/ upper bolt B1 b/ central bolt B2 

Figure 2.13 Variation of pretension forces depending on the bolt position and the faying surface (ethyl 

silicate zinc rich paint Z-1x3 and corroded weathering steel WS-1x3), the maxim pretension force was 

400 kN 

The main observations from experiments are: 

- The leading bolts, B1 and B3, always loose more pretension force than the central bolts B2.   

- The bolts closer to the slot’s opening have higher losses than those close to the slot’s closed 

end.  

- In the long specimens (Z-1x6) the four central bolts loose the same amount of force.  

- Some asymmetry is noticeable in the wide specimens (Z-2x3); higher losses are found in the 

row subject to additional tension from in plane rotation. 

- With comparable geometry and bolts the total loss of the pretension is more important for 

weathering steel and the difference increases for thick plates with bigger bolts.  

- The average pretension loss was about 23 % with corroded weathering steel, independently of 

the plate thickness and bolt diameter. For painted plates the pretension loss was about 16 % 

and 3 % for 8 mm-thick plates with M20 bolts, and 25 mm-thick plates with M30 bolts 

respectively. 

- The total pretension loss of the wide specimens (Z-2x3) was very similar to that of the 

specimens with three bolts (Z-1x3).  
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- The total pretension loss in the long specimens (Z-1x6) was about 8 %. 

- The absolute force pretension loss with normal holes is rather similar to results obtained on 

specimens with open slotted hole. However, the initial pretension force and ultimate load were 

higher with normal holes therefore this leads to lower relative losses. The difference is 

noticeable at the slot end where higher losses were recorded. 

Slip behaviour 

The load-slip curves of specimens, series Z-1x3 and WS-1x3, are shown in Figure 2.14, for the sake of 

illustration. 

The initial behaviour is quasi-linear with similar slopes but the on-set of nonlinearity occurred at 

relatively low loads, about 60 % of the resistance. 

At the failure load, the average slip measured at the connection’s side is about 50 µm and 300 µm with 

zinc rich paint and weathering steel respectively. 

The measurements at the connection’s edge include a component of plate elongation and the behaviour 

appears almost linear with zinc rich paint whereas the nonlinearity remains obvious with weathering 

steel. 

  
a/ Slip measured at the connection’s sides (S1 and S2) b/ Slip measured at the connection’s edge (S5) 

Figure 2.14 Comparison of load-slip curves, series Z-1x3 and WS-1x3 

Static resistance 

The failure criterion for High Strength Friction Grip connections is often related to a certain amount of 

displacement in the connection. In publication no.37 of ECCS Technical Committee 10 [9], dating from 

1987, it is explained that this displacement was defined as equivalent to the typical displacement of a 

riveted connection which was experimentally found to be about 300µm. More recently, a displacement 

of 150 µm is used in EN1090-2 [10]. 

As mentioned in [9] the amount of displacement does not play any part in the determination of the slip 

load for stiff connections between steel plates which are tested in load control. Indeed, once the friction 

is overcome, slip proceeds in one continuous movement with the applied load being equal to the slip 

load. However, if the tests are performed in stroke control the velocity remains constant and the applied 

load is free to take any value. At major slip the amount of displacement in the connections significantly 

varies with specimen geometry, bolt size and surface type. It is thus impossible to determine a generic 

displacement criterion that fits all test series and allows for comparison. 

Therefore the ultimate load at major slip was taken as the slip resistance of the connection. 

Table 2.10 shows the average slip factors and apparent friction coefficients for all series. More 

comprehensive results can be found in the background document. 
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The slip factor was defined as the ratio between slip resistance and initial clamping force.  

The apparent friction coefficient is defined as the ratio between the slip resistance and the sum of bolts 

forces at major slip. It allows a better comparison of the friction properties without accounting for the 

different variations of clamping forces. 

Table 2.10 Slip factors and apparent friction coefficients. 

Series P-1x3 PZ-1x3 PWS-1x3 Z-1x3 WS-1x3 Z-2x3 Z-1x6 Z-1x3n 

Slip factor 0.591 0.311 0.629 0.320 0.611 0.264 0.310 0.338 

Apparent friction 

coefficient 
0.792 0.430 0.856 0.356 0.795 0.288 0.337 0.370 

Corroded weathering steel surfaces gave the highest friction characteristics. The slip factor was about 

6 % higher than with new weathering steel surfaces and about two times higher than with ethyl silicate 

zinc rich paint. 

Comparing the test series with 25 mm-thick plates and 5 specimens each the scattering is less important 

with corroded weathering steel. The variation is then about 1 % compared to about 8 % for the painted 

plates. 

The specimens with thinner plates and smaller bolts had higher apparent friction coefficients by about 

20 % and 8 % for zinc rich paint and corroded weathering steel respectively. The slip factors were 

however very similar due to higher pretension losses. 

The slip factors from the specimens with more than three bolts cannot be compared because the tests 

have been performed shortly after assembling. The apparent friction coefficients however show some 

differences. The specimens with one row of six bolts have an apparent friction coefficient lower by only 

5 %. The scattering is much more important, about 20 %, with two rows of three bolts. 

The tensile resistance obtained on specimens with normal holes was 4 % bigger than that of equivalent 

specimens with long slotted holes. The variation of results was smaller. Due to the small amount of 

specimens the confidence interval is however small.  

2.2.1.2 Long term test 

The long term behaviour of the specimens was investigated in a series of tests to determine the 

variations of bolt forces and creep of the plates. Three specimens were loaded in tension at 80 % and 

three at 60 % of the expected static resistance for a period of four months, three. The experimental 

procedure was divided in following steps: assembling and instrumentation, loading, creep, unloading 

and resistance. The specimens had the same properties as those of series Z-1x3. The locations of the 

relative displacement measurements however were slightly different as shown in Figure 2.15. 

The bolt forces were constantly recorded with help of strain gauges inserted in the shank as for other 

test series. Each bolt was specifically calibrated. The bolts were tightened in two steps starting from the 

one closest to the slot closed end. The effects of elastic interaction were negligible 

The relative displacements were measured with help of Crack Opening Devices during loading, 

unloading and final testing. During long term testing the displacements were measured with a Staeger 

device: steel balls were glued on the knife-edges and their spacing was measured manually. Each 

measurement was taken as the average of three readings. The accuracy was then about 2µm. Readings 

are slightly operator dependent. This was considered in the results analysis as two operators were 

involved. The displacement measurements are relative variations between knife-edges or steel balls for 
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each test step. Absolute values were defined setting the initial distance at the beginning of the loading 

step as zero. The different steps were then combined by interpolation. 

 
 

Figure 2.15 Test set-up for long term test 

Relaxation in first 12 hours 

The variations of bolt forces in the 12 hours after tightening and before loading of the specimens are 

shown in. They are similar to those obtained for series with the same properties. 

Table 2.11 The average loss of pretension in % of the maximum. 

Time after Max. B1 B2 B3 All 

10s 2.9 3.0 2.8 2.9 

10min 6.5 7.0 5.6 6.4 

12hrs 9.4 9.7 9.8 9.6 

Losses due to the external load on plates 

Variations of bolt forces during the testing, i.e. under external loads acting on the specimens, were 

discussed in detail above. The specific results for the long term specimens are shown in Table 2.12 and 

show similar pattern. The maximum loss was about 2.5 %. 

Table 2.12 Bolt force losses in service in % of the residual pretension. 

Applied load 300kN 225kN 

Bolt B1 B2 B3 B1 B2 B3 

Force loss  1.7 1.0 2.5 1.6 0.7 2.0 

Long term relaxation 

After the specimens were loaded the bolt forces kept decreasing. No significant difference was observed 

between the specimens with different loads. The losses appeared asymptotical and reached about 4% 

after 15 weeks. Assuming an average logarithmic decrease rate of about 15 kN.log(s)-1 the additional 
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loss of pretension over a 20 years period was extrapolated to about 30kN, i.e. about 3 % of the initial 

preload.  

Table 2.13 The average loss of pretension in % of the bolt force after loading. 

Applied load 300kN 225kN 

Time after loading B1 B2 B3 B1 B2 B3 

2hrs 0.4 0.2 0.4 0.3 0.1 0.3 

24hrs 1.0 0.8 1.1 1.0 0.5 1.0 

1 week 1.9 1.6 2.0 1.7 1.2 1.8 

15 weeks 3.8 3.5 3.8 3.5 3.7 3.7 

The maximum bolt force decrease after 15 weeks under 80 % of the estimated resistance was about 

16.5 % of the initial pretension: 10 % from short term relaxation, 2.5 % from service loads and 4 % 

from long term relaxation. An additional loss of 3 % was estimated to happen over a lifetime of 20 

years. 

Differences in load-displacement behaviour between specimens that were tested in tension without 

priori loading and those which were first loaded for 15 weeks are shown in Figure 2.16. Two 

conclusions are rather evident: longer elastic range and no significant influence of the amount of the 

prior loading on the connection resistance. 

 

Figure 2.16:Comparison of load-slip curves between static specimens and long  

term specimens after a first loading cycle 

Remaining static resistance  

The remaining resistance of the specimens subject to long term loading was lower than that of 

equivalent new specimens for about 10 % in average. Part of the loss is due to long term relaxation of 

the bolts, about 4 %. The rest is thus related to the faying surfaces which is evident by the lower 

apparent friction coefficient. The specimens subject to the lower loads, contradictorily, showed larger 

difference. The statistical relevance of the results is thus questioned.  
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Table 2.14 Remaining slip resistances of specimens loaded with 300kN. 

Specimen A B C Avg. Variation [%] 

Slip resistance [kN] 393.6 378.7 378.5 383.6 2.3 

Initial pretension [kN] 1251.2 1269.4 1242.6 1254.4 1.1 

Residual pretension [kN] 1160.2 1163.3 1360.0 1227.8 9.3 

Slip factor  0.339 0.326 0.278 0.314 10.2 

Bolt forces at slip [kN] 1117.2 1088.5 1299.3 1168.4 9.8 

Apparent friction coefficient  0.352 0.348 0.291 0.331 10.3 

Table 2.15 Remaining slip resistances of specimens loaded with 225kN. 

Specimen D E F Avg. Variation [%] 

Slip resistance [kN] 364.3 349.7 356.2 356.8 2.1 

Initial pretension [kN] 1307.5 1234.3 1268.9 1270.2 2.9 

Residual pretension [kN] 1202.0 1131.1 1182.5 1171.9 3.1 

Slip factor  0.303 0.309 0.301 0.305 1.4 

Bolt forces at slip [kN] - 1056.3 1133.0 1094.6 5.0 

Apparent friction coefficient - 0.331 0.314 0.323 3.7 

2.2.1.3 Relaxation tests 

The loss of pretension force in the bolts, from the installation to at least four weeks, due to treatment of 

the faying surfaces of plates is established for various types of bolts. A total number of 63 bolts was 

tested, consisting of 9 TCB M30 grade S10T, 12 standard structural steel bolts M30 grade 10.9 in 

combination with pairs of self-locking NORD-LOCK washers, 6 M20 Friedberg HV Rändel grade 10.9, 

18 M20 Huck BobTail grade 10.9. Various grip lengths were considered as it is shown in Table 2.16. 

Test specimens 

The test specimens consist of two plates, which are clamped together by 3 pretensioned bolts, except for 

Friedberg HV Rändel press fitted bolts where only two bolts per specimen were tested. There are two 

plates in each specimens, see Figure 2.17, a main plate, which represents the actual tower wall in reality 

consisting of two plates, and the cover plate, used in the friction connection instead of separate washers. 

The main plate and the cover plate were made of construction steel with grade S355 and Raex 400 

respectively produced by Ruukki. Both plates have same geometry b*h = 100 mm*300 mm, whereas 

thickness and hole diameter vary as shown in Table 2.16. 

 

100

 

Figure 2.17 Relaxation specimen 
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The surfaces of all plates were grit-blasted with steel grit of size G70 to a quality Sa2.5 according to 

ISO-8501-1. The number surfaces coated with two component ethyl silicate zinc rich paint (Temasil 90) 

vary. The zinc content is between 70 and 90 %. The cover plates are never additionally painted, but for 

the main plate various alternatives were tested: no paint symbol (0), as in Table 3.16, painted only on 

the top surface (1) or painted on top and bottom surface (2). A coat thickness of 50 to 80 µm was 

requested. This coating, according to the producer, may be used as single coat or as primer. 

Table 2.16 Summary of bolts tested 

specimen bolt 
bolt 

diameter 

hole 

diameter 

plate 

thickness 

no. of 

painted 

surface 

no. of 

replicate 

R2 T30-1 TCB M30 33 50+8 2 1 

R1 T30-1 TCB M30 33 50+8 1 1 

R0 T30-1 TCB M30 33 50+8 0 1 

R2 N30-1 standard+NL M30 33 50+8 2 1 

R2 N30-2 standard+NL M30 33 50+8 2 2 

R1 N30-1 standard+NL M30 33 50+8 1 1 

R0 N30-1 standard+NL M30 33 50+8 0 1 

R2 F20-1 Friedberg M20 20,1 16+3 2 1 

R1 F20-1 Friedberg M20 20,1 16+3 1 1 

R0 F20-1 Friedberg M20 20,1 16+3 0 1 

R2 H20-1 Huck short M20 22 16+3 2 1 

R2 H20-2 Huck short M20 22 16+3 2 2 

R1 H20-1 Huck short M20 22 16+3 1 1 

R1 H20-2 Huck short M20 22 16+3 1 2 

R0 H20-1 Huck short M20 22 16+3 0 1 

R0 H20-2 Huck short M20 22 16+3 0 2 

RL2 H20-1 Huck long M20 22 37+3 2 1 

RL2 H20-2 Huck long M20 22 37+3 2 2 

RL1 H20-1 Huck long M20 22 37+3 1 1 

RL1 H20-2 Huck long M20 22 37+3 1 2 

RL0 H20-1 Huck long M20 22 37+3 0 1 

RL0 H20-2 Huck long M20 22 37+3 0 2 

Measurements 

The strains in the bolts were continuously measured during tightening and testing in order to obtain 

information on behaviour of the pretension forces during loading of the specimens. 

The strain-gauges, BTM-6C supplied by TML, were installed in the bolts’ shanks to monitor axial 

strains. The gauges were glued in 2 mm-diameter holes with a clearance of about 5 mm between the end 

of the strain gauge and the bottom of the drilled bore hole.  
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Table 2.17 Details of the strain-gauge installation in the bolts  

bolt diameter drilled depth [mm] 

TCB M30 50 

standard+NL M30 50 

Friedberg M20 30 

Huck long M20 40 

Huck short M20 34 

The strain-gauges were calibrated priori testing. The gauge responses were found to be slightly 

nonlinear at lower loads. They were therefore calibrated in their linear functioning range, between 

180 kN and 250 kN respectively, taking in account both loading and unloading of the cells. 

For each gauge a single regression function was obtained as an average of those obtained from each of 

the calibration tests. 

The measurements were saved 5 times per second during the first hour after tightening of the bolts, then 

reduced to once every 15 minutes and after 24 hours reduced to one measurement per hour.  

The specimens lasted for 8 weeks in case of TCB, standard bolts with NORD-LOCK and Friedberg HV 

Rändel, and 4 weeks for Huck BobTail bolts. 

Results  

The specimens of Friedberg HV Rändel press fitted bolts were not properly installed, the bolts broke 

during tightening. 

For the standard structural bolts in combination with NORD-LOCK washers a clear influence due to the 

number of painted surfaces is not visible, this might depend on the self-locking washers which 

dominate the relaxation rate. 

In the case of TCB bolts it was possible to recognize an influence of the number of coated surfaces on a 

loss of pretension. 

The Huck BobTail bolts have less reduction of the pretension forces. 

It is interesting to observe from our tests that few bolts have reached the predicted pretension force 

required by EN1993-1-8. 
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a/ Bolts with NordLock washer 

 

b/ Tension Control Bolts 

 

c/ Huck BobTail bolts, short, M20 

 

d/ Huck BobTail bolts, long, M20 

Figure 2.17-1 Summary of long-term results for various bolts  

2.2.1.4 Analysis 

The correction factor 

The standard procedure for statistical determination of resistance models is described in Annex D of 

EN1990 [11] is used to derive specific reduction factors for the tested specimens. The method is 

primarily aimed at determining a satisfactory partial factor for a particular resistance function. Assume 

that 1.0
s

k = and 0,45µ = (the average value from friction experiments). 

 , ,

1
S Rd p C

boltseq

F Fµ
γ

= ∑   

The actual correction factor was then obtained as the ratio of the actual partial factor on the equivalent 

partial factor: 

            
eq

M

Sk
γ

γ 3=  

The parameters used to derive the theoretical resistance should be the actual parameters of each test 

specimen. Approximation was made that the average value obtained from friction tests was, 0,45µ = , 

as the friction for each specimen. A compatibility test is performed to determine if the same correction 

factor can be used for all test series. The average ratios of the experimental resistance on the derived 

resistance are plotted on the same diagram. If the series are compatible the ratios should form a 

horizontal line. The results of the compatibility tests are shown in Figure 2.18 and Figure 2.19 for the 

static test series and the long term test series respectively. The differences between series are 

significant. The specimens made of weathering steel have higher ratios than those coated with zinc rich 
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primer. The testing conditions of the specimens with six bolts were different. Therefore it is not 

appropriate to consider them in the same group as those with three bolts. Finally, the specimens with 

normal holes have a higher ratio and should also be considered independently. 
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Figure 2.18 Compatibility test of static test series. 

The specimens which were previously loaded for a period of 15 weeks showed lower remaining 

resistances. While the reduction factors of the different static test series provide a good mean of 

comparison, the factor used for design purposes should be that obtained from the long term test series. 
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Figure 2.19. Compatibility test of long term test series. 

The coefficients of variation of the basic variables (µ and Fp,C) are needed for the calculations. 

The coefficients of variation of the friction coefficients are estimated from the friction tests and taken as 

12% and 5% for zinc rich paint and corroded weathering steel, respectively. 

The coefficient of variation of the initial pretension of a single bolt is taken as 7 %, based on the worst 

case from the test requirements for TCBs. As the total initial pretension is the sum of the individual 

pretensions, its variation is given as: 

 
n

V
V individual

group =  
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Where, individualV  is the variation of a single bolt, and, n is the amount of bolts in the group. 

Thus the variation of total initial pretension was taken as 4% and 3% for the groups with three bolts and 

six bolts respectively. 

The correction factors obtained for the different groups are presented in Table 2.18. The statistical 

analysis was performed once more for each group in order to verify that the derived correction factors 

can indeed be used with a partial factor of 1.25. 

Table 2.18 Correction factors for the static test series. 

       

kS,ws kS,Zinc kS,norm. 

0,810 0,693 0,742 
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 Figure 2.20 Re-Rt diagram for series Z-1x3 and PZ-1x3 taking kS,Zinc=0.69. 

It is interesting to notice that the specimens with normal holes need to be corrected by a factor lower 

than one. This correction stresses the effects of geometry, bolt type, clamping force and contact time on 

the slip factor. If the friction tests had been performed with similar bolts and initial pretension as the 

tested specimens it is likely that the correction would be closer to one. In this case the corrections for 

other groups would also be higher and even more advantageous. Indeed the correction factor, and thus 

the slip resistance, of the specimens with slotted holes and cover plates are only 7 % lower than for the 

equivalent specimens with normal holes. Note however that only a small number of tests were 

performed with normal holes. This is considered in the statistical analysis and leads to more 

conservative results. Therefore the difference may actually be a little more important. 

The difference between the long term test series and the equivalent static test series is about 8 %.  
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Table 2.19. Correction factors for the long term test series. 

 
   

kS,LT kS,Zinc 

0.640 0.693 

According to EN1090-2, components coated with zinc rich paint have surfaces of category B, i.e. 

µ = 0.4. For long slotted holes with their axis parallel to load transfer kS = 0.63. According to EN1993-

1-8 the slip resistance achieved for a pretension of 1 kN is thus: 

kNkS 252.063.04.0. =×=µ  

From friction tests, the experimental slip factor was found to be µ = 0.45 and the correction factor was 

derived as kS = 0.64. The slip resistance achieved for a pretension of 1 kN is thus: 

kNkS 288.064.045.0. =×=µ  

The design slip resistance could be improved by about 14 %. 

For the specimens with normal holes the experimental design resistance is 17 % lower than the design 

resistance according to EN1993-1-8. It appears that the slip factor given in EN1090-2 for zinc rich paint 

is too high when bolts with large diameters are used  
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Figure 2.21: Average loss of pretension force with time. 
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2.2.2 Down scale testing 

2.2.2.1 Experiments  

2.2.2.1.1 Introduction 

Eight quasi-static tests on down scaled wind-tower connections have been performed: 

a) 4 specimens with flange connection (FC): 

 1 flange connection detail with perfectly plane/parallel ring flanges (FC1) 

 1 flange connection detail with “systematic imperfect” ring flanges (FC2) 

 2 flange connection details with “systematic imperfect” ring flanges  
  retrofitted with lining plates using two different methods (FC3 & FC4) 

b) 4 specimens with friction joint (FJ):  

 2 friction joint details with bolts pre-loaded from inside of the tower; 
  application of two different types of bolts; one specimen each (FJ1 & FJ2) 

 2 friction joint details with bolts pre-loaded from outside of the tower;   
  application of two different types of bolts; one specimen each (FJ3 & FJ4) 

More detailed information on the dimensions and the test procedure can be taken from the Background 

Report [1]. Figure 2.22 shows a sketch of the used test set-up. 

 

Figure 2.22: Dimension of test set-up for down-scaled wind-tower connection tests 

The objective of test-series a) is to investigate the characteristic bolt force function of preloaded bolts 

used in conventional wind-tower site connections with imperfect L-flanges and to determine the benefit 

of conventional retrofitting techniques with lining plates.  

Due to the chosen test set-up an easy comparison between previous tests performed by 

Schmidt/Jakubowski [4] on different types of imperfections and the four above described new tests with 

retrofitted imperfect ring flange connections can be drawn.  

The aim of the test series b) is: 

1) to investigate the performance of the new friction connection and to compare it  
with conventional ring-flange connections, 

2570mm 

2570mm 

1000mm 
1000mm 

tested connection (flange/friction)  
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adaptor 1 

Ø 1000mm 

load 

load 

support 
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2) to investigate whether the type of failure of the new connection detail is a more  
ductile or brittle one, 

3) to perform a (down-scaled) feasibility test of the assembling procedure, 

4) to perform an application test on different kinds of single-side preloaded bolts, 

5) to investigate whether the curvature of the shell surface has an influence on the  
preload force in the bolts or not. 

Beside the bolts each specimen consists of four steel segments: two adaptor segments, used for all tests, 

and two test-segments with connection detail, used only for one test. Figure 2.23 shows the assembled 

specimen FC1 and FJ1, respectively, in the test-rig during testing. 

    

Figure 2.23: Down-scaled testing of wind-tower with flange (left side) and friction joint (right side), resp. 

2.2.2.1.2 Test programme 

The load of all 8 tests has been increased step-wise in the following way: 

1) Force-controlled slow loading at a speed of 15 kN/s to a defined load level and subsequent 

unloading down to a load level of 2.5 kN + weight of load introduction traverse. 

2) Force-controlled fast loading up to the previous load level and subsequent cyclic loading  

(100 cycles) at a speed of 45 kN/s, followed by unloading down to a load level of 2.5 kN  

+ weight of load introduction traverse. 

3) Systematic, stepwise increasing of load level in accordance with point 1. and 2. 

4) After finishing the 100 cycles of the final load level step, the load has been increased 

displacement-controlled until failure. 

A schematic of the scheduled load progression is given in Figure 2.24. The two borderlines of the grey 

bar indicate the characteristic resistance force (lower limit) and the ultimate theoretical resistance 

(upper limit) of a bolt and bolt row, resp., in position 0°. The exact values can be taken from Table 2.20. 

In some cases the final load history of the performed test differs from the scheduled one in that way, 

that some additional load-steps (> 10) and/or higher load-amplitudes during the cyclic loading (step 2.) 

have been performed.  

Table 2.20 gives a summary of the performed load steps and cycles. The value “max. load”, given in the 

last row of the table below, indicates the ultimate load achieved during the test. It does not reflect the 

characteristic resistance of the corresponding joint, as this load level is accompanied by high plastic 
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deformations in the bolts in case of the ring-flange connections and slippage between the tower shells in 

case of the friction joints. Both failure modes are not permitted for the tower design. A brief description 

of the right interpretation of the test results is given below in combination with some measurement 

plots. All relevant measurement plots and descriptions of the tests, including the specific load-time 

tables, are summarized separately for each performed test in Background Document [1].  
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Figure 2.24: Schematic of scheduled load-time table 

Table 2.20: Load progress and ultimate failure load of all tests; Load in [kN] 

Load-

step

Loading-

speed
FC1 FC2 FC3 FC4 FJ1 FJ2 FJ3 FJ4

(0) 15 kN/s 300 300 300 300 - - - -

(1) 15 kN/s 400 400 400 400 300 300 300 300

100 cycl. 45 kN/s 400 - 200 400 - 200 400 - 200 400 - 200 300 - 200 300 - 200 300 - 200 300 - 200

(2) 15 kN/s 500 500 500 500 400 400 400 400

100 cycl. 45 kN/s 500 - 300 500 - 300 500 - 300 500 - 300 400 - 300 400 - 300 400 - 300 400 - 300

(3) 15 kN/s 600 600 600 600 500 500 500 500

100 cycl. 45 kN/s 600 - 400 600 - 400 600 - 400 600 - 400 500 - 400 500 - 400 500 - 400 500 - 400

(4) 15 kN/s 700 700 700 700 600 600 600 600

100 cycl. 45 kN/s 700 - 600 700 - 600 700 - 600 700 - 600 600 - 500 600 - 500 600 - 500 600 - 500

(5) 15 kN/s 750 750 750 750 700 700 700 700

100 cycl. 45 kN/s 750 - 650 750 - 650 750 - 650 750 - 650 700 - 600 700 - 600 700 - 600 700 - 600

(6) 15 kN/s 800 800 800 800 800 800 800 800

100 cycl. 45 kN/s 800 - 750 800 - 750 800 - 750 800 - 750 800 - 700 800 - 700 800 - 700 800 - 700

(7) 15 kN/s 850 850 850 850 850 850 850 850

100 cycl. 45 kN/s 850 - 800 850 - 800 850 - 800 850 - 800 850 - 750 850 - 750 850 - 750 850 - 750

(8) 15 kN/s 900 900 900 900 900 900 900 900

100 cycl. 45 kN/s 900-850 900-850 900-850 900-850 900 - 850 900 - 850 900 - 850 900 - 850

(9) 15 kN/s 950 950 950 950 950 950 950 950

100 cycl. 45 kN/s 950 - 900 950 - 900 950 - 900 950 - 900 950 - 900 950 - 900 950 - 900 950 - 900

(10) 15 kN/s 1000 1000 1000 1000 1000 1000 1000 1000

100 cycl. 45 kN/s 1000 - 950 1000 - 950 1000 - 950 1000 - 950 1000 - 950 1000 - 950 1000 - 950 1000 - 950

(11) 15 kN/s 1050 1050 1050 - 1050 - - -

100 cycl. 45 kN/s 1050 - 1000 1050 - 1000 1050 - 1000 - 1050 - 1000 - - -

(12) 15 kN/s - - - - 1100 1100 1100 1100

500 cycl. 45 kN/s - - - - 1100 - 1050 1100 - 1050 1100 - 1050 1100 - 1050

total no.

of cycles
1112 cycles 1112 cycles 1112 cycles 1011 cycles 1612 cycles 1511 cycles 1511 cycles 1511 cycles

max.

load
0.1 mm/s 1438.6 1519.9 1554.9 1251.0 1493.7 1458.3 1831.7 (> 1689.0)
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2.2.2.1.3 Friction connection 

Figure 2.25 shows the load deflection curves of the friction connection tests after a loading history of 

more than 1500 load cycles. The point of “first slight slippage between tower shells” indicates the 

characteristic resistance of the specific test specimen. It is displayed in Figure 2.25 for each specimen 

by a white triangle. Furthermore it can be seen that the failure behaviour of the connection is quite 

ductile. After a first slippage between the tower shells the load can be increased significantly. 
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Figure 2.25: Load deflection curves of friction-joint tests FJ1 to FJ4 

The slippage between the inner and outer shells has been monitored for each specimen by two 

displacement transducers. Figure 2.26 shows the measurement plot of specimen FJ1.  
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Figure 2.26: Slippage between shells of friction-joint test specimen FJ1 
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The calculated failure load of the friction joint is indicated by the red dashed line in Figure 2.25. It has 

been calculated taking into account a slip factor of µ = 0.563 (5 % fractile from preliminary product 

tests see [6]) and a reduction factor for long slotted holes of ks = 0.7. Using the mean value for the slip 

factor µ (= 0.713) instead, would lead to a theoretical resistance of almost the one detected during the 

tests (indicated by the white triangles). 

Figure 2.27 shows the load history of friction connection test FJ1. Figure 2.28 shows the corresponding 

bolt force measurement plot of the decisive bolt row at the maximum tension zone of the tower shell. 
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Figure 2.27: Load-Time history of friction-joint test specimen FJ1 
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Figure 2.28: Drop of pre-load ∆∆∆∆Fp,C in bolts in max. tension zone of friction joint FJ1 during testing  
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The total drop of pre-load ∆Fp,C in the bolts, as displayed in Figure 2.28, consists of two parts:  

The major part of the total drop measured during the tests is given by residual settlements in the 

connection (∆Fse,i) mainly in the thread. According to small scale fatigue tests, performed by FCTUC in 

the scope of this project, a stagnation of the settlement dependent loss of pretension can be expected 

after several one hundred load cycles, cp. chapter 2.2.3. This part of bolt force drop is not relevant for 

the fatigue design, as it does not lead to load variations in the bolts. Furthermore it is covered by the 

design rules for pre-loaded bolts, thus it does not have to be taken into account for the ultimate 

resistance of the connection either. 

The second part of the total drop measured is caused by lateral contraction of the tower shell under 

loading. This elastic load variation range ∆Fel,i is caused by the stresses in the shell and the bolt and 

connection geometry, see chapter 2.2.2.2.1. A comparison of the resulting elastic load variation ∆Fel for 

a bolt of specimen FJ1 (recalculated from the test measurement, cp. Figure 2.28) with the theoretical 

value acc. to chapter 2.2.2.2.1 is given in Figure 2.29.  
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Figure 2.29:Elastic load variation ∆∆∆∆Fel of bolt load due to lateral contraction of the tower shell;  

test results vs. hand-calculation 

2.2.2.1.4 Flange connection 

The aim of the test series “flange connection” is to investigate the characteristic bolt force function of 

preloaded bolts used in conventional wind-tower site connections with imperfect L-flanges and to 

determine the benefit of conventional retrofitting techniques with lining plates. 

Figure 2.30 shows the bolt-force function of the decisive bolt, which is the bolt at the position of 

maximum tension in the shell, for each ring-flange connection test. The typical non-linear relation 

between membrane stress in the shell (caused by load P) and bolt force Ft,E can be seen. For higher 

loads the bolt force function of the on-site connection with perfect ring-flange (FC1) reaches almost the 

pure edge bearing behaviour (second part of the Petersen approach and broken black line, resp.). The 

behaviour of an imperfect ring-flange connection is much more unfavourable, as it can be seen by the 

orange curve (FC4). The bolt force increases significantly faster with increasing membrane stress, 

which results in a much higher force variation range and thus a lower fatigue resistance. When using 
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retrofitting method 2 (as summarized in chapter 2.2.2.3.2) the same bolt force function as for a perfect 

ring flange connection can be achieved. Using retrofitting method 1 (for more details see [1]) the 

performance of the ring-flange connection is somewhere in-between the two extremes perfect and 

imperfect connection. The ultimate resistance of the ring-flange connection is reached when the 

characteristic resistance of the bolt is reached. 
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Figure 2.30: Comparison between measured bolt force functions and design approaches for the decisive  

bolt of each flange connection test FC1 – FC4 

2.2.2.2 Analyses 

2.2.2.2.1 Friction connection 

The ultimate resistance of the friction connection corresponds to its ultimate slip resistance. It can be 

easily determined according to the following hand-calculation procedure: 

- Determination of the ultimate slip design resistance Zs,Rd  

of one bolt row of the friction joint (segment model): 

 
3

,

,

M

Cpss

Rds

Fkn
Z

γ

µ ⋅⋅⋅
=  

with  ns : number of bolts in row 

 µ   : slip factor  

 ks  : reduction factor for long slotted holes  

 Fp,C : characteristic preload force in bolt  

 γM3 : partial safety factor taken as γM3  = 1.25 

- Equilibrium in friction joint:  

 EdRds ZZ
!

, =  

- Determination of the corresponding maximum tension stress in shell σx,t  

due to tension force ZEd in segment model, cp. Figure 2.31:  

 txmeanmeanmeanmeanshellEd scscAZ ,σσσ ⋅⋅≅⋅⋅=⋅=
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with  Ashell : area of cross section of segment model  

 σmean : mean of tension/compression stress in segment model  

 σx,t : maximum tension/compression stress in shells  

 c : segment width = distance between two bolt rows  

 smean : mean shell thickness of the two connected tower segments 

- Determination of the corresponding load PEd for the 4-point-bending test. 

 

Figure 2.31:Stress distribution in shell and tension force ZEd of segment model 

Due to lateral contraction of the tower shell under bending the forces in the preloaded bolds vary. This 

load-variation depends on the shell stresses as well as the bolt and connection geometry and its range 

has to be checked with regard to the fatigue safety of the connection. In accordance with [5] the load 

variation range ∆Fp,C in the preloaded bolts of a friction connection can be determined by the equation 

 
( )

shelljoint

iix

Cp
E

s
F

⋅

⋅∆∑⋅
⋅=∆

δ

σν
β ,

,  

with  β : empirical determined correction factor taken as 25.1=β  

ν  : Poisson ration taken as 3.0=ν  

∆σx  : maximum stress variation range in the net cross section of the tower cross section i 

si  : shell thickness of the tower cross section i   

δjoint : elastic resilience of bolted connection  

Eshell  : Young-modulus of tower shell material. 

The required elastic resilience of the bolted connection can be calculated acc. to [7] by 

cpboltjoint δδδ +=  

with  δbolt : elastic resilience of the preloaded bolt 

δcp : elastic resilience of clamping package (steel shells + cover-plate + washers). 

According to [7] the resilience of the bolt takes into account not only its elastic deformation within the 

clamp length but also any elastic deformations, which occur outside this region and also have an effect 

on the deformation behaviour of the bolt in the joint. Thus the geometry of the whole bolt has to be 

considered. A bolt as given in Figure 2.32 consists of a number of individual elements, which can 

readily be substituted by cylindrical bodies of various length i and cross sections Ai. These cylindrical 

elements are arranged in a row, so that the total resilience of the bolt is given by 

nutthreadengthreadfreeshankheadbolt δδδδδδ ++++= .  
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with  δhead : elastic resilience of bolt head 

   
nombolt

head
head

AE ⋅
=
ℓ

δ    

    with dhead ⋅= αℓ  : substitutional extension length of bolt head 

            with 5.0=α   for hexagon head bolts 

             25.0=α  for rivet head bolts 

      2

4
dAnom ⋅=

π
 : nominal cross section of bolt 

      Ebolt     : Young’s-modulus of bolt material 

      d     :  nominal diameter of bolt shank 

 δshank : elastic resilience of shank  

   ∑
⋅

=
ibolt

i
shank

AE

ℓ
δ    

    with iℓ      : length of shank body i 

      2

4
ii dA ⋅=

π
  : nominal cross section of bolt shank body i 

 δfree thread : elastic resilience of unengaged loaded part of thread  

   

3dbolt

thread
threadfree

AE ⋅
=
ℓ

δ    

    with threadℓ    : free length of unengaged loaded thread  

      2
3
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dAd ⋅=

π
  : nominal cross section of bolt thread 

     d3     :  minor diameter of bolt thread 

 δeng.thread : elastic resilience of engaged bolt thread  

   

3dbolt

threadeng.

threadeng.
AE ⋅

=
ℓ

δ    

    with dthreadeng. ⋅= 5.0ℓ  : length of engaged loaded thread 

 δnut : elastic resilience of nut  

   
nomnut

nut
nut

AE ⋅
=

ℓ
δ    

    with dnut ⋅= 4.0ℓ  : substitutional extension length of nut 

     Enut     : Young’s-modulus of nut material 
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Figure 2.32: Division of a bolt into individual cylindrical solids and deformation regions outside the bolt [7] 

Considering that the bolted joint is concentrically clamped and the deformation cone can spread without 

hindrance up to the interface ( KA DD ≥ ), cp. Figure 2.33, the elastic resilience of clamping package can 

be determined acc. to the following equation: 
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with  dw : outside diameter of the plane head bearing surface of the bolt, cp. Figure 2.33 

d0 : diameter of bolt hole 

ℓcp : length of clamping package, cp. Figure 2.32 

ϕ : angle of deformation cone taken as °= 35ϕ  

Ecp : Young’s-Modulus of clamping package material (shell, cover-plate, washer) 

 

 

Figure 2.33:Clamp solid and calculation model at a bolted joint [7] 

2.2.2.2.2 Flange connection 

The analytical determination of the real structural behaviour of a preloaded ring-flange  

connection of tubular tower segments under bending is rather complicated. For the time being the best 

way to consider all redistribution and load shifting effects within the 3D-structure is by numerical 

simulations. Thereby the entire joint is to be discretised by means of volumetric brick-elements. 

However, due to the high degree of contact-surfaces needed, such FE-simulations are too labour-
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intensive for the usual tower design. Therefore common practise is to use segment models, allowing for 

a simple and realistic determination of the relevant internal forces, such as bolt loads, see Figure 2.34 

a). As a result of these segment models the tension force Z in the shell can be obtained by the integral of 

the axial stress σx over the cross-sectional area of the shell strip width c. 

a)  b)    

Figure 2.34: Segment model of L-shaped ring-flange connection 

By means of this simplified 2-D model the design for ultimate and fatigue limit state can be realised in a 

more reasonable way. Thereby the smaller the radius R of the tube is the more the ring effects have to 

be taken into account. The general procedure for both design verifications is described more in detail 

later on in the present chapter.  

For the fatigue limit state the determination of the exact bolt-loads in function of the shell force Z plays 

an essential role. The general behaviour of a preloaded bolt in L-shaped ring-flange connections can be 

described as follows, see Figure 2.34 b): 

1. For segment forces Z ≤ 0 the flange zone under compression (clamp solid) has the shape of a 

paraboloid of revolution [7], cp. Figure 2.35 a), and the bolt loads Ft keep almost constant at 

the level of Fp,C, thus Ft ≈ Fp,C ≈ const. 

2. With increasing segment force Z ≤ Z1 the clamp solid begins to move in direction of the 

flange edge and the bolt load Ft slightly increases.  

3. From a certain segment force Z1 on the shifting of the clamp solid develops faster and the 

flange connection begins to open, which leads to an expeditious increase of bolt load Ft. 

4. When reaching segment force Z2 the interface of the flanges stays only in contact at the flange 

edges and the structural behaviour of the connection corresponds to the pure edge bearing 

model. The bolt load Ft increases linearly in function of the tension force Z in the shell.  

5. When reaching the elastic limit of the bolt (Z3) the slope of the bolt-load-function Ft(Z) 

decreases and the connection reaches its limit due to plasticization of the bolt.  

Imperfections due to uncertainties out of manufacturing such as inclinations or gaps between the 

flanges can not be avoided. These imperfections can significantly influence the actual loads in the bolts 

in the region affected and thus the performance of the entire connection. Figure 2.35 shows the 

qualitative shape of the clamp solid after preloading of the bolt for different types of imperfection.  

Jakubowski [16] indicates the following three types of imperfection, which can occur in any 

combination:  
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1. rotation symmetric or local taper with flange sided gap, case b) in Figure 2.35 

2. rotation symmetric or local taper with tube sided gap, case c) in Figure 2.35 

3. local parallel gap, case d) in Figure 2.35 

 

Figure 2.35:Position of clamp solid in L-flange in a perfect (a) and different imperfect connections (b)(c)(d); 

qualitative shape acc. to [16] 

Local taper and parallel gap imperfections have the most detrimental impact on ultimate as well as 

fatigue resistance of the flange connection. Figure 2.36 shows the influence of these imperfections on 

the bolt load. The shift of bolt-load function )(ZFt  increases considerably the load variation ranges in 

the bolt tFδ  and thus the fatigue load. This fact should be considered to gain a save sided fatigue 

design. 

 

Figure 2.36: Influences of flange imperfections on the bolt force function 

The verification in the ultimate limit state (ULS) is usually done according to the plastic hinge theory. 

Even though bolts in ring-flange connections have to be preloaded, the pre-tensioning load in bolts has 

not to be considered for the ULS verification. According to Petersen [19] three different failure 
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mechanisms must be checked in L-shaped ring-flange connections, whereas the lowest resistance Zult,i is 

governing the design, cp. Figure 2.37: 

1. Yielding of the bolt; this governs failure mechanism if flanges and shells are rather stiff 

compared to the bolt. The ultimate resistance of the segment then equals to the tensional 

resistance of the bolt:  

   Rdtult FZ ,1, =  

2. Yielding of the bolt and at the same time plastic hinge in shell; the ultimate resistance of 

this failure mode is given by:  

   
ba

MaF
Z

shRdplNRdt

ult
+

+⋅
=

,,,,

2,  

3. Plastic hinge in shell and flange; the bolt load stays below its tensile resistance 

( RdtEdt FF ,, < ). The ultimate resistance of this failure mode thereby reads: 

   
b

MM
Z

netflRdplshRdplN

ult

,,,,,,

3,

+
=  

with Zult = Ultimate tensile resistance force of the segment 

 Ft,Ed = Design tensile force in bolt 

 Ft,Rd = Design tensile resistance of the bolt 

 MN,pl,Rd,sh = Design plastic bending resistance of the shell considering  

   M-N-interaction 

 Mpl,Rd,fl,net = Design plastic bending resistance of the flange with deduction  

   of bolt hole 

 a = Distance between flange edge and axis of bolt 

 b = Distance between axis of bolt and shell 

 

Figure 2.37:  Plastic hinge models for the determination of the ultimate resistance of  

L-shaped ring-flange connections acc. to Petersen [19] 

With regard to a high fatigue safety ring-flange connections should be designed elastically in such a 

way that the bolted joint does not open during the relevant fatigue cycles, which requires a sufficient 

high preloading of the bolts. 

The fatigue limit state can then be verified by means of conventional fatigue verification. The ranges 

iσ∆  of the stress-spectrum are to be determined as function of the tower-loads e.g. by a Rainflow 
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matrix. In doing so the non-linear relation between bending moments iEdM ,  in the tower shell and 

detail stresses should be regarded, e.g. by using an adequate calculation method for the determination of 

the bolt-load function, cp. Figure 2.36. 

Secondly the design life time NR,i for each stress range iσ∆  is calculated in dependence of the detail 

category. The assessment usually takes into account the accumulated damage acc. Palmgren-Miner, see 

also Eurocode 3 Part 1-9 [12]: 

 ∑ ≤=
m

i iR

iE

D
N

n
D 0,1

,

,
 

 with DD = Damage index of entire life time 

  nE,i = Expected load cycles on stress range iσ∆  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 iσ∆  

  m = Number of stress ranges considered 

Dependant on the design model used for the determination of the stress ranges iσ∆  different detail 

categories may be used for the fatigue assessment of the bolts. The German guidelines DIBt-Ri [8] and 

GL Wind [15] recommend the use of detail category 36* for the bolt, if a simplified calculation method 

is used for the determination of the bolt-load function. If the bending moments in the bolts are taken 

into account by the model, the regular detail category 50 for bolts in tension acc. to Eurocode 3 Part 1-9 

[12] may be used. In addition all detail categories may be reduced by the reduction factor 

 ( ) 25.0
30 dk s =   

if bolts with nominal diameters d larger than 30 mm are used. 

According to GL Wind [15] the cut-off limit for endurance NRi > 108 given in Eurocode 3 Part 1-9 [12] 

has to be neglected, whereas a constant slope of m = 5 has to be used for load cycles nEi > 2 · 106. 

A brief summary of different calculation methods for the determination of bolt-load functions is given 

in the following sections. More detailed explanations can be taken from the quoted sources or from Zein 

El Dine [26]. 

Elastic structural behaviour of L-flange connections 

All methods for the determination of bolt-load functions summarised in the following have in common 

that two spring stiffnesses are to be determined as input parameters, the bolt stiffness CS and the 

equivalent clamp solid stiffness CD. According to the elastic model given in Figure 2.38 these spring 

values are given by: 
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 with AS(x) = Cross sectional area of the bolt along the bolt axis 

  AD(x) = Cross sectional area of the clamp solid along the bolt axis 

  ℓS = Bolt length 

  tF = Flange thickness 

  1  = Unit load 
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The exact calculation procedures for the determination of CD and CS can be taken from VDI-Ri 2230 

[7]. Simplified methods are given in Seidel [22]. 

 

Figure 2.38: Scheme for different load situations of clamp solid [26] 

Figure 2.39 gives the dimensions used by following segment models.  

        

Figure 2.39: Dimensions of flange 

Bolt-load function acc. to Petersen 

A widely used method for the determination of bolt loads is the simplified, bilinear model derived by 

Petersen [19] given in Figure 2.39. Compared to a real bolt-load function this assumption is 

conservative and save sided in the range of the first slope but may become unsafe in the case of 

imperfect ring-flanges when reaching the second slope, as ideal elastic and pure edge-bearing behaviour 

of a perfect connection is assumed.  

Further the method does not consider bending stresses in the bolt. Therefore, the use of detail category 

36* is recommended by the common guidelines. 
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Figure 2.40: Scheme of bolt-load function acc. to Petersen model taken from Seidel [22] 

Bolt-load function acc. to Schmidt / Neuper 

The tri-linear model developed by Schmidt and Neuper [21] is, apart from the Petersen model, the most 

commonly used bolt-load function. Due to the flat slope of the first part of the function (Ft,I), see Figure 

2.41, this method is less conservative for low shell forces Z than the Petersen approach. The part of the 

function, which considers the final edge-bearing behaviour (Ft,III) of the flange-connection is modified 

that way, that small imperfections are directly considered. The limit of this approach is given by the 

ratio  

 3≤
+

Ft

ba
 . 

As the method does not consider bending stresses in the bolt, the use of detail category 36* is 

recommended by the common guidelines. 
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Figure 2.41: Scheme of bolt-load function acc. to Schmidt / Neuper [21] 

Bolt-load function acc. to Faulhaber / Thomala 

A quite close estimation of the real bolt-load function of perfect ring-flange connections can be found 

by the circular arc approach acc. to Faulhaber and Thomala [14] given in Figure 2.42. As the final slope 
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of the function corresponds to pure edge bearing of a perfect flange, this method leads to unsafe results 

in case of high tension forces Z in the shell. The limit of this approach is given by the ratio  

Fwasher tDba +≤+ . 

Bending stresses in the bolt can only be considered for the closed flange-joint, thus also here, the use of 

detail category 36* is recommended by the common guidelines. 
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Figure 2.42: Scheme of bolt-load function acc. to Faulhaber / Thomala [14]  

Bolt-load function acc. to Seidel [22]  

A further method, which allows for the determination of the additional bending stresses in the bolt, is 

the numerical procedure acc. to Seidel [22]. The flange is assumed as stocky cantilever fixed at the 

intersection of the flanges, with an identical bending line as for the preloaded bolt, cp. Figure 2.43. Due 

to the eccentric tension force Z in the shell the cantilever is bended, which leads to the rotation ϕ at its 

end. The elongation ℓ∆  of the bolt then can be determined in dependence of the eccentricity between 

bolt and cantilever axis. However, the width of the cantilever cb  is iteratively reduced about the length 

of the gap gapℓ  until the system is in balanced condition. 

The limit of the Seidel approach is given by the equation 
( )

4

228

bac

Aba
t

+⋅

⋅⋅⋅
≥  

 

Figure 2.43: Stocky cantilever approach acc. to Seidel [22]  
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2.2.2.3 Conclusions 

2.2.2.3.1 Friction connection 

All performed down-scaled friction connection tests lead to very promising results. Taking all evaluated 

test data into account the following conclusions can be drawn: 

1. The behaviour of the new friction joint during the quasi-static tests was completely elastic  

until the ultimate slip resistance was reached. 

2. All test specimens exceeded the expected ultimate slip load significantly. One reason is that 

the real slip factor was much higher than the considered one (µconsidered = 0.563 ≡ 5 %-fractile 

from preliminary product tests). 

3. The performance of the connection after the first slippage between the tower shells was ductile 

for all specimens and the load could always be increased significantly. 

4. Compared to the flange connection specimens, the bolt forces in the friction joint specimens 

kept almost constant (apart from normal bolt settlement effects) until failure. Just a very slight 

force variation range of about ∆Fp < 1,875 % of Fp,Cd could be observed caused by lateral 

contraction of the tower shells under loading. 

5. As the ultimate resistance correlates directly with the friction behaviour of the surfaces in 

contact, the knowledge of the real slip factor is essential to obtain correct hand-calculation 

results compared to test-results. In this regard the hand-calculation method for the ULS is an 

exact method. Concerning the fatigue design it was found out, that due to local effects 95 % of 

the measured bolt-forces show much lower strain variation ranges than predicted by the hand-

calculation method, see Annex of Background Report WP2.5 [1]. Only 5 % of the measured 

stress variation ranges reached higher values, so that a correction factor β = 1.25 has been 

implemented into the hand-calculation formula to obtain safe results. 

6. With regard to the feasibility of the friction connection it can be said that no problems occurred 

during the assembling of the friction test specimens. The whole assembling procedure is 

described in detail in the Background Report of WP2.5 [1]. 

A summary of all design equations for the friction connection is given in chapter 2.2.2.2.1. 

2.2.2.3.2 Flange connection - Retrofitting of flange imperfections 

The conclusion from the flange-connection test is that imperfections in form of a flange sided taper or 

parallel gap, as specified in Figure 2.35, can be retrofitted using lining plates, see Figure 2.44. The 

lining plate packages may consist of galvanized or stainless steel plates with different thicknesses. The 

provided plates should allow for a maximum grading of 0.5 mm (e.g. by combining plates with a 

thickness of 2 mm, 1 mm and 0.5 mm). The following sequence of work steps should be kept: 

1. Replacement of all bolts in effected zone and low pre-loading by hand  

2. Fitting of lining plate packages  

3. Full pre-loading of bolts up to Fp,Cd using a pre-tensioning tool 

4. Re-adjustment of pre-loads Fp,Cd in the bolts of the imperfection zone within 6 months after 

retrofitting via appropriate method, but not directly afterwards to ensure setting has stopped.  

In the same way flange imperfections can be adjusted during erection. The method specified above has 

been checked within the scope of WP 2.5, whereas almost perfect bolt-force functions have been 
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obtained after retrofitting, cp. Figure 2.30. More detailed information can be taken from Background 

Report [1]. 

In conclusion the bolt-load function of an accurate retrofitted imperfect ring-flange connection can be 

determined acc. to Faulhaber and Thomala [14] and [7], cp. Figure 2.42.  

 

Figure 2.44: Lining plate packages before insertion 

The shape and recommended dimensions of the lining plates are given in Figure 2.45. 
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Figure 2.45: Recommended shape and dimensions of lining plates  

2.2.3 Fatigue test 

Fatigue tests were planned and carried out in three phases. The preliminary tests (2 specimens) were 

carried out on typical centred friction connections with two cover plates for which static friction 

resistance was already assessed in similar specimens. The second group of tests (2 specimens) were 

eccentric with only one contact surface. After analysis of the results from this type of tests it was 

concluded that the bending induced by eccentricity of the force was not compatible with real behaviour 

of the tower (3D effect) and the third group of tests (6 specimens), although similar to the previous 

group, were performed with centred tension on specimens with two contact surfaces. All the specimens 

and respective holes were cutted from steel plates using a cold cutting guillotine process. 

2.2.3.1 Preliminary testing on centred friction connections 

The layout of the test specimens is shown in Figure 2.46. Since similar test specimens were tested in 

FCTUC for static resistance in order to estimate the friction coefficient (Cruz, 2009), it was decided to 

use the same layout to carry out preliminary cyclic load testing in order to analyse the influence of the 

frequency, the loading rate, the load level and the number of cycles on the behaviour of such a friction 

connection when subject to cyclic loading. 
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The holes of the connection were made oval to simulate the long “open” slots of the proposed 

connection for the wind tower. Thus, no resistance of bolts in shear can be mobilized and it is ensured 

that the connection works only in friction. The cyclic load tests were performed always in tension. 

To analyse the effect of load speed on the behaviour of the connection a sequence of static tests were 

carried out loading the specimen to a maximum of 300 kN and varying only the loading speed. It should 

be noted that the resistance of this specimen was approximately 320 kN. The loading strategy adopted 

consisted of keeping the load speed during the cycles approximately constant until the maximum or 

minimum load is reached. 

It was concluded that a rapid deterioration of the friction surface is not expected during the cyclic 

loading before fatigue collapse. Also, a loading frequency of up to 2 Hz can be used during the fatigue 

tests.  

2.2.3.2 Cyclic Tests with eccentric specimens 

In these groups of tests the same loading frequency of the previous tests and the ‘triangular’ time 

variation was used. The specimen is shown in Figure 2.47. Its nominal static resistance was obtained 

from the static resistance of the friction connection (Eurocode 3) and is 162 kN. The maximum number 

of cycles estimated from the application of Eurocode 3 part 1-9 was about 400 x 103 cycles considering 

a fatigue detail of 90 MPa. 

During the tests a certain bending was observed in the specimen due to the eccentricity of the load 

transfer inside the connection. The collapse was characterized by a brittle failure of the material typical 

of fatigue failure. The section where the failure occurred is located outside the overlapping zone (see 

Figure 2.48). The maximum number of cycles was 203 329. 

 

 

 

Figure 2.46: Layout of the specimens for preliminary tests Figure 2.47: Layout of the eccentric specimens 
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The lower number of cycles relatively to the expected number is most probably due to bending, which 

was not taken into account in the calculations. In reality, the proposed connection for the wind tower 

cannot experience that bending because of the 3D effect of the circular section. 

   

Figure 2.48: Specimen after failure 

A second specimen was tested which collapsed after approximately 128 000 cycles. In this case the 

failure was initiated inside the machine grips, near a weld needed for assembling the specimen (see 

Figure 2.49). Further tests must avoid any welding, even for assembling purposes. 

    

Figure 2.49: Rupture inside the machine grips 

2.2.3.3 Cyclic tests with centred specimens 

These specimens are similar to those tested in LTU although they had to be adapted for the testing 

machine in FCTUC. Further tests were carried out with specimens perfectly aligned to avoid bending 

inside the connection.  

Considering different values for the total width b = 2a of the specimen (see Figure 2.50a) the maximum 

number of cycles given in Table 2.21, Table 2.22 and Table 2.23 were calculated according to Eurocode 
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EC3-part 1.9 using different fatigue details. In the calculations it is assumed that the fatigue resistance 

is conditioned by the fatigue of the base material and not by the friction (fretting) resistance. The 

preliminary tests have already shown that this is a realistic assumption. Anyway, during the tests, 

deformation was monitored in order to detect slippage. 

The geometry of the specimens is represented in Figure 2.50b. The bolts were instrumented with strain 

gauges (SG3, SG4 and SG5) in order to monitor eventual variation of prestress during the cycles. Also 

two strain gauges were placed on both sides of the plate (SG1 and SG2) in order to confirm the load 

cycles being applied by the test machine. 

Table 2.21: Maximum number of cycles for some geometries with ∆σc = 90 

Maximum Stress (80%Frd) 

(MPa) 

Minimum Stress (10kN) 

(MPa) a 
Value of b 

(mm) 

Resistance 
of the plate 

(kN) 
Gross Area Net Area Gross Area Net Area 

Number 
of cycles 

2,0d 88 193,60 220,0 293,3 14,2 18,9 70572 

2,5d 110 242,00 220,0 275,0 11,4 14,2 82197 

3,0d 132 290,40 220,0 264,0 9,5 11,4 90421 

Table 2.22: Maximum number of cycles for some geometries with ∆σc = 112 

Maximum Stress (80%Frd) 

(MPa) 

Minimum Stress (10kN)  

(MPa) a 
Value of b 

(mm) 

Resistance 
of the plate 

(kN)  
Gross Area Net Area Gross Area Net Area 

Number 
of cycles 

2,0d 88 193,60 220,0 293,3 14,2 18,9 322386 

2,5d 110 242,00 220,0 275,0 11,4 14,2 309396 

3,0d 132 290,40 220,0 264,0 9,5 11,4 301120 

Table 2.23: Maximum number of cycles for some geometries with ∆σc = 160 

Maximum Stress (80%Frd) 

(MPa) 

Minimum Stress (10kN)  

(MPa) a 
Value of b 

(mm) 

Resistance 
of the plate 

(kN)  
Gross Area Net Area Gross Area Net Area 

Number 
of cycles 

2,0d 88 193,60 220,0 293,3 14,2 18,9 939902 

2,5d 110 242,00 220,0 275,0 11,4 14,2 902028 

3,0d 132 290,40 220,0 264,0 9,5 11,4 877902 
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a)                                                                      b) 

Figure 2.50: Specimen layout for centered specimens; a) generic layout for calculations and b) layout of 

specimen tested 

2.2.3.3.1 Summary of fatigue test results 

The results of the fatigue tests are summarized in Table 2.25. In this table are shown, for each of the 

specimens tested, the dimensions b and a, the stress range, minimum and maximum stresses, the 

theoretical number of cycles expected when EC3-part 1-9 is applied and the experimental number of 

cycles applied during fatigue test. For three of the tested specimens there was no fatigue failure and the 

total number of cycles is given in the table (specimen 1 and 5) or there was collapse due to slippage 

after test stop due to malfunction of test machine (specimen 6) and the number of cycles up to the 

collapse is given. 

Using the experimental number of cycles and the value of the induced stress range (∆σR) it is possible 

to estimate the value of the detail category (∆σC). Based only on the specimens that collapsed during 

fatigue test, a characteristic value was calculated corresponding to the 5 % quantile in the Gaussian 

statistical distribution (see Table 2.24). Figure 2.51  shows the results plotted on a S-N curve together 

with the curve given by EC3 part 1-9 for detail category DC112. 

Table 2.24: Characteristic value of fatigue detail stress amplitude 

Specimen 
Number of 

cycles 
∆σR m ∆σC 

∆σC 

Mean 

∆σC 

St. Dev. 

∆σC 

Quantile 5 % 

2 1411860 241,5 3 215,0 

3 783089 253,0 3 185,1 

4 755380 241,7 3 174,7 

191,6 20,9 157,2 
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Table 2.25: Summary of fatigue test results 

Specimen 
b 

(mm) 
a (mm) 

Maximum 

stress 

(MPa) 

Minimum 

stress 

(MPa) 

Theorectical 

Number of 

cycles 

Experimental 

number of 

cycles 

1 88 22 184,7 14,2 1.654.109 4.877.357* 

2 88 22 255,7 14,2 199.552 1.411.860 

3 84 22 267,9 14,9 173.558 783.089 

4 90 24 255,6 13,9 199.083 755.380 

5 90 24 255,6 13,9 199.083 2.227.174* 

6 90 24 255,6 13,9 199.083 631.950** 

    *  Test was cancelled without specimen failure 

 **  Slippage failure occurred after test stop due to malfunction of test machine. 

∆
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Figure 2.51 Comparison of experimental data (3 representative results) with detail category 112 plotted on 

standard S-N diagram 

2.2.3.3.2 Behaviour of each specimen during fatigue test 

2.2.3.3.2.1 Specimen 1 

This test specimen did not collapse. Fatigue test had to be interrupted for maintenance work of test 

machine. Test was resumed and total number of cycles was about 4.8 x 106. The constant stress range 

applied during fatigue test in the gross section area of the specimen was 170.5 MPa. 

According to coupon tests made to the material used in the plates the mean yield stress is 416 MPa, 

varying between 400 MPa and 426 MPa and the mean elasticity modulus is 210.5G Pa varying between 

209.5 and 211.7 GPa. The stress-strain relationship for an example coupon test is shown in Figure 2.52. 

This type of material was used in all specimens. 
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Figure 2.52: Stress-strain curve for specimen with C=20mm 

2.2.3.3.2.2 Specimen 2 

This test specimen did collapse due to fatigue of the material after about 1.4 x 106 cycles. Details of 

rupture are shown in Figure 2.53 and  

Figure 2.54. The material used in the plates is the same as used in specimen 1. The constant stress range 

applied during fatigue test in the gross section area of the specimen was 241.5 MPa. 

SG 1 and 2

SG 5

SG 4

SG 3

SG 2SG 1

Failure Surface (for specimen 2)

 

Figure 2.53: Failure surface for specimen 2 
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Figure 2.54: Rupture in net area (specimen 2) 

The Figure 2.55 shows the time variation of the pre-stress loss in the bolts of Specimen 2, measured 

with strain gauges 3 and 4. The sampling frequency of the data acquisition was fixed in 1 sample per 5 

minutes. The curves of the two bolts instrumented with SG3 and SG4 show some stabilization which 

indicates that these bolts achieve their major pre-stress losses after a relatively small number of cycles, 

less than 300 cycles. Loss of pre-stress is about 10 % to 15 % of the initial pre-stress of 700 MPa.  

The instrumented bolts used in the test specimen were tested before and after the fatigue test in order to 

be sure of the quality of the stress losses in bolts measured during this test. Since results obtained for 

strain gauge 5 showed bad quality of measurement this was not included in the graphic of Figure 2.55. 
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Figure 2.55: Variation in time of the pre-stress loss on bolts (1 cycle/sec) up to the collapse 

2.2.3.3.2.3 Specimen 3 

This test specimen did collapse due to fatigue of the material after about 783 x 103 cycles. Details of 

rupture are shown in Figure 2.56 and Figure 2.58. The constant stress range applied during fatigue test 

in the gross section area of the specimen was 253 MPa. 

The strain gauges placed inside the bolts were tested before assembling the connection and after fatigue 

test. It was concluded that only results for SG1 and SG3 were reliable. These are shown in Figure 2.57. 

The curves show some stabilization after a relatively small number of cycles, less than 100 cycles. Loss 

of pre-stress is about 10 % to 15 % of the initial pre-stress of 700 MPa. 

SG 3

SG 2

SG 1

Failure Surface (for specimen 3)

 

Figure 2.56: Failure surface for specimen 3 
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Figure 2.57: Variation in time of the pre-stress loss on bolts (1 cycle/sec) up to the collapse 
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Figure 2.58: Rupture in net area (specimen 3) 

2.2.3.3.2.4 Specimen 4 

Figure 2.60 represents the geometry and the instrumentation with strain gauges of the specimens 4. The 

strain measurements obtained in this specimen were used to calibrate a finite element model presented 

later in this report. 

This test specimen did collapse due to fatigue of the material after about 755 x 103 cycles. Details of 

rupture are shown in Figure 2.59. The material used in the plates is the same as used in specimen 1. The 

constant stress range applied during fatigue test in the gross section area of the specimen was 253 MPa. 
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Figure 2.59: Rupture in net area (specimen 4) 

 

Figure 2.60: Specimen 4 and respective layout for measuring strains 

The strain gauges placed inside the bolts were tested before assembling the connection and after fatigue 

test. It was concluded that only results for bolts BLT1 and BLT3 were reliable. These are shown in 

Figure 2.61. The curves show some stabilization after a relatively small number of cycles, less than 100 

cycles. Loss of pre-stress is about 7 % to 12 % of the initial pre-stress of 700 MPa. 
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Figure 2.61: Variation in time of the pre-stress loss on bolts (1 cycle/sec) up to the collapse 
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Figure 2.62: Variation in time of the stress applied to the plates in SG4 to SG21 

Graphics in the Figure 2.62 show the results obtained in strain gauges placed in the plate (SG4 to 

SG21). 

Figure 2.63 represents the variation, in depth, of the maximum stress registered in strain gauges placed 

in the middle plate (Figure 2.60). The initial value of depth corresponds to a point located at the top of 

the inner long slotted plate. 
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Figure 2.63: Maximum stress variation in depth 

2.2.3.3.2.5 Specimen 5 

Figure 2.64 represents the geometry and the instrumentation with strain gauges of the specimen 5. The 

strain measurements obtained in this specimen were used together with those from specimen 4 to 

calibrate a finite element model presented later in this report. 

This test specimen did not collapse after more than two million cycles were applied. The constant stress 

range applied during fatigue test in the gross section area of the specimen was 253 MPa. The test was 

interrupted during a few days in order to carry on maintenance work in the test machine. 

2.2.3.3.2.6 Specimen 6 

Figure 2.64 also represents the geometry of the specimen 6, which was not instrumented.  

This test specimen did not collapse in fatigue. Instead it collapsed by slippage during the first cycle 

after pausing the fatigue test due to lack of electrical power. The constant stress range applied during 

fatigue test in the gross section area of the specimen was 253 MPa. Before pausing the cycle counting 

was greater than 600 x 103. 
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Figure 2.64: Specimen layout (specimens 5 and 6) 

2.2.3.4 Numerical analyses 

Two types of numerical analysis were performed in this task. A numerical FE model of the test 

specimen 5, instrumented with strain gauges, was developed in order to assess the peak stresses in the 

specimen. Also a numerical FE model of a Repower wind tower was developed in order to assess the 

degree of utilization of the material when the fatigue design according to Eurocode 3 part 1.9 is 

performed. Both models and respective results are presented in the following sections. 

2.2.3.4.1 Numerical Model of test specimen 

2.2.3.4.1.1 Model Description 

In order to predict the connection behavior and stress distribution, it was developed a numerical model 

validated with the experimental results obtained in the fatigue testes of specimens 4 and 5 and presented 

in Figure 2.65 and Figure 2.66.  

The numerical model is composed by solid elements HX8M (Lusas®) in order to reproduce the plates 

and bolts and by joint elements JNT4 (Lusas®) in order to reproduce the friction interface between 

plates. The geometry is presented in Figure 2.60. In Figure 2.65 is represented the mesh adopted for the 

long open slotted holes plate (Figure 2.65.a)) and for the round hole plate and bolts (Figure 2.65.b)). 

Joint elements are represented in Figure 2.65.c).  

The supports are modeled as following: 4 corner nodes of the long open slotted holes were fixed the 

translations in all the three directions while in all other nodes were only fixed the translation in the 

development direction of the plate. In any case the rotations were free.  

The prestress was applied in the bolts. A load to simulate the pre-stress load with a value of 70%.Fu,Rd 

of M20 bolts with a 10.9 steel grade and divided by 12 nodes of the bolt contour which make a value of 
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14292 N/node. In the top of the connection a load of 180 kN was applied divided by 24 nodes which 

make a value of 7500 N/node corresponding to the maximum load applied in the fatigue tests. A linear 

analysis, material and geometrical, was performed.  

The spring stiffness used to simulate the friction surfaces was 10000 N/mm in X direction, 1 N/mm in 

Y direction and ‘infinitely’ rigid in Z direction (see Figure 2.65). 

  

a) Long open slotted hole plate b) Normal round holes plate 

 

c) Joint elements between plates 

Figure 2.65: Finite element mesh 

74



 

2.2.3.4.1.2 Model validation 

The numerical model was validated using the experimental results obtained in the fatigue tests. In 

Figure 2.66 is presented a comparison between numerical and experimental results obtained from 

specimen 5.  
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c) Round hole plate (Rows 5, 6, 7 and 8) 

Figure 2.66: Comparison between numerical and experimental results 

As it can be observed in Figure 2.66 that experimental and the numerical results are similar. In Figure 

2.66.b) it can be observed, at some point, a slight discrepancy between the numerical and the 

experimental results, although this fact may be due to some problems in the readings because it is 

observed a breach in the observed tendency.  

2.2.3.4.1.3 Stress results 

In Figure 2.67 are presented the results for Sy stresses (see reference axis in figure).  

As it can be observed, the load transfer between the plates is similar to the one obtained experimentally. 

Along the long open slotted hole plate the stress is higher in the base of net cross-section and tend to 

decrease with the increase in the plate height and in the round hole plate the opposite occurs because in 

the base of this plate is located the lower stresses and they tend to increase with the increase in height. 
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a) Long open slotted hole plate 

 

Round hole plate and bolts; 

Figure 2.67: Sy Stress [GPa] 
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2.2.3.4.1.4 Displacement results 

In Figure 2.68 are presented the displacements obtained in both of the connection plates.  

 

a) Long open slotted hole plate 

 

Round hole plate and bolts 

Figure 2.68: Y deformation (development direction of the plates) [mm] 

As expected, the deformations suffered by the plates tend to increase with the increase in height of the 

plate as observed in Figure 2.68. The relative displacement between plates is less than 0.2 mm. 

2.2.3.4.2 Fatigue analysis of a flange connection according to EC3-1-9 

A fatigue analysis of a flange connection currently used in Repower MM92 wind turbine was 

performed in order to estimate the degree of utilization of the material. 

Fatigue load spectra are given by REPOWER for the wind turbine MM92 evolution, which are shown 

in Figure 2.69. The normal stresses, at the bottom section of the steel tower (∆σ), can be estimated 

using the values of the axial force ∆Fz and the bending moment ∆My, given by the fatigue load spectra 

for foundation design.  
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For the fatigue analyse of the steel tower the fatigue details given in EC3-part 1.9 are considered. In 

Figure 2.70 the stress load spectrum is compared with the fatigue strength for different fatigue details. 

 

Figure 2.69: Fatigue load spectra: range variation for bending moment ∆My, transverse force 

 ∆Fx and Normal force ∆Fz) at the bottom section of Repower MM92 wind turbine 
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Figure 2.70: Comparison between load spectrum and detail categories 

According to the Palmgren-Miner rule the following condition applies for the cumulative damage, 

check: 

( )
( )

1
∆σN

∆σn
D

i i

i <=∑  

where, for each ∆σi, n and N are, respectively, the number of cycles in the fatigue loading curve and the 

number of cycles in the fatigue resistance curve specific for the considered detail. For detail 71, 

D = 0.962; for detail 90 D = 0.234, while for detail 160 D = 0.0 
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According to the point 8 of EC3-part 1-9, it should be verified that under fatigue loading: 

1
/
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≤
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It was considered the partial factor for fatigue strength γMf equal to 1,00 according to the Table 3.1 of 

Eurocode 3: 

 

For the detail category 71 and for 2 х 106 cycles, ∆σE,2 ≈ 33MPa and ∆σc = 71MPa, i.e. 1
71

33
<  

2.2.3.5 Conclusions 

Fatigue studies were performed on connections of tubular steel wind towers. These studies included 

mainly fatigue tests and FE numerical analysis of segment test specimens of the newly proposed friction 

connection, but also a numerical study of the fatigue resistance of a wind tower of the type Repower 

MM92. 

2.2.3.5.1.1 Fatigue tests 

Specimens representing segment friction connection were tested under cycle loading. Reference tests of 

some of the specimens under static loading were performed as well. Coupon tests were performed in 

order to assess the steel characteristics. 

Three preliminary fatigue tests were conducted on friction connections in order to fix the adequate 

specimen geometry and cyclic loading type. Because of secondary bending developed in the tensioned 

eccentric specimens (two plates bolted together with connection working in friction), this type of 

specimen was proved to be inadequate to simulate the real three dimensional situation of the wind tower 

where two tubes are connected. From these tests it was concluded that further tests should be performed 

using centred specimens and sinusoidal loading with one cycle per second. 

Therefore, six fatigue tests were conducted using sinusoidal cyclic loading always in tension, with 

stress range up to about 253 MPa. Slippage between plates was prevented through adequate bolt 

prestressing.  

The huge difference in number of cycles resisted by similar specimens is probably due to the fact that, 

in the cases where no fatigue collapse was reached, the test was interrupted due to unforeseeable events 

(lack of energy and test machine maintenance). It was observed that, when the fatigue tests are 

interrupted for any reason, the number of cycles tend to increase and the connection may even not 

collapse in fatigue. 

The results obtained from the specimens that collapsed were used to obtain the fatigue detail applying 

the following relation from Eurocode 3 part 1-9 [12] 

m m 6

R R C 2 10Nσ σ∆ = ∆ ⋅ ⋅  

where m = 3, m

Rσ∆  is the stress range used in testing and m

Cσ∆  is the stress range of suitable fatigue 

detail. The results are summarized in Table 2.26:  
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Table 2.26: Test results 

Specimen 
N. Cycles 

from test 
∆σR m ∆σC 

Mean 

∆σC 

St. Dev. 

∆σC 

5% quantile 

∆σC 

2 1411860 241,5 3 215,0 

3 783089 253,0 3 185,1 

4 755380 241,7 3 174,7 

191,6 20,9 157,2 

According to these results fatigue resistance of the connection approaches the fatigue resistance of base 

material (∆σC = 160 MPa).  

When the friction connection resistance is assessed using the Eurocode 3 (EC3-1-9) fatigue curves, 

detail category ∆σC = 112 MPa seems to be the most appropriated for calculations. Test results show 

that this assumption is conservative.  

2.2.3.5.1.2 Numerical analysis of friction connection specimen in tension 

Within the present report a detailed numerical FE model of the tested connections was developed in 

order to analyse stress concentration. Numerical results agree with the type of rupture observed in the 

test specimens, that is, rupture must initiate near the bottom of the long slotted holes.  

2.2.3.5.1.3 Fatigue analysis of real tower connection 

A numerical evaluation of the fatigue resistance of a wind tower of the type Repower MM90 was 

performed using the design fatigue load spectrum. A comparison of detail categories is presented. 

According to the Palmgren-Miner rule the cumulative damage index (0.962) approaches maximum 

(1.0) for detail category ∆σC = 71 MPa.  

According to the previous analysis it can be concluded that detail category 71 conditions the fatigue 

check, since damage index D approaches 1 for this detail. This is the case when welded flange 

connections are used.  

In case that welded flange connections are avoided, using e.g. bolted friction connection as investigated 

in the first part of this document, the connection is no more conditioning the safety check. In this case, 

the fatigue detail to be used refers to the situation of tubular section with longitudinal welding. This 

allows the increase of stresses acting in the shell and therefore may allow the optimization of the 

quantity of material used. 

2.2.4 Monitoring 

2.2.4.1 Instrumentation of a wind tower  

2.2.4.1.1 Introduction 

This report presents the experimental program concerning the instrumentation, the calibration of 

equipment and the monitoring performed on a steel wind tower (Figure 2.71). The following objectives 

were established for the information to be extracted from the measured data: i) the dynamic behaviour 

of the tower and an accurate modal identification of the system; ii) the section loads acting on the top 

and bottom of the tower and on two intermediate levels, iii) the performance of the assembling joints 

and the behaviour of the thin walled section in the vicinity of those joints. 
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The measured physical quantities are the strains on the inner surface of the steel cylinder and inside 

some of the bolts used in the connections, the accelerations at various levels, the inclinations in the 

upper part of the tower and the surface temperatures at a fixed level.  

In order to obtain as much information as possible it was planned to acquire data during several months. 

For reasons that the research team could not control, which were presented in previous reports, the 

monitoring started with considerable delay comparing to the initial time plan. Effective monitoring took 

place during more or less one year. 

2.2.4.1.2 Description of Steel tower 

The structure of the wind tower is a free standing steel tube with varying diameter and thickness 

throughout height. The tower is divided in three parts to enable transportation to the construction site 

and is assembled on site (Figure 2.73). The diameter varies between 2.955 m at the tower top up to 

4.30 +m at the tower bottom. The thickness varies between 12 and 30 mm at the same sections. The 

connections between modules are achieved using very stiff end rings welded to the tower tubes and 

M36/M42 class 10.9 bolts are used to connect the parts. 

2.2.4.1.3 Monitoring Methodology 

Four types of signals are measured and recorded: 

1. Accelerations at different levels of the tower, which will allow the identification of the modal 
parameters and will give information about the loads acting on the tower; 

2. Strains along the inner perimeter of the thin walled sections located near the top of the tower 
and near the assembling joints; strains inside the bolts of the assembling joints as well; 

3. Inner temperature variation of the steel section caused by the direct effect of the sunlight on the 
face of the tower; 

4. Inclination of the tower in x and y directions at two different levels. 

Efforts were made in order to get access to the information available in the monitoring system running 

under the responsibility of the tower manufacturer. Information about the turbine position (azimuth), 

wind velocity and direction, blade velocity of rotation and pitch are very important for the estimation of 

the wind loads acting on the turbine and for the correlation estimation between tower response and 

operating loads. 

    
                  a)                                               b)                                                    c) 
Figure 2.71: a) Instrumented tower in Marvila Portugal; b) remote transmission antenna;  

c) LabView based software for data acquisition 
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Following signals are obtained from the nacelle monitoring system and are included in the measurement 

system developed by the research project team: 

1. Wind speed and direction 

2. Nacelle position (azimuth) 

3. Operation status 

 

 

a) Strain rosettes on the inner side of the tower 

 

b) Strain gauges inside the bolts 

Figure 2.72: Details of strain gauges application 

 

a) Tower upper part 

 

b) Tower middle part 

 

c) Tower bottom part 

 

c) Cut A-A 

Figure 2.73: Steel wind tower composed by three parts; Cut A-A (d) shows the ventilation opening 

(optional) and the door opening 
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2.2.4.1.4 Measurement System 

The position of the accelerometers used for operational vibration measurements correspond to those 

defined for levels 0, 1, 2 and 3 in Figure 2.74. A total of 9 accelerometers are used. The accelerometers 

are of the type PCB393B04 and have a dynamic frequency range starting from about 0.1 Hz. Sampling 

frequency may be set by the operator and should be typically 100Hz or below. 

The strain gauge rosettes type TML PFR-20-11 (three directions) and bolt gauges type TML BTM-6C 

were placed according to Figure 2.72 and Figure 2.74. A total of 96 strain gauges are used. 

Four thermocouples were placed at level 2 to measure the temperature in the inner surface of the steel. 

Two inclinometers were placed at each of the levels 2 and 3 to measure the inclination of the tower. 

The data acquisition (Figure 2.75) is performed using three dataloggers (NI cRio 9012) that can 

digitalize dynamic data and two dataloggers (NI cFP1808) for static data and Nacelle signals. A 

computer inside the tower assures the synchronization of all dataloggers using TCP-IP protocol, stores 

all measured data in a local database and sends it periodically to a remote system using GPRS. 

Separately, all signals can be visualized remotely in real time in order to detect malfunctions of the 

system. A dedicated application was developed in LabView, which controls all the data acquisition and 

stores the data in the database. 

The dynamic signals measured at levels 2 and 3 can be recorded at a sampling frequency chosen by the 

operator and should be typically 100H z or below. This will allow the unbiased estimation up to about 

50 Hz of the frequency content of the measured signals. Triggering levels may be established by the 

operator, according to ongoing collection of information, in order to record signals only above pertinent 

levels of the wind speed. 

After finishing the instrumentation of the tower located in Marvila, Portugal preliminary measurements 

started in order to test the software and hardware installed in the tower. After some problems connected 

to data transmission and remote control of the measurement system were solved, first results of the 

measurements could be analysed. 

The Labview based software developed for the data acquisition (see Figure 2.75) and remote 

transmission using UMTS/GPRS wireless connection was tested and debugged. Some problems related 

to the signal weakness and changes in the TCP-IP connections between data loggers and router inside 

the tower could be solved. An outside antenna for UMTS/GPRS signal was installed to improve the 

remote communications with the tower. 
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Figure 2.74: Sensors locations 
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Figure 2.75: Layout of the communications inside the tower 
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2.2.4.2 Calibration of equipment 

2.2.4.2.1 Calibration factors for Accelerometers 

The sensitivity of the PCB accelerometers type 393B04 is given in Table 2.27. Since only the dynamic 

part can be measured, the mean value over time should be zero when wind actions on tower are zero 

(very low wind as approximation) 

Table 2.27: Sensitivity of accelerometers 

Location Serial number Calibration sensitivity mV/ms
-2 

Level 0 direction x (L0ACELX) 22523 103.3 

Level 0 direction y (L0ACELY) 22524 102.5 

Level 1 direction x (L1ACELX) 22484 102.8 

Level 1 direction y (L1ACELY) 22485 103.2 

Level 2 direction x (L2ACELX) 22288 101.7 

Level 2 direction y (L2ACELY) 22482 103.4 

Level 3 direction x (L3ACELX) 19741 102.6 

Level 3 direction y (L3ACELY) 21978 100.9 

Level 3 direction t (L3ACELT) 22195 103.8 

2.2.4.2.2 Calibration factors for Inclinometers 

The calibration factors of inclinometers TML – KB-5EB to transform measured voltage in degrees is 

given in Table 2.28. Since only the dynamic part can be measured, the mean value over time should be 

zero when wind actions on tower are zero (very low wind as approximation) 

Table 2.28: Calibration factors for inclinometers 

Location Serial number Calibration factor (degree)
 

Level 2 direction x (L2INCLX) EDW07027 5.0 

Level 2 direction y (L2INCLY)  5.0 

Level 3 direction x (L3INCLX) EDW07028 5.0 

Level 3 direction y (L3INCLY)  5.0 

2.2.4.2.3 Calibration factors for Strain gauges 

The calibration factors of strain gauges TML – KB-5EB and BTM-6C to transform measured voltage in 

stresses (MPa) are given in Table 2.29. Young’s modulus used is E = 200 GPa. Since only the dynamic 

part can be measured, the mean value over time should be zero when wind actions on tower are zero 

(very low wind as approximation). 

Table 2.29: Calibration factors for strain gauges 

Location Type Calibration factor (MPa)
 

Rosettes of extensometers at all levels PFR-20-11 375.6 

Bolts BTM-6C 381.0 
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2.2.4.3 Interpretation of measured strains 

To interpret the strains and consequent stresses that are obtained from measurements, it is necessary to 

take into account that the measurement system was powered on after erection of tower and mounting of 

all the energy production equipment. Therefore, measured stresses are not absolute values but time 

varying values. Since the mean value over time should be zero when wind actions on tower are zero, 

calibration of gauges has been performed in these conditions (very low wind speed as approximation). 

 

Figure 2.76: Time evolution of the several dynamic and quasi-static signal components 

The time variation of the strains measured in the tower are illustrated schematically in Figure 2.76. The 

strains from self weight corresponding to axial load and sensor calibration error are considered time 

invariant. The effect of self weight (represented in red in Figure 2.76) is not in the measured value 

because data acquisition system was powered on after self weight was acting. However it can be 

estimated with high precision.  

Using an FE model developed according to the tower geometry represented in Figure 2.73 the stresses 

at the measurement points due to self-weight can be estimated. The vertical stresses due to tower self 

weight are 3,56 MPa and 2,69 MPa respectively for level 0 and level 1. The axial force due to Nacelle 

weight is 1067,33 kN and the stresses due to this weight are 3,11 MPa and 3,87 MPa respectively for 

level 0 and level 1. 

Apart from these two components, there is another one that refers to the bending moment due to nacelle 

eccentricity (represented in green in Figure 2.76). As the nacelle has an eccentricity relatively to tower 

centre (0,725 m) this creates a bending moment on tower structure that will obviously be measured by 

the instruments depending on the nacelle azimuth. It will vary during measurement since the nacelle 

position varies. The variation of the vertical stress introduced in the shell due to nacelle rotation can be 

estimated with high precision and are represented in Figure 2.77 for level 0. Stress range is estimated as 

being about ± 2.15 MPa.  
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Figure 2.77: Stress variation at Level 0 due to nacelle eccentricity depending on Nacelle azimuth 
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The gauge calibration error (represented in blue in Figure 2.76) is unknown and must be dropped out 

zeroing the measured values during very low wind speed conditions. Thus, measurements were made 

with a mean wind speed of 1,23 m/s and a mean wind direction of 68º from North and were performed 

for nacelle azimuth varying between 0º and 360º with step of 20º. At the end the effect of the nacelle 

position is dropped out by taking the mean values of all readings. These mean values are the ‘zero’ 

value for all further measurements made with the measurement system. If needed, this procedure may 

be repeated in order to update the ‘zero value’ of the measurement system. The only factor that can 

influence the results is the wind loading during execution of procedure, since a very low wind speed is 

very rare at the site. 

The effect of wind pressure on tower can be estimated using the difference obtained between the 

measured values and the ‘zero’ value obtained with the procedure above. The total vertical stresses are 

obtained summing these values with those from self weight. 

2.2.4.4 Results from Monitoring 

2.2.4.4.1 Modal identification of the tower from accelerations measurements 

After erection of the tower and before start of tower operation a modal identification was performed. 

The methodology used relies on output-only methods and ambient vibration response analysis. 

Accelerations were used to perform the modal identification.  

A methodology in the frequency domain was used to identify the modal parameters, which consists of 

simply picking the peaks of the spectral estimates of the measured signals to identify the 

eigenfrequencies. Although the modal damping can be obtained using, for instance, the half-power 

bandwidth (Bendat and Piersol, 1993) a more advanced technique, the Enhanced Frequency Domain 

Decomposition (EFDD) (Brincker et al, 2000) implemented in a software package for system 

identification (SVS, 2007) was used to extract the modal information from the ambient free vibration. 

Using the EFDD technique the modal parameters shown in Table 2.30 were extracted from the 

measured time series. The corresponding average of the normalized singular values of the spectral 

density matrices are shown in Figure 2.78. The marked peaks correspond to the flexural mode shapes of 

the tower. The peaks in the region 1 Hz and 4 Hz correspond most probably to the vibration modes of 

the blades. 

 

Figure 2.78: Singular values of the spectral density matrices 
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Table 2.30: Natural frequencies and damping from preliminary measurements 

Mode Frequency [Hz] Damping Ratio [%] Mode type 

Mode 1 0.340 1.32 1st Bending in Nacelle direction (x-x) 

Mode 2 0.343 0.96 1st Bending Transverse to Nacelle (y-y) 

Mode 3 2.767 0.13 2nd Bending in Nacelle direction (x-x) 

Mode 4 2.794 0.23 2nd Bending Transversal to Nacelle (y-y) 

Results for natural frequencies and damping are shown in Table 2.30 for the lower modes. The viscous 

damping identified in the first and second mode may be higher than expected for this type of structure. 

The aero elastic damping induced by the interaction with the wind is probably the cause for the increase 

in damping. 

2.2.4.4.2 Stresses 

To obtain the stresses presented in this chapter, the measured values obtained in mV was transformed in 

stresses by multiplying each one by the corresponding calibration factor and ‘zeroed’ by using the 

procedure presented above. 

Time series were segmented in periods of 10 seconds and the maximum and minimum stresses were 

computed as well as the mean wind speed corresponding for each segment. The results are plotted in 

Figure 2.79 and represent only the effect of the wind pressure. 

A general conclusion is that maximum stresses are achieved at about 12 m/s of wind speed, which is 

typical for pitch regulated wind turbines. This is mostly due to the fact that, for higher wind speeds the 

blade pitch angle varies in order to decrease the tower loading. 
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Figure 2.79: 10 seconds maximum/minimum vertical stresses at level 0 and 1 due to wind 

Principal stresses can be estimated for each measurement point since three directions of strains are 

being measured. These is achieved using the expression  
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where σx is the horizontal stress, σy is the vertical stress and τxy is obtained from the equation  
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considering θ as 45º and σθ as the tension obtained with the inclined strain gauge. 
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The principal stresses obtained both for level 0 as for level 1 are presented in Figure 2.80 and Figure 

2.81. The highest principal stresses occur as expected for wind speeds of about 12 m/s with values up to 

130MPa, both in tension and compression. 
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Figure 2.80: 10 seconds maximum and minimum principal stresses at level 0 due to wind 
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Figure 2.81: 10 seconds maximum and minimum principal stresses at level 1 due to wind 

The stress results from measurements in the pre-stressed bolts are given in Figure 2.82. Analysing these 

results it can be concluded that the stress variation is very low when compared with the prestress force 

applied to these bolts. Groups of points do not show significant variation for different wind speeds. The 

differences between groups of points in the graphics are probably due to temperature variations and 

calibration errors of the measurement system.  
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Figure 2.82: Bolt stress variation at level 1 
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2.2.4.4.3 Bending Moment 

With the values of the vertical stresses it is possible to obtain the corresponding bending moments. 

According to the tower geometry, the values for inertia I and maximum distance to the neutral axis are 

given in Table 2.31. 

Table 2.31: Cross-sections properties 

Level height (m) I (m
4
) v (m) 

0 5.802 0.7608 2.104 

1 17.972 0.55 1.9965 

2 44.592 0.2922 1.762 

3 71.152 0.1336 1.5245 

Maximum bending moments at levels 0 and 1 for 10-seconds segment time series are presented in 

Figure 2.83. 
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Figure 2.83: 10-seconds maximum bending moment at level 0 and 1 due to wind pressure 

The bending moment variation along tower height can also be computed using the results in the four 

instrumented sections. An example is given in Figure 2.84. As expected, the bending moment 

distribution is approximately triangular along the tower height. The value at the top corresponds to the 

moment due to the nacelle effects and is about 2300 kNm in this case which corresponds to a wind 

speed of about 12 m/s. 
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Figure 2.84: Bending moment variation along tower height 

2.2.4.4.4 Fatigue stress spectra 

The stress fatigue spectra were calculated by the rainflow method. The original spectra are computed 

from measured time series with 0.68x106 and 1.2x106 seconds lengths corresponding to the monitoring 

periods of 139 and 159 days, respectively. When extrapolated for 20 years lifetime (20x365 days) the 

calculated spectra appear as shown in Figure 2.85. Differences in curves are mainly due to the 

difference in the mean wind loading, that is, for lower mean wind speed the number of cycles increases 

in lower stress ranges. 

The comparison between the measured spectra and the design load spectra given by the tower designer, 

as well as with the fatigue strength curve given by EN1993-9 for detail fatigue 71, are shown in Figure 

2.86. According to the Palmgren-Miner rule used in Annex A of the code with Mf = 1.35 and Ff = 1.0 

the damage index obtained for the stress history at point L0R22V during the second monitoring period 

is D = 7.4x10-4. The most unfavorable situation would be to calculate the lifetime based on the length 

of the measured time series, which gives 1.2x106/7. 4x10-4/3600/24/365=51 years lifetime. 
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Figure 2.85: Measured fatigue spectra extrapolated for 20 years lifetime. 
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Figure 2.86: Measured fatigue spectra extrapolated for 20 years lifetime comparing to design spectrum and 

fatigue strength curve given by EN1993-9 for fatigue detail 71. 

2.2.4.4.5 Bolts vs. shell stresses 

Due to the pre-stress in the bolts, the stresses measured during operation are expected to be much 

smaller than those in the shell. Figure 2.87 shows the difference between the stress variation in the bolts 

and the corresponding vertical stress in the shell. It is noted that the mean stress in the bolts is always 

compressive, revealing that between the time of calibration and the time of measurement there was loss 

of pre-stress in the bolts. Some of the bolts (e.g. L1B6) present an unsteady behaviour which is justified 

on one side by the natural interruption of the time line associated with the sequence of different 

recorded segments and on the other side by the adjustments of pre-stress in the measured bolt 

influenced by the alterations of the pre-stress in the neighbouring bolts. One must be aware that, in this 

connection there are 6 instrumented bolts among a total of 124 bolts. However, when all the 

instrumented bolts present an increase of tension, this can be correlated with the maintenance work 

performed in the tower that includes retightening of the bolts. This is illustrated in Figure 2.88 where all 

bolts suffered a synchronized increase in stress, except the first which decreased the stress. 
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Figure 2.87: Comparison of stresses in bolts (dark curves) with vertical stresses in shell at level 1. 
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Figure 2.88: Stress increase in the bolts due to retightening. 

2.2.4.5 Conclusions 

At each cross section the sum of the vertical stresses is, as expected, near zero, since only stresses due 

to bending are being measured. As expected, stress variation in height is low, since cross section varies 

in diameter and thickness along the height, optimizing the structural solution.  

The strains measured on the cylinder shell (vertical, horizontal and inclined) vary with wind speed, 

increasing up to the wind speed of about 12 m/s and decreasing after that. This is typical of pitch 

regulated towers and is due to the rotation of blades in order to maintain a constant production without 

overloading the tower. The maximum measured principal stress in the shell was about 130 MPa, and the 

maximum vertical stress was about 70 MPa both in tension and in compression. 

The bolts present an almost constant stress independent of the wind speed. Therefore, it can be 

concluded that the bolt prestress is very effective and there is a good contact between stiffening rings. 
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This is an expected conclusion because it is not probable that service loads, mainly from measured wind 

speeds up to 20 m/s, would produce such an impact that could overcome the applied pre-stress. 

The bending moment distribution along the tower height is almost linear and reproduces the moment 

variation of a cantilever connected in the base and acted by moment and transverse load at the top. The 

bending moment measured at the top is only due to the nacelle effect and the maximum value is about 

2300 kNm. This value compares well with the value of 2690 kNm given by Repower for the top of the 

tower for load case dlc1511_0_gt2. The maximum bending moment measured at the tower bottom was 

about 25000 kNm. This is rather lower than the value of about 67800 kNm given by Repower for the 

same load case. In fact, that load case includes a fault situation related to the malfunction of the pitch 

regulation and therefore considers the introduction of a higher horizontal force at the tower top which is 

responsible for the difference of the bending moment at tower bottom. 

 

2.2.5 Feasibility 

Feasibility study is performed in order to investigate the time necessary and quality achieved in 

manufacturing of the friction connection using existing routines of the tower producer.    

2.2.5.1 Reception and preparation of materials at Martifer plant 

Steel pipe cans consist of steel pipe conforming to ASTM A252 Grade 2 or Grade 3 – Standard 

Specification for Welded and Seamless Steel Pipe Piles. According to European Standards the material 

shall conform with Eurocode EN 10025 equivalent to S355J0, the steel shall have a minimum tensile 

strength 450N/mm2. The stock of material was done according to thickness and plate’s dimensions 

outside the plant (Figure 2.89). 

 

Figure 2.89: Stock material outside the plant 

The fabrication of steel piles was done according to the requirements of the specifications, where 

applicable. The welding procedures were according to the Structural Welding Code. All the safety, 

quality and healthy procedures were taken into account, to accomplish the requirements. 

The cutting machine starts the cutting on the first plate of one of the buffers according to the production 

plan established by the planning. This cutting can be done using oxifuel or plasma method depending 

on the type of plate to be used. This equipment has a capacity of making 3 bevels simultaneously in the 

oxifuel process. 

When the steel plate arrives at cleaning station the bevels must be clean. This clean process is made by 

the operator with a “grinding machine”. This method consists in cleaning and verifies the bevel 

geometry for a correct welding. 
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The process of rolling is shown in Figure 2.90. It can only start rolling a section of the buffers behind, if 

one of them has stored a complete section. This process stores the rolled plates on the respective buffer, 

ready for longitudinal welding. Besides rolling the plate, this equipment calibrates a “can”, after 

welding.  

  

Figure 2.90: Rolling machine 

Afterwards the longitudinal welding of the rolled plates is done. This welding is done using submerged 

arc welding equipment, being the plate welded from the exterior and interior. The external circular 

welding of the sections and also its external repairs is done. 

  

Figure 2.91: External welding 

Inner preparation of the sections for interior welding is performed manually with Arc-air equipment and 

grinding machine. Similar to the exterior circular weld, this station is also equipped with submerged arc 

welding equipment which allows an automatic welding of all joints of the section. 

2.2.5.2 Production of prototype 

The main objective was to produce two tower segments 3 meters high and 2 meters in diameter using 

14 mm weathered steel sheet plate and assemble the segments optimizing the shaped end stop plate and 

production tolerances. 
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Figure 2.92: Tower segment 3m high 

The friction connection is standard steelwork typically using a high strength bold of grade 10.9 placed 

in normal clearance holes. 

The principle of the considered solution is to facilitate assembly since one of the tubular sections has 

open slotted holes. The fasteners can be preinstalled in the normal holes of the other section and they 

can be used for the angular alignment of the upper sections while it is slid down in position. Support 

must then be provided to hold the section during tightening. 

This cutting can be done using oxifuel or plasma method depending on the type of plate to be used. In 

this case we used oxifuel method to cut around the plate and the slotted holes using plasma to ensure a 

perfect hole. 

 

 
 
 

 

 

Figure 2.93: First metal sheet with holes 

Rolling is a combination of rotation and translation of that object with respect to a surface such that the 

two are in contact with each other without sliding. This is achieved by a rotational speed at the cylinder 

or circle of contact which is equal to the translational speed. 
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Figure 2.94: Chain rolling 

Submerged arc welding (SAW) is a common arc welding process. It requires a continuously fed 

consumable solid. The molten weld and the arc zone are protected from atmospheric contamination by 

being “submerged” under a blanket of granular fusible flux consisting of lime, silica, manganese oxide, 

calcium fluoride, and other compounds. When molten, the flux becomes conductive, and provides a 

current path between the electrode and the work. 

The second metal sheet, like the first one, was cut using oxifuel or plasma method. In this case we used 

oxifuel method to cut around the plate and the slotted holes using plasma to ensure a perfect slot.  

After the process of SAW the slotted holes had to be cut out manually. This process was done this way 

to ensure that the hall of the slot was concentric to the axis of the can. 

The most important phase is choosing which plate to be rolled first, since the second plate will depend 

on the values of the first plate. 
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Figure 2.95: Chain cutting 

2.2.5.3 Assembly 

The tolerance between the two cans was 2 mm to 5 mm. The pre-assembly took place inside the factory 

floor. It allowed us to verify the ovality of the two cans so that would meet the tolerance specified 

initially in the project (5 mm). 

After overcoming the difficulties encountered during the erection process, we could verify which areas 

need intervention. Intervention that was based solely on the calibration of the shell, 

Once made all necessary adjustments (calibration) of the two cans, after the process of pre-assembly, 

we are in conditions to start the final assembly of our product outside the factory. 

For the final assembly we needed following material and tools: 

• Two cans;  

• Machine Wrench TCB (Tension Control Bolts); 

• 222 M30 bolts TCB; 

• 444 M30 Washers; 

• 222 M30 Hex Nut; 
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Figure 2.96: Connection model 

The connection illustrated in Figure 2.96 is performed with M30 TCB. Those bolts were tightened with 

an adequate wrench which apply a pre-stress force of 0,7 Fu in the bolts and when that force is achieved 

the head of the bolt will rupture, Figure 2.97.  

  

Figure 2.97: Tension Control Bolts 

Before the bolt tightening in the connection model, some bolts where tested to ensure that the strain 

gauges gave high-quality results. That test was performed with the help of one load cell that measure 

the existent load to the bolt and had an output of results to compare with the ones obtained by the strain 

gauges. 

  

Figure 2.98: Tightening procedure 
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2.2.5.4 Resume of the manufacturing process 

• Histwin connection: 

1º sheet metal: 2º sheet metal: 

Cutting weathered steel sheet plate: 

3 h 45 min 

Plate rolling 

45 min  

Welment using the technique “submerged arc 

welding” 

15 min 

Cutting weathered steel sheet plate: 

4 h15 min 

Plate rolling 

45 min 

Welment using the technique “submerged arc 

welding”  

15 min 

 

 

Total time of the manufacturing process: 10 h 

 

• Normal Plate production in Martifer: 

Sheet metal: 

Cutting weathered steel sheet plate: 

1 h 42 min 

2500 mm/min  

Plate rolling 

39 min 

130 bar  

Welment using the technique “submerged arc welding” 

24 min 

 

Total time of the manufacturing process: 2 h 30 min 

2.2.5.5 Measurements 

2.2.5.5.1 Bolts description, calibration and distribution 

The connection is performed with 220 M30 Tension Control Bolts. Those bolts were tightened with an 

adequate wrench which applies a normative pre-stress force of 0,7 Fu in the bolts and break the spline 

end when that force is achieved. 

Before the bolt tightening in the connection model, five bolts chosen randomly where tested to control 

the quality of the instrumentation. The test was performed using one load cell that measured the real 

applied load to the bolt to compare with the value obtained from the strain gauge. 
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The total number of bolts instrumented was 42. From those, 36 were placed in four different quadrants 

(1st, 2nd, 3rd and 4th Q. of Figure 2.99.a) of the connection in opposite position and 8 instrumented bolts 

were placed randomly. Figure 2.99.b shows the schematic distribution of the instrumented bolts in each 

quadrant. 

 

 

a. Distribution of the 4 quadrants b. Distribution of instrumented bolts in each quadrant 

Figure 2.99: Distribution of instrumented bolts along the connection perimeter 

In Table 2.32 is presented the location of the bolts in the four quadrants presented in Figure 2.99.a. 

Table 2.32: Composition of the four quadrants 

Quadrant Bolts Number 

1st 10 to 18 

2nd 21 to 29 

3rd 31 to 39 

4th 41 to 49 

2.2.5.5.2 Tightening procedure and monitoring results 

Before tightening the instrumented bolts, it was tightened 4 rows of bolts, one in the middle of each 

quadrant. The tightening of the instrumented bolts began at first quadrant following the sequence 

presented in Figure 2.99. 

The tension force applied to the bolts was measured during tightening and thereafter is presented in 

Figure 2.100 for the first quadrant as an example. In this figure is also presented the evolution of the 

stress during about 100 minutes. The perturbation of stresses visible in the graphic is due to the 

tightening of the bolts in the other quadrants. The tightening of one bolt does not affect the behavior of 

the other bolts in a significant way. 

Using the results of the maximum stress obtained, it is possible to conclude about the evolution of the 

bolts behavior due to their relative position. It was concluded that there is not any tendency for the 

behavior of the bolts due to their relative position in the connection. 
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It was also possible to estimate the bolts pre-stress losses namely the initial pre-stress loss and the loss 

after about one hour. Pre-stress losses in the connection bolts relative to initial pre-stress have a mean 

value of 5,2 % for initial loss and additionally a mean value of 4,4 % loss after 1 hour. 
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Figure 2.100: Stress in the bolts during tightening and thereafter (only bolts in quadrant 1 are shown) 

2.2.5.5.3 Load test and long term measurement results 

Seventeen days after tightening the bolts, it was placed, on the top of the connection one load of about 2 

tones, as shown in Figure 2.101. Measurements made during the loading and after removing the load. 

The load was applied and removed about 150 minutes after the start of the test. 

It was concluded that the applied load does not produce any significant increase in bolt stresses and so 

do not affect the bolts behavior. Some variation in stresses is due to temperature, since measurements 

started in the morning and temperature increased during the test conducted outside the factory. 

 

Figure 2.101: Load placed in the top of the connection 

103



 

-70,00

-60,00

-50,00

-40,00

-30,00

-20,00

-10,00

0,00

10,00

20,00

0 20 40 60 80 100 120 140 160 180

St
re

ss
 (M

P
a)

Time (min)

11

12

13

14

15

16

17

 

Figure 2.102: Bolt stress variation due to loading – only bolts in quadrant 1 are shown 

14 days after the last measurement it was performed one more reading with no load applied. As it can 

be observed in Figure 2.102, which compares directly with Figure 2.100, the stress variation in bolts is 

low. The differences observed are probably only due to temperature variation. 
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Figure 2.103: Stress variation after 14 days – only bolts in quadrant 1 are shown 

2.2.5.5.4 Gaps between connected parts after bolt pre-stressing 

After assembling and tightening the bolts the gaps between the two cylinders were measured and are 

shown in Figure 2.104. The measures were made from outside along the whole perimeter above the bolt 

rows. 
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Figure 2.104: Exterior gap between connection plates 

2.2.5.6 Conclusions 

2.2.5.6.1 Production and assembling 

The aim of work was to collect information phase to phase in the manufacturing of the new connection 

in the wind tower,  

The objective is achieved and following conclusions are found. 

• Manufacturing of the HISTWIN connection is possible 

The manufacturing of these two segments are indeed feasible. However, following is based on 

our experienced. In the product development it was necessary to adapt all 3D models according to 

the manufacturing process, since the facilities in Martifer are not suitable for the production of the 

slotted holes. Certain creativity is necessary to solve these problems which obviously was 

successful. This was very good experience.  

• Assembly of the components laborious 

In the process of pre-assembly and assembly the greatest difficulties are encountered. This is 

caused by very  tight tolerance, the targeted gap between two segments is 5mm. Such tolerances 

has caused rather slow production process.  

• Special attention in the process of cutting and rolling  

The main focus is in the cutting process that we have doubled our attention. The cutting requires a 

high thermal energy, the flame cutting is used, which leads to dilation of the plate. This would 

causes a variation of the plate dimensions as well the slotted holes. Due attention has been paid in 

this phase to obtain the minimum tolerance allowed by the machine. Efforts are doubled on the 

rolling machine management. This process may influence rather large variation on the final 

cylindrical segment out of roundness if the process of rolling is not successful. 
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2.2.5.6.2 Measurements of bolt stresses after assembling 

•  The bolts monitoring shows that the pre-stress force is achieved with a good precision to the 

value of 70%.fu that in this case is 700 MPa. 

•  The tightening sequence does not show significant influence in the bolts stress. 

•  The observed pre-stress losses happen immediately after the bolt tightening and tend to stabilize 

rapidly. 

•  The applied load in this test did not have any influence in the bolts behavior. 

•  The measured gaps between plates after tightening vary between 0 and 1.7 mm with a mean 

value of 0.2 mm. 

2.2.6 Finite Element calculations  

2.2.6.1 FEA model 

2.2.6.1.1 Description of the FE structural models 

For the analysis of the tower, a complete FE model for the whole tower and the foundation including all 

detailing has been constructed. 

The overall FE tower model (see Figure 2.105) is constructed by the shell, the intermediate flanges and 

the embedded to the foundation skirt. The reinforced concrete foundation is also modeled. The 

engineering software used is [Strand7 / Straus7]. 

The structural model becomes denser in the vicinity of the flanges, the door opening and the base ring, 

in order to describe more accurately the local concentration of the stresses. A cylindrical coordinate 

system is used.  

The shell is divided along the height into 35 skirts, each of which constitutes an individual FE group. 

The element arrangement along the circumference is determined by the number of bolts of the 

connection flanges.  Doing so, there is a node at each bolt position.  

The intermediate flanges (see Figure 2.106) are modeled by the use of brick elements. The interfaces of 

the flanges are connected by means of frictional unilateral contact elements, active only in compression. 

On bolt positions, the upper node of the upper flange is attached to the lower node of the lower flange 

(points 1 & 2), via the pre-stressed linear elements of cable type, active only in tension. Especially for 

the top flange, the contribution of the nacelle to the horizontal rigidness of the section is achieved by the 

introduction of master – slave links, converging at center of the circle 

Alternatively, a linear model has been build in order to evaluate the tower forces and check the FE 

results. In this model, as the tower is divided into courses with different thickness, each course is modelled 

as a linear beam element having as cross-section, the cross-section of the tower at the specific height. The 

tower base in this case is being considered as clamped. 

Finally, as the tower is a simple cantilever beam, a simplified engineering model (hand calculation) has been 

performed. 
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Figure 2.105: FEM Model Figure 2.106: Detail to the flanges 

 

Figure 2.107: Detail to the door and embedded skirt 

The foundation is modeled together with the tower body. The whole system is assumed to be elastically 

supported to the foundation base, taking account of the soil-structure interaction. The foundation has 

been introduced by means of brick elements, elastically supported to the ground, through unilateral 

contact and friction conditions. 

Analysis has been performed taking into account material and geometric nonlinearities together with 

local imperfections (GMNIA analysis, EC 3-1-6 §8.8). 
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2.2.6.1.2 Simplified Structural Model 

The simplified model is actually a cantilever beam (see Figure 2.108). Since this is a statically 

determinate system, we can easily calculate by hand the shear force and the bending moment at every 

point.  Calculation of tower deformations is quite difficult to be performed by hand, due to the varying 

moment of inertia along the height of the tower. 

 

Figure 2.108: Simplified structural model 

For the self-weight, the reactions V, M at the base are:  

Load eccentricity: ex = 0,725 m, ez = +0,50 m 

V = 0,0 kN 

M = 1.067 · 0,725 = 773,60 kNm (due to the eccentricity of the load) 

The total weight of the tower (including flanges & stiffeners) is: 1.422 kN 

Wind loads on the tower top are producing the following reactions: 

V = 598,74 kN, M = 1.665,41 + 598,74 · (76,15 + ez) = 47.558,83 kNm 

The corresponding wind forces over the height are (as above): 

FW1(z) = 0,51 · (-0,01775z + 4,30266),         z < 2,0 m 

FW2(z) = 0,013n(20z)[ln(20z) + 7](-0,01775z + 4,30266),   z ≥ 2,0 m 

Base reactions are resulting from the integration of the load functions: 
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The total wind forces at the tower base are: 

N = 1.422,00+1.067,00 = 2.489,00 kN 

V = 598,74+302,56 = 901,30 kN 

M = 47.558,83+12027,36 = 59.587 kNm 
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Similarly, for the load combination: [G+1,50W] we have: 

N = 2489,00 kN 

V = 0,00 + 1,5 · 901,3 = 1.351,95 kN 

M = 1,5 · 59.586,19 - 773,58 = 88.606 kNm 

For the comparison with the results given by the manufacturer, an overall safety factor 1,35 has been 

applied (see WP1.1, Extreme Load tables) 

N = 1,35 · 2.489 = 3.360,15 kN 

V = 0,00 + 1,35 · 901,30 = 1.216,76 kN 

M = 1,35 · (59.586,19 - 773,58) = 79.397 kNm 

The corresponding values provided by REPOWER (WP1.1) along the main loading direction are 

(including overall safety factor 1,35): 

On tower top: 

N = 1.457,30 kN 

V = 808,30 kN 

M = 2.248,30 kNm 

On tower bottom: 

N = 3.174,70 kN 

V = 873,20 kN 

M = 67.796,30 kNm 

The deviations to the results arise mainly from the different assessment of the stem load.  As provided 

by the manufacturer, the influence of the wind load on the tower stem to the total overturning moment 

at the tower base is about 5,5%. The corresponding influence according to the [EC1-1-4] approach to 

the stem load is about 20%. 

It is noted that the wind pressure as derived by [EC1-1-4] equates approximately: 1,23 kN/m2 uniform 

loading to the tower stem. 

2.2.6.2 Buckling analysis 

2.2.6.2.1 Impact of the imperfections to the resistance of the tower 

The investigation of the effects of the various types of imperfections to the resistance of the tower 

requires the introduction of the imperfect geometry to the calculation model. For this scope the steps 

below have been followed: 

• Built an analytical Finite Element model for the whole structure (perfect geometry) 

• Perform buckling analysis for the perfect geometry model 

• Introduce the fabrication tolerances to the Finite Element model, leading thus to an imperfect 
geometry model 

• Perform buckling analysis for the imperfect geometry model 

• Compare the analysis results 
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2.2.6.2.2 Buckling analysis of the perfect shell 

A linear buckling analysis (LBA) has been performed to the perfect shell for the extreme wind load 

combination [1,0G+1,50W]. The tower geometry and the materials, conform with the REPOWER Systems 

drawings: [R050405- -SZ (B)] & [R050405-EZ (D)]. The tower height is 76,15 m. Its diameter varies from 

4,300 m at the base to 2,955 m to the tower top. Shell thicknesses are varying from 30 mm at the base to 12 

mm near to the tower top. The extreme wind loading for which the buckling analysis is performed, is 

described on WP 3.1 §2.3 . 

The first 10 buckling eigenvalues are calculated, as presented in Table 2.33 and Figure 2.109. The 

linear buckling eigenvalues represent the factors [rRcr] determined by the expression: 

rRcr = FRk/FEd 

where [FEd] represent the design loads and [FEd] the characteristic buckling resistance, at the bifurcation 

point. 

All buckling eigenvalues are located to the upper part of the tower, specifically on courses [27] & [22]. 

Eigenvalues [6] & [9] are negative, and therefore they correspond to the reverse load direction. 

 

Figure 2.109: Eigenmodes [1] [5], [7], [8], [10] (positive); Eigenmodes [6], [9] (negative) 

2.2.6.2.3 Out of-roundness imperfections 

Table 2.33: Buckling eigenvalues [rRcr] 

Eigenmode [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 

Eigenvalue 3,44 3,53 3,57 3,60 3,62 -3,65 3,66 3,69 -3,72 3,73 

The introduction of the out-of-roundness imperfections to the Finite Element model is achieved by the 

enforcement of the nodes of the perfect geometry structure to the desired positions, by means of 

appropriately defined constraints. At a next stage, the nodal displacements are added to the initial node 

coordinates, producing thus the imperfect shape of the shell. 
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For the specific case, the circular cross-sections of the tower have to be ovalized, that is they must be 

transformed to egg-type shapes, having the maximum diameter perpendicular to the load direction, so 

that the maximum radius of curvature on the expectant buckling position of the shell is attained.  

The application of a sinusoidal varied constraint to all nodes of the shell has been adopted as the most 

suitable method to accomplish the above deformation of the cross-sections. This constraint function 

forces the nodes to reach the minimum axis of the section [dmin] at positions θ = 0° & θ = 180° and the 

maximum axis [dmax] at θ = 90° & θ = 270° (see Figure 2.110). 

 

Figure 2.110: Constraint function and deformed shape of the tower section 

Four computational models have been built:  

Perfect shell 

Imperfect shell – Class A fabrication tolerance: dmax-dmin = 0,007 · dnom 

Imperfect shell – Class B fabrication tolerance: dmax-dmin = 0,010 · dnom 

Imperfect shell – Class C fabrication tolerance: dmax-dmin = 0,015 · dnom 

For example, at the tower base (z = 0, dnom = 4,3 m) for fabrication class B we have: 

dmax - dmin = 0,010 · 4,3 = 0,043 m 

Table 2.34: Out-of-Roundness imperfections – Buckling eigenvalues [rRcr] 

Eigenmode Perfect shell 
Class A 

Imperfection 

Class B 

Imperfection 

Class C 

Imperfection 

[1] 3,44 3,43 3,40 3,39 

[2] 3,53 3,51 3,49 3,49 

[3] 3,57 3,55 3,53 3,54 

[4] 3,60 3,59 3,56 3,56 

[5] 3,62 3,61 3,58 3,57 

The application of the above function to the tower is as follows: At a specific height, every point should 

have a diameter: 

     D(z,θ) = dnom(z) + a · sin(θ-π/2)    (1) 

where a = (Ur,max·dnom(z)) / 2 
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having so at  θ = 0 & θ = π : d(z,[0|π]) = dnom(z) - a 

and at θ = π/2 & θ = 3·π/2: d(z,[π/2|3π/2]) = dnom(z) + a 

The tower diameter varies linearly along its height and can be expressed as a function of z (WP3.1 

§2.3.2): 

dnom(z) = -0,01775z + 4,30266 

Substituting the values of a & dnom(z) equation (1) takes the form:  

D(z,θ) = -0,01775z + 4,30266 + (Ur,max(-0,01775z + 4,30266)) / 2 · sin(θ-π/2) 

Each node of the tower is being forced by a constraint 

dr(z,θ) = (D(z,θ) - dnom(z)) / 2 

The equation above is being applied by the FE software Strand7 to all the nodes of the structure in 

cylindrical coordinates. After applying the constraints, the deformed shape of the tower is being used as 

the new tower geometry with the out-of-roundness imperfections introduced. 

A linear buckling analysis is performed next for the four models and the first 5 eigenvalues are 

compared to the one corresponding of the perfect shell. As it is demonstrated in Table 2.34, the 

buckling eigenvectors of the perfect and imperfect shell configurations are almost identical, the 

deviations being insignificant. Although usually the first eigenvalue is the most significant, in the case 

of the wind turbine tower the structure is a long cylinder and the various eigenmodes correspond to the 

local buckling of the shell on different courses of the tower. If the first eigenvalue has a significant 

difference from the second, the third, etc, it is an indication that there is a weak course on the tower 

(where the 1st eigenmode occurs). For the above reason the first 5 eigenvalues are presented. 

2.2.6.2.4 Eccentricity imperfections 

Accidental eccentricity imperfections can be introduced to the Finite Element model by the application 

of a rigid offset to the elements. It is obvious that the application of this deformation to the entire tower 

shell is meaningless, since this will practically eliminate the imperfections. Therefore, a specific course 

(or a group of non-adjacent courses) must be selected for the application of the rigid offset to the 

elements. In our case, courses [27] & [22], on which the first buckling eigenvalues appear for the 

perfect shell, are selected (see Figure 2.111). 

 

Figure 2.111: Perfect shell (left); shell with accidental eccentricity (right) 
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Table 2.35: Accidental eccentricity imperfections – Buckling eigenvalues [rRcr] 

Eigenmode Perfect shell 
Class A 

Imperfection 

Class B 

Imperfection 

Class C 

Imperfection 

[1] 3,44 3,43 3,42 3,40 

[2] 3,53 3,52 3,51 3,49 

[3] 3,57 3,56 3,56 3,54 

[4] 3,60 3,58 3,56 3,55 

[5] 3,62 3,62 3,62 3,61 

 

As demonstrated in Table 2.35, there is no notable difference between the 5 first eigenvalues. By the 

comparison of the eigenmodes though, it is evident that, in contradiction to the restriction of the perfect 

model buckling within the specific course, the corresponding imperfect models present a propagation of 

the buckling to the neighboring courses (see Figure 2.112) 

 

Figure 2.112: Propagation of the buckling – Perfect shell and fabrication  

classes A, B, C accidental-eccentricity imperfect shells 

2.2.6.2.5 Dimple imperfections 

The introduction of the dimple imperfections to the Finite Element model is a rather laborious task, due 

to the fact that, having by nature a random distribution, they can appear anywhere along the tower body. 

Hence, an approach analogous to the one described in chapter 2.2.6.2.4 is performed and specifically, a 

dimple imperfection in the position where the 1st eigenmode occurs in the perfect shell will be 

generated. 
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Figure 2.113: Dimples generated from the 1
st
 eigenmode of the perfect shell (magnified) 

For this scope, the following procedures are carried out: 

• Execute a buckling analysis on the perfect shell for the extreme wind combination 

• Examine the 1st buckling eigenmode 

• Measure the length of main dimple on the 1st buckling eigenmode 

• Multiply the 1st buckling eigenmode results by a factor, in order to accomplish the dimple 

tolerance parameter suitable for each fabrication class 

• Add multiplied nodal displacements to the node coordinates 

• Perform a buckling analysis to the imperfect structure in order to find the buckling eigenvalue 

of it, or perform a GMNIA calculation for the extreme wind load combination. 

 

Figure 2.114: 1
st
 buckling eigenmode – Perfect shell and fabrication classes A, B, C dimple imperfect shells 

(perfect shell and fabrication classes A, B, C) 

The comparison of results is given in Table 2.35. It must be noted that eigenvalues [3] & [5] are not 

affected, because they correspond to course [S22] buckling. 
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2.2.6.3 Nonlinear analysis 

The advanced procedure of [EC3-1-6 §8.7] for the buckling check of the tower, requires the estimation 

of the limit load of the tower. This is done by performing a geometrical & material non-linear analysis 

with imperfections (GMNIA), increasing the wind load factor until the failure occurs. 

2.2.6.3.1 Assessment of the limit load for the tower  

The bifurcation load factor for the perfect shell is derived from the Linear Buckling Analysis (LBA) 

and equals to: rRcr = 3.44. Similarly, the limit load factor is determined by an iterative geometrically and 

Materially Nonlinear Analysis, by means of step-by-step increments of the wind load, until the failure 

of the structure. It is noted that for the model under consideration, the unilateral contact conditions are 

removed and the contact of the foundation base to the ground is considered as bilateral elastic. This is 

an inevitable intervention, in order to prevent the overturning of the tower as a whole, before it reaches 

the buckling or plastic limit state (even for the design combination: [G+1.50W] there is a 40% uplift of 

the foundation). 

Having in mind that the specific approach requires a noteworthy computational effort, only three of the 

various cases are investigated: 

1.1 Case [1] : Shell with Class B out-of-roundness tolerances, introduced globally to the tower 

1.2 Case [2] : Shell with Class B dimple tolerances, introduced to the location of the 1st eigenmode 

1.3 Case [3] : Perfect shell 

 

Figure 2.115: Shell buckling in the vicinity of the door opening (plasticized areas marked as white) 

 

Figure 2.116: Limit load factor for case [1] imperfect shell 
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Figure 2.117: Shell buckling on flange position (arrows indicate the plasticized areas) 

� Case [1]: The procedure diverged for a characteristic resistance ratio (limit load factor): rRk = 

1,95, which corresponds to the load combination: [1.0G+1,95W]. Figure 2.116 shows the 

evolution of the rotation Rθ of a point right above the door position. The failure of the 

structure was due to the buckling at the location of the door, induced by the excessive 

incremental displacements. As shown in Figure 2.117, the buckling of the shell takes place at 

the plasticized areas, when the modulus of Elasticity was significantly reduced. In other 

words, the shell has entered into the plastic state, before reaching the bifurcation point. In 

addition, shell buckling occurs at the vicinity of the flanges, due to the presence of high 

circumferential stresses, in conjunction with the meridional ones. 

� Case [2]: Despite the fact that the dimple imperfection has been introduced to the location of 

the 1st buckling eigenmode, the shell eventually has buckled around the door opening, for the 

same reason as in Case [1]. The characteristic resistance ratio was found in this case equal to: 

rRk = 2,05. 

� Case [3]: The analysis for the perfect shell results in an identical limit load factor: rRk = 2,05. 

2.2.6.4 Door opening 

2.2.6.4.1 General aspects 

The door opening induces a significant dissipation of the shell stresses and at the same time an 

inevitable magnification of their magnitude, as shown in Figure 2.119for the meridional [σzz] 

component. It must be noted that the later is the critical stress at the vicinity of the door opening, as 

demonstrated in [WP3.1] & [WP3.2]. 

The ultimate limit states under examination in the present text are the plastic limit state [LS1] and the 

buckling limit state [LS3]. The main objective of stiffening the area around the door is to: 

a) Control the local stresses, in order to prevent the excessive loading of the relevant shell courses. 

b) Provide adequate lateral support to the shell and establish thus adequate resistance against 

buckling. 

In [WP3.2] it was evidenced that, when performing a buckling analysis at the tower, the first ten 

buckling eigenmodes are detected at the upper part of the tower (courses [22] & [27]). In the case that 

the door stiffeners are removed, the elastic critical buckling resistance is noticeably reduced and the 

first seven eigenmodes are now transferred around the door (see Figure 2.120). This fact constitutes a 

direct confirmation of the contribution of the stiffeners to the buckling capacity of the shell. 
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Figure 2.118: Direction of the wind loading in 

relation with the door 

Figure 2.119: Ideal meridional stress distribution 

around the door opening 

2.2.6.4.2 Stiffening configurations 

 

Figure 2.120: Door stiffeners – Configurations under investigation 

In order to determine the optimum stiffening arrangement around the door of the tower, seven of the 

most characteristic configurations are tested (see Figure 2.120). In all cases the extreme wind load 

combination was applied: FEd = G+1.50W and the response of the structure was obtained by the 

analyses: 

Geometrically and materially non-linear analysis [GMNA], for the plastic limit state [LS1] 

design. 

The same [GMNA] analysis, for the estimation of the plastic reference resistance (plastic limit 

load) of the tower. 

Linear elastic bifurcation analysis [LBA], for the local buckling assessment.  

The configurations of the stiffeners examined are described in the following paragraphs and the 

corresponding figures Figure 2.121 - Figure 2.127, where: 

The plasticized areas are displayed in white colour. 

The Von Mises stresses of the figures at the left refer to the plastic limit state, where these at the right 

are derived by the application of the plastic limit load. 
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Figure 2.121: Type [a]  

• Rigid ring (t = 70 mm) adjusted to the opening 

 

Figure 2.122: Type [b] 

• Weak ring (t=30mm) adjusted to the opening 

• Set of horizontal and vertical stiffeners locally around the ring 

 

Figure 2.123: Type [c] 

• Rigid ring (t = 60 mm) adjusted to the opening 

• Set of horizontal and vertical stiffeners locally around the ring 

 

Figure 2.124: Type [d] 

• Weak ring (t = 30 mm) adjusted to the opening 

• Set of horizontal and vertical stiffeners locally around the ring 

• Two circumferential rings above and below the door 
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Figure 2.125: Type [e] 

• Weak ring (t = 30 mm) adjusted to the opening 

• Set of horizontal and vertical stiffeners locally around the ring 

• Two circumferential rings above and below the door 

• Vertical stiffeners between the circumferential rings, at both sides of the door 

 

Figure 2.126: Type [f] 

• Weak ring (t = 30 mm) adjusted to the opening 

• Vertical stiffeners at both sides of the door 

 

Figure 2.127: Type [g] 

• Rigid ring (t = 70 mm) adjusted to the opening 

• Vertical stiffeners at both sides of the door 

 

2.2.6.4.3 Evaluation of the results 

All types of stiffening arrangements examined seem to be satisfactory and are adequate in preventing 

the elastic buckling of the shell around the door opening. As a cogent evidence of this fact, it is 

remarked that the first 10 buckling eigenmodes have been found at the higher courses of the tower (see 

Figure 2.129) and not at the door courses. 

As a consequence, the plastic limit state [LS1] remains the only ultimate limit state to be considered for 

the dimensioning of the lower part of the tower. A comparison of the Von Mises stresses to the shell 
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and to the stiffening components of this specific area is presented for each case in Table 2.36, together 

with the global limit load factor of the tower. 

By the investigation of the relative results of the analyses, a rigid ring around the door opening is 

always mandatory, even if additional stiffening plates are installed. The governing stress in all cases is 

the meridional [σzz] and the vertical segment of the ring accumulates the major part of the stresses that 

otherwise would pass through the opening area (see Figure 2.128) 

  

Figure 2.128: Meridional stresses to the ring Figure 2.129: 1
st
 buckling eigenmode 

Table 2.36: Stresses around the door 

Von Mises stresses (MPa) 
Type 

Shell Ring Stiffeners 

Plastic resistance 

ratio (rRpl) 

[a] 340 348 --- 2,05 

[b] 349 466 147 1,95 

[c] 316 356 229 2,05 

[d] 350 465 159 1,95 

[e] 326 448 295 2,00 

[f] 327 467 298 1,95 

[g] 291 302 248 2,10 

 

2.2.6.4.4 Analyses with the aide of partial FE models 

The tower under examination has been modeled with all the structural parts and elements included in 

detail. However, two additional models have been developed, incorporating the lower part of the overall 

model, the scope of which is the investigation of the accuracy of the analyses, when the calculations are 

performed by hand or by the use of a linear model. These models are: 

• Model [A]: The model comprises the first two bottom courses, the anchoring system and the 

foundation. 

• Model [B]: The model comprises the first two bottom courses, clamped to the base. The 

foundation is not implemented. 
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Figure 2.130: Partial models [A] and [B] 

 

Figure 2.131: Partial models – Von Mises stresses 

Table 2.37: Von Mises stresses (MPa) 

Model shell Ring 

Global 340 348 

Partial [A] 331 334 

Partial [B] 320 325 

 

The section forces [Mx], [My], [Vx], [Vy] and [N], as derived by hand calculation or from the linear 

model, are applied to the top, along the free boundary circumference of course [2]. 

Although these procedures require less modeling and computational effort, certain assumptions are 

inevitably introduced the models, such as: 

a) Using section forces provided by hand or a linear model, the influence of the circumferential 

stresses to the shell, induced by the specific load distribution on the tower stem (see [WP 3.1] & 

[WP 3.2]), has been ignored. 

b) In linear model calculations, the Euler-Bernoulli assumption (beam section remains 

undeformed in its plane and vertical to the theoretical axis) is directly adopted. With the 

objective of realizing this assumption to the partial FE model, all the nodes of the force 

application level are connected to each other by means of special rigid links. At the same time, 

the implementation of this technique allows the smooth transfer of the sectional forces to the 

shell. 

121



 

As evidenced by the analyses results in Table 2.37, the convergence between the stress state of the 

global and the partial models can be considered satisfactory in general, the Von Mises stresses derived 

from the partial models being no more than 7% lower. 

2.2.6.4.5 Concluding remarks 

1 In all types of stiffening arrangements that have been tested, the ultimate load for the tower is 

located at the vicinity of the door opening and is stimulated by the plastic limit state [LC1]. 

2 As results from the above analyses, the presence of a rigid ring around the door provides the 

best reinforcement to the opening, in contradiction to the other types of stiffeners, the 

contribution of which is comparatively less effective. 

3 Stiffening by means of horizontal stiffeners around the door has not significant impact to the 

resistance of the opening. Vertical stiffeners are more effective, since they efficiently undertake 

the meridional stresses. Even to the door ring, it is the vertical segment which is fully stressed. 

4 For the specific tower, the use of a linear model or a hand-calculation approach, along with an 

additional FE model for the door detailing, results to a 5% ÷ 7% decreased stress state, 

compared to the one corresponding to the more accurate full model. 

2.2.6.5 Foundation 

2.2.6.5.1 FE structural model 

The foundation, including the non-shrink mortar to the top of pedestal, is modeled by means of brick 

elements. The footing is supported to the ground via unilateral contact elastic springs, having a constant 

per area unit equal to the soil subgrade reaction modulus. Corresponding horizontal springs are 

necessary for the global equilibrium of the structure. 

The connection of the tower body to the foundation can be either due to anchoring the tower base plate 

to the pedestal using partially prestressed anchors, or by embedding the lower course of the tower body 

to the concrete. 

2.2.6.5.2 Modelling of the foundation in case of partially prestressed anchors 

The base plate is rigidly attached to the shell of the tower and it is connected to the non-shrink mortar 

elements thru unilateral contacts with friction links. 

  

Figure 2.132: Cross section to foundation FE model Figure 2.133: Foundation FE model 

The embedded in the interior of the pedestal washer plate is modeled using plate elements. The washer 

plate is connected to the superjacent concrete elements thru unilateral contact conditions. 
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The partially prestessed anchors are linear elements of cable type, active in tension only. Each anchor is 

represented by a single element, attached solely to the two steel flanges, excluding any connection to 

the concrete and the non-shrink mortar. 

Regarding the direct estimation of the anchor forces by hand calculation, such a task is practically not 

feasible, since the position of the neutral line of the anchoring system can be determined only with the 

introduction of the elasticity conditions, which requires an iterative calculation procedure. A less 

accurate assessment of the anchor forces can be achieved with the aid of a simpler Finite Element 

model, including only the bottom flanges (with unilateral elastic support) and the anchors (see Figure 

2.134). 

2.2.6.5.3 Anchoring system configuration 

The anchoring system consists of the set of partially prestressed anchors at a circumferential 

arrangement, connecting the base plate of the tower to the circular washer plate embedded in the R.C. 

pedestal. The uplift forces are counterbalanced by the resistance of the embedded plate, while the shear 

force is delivered by the friction between the base plate and the (preferably non-shrink) grout, at the top 

of the pedestal. The PE covering of the anchor body establishes the absence of any cohesion between 

the anchors and the concrete, allowing thus the preloading, as soon as the R.C. elements develop their 

full capacity. 

Inevitably, the complicity of the configuration results in an equally complicated stress state and 

therefore a finite element model is required for the competent discretization of the foundation and the 

anchoring system. Furthermore, it is highly recommended that this model should be built together with 

the one of the tower, in order that the 2nd order effects of the later and the contribution of the soil 

structure interaction are properly taken into account. 

 

Figure 2.134: Alternative FE model for the estimation of anchor forces 

2.2.6.5.4 Modelling of the foundation in case of embedding the tower to the concrete 

In this case, the foundation is modeled also using brick elements. In the position where the shell 

elements of the tower are inserted to the concrete, there is a small gap left between the embedded shell 

elements and the brick elements of the foundation. The connection is preformed thru unilateral contact 

with friction elements. The whole system is assumed to be elastically supported to the foundation base, 

taking account of the soil-structure interaction. The foundation has been introduced by means of brick 

elements, elastically supported to the ground, through unilateral contact and friction conditions. 
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Figure 2.135: Model of the embedded tower to the foundation 

2.2.6.5.5 Design Verifications 

The design of the foundation – anchoring system covers the verification of the following components 

(see Figure 2.136): 

• Washer and base plates (Von Misses stresses) 

• Prestressed anchors (tensile forces) 

• Non-shrink mortar (compressive and shear stresses) 

• Concrete (compressive, shear and punching shear stresses) 

• Reinforcement bars 

• Rigid body equilibrium for the structure. 

The required reinforcement is calculated by the integration of the tensile stresses of the brick elements 

at the check points as marked in Figure 2.137: 

• [1], [2] : Footing, bottom mesh 

• [3], [4] : Footing, top mesh  

• [5] : Top of the pedestal mesh 

• [6] : Pedestal vertical rebar, for the transfer of the tensile anchor forces 

• [7] : Circumferential reinforcement, controlling the split-up forces due to the anchor    

  preloading stress due to Poisson ratio. 

 

 

Figure 2.136: Stress diagram Figure 2.137: Check points 
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2.2.7 Design recommendations GLWIND 

2.2.7.1 General 

The following section gives an overview about the state-of-the-art of load calculation, respectively load 

application with respect to towers for wind turbines. The load analysis is usually performed by the wind 

turbine designer using sophisticated programs such as GH BLADED or FLEX 5 which are taylor-made 

for this purpose. These tools are capable of simulating the loads in the time domain with consideration 

of the turbulent wind characteristics, the dynamic behaviour of the structural components as well as the 

operational behaviour of the wind turbine. For application of the loads derived from these simulations 

for tower design calculations different options exist which are described in the following. These 

comprise with different degrees of complexity and accuracy. 

2.2.7.2 Coordinate system 

The coordinate system (COS) which has to be used for the design of wind turbines is not finally 

harmonised. Therefore, it is necessary to define the COS and the direction in which the change of wind 

direction is defined to be positive. The most common COS is defined e.g. in the GL Certification 

guideline [15] as well as in the German DIBt guideline [8], cp. Figure 2.139 on page 131. The change 

of wind direction is not clearly defined by the guidelines, since this is a parameter that can usually not 

be changed in the load simulation programs. At the common programs, the positive change of wind 

direction is clockwise, hence the sketch shows a negative angle β. 

2.2.7.3 Loads 

2.2.7.3.1 Extreme loads 

The extreme load evaluation gives information about components Fx, Fy, Fz and the resulting shear force 

Fr, as well as Mx, My, Mz and the resulting bending moment Mr. Different rows of the load table are 

specifying different design load cases (DLC) for the extreme values of each load component which 

have been found during the load simulation. For the design of a tubular steel tower, usually the shear 

force in wind direction Fx and the corresponding bending moment My are design driving. Since the 

bending moment results from the shear force, usually the load case for the extreme shear force is design 

driving for the whole tower except the parts close to tower top, where the lever arm of the shear force 

does not lead to design driving bending moments. See Table 2.38 in chapter 2.2.8.3. 

2.2.7.3.2 Load case groups 

The used definitions of the load case groups in the relevant design guidelines are as follows: 

DLC 1.x power production (some cases include external faults, like DLC 1.5) 

DLC 2.x power production plus occurrence of fault (e.g. control system fault) 

DLC 3.x start up of wind turbine 

DLC 4.x normal shut down 

DLC 5.x emergency shut down  

DLC 6.x parked wind turbine (standstill or idling – e.g. DLC 6.1 with 50 year gust) 

DLC 7.x parked wind turbine and fault conditions 

DLC 8.x transport, assembly, maintenance and repair 

More detailed information can be seen in the design guidelines GL Wind guideline [15] table 4.3.1. 
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2.2.7.4 Fatigue loads 

2.2.7.4.1 General 

The fatigue loads have to include a set of damage equivalent fatigue load tables for different tower 

section heights. The section height are to be specified in the top left of each load table, comparable to 

the extreme load tables. 

The damage equivalent loads (DEL) given in the load tables can be handled like a static load case in 

combination with the reference number of cycles Nref = 2*108 and an S/N curve (Wöhler curve) with a 

constant slope. The columns give information about the different load components, while the different 

rows include the fatigue load calculated for different section heights, cp. Table 2.40 on page 132. 

2.2.7.4.2 Overview from the simulated time series to damage equivalent loads (DEL) 

Time series. The load simulation program simulates the loads in the time domain. The results are time 

series for different load cases and for all load components. 

The time series include the information about the load range and its level as well as how often an event 

occurs and when it does, so that the time phase between different load components can be taken into 

account. The time series are therefore the most accurate source, but very complex to handle. To perform 

a fatigue calculation, a special program is needed to interpret the time series. To derive the values 

needed for fatigue analysis, a so called “Rainflow “-count of the time series is performed (see e.g. [4]). 

The resulting number of cycles and load ranges producing damage have to be weighted according to the 

number of occurrences of the individual time series during the wind turbines lifetime. 

Marcov matrices. By means of a rainflow count, the information given by the time series can be 

simplified to a matrix displaying the range value (column) over the mean value (row), giving the 

number of cycles for each pair of variants. This matrix is called a Marcov matrix. Usually, a Marcov 

matrix is used in a simplified 3-column table form. 

By preparing a Marcov matrix, the information about the time domain gets lost. Marcov matrices are 

easier to handle due to its table form. A fatigue calculation can be performed using the Palmgren-Miner 

approach, but there is still a large amount of data to be handled, especially when more load components 

have to be taken into account. A Markov matrix in table form may have up to some thousand raw. 

The advantage of the Marcov matrix is that the information about the mean value is still included. This 

information required e.g. if nonlinear load functions are involved where the load level is of importance. 

For almost all state of the art design calculations at a tubular steel tower, this information is not required 

due to a linear load function (the positive influence of compression can usually not be taken into 

account due to the residual stresses of the welding without performing post weld heat treatment). 

Load spectra. By neglecting the mean value, the Markov matrix can be simplified again with reducing 

the amount of data enormously. The data with the same load range can be merged by adding the 

numbers of cycles. The result is called load spectrum. 

Damage equivalent loads (DEL). The final step of simplification is to convert the load spectrum into a 

DEL. A standard S/N-curve for steel structures has two different Wöhler slopes, m = 3 and 5. Since the 

DEL includes load cycles acting in the range of both Wöhler slopes, the standard Wöhler slope can not 

be used. An S/N-curve with a constant Wöhler slope has to be defined so that all load cycles can be 

recalculated on the same basis. For steel, it is state of the art to use a Wöhler slope of m = 4, that is 

connected to the standard S/N-curve at N = 2·106. The conversion is based on the formula: 
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2.2.7.5 Application of Section loads 

2.2.7.5.1 Extreme load tables 

For a tubular steel tower, usually the bending moment is design driving. If section loads are given in the 

load document, the load case leading to the relevant bending moment will be identified for each section. 

Usually, using this load case is sufficient for the design calculations of tubular steel towers. In most 

cases, the load case with the extreme bending moment is design driving at the tower top region, for the 

rest of the tower, due to the lever arm the load case with the extreme shear force is causing the highest 

bending moment and is therefore design driving. The extreme load tables could be simplified to one 

table including the relevant design load case for each tower section. 

The structural design can easily be done taking the design load for each section from the load tables to 

directly perform the design calculation. All relevant influences are included into the design loads, e.g. 

dead weight, wind load on the tower, dynamic reaction of the tower and the load safety factor. Hence, 

the load values can directly be used as design loads in the calculation. Additional actions such as extra 

dead weight e.g. due to internals or additional loads e.g. due to earthquake have to be added where 

applicable. 

The advantage of section loads is that the load situation along the tower height is described most 

accurately. Sometimes only a few sections are defined, e.g. at design driving structural details like the 

flange connections. If design loads are required between two defined tower sections, the load 

components can be linearly interpolated to the relevant tower height(s). Using section loads is most 

suitable for design calculations done with a program using spread sheets, like Microsoft Excel. 

2.2.7.5.2 Linear interpolation of tower top and tower bottom extreme loads 

If no section loads for multiple sections along the tower are defined in a load document, at least the 

tower top and tower bottom loads have to be given. As mentioned before, there are only a few load 

cases design driving for a tubular steel tower. Therefore, it is common practice to include only three 

relevant load cases in the load tables (e.g. load cases with the extreme bending moment at tower top, the 

extreme shear force and the max. wind speed). To perform a linear interpolation between the tower top 

and the tower bottom section requires the definition of the same load cases at tower top and tower 

bottom. The linear interpolation is resulting in section loads in every required tower section, including 

all relevant influences. 

There are two possible ways using load interpolation. The first and simple way is to interpolate between 

the extreme load values, e.g. between the highest bending moments at tower top and tower bottom, even 

if the values come from different load cases. The resulting section loads will be conservative values. 

The second and more common way is to interpolate between the tower top and bottom loads of each 

load case and finally identify the design relevant value for each tower section. The result is usually 

quite comparable to the section loads. 

The advantage of this approach is that just a small amount of input data is required. The load situation 

along the tower height is not described as accurately as using section loads. 
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2.2.7.5.3 Linear extrapolation of tower top extreme loads 

The linear extrapolation of tower top loads has been the state of the art approach for the design 

calculations of wind turbine towers. The load components of a tower section are calculated by adding 

the dead weight to the normal force, the wind load acting on the tower on the shear force components 

and the bending moment resulting from the shear force components multiplied with the lever arm to the 

section load components at the section above. 

The wind load acting on the tower is calculated for the relevant load case using the wind speed, wind 

direction and the safety factor specified for the specific load case. The wind speed at a tower height can 

be calculated according to IEC 61400-1, edition 1999, formula (6) 

V(z) = Vhub(z/zhub)
α 

where α is the wind shear exponent with α = 0.2 for all load cases except the extreme wind load cases 

DLC 6.1 and 7.1 with α = 0.11. 

The section loads will be calculated for all relevant load cases, and the design driving value will be 

identified for each section. The extrapolation of tower top loads does not necessarily lead to 

conservative results. It may happen that section loads calculated by linear load extrapolation are smaller 

than the simulated section loads. Therefore, it is a requirement to compare the extrapolated with the 

simulated tower bottom loads. If the extrapolated tower bottom loads are smaller, the extrapolation 

approach is not applicable. 

The use of the load extrapolation approach is not state of the art anymore. However, for some 

applications the use of the extrapolation approach is necessary, e.g. when an FE program is used for the 

design calculation. 

2.2.7.5.4 Fatigue load tables 

In general, if DEL are used, consideration of the action components rotor thrust Fx, tilting moment My 

and tower torsion moment Mz is sufficient. The tilting and tower torsion moments may be assumed to 

act with a phase difference of 90° to each other (cf. [3], section 6.6.5.5 and [2], section 8.6.2). This 

means that the damage resulting from the extreme normal force in the structure (due to Fx and My) may 

be calculated separately from the damage resulting from the shear force due to Mz. The damage values 

have to be added. At tubular steel towers, the damage resulting from Mz is usually negligible. 

2.2.7.5.5 Linear interpolation of tower top and tower bottom loads 

If no section loads for multiple sections along the tower are defined in a load document, at least the 

tower top and tower bottom DEL have to be given. The linear interpolation of the DEL with m = 4 is 

resulting in DEL for every required tower section. 

The advantage of this approach is that just a small amount of input data is required. The load situation 

along the tower height is not described as accurately as using section loads. 

2.2.7.5.6 Linear extrapolation of tower top loads 

The linear extrapolation of tower top DEL has been the state of the art approach for the design 

calculations of wind turbine towers. It is assumed that the shear force, the normal force and the torsion 

moment components do not change relevantly over the tower height. Only the bending moment 

components are calculated resulting from the shear force components multiplied with the lever arm to 

the section load components at the section above. However the wind load or the dead weight do not 

have influence on the DEL at the tower sections.  
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The extrapolation of tower top DEL does not necessarily lead to conservative results. It may happen 

that section loads calculated by linear DEL extrapolation are smaller than the simulated section loads. 

Therefore, it is a requirement to compare the extrapolated bending moments with the simulated tower 

bottom bending moments. If the extrapolated tower bottom bending moments are smaller, the 

extrapolation approach is not applicable. 

The use of the load extrapolation approach is not state of the art anymore. However, for some 

applications the use of the extrapolation approach is necessary, e.g. when an FE program is used for the 

design calculation. 

2.2.7.6 Applying design loads on FE models 

When the tower or a part of the tower will be implemented in an FE model, the section loads at the top 

of the FE model will be applied. The section loads within the FE model are calculated comparable to 

the linear extrapolation approach. For extreme loads, the wind load action has to be applied on the FE 

model as a distributed external load. The wind speed distribution over tower height is explained in 

section 3.3. For fatigue loads, no wind speed or dead weight has to be applied. 

As mentioned before, this approach may lead to smaller section loads than the simulated ones. If an FE 

model for a structural detail is used where only a small part of the tower is modelled, this influence may 

be neglected. If the complete tower is implemented in the FE model, the internal section loads 

calculated by the FE model have to be compared with the simulated section loads at least at tower 

bottom. If the section loads calculated by the FE model are smaller than the simulated loads, the result 

is invalid. In this case, the loads would have to be adjusted, e.g. by applying an additional external load 

so that the design driving load components (e.g. bending moment) will be corrected. This is a simplified 

engineering approach to be able to use FE models leading to invalid section loads. Where possible, the 

use of such FE models should be avoided. 

The simple structure of a tubular steel tower allows the use of simplified calculation methods for most 

of the design calculations. Only some single structural details require an FE calculation, such as the 

door opening or other special details which can not be calculated with simplified calculation methods. 

Therefore, it is usually not reasonable to implement a complete tubular steel tower in an FE model. This 

would cause a high effort in computer recourses (especially due to non-linear problems like buckling 

analysis) and the described disadvantage with respect to the section loads. It is therefore state of the art 

to calculate the global tower structure using section loads or interpolated loads, and to calculate only 

structural details with an FE model that includes only the part of the tower which is required for the 

calculation of the structural detail (e.g. the tower bottom including the door opening and approx. 3-4m 

above the door opening – usually used for stress concentration only. For buckling of tower shell 

including circumferentially stiffened opening, a simplified calculation method is given in [2] and [3]). 

Usually the FE model ends at a section where the loads are known from the global tower calculation. At 

this small part of the tower the influence of the wind is comparably small, so that the complex 

application of the wind load on such an FE model for a structural detail will usually be neglected. 
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2.2.8 Numerical examples 

2.2.8.1 General 

For design purpose it is assumed that the resistance of the three dimensional connection detail, which is 

loaded mostly in bending, can be described by the resistance of a segment with a single bolt and bolt 

row, respectively. The segment width c is equivalent to the arc length between two bolt holes or bolt 

rows in the tension zone of the shell. 

In general the following design checks for tower connections (bolts and tower shell) are required: 

– Resistance at the Ultimate Limit State (ULS) 

– Fatigue design (FLS) 

– Resistance at the Serviceability Limit State (SLS): 

o Flange opening at the bolt axis (flange connections only!) 

o Flange / shell yielding 

o Bolt yielding (flange connections only!) 

The following calculation example will concentrate on the ULS and fatigue design of the bolts for both 

connection details. 

2.2.8.2 Tower geometry 

The calculation example is made for an existing MM92 tower, which consists of three sections 

assembled with two intermediate L-flange connections. The geometry is given in Figure 2.138. 

 

a) Tower upper part 

 

b) Tower middle part 

 

c) Tower bottom part 

Figure 2.138: Tower geometry 
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2.2.8.3 Static design loads 

The design loads are usually summarized in load tables. They include the results for the load cases that 

lead to the maxima of each load component. An excerpt of a MM92 wind-tower load documentation is 

given in Table 2.38. It shows the decisive internal forces at the bottom section of the tower. The 

displayed values already include safety factors. 

Table 2.38: Design load table for the bottom section 

section FxTS01 FyTS01 FzTS01 Fr01 MxTS01 MyTS01 MzTS01 Mr01 VcupHC VdirHC safety

0 kN kN kN kN kNm kNm kNm kNm m/s deg factor

MAX: 725.2 37.6 -3266.2 726.2 -743.6 54973.6 1125.3 54978.8 16.5 -7.9 1.35

MIN: -873.2 27.6 -3174.7 873.6 521.1 -67796.3 -1363.1 67798.3 9.0 -0.1 1.35

MAX: 177.6 958.3 -2495.2 974.6 -64868.7 10167.4 -1043.1 65660.7 55.8 -59.2 1.10

MIN: -217.4 -933.0 -2602.6 958.0 64537.7 -14579.7 1339.3 66164.0 56.4 120.7 1.10

MAX: 188.3 -495.9 -2220.2 530.4 35316.9 6203.4 2457.3 35857.5 57.8 4.4 1.10

MIN: 56.9 -249.6 -3507.7 256.1 18529.1 -234.7 590.7 18531.0 37.5 14.7 1.50

MAX: 177.6 958.3 -2495.2 974.6 -64868.7 10167.4 -1043.1 65660.7 55.8 -59.2 1.10

MIN: 0.1 -0.1 -3205.9 0.2 18.5 -962.5 -70.0 962.8 0.8 -63.5 1.35

MAX: -217.4 -933.0 -2602.6 958.0 64537.7 -14579.7 1339.3 66164.0 56.4 120.7 1.10

MIN: 177.6 958.3 -2495.2 974.6 -64868.7 10167.4 -1043.1 65660.7 55.8 -59.2 1.10

MAX: 722.2 64.7 -3266.6 725.1 -1668.7 55329.4 1130.3 55354.4 16.5 -7.9 1.35

MIN: -873.2 27.6 -3174.7 873.6 521.1 -67796.3 -1363.1 67798.3 9.0 -0.1 1.35

MAX: 462.4 -178.8 -2695.1 495.8 15718.7 32538.1 5556.6 36135.5 24.0 -7.5 1.10

MIN: -262.0 85.9 -3010.3 275.8 -6287.4 -25287.7 -6476.2 26056.9 32.9 -8.5 1.35

MAX: -873.2 27.6 -3174.7 873.6 521.1 -67796.3 -1363.1 67798.3 9.0 -0.1 1.35

MIN: 17.1 4.8 -2629.3 17.8 -3.4 -0.3 -132.5 3.4 14.0 -8.0 1.10  

The associated coordinate system is shown in Figure 2.139. 

 

Figure 2.139: Coordinate system for the design loads 

Due to the long lever arm for the sections of interest in the design of the connections, the extreme shear 

forces (in the x-y plane) usually correspond to the extreme bending moment. This load case is thus 

design driving. 

In the given load tables it corresponds to load case DLC 1.511 which is the simulation of the one-year-

gust in combination with the loss of electrical connection. 

For a specific load case the design loads can be linearly interpolated between two given sections. 

The design loads for the two flange sections can thus be simplified as in Table 2.39. The safety factor is 

taken as 1.35. 
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Table 2.39: Extreme design loads at the flange sections 

Height Fx Fy Fz Fr Mx My Mz Mr 
 

mm kN kN kN kN kNm kNm kNm kNm 

Flange 2 48390 -864 7 -1846 864 1635 -25168 -1363 25221 

Flange 1 21770 -886 27 -2443 886 1129 -48617 -1368 48631 

The effects of shear stresses on the resistance of the flanges are neglected and only the load components 

inducing longitudinal stresses in the shell are considered. The maximum design stress in the tower shell 

thus becomes: 

 

i

Z

i

r
Edult

A

F

W

M
−=,σ   

with  

 Mr, FZ  Extreme design loads at height of flange section i acc. to Table 2.39 

 Wi, Ai  Cross section resistances of tower tube at height of flange section i 

This leads to the following maximum tensile stresses in the tower shell 

 Connection 1: 2
, /195 mmNEdult =σ  

 Connection 2: 2
, /171 mmNEdult =σ  

2.2.8.4 Fatigue design loads 

Similar to the static loads, the fatigue loads are provided in the form of load tables with Damage 

Equivalent Loads (DEL) for different tower sections. The DELs are given for each load component, 

whereas a common practice is the use of a single Whöler slope of m = 4. The DEL for the two flange 

sections can thus be simplified as given in Table 2.40. 

Table 2.40: Damage Equivalent Loads at the flange sections (m = 4 and Nref = 2·10
8
).  

Height ∆∆∆∆Fx ∆∆∆∆Fy ∆∆∆∆Fz ∆∆∆∆Mx ∆∆∆∆My ∆∆∆∆Mz  

mm kN kN kN kN.m kN.m kN.m 

Flange1 21770 96 67 29 3342 4243 1229 

Flange2 48390 81 61 29 1707 2359 1229 
 

In general, consideration of the rotor thrust (Fx), tilting moment (My) and torsional moment (Mz) is 

sufficient. Tilting and torsional moment can be considered as orthogonal, so that the damages from 

tensile stresses (from My and Fx) can be derived separately from those from shear stresses (from Mz). As 

they usually are much smaller [27], the damages from shear stresses will be neglected. This leads to  

Connection 1: 2
, /4.22 mmNDELz =σ  

 Connection 2: 2
, /4.21 mmNDELz =σ  

This DEL method is only applicable as long as a linear relation between load-actions and member 

stresses exists. For fatigue design of bolts in flange connections an extremely non-linear relation has to 

be taken into account, which means that the complete Rainflow matrix has to be considered for the 
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fatigue design. As no complete Rainflow matrices are available for the given design example, Rainflow 

matrices for damages caused by one cycle per load variation range ∆Z are determined in the following. 

2.2.8.5 Friction connection 

2.2.8.5.1 Geometry of friction connection 

A sketch of the clamping package geometry is given in Figure 2.140.  

 

Figure 2.140: Dimensions of friction connection 

For both tower joints pre-loaded high-strength friction grip bolts of type M30 10.9 are used. The 

dimensions of the clamping packages are summarized in Table 2.41. The number of required bolts and 

bolt-rows is determined within the next chapter. 
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Table 2.41: Dimensions of friction connection 

Detail 
Connection 1 

[mm] 
Connection 2 

[mm] 

Shell thickness upper tower shell su 20 15 

Shell thickness lower tower shell sℓ 21 16 

Thickness of cover plate tc 8 

Diameter of bolt whole d0 33 

Nominal diameter of bolt shank d 30 

Minor diameter of bolt thread d3 25.7 

Outside diameter of the plane head bearing  
surface of the bolt dw 

50 

Thickness of washer twasher 4 

Substitutional extension length of bolt head ℓhead 7.5 

Length of bolt shank ℓshank 37.1 32.3 

Free length of unengaged loaded thread ℓthread 15.9 10.8 

Length of engaged loaded part of thread ℓeng.thread 15 

Substitutional extension length of nut ℓnut 12 

2.2.8.5.2 Ultimate limit state 

The static resistance at the Ultimate Limit State can be defined as the slip resistance of friction 

connection on the one hand (which is critical both in pressure and tension) and the yield resistance of 

the finger (net shell cross section) on the other hand.  

As dead weight components add to the bending effect, the highest design loads are found in the 

compressed zone. In tension the unfavourable effects of negative transversal strains were found to have 

only little effect on the resistance. By symmetry it can be assumed that the positive transversal strains 

will not have a significant influence either. Thus it is a slightly conservative but reasonable design 

assumption to consider loads from the compressed zone of the connection and resistance from the 

tensile zone. As for the flange connections, the effects of shear forces can be neglected. 

Assuming that the longitudinal stresses are uniformly distribution over the shell segment width c, the 

design resistance of the friction joint is given by the minimum value of maximum slip resistance of the 

friction connection (cp. chapter 2.2.2.2.1) and the cross sectional resistance of the segment finger (net 

cross section of shell).  

From this follows a maximum allowable stress σult,Rd in the gross cross section of the tower shell of 
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⋅⋅⋅
=

0

,0

3

,

, ;min
M
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Rdult
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Fkn

γγ

µ
σ  

with  ns : number of bolts in row 

µ   : slip factor 

ks  : reduction factor for long slotted holes  taken as 64.0=sk from  

  preliminary small scale tests 

Fp,C : characteristic preload force in bolt taken as subCp AfF ⋅⋅= 7.0,  
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c :  width of shell segment (belonging to one bolt row) 

s :  shell thickness 

d0 : diameter of bolt hole and width of finger cut, resp. 

fy,shell : characteristic yield strength of tower shell material 

γM0 : partial factor taken as γM0 = 1.0 

γM3 : partial factor taken as γM3 = 1.25 

Table 2.42 and Table 2.43 summarize the results for different slip factors for the contact surface in the 

friction joint. The connections are optimized for the extreme design loads given in Table 2.39. 

Table 2.42: Ultimate resistance of friction connection 1 and 2; Contact surface panted with zinc primer 

Connection 1 Connection 2 

Zinc coating ���� µ = 0.45 upper 

tube 

lower 

tube 

upper 

tube 

lower 

tube 

Number of bolt rows nr 140 84 

Number of bolts per row ns 4 4 

Number of bolts in connection 560 336 

Diameter of tower D [mm] 3911 3890 3456 3440 

Width of shell segment c [mm] 87 87 129 128 

Net width of shell segment cnet = c – d0 [mm] 54 54 96 95 

Cross section reduction due holes and cuts cnet / c 0.621 0.621 0.744 0.742 

Max slip resistance at ULS [N/mm²] 207.8 197.9 186.9 176.6 

Max allowable stress in gross cross section [N/mm²] 220.3 220.3 264.2 263.5 

Ultimate resistance of connection σ σ σ σ ult,Rd [N/mm²] 197.9 176.6 

Table 2.43: Ultimate resistance of friction connection 1 and 2; Tower shell made of weathering steel 

Connection 1 Connection 2 

Weathering steel ���� µ = 0.79 upper 

tube 

lower 

tube 

upper 

tube 

lower 

tube 

Number of bolt rows nr 80 64 

Number of bolts per row ns 4 3 

Number of bolts in connection 320 192 

Diameter of tower D [mm] 3911 3890 3456 3440 

Width of shell segment c [mm] 153 152 169 168 

Net width of shell segment cnet = c – d0 [mm] 120 119 136 135 

Cross section reduction due holes and cuts cnet / c 0.784 0.783 0.805 0.804 

Max slip resistance at ULS [N/mm²] 207.5 198.9 187.8 177.1 

Max allowable stress in gross cross section [N/mm²] 278.4 277.9 285.7 285.3 

Ultimate resistance of connection σ σ σ σ ult,Rd [N/mm²] 198.9 177.1 
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2.2.8.5.3 Fatigue design 

For the fatigue design verification of the bolts the load variation ranges due to lateral contraction of the 

shell has to be checked. In accordance with chapter 2.2.2.2.1 the pre-load variation ∆Fp,C of the bolts is 

given by 

( )
shelljoint

iiz

Cp
E

s
F

⋅

⋅∆∑⋅
⋅=∆

δ

σν
β ,

,  

with  β : empirical determined correction factor taken as 25.1=β  

ν  : Poisson ration taken as 3.0=ν  

∆σz  : maximum stress variation range in the net cross section of the  

  tower cross section i, taken as Rdultnetz cc ,σσ ⋅=∆  

si  : shell thickness of the tower cross section i   

δjoint : elastic resilience of bolted connection  

Eshell  : Young-modulus of tower shell material 

Note: Comparison of the calculated values with test results show that in 5 % of the cases the given 

approach leads to slightly unsafe results due to local effects in the friction connection. Therefore a 

correction factor ββββ  = 1.25 has been included to obtain always safe results. 

As the shell stresses are transferred from one tower segment to the other stepwise within the friction 

connection, cp. Figure 2.141, the sum ( )iiz s⋅∆Σ ,σ  can be simplified by  

( ) meanmeanziiz ss ⋅∆≅⋅∆Σ ,, σσ  

with  ∆σz,mean  : mean stress variation range of the net cross section of both tower cross sections 

smean  : mean shell thickness of both tower cross sections  

As the stress variation ranges in the bolts are linear correlated to the load actions, the DEL method can 

be applied.  

All intermediate results for the determination of the resulting DEL pre-load variation range acc. to 

chapter 2.2.2.2.1 is given in Table 2.44. 

 

Figure 2.141: Sketch of idealised stress distribution in tower shells within the friction connection  

zone and considered lateral contraction )25.1( ,, calcytotaly εε ⋅= of the shell      
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Table 2.44: Resulting pre-load variation range in bolts; all input parameters are summarized in Table 2.41 

Description Equation / Parameter Connection 1 Connection 2 

Mean shell thickness means  20.5 mm 15.5 mm 

Maximum stress in “mean 
shell” 

Edult

mean

mean
meanz

c

dc
,

0
,max σσ ⋅

−
=∆  314.2 N/mm² 230.1 N/mm² 

elastic resilience of bolt head 
nombolt

head
head

AE ⋅
=
ℓ

δ  5.053 E-08 5.053 E-08 

elastic resilience of shank 
ibolt

i
shank

AE ⋅
=

ℓ
δ  2.546 E-07 2.223 E-07 

elastic resilience of unengaged 
loaded part of thread 

3dbolt

thread
threadfree

AE ⋅
=
ℓ

δ  
1.486 E-07 1.009 E-07 

elastic resilience of  
engaged bolt thread 

3dbolt

threadeng.

threadeng.
AE ⋅

=
ℓ

δ  
8.084 E-08 8.084 E-08 

elastic resilience of nut 
nomnut

nut
nut

AE ⋅
=

ℓ
δ  1.376 E-07 1.376 E-07 

elastic resilience of the 
preloaded bolt 

nutthreadengthreadfreeshankheadbolt δδδδδδ ++++= .
 6.722  E-07 5.922 E-07 

elastic resilience of clamping 
package 

( ) ( )
( ) ( )

ϕπ

ϕ

ϕ

δ
tan

tan

tan
ln2

0

00

00

⋅⋅⋅













+⋅+⋅−

−⋅+⋅+
⋅

=
dE

dddd

dddd

cp

cpww

cpww

cp

ℓ

ℓ

 1.150 E-07 1.070 E-07 

total resilience of the joint cpboltjoint δδδ +=  7.872 E-07 6.992 E-07 

Maximum resulting pre-load 
variation range in bolts shelljoint

meanmeanz

Cp
E

s
F

⋅

⋅∆⋅
⋅=∆

δ

σν
β ,

,

max
max  

-23.54 kN -12.24 kN 

Pre-load variation range in 

bolts for the DEL in net shell 
cross section 

shelljoint

meannetDELz

DELCp
E

s
F

⋅

⋅∆⋅
⋅=∆

δ

σν
β ,,

,,
 

-2.70 kN -1.53 kN 

The fatigue stress of the pre-loaded bolts at Nref = 8102 ⋅ cycles can be calculated with a Wöhler curve 

with constant slope m = 4, which is common practice in wind-tower design, see also [27]. For the pre-

loaded bolts detail category 50 is used acc. to EN 1993-1-9 [12]. This leads to 

Characteristic fatigue resistance (Nref = 8102 ⋅ ): ²/81.15
102

102
50

4

1

8

6

, mmNRbolt =










⋅

⋅
⋅=∆σ  

DEL in bolts of connection 1: ²/82.4
6.560

2700,,

,1, mmN
A

F

s

DELCp

DELbolt ===∆σ  

DEL in bolts of connection 2: ²/73.2
6.560

1530,,

,2, mmN
A

F

s

DELCp

DELbolt ===∆σ  

The final fatigue design verification than reads 

 1≤
∆

∆⋅

MfR

DELFf

γσ

σγ
  with  15.1=Mfγ  and 0.1=Ffγ . 

� Connection 1:  135.0 <  

� Connection 2:  120.0 <  
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The fatigue design of the shell is done in the same way using detail category 90 

Characteristic fatigue resistance: ²/46.28
102

102
90

4

1

8

6

, mmNRshell =










⋅

⋅
⋅=∆σ  

With the damage equivalent stresses of the gross cross section given in chapter 2.2.8.4 the final fatigue 

design verification leads to 

� Connection 1:  191.0 <  

� Connection 2:  186.0 <  

The general fatigue safety of the “finger cut” of the friction connection can be improved by a smother 

cutting line, which leads to a smaller geometrical notch at finger base. Figure 2.142 gives an example 

for such an improvement by using a clothoidal cut instead of a circular cut. 

 

Figure 2.142: Scheme of circular and clothoidal finger cutting lines, respectively 

This type of cutting would also improve the quality of the cutting edge itself, as the change-over from 

linear to curved cutting is easier to handle for the cutting-machine and thus will improve the fatigue 

safety even more as the metallurgical and physical notch will become smaller. 
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2.2.8.6 Flange connection 

2.2.8.6.1 Flange geometry 

The dimensions and material properties of the relevant flange of tower joint 1 and 2 are given in 

Figure 2.143 and Figure 2.144. 

 

Figure 2.143: Flange 1 - Dimensions and material properties of upper flange in tower joint 1 

 

Figure 2.144: Flange 2 - Dimensions and material properties of upper flange in tower joint 2 

2.2.8.6.2 Ultimate Limit State 

The ultimate resistance of the flange can be calculated acc. to chapter 2.2.2.2.2 of this report. With the 

given dimensions for 

Flange 1:           Flange 2:  
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and the design resistances of the single components 

- Design tensile resistance of bolts: 

2

,

9.0

M

sub
Rdt

Af
F

γ

⋅⋅
=  

  Flange 1:  kNF Rdt 1.807
25.1

21.111009.0
1,, =

⋅⋅
=  

  Flange 2:  kNF Rdt 2.588
25.1

17.81009.0
2,, =

⋅⋅
=  

- Design plastic bending resistance of shell  

0
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4 M

shy
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shyshpl
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=  

  Flange 1:  kNcmM shRdpl 6.306
1.14

5.350.25.9 2

1,,, =
⋅

⋅⋅
=  

  Flange 2:  kNcmM shRdpl 4.163
1.14

5.355.10.9 2

2,,, =
⋅

⋅⋅
=  

- Design plastic resistance of shell 
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  Flange 1:  kNcmN shRdpl 2.613
1.1

5.350.25.9
1,,, =

⋅⋅
=  

  Flange 2:  kNcmN shRdpl 7.435
1.1

5.355.10.9
2,,, =

⋅⋅
=  

- Design plastic bending resistance of shell considering M-N-interaction 
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- Design plastic bending resistance of net cross-section of flange  
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  Flange 1:  
( )

kNcmM netflRdpl 6.3267
1.14

5.350.95.45.9 2

1,,,, =
⋅

⋅⋅−
=  

  Flange 2:  
( )

kNcmM netflRdpl 6.2314
1.14

5.356.79.30.9 2

2,,,, =
⋅

⋅⋅−
=  

the ultimate resistance of the flange connection can be determined acc. to the plastic hinge theory 

described on page 53 of this report. It is given by the minimum value of 

 { }3,2,1, ;; ultultult ZZZMin  

with  

Rdtult FZ ,1, =  

  Flange 1: kNZult 1.8071, =  

  Flange 2: kNZult 2.5881, =  
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  Flange 1: kNZult 2.4512, =  

  Flange 2: kNZult 6.3112, =  
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  Flange 1: kNZult 9,4563, =  

  Flange 2: kNZult 0,4263, =   

This leads to the ultimate resistance of the connections as summarized in Table 2.45. The design 

verification is given in Table 2.46. 

Table 2.45: Ultimate resistance of flange connection 1 and 2 

 
Failure mode 

acc. to plastic hinge theory from Petersen [19] 

Ultimate tensile force 

in segment shell 

Zult,Rd  

[kN] 

Ultimate tensile stress 

in tower shell 

σσσσult,Rd  

[N/mm²] 

Flange 1 
“2” =  Yielding of bolt in combination 

with a plastic hinge in shell 
451.2 237.5 

Flange 2 
“2” = Yielding of bolt in combination 

with a plastic hinge in shell 
311.6 230.8 

Table 2.46. Design verification of connection flange 1 & 2 

 Resulting maximum 

tensile stresses in tower shell 

σσσσult,Ed 

[N/mm²] 

Design verification 

σσσσult,Ed / σσσσult,Rd 

[-] 

Flange 1 195 0.82 

Flange 2 171 0.74 

 

2.2.8.6.3 Fatigue design 

For ring-flange connections, with common wind-tower dimensions, the required stiffnesses CS and CD 

can be approximated by (see also Seidel [22]): 

- Bolt stiffness CS: 
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The bolt-load function of the considered connection flange can than be determined acc. to one of the 

theories given in chapter 2.2.2.2.2 of this report. For the given calculation example the method acc. to 

Schmidt/Neuper has been chosen, as it is the one most commonly used. All required curve parameters 

of this tri-linear model are summarized in Table 2.47. 

Table 2.47: Curve parameters of tri-linear Schmidt/Neuper bolt-load function model 

Curve parameter Flange 1 Flange 2 

DS

S

CC

C
p

+
=  0.197 0.205 

DS

D

CC

C
q

+
=  0.803 0.795 

a

ba

⋅

+⋅
=∗

7.0

7.0
λ  2.176 2.331 

CpI F
ba

ba
Z ,

5.0
⋅

+

⋅−
=  229.1 kN 141.0 kN 

CpII F
q

Z ,

1
⋅

⋅
=

∗λ
 406.3 kN 275.1 kN 

 

The final bolt-load is than given by 
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A re-adjustment of the pre-load Fp.C of all bolts within 6-month is assumed, thus 90% of the nominal 

pre-load can be taken into account acc. to DIBt-Guideline [8]. Figure 2.145 shows the resulting bolt-

load functions for flange connection 1 and 2. 
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Figure 2.145: Bolt load functions of connection 1 & 2 acc. to Schmidt/Neuper [21] 

 

For the exemplary determination of Rainflow matrices only loads will be considered, which produce 

stresses up to ~80% of the bolts yield strength, i.e. Zmax = 350 kN for flange 1 and Zmax = 250 kN for 

flange 2. It is assumed that the probability of occurrence of higher loads is too small to be considered in 

fatigue calculations. The results are presented in Table 2.48. 

Table 2.48: Relationship between load ZEd in the shell segment and  

resulting bolts force Ft,Ed in load steps of  50 kN 

 Flange 1 Flange 2 

Z [kN] Ft,Ed Ft,Ed 

0 639.0 459.0 

50 648.8 469.2 

100 658.7 479.5 

150 668.5 502.6 

200 678.4 540.7 

250 711.5 582.7 

300 747.9 699.3 

350 784.3 815.8 

 

With the tensile stress area As of the used bolts, matrices can be determined, which summarize the bolt 

stress variation ranges ∆σ N in function of the shell stress variation ∆Z = Zmax – Zmin Table 2.49 and 

Table 2.50 show the resulting matrices for flange 1 and 2. 
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Table 2.49: Resulting axial stress variation ranges ∆σ∆σ∆σ∆σN in bolts in function of load ranges Zmax - Zmin  

in Flange 1 

∆∆∆∆σ σ σ σ N [N/mm²] from Zmin [kN] 

to Zmax [kN] 0 50 100 150 200 250 300 350 

0         

50 8.8        

100 17.6 8.8       

150 26.4 17.6 8.8      

200 35.1 26.4 17.6 8.8     

250 64.7 55.9 47.1 38.3 29.5    

300 97.1 88.4 79.6 70.8 62.0 32.5   

350 129.6 120.8 112.0 103.3 94.5 64.9 32.5  

Table 2.50: Resulting axial stress variation ranges ∆σ∆σ∆σ∆σN in bolts in function of load  

ranges Zmax - Zmin in Flange 2 

∆∆∆∆σ σ σ σ N [N/mm²] from Zmin [kN] 

to Zmax [kN] 0 50 100 150 200 250 

0       

50 12.5      

100 25.0 12.5     

150 53.3 40.8 28.3    

200 100.0 87.5 75.0 46.7   

250 151.4 138.9 126.4 98.1 51.4  

As the method used to determine the bolt force functions does not consider bending stresses, the Wöhler 

curve for bolts in tension given in EN1993-1-9 [12] has to be reduced to detail category 36* (cp. [2], [8] 

and  [15]). In addition the reduction factor 

 ( ) 25.0
30 dk s =   

is used as all bolts have nominal diameters d larger than 30 mm. Following the recommendations from 

DIBt- [8] and GL-Guideline [15], no endurance limit is considered. The resulting properties of the 

Wöhler curves for the bolts are shown in Table 2.51. 

Table 2.51: Properties of the considered Wöhler curves 36*, cp. [2],[8],[15] 

 Bolt ks ∆∆∆∆σ σ σ σ C  with  NC = 2·10
6 
 ∆∆∆∆σ σ σ σ D  with ND = 10

7
 

Flange 1 M42 0.919 36.8 21.1 

Flange 2 M36 0.955 38.2 22.0 

Finally the single damages can be derived by 
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,  with 15.1=Mfγ  and 0.1=Ffγ . 

As no occurrences nE,i of the single load variation ranges ∆σ N  are given within this specific calculation 

example, Rainflow matrices for the damages produced by unique load cycles are calculated. The results 

are presented in Table 2.52 and Table 2.53.  

Table 2.52: Rainflow matrix for damages caused by one cycle per load variation range ∆∆∆∆Z in flange 1 

Di [cycle
-1

] from Zmin [kN] 

to Zmax [kN] 0 50 100 150 200 250 300 350 

0         

50 2.51 E-09        

100 8.05 E-08 2.51 E-09       

150 2.79 E-07 8.05 E-08 2.51 E-09      

200 6.62 E-07 2.79 E-07 8.05 E-08 2.51 E-09     

250 4.13 E-06 2.66 E-06 1.59 E-06 8.58 E-07 3.93 E-07    

300 1.40  E-05 1.05  E-05 7.69 E-06 5.41 E-06 3.64 E-06 5.23 E-07   

350 3.32  E-05 2.69  E-05 2.15 E-05 1.68 E-05 1.29 E-05 4.18 E-06 5.23 E-07  

Table 2.53: Rainflow matrix for damages caused by one cycle per load variation range ∆∆∆∆Z in flange 2 

Di [cycle
-1

] from Zmin [kN] 

to Zmax [kN] 0 50 100 150 200 250 

0       

50 1.20 E-08      

100 2.14 E-07 1.20 E-08     

150 2.07 E-06 9.27 E-07 3.09 E-07    

200 1.37 E-05 9.15 E-06 5.76 E-06 1.39 E-06   

250 4.74 E-05 3.66 E-05 2.75 E-05 1.29 E-05 1.85 E-06  
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2.2.8.7 Material costs assessment 

 

Only material costs for the flange and friction connection, considered above, are compared here, while 

the assembling time needed is provided in Ch. 2.2.5 Feasibility.  Table 2.54 and Table 2.55 show the 

material costs for both flange connections. The price information was provided by Repower in 

December 2007.  

Table 2.54. Material costs of flange connection 1 

Component Unit price [€] Amount Total Price [€] 

Flange (da=3917mm) 6762.00 2 13524 

Bolt (M42x245 10.9) 20.32 124 2520 

  Total:  16044 

Table 2.55. Material costs of flange connection 2 

Component Unit price [€] Amount Total Price [€] 

Flange (da=3448mm) 4395.00 2 8790 

Bolt (M36x205 10.9) 11.40 116 1322 

  Total:  10112 

 

Table 2.56 and Table 2.57 show the material costs for both friction connections with ethyl silicate zinc 

rich paint. The prices of Tension Control Bolts were based on a quote from TCB Ltd for 1000 pieces 

dated from August 2007. 

Table 2.56. Material costs for friction connection 1 with ethyl silicate zinc rich paint and optimum 

dimensions 

Component Unit price [€] Amount Total Price [€] 

Bolt (M30x110 S10T) 5.45 560 3052 

  Total:  3052 

Table 2.57. Material costs for friction connection 2 with ethyl silicate zinc rich paint and optimum 

dimensions 

Component Unit price [€] Amount Total Price [€] 

Bolt (M30x110 S10T) 5.45 336 1831 

  Total:  1831 
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The total material costs for two flange connections are 26156 €, while the costs for the friction 

connection is 4883 €. 

From these rather rough estimations, it is clear that the material costs for the assembling connections 

can be cut down by about 80%. The savings are here more than 20000 € per tower, accounting on prices 

from 2008. 

When possible, using weathering steel would decrease the required amount of bolts additionally by     

40 %. The additional costs for the steel plates could be compensated by the absence of coating. 

The fabrication costs are not included in this estimation. The time estimate from Ch. 2.2.5 Feasibility is 

based on “the first time” experience and certainly will time could be significantly reduced. In addition 

the slotted holes could be produced by the steel produces further decreasing the fabrication time. 

The installation costs are not considered. Although the friction connections require about four times 

more bolts, bolts are smaller and the tightening tools are easier to handle. The tightening procedure of 

Tension Control Bolts or Huck Lockbolt is also advantageous taking into account speed of tightening 

which may be at least two times faster than with conventional bolts and only one operator is needed.  

 

2.3 Conclusions 

 

The main innovation of the project is use of high-strength bolts in the lap friction connection with long 

open slotted holes. The connection is used for assembling of the towers for wind turbines. The 

commonly used flange connection is seen as limiting factor for use of the higher strength steel because 

of its relatively low fatigue endurance, the detail category between 36 and 71. Therefore, much efforts 

have been focused on understanding of the new friction connections behaviour exposed to the static and 

cyclic loading. One of important parameters is to quantify loss of the pretension force in the bolts 

during the life time of the tower. The results are based on: 

- various small scale tests of the friction connection to establish main characteristic of the 

connection, 

- down scale tests to model bending of the friction connection of the tower,  

- feasibility tests to prove manufacturing and assembling of two segments of a tower.   

Following are main conclusions found in the project.     

- The slip factor is established on steel plates made of steel grades varying from S275 to S690. The 

values primarily depend on finishing and the thickness of the primer. It is very common that the primer 

is thicker than requested which negatively influenced the slip factor. The slip factor for ethyl silicate 

zinc rich paint and to the weathering steel is in range of 0,2 to 0,6, respectively. The average value of 

the slip factor for ethyl silicate zinc rich paint,100 mµ thick, is about 0,45.    

- Ultimate resistance of the connection is experimentally established on a series of the short and long 

term tests. The influence of the long open slotted hole is estimated by two parameters, complying to 

EN1993-1-8: the slip factor 0.45µ = and the correction factor s 0.64k = . The slip resistance achieved 

for a pretension of 1 kN is therefore s 0.45 0.64 0.288 kNkµ ⋅ = ⋅ =  for the ethyl silicate zinc rich primer. 

It is worth to note that a cover plate is used in the connection instead of washers. Material properties of 

the cover plate corresponds to the steel grade and the thickness of the washer. 
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- Fatigue detail category 112 is proposed for the friction connection tested for the fatigues assessment 

according EN1993-1-9.  

- Loss of pretension force in the bolt is the most crucial information for the safety of friction 

connection. Four types of the bolts are experimentally examined: Tension Control Bolts, standard bolt 

with Nord-Lock washers, Friedberg HV-Rändel bolt and Huck Lockbolt. Behaviour is analyzed for 

various parameters, such as: the bolt length, the primer thickness, type of loading, influence of the gap. 

Methodology and design recommendations for the friction forces at the end of the life time are shown in 

the report.  

It is interesting to note that loss of the pretension force is almost double for weathering steel, 

independent of the grip length and bolt diameter, compare to the steel plate with the primer.  

- Feasibility of the friction connection, its production and assembling, is confirmed in production plant 

of the industrial partner. Two segments of the tower, one with the open slotted holes and the other with 

the holes with pre-installed bolts in normal clearance holes are successfully assembled with rather tight 

tolerances. The gap between two tower segments, 2 m in diameter and 14 mm thick, before 

pretensioning of the bolts is between 2 mm to 5 mm. After the assembling of two segments the gap is 

mostly smaller than 0,5 mm with two exceptional measurements of 1,0 mm and 1,7 mm at two different 

positions of the bolt rows. The mean of the gap after the assembling is 0,2 mm.     

- A design example of the friction connection and the flange connections is presented. Based on this 

example, it is roughly estimated that cut down of the material costs by about 80 % for the friction 

connection contributes to direct savings about 200 k€ per tower. The advantage of the new type of 

connection is clearly shown.   

- Four point down-scaled bending test of the friction connection has been very well experimentally 

investigated and rather successfully modelled by FEA. Based on the benchmarked FE model, a 

parametric study is performed to investigate influence of the gap and use of high-strength steel grades. 

It is shown that increase of the gap from 5 mm to 6 mm causes 10 % of the ultimate load decrease of the 

considered 1 m diameter cylinder.  For the same specimen, it is numerically predicted that using higher 

strength steel grades (yield strength 690 MPa compared to yield strength of 415 MPa) leads to increase 

of the ultimate load for about 40 %. The failure mode is local buckling close to the applied load, for 

both steel grades.  

 - FE analysis of the monitored tower door opening is performed in order to analyse the use of higher-

strength steel in the lower sections. The main result is that the ultimate load of the model using S690 is 

predicted to be more than 50 % higher comparing with model where S355 is used. 

- Results of supporting activities in the project, such as parametric study of the door openings including 

the foundations, analysis of the tower exposed to an earthquake loading, monitoring of the tower with 

flange connection and its FE analysis are important for the main project conclusion: there are benefits 

of using high strength steel grades in wind towers with the friction assembling connection. 
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2.4 Exploitation and impact of the research results 

 

Actual applications of the results are very evident. Plans to build up the pilot tower using our concept 

are discussed with our industrial partners. 

Technical and economic potential for the use of the results is very big. Very good response of the 

engineering community is received and big interest in our results was shown during the workshops 

organized in Germany and Sweden.  

The consortium is highly aware of possible big impact of solution and would like to share the results 

openly with the engineering community in order to prevent global climate changes. 

 

Publications / conference presentations resulting from the project; 

Feldmann, M., Naumes, J., Pak, D.: Zum Last-Verformungsverhalten von Schrauben in vorgespannten 

Ringflanschverbindungen mit überbrückten Klaffungen im Hinblick auf die Ermüdungsvorhersage 

(Load-deformation behaviour of preloaded bolts in ring flange connections with bridged gaps with 

regard to a fatigue behaviour prediction), Stahlbau, 80: 21-29, doi: 10.1002/stab.201001386, 2011 

W. Husson; M. Veljkovic: Behaviour of a friction connection using TCB in long slotted holes. 

Conference on Steel, Space & Composite Structures, Yantai, China, 10-12 October 2007. 

W. Husson; M. Veljkovic: Innovative connection in tubular steel towers – Experiments on segment 

specimens under static loading. EUROSTEEL 2008, Graz, Austria, 3-5 September 2008. 

W. Husson; M. Veljkovic: Performance of a High Strength Friction Grip Connection with Open Slotted 

Hole. International Workshop on Connections in Steel Structures: Connections VI, Chicago, USA, 23-

25 June 2008. 

W. Husson; M. Veljkovic: Safe and Innovative Connection in Tubular Steel Towers for Wind Turbines. 

EWEC 2008, Brussels, Belgium. 

A. Hammer Jeppesen: An alternative connection in steel towers for wind turbines. Luleå University of 

Technology, September 2008. 

W. Husson; M. Veljkovic: Resistance of Friction Connections with long slotted holes. International 

seminar and open workshop – New connection detailing of towers for wind turbines, Hamburg, 

Germany, 5 November 2008. 

Husson, W.: Friction Connections with Slotted Holes for Wind Towers. Licentiate Theses, Luleå 
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Heistermann, C., Husson, W., Veljkovic, M.: Flange Connections vs. Friction Connections in Towers 

for Wind Turbines. Proceedings of Nordic Steel Construction Conference 2009, Malmö, Sweden, Luleå 

University of Technology & SBI, 2009. 

Heistermann, C., Heistermann, T., Veljkovic, M.: Remaining Pretension Force in Friction Connections. 

Proceedings of 4th International Conference on Steel & Composite Structures, Sydney, Australia, 21 – 

23 July 2010. 

Golling, S.: Stress Concentration at the Door Opening of Steel Towers for Wind Turbines. Internship 

report, Luleå University of Technology, 2008 
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monitoring of wind towers. Proceedings of the VII national congress of experimental mechanics - 
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meters high wind turbine steel tower, proceedings of the IABSE Conference on Information and 

Communication Technology (ICT) for Bridges, Buildings and Construction Practice, Helsinki, Finland, 
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C. Rebelo, R. Matos, R. Simões, L. Simões da Silva and M. Veljkovic, Fatigue tests on steel friction 
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Innovative solutions for assembling joints of a tubular tower for wind turbines were stud-
ied and the project provides a background for design. This solution is simpler to produce 
and 80 % less expensive than traditional flange connection. Our feasibility study at the 
production plant indicates that the towers would be easy to assemble in situ. In addi-
tion to the direct cost savings due to the technical simplicity of the solution, the high-
er fatigue endurance than that of the flange connection is experimentally established. 
Further reduction of costs due to optimal use of higher-strength steel grades, especially 
in the bottom segments of the tower where the stiffening of the door opening is costly, is 
shown in the report.  

The total reduction of the costs for tower is estimated at about 10–15 % compared to 
the traditional tower.

The project objectives are achieved in following sequences.

•  Experimental activities of the friction connection: small-scale tests to establish resist-
ance of the friction connection for a variety of faying surfaces and bolt types, accom-
panying testing to ensure realistic input data for FEA, long-term testing to establish 
loss of pretension forces during the lifetime and fatigue tests.

•  Bending test of the friction and flange connection in a down-scaled tower.  

•  Feasibility of production of the tower segments in the laboratory and at the production 
plant.  

•  Monitoring of the existing tower to access a stress variation during the operation.

•  FEA analysis of experimental results and a complete case study of the monitored 
tower.  

Numerical examples for design of the friction connection are given for the sake of illus-
tration and to encourage use of the new connection.




