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Tässä diplomityössä analysoidaan mittausdataa kallioankkuroidusta tuulivoimalan 

perustuksesta ja saatuja tuloksia verrataan suunnittelulaskelmiin. Työssä tarkastellaan 

peruksen osista kallioankkureita ja adapterilevyä. Mitatun datan jälkiprosessointi ja 

analysointi suoritetaan Matlab ja Excel ohjelmistoilla. Työn tarkoituksena on verifioida 

Peikon nykyinen suunnitteluprosessi ja luoda pohja perustuksen optimoinnille. 

  

Työn kirjallisuustutkimuksessa käsitellään analyyttisia laskentamenetelmiä staattiseen 

ja väsymismitoitukseen sekä esitetään venymäliuskamittauksen perusperiaatteet. Työn 

kokeellisessa osuudessa analysoidaan perustuksista mitattua dataa ja lisäksi 

muodostetaan perustuksen elementtimenetelmämalli Abaqus CAE ohjelmistolla. 

Kallioankkureiden staattinen analyysi sekä väsymisanalyysi tehdään mitatusta datasta ja 

saatuja tuloksia verrataan analyyttisesti laskettuihin tuloksiin. Adapterilevystä mitattuja 

jännityksiä verrataan elementtimenetelmämallista saataviin jännityksiin ja 

väsymisanalyysi tehdään elementtimenetelmämallin pohjalta. 

 

Työn tuloksena Peikon käyttämät laskentamenetelmät pystyttiin verifioimaan. Tämä 

avaa jatkossa mahdollisuuden perustuksen optimointiin ja lisäksi työn tekemisen aikana 

löydettiin useita mielenkiintoisia jatkotutkimusaiheita. 

 

Asiasanat: Tuulivoimala, kallioankkuri, venymäliuska, elementtimenetelmä, Matlab, 
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ABSTRACT 

Analysis of Experimental Measurements on the Rock Anchored Wind Turbine 

Foundation 

Juha Tiikkainen 

University of Oulu, Degree Programme of Mechanical Engineering 

Master’s thesis 2017, 101 p.  

Supervisor: Matti Kangaspuoskari  

 

This thesis concerns the analysis of the experimental measurements on the rock 

anchored wind turbine foundation. The analysis is concentrated on the rock anchors and 

the adapter plate. The measured data is post-processed and analysed with Matlab and 

Excel software.  The objective of this thesis is to verify Peikko’s design procedure and 

to form a basis for the future research and foundation optimization. 

In the literature research analytical methods for static and fatigue design and 

fundamentals of the strain gauge measurement theory are presented. The experimental 

part involves the formation of the FE-model of the rock anchored foundation with the 

Abaqus CAE software and analysis of the measured data. The static and fatigue analysis 

of the rock anchors are carried out from the measured data and results are compared 

with the results from the design calculations. Also measured data from the adapter plate 

is compared with data from FE-model and the fatigue analysis of the adapter plate is 

carried out from the FE-model data.  

As a result of this thesis Peikko’s design procedure is verified and now FE-model of the 

rock anchored wind turbine foundation design is benchmarked with data from the real 

world measurements. This leaves opportunities for foundation optimization and many 

interesting subjects for future research has already been found. 

Keywords: Wind turbine, Rock anchor, strain gauge, Finite Element Method, Matlab, 

Fatigue 
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TERMS AND SYMBOLS 

 

𝐴𝑡 cross-sectional area of the threaded part of the bolt 

𝐴𝑢𝑡 cross-sectional area of the threaded part of the bolt 

𝐴(𝑧) cross-sectional area at the depth of z 

𝑎𝐶 fatigue parameter in Crossland’s method 

𝑎𝐹 fatigue parameter in Findley’s method 

𝑎𝑆 fatigue parameter in Sines method 

𝑏𝐶 fatigue parameter in Crossland’s method 

𝑏𝐹 fatigue parameter in Findley’s method 

𝑏𝑆 fatigue parameter in Sines method 

𝐷 cumulative damage 

𝐷𝐿 maximum allowed cumulative damage 

𝑒0 output voltage 

𝐸 Young’s modulus 

𝐸𝑒𝑥 excitation voltage  

𝐹𝐴 external force 

𝐹𝑃𝑅𝐸 pre-tension force 

𝐹𝑅𝐴 force in the rock anchor 

𝑓𝑦 yield strength  

𝑓−1 fatigue limit in fully reversed tension 

𝑓0 fatigue limit in repeated tension 

𝑓𝑢 ultimate strength 

GF strain gauge factor 

√𝐽2.𝑎 second invariant of the deviatoric stress tensor (amplitude)  

𝑘𝑓 stress concentration factor 

𝑘𝑠 reduction factor 

𝐿𝑓 free length in rock anchor 

𝑙𝑡  length of the threaded part of the bolt 

𝑙𝑢𝑡  length of the unthreaded part of the bolt 

𝑀  mean stress sensitivity factor 



 

𝑁𝑅  number of stress ranges 

𝑛(𝑀) load introduction factor 

R nominal resistance 

Δ𝑅  change of resistance 

R   stress ratio 

𝑟𝑐   mean radius of the tower flange 

𝑟𝑠   mean radius of the anchor circles 

T   duration of one cycle 

𝑡𝑐   width of the tower flange 

𝑡𝑠   width of the equivalent steel ring 

𝑡−1  fatigue limit in fully reversed torsion 

 

 

Δ𝜎𝐶 fatigue detail category 

Δ𝜎𝐶.𝑟𝑒𝑑 reduced fatigue design category 

Δ𝜎𝐷 constant amplitude fatigue limit 

Δ𝜎𝐸.2 design value of the nominal stress range 

Δ𝜎𝐿 cut-off limit 

Δ𝜏𝐸.2 design value of nominal shear stress range 

𝜖 engineering strain 

𝛾𝐹𝑓 fatigue safety factor for load 

𝛾𝑀𝑓 fatigue safety factor for material 

𝜈 Poisson’s ratio 

Φ𝑛(𝑀)  load sharing factor 

𝛿𝑅𝐴 elastic compliancy of the bolt 

𝛿𝐶𝑃 elastic compliancy of the clamped parts 

𝜎1𝑎 maximum principal stress amplitude 

𝜎1𝑚 maximum principal mean stress 

𝜎2𝑎 mean principal stress amplitude 

𝜎2𝑚 mean principal mean stress 

𝜎3𝑎 minimum principal stress amplitude 

𝜎3𝑚 minimum principal mean stress 

𝜎𝐴   stress amplitude 



 

𝜎𝐴
∗   mean stress corrected fully reversed stress amplitude 

𝜎𝐴.𝑒𝑞.𝑀𝑃𝑆 equivalent stress amplitude, maximum principal stress theory 

σ𝐴.𝑒𝑞.𝑀𝑆𝑇 equivalent stress amplitude, maximum shear stress theory 

σ𝐴.𝑒𝑞.𝑣𝑀  equivalent stress amplitude, von Mises theory 

𝜎𝐻.𝑚  mean value of hydrostatic stress 

𝜎𝐻.𝑚𝑎𝑥  maximum value of hydrostatic stress 

𝜎𝑀  mean stress 

𝜎𝑀.𝑒𝑞.𝑣𝑀  equivalent mean stress, von Mises theory 

𝜎𝑁.𝐹  normal stress on the critical plane 

𝜎𝑅   stress range 

𝜃 angle of principal stress 

𝜏𝐴.𝐹 shear stress amplitude on the critical plane 

 

 

FLS Fatigue limit state 

FEM Finite Element Method 

MD Maximum damage 

MP1 Measuring plane 1 

MP2 Measuring plane 2 

MP3 Measuring plane 3 

MSSR Maximum shear stress range 

RFC Rainflow Counting 

SLS Service limit state 

ULS Ultimate limit state 
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1 INTRODUCTION 

This work contains experimental measurements on a rock anchored wind turbine 

foundation and comparison of results to analytical and numerical design calculations.  

This project was earlier started by Peikko Group in co-operation with Ramboll Finland 

Oy and VTT Expert Services Oy. My interest awakened when Peikko Group was 

looking for a master’s thesis worker capable of structural engineering and data 

processing. The starting point of this master’s thesis was that one rock anchored 

foundation of a Vestas V126-3.3 MW wind turbine in Saarenkylä Wind Park was 

instrumented with strain gauges and extensometers to measure stresses and 

deformations from the tower to the bottom of rock anchors. Later, load cells were added 

to measure forces in the rock anchors. VTT Expert Services Oy was responsible for the 

design and implementation of the measurements. The measurements had already begun 

and a master’s thesis was set up for analyzing the measured data. In this thesis the 

whole measurement setup will be expressed, but analysis is restricted to the rock 

anchors and adapter plate. The analysis of data will be carried out with Matlab software. 

The goal of this thesis is to understand how the rock anchored foundations really behave 

under loading and transfer results to current design procedure. This thesis will be 

continued later with the analysis of the rest of the foundation.  

Previous research related to Peikko’s rock anchored foundations was done by Riikka 

Leino at Tampere University of Technology (Leino 2015). Leino’s master’s thesis was 

carried out as a literature review of the design procedure of the rock anchored wind 

turbine foundation. Her thesis mainly focused on below ground level design. The 

interface between Leino’s work and this thesis is the load distributing adapter plate 

which transfers loads from the tower to the rock via a concrete foundation and rock 

anchors. The basic idea of the rock anchored foundation is to replace major part of the 

stabilizing concrete mass of a gravity based foundation with rock mass. Rock mass is 

tied up with the foundation with post-tensioned rock anchors. This solution significantly 

decreases the amount of required concrete and reinforcement, leading to lower 

construction costs. As a part of results, Leino noted that design regulations in rock 

anchoring are contradictory and there are still many open questions which needs further 

research. The measurements done in this thesis try to answer to some of those. 
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The design of the adapter plate and rock anchors depends on each other and thus the 

design procedure is an iterative process. The initial design is carried out with analytical 

methods as accurately as possible and the final design with a finite element (later 

referred as FE) method. In the theoretical part of this thesis a more accurate analytical 

method, which is based on preloaded bolted joints on monopoles, is presented for rock 

anchor force calculation. Also a formation of the complete FE model of the rock 

anchored wind foundation is presented.  FE analysis is carried out with Abaqus CAE 

software. Finally, results obtained from the analytical calculations and FE–analysis will 

be compared with the results from the real world measurements.  

Structures like wind turbine foundations are exposed to hundreds of millions stress 

changes during their lifetime and fatigue is often a critical design factor. Thus all 

components of the foundations have to be designed against fatigue (GL 2010 p.5.5 and 

5-15). In this thesis, fatigue analysis according to Eurocode EN 1993 and additions from 

wind turbine design standards are deeply analyzed. Also some multiaxial fatigue 

methods are presented for the fatigue analysis of the adapter plate. Finally, fatigue 

analysis for the rock anchors is carried out from measured data and for the adapter plate 

from the results of FE-analysis. 

Wind turbine towers are well analyzed in the sense of stresses and fatigue and 

researched data can be easily found. With rock anchored foundations, hardly any results 

related to measured data can be found. Many design principles are based on linear 

theories and questions of validity and economic efficiency of those remains open. On 

the other point of view the sizes of the turbines have grown during last 15 years which 

has led to significantly higher foundation loads. Thus, it is very important to measure 

the true behavior of the foundation. Due to this, the demand for this master’s thesis is 

obvious. 
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2 PEIKKO’S ROCK ANCHORED FOUNDATION 

Rock anchored wind turbine foundations are used in places where the bedrock is close 

to the Earth’s surface. Instead of blasting the solid rock away for a gravity foundation, 

the rock anchored foundation uses it as a stabilizing mass. The rock mass is tied up with 

the foundation with great enough of number of post-tensioned rock anchors. When the 

rock anchored foundation is compared with the gravity foundation, the positive 

difference is that only fraction of concrete and reinforcing steel is used. While a gravity 

foundation has a diameter of around 20 metres and it can be two and a half metre thick 

in the middle part, the diameter of the rock anchored foundation is hardly greater than 

the diameter of the turbine and the height in the middle is normally less than one metre. 

In Saarenkylä Wind Park, where the measurements are carried out, the concrete used in 

the rock anchored foundation is approximately one tenth of the concrete required to the 

corresponding gravity foundation. From this point of view, the rock anchored 

foundation can deliver a cost effective solution which can also be thought to be more 

environmentally friendly.  

A general structure of Peikko’s rock anchored wind turbine foundation used in 

Saarenkylä Wind Park is shortly presented in this chapter. For interested readers, 

construction time images and videos are available on Peikko’s website 

(http://references.peikko.com/reference/saarenkyla-wind-park/). An exploded view of 

the foundation is presented in Figure 1. The rock anchored wind turbine foundation has 

four major components: adapter plate with tower bolts, concrete foundation, rock 

anchors and a drilling template.   

1. The adapter plate, concrete foundation and rock mass are tied up with post-

tensioned rock anchors. Peikko’s solution is a FATBAR rock anchor, which is 

available in sizes 30-56mm up to the length of 11900 mm. The FATBAR rock 

anchors are made from Y 1050H pre-stressing steel and threads are cold rolled. 

Since all components in the wind turbines are prone to fatigue damage, the shape 

of the thread of the FATBAR is specifically designed for high fatigue life. Rock 

anchors can be installed in vertical or inclined position depending of the required 

amount of stabilizing rock mass. Rock anchors are assembled to the drilled holes 

http://references.peikko.com/reference/saarenkyla-wind-park/
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and grouted from the lowest part to the bedrock. Above the grouted part is so-

called free part, which is insulated from the grouting with a shrink tube. 

 

2. Tower adapter, which is later referred as the adapter plate, is around 100 mm 

thick machined steel plate, which is made from four identical parts. The first 

major function of the adapter plate is to support rock anchors from the top and 

act as a load spreading plate for the high post-tension force of the rock anchors. 

High compressional loads are transferred from the adapter plate via grouting to 

the foundation and finally to the base rock. The second main function is to 

anchor the tower to the foundation and transfer load from the tower finally to the 

base rock. Anchoring is normally done with standard metric bolts. The number, 

size and pre-tension force of the bolts are set by the wind turbine manufacturer. 

The foundation designer still has to prove the suitability of the bolts and pre-

tension force within the foundation design.  

 

3. Reinforced concrete foundation, referred as the concrete block in Figure 1, is 

used to distribute compressive stresses to a wider area on the surface of the rock. 

Below the concrete block the surface of the rock is smoothened with levelling 

casting before the concrete foundation is constructed. Multiple cable ducts are 

installed and guided between rock anchors inside the concrete foundation. 

Special high strength grouting is used between the adapter plate and the concrete 

foundation due to the high bearing stresses. 

 

4. A drilling template is used when the holes for the rock anchors are drilled to the 

bedrock to guide a drill in a correct direction.  
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Figure 1. Structure of the Peikko’s rock anchored foundation (Peikko 2016). 

 



15 

 

3 DESIGN STANDARDS AND GUIDES 

The basis for the wind turbine foundation designer is a loading document provided by 

the wind turbine manufacturer. Foundation loads are generally based on standard IEC 

61400-1 “Wind Turbines – Part 1 Design Requirements”, which concerns the design of 

all subsystems of the wind turbine. IEC 61400-1 defines a minimum number of 22 

different load cases, which consist of possible situations during transport, assembly, 

operative use and different fault situations. Seventeen of these load cases are for 

ultimate limit state and five for fatigue limit state (later referred as FLS) design. Design 

cases also include environmental conditions, e.g. temperature, icing and lightning 

protection are considered (IEC 61400-1: 32). In comparison against Eurocode, IEC 

61400-1 does not provide load combinations, instead it classifies load cases as normal 

(N), abnormal (A) or transport and erection (T) cases (IEC 61400-1: 35). For the 

foundation designer, it is good to understand background to these load cases, but the 

most important is the knowledge of the safety factors for each load case. The safety 

factors, which differ slightly from more familiar Eurocode, are presented in Table 1 

(IEC 61400-1: 42). 

Table 1. Partial safety factors for loads according IEC 61400-1. 

Unfavorable Favorable in all 

cases 
Normal (N) Abnormal (A) Transport and erection (T) 

1.35 1.1 1.5 0.9 

 

For ULS and service limit state (later referred as SLS), the loading document lists 

maximum values for overturning moment, vertical force, torsional moment and shear 

force in all governing load cases. The foundation designer has to check which one of 

those is the most governing one in each different design situation. An example line from 

the loading document for ULS design is presented the Table 2.  
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Table 2. ULS design loads. 

Characteristic extreme 

Lead LC/Family PLF Type Mbt1 Mzt1 FndFr Fzt1 

Sensor [-] [-] [-] [kNm] [kNm] [kN] [kN] 

Mbt1 12*********** 1.10 Abs 144200 -1255 1046 -6116 

 

For a simple fatigue analysis, an equivalent fatigue damage load or Rainflow count 

spectrum can be used. A more preferable way to perform fatigue analysis is to use 

Markov matrices (DNV-GL 2012:89). The Markov matrices normally contain 

information of peaks and valleys in a fatigue cycle and information about appearance 

order (Sutherland 1999:10). In a linear damage analysis the order of cycles is ignored 

and thus Markov matrices are reduced to the load-mean-range presentation. Loads are 

binned according to mean load levels and for each level the corresponding stress range 

and the number of cycles are given. Typical line from Markov matrices is presented in 

Table 3. 

Table 3. Fatigue design loads. 

Markov matrices 

Tower shear 𝐹𝑦 [kN] Tower bending 𝑀𝑥 [kNm] 
Tower torsion 𝑀𝑧 

[kNm] 

Level Range Cycles Level Range Cycles Level Range Cycles 

637.01 119.54 1.87E-01 634898 21548 3.5 4052 500 2239 

 

The foundation is designed according to national requirements. In Finland, the loading 

standard is not precisely defined and thus the foundation can be designed according to 

Eurocode or IEC 61400-1. A general way is to follow international design guides and 

use IEC 61400-1 as a loading standard and design foundation according to Eurocode 

with some additional requirements.  In this case Eurocode EN 1992 is used in the design 

of concrete structures, EN 1993 in the design of steel structures and EN 1997 in the 

geotechnical design. Additional requirements come from different wind turbine design 

guidelines. One of the most commonly used guideline is “Guideline for the Certification 

of Wind Turbines, 2010” by Germanischer Lloyd (later referred as GL 2010) which 

covers the design of the whole wind turbine. GL 2010 defines design principles in detail 
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and it is the most referred guideline in this thesis. GL 2010 recommends steel structures 

of the foundation to be designed according to Eurocode 3. This results that material 

parameters can be chosen according to EN 10025:2004 (GL2010: 5-5). For concrete 

structures GL 2010 recommends to use Eurocode 2 in the static analysis and CEB-FIB 

Model Code in the fatigue analysis (GL2010: 5-15). Other commonly used guidelines 

are German Dibt (Deutsches Institut für Bautechnik) “Richtlinie für 

Windenergieanlagen - Einwirkungen und Standsicherheitsnachweise für Turm und 

Gründung” and DNVGL-ST-0126 Support structures for wind turbines.  

 



18 

 

4 STATIC DESIGN 

The design procedure of the rock anchored wind turbine foundation is an iterative 

process since the designs of the different parts of the foundation are dependent on each 

other. Peikko’s design procedure is divided to initial design, which is carried out with 

analytical calculations and to final design, which is carried out with the FE-software 

Abaqus CAE. Formation of the FE-model is a time consuming process and thus precise 

initial design plays an important role.  

In this thesis, the analysis of the measured data is concentrated on the adapter plate and 

rock anchors. The theoretical part of this thesis covers only a part of the design of these 

components. Overall design principles can be found in Riikka Leino’s master’s thesis 

(Leino 2015). Next chapters contain the design principles of preloaded bolted joints and 

an alternative method for calculating bolt forces with grouted base plates is expressed. 

In the last subchapter of static design theory, formation and the basic properties of the 

FE-model of the rock anchored foundation are expressed. Later in the results section, 

results from these methods will be compared with the results from the real world 

measurements. The real world measurements cover mainly the period after re-

tensioning and thus effective stress losses due elastic compression, creep and relaxation 

of the rock anchors and tower bolts are not considered. 

 

4.1 Design of the rock anchors 

In rock anchoring, the bottom part of the anchor is grouted to the base rock with high 

strength grout and the top part is covered with a shrink sleeve to allow free axial 

movement inside the rock and concrete foundation. These lengths are called bonded and 

free lengths. The bonded length has to be long enough to transfer loads from the rock 

anchors to the rock and the free length defines the stiffness of the rock anchor. The 

design procedure will be iterative, since these properties depend on each other. The load 

in the rock anchor is dependent of the stiffness of the rock anchor and decreasing free 

length for better bondage will result as a greater anchor force. Within the ULS design 

three different interfaces are evaluated: 
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- Ultimate strength of the rock anchor in tension. 

- Shear strength between the rock anchor and grouting. 

- Shear strength between the grouting and rock. 

The last two ones are designed such that the anchor will yield before the shear capacity 

on these interfaces is exceeded. While the rock anchors are post-tensioned, the capacity 

of the shear connections is verified with a proof load which is 1.25 times the anchor 

lock-off load (EN 1537: 49). This describes very well that working loads in the rock 

anchors play key a role in the design. The next subchapters describe calculation 

methods to estimate anchor forces. The same methods can be used also with the 

suitability verification of the tower bolts.  

 

4.2 Preloaded bolted joints 

The post-tensioning process ties rock mass between grouted anchors and the adapter 

plate. The post-tensioning force is great enough to cause the rock remain compressed 

within SLS loads. Typical post-tensioning force is around 65 % of the yield load of the 

rock anchor. The calculation procedure of the forces in the rock anchors is based on 

standard pre-tensioned bolted joint design. The design procedure expressed here follows 

guideline VDI 2230 (VDI 2230 2003, Lee Y-L and Barkey M & Kang H-T 2012: 461).  

 

In the pre-tensioned bolted joint, part of the external load is transmitted to the bolt and 

the rest to the clamped parts. In the rock anchoring rock mass, the concrete pedestal and 

the adapter plate act as clamped parts in the joint. When load is increased to a level 

where gapping happens between the adapter plate and foundation, clamped parts can no 

more transfer load and all load is transmitted via the rock anchor.  The acting force in 

the rock anchor is given by equation (Lee Y-L, Barkey M & Kang H-T 2012: 482)  

 𝐹𝑅𝐴 =  𝐹𝑝𝑟𝑒 + Φ𝑛(𝑀)𝐹𝐴 , (1) 
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where 𝐹𝑅𝐴 is the acting force in the rock anchor, 

Φ𝑛(𝑀) is the load sharing factor of the joint, 

𝐹𝐴 is the external force applied to joint and 

𝐹𝑃𝑅𝐸 is the pre-tension force of the bolt. 

 

The idea of the working loads in the pre-tensioned bolted joint can be most easily 

understood by a force sharing diagram. With higher pretension force loads go through 

clamped parts and stress amplitudes in the bolt remain low until gapping happens. An 

example of the force sharing diagram is presented in Figure 2. 

 

 

Figure 2. Force sharing diagram of the pre-tensioned bolted joint. 

 

The division of the external load between the anchor and clamped parts is described 

with an elastic compliancy of the joint. The elastic compliancy of a short bolt consists of 

compliancy of the washers, nuts, bolt head, threaded part of the bolt and unthreaded part 

of the bolt (Lee Y-L, Barkey M & Kang H-T 2012: 475). The rock anchors used with 

wind turbines are so long that compliance of the nut and washers can be ignored. In 

Saarenkylä, the length of the rock anchors is 10900 mm. Thus, the elastic compliancy of 

the rock anchor 𝛿𝑅𝐴 is given by a sum of the elastic compliances of the threaded and 

unthreaded part of the bolt, 
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𝛿𝑅𝐴 =  𝛿𝑡 + 𝛿𝑢𝑡 =  

𝑙𝑡

𝐸𝑠𝐴𝑡
+

𝑙𝑢𝑡

𝐸𝑠𝐴𝑢𝑡
 , 

(2) 

 

where 𝑙𝑡 is the length of the threaded part of the bolt, 

𝐸𝑠 is the Young’s modulus of the rock anchor, 

𝐴𝑡 is the cross-sectional area of the threaded part of the bolt, 

𝑙𝑢𝑡 is the length of the unthreaded part of the bolt and 

𝐴𝑢𝑡 is the cross-sectional area of the unthreaded part of the bolt. 

 

 

The elastic compliancy of the clamped parts can be derived from a deformation cone. 

The deformation cone develops in the pre-tensioning process when also clamped parts 

deform. With analytical calculations, the deformation cone is simplified as an idealized 

cone where width is limited by dimensional boundary conditions. The most common 

boundary conditions are dimensions of the clamped parts and adjacent bolts. VDI 2230 

mentions two different joints with idealized cones, a through bolted joint and a tapped 

joint. The latter one is presented in Figure 3. 

 

Figure 3. Tapped joint and theoretical deformation cone (modified from VDI 

2230). 
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For an infinitely thin plate, the elastic compliancy of the clamped parts is written as 

(Lee Y-L, Barkey M & Kang H-T 2012: 476)  

 
𝑑𝛿𝐶𝑃 =  

𝑑𝑧

𝐸(𝑧)𝐴(𝑧)
 , 

(3) 

 

where 𝛿𝐶𝑃 is the elastic compliancy of the clamped parts, 

𝐸(𝑧) is the Young’s modulus of the clamped parts and 

𝐴(𝑧) area of the cross-section at depth z. 

 

The overall elastic compliancy of the clamped parts is obtained by integrating over the 

free length 𝐿𝑓 of the rock  anchor (VDI 2230: 31)  

 
𝛿𝐶𝑃 = ∫

𝑑𝑧

𝐸(𝑧)𝐴(𝑧)

𝐿𝑓

0

  , 
(4) 

 

where Young’s modulus and the cross-sectional area are functions of the depth and vary 

in the different layers of the clamped part. In multi-bolted joints, the effect of the 

overlapping compression cones has to be taken into account in the function A(z). The 

load sharing factor from equation (1) can be written with elastic compliances as (VDI 

2230: 48) 

 
Φ(𝑀) =  𝑛(𝑀) ⋅  

𝛿𝑅𝐴

𝛿𝑅𝐴 + 𝛿𝐶𝑃
 , 

(5) 

 

where 𝑛(𝑀) is the load introduction factor. 

 

The load introduction factor depends on the joint dimensions and load eccentricity. 

With small loads, the relation is linear and when the joint starts to open, the load in the 

bolt starts to increase progressively. Thus an idea is to use a high enough pretension 

force that joint behavior can be described with the linear manner. VDI 2230 presents 

exact calculation formulas for certain joints and gives an approximate solution  for the 

bolt force after the opening of the joint (VDI 2230: 51-62). The geometry of the rock 

anchor adapter interface is complicated and thus the approximate solution is not 
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presented here. The response of the anchor load respect to overturning moment will be 

measured and load curve shape will be compared with Figure 4 (VDI 2230: 60). 

 

 

Figure 4. Bolt forces in opening joints (modified from VDI 2230). 

 

4.3 Rock anchor forces 

In the rock anchored wind turbine foundation, a high strength grouting is applied 

between adapter plate and concrete foundation. The traditional way is to calculate bolt 

forces with the linear beam theory. Daniel Horn presents two analytical methods for 

calculating bolt loads on a circular monopole basis with large opening and grouted base 

plates (Horn 2011: 19). These methods are traditionally used with much slender 

structures, e.g. chimneys and telecommunication towers. Both methods are based on 

linear beam theory with an exception that on the leeward side the supporting width of 

the grouting is taken into account. Otherwise, the base plate is considered as a rigid 

plate. External loads cause forces on the windward side anchors to increase and on the 

leeward side to decrease. Neutral axis is also shifted to the leeward side (Figure 5). 
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Figure 5. Stress state in base plate (modified from Horn 2011). 

 

The first method assumes that the bolt circle can be estimated as a steel ring, which has 

the same cross-sectional area as the real bolts. In the second method, all bolts are 

considered separately. Both methods can be described with trigonometrical analytical 

formulation as an iterative process where the location of the neutral axis is used as an 

initial guess. Both methods assume that the eccentricity is great enough that a part of the 

base plate is under tension. With larger diameter monopoles the first method is 

recommended for simplicity and good enough accuracy (Horn: 2011:54). 

The first method is called a Process Equipment Design Method with Lutz modification, 

which is later referred as the Lutz Method. Derivation of the iteration formulas is based 

on the basic geometry, but it’s quite long and thus left outside of this thesis (Horn 

2011:21). The Lutz Method allows that the compression ring can be extended inside the 

pole and the center of pressure on it doesn’t have to coincide with the tensional steel 

ring (Figure 6). 
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Figure 6. Compressional and tensional stress areas (modified from Horn 2011). 

 

Anchor forces are solved with iteration, where 

 𝑟𝑐 is the mean radius of the tower flange, 

𝑡𝑐 is the width of the tower flange, 

𝑟𝑠 is the mean radius of the anchor circles and 

𝑡𝑠 is the width of the equivalent steel ring. 

 

The value of k (position of neutral axis) is used as initial guess 

1. Calculate moment arm ‘jd’ with equations 

𝛼 = arc̅̅ ̅̅ cos(1 − 2𝑘) 

𝐶𝑐 =
2(sin(𝛼) − 𝛼 cos(𝛼))

1 − cos(𝛼)
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𝑘𝑡 = 0.5 + (𝑘 − 0.5)
𝑟𝑐

𝑟
 

𝛼1 = arc̅̅ ̅̅ cos(1 − 2𝑘𝑡 ) 

𝐶𝑡 =  
2

1 + cos 𝛼1
⋅ [(𝜋 − 𝛼1) cos 𝛼1 + sin 𝛼1] 

𝑧 = 0.5 [cos 𝛼1 +
0.5𝛼1 − 1.5 sin 𝛼1 cos 𝛼1 + 𝛼1(cos 𝛼1)2

sin 𝛼1 − 𝛼1 cos 𝛼1
] 

𝑗 = 0.5 ⋅ [
(𝜋 − 𝛼1)(cos 𝛼1)2 + 0.5(𝜋 − 𝛼1) + 1.5 sin 𝛼1 cos 𝛼1

(𝜋 − 𝛼1) cos 𝛼1 + sin 𝛼1
] 

+0.5 ⋅ [
0.5𝛼1 − 1.5 sin 𝛼1 cos 𝛼1 + 𝛼1(cos 𝛼1)2

sin 𝛼1 − 𝛼1 cos 𝛼1
] 

   𝑗𝑑 = (𝑗 − 0.5)𝑑 + 𝑟𝑐 

 

2. Use static equilibrium equations according to Figure 5 and 6 to solve 

compressional and tensional forces 

 

{
𝑀 − 𝑃𝑧𝑑 − 𝐹𝑡𝑗𝑑 = 0

𝐹𝑡 + 𝑃 − 𝐹𝑐 = 0
 

 

The tensile stress 𝑓𝑠 in the bolt and compressional stress 𝑓𝑐  in the concrete can 

be solved from equations 

 

𝑓𝑠 =
𝐹𝑡

𝑡𝑠𝑟𝐶𝑡
,         𝑓𝑐 =

𝐹𝑐

(𝑡𝑐 + 𝑛𝑡𝑠 ⋅
𝑟
𝑟𝑐

) 𝑟𝑐𝐶𝑐

 

 

3. Calculate value of k 

 

𝑘𝑐𝑎𝑙𝑐 =
0.5 (1 +

𝑟
𝑟𝑐

)

1 +
𝑓𝑠

𝑛𝑓𝑐

 

 

4. Iterate until value 𝑘𝑐𝑎𝑙𝑐 − 𝑘 is smaller than accepted error. 

5. Since stress distribution is linear, maximum rock anchor force can be solved 

from equation 

 

𝐹𝑅𝐴.𝑚𝑎𝑥 = 𝑓𝑠𝐴𝑏 (
𝑟𝑐𝑜 − (𝑘 − 0.5)𝑑

(1 − 𝑘)𝑑
) 

 

and maximum concrete bearing pressure from equation 

 

𝑓𝑐.𝑚𝑎𝑥 =  𝑓𝑐 (
2𝑘𝑑 + 𝑟𝑐𝑜 − 𝑟𝑐

2𝑘𝑑
). 
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4.4 FEM design of the foundation  

The final design of Peikko’s Rock Anchored Foundation is always carried out as FE-

analysis with Abaqus CAE software. All components of the foundation described in 

Chapter 2 are modelled and static and fatigue designs are carried out. For this thesis, 

three different models were generated. All models were generated as a full models 

without symmetry boundary conditions. This section presents formation and most 

important properties of the models. 

The material properties of steel components are chosen according to SFS-EN 1993-1-5 

Annex C, which is the only section in SFS-EN 1993 which considers FE analysis. A bi-

linear material model with strain-hardening is chosen with the yield and ultimate 

strengths according to SFS-EN 10025-2. Young’s modulus of 205000 MPa and 

Poisson’s ratio of 0.3 are used. The designed adapter plate and the bottom flange of the 

tower have nominal thicknesses between 100 and 150 mm which correspond to the 

yield strength of 295 MPa and ultimate strength of 450MPa. The rock anchors used in 

Saarenkylä are FATBAR 48 anchors and yield strength of 900MPa and ultimate 

strength of 1000 MPa are used. The used stress-strain curve is presented in Figure 7. 

 

Figure 7. Elastic-plastic material model with linear strain hardening (modified 

from SFS-EN 1993-1-5). 
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The material properties of concrete structures are chosen according to SFS-EN 1992-1. 

For concrete, Young’s modulus depends on the concrete strength class (SFS-EN 1992-1 

Table 3.1). The material properties for grouting and concrete are presented in Table 4. 

Table 4. Material properties for concrete. 

Concrete Young’s modulus Poisson’s ratio 

C45/55 36283 MPa 0.19 

Grouting C100 44921 MPa 0.19 

 

Calculations are carried out as a static calculation without large deformations. The 

concrete pedestal is modelled with real dimensions with a hole in the center for better 

meshing and convergence. The adapter plate contains four identical separate parts and 

the actual geometry of the parts is used.  The tower shell is modelled with the height of 

one meter which is assumed to be enough for correct load transformation from tower to 

foundation. Loads are distributed to the tower shell via a reference point, which is 

attached to the tower with a coupling constraint. Linear frictional contacts are used 

between the tower and the adapter plate and between the adapter plate and concrete. A 

fixed boundary condition is applied to the bottom of the concrete and translations of the 

tower reference point are restricted in the horizontal directions. 

In the first model, tower bolts and rock anchors are modelled with axial connector 

elements. The real stiffness of the tower bolts and rock anchors are given as a connector 

property and pre-tension force is applied as a connector force.  The influence areas of 

the connectors are defined as the actual areas of the washers. The assembly of the first 

model is presented in Figure 8. The connector assignment is similar as in the second 

model, which is presented in Figure 9. 
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Figure 8. Assembly of the first model. 

 

In the second model, most critical washers and instrumented rock anchors are modelled 

as solids with actual sizes. The rock anchors are modelled up to the free length of the 

anchor and the material properties according to Table 4 are used. The pre-tension force 

is applied as a bolt force and at the bottom of the anchor a fixed boundary condition is 

used. The translations of the rock anchors in the horizontal direction were restrained 

below the adapter plate bottom level. Tie-constraints were used between the rock 

anchors and the washers and linear frictional contacts between the washers and the 

adapter plate. The special features of the second model are presented in Figure 9. 
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Figure 9. Connector assignments and modelled solid rock anchors and washers in 

the second model. 

 

Models are meshed with linear hexahedral elements with reduced integration and 

hourglass control (C3D8R) with exception that solid rock anchors in the second model 

are meshed with quadratic hexahedral elements (C3D20R). A swept mesh with 

medieval meshing rule is used.  In the second model, denser mesh is used with the rock 

anchors in the most critical areas. The quality of the mesh is estimated with iterative 

calculations until increasing mesh density has no significant influence on the results. 

The mesh used with the first model is presented in Figure 10. 
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Figure 10. Typical mesh on the rock anchored foundation FE-model. 

 

 

To estimate the elastic compliancy of the rock according to equation (4), a third FE-

model is created. In the third mode, the solid rock, which is assumed to be homogenous, 

is modelled down to the depth of 8 metres. Young’s modulus of 70000 MPa and 

Poisson’s ratio of 0.25 are used as the elastic rock properties. The adapter plate and the 

tower are modelled as a single part without any holes and same material properties are 

used for steel and concrete as in the previous models. Rock anchors are modelled in 

bonded length as solids with actual FATBAR 48 rock anchor material properties and the 

solid part is connected to the rock with a tie-constraint. The solid bonded anchor is 

connected to the adapter plate with a connector element as in the first model and 

pretension force is applied as a connector force. The assembly of the third model is 

presented in Figure 11. 
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Figure 11. Cut-view of the third FE-model. 
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5 FATIGUE DESIGN 

On structures like wind turbines, which are exposed to the cyclic loadings, fatigue is 

regarded to be the critical designing factor (Barradas Berglind & Wisniewski 2014). 

Fatigue is a loss of the strength of the material caused by multiple changes in the stress 

states. The mechanism of a fatigue fracture is related to the defects in the material.  

Cyclic loading causes local plastic deformations in the defects, which leads to the crack 

initiation. Under cyclic loading the crack propagates and finally this leads to the 

fracture. At worst this can be unpredictable and lead to a brittle failure of the structure 

(Benasciutti 2004: 15, Rabb 2012).  

 

The wind turbine foundations are generally elastically designed so in the fatigue process 

changes of stresses and strains are small. Due to continuously alternating wind 

circumstances, these small changes in stress states will occur hundreds of millions times 

and the fatigue will still occur. This type of fatigue behavior is commonly referred as 

high-cycle fatigue (DNV 2002). Fatigue categories defined by the number of the cycles 

are presented in the following Table 5 (Rabb 2012: 257). 

 

Table 5. Fatigue categorization according cycle count 

 
Low Cycle 

Fatigue 

High Cycle 

Fatigue 

Very High 

Cycle Fatigue 

Number 

of cycles 

𝑁 < 103 103 ≤ 𝑁 ≤ 107 𝑁 > 107 

  

 

The fatigue design of the wind turbine foundation is restricted by the wind turbine 

design guides and standards, which mainly refer to Eurocodes EN 1993 and EN 1992 

and to CEB-FIB Model Code 1990 or Model Code 2010. GL2010 states that fatigue 

design of steel members shall be done according EN 1993-1-9 (GL 2010: 5-6). Analysis 

is done by adopting correct Wöhler-curves and linear damage accumulation with 

Palmgren-Miner rule. GL2010 also mentions several additions, which are not included 

in EN 1993.  
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For concrete members GL2010 recommends the use of CEB-FIB Model Code 1990 or 

equivalent (GL 2010: 5-15).  A newer guide DNVGL mentions that if EN 1992-1 is 

chosen as design standard, fatigue resistance may be proved according to CEB-FIB 

Model Code 2010.  With reinforced concrete, fatigue resistance is proved separately for 

concrete and reinforcement. Basic principles are similar as with steel members.  

 

This thesis will concentrate on fatigue analysis of the steel parts. Since the Peikko Rock 

Anchored Foundation does not contain any welded parts, the fatigue design of welds is 

left outside of this thesis. In the next chapters, fatigue analysis of steel members are 

deeply discussed.  

 

5.1 Loading types 

In the uniaxial fatigue design loadings can be divided into two main categories, constant 

and variable amplitude loading. Constant amplitude loading can also be generalized as 

block loading, where load history contains blocks of constant amplitude loadings with 

different amplitude (Figure 12). The real structures are always loaded with variable 

amplitude loading which is normally completely random (Figure 12). For fatigue 

analysis, random loadings are binned and the result is block loading, where the number 

of cycles, mean stresses and amplitudes are varying (Sutherland p.30).  

 

Figure 12. Constant amplitude block loading with zero mean stress on the left and 

random loading on the right. 
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A stress cycle from the stress-time history is defined with consecutive local maximums 

(peaks) and minimums (valleys). In the fatigue analysis, the stress cycle is expressed by 

means of amplitude, mean value and stress range (Sutherland 1999: 3). Mathematical 

formulations for these are given by 

 
𝜎𝑀 =

𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛

2
 

𝜎𝑅 = |𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛| 

𝜎𝐴 = 0.5 ⋅ 𝜎𝑅 

𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 , 

(6) 

 

where 𝜎𝑀 is the mean stress of the stress cycle, 

𝜎𝑅 is the stress range of the stress cycle, 

𝜎𝐴 is the stress amplitude of the stress cycle and 

R is the stress ratio. 

 

Figure 13 represents concepts from equation (6) in the case of sinusoidal constant 

amplitude loading. 

 

Figure 13. Fatigue cycle. 
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5.2 Wöhler-curves 

The Fatigue strength of a structural element is expressed by means of a Wöhler-curve, 

which is also known as a S/N-curve. Wöhler-curves are based on empirical results and 

they define the relation between a cyclic stress range and a number of cycles to the 

fatigue failure. Curves are usually given in respect to constant amplitude loading with 

zero mean-stress. The plot is expressed in a double logarithmic scale with a piecewise 

linear and continuous function. In the horizontal axis is the number of cycles and in the 

vertical axis allowed maximum stress range or stress amplitude. Generic Wöhler-curves 

start from 1000 cycles with stress amplitude value of approximately 90% of ultimate 

tensile strength. Different loading types, surface finishing, notches and specimen sizes 

are taken in account with a slope factor k. Curves turn vertical at million cycles with a 

stress amplitude value of approximately 50% of ultimate tensile strength.  This turning 

point is a constant amplitude fatigue limit, which denotes maximum stress range for 

infinite life time. Generic Wöhler-curve for structural steel presented in Figure 14.  

 

 

Figure 14.  General Wöhler-curve for steel component (modified from Lee et. al.). 

 

When a structure is exposed to random loading, Wöhler-curves are extended with 

Haibach extension (Figure 14). Haibach extension starts from the point of a constant 

amplitude fatigue limit and ends at the point of a cut-off limit (also referred as a 



37 

 

endurance limit). The cut-off limit describes the maximum allowed stress range for 

infinite life time. When considering steel, the slope of the Haibach extension is m=2k-1, 

where k is the slope of basic Wöhler curve (Rabb 2012: 262). 

5.3 Uniaxial fatigue 

5.3.1 Fatigue design according Eurocode EN 1993-1-9 

According to Eurocode EN 1993-1-9, all of the supporting structures must be designed 

such that acceptable probability for a structure to last its life time is achieved. Eurocode 

1993-1-9 also states that analysis against fatigue can be done using by following 

methods: 

 

1. Damage tolerant principle. 

2. Safe-Life principle. 

 

The principle of damage tolerant structures means that structural component has to last 

the designed lifetime when appropriate service and inspection instructions are followed. 

These instructions must be followed during the whole designed lifetime of the structure 

to find and repair all fatigue failures. Safe-life principle requires that the component has 

to last the designed lifetime without any life time inspections. Safe-life principle is used 

in single structural parts when a local crack can lead to brittle failure. This can be 

achieved by designing structures with a fatigue life, which corresponds to design in the 

ultimate limit state. A safety factor of material 𝛾𝑀𝑓 is dependent on the chosen fatigue 

design principle. Used material safety factors are expressed in Table 6 (SFS-EN 1993-1-

9: 11). 

 

Table 6. Values for partial safety factors 𝛾𝑀𝑓. 

Assessment method 
Consequence of failure 

Low High 

Damage tolerant 1.00 1.15 

Safe life 
1.15 1.35 
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In SFS-EN 1993-1-9, nominal stresses for fatigue analysis are calculated at a potential 

fatigue crack initiation site. Corresponding Wöhler-curve is presented with a design 

category. These design categories consist of different constructional details and crack 

locations. Different categories are denoted by a number, which presents fatigue strength 

at 2 million cycles (SFS EN 1993-1-9: Table 8).  If a needed detail is not presented in 

the detail categories, a method of modified nominal stress range is used. In this method, 

design value of nominal stress range is multiplied with a stress concentration factor 𝑘𝑓 

(SFS EN 1993-1-9: 13). Eurocode also presents the method of the structural stresses for 

welded details, but this is left outside of this thesis. Wöhler-curve for the direct stress 

range with few design category numbers is presented in Figure 15. 

 

 

Figure 15.  Wöhler-curve for direct stress range (modified from SFS EN 1993-1-9). 
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Eurocode also gives mathematical expressions for Wöhler-curves. In the case of the 

constant amplitude loading with slope 𝑚 = 3, the relation between detail category and 

design stress range is given by (SFS EN 1993-1-9: 14) 

 Δ𝜎𝑅
𝑚 ⋅ 𝑁𝑅 = Δ𝜎𝐶

𝑚 ⋅ 2 ⋅ 106,    with  𝑚 = 3  for N ≤ 5 ⋅ 106 (7) 

 

where Δ𝜎𝐶 is the fatigue strength at 2 million cycles, 

Δ𝜎𝑅 is the design value of direct stress range and 

𝑁𝑅 is number of stress ranges. 

 

According to equation (7) the constant amplitude fatigue limit is (SFS EN 1993-1-9: 14) 

 
Δ𝜎𝐷 = ( 

2

5
 )

1/3

Δ𝜎𝐶 = 0.737 Δ𝜎𝐶  . 
(8) 

 

If the stress ranges are below constant amplitude fatigue limit, Haibach extension is 

used with slope 𝑚 = 5 and the equation (7) is written in form (SFS-EN 1993-1-9: 15)  

 Δ𝜎𝑅
𝑚 ⋅ 𝑁𝑅 = Δ𝜎𝐶

𝑚 ⋅ 2 ⋅ 106,    with  𝑚 = 3  for  𝑁 ≤ 5 ⋅ 106 (9) 

 Δ𝜎𝑅
𝑚 ⋅ 𝑁𝑅 = Δ𝜎𝐷

𝑚 ⋅ 5 ⋅ 106,    with  𝑚 = 5  for  5 ⋅ 106 ≤ 𝑁 ≤ 1 ⋅ 108.  

  

For alternating amplitude loading, the cut-off limit defines the maximum stress range 

for infinite life-time. According to equation (9) the cut-off limit is (SFS EN 1993-1-9: 

15) 

 
Δ𝜎𝐿 = ( 

5

100
 )

1/5

Δ𝜎𝐷 = 0.549 Δ𝜎𝐷 . 
(10) 

 

In a shear stress fatigue analysis, same Wöhler-curve is used for both constant and 

alternating amplitude loadings. Wöhler-curve is expressed without any extension with 

slope 𝑚 = 5 and cut-off limit is set on 100 million cycles. Mathematical expression for 

shear stress Wöhler-curves is (SFS EN 1993-1-9: 14): 
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 Δ𝜏𝑅
𝑚 ⋅ 𝑁𝑅 = Δ𝜏𝐶

𝑚 ⋅ 2 ⋅ 106,    with  𝑚 = 5  for  𝑁 ≤ 1 ⋅ 108 (11) 

 

where Δ𝜏𝐶 is the shear fatigue strength at 2 million cycles and 

Δ𝜏𝑅 is the design value of shear stress range. 

 

According to equation (11) the cut-off limit for shear stress fatigue is (SFS EN 1993-1-

9: 15) 

 
Δ𝜏𝐿 = ( 

2

100
 )

1/5

Δ𝜏𝐶 = 0.457 Δ𝜏𝐶  . 
(12) 

 

The effect of size or dimension is taken into account by multiplying fatigue strength by 

a reduction factor. The correct reduction factor can be found in the design categories. 

Reduced fatigue strength is given by equation (SFS EN 1993-1-9: 18)  

 Δ𝜎𝐶.𝑟𝑒𝑑 = 𝑘𝑠 ⋅ Δ𝜎𝐶  , (13) 

 

where 𝑘𝑠 is the fatigue strength reduction factor. 

 

Eurocode gives equations to proof against fatigue for shear, direct or combined stress 

ranges. In wind turbine foundation design, these are not used directly, but instead stress 

ranges are from the random loading and these methods are coupled with the damage 

accumulation rules. With simple loading, fatigue is proved for direct and shear stress 

ranges with equations  (SFS EN 1993-1-9: 18) 

 𝛾𝐹𝑓Δ𝜎𝐸.2

Δ𝜎𝐶/𝛾𝑀𝑓
≤ 1.0      and       

𝛾𝐹𝑓Δ𝜏𝐸.2

Δ𝜏𝐶/𝛾𝑀𝑓
≤ 1.0 

(14) 

 

where Δ𝜎𝐸.2 is the design value of nominal stress range and 

Δ𝜏𝐸.2 is the design value of nominal shear stress range. 
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5.3.2 Additions according wind turbine design standards 

The fatigue analysis according to wind turbine design standards differs from SFS-EN 

1993-1-9 in a few details. The changes are mainly additions defined in GL2010. The 

first addition is that in fatigue calculation, infinite life-time design is not permissible 

with any structural detail category. Instead Haibach extension with slope 𝑚 = 5  should 

be extended over high cycle fatigue area (GL 2010: 5-11, Dibt 2012: 28) as presented in 

Figure 14. 

The other addition is the sensitivity of fatigue life to the mean stresses. It was originally 

noted by Wöhler and later by several authors that positive mean stress has a negative 

influence on the fatigue life-time (Stephens et. al. 2001: 74). Tensile normal mean stress 

causes micro cracks to open and accelerates crack propagation. Preloaded bolts differ 

from this since plastic deformation takes place in the roots of the threads and effect on 

fatigue life is negligible. Compressive mean stress has opposite behavior of being 

beneficial in the sense of fatigue life-time. Mean shear stresses don’t have such 

influence on fatigue life-time (Lee Y-L, Ho Hsin-Chung 2012: 152).  

 

In this case, Eurocode 1993-1-9 does not give any precise instructions. The only 

suggested correction is that for non-welded or welded stress-relieved details, 

compressive stress amplitude may be reduced by 40% (SFS EN 1993-1-9: 18). With 

pre-loaded bolts, it’s mentioned that reduction of the stress range may be taken into 

account (SFS EN 1993-1-9: 20). According to GL 2010, non-zero mean stress has to be 

taken into account in all design cases. If mean stress correction is included in the design 

categories, additional correction is not needed. Otherwise the influence of non-zero 

mean stress is taken into account by means of a Haigh diagram (GL 2010: 5-10).  

 

Many different mean stress correction methods have been proposed during the past 

centuries. Still one of the most used one is Goodman’s formula, which is 

mathematically expressed as (Lee Y-L, Barkey M & Kang H-T 2012: 155) 

 

 𝜎𝐴.𝑀 =  
𝜎𝐴

1 −
𝜎𝑀

𝑓𝑢

 , (15) 
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where 𝜎𝐴.𝑀 is the stress amplitude in fully reversed loading, 

𝜎𝐴 is the stress amplitude, 

𝜎𝑀 is the mean stress and 

𝑓𝑢 is the ultimate strength of the material. 

 

Other known mean stress correction factors are proposed e.g. by Gerber, Morrow, 

Smith-Watson-Topper and Walker. The last two ones are known to give superior results 

but those require knowledge of the materials fatigue properties (Lee Y-L, Barkey M 

& Kang H-T 2012: 153, Papuga et. al 2012: 103). Another approach is to use a Haigh 

diagram which is based on the empirical model and concept of the mean stress 

sensitivity factor. The idea is that mean stress correction can be described as a piecewise 

linear function. In this case, the Haigh diagram is based on normal stresses and it is split 

to four regimes in following manner (Lee Y-L, Barkey M & Kang H-T 2012: 154, GL 

2010: 5-10): 

 

- Regime 1 is used when stress ratio is R > 1, e.g. object is compressed during 

loading cycle. 

- Regime 2 is used with stress ratio is from R = -∞ to R = 0, e.g. from repeated 

compressional loads (𝜎𝑚𝑎𝑥 = 0) to repeated tensional loads (𝜎𝑚𝑎𝑥 = 0). 

- Regime 3 is used with repeated tensional loads with stress ratio 0 < R < 0.5. 

 

The corresponding Haigh diagram is presented in Figure 16. 

 

Figure 16. Haigh diagram (modified from GL 2010: 5-10). 
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In different regimes, mean stress corrected fully reversed stress amplitude 𝜎𝐴
∗  can be 

calculated from equation:  

Regime 1: 

 𝜎𝐴
∗ = 𝜎𝐴.          

 

(16) 

Regime 2:  

 𝜎𝐴
∗ = 𝜎𝐴 + 𝑀𝜎𝑀.           

 

(17) 

Regime 3:  

 

𝜎𝐴
∗ = (1 + 𝑀) ⋅

𝜎𝐴 +
𝑀
3 ⋅ 𝜎𝑀

1 +
𝑀
3

 . 

(18) 

 

The mean stress sensitivity factor can be geometrically solved and presented with 

fatigue limit parameters as (Lee et. al. 2005: 157) 

 
𝑀 =

𝑓−1

𝑓0
− 1 , 

(19) 

 

where 𝑓−1 is the fatigue limit in fully reversed tension (R=-1) and 

𝑓0 is the fatigue limit in repeated tension (R=0). 

 

The traditional Haigh diagram does not take into account behavior on the compressional 

or tensional plastic zone. Often plasticity is obtained only in local notches, e.g. at the 

bottom of the threads of the pre-tensioned bolts. If an automated fatigue analysis is 

based on FEM-results, as it many times is, the use of the plastic behavior could be 

useful (Rabb 2013: 36).  
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5.4 Damage accumulation 

5.4.1 Palmgren-Miner rule 

When a structure is exposed to variable loading, the cumulative damage has to be 

predicted. Different prediction methods are expressed by several authors, but due to 

simplicity the most used one is linear Palmgren-Miner damage rule (Lee et al 2005: 64). 

Before applying Palmgren-Miner rule, the stress history is rearranged as a stress range 

spectrum as shown in Figure 17.  

 

Figure 17. Stress history arranged as stress range spectrum (Modified from Rabb 

2012: 260). 

 

When all stress ranges are associated with corresponding stress cycle numbers, the 

overall damage caused by the loading sequence is given by cumulative Palmgren-Miner 

damage rule (SFS EN 1993-1-9: 36) 

 D = ∑
𝑛𝑖

𝑁𝑖
=

𝑛1

𝑁1
+

𝑛2

𝑁2
+

𝑛3

𝑁3
+

𝑛4

𝑁4
+ ⋯ ≤ 𝐷𝐿𝑖  , (20) 

where 𝑛𝑖 is number of cycles associated with stress range Δ𝜎𝑖, 

𝑁𝑖 is the endurance number from corresponding Wöhler-curve and stress 

amplitude Δ𝜎𝑖, 

D is cumulative damage and 

𝐷𝐿 is maximum allowed cumulative damage. 
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The relation between stress range and endurance number 𝑁𝑖 is obtained from Wöhler-

curve. The known stress level is on the vertical axis and corresponding endurance 

number on the horizontal axis shown in Figure 18. 

 

Figure 18. Stress ranges and corresponding endurance numbers. 

 

Maximum allowed cumulative damage is normally set to 𝐷𝐿 = 1. This has been proved 

to be non-conservative by several authors in certain special cases, but for common steel 

structures random tests support this assumption. One of the reasons for non-

conservative results is that linear damage accumulation rules neglect the order of stress 

changes in the time history, which is related to crack initiation and propagation. For 

example, in notches one single high stress amplitude may reduce fatigue life-time 

significantly (Benasciutti 2014: 18, Lee et al 2005: 67).   

 

5.4.2 Rainflow-counting 

When a structure is exposed to random loading, stress ranges and mean stresses have to 

be counted from a stress-time history. Several methods are proposed by different 

authors, e.g. peak counting, range counting and Rainflow-counting. These mentioned 
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counting algorithms give the same results for narrow band sinusoidal loadings. For 

random loading the most exact one is Rainflow-counting (Rabb 2012: 347, Benasciutti 

2004:25). The Rainflow-counting algorithm was originally proposed in 1968 by 

Matsuishi and Endo and an accurate computer algorithm for wide-band loading was 

given by Downing and Socie in 1982. A detailed description for the method can be 

found in different books and articles (see Rabb 2012: 351, Downing & Socie 1982).  

The Rainflow-counting method was described as water flowing from the pagoda roofs, 

but with hand calculations the most often presented version is so called water tank 

analogy. This method is unusable with a wide loading history, but it is very illustrative 

with a narrow loading history. Method assumes that the stress history is arranged such 

that it forms a water tank as shown in Figure 19 a) and a valve is located in all local 

minimums. The valves are opened one by one such that every opening causes largest 

possible sink at the water level. The sink in water level is associated with stress range 

∆𝜎𝑖.   

 

Figure 19. Rainflow counting, water tank analogy (modified from Rabb 2012: 355). 

 

After all valves are opened, a stress range history with mean values and number of 

ranges can be written. With wide band loading stress ranges, mean stresses and number 

of cycles are counted with computer algorithms. Stress and mean value ranges are 

binned and the minimum recommended number of bins is 50 (Sutherland 1999: 30). A 

conservative technique is the use of the highest stress level in each bin. Results are 

presented as a Rainflow matrix, where the element of the matrix contains the number of 
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cycles with the corresponding stress range and mean stress value. This can also be 

presented as two-dimensional histogram which is illustrated in Figure 20.  

 

 

Figure 20. 3d-presentation of a Rainflow-matrix (plotted with Matlab Rainflow 

Counting Algorithm by Adam Nieslony).  

 

5.5 Multi-axial fatigue 

In the real structures, multiaxial stress states are very common. Even when the loading 

is uniaxial, geometrical properties of the structure causes multiaxial stress state. 

Multiaxial fatigue life estimations are classified as stress based models, critical plane 

models, strain and energy based models and fracture mechanics based models (Stephens 

et. al. 2001:318). Since the static design of the rock anchored foundation is carried out 

with FE analysis, the stress or critical plane based analysis seems to be the obvious 

choice. The stress levels in foundations are low enough with fatigue loads that there are 

no plastic deformations. With the adapter plate, the most interesting points are the tower 

bolt and the rock anchor holes, where stress in the vertical direction is always 

compressive due to design ideology.   
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In the case of multi-axial fatigue, an important point is how different stress components 

are related to each other in cyclic loading. If the stress components vary in the same 

phase so that minimums and maximums of each stress component occur at the same 

time, loading is called proportional loading. A result of the proportional loading is that 

the orientation of the principal stress axes remains fixed during loading. As opposite 

loading is called non-proportional, if the direction of the principal stresses rotate during 

loading (Socie & Marquis 2000:22). 

In the wind turbine design guides, multiaxial fatigue is discussed in GL2010, which 

states that in the multiaxial stress condition the fatigue-relevant stress components shall 

be transformed into uniaxial stress state. GL suggests this to be done by adapting an 

equivalent stress hypothesis as a method of the critical plane. For ductile materials, von 

Mises and Tresca hypotheses are proposed (GL 2010: 5-9). The fatigue life analysis 

with Markov matrices is carried out by solving the equivalent uniaxial stress range for 

each mean-range pair. The total damage is calculated by Palmgren-Miner rule. The idea 

is presented in Figure 21 (Nieslony 2009:2713).   

 

Figure 21.  From multi-axial stress state to single axial fatigue. 

 

A wide range of different methods exist for multiaxial fatigue design. A great overview 

of the most common ones is presented by Jan Papuga (Papuga 2011). A general 

multiaxial high cycle fatigue criteria can be written in form (Papuga 2005:23) 

 𝑎 ⋅ 𝑓(𝐶) + 𝑏 ⋅ 𝑔(𝑁) ≤  𝑓−1, (21) 

 



49 

 

where parameters a and b are functions of uniaxial fatigue parameters. The left hand 

side of the equation is the combination of normal and shear stresses or the combination 

of stress and mean stress amplitudes. The right hand side denotes the fatigue limit in 

fully reversed tension. Generally, the shear component is assumed to be the driving 

factor in fatigue (Papuga 2005:23). In next subchapters, a few methods for estimating 

multiaxial fatigue are presented. The purpose is to give a basis for future research to 

improve fatigue design. The first methods discussed here are so called equivalent stress 

approaches, which are extensions of the static yield criteria. Even though these methods 

are not real multiaxial failure criteria, they are widely used in industry (Papuga, Vargas 

& Hronek 2012: 100).  

 

5.5.1 Equivalent stress approaches 

The simplest approach to multiaxial fatigue is to compute the equivalent stress 

amplitude 𝜎𝐴.𝑒𝑞, which can be used with nominal fatigue curves e.g. according to 

Eurocode SFS-EN 1993-1-9 (Stephens et. al. 2001:318). Most common approaches are 

based on maximum principal stress theory, maximum shear stress theory (Tresca) or 

octahedral shear stress theory (von Mises). With these three theories, the equivalent 

stress amplitude can be written as follows (Stephens et. al. 2001:323): 

Maximum principal stress theory: 

 𝜎𝐴.𝑒𝑞.𝑀𝑃𝑆 = 𝜎1𝑎 . (22) 

Maximum shear stress theory: 

 

  σ𝐴.𝑒𝑞.𝑀𝑆𝑇 = 𝜎1𝑎 − 𝜎3𝑎. (23) 
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Von Mises theory: 

 

 
σ𝐴.𝑒𝑞.𝑣𝑀 =

1

√2
⋅ √(𝜎1𝑎 − 𝜎2𝑎)2 + (𝜎2𝑎 − 𝜎3𝑎)2 + (𝜎3𝑎 − 𝜎1𝑎)2, 

(24) 

 

where 𝜎1𝑎 is maximum principal stress amplitude,  

𝜎2𝑎 is mean principal stress amplitude and 

𝜎3𝑎 is minimum principal stress amplitude. 

 

With these formulations, fatigue curves of direct stresses are used.  If nominal mean 

stresses are present, von Mises criterion can be written in the form  

 𝜎𝐴.𝑒𝑞.𝑣𝑀 + 𝑀 ⋅ 𝜎𝑀.𝑒𝑞.𝑣𝑀 ≤ 𝑓−1 , (25) 

 

where 𝜎𝑀.𝑣𝑀 is the equivalent von Mises mean stress. 

 

The equivalent von Mises mean stress can be written as in equation (24) with an 

exception that instead of the principal stress amplitude, the principal mean stresses are 

used. Another used and more preferred equivalent mean stress is (Stephens et. al. 

2001:325) 

 

 σ𝑀.𝑒𝑞.𝑣𝑀 = 𝜎1𝑚 + 𝜎2𝑚 + 𝜎3𝑚, (26) 

 

where 𝜎1𝑚 is maximum principal mean stress,  

𝜎2𝑚 is mean principal mean stress and 

𝜎3𝑚 is minimum principal mean stress. 
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5.5.2 Sines and Crossland 

One of the first attempts to multiaxial fatigue was proposed by Sines and Crossland 

during the 1950s. Both methods use a second invariant of the deviatoric stress tensor 

√𝐽2.𝑎, which is related to von Mises stress amplitude, as a stress amplitude. In the mean 

stress part Sines uses mean value of hydrostatic stress and fatigue criteria can be written 

in form (Papuga 2005:24) 

 𝑎𝑆 ⋅ √𝐽2.𝑎 + 𝑏𝑆𝜎𝐻.𝑚 ≤ 𝑓−1 , (27) 

 

where 
𝑎𝑆 =

𝑓−1

𝑡−1
 , 

𝑏𝑆 = 6 ⋅
𝑓−1

𝑓0
− √3 ⋅

𝑓−1

𝑡−1
, 

𝑡−1 is the fatigue limit in fully reversed torsion and 

𝜎𝐻.𝑚 is the mean value of hydrostatic stress. 

 

Sines method is recommended to be used only with proportional loading (Stephens et. 

al. 2001:326). Crossland uses the maximum value of the hydrostatic stress as the mean 

stress. Crossland’s fatigue criteria can be written in form (Papuga 2005:24) 

 𝑎𝐶 ⋅ √𝐽2.𝑎 + 𝑏𝐶𝜎𝐻.𝑚𝑎𝑥 ≤ 𝑓−1 , (28) 

 

where 
𝑎𝐶 =

𝑓−1

𝑡−1
,  

𝑏𝐶 = 3 − √3 ⋅
𝑓−1

𝑡−1
  and 

𝜎𝐻.𝑚𝑎𝑥 is the maximum value of hydrostatic stress during load cycle. 

 

Crossland’s method can also be considered with non-proportional loading. In this case, 

correct stress amplitude has to be solved by finding a minimum circumscribed hyperball 

in 5-dimensional Ilyushin deviatoric space (Papuga, Vargas & Hronek 2012:104). 
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5.5.3 Findley 

From the critical plane methods, Findley’s method was chosen as an example. Findley’s 

method is commonly used in the finite-life fatigue analysis with non-proportional 

loading. The idea of the critical plane methods is to find the plane where the crack 

nucleates and grows. This means that critical plane methods can also predict the 

direction in which a crack is growing. Depending on the material and loading, these 

planes are maximum shear or tensile stress planes (Stephens et. al. 2001:329). Findley’s 

criterion can be written as (Papuga 2005:25) 

 𝑎𝐹 ⋅ 𝜏𝐴 + 𝑏𝐹 ⋅ 𝜎𝑁.𝐹 ≤ 𝑓−1 , (29) 

 

where 

𝑎𝐹 = 2 ⋅ √
𝑓−1

𝑡−1
− 1 ,  

𝑏𝐹 = 2 −
𝑓−1

𝑡−1
 , 

𝜏𝐴.𝐹 is the shear stress amplitude on the critical plane and 

𝜎𝑁.𝐹 is the normal stress on the critical plane. 

 

The critical plane is solved by finding a plane with maximum shear stress range 

(MSSR) or a plane with maximum damage (MD). The latter one is solved by 

maximizing left hand side in the equation (29) . 
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6 MEASURING DEVICES 

Stress analysis of a structure involves determination of stresses in the critical sections 

under different loadings. In experimental stress analysis this means that deformation of 

the critical section must be obtained. These deformations can be measured with different 

methods and devices depending on the nature of the measurement and material to be 

measured. With metallic materials, the most used devices are electrical-resistance strain 

gauges (Holman 2012). Typically the measurements are carried out as multichannel 

measurements and data is recorded with a data logging system for further processing. 

The sampling frequency is set according to the nature of the measurement and on many 

occasions data is already pre-filtered in the data logging system. Typically, the applied 

filter is a low-pass filter, which attenuates frequencies above the decided limit.  

All measurements and data recording for this thesis were carried out by VTT Expert 

Services Oy and the recorded data was transferred to Matlab-form to be analyzed. In 

order to analyze the measured data, it is essential to understand the basics of the 

measurement theory. Thus basics of the theory of the strain gauge measurements are 

presented in this chapter.  

6.1 Strain-gauges 

Strain gauges are small electric conductors for measuring strains in static and dynamic 

measurements. Strain gauges are tightly bonded to the critical points of the structure 

with a dedicated adhesive. Bonding is typically done when the structure is not loaded. 

Under loading, the strain gauge and the structure obtain the same deformation. Strain 

gauges are very thin and light, so there is no noticeable influence to the results of the 

measurements. This is one of the reasons why strain gauges are excellent in dynamic 

strain measurements. The structure of strain gauge is shown in Figure 22. 

Strain gauge manufacturers offer different gauges for different materials, operating 

conditions and environmental circumstances. For example, there are special gauges for 

high temperatures, large strains or hyper-elastic materials. Thus it is important to choose 

correct strain gauge for each measurement. (Kyowa 2011: 20).  
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Standard strain gauge measures deformation in one direction, so it is also called uniaxial 

strain gauge. For measuring deformations in multiple directions, multiple strain gauges 

or so called rosettes must be applied. These will be discussed later in this chapter.  

 

 

Figure 22. Strain gauge (Kyowa 2011). 

 

Measuring strain is based on the change of resistance in the gauge wires. When the 

length of gauge changes due loading, resistance of the gauge increases or decreases 

whether gauge is in tension or compression. The local strain in structure is given by 

equation (Holman 2012: 506) 

 
휀 =

1

𝐺𝐹
⋅

Δ𝑅

𝑅
 , 

(30) 

 

where 휀 is engineering strain, 

GF is gauge factor of strain gauge, 

R is nominal resistance of gauge and 

Δ𝑅 is change of resistance. 
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The derivation of the equation (30) can be found in almost all papers considering strain 

gauge measurements (see e.g. Holman 2012:506). Gauge resistance and gauge factor are 

properties of the corresponding strain gauge. The gauge factor describes sensitivity of 

the strain gauge to deformations in parallel loading. For common strain gauges gauge, 

the factor is around 2 and it is same for tensile and compressive loads. Typical nominal 

resistance of a strain gauge is 120 ohms (Holman 2012, Kyowa 2011). Another 

important property of a strain gauge is transverse sensitivity, which describes sensitivity 

of strain gauge when the load is applied in orthogonal direction. All of these properties 

are given by the gauge manufacturer.  

Overall, equation (30) means that to measure local strain, only the change of resistance 

must be measured. If the strains are measured below the elastic limit, corresponding 

stresses in uniaxial tension or compression can be obtained by Hooke’s law (Hoffmann 

2016 p.189) 

 𝜎 = 𝐸 ⋅ 휀 , (31) 

 

where 𝜎 is stress and 

E is Young’s modulus. 

 

Hooke’s law can be generalized for multiaxial stresses. Typical measured stress states 

are biaxial and two different cases can be separated. In case of thin plates, the stress 

components in z-direction are assumed to vanish. This state is called plane stress and 

principal stresses in the terms of strains are (Hoffmann 2016 p.194) 

 
𝜎1 =

𝐸(휀1 + 𝜈휀2)

1 − 𝜈2
, 𝜎2 =

𝐸(휀1 + 𝜈휀2)

1 − 𝜈2
 

(32) 

 

where 𝜈 is the Poisson’s ratio, 

휀1 is the principal  strain in direction 1 and 

휀2 is the principal strain in direction 2. 
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According to Hoffmann, these equations should be always used even when 휀𝑦 = 0 

(Hoffmann 2016 p.195).  In the other case, strain components in z-direction are assumed 

to vanish and this state is called plane strain. Transverse stresses exists in z-direction 

and stress-strain equations are  

𝜎1 =
𝐸((1 − 𝜈)휀1 + 𝜈휀2)

(1 − 2𝜈)(1 + 𝜈)
, 𝜎2 =

𝐸(𝜈휀1 + (1 − 𝜈)휀2)

(1 − 2𝜈)(1 + 𝜈)
, 𝜎3 =

𝐸(𝜈휀1 + 𝜈휀2)

(1 − 2𝜈)(1 + 𝜈)
 . 

 

6.2 Rosettes 

In the measurements with single strain gauges, strain gauge was assumed to be installed 

in the principal strain direction. On general stress analysis strains occur in multiple 

directions and the direction of the principal strain is unknown.  In these cases, so called 

strain gauge rosettes are used (Holman 2012: 512). These rosettes contain three separate 

strain gauges and the most common setup is shown in Figure 23. 

 

Figure 23.  Strain gauge rosette (Kyowa 2011: 12). 

 

When the strain gauge rosette is applied to arbitrary position, according to Figure 23, 

the direction of principal stresses and strains is (Holman 2012: 513) 
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𝜃 =

1

2
⋅ tan−1 (

2휀𝑏 − 휀𝑎 − 휀𝑐

휀𝑎 − 휀𝑐
) , 

(33) 

 

where 𝜃 is angle of principal stresses, 

휀𝑎 is strain in direction a, 

휀𝑎 is strain in direction b and 

휀𝑎 is strain in direction c. 

 

Corresponding maximum and minimum principal stresses are given by (Holman 2012: 

513) 

 

 
𝜎1,3 =

𝐸(휀𝑎 + 휀𝑐)

2(1 + 𝜈)
±

𝐸

√2(1 + 𝜈)
√(휀𝑎 − 휀𝑏)2 + (휀𝑏 − 휀𝑐)2 

(34) 

 

where 𝜈 is Poisson’s ratio.  

 

Maximum shear stress is given by (Holman 2012: 513) 

 

 
𝜏𝑚𝑎𝑥 =

𝐸

√2(1 + 𝜈)
√(휀𝑎 − 휀𝑏)2 + (휀𝑏 − 휀𝑐)2 . 

(35) 

 

Previous equations are valid only for the rosette presented in Figure 23. If different 

rosettes are used, corresponding equations can be found from manufacturer’s guides. 

For more detailed analysis, see Lee et al 2005: 8-10.  

6.3 Wheatstone bridges 

The resistance change in strain gauge measurement is typically quite small and 

measuring these small changes is quite a difficult task. Instead of measuring changes in 

resistance, changes in output voltage can be measured by using Wheatstone bridges. In 

strain gauge measurements, the resistors Ri in circuit legs are replaced with strain 

gauges. The number of replaced resistors depends on measuring purposes. Detailed 

measurement setups are presented in Kyowa 2011: 14-15. In the respect of replaced 

resistors, following categorization can be done (Kyowa 2011: 7). 
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 Quarter-Bridge: One of the resistors is replaced with a strain gauge. This setup is 

used in general strain measurements. Setup is presented in Figure 24. 

 Half-Bridge: Two of the resistors are replaced with strain gauges. Typically this 

setup is used for separating bending and axial strains or compensating 

temperature changes of gauges. The latter one is discussed more in following 

subchapter (see Figure 25). 

 Full-Bridge: All the resistors are replaced with strain gauges. This setup is used 

for amplifying output, improving temperature compensation and eliminating 

strain components. 

 

Figure 24.  Wheatstone bridge, Quarter-Bridge setup (Kyowa 2011: 7). 

 

The Wheatstone bridge can be used in balanced or unbalanced mode. Balanced bridge is 

used in simple strain measurements and balancing is normally done when the structure 

is unloaded. This means that in balanced mode output voltage is zero. This can be done 

e.g. by replacing the resistor in the other arm of bridge with a potentiometer. The 

excitation voltage is kept constant during measurements. When a load is applied, the 

output voltage varies due the change of resistance in strain gauge. The relation between 

strain and output voltage depends on the used Wheatstone bridge setup. Correct relation 

can be found from the gauge manufacturer’s guides (see. Kyowa: 14-15). In the case of 

a quarter-bridge the relation is given by (Lee et al 2005: 16)  
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𝜖 =

4

𝐺𝐹
⋅

𝑒0

𝐸𝑒𝑥
 , 

(36) 

 

where 𝐸𝑒𝑥 is excitation voltage and 

𝑒0 is output voltage. 

 

In real world measurements, using balanced bridges requires a huge amount of work 

since there may be hundreds of measurement channels. In these cases, a Wheatstone 

bridge is used as unbalanced and in the measurements the effective strain is measured. 

Data is typically acquired with data loggers, which can take the unbalance into account.  

6.4 Error sources in strain gauge measurements 

The strain gauge measurements contain multiple sources for errors. Errors in the results 

can be roughly divided to user and measurement setup errors. Because the measurement 

setup causes always some errors, the task is to keep the total error within acceptable 

limits by the knowledge of the primary error sources (Hoffmann 2015: 149). The basis 

of a measurement is that the system is set up correctly and the measured data represents 

the measured phenomenon. The latter one is done by system calibration. After the 

measurement system is calibrated, primary error sources caused by the user fall in three 

categories (Holman: 508): 

1) Temperature effect. 

2) Moisture effect. 

3) Wiring problems. 

 

The first and last ones can be mainly solved with specific Wheatstone bridge setups, 

which are presented in Chapter 6.4.2. Moisture causes instability and shift in the zero 

point of the measurements and in worst case interchangeable strain gauges are 

permanently damaged.  This is the one of the main problems in long term outdoor 

measurements. The most important point is to secure cabling and strain gauges from the 

moisture, which is done by using correct adhesives and insulation. 
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6.4.1 Calibration 

System calibration is very important part of any measurement. System must always be 

calibrated such that the measured quantity and the measure itself corresponds with each 

other. A classic calibration is done e.g. by applying known forces to the structure and 

interpolating a curve of deformation from measured data. As a result, the magnitude of 

arbitrary force can be found via known deformation. In a complicated real world 

structure, this kind of evaluation is impossible. Instead following methods can be 

considered (Hoffmann 2015: 137): 

 Calibration with a calibration signal provided by a measuring amplifier. 

 Direct shunt calibration. 

 Calibration with a calibration unit. 

The most used one of these is direct shunt calibration. In direct shunt calibration, strains 

are simulated with known resistors, which are parallel to the strain gauges. This method 

has also a major advantage, since all influences from measuring setup and devices 

affecting the measurements are included. This means that the resistance of the 

connecting cable, the gain of the amplifier and the sensitivity of the indicating 

instrument are automatically compensated (Hoffmann 2015: 144).  

6.4.2 Temperature 

The most important source for errors is the change of temperature, especially in the long 

term static measurements. The change of temperature affects all components in the 

measurement system. Since the response of each component is different, temperature 

compensation is necessary.  

The first primary error source is between the strain gauge and the measured material. 

An ideal situation would be that both obtain exactly the same change of length due to 

variation of temperature. Since there is always some difference, a theoretical equation 

for apparent strain can be written as (HBM 2016: 60) 

 𝜖𝑇 = (
𝛼𝑟

𝐺𝐹
+ 𝛼𝑏 − 𝛼𝑚) ⋅ Δ𝑇, (37) 
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where 𝜖𝑇 is the apparent strain of the strain gauge, 

𝛼𝑟 is the temperature coefficient of the electrical resistance of the measuring 

grid foil, 

𝛼𝑏 is the thermal expansion coefficient of the measured object, 

𝛼𝑚 is the thermal expansion coefficient of the measuring grid material and 

Δ𝑇 is the temperature difference. 

 

Temperature compensation can also be done with material specific strain gauges, but 

their compensated temperature range is typically quite narrow (Hoffmann 2015: 151). 

For better temperature compensation, specific Wheatstone bridge setups can be used. 

This can be done with half-bridge setup, where a so called dummy gauge is attached to 

the neighbor arm of the bridge. The dummy gauge is similar to the active gauge and it is 

applied to same material in the same temperature conditions. The difference is that it’s 

not affected by any other loads. Since it is on the neighbor arm of the bridge, it causes 

unbalance of an opposite sign, thus cancelling the effect of the change of temperature. 

The setup is presented in Figure 25. 

 

Figure 25. Temperature compensation with half-bridge (Kyowa 2011: 7). 
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The second primary error source for temperature changes is so called lead wire effect. 

In real world measurements data logger may be connected to the strain gauges with very 

long wires. The effect of the long wires is taken into account with system calibration, 

but when the temperature changes the calibration is no longer correct. The effect of lead 

wires can be automatically compensated by using so a called three-wire setup, presented 

in Figure 26. 

 

Figure 26.  Three wire setup (Kyowa 2011: 7). 

 

6.5 Load cells 

The most common force transducer based on the strain gauges is a load cell. In the 

context of this thesis, the interest is on fasteners. In respect of fasteners, a center-hole 

type cell, which allows the fastener go through the sensor, is used. Inside of the load cell 

is an elastic element with bonded strain gauges. Measurement of strains is normally 

done with quarter or half bridge techniques. These sensors fit perfectly to measuring 

high axial and clamping forces in the bolts. Since load cells are factory manufactured, 

housings can be very well sealed and measurements can be done in harsh conditions. 

Thus, load cells can also provide high accuracy with large force and temperature scales 

(Hunt et. al 2013: 9). Above and below the load cell are load distributing planes, which 

require smooth and stiff contact to minimize errors on the measurements. The principle 

of the load transmission and typical Wheatstone bridge setup are presented in Figure 27. 
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Figure 27. Load transmission and typical Wheatstone bridge setup (ASA-RT 

product catalog). 

 

6.6 Extensometers 

An extensometer is a device which measures changes in the length between a fixed head 

and movable point in the extensometer. In rock monitoring, extensometers are typically 

used in tunnels, dams, support walls and mines to secure usability and safe use of the 

structure. In these applications, typical extensometers are multipoint borehole 

extensometers, which can measure changes in multiple points in a single borehole. The 

borehole extensometer is installed to a drilled hole and pre-defined measuring points are 

fixed to the base rock mechanically or by grouting, depending on the extensometer type 

(Geokon 2016). When movement occurs in the rock, the distribution of the 

displacements with fixed points in respect to the head can be obtained. This means that 
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multiple point extensometers can also predict location of rock failure. Advantages of the 

extensometers are that they can measure displacements at any orientation and measuring 

can be done with high accuracy up to distances of 200 mm, which is high range in the 

point of view of this thesis. Extensometers can also provide wide operating 

temperatures and they fit very well to long time measurements (Geokon 2016). The 

installed extensometer in Saarenkylä Wind Park without final sealing is presented in 

Figure 28. 

 

Figure 28. Installed extensometer in Saarenkylä Wind Park. 
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7 MEASUREMENT SETUP 

The measurements for this thesis are carried out in Saarenkylä Wind Park, which is 

located in Alavieska, Finland.  At the start point, one rock anchored foundation of a 

Vestas V126-3.3MW wind turbine with a hub height of 136 meters was instrumented 

with strain gauges and extensometers. During measurements, after the failure of the 

strain gauges in the rock anchors, load cells were added to measure forces in the rock 

anchors and tower bolts. The extensometers are installed by Suomen Malmi Oy. All 

strain gauge and load cell measurements, from planning to final execution, are carried 

out by VTT Expert Services Oy.  

For this thesis, measured pre-processed data is transmitted in a Matlab-format to the 

author to be analyzed. The measuring period is from 20.8.2015 to 31.1.2017 depending 

on the measurement device position. All instrumentation, including load cells in the 

rock anchors, is active from 8.11.2016 to 31.1.2017. In the next chapter, the whole 

measuring setup is expressed in order to give a comprehensive view to the reader. This 

thesis will analyze only a part of it and work will be continued later. All data analysis is 

carried out with Matlab software. For Rainflow counting, a free Matlab function made 

by Adam Nieslony is used, all other necessary functions are programmed by the author. 

 

7.1 Measuring devices, positions and directions 

The main measuring plane MP1 is set on the main wind direction, which is at 240 

degrees from the north. The choice was based on the wind statistics by Finnish 

meteorological institute Ilmatieteenlaitos. To solve acting forces on the tower shell, a 

measuring plane MP2 is set in the direction transversal to the main measuring direction, 

being equal to 150 degrees. Due to problems with the installation of the adapter plate, 

the measuring plane on it has an offset of 30 degrees being equal to 210 degrees. Later 

this direction is referred as a measuring plane MP3. Following naming is used with all 

measuring devices except for the adapter plate:  ***SW at 240 degrees, ***aSW at 210 

degrees, ***SE at 150 degrees, ***NE at 60 degrees, ***aNE at 30 degrees and 
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***NW at 330 degrees. With the adapter plate, strain gauges with ***SW are located at 

210 degrees and ***NE at 30 degrees. Measuring directions are presented in Figure 29.  

 

Figure 29. Measuring directions and strain gauge locations on the tower shell. 
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In the vertical direction, a total number of four different measuring levels were set 

above the ground level. Following setup can be thought as a basic measuring setup, 

deviations from this are mentioned in the following chapters: 

 Kyowa 120 ohm or HBM 350 ohm strain gauge is used with three-wire quarter-

bridge setup, which takes the effect of long lead wires into account. 

 The temperature is recorded at all measuring levels so that it is possible to carry 

out a more exact temperature correction. Temperatures are also recorded inside 

and outside of the wind turbine tower. 

 Dummy gauges are used for temperature compensations. 

 Measuring frequency is set to 10 Hz for all sensors. 

 Data is pre-filtered with a low-pass Butterworth filter with a 10Hz/2.5 = 4 Hz 

cut-off frequency on the data logger. 

The first level contains the strain gauges on the turbine tower shell at the height of one 

meter. The purpose of all these strain gauges is only to calculate an overturning moment 

and a wind angle, the stress state of the turbine tower in not in the scope of this thesis. 

On the second level, the measuring devices are at the level of the tower flange, strain 

gauges between tower bolts and load cells in the tower bolts. The analysis of the data 

from the tower bolts was originally included in this thesis, but due the delay in the 

assembly, analysis was omitted. The third measuring level contains strain gauges on the 

adapter plate and load cells on the rock anchors. Analysis of the data from these sensors 

is the main scope of this thesis. The fourth measuring level is in the concrete 

foundation. This level is in the interest only with the analysis of the rotational stiffness 

of the foundation. Below the ground level extensometers measure transitions in the rock 

in four different depths. The position of the instrumentation in the vertical direction at 

the main wind direction (South-West) is presented in Figure 30. 
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Figure 30. Strain gauge and extensometer positions at South-West in vertical 

direction. 
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7.1.1 Tower 

The tower shell is instrumented in all measuring planes with strain gauges and 

measurements began on the 12
th

 of February 2016. The strain gauges are installed at the 

height of one meter from the tower bottom flange and measurements are carried out 

only in z-direction. This will result as a small error, since effects of the torsion moment 

and shear force remain unknown. Tower shell has vertical stiffeners which may cause 

errors to the measurements. Strain gauge positions are chosen in such way that the 

influence of the stiffeners is minimized. At the measuring planes MP1 and MP2 the 

strain gauges used are HBM 350 ohm gauges with 3-wire half-bridge setup, which 

automatically takes temperature compensation and the effect of long wires into account. 

At the measuring plane MP3 the basic measurement setup is used. Strain gauges 

T1zSW-T1zNW, T1zaSW and T1zaNE are installed inside the tower to the positions 

presented in Figure 29. Temperature readings are also recorded from all of these 

positions with the same frequency for more exact temperature correction. On measuring 

plane MP3, also the outside of the tower shell was instrumented, in Figure 29 these 

strain gauges are marked as T6zaSW and T6zaNE.  

 

7.1.2  Rock anchors and tower bolts 

The acting axial and clamping forces in the rock anchors and tower bolts are measured 

with the load cells. Load cells were installed in four rock anchors in the autumn of 2016 

and the measurements began on the 8
th

 of November. The measuring points are located 

on the measuring planes MP1 and MP2 and sensors are named as FA1SW, FA2SE, 

FA3NE and FA4NW. The instrumented rock anchors are the closest anchors to the 

measuring plane inside the turbine tower. The assembly of the load cells to the tower 

bolts was delayed and the analysis of the results from these measurements will be 

carried out after this thesis. These load cells are located also in the measuring planes 

MP1 and MP2 and named as FT1SW, FT2SE, FT3NE and FT4NW. The used load cells 

are manufactured by ASA-RT and the following models are used (ASA-RT 2016): 

 Rock anchors: ATB-TE 50 1000 kN. 

 Tower bolts: ATB-TE 40 410 kN. 
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The guaranteed working temperature of the load cells is from 10 to 120 degrees, the 

protection class is IP66 (in oil) and the announced combined measuring error is less one 

percent from nominal load cell strength. Both load cells use the full Wheatstone bridge 

setup for measuring. The load cell ATB-TE 50 installed to the rock anchor is presented 

in Figure 31. 

 

Figure 31. Load cell installed to rock anchor. 
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7.1.3 Adapter plate 

The strains on the adapter plate are measured on the measuring plane MP3 at three 

separate points in direction of 210 degrees and three separate points in the direction of 

30 degrees. Measuring points are symmetrical to the tower. Strains are measured in 

tangential (y-direction) and radial directions (x-direction) and measuring points are 

between the tower bolts. The positions of the strain gauges on the adapter plate can be 

seen in Figure 30 detail 2. Strain gauges T3*** and T4*** are located on the top 

surface of the adapter plate and T5*** on the bottom surface of the adapter plate just 

below T3***. All strain gauges in the adapter were pre-installed and sealed at the 

factory. Figure 32 illustrates the installed strain gauges T3xNE, T3yNE, T4xNE and 

T4yNE before final sealing. 

 

Figure 32. Installed strain gauges T3xNE, T3yNE, T4xNE and T4yNE. 
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7.1.4 Extensometers 

The movements in the rock are measured on the main measuring plane MP1 with four-

point borehole extensometers. A total number of six extensometers were installed, three 

on each side of the foundation. The positions on vertical and horizontal directions on the 

NE-side can be seen in Figure 33. The SW-side is identical to the NE-side. The 

reference head of the extensometer is located 100mm above levelling casting and the 

lowest measuring point at the depth of 10 meters. In this thesis, extensometer data is 

used to monitor compression and the creep of the rock after post-tensioning of the rock 

anchors and finally movements in the rock during random loading. 

 

Figure 33. Location of the extensometers. 
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7.2 Signal processing 

Signals from all sensors are pre-filtered with data logger and the low-pass Butterworth 

filter with cut off frequency of 10 Hz/2.5 = 4 Hz is used. For bending moment and 

anchor force analysis, the blade passing frequency around 1 Hz is still disruptive. Thus, 

the signal is re-filtered with Savitzky-Golay filter. The result of filtering is presented in 

Figure 34. 

 

Figure 34. Strain data smoothed with Savitzky-Golay filter. 

 

Savitzky-Golay filter was originally proposed by Savitzky and Golay in 1964. In their 

method, data smoothing is based on using local least-squares approximation. Low-pass 

filters using their method are generally called Savitzky-Golay filters. In Matlab, 

Savitzky-Golay filter is called by defining the number of points used to fit the local 

polynomial and the order of the smoothing polynomial. In this thesis, following filter 

parameters are used: 

 Polyorder = 9; 

 numPoints = 99; 

 sgolayfilt(signal,polyOrder,numPoints);  
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8 RESULTS 

The measured data was split up to 10 minute ‘events’, which describe the response of 

the foundation in different kind of loading situations. Since there was no actual wind or 

turbine data available, exact knowledge of what IEC 61400-1 type of load cases those 

are does not exist. The classification is chosen by the author and is based purely on the 

measured stress levels in the wind turbine tower shell. Evaluated events include 

following type of events: 

 Normal wind, measured strain in the tower does not exceed 300 mstr.  

 High wind, measured strain in the tower exceeds 300 mstr. 

 Event with high range, events like gusts are included here. 

 Events on the measuring plane directions. 

 Start or shutdown. 

 All calm moments, when the wind turbine is stopped, during the hole 

measurement period are used for calibration and balance checking in the strain 

gauges. 

One of these events is presented within the results section - the rest are included 

statically. The evaluation period is only three months long with rock anchors and thus 

more exact statistical evaluations will be expressed afterwards. The chosen event is 

recorded at 10
th

 January 2017 at 19:45:00 and for the clarity of the figures, only a period 

of five-minutes is presented. The wind angle and overturning moment are calculated 

with the linear beam theory and strains are converted to stresses by using equations 

(32).  The validity of the linear beam theory can be estimated by examining how much 

the stress state in pure bending in the tower shell differs from the symmetrical stress 

state during the whole measurement period. Since the strain gauges were installed after 

the partial assembly of the tower, part of the possible misalignment of the tower is 

automatically corrected. During the measurement period, all strain gauges in the tower 

shell performed flawlessly. Overall, bending strains in the wind turbine tower followed 

linear beam theory very well, and following notes can be expressed: 
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 On calm days, when the wind turbine was stopped, the average deviation from 

the ideal stress state was 8.27 mstr on the measuring plane MP1 and 5.74 mstr 

on the measuring plane MP2.  

 In randomly selected points, the average deviation from the ideal stress state was 

12.90 mstr in the measuring plane MP1 and 10.17 mstr in the measuring plane 

MP2. 

 During high wind conditions, the average deviation from the ideal stress state 

was 19.57 mstr in the measuring plane MP1, which equals to 4.2 %. In the 

measuring plane MP2 the average deviation was 9.19 mstr. 

 

In all cases, high deviations can be obtained when there are notable temperature 

differences in the tower shell. These deviations occur when sun is heating the tower 

shell partially or during cold temperatures. These events are excluded and examined 

separately. During the evaluation period, combinations of high temperature differences 

and high wind conditions did not occur. Evaluated events included in the analysis are 

listed on the next page, time denotes the start time of the 10-minute period. The first 

evaluated events are recorded when wind is on the main measuring planes MP1 or MP2. 

These are the most important events, since most of the measuring devices are located on 

these planes. Also the correctness of the FE-model and the rock anchor force diagrams 

is most easily verified from these. Since the FE-model is quite heavy to calculate, the 

stress state in an arbitrary wind direction is not reasonable to calculate. Afterwards it 

could be concluded that the static analysis could be carried out from these events and 

the fatigue analysis from all events. Most of the chosen events are after the load cell 

installation to the rock anchors. This is due the fact that summer 2016 was very calm 

and the best wind conditions for the analysis occurred after 22
nd

 December 2016. The 

problem with this time period is that wind stayed mainly in the main wind direction on 

the measuring plane MP1. Thus the number of the interesting event in the other main 

directions remained low.  
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Moment of days with wind in main wind directions ±2 degrees with very high range: 

 

08.04.2016 15:20:00 15:17:40 10:31:30 11:59:30 12:14:00 

27.08.2016 13:58:30  

22.12.2016 01:00:00 17:11:30 

25.12.2016 01:48:00 02:43:40 

29.12.2016 00:00:00 

10.01.2017 17:26:00 18:34:00 

26.01.2017 01:07:00 

28.01.2017 10:00:00 

 

Moment of days with wind on the main measuring planes with high wind conditions: 

 

04.12.2016 13:12:00 

30.11.2016 07:30:00 08:30:00 

23.12.2016 00:00:00 02:00:00 

24.12.2016 04:40:00 

27.12.2016 11:20:00 11:50:00 12:20:00 12:50:00 13:20:00 

10.01.2017 19:45:00 

17.01.2017 17:00:00 

21.01.2017 04:00:00 06:00:00 

25.01.2017 23:20:00 

26.01.2017 13:00:00 13:30:00 14:00:00 14:30:00 

 

Events with normal wind conditions: 

 

08.11.2016 02:30:00  09.11.2016 10:30:00 

10.11.2016 04:15:00  11.11.2016 12:30:00 

14.11.2016 22:40:00  18.11.2016 19:50:00 

25.11.2016 21:40:00  01.12.2016 00:25:00 

03.12.2016 12:40:00  14.12.2016 19:10:00 

18.12.2016 20:00:00  24.12.2016 18:40:00 

02.01.2016 07:30:00  03.01.2017 22:30:00 
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06.01.2017 16:50:00 

Start or stop of the wind turbine: 

 

30.06.2016 14:00:00  12.08.2016 17:50:00 

11.11.2016 11:48:00  29.11.2016 14:15:00 

04.01.2017 20:10:00  05.01.2017 10:45:00 

07.01.2017 03:10:00  07.01.2017 13:55:00 

08.01.2017 11:43:00  11.01.2017 01:40:00 

 

The stress state in the tower shell, bending moment and wind angle as the functions of 

time at chosen the event are presented in Figures 34, 35 and 36. This event is ranked as 

a high range event on the main wind direction. January 10
th

 was one of the windiest 

days during the whole measurement period. Lots of similar actions, probably caused by 

a gust, occurred during that day. 

 

 

Figure 35. Bending stresses on the tower shell. 
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Figure 36. Calculated bending moment. 

 

 

Figure 37. Calculated wind angle. 
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8.1 Compression and creep of rock 

The recording of the data from the extensometers was started when the rock anchors 

were post-tensioned on 20.8.2015-21.8.2015. The total compression of the rock can be 

obtained from the most bottom one of the extensometers. The change of displacements 

in the rock during post-tensioning is presented in Figure 38. The extensometer presented 

is E4zSW in Figure 33, which is located at the main measuring plane MP1 at South-

West in the depth of 10 meters just below the tower. After post-tensioning, the rock 

starts to creep, which causes losses to the post-tensioning force. Daily average readings 

from extensometers E1zSW-E4zSW during the whole measurement period are 

presented in Figure 39. E3zSW is left away for clarity, since readings coincide with the 

reading from E2zSW.  The data shows that the maximum change in displacement 

during the whole measurement period is -1.2 mm and after post-tensioning -0.65 mm. 

At maximum, this would result as a 53.7 kN loss in the post-tension force. The rock 

anchors are re-tensioned after a certain use period, so this effect is compensated with re-

tensioning.  

 

Figure 38. Displacement on the extensometer E4zSW during post-tensioning. 
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Figure 39. Displacements on the extensometers E1zSW-E4zSW. 

 

 

Figure 40. Displacements on the extensometers E1zSW-E4zSW. 
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8.2 Rotational stiffness 

The rotational stiffness of the foundation was estimated from the measured data. Exact 

vertical movement in the rock is read from the extensometer data and transition in the 

foundation can be estimated from the strain gauges in the foundation. A lower limit for 

the rotational stiffness is approximated in such a way that strain is read from the strain 

gauge just below grouting and strain is assumed to be constant at the whole height of the 

foundation. Data was collected from events where the wind is at the main wind 

direction 240±2 degrees and fifteen events with very high ranges were taken into 

account. The estimated rotational stiffness of the foundation is 1195 
𝐺𝑁𝑚

𝑟𝑎𝑑
  with standard 

deviation of 182.7 
𝐺𝑁𝑚

𝑟𝑎𝑑
 . The standard deviation is quite high, but the values give a 

good notion that under the adapter plate transitions are very small and most transitions 

come from the concrete foundation. In the FE-model, transitions of the adapter plate and 

concrete foundation are taken into account and the resulting rotational stiffness is 

837.5 
𝐺𝑁𝑚

𝑟𝑎𝑑
 . The extensometer readings and the measured strains on the foundation 

below grouting at sample event are presented in Figure 41 and Figure 42. 

 

 

Figure 41. Movement in the rock during sample event. 
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Figure 42. Strains in the foundation during sample event. 

 

8.3 Rock anchors 

The elastic compliancy of the clamped parts in the rock anchor joint was estimated from 

the third FE-model. The compressed zone shown in Figure 43 was estimated as a 

bilinear cone according to VDI2230 and elastic compliancy was calculated by 

integrating over the free length of the rock anchor using equation (4). The radius of the 

compression zone was estimated to follow equation  

 
𝑟(𝑧) = {

0.414634 ⋅ 𝑧 𝑚𝑚,                                     𝑧𝜖[0,4100]        

1700𝑚𝑚 − 0.5307(𝑧 − 4100)𝑚𝑚,     𝑧𝜖[4100,6900]
 . 

(38) 

 

This means that the elastic compliancy of the rock is 1.516 ⋅ 106 𝑘𝑁/𝑚 and in the 

linear phase 3.4 % from the external force is transmitted via the rock anchor and rest of 

the load via clamped parts.  
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Figure 43. Compression cone in the rock after post-tensioning rock anchors. 

 

During the installation of the load cells it was noted that the static levels on the load 

cells were incorrect even the shunt calibration values were correct. The reason for this 

remains unknown. The jacking equipment was calibrated and strain on the rock anchor 

was controlled during re-tensioning, so the post-tensioning force is supposed to be close 

to 1200 kN as designed.  Also during measurements, load cell values crawl time by 

time. For these reasons analysis was changed to a local analysis. With analyzed events 

between calm moments of time, static load cell values remained mostly stable and thus 

a linear shift to values based on calm moments of time was made.  

 

8.3.1 Static measurements 

The rock anchor force diagram was generated by choosing all data, where the wind is on 

the measuring planes MP1 and MP2 with maximum deviation of ±2 degrees. During the 

measurement period of the rock anchors, time periods on fifteen days satisfied this 

condition, and a total number of 250000 samples were included in the curve fitting. 

Since static levels of the load cells were unstable, those were set manually so that the 

post-tension force is exactly 1200 kN. The bolt force diagram recorded at 28
th

 January 

2017 is presented in Figure 44. At each evaluated period, the acting forces on the rock 
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anchors followed the presented curve. Also few events, where wind was not on the 

measuring planes MP1 or MP2, were analyzed. In these cases, a linear equivalent 

moment was calculated and the effective rock anchor force was estimated with it.  

Variation on the anchor force was higher in these cases and maximum variation of  ±5 

kN was obtained in the partial joint separation state.  The windiest days of the 

measuring period did not meet the required condition, so the part with full joint 

separation was left short. 

 

Figure 44. Anchor force - moment diagram 28.01.2017, wind 240±2deg. 

 

Equations were fitted to the data according to Figure 4 and as the result the rock anchor 

forces as a function of overturning moment can be split to three groups: 

1. Linear phase, 𝑀 ≤ 50000 𝑘𝑁𝑚: 

 

𝐹𝑅𝐴 =  𝐹𝑝𝑟𝑒 + Φ𝑛(𝑀)𝐹𝐴 = 1200 + 0.00024670 ⋅ 𝑀  [𝑘𝑁]. 

 

2. Partial joint separation, 50000 𝑘𝑁𝑚 ≤ 𝑀 ≤ 100000 𝑘𝑁𝑚 

 

𝐹𝑅𝐴 = 𝑦0 − √𝑟2 − (𝑀 − 𝑥0)2  [𝑘𝑁], 
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where 𝑥0 = 45339.1119, 𝑦0 = 41106414.9357  and 𝑟 = 41105202.8549. 

 

3. Full joint separation, 𝑀 ≥ 100000 𝑘𝑁𝑚: 

 

𝐹𝑅𝐴 =  1066.4 + 0.00182032 ⋅ 𝑀  [𝑘𝑁]. 

The exactness of different design methods presented in the theoretical part of this thesis 

is estimated by combining the fitted curve with design curves by different design 

methods. Results on the tension side are presented in Figure 45.  

 

Figure 45. Rock anchor forces with different methods. 

 

The linear beam theory and the Lutz-method are linear methods and thus those cannot 

describe exact bolt forces after the partial joint separation starts. Those methods cannot 

be used straight to the estimation of the ULS rock anchor forces. Both of those methods 

have to be combined with the approximate solution of the joint separation presented in 

VDI 2230, which should lead to a similar load curve as presented in Figure 4. The only 
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problem is to do calculation for an arbitrary rock anchor joint. From FE-models, the 

model with bolt modelled as solid gives the best results with matching the measured 

data. With the model with linear connectors it was noted that exact bolt stiffness, 

connector influence area and boundary conditions have great influence on the connector 

force. Also the chosen connector model was modelled without actual washers, which 

may have an influence to the rock anchor forces. If linear connectors are used, it is 

recommended to check that on the linear phase, without joint separation, connector 

forces match with the forces calculated with e.g. linear beam theory. Another possibility 

is to use different connector elements which are available in the Abaqus CAE, but those 

were not analyzed in this thesis. Overall, the static measurements and analysis followed 

the original design calculations very well, where maximum rock anchor force was 

calculated to be 1373.6 kN. 

Corresponding figure with the compression side included is presented in Figure 46. On 

the compression side, all methods are close to each other. Behavior of concrete and 

grouting is close to linear elastic behavior and thus also rock anchor forces behave 

similarly. 

 

Figure 46. Rock anchor forces, tension-compression. 
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Rock anchor forces during the sample event are presented in Figure 47. The stress 

ranges on the tension side are approximately twice as great as on the compression side. 

The wind is in the main wind direction and rock anchors FA2SE and FA4NW are on the 

tower neutral axis.  

 

 

Figure 47. Rock anchor forces during example event. 

 

8.3.1 Fatigue measurements 

The fatigue analysis of the rock anchors was carried out with Rainflow counting in the 

time domain. The procedure follows methods presented in Chapter 5. Mean stresses and 

stress ranges were extracted from random data with Rainflow-counting algorithm and 

damage accumulation was carried out with the Palmgren-Miner rule. Due o huge 

amounts of data, fatigue analysis had to be carried out with a computer. Adam Nieslony 

has released a free Matlab code (Nieslony 2009), which does the Rainflow-counting 

from arbitrary data. The fatigue curves were changed in the code to correspond fatigue 

curves of the Fatbar rock anchors. Fatigue detail class was chosen to be 36*, according 

to DibT (DibT: 36) and size effect was taken into account according to equation (13).  

In fatigue class 36*, the corresponding Eurocode design category is 40 and constant 

amplitude fatigue limit is at 10 million cycles. The same fatigue detail category was 

used in the original design calculations. 
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The idea of the high post-tension force on the rock anchors is that fatigue loads on the 

rock anchors and rock are reduced significantly. Thus rock anchors are not generally 

thought to be sensitive to the fatigue failure. This behavior is visible also in the fatigue 

results expressed on the Table 7. It has to be noted, that evaluation period was very 

windy and thus it is reasonable to assume that average wind conditions are lower. 

Therefore the fatigue lifetime from the measured data is probably conservative. Since 

most of the fatigue loads are on the linear part of the bolt force diagram, the total effect 

of wind levels is unclear and it may have only a small influence on the fatigue life. 

Measuring time was also too short to analyze measured fatigue life statically. 

Measurements will be continued after this thesis and more statistically exact results will 

be expressed later.  

Results of fatigue analysis are presented in Table 7. With the FE-model with solid bolts 

Palmgren-Miner sum is too high due the use of the incorrect detail category. Solid bolt 

in the FE-model takes bending deformation into account and thus a higher detail 

category should be used. With detail category 50, Palmgren-Miner sum is reduced to 

0.0487, which is on par with all others. The Lutz method with slightly lower bolt forces 

fails slightly in fatigue life estimation. Overall it can be concluded that all other 

methods except the Lutz method provide equivalent fatigue life approximation.  

Table 7. Results from the fatigue calculations. 

 Palmgren-Miner Sum 

Measured on sensor FA1SW, 

equalized to 25 years 

0.022 

Linear beam theory 0.0323 

Lutz-method 0.0061 

FEM-connector 0.0307 

FEM-solid 0.2789 

FEM-solid, detail category 50 0.0487 
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8.4 Adapter plate 

8.4.1 Static measurements 

Stresses on the adapter plate are evaluated only as a local analysis due the problems 

during the installation and later with strain gauge stability. A similar approach, as with 

the rock anchors, is used and events are recorded with wind on the measuring plane 

MP3, i.e. at 210±5 degrees. This approach appeared to be problematic, since during the 

measuring period only a few events with high wind occurred. The events with high 

range in the correct wind direction play a key role since the greatest differences are 

always seen from these events. With sample event wind was on the measuring plane 

MP1, which has 30 degrees offset from the measuring plane MP3. Regardless of this, 

the sample has one of the highest ranges and therefore it is also presented here  

Since static levels are not reliable, they are forced to the same level as in the FE-model 

with solid modelled rock anchors. The main interest is to check the compatibility of the 

FE-model to the fatigue calculations, i.e. how well stress ranges compare between the 

FE-model and measured data. All analyzed events ended with similar results. Due to 

many assumptions, statistical conclusions were not made at this point. Figures 49-52 

present the results from the windward direction measuring points. 
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Figure 48. Measured and FEM stresses on sensors T3xSW and T5xSW. 

 

Figure 49. Measured and FEM stresses on sensors T4xSW and T4ySW. 

 

 

Figure 50. Measured and FEM stresses on sensors T5ySW. 
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Figure 51. Measured and FEM stresses on sensors T5ySW. 

 

Overall data compatibility on the windward side is good, the only slight exception is 

with tangential direction strain gauge T5ySW. For some reason, measured stresses are 

higher than stresses from FE-model even thought all other components match very 

precisely. The same kind of behavior was noticed also on the events with the wind 

direction exactly on the measuring plane MP3 and on measuring plane MP1.  

Results on the leeward side of the foundation are presented in Figures 53-55. The strain 

gauge T3yNE was malfunctioning at this point, so it was excluded from the results. 

Similar behavior as on the windward side was detected. On the strain gauge T4yNE, the 

FE-model gave slightly higher stresses, otherwise stress ranges matched with each 

other. Data compatibility is good also on the leeward side and it can be stated that stress 

ranges in the FE-model correspond real stress ranges. There is a slight uncertainty with 

radial direction strain gauges, but hopefully a statistical approach will answer this 

question in the future. 
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Figure 52. Measured and FEM stresses on sensors T3xNE and T5xNE. 

 

 

Figure 53. Measured and FEM stresses on sensors T4xNE and T4yNE. 
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Figure 54. Measured and FEM stresses on sensors T3yNE and T5yNE. 

 

8.4.2 Fatigue measurements 

The fatigue analysis of the adapter plate is carried out from the data from the second 

FE-model with solid modelled rock anchors. The meaning of this chapter is to be more 

of a basis for a better fatigue analysis of the adapter plate in the near future. The fatigue 

lifetime is calculated only in a few fatigue relevant points. At same time, methods were 

compared together and feasibility of those with Excel is analyzed.  

The fatigue analysis is carried out in such a way that equivalent uniaxial stress history is 

calculated for all load cases in Markov matrices presented in the wind turbine 

manufacturer load document. Stresses from the FE-model are transferred to Excel and 

all calculations are done there. Loading was assumed to be proportional with all 

methods. The evaluated point is the tower bolt hole beside the most loaded rock anchor 

on the windward side of the wind turbine. By knowledge, this is the most critical point. 

Maximum principal stresses on the corresponding part of the adapter plate are presented 

in Figure 55. Principal stresses during ULS load cycle are presented in Figure 56. 



94 

 

 

Figure 55. Maximum principal stresses on the adapter plate. 

 

 

Figure 56. Principal stresses from FE-model at tower bolt hole during ULS load 

cycle. 
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The estimated fatigue lifetime with different methods presented in Chapter 5.5 are 

expressed in Table 8. Fatigue lifetime is calculated at the point with maximum principal 

stress. At the evaluated point the fatigue of the adapter plate appeared not to be critical. 

Thus Findley’s method is left out from results. Since evaluated point is around hole, 

where stress state in uniaxial, results with all methods are close to each other. Overall, 

these simple multiaxial fatigue methods, in the case of proportional loading, were easy 

to implement with Excel.  

Table 8. Results from the fatigue calculations. 

 Palmgren-Miner sum 

Maximum principal stress 0.013 

Maximum shear stress 0.004 

Signed von Mises 0.008 

Sines 0.005 

Crossland 0.005 
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9 SUMMARY 

In this thesis, the measured data from the rock anchored wind turbine foundation was 

analysed and results were compared with analytical and numerical design calculations. 

In the theoretical part of this thesis, analytical and numerical static and fatigue design 

methods were expressed. After many problems and delays, measurements were carried 

out with points of interest within this thesis. The experimental part of this thesis 

considered FE-modelling, the analysis of the measured data and comparison of it with 

the design calculations.  

The main interest of this thesis was to analyse data from the rock anchors and the 

adapter plate. Matlab codes were created for automated data handling for all sensors and 

more exact correction terms were added during analysis. Due the instability of the load 

cell static levels, the analysis of the rock anchor data was changed to a local analysis. 

After this change, rock anchor forces were noticed to follow the circular path presented 

in VDI2230 in the partial joint separation state. The curves were fitted to the measured 

data and during chosen events rock anchor forces were noticed to follow this curve very 

precisely. The load curve was also compared with different design methods and finally 

fatigue analysis was carried out from the measured data and with different design 

methods. It was noted that different methods end up with similar fatigue performance. 

The greatest meaning of the correct behaviour of the rock anchors in the analytical 

calculations and FE-model is that stresses on the rest of the foundation are dependent on 

it. In the analysis of the adapter plate data, installation time and stability problems 

caused that only a limited analysis was carried out. Without few exceptions, stress 

ranges were noted to follow the FE-model stress ranges. Thus it was concluded that 

basics for the static and fatigue analysis of the adapter plate are correct. Finally, a few 

multiaxial fatigue methods were compared as a basis for future analysis.  

Since Peikko’s design model in Saarenkylä Wind Park follows closely measured data, 

the greatest results of this thesis will follow in the future. Parts of this thesis still need 

verification and more data in the correct wing angle, so that a more exact statistical 

analysis can be carried out. Overall, it can be said that the design procedure is verified 

with the analysed parts of the foundation. The measurements will continue in 

Saarenkylä with all sensors and also tower bolts will be instrumented. This leads to a 
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more exact foundation optimization on the near future. Also, part of the measured data, 

e.g. extensometers, is only scratched from the top surface within this thesis and analysis 

of this data will increase knowledge of the true behaviour of the rock. Many interesting 

future research targets were noted during the writing of this thesis and work will 

continue with those. First steps are to continue work with the tower bolts and rock 

anchors and automate the multiaxial fatigue analysis of the adapter plate with the FE-

model.  
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