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ABSTRACT

FATIGUE ANALYSIS OF ON-SHORE WIND TURBINE
TOWERS

A procedure for estimation of fatigue lives of bolts in flange connections of
tubular steel wind turbine towers is developed in this research. The procedure includes
numerical calculation of aerodynamic forces, and finite element modeling of the bolted
connection. Changes of wind variables are taken into consideration by representative
values which are obtained from their probability density functions which are calibrated
by wind measurements in the field. Bolt stress time-series calculated numerically and
measured by sensors are in agreement in the aspects of fatigue damage and power
spectra. The amount of fatigue damage experienced by a bolt is greatly affected by its
position in the connection. This procedure uses a limited number of loading cases that
represent the long-term variability of the wind parameters, and therefore it requires a

reasonable computation effort.

Moreover, the influence of reduction of bolt preload on the fatigue damage expe-
rienced by the bolts is evaluated. Results of finite element analyses are used for fatigue
calculations. According to the results of this study, loss of bolt preload increases the
stress ranges, and consequently increases the fatigue damage. However, this effect is

more significant as the bolt preload is reduced to 25 % of the design value.



OZET

KARA TiPI RUZGAR TURBINI KULELERININ
YORULMA ANALIZI

Bu arastirma boru enkesitli riizgar tiirbini kulelerinin bulonlarinda yorulma
istemlerini hesaplamak icin bir yontem sunmaktadir. Sunulan yontem aerodinamik
yiiklerin simulasyonu ve bulonlu baglantilarin yapisal davraniginin sonlu elemanlar
yontemiyle modellenmesine dayanmaktadir. Riizgar parametrelerinin degiskenligi sa-
hadaki ol¢timlerle ayarlanan olasilik dagilimlarindan elde edilen degerlerle temsil edilm-
ektedir. Sayisal yontemle olusturulan gerilme zaman serilerinin, bulonlardaki gerinim
olcerlerden elde edilen olgiimlerle, gii¢ spektrumu ve zaman serileri bakimindan uyum
gosterdigi belirlenmistir. Her bulonun pozisyonu o bulonda olusan yorulma hasari
tizerinde belirleyici bir etkisi vardir. Gelistirilen prosediir, riizgar degiskenliklerini is-
tatistiksel olarak temsil etmek icin sinirh sayida simulasyon gerektirmesi nedeniyle,

hesaplama acisindan verimlidir.

Bu aragtirma, ayrica bulon ¢ekme kuvveti seviyesinin riizgar tiirbini bulonlarinda
olusan yorulma hasarina etkisini de incelemektedir. Yorulma analizleri, sonlu eleman-
lar analizlerinin sonugclar: tizerinde yapilmigtir. Arastirmanin sonuclari, bulon ¢ekme
kuvvetindeki azalmanin gerilme degisimlerinde artisa, ve dolayisiyla yorulma hasarinda
artigsa sebep oldugunu gostermektedir. Bulon ¢ekme kuvvetinin gerilme araliklar1 ve
yorulma hasar1 tizerindeki etkileri, bulon ¢ekme kuvvetinin yaklagik tasarim g¢ekme

kuvvetinin 25 %’ine kadar diigtiigiinde daha belirgin ve 6nemli miktarda gortinmektedir.
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1. INTRODUCTION

Due to the rise of global climate change threat, many nations have adopted a
policy of investing in renewable energy production, including production of electricity
from wind energy using wind turbines. Unfortunately an ongoing pattern of wind
turbine tower collapses is observed around the world, that reduces the financial benefits
of investing in the wind energy, and hampers the efforts to promote investment in this

industry. Two examples of such tower collapses are [1] and [2].

Wind turbines together with their supporting towers have complex dynamic be-
havior, and are vulnerable to several types of damage. A categorization of types of
structural damage in wind turbines is provided in Chapter 2. However, this research

is focused on the subject of fatigue in the connection bolts of wind turbine towers.

This introduction (Chapter 1) describes the objectives of this research, presents

an introductory literature review, and specifies the scope of this research.

1.1. Objective

This thesis presents a numerical method of estimating fatigue demands on con-
nection bolts of bolted flange type connections of tubular steel wind turbine towers.
The main objective of this research is to present a numerical procedure of fatigue life
estimation that takes into consideration the variability of wind and complexities of
aero-dynamic loads and bolted connections while it is applicable in the industry. A
procedure is developed to take into account the variability of wind speed parameters by
sets of wind parameters chosen based on probability distributions of those parameters.
Wind load effects on the structure are calculated by coupled aero-dynamic analyses
using the FAST [3] software. Internal forces and displacements of the tower calculated
by aero-dynamic analyses are applied to the boundaries of a FE model of the bolted
connection produced in the ABAQUS [4] software. Walls and flanges of the connec-



tion are modeled by shell elements, and bolts are modeled by beam elements in which
preloads are applied by fictitious thermal deformations. Stresses experienced by the
bolts are calculated by the FE analyses. Results of the FE analyses show consistency
with strain records from strain gauges inside the bolts. The rainflow cycle-counting
procedure of ASTM [5] is applied to the calculated stress time-series, and stress range
histograms are obtained, which are combined based on the probabilities assigned to dif-
ferent sets of wind parameters. The S-N curve suggested by Eurocode [6] are modified
considering the type of the structure and probability of survival, and is used along with
the stress range histograms and the Miner’s damage index, in order to estimate the
average accumulated fatigue damages in a certain time period. Based on the average

accumulated fatigue damages, fatigue lives of the bolts are estimated.

This research presents an integrated numerical-experimental framework (summa-
rized in Figure 1.1) for fatigue analysis of wind turbine tower connection bolts. The
research presented in this thesis does not determine the safety or quality of products

of any specific designer or manufacturer.

Additionally, the effects of loss of preload on fatigue demands imposed on the

bolts are investigated.

1.2. Literature Review

Reports of different types of failure, damage and collapse of wind turbines are
available in the literature. Ishihara et al. [7] reported damages to wind turbines as a
result of a typhoon on September 11, 2003. The reported damages include collapses
by buckling of two towers, a turbine turning over due to destruction of its foundation,
and also cases of breaking of blades and damage to nacelle covers. Ciang et al. [§]
conducted a literature review and listed failures observed in several parts of wind
turbines including breaks, bearings, blades, bolts, hub, generator, gearbox, tower, and
anchors. Chou and Tu [1] investigated the collapse of a wind turbine in Taiwan on

September 28, 2008. The tower was bent and broken under the effects of a typhoon.
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Figure 1.1. The flowchart of the fatigue life estimation procedure



Site investigation of the collapsed turbine tower revealed fractured bolts in the flange
connections of the tower. A report of an investigation to a wind turbine collapse

in Lemnhult, Sweden, which had happened on December 24, 2015 [2] indicated the

occurrence of a fatigue process in the tower bolts before breaking.

In response to the damages and failures observed in wind turbines, extensive
research is conducted, focusing on different parts of turbines, different types of failure,
and adopting different approaches for design, prediction, monitoring, and prevention.

In this section, a brief review of the diverse types of studies on this subject are given.

Sutherland [9] offered a guide for time-domain and frequency-domain fatigue
analyses of wind turbines, based on analytic expressions and simplifying assumptions.
Similarly, Ragan and Manuel [10] compared time-domain and spectral methods for
estimation of wind turbine fatigue loads. Ding and Chen [11] used a probability-based
method known as importance splitting to estimate the failure probabilities of wind
turbines. Do et al. [12] presented an analytical method of obtaining fragility curves
for wind turbine towers based on fracture mechanics and structural dynamics. Do et

al. [13] used the same approach for optimal design of the towers.

Structural health monitoring and modal identification methods are related to the
subject of damage in wind turbines from two aspects. Firstly, these methods can di-
agnose the damages in the structure by comparing the modal properties obtained by
monitoring with the modal properties of the undamaged structure. Secondly, modal
identification can be used for modal updating of the numerical models used for calcu-
lation of structural response and damage. Swartz et al. [14] used wireless acceleration
sensors for modal identification of three wind turbine towers, and concluded that the
data gathered from the sensors had sufficient quality for modal identification. Benedetti
et al. [15] used strain sensors to monitor the fatigue damage in steel wind turbine tower
walls. Pollino and Huckelbridge [16] monitored the fatigue demands on a wind turbine
using strain gauges installed on tower wall, over a period of approximately one year.

Benedetti et al. [17] used classical fracture mechanics to estimate the fatigue life of a



steel wind turbine tower, assuming a crack at the base of the tower.

Research on fatigue and fracture of mechanical parts of wind turbines is outside
the scope of this research. However, studying the literature on mechanical parts is
useful, since they experience types of loads similar to the tower. Consequently, some of
the methods of design and evaluation which are developed for mechanical parts can be
used for design and evaluation of damage in towers. Shirani and Harkegard [18] used
experimental and statistical methods for determining the fatigue properties of cast iron
used in wind turbine components. Fatigue parameters for different types of materials

used in gears, blades, bolted joints and other parts of wind turbines are given in [9].

Extensive research is done on behavior of bolted connections, used in wind turbine
towers as well as other industries including pressure vessels and pipelines. Literature
review on the specific subject of this research, which is fatigue in bolted connections,

is provided in Chapter 2.

1.3. Scope

In Chapter 2, types of structural damage in wind turbines are categorized. Sub-
sequently, fatigue in bolts, which is the subject of this research is elaborated. A brief
literature review on the specific subject of fatigue in bolts is provided, in continuation

of the general literature review in Chapter 1.

Chapter 3 describes the wind turbine at Bogazici university, which is used in this

research for a case study.

Chapter 4 presents the general framework developed in this research for fatigue

analysis of wind turbine tower connection bolts.

In Chapter 5, effects of preload deficiency on fatigue demands of the wind turbine

tower bolts are investigated.



Chapter 6 summarizes the main conclusions of this research.

In Chapter 7 recommendation for future works is given.



2. STRUCTURAL DAMAGE IN WIND TURBINE
TOWERS AND THE PROBLEM OF FATIGUE

Wind turbines and their supporting structures experience various types of damage
in different parts and components in their lifetimes. In the context of this research, the
term “structural damage” refers to the types of damage that would result in partial
or complete loss of the capacity of the wind turbine or its supporting structure to
support the external loads without collapsing or breaking off of its parts. On the other
hand, in this research, the term “non-structural damage” refers to the types of damage
that would impede the operation of the turbine, without affecting its structural safety.
Damage to various parts of wind turbines is studied in literature, including mechanical
parts [18,19], towers [1,12,13,15,16], and blades [20]. This research is interested in the

phenomenon of fatigue damage in connection bolts of wind turbine towers.

Due to the cyclic nature of the loads sustained by wind turbine towers, fatigue is
a major contributor to structural failures in these towers. Although many other types
of structures including bridges are also under the risk of fatigue damage as a result of
persistent vibration due to wind loads [21], wind turbine towers are under the influence
of multiple sources of load fluctuations, including periodic aerodynamic forces caused
by wind shear, effect of wind turbulence, and dynamic effects of mechanical parts [22].
Consequently, fatigue is one of the major subjects covered in wind turbine design
and certification codes including [23], and [24]. A report by the Swedish accident
investigation authority [2] indicated occurrence of fatigue in bolts as the reason for the
tower collapse in Lemnhult. Chou and Tu [1] also report some cases of fatigue damage
in wind turbines. In addition to financial losses that may arise from structural failure

of wind turbines, human safety is also a concern [25].

Various types of connections have been used in wind turbine towers [26,27]. This
thesis focuses on the bolted flange connections, which is a very popular connection type

commonly used for tubular wind turbine towers all over the world.



A review of the existing literature in the subject of fatigue in wind turbine towers
and the general subject of fatigue reveals that different research projects that are
conducted in this subject have adopted different approaches. The approaches and
methodologies adopted by researchers can be broadly put into the following three
categories: laboratory experiments, in-field measurements or health monitoring, and
analytical or numerical studies. However, there may be some research projects that
do not fall into these categories, or they may be combinations of two or more of these

approaches [28].

Different components of a wind turbine including rotor blades, tower, and me-
chanical parts may experience fatigue damage. Hamdi and Farah [29] indicate that
sustained vibration of the rotor blades can lead to damage in the blades. Shirani
and Harkegard [18,19] investigated fatigue in cast iron material used in wind turbine
components. However, fatigue as a type of structural damage is highly sensitive to
material and type of loading. While fatigue failure of mechanical components of the
turbine results in inability of the turbine to produce power, failure of the connections
of the tower may result in collapse and total destruction of the turbine. Due to very
large dimensions of wind turbine towers and their connections, full-scale fatigue and
fracture experiments on these structures are not practical. Experimental studies in this
subject are usually focused on fatigue strength of bolts or small parts of the connection
region [30,31]. One major drawback of these types of experiments is that the loading
applied to small parts of the connection in the laboratory may not reflect the complex
effects of the aerodynamic loads of the turbine on the bolted connection. Van-Long
et al. [32] conducted tests on bolted flange plate connections, used in circular tubular
structures which are much smaller than connections used in wind turbines, and are

subjected to a different type of loading.

In-field measurements and health monitoring is another approach commonly
taken by the researchers of this field. Pollino and Huckelbridge [16] obtained stress
time histories throughout a year, by in-situ measurements from stain gauges installed

on a wind turbine tower. Relying on strain measurements for fatigue life estimation



may be insufficient due to the possibility of missing out special conditions that are
statistically likely in the lifetime of the structure, but have not occurred during the
measurement period. Benedetti et al. [17], suggests a health monitoring scheme of
detecting fatigue cracks in bases of the walls of wind turbine towers, by placing nu-
merous strain sensors around the circumference of the tower wall, with small distances
between them shorter than the crack length to be detected. The health monitoring
approach, though is very useful in understanding the real behavior of the structure,
cannot substitute numerical simulation since it requires installing a large number of

strain gauges in all the critical points of the structure.

Analytical and numerical methods in addition to being economically more af-
fordable are also very flexible in their capability to take as input many different sets of
wind conditions. Therefore, numerical simulation is a necessary part of fatigue analysis
of these structures. Analytical and numerical studies have been previously conducted
on damage in bolted connections in general. Blachowski and Gutkowski [33] studied
the effects of damaged bolted connections on behavior of a telecommunication tower.
However, wind turbines have unique aerodynamic behavior that make them different
from other structures, and distinguishes this subject from the subject of fatigue in

other types of structures.

Numerical procedures commonly used for fatigue design or evaluation of wind
turbine towers usually take simplified approaches regarding the local behavior of the
critical regions and components where fatigue damage is likely to occur. Do et al. [12,13]
assumed the fatigue damage occurring in the tower wall at the base of tower. Commonly
a linear relationship is assumed between force (or bending moment) and stress (e.g.,
Annex G of [24]) and cycle-counting is done on force (or bending moment) instead of
stress. However, for behavior of complex assemblies like behavior of preloaded bolts
in ring-shaped flange connections (which is in the scope of this paper) these types of
assumptions are not correct, as it is well-known that in the case of preloaded bolts, only

a small portion of changes in external load ranges is transferred to the bolts [34-36].
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In order to have accurate estimations of fatigue damage and fatigue life of wind
turbine towers, it is essential to have analytical and numerical methods of fatigue
analysis that include different aspects of the problem, including aerodynamic-structural
interactions of the tower and blades, changes in rotational speed of the rotor, local
effects of the geometry and structural details of the connections, and variations of

wind speed and turbulence.
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3. THE CASE STUDY WIND TURBINE

The case study wind turbine for this research is installed in Saritepe Campus of
Bogazici University and is shown in Figure 3.1. It is a 900 kW variable speed on-shore
turbine, has a three-bladed upwind rotor, has a rotor diameter of 44 m, and a hub height

of 55 m. The steel tower is made of three parts which are shown with different colors

Figure 3.1. A picture of the wind turbine at Bogazici University

in the schematic drawing of Figure 3.2. Bolted connections are used for connecting
the parts of the steel tower. Figure 3.2 indicates the position of the bolted connection

connecting the middle and lower parts of the tower. The top view of the connection
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is shown in Figure 3.3. There are 88 M36 (grade 10.9) bolts in that connection,
with a design preload of 510 kN. Figure 3.4 shows the view from the Section A-A
of the connection. In this thesis, the positions of the bolts around the circular flange
connection are referred to by their clockwise angular positions with respect to North,
as shown in Figure 3.3. Bolts positioned at 233° and 110" positions are instrumented

with strain gauges in their shanks. A weather station shown in Figure 3.5 is positioned

19.92 m Upper Part

17.00 m Middle Part
Lower - Middle Connection

17.03 m Lower Part

Figure 3.2. Three parts of the steel tower

at a 204 m distance from the tower, in the South-West direction. An ultrasonic device
is installed at a height of 60 m from ground, which measures short-term average wind
speed (V,), standard deviation of wind speed (oy ), and wind direction angle () with

respect to North.



13

@2410 mm

Wall Thickness = 18 m

Flange Width =150 m

Bolts positioned at 1137 mm
from center of connection

18 mm

150 mm
2 mm——I—GS mm—‘
Wall Thickness:
M

36 Bolt

washer:

R10 mm

Flange Thickness: 90 mm

Flange Thickness: 90 mm

Central axis of bolt /

Figure 3.4. View from the Section A-A of the bolted connection
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Figure 3.5. The weather station near the wind turbine
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4. A GENERAL FRAMEWORK FOR FATIGUE
ANALYSIS OF WIND TURBINE TOWER CONNECTION
BOLTS

In this chapter, the procedure developed in this research for fatigue analysis of
wind turbine tower connection bolts is presented in detail. Though the procedure is
presented in the form of a case study of the wind turbine at Bogazici University, it is a
general procedure which can be used for similar structures. The results of this chapter

are also available in Badrkhani Ajaei and Soyoz [37].

4.1. Simulation of the Aero-Dynamic Loads

Different approaches can be taken to estimate the aerodynamic loads on many
types of structures under wind loading, including wind measurements on full-scale
structures, small-scale experiments, wind tunnel tests, and numerical simulations [38—
40]. In this research, aerodynamic loads on the turbine and the tower are calculated
by numerical simulation. As a result of continuous research on wind turbine model-
ing, methods of numerical analysis of wind turbine towers have evolved from simplified
single degree of freedom models to more accurate methods that employ aerodynamic
models together with FE models [41]. In this research, the FAST software [3] is used
for aerodynamic analyses, which uses the Blade Element Momentum Method for cal-

culating the aerodynamic loads.

Mean wind speed and turbulence intensity are two parameters commonly mea-
sured by weather stations and used for characterizing the wind flow in an event or
a specific site [42]. In this research, the measurements of these two parameters by
the weather station near the wind turbine are used to adjust the parameters of the

numerically generated wind speed time-series.
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The fatigue analysis performed in this research takes into account the fatigue
damage accumulated in the operational conditions, shot-down, and start-up events.
Consequently, the aecro-dynamic loads applied to the structure in these conditions need

to be simulated.
4.1.1. Variations of Wind Parameters

In order to conduct aerodynamic analyses, time series of wind speed are needed.
Two major parameters of wind speed time series that affect the fatigue damage are the

wind speed average over the time series (V;), and Turbulence Intensity (7'7), defined

by Eq. 4.1:
r— v (4.1)

where oy is the standard deviation of wind speed (V). In this research, Probability
Density Functions (PDFs) of these wind parameters are used to choose the values of the
wind parameters for which aerodynamic analyses are done. The design guidelines of [24]
specify the types of PDFs for the parameters V, and oy, and also provide empirical
relationships for the parameters of those PDFs. The relationships given by [24] for
estimation of the parameters of PDF's of V, and oy aim to represent a wide range of
possible wind turbine sites categorized into a few general categories, which may lead
to overly conservative or unsafe estimates for the specific site at which the case-study
wind turbine of this research is installed. Therefore, in this study the parameters of the
mentioned PDFs are determined using wind measurements recorded by the weather

station near the wind turbine.

Based on instructions of [24], a Rayleigh distribution with the Probability Density

Function (PDF) as given in Eq. 4.2 can be assumed for variations of wind speed over
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an extended period of time.

v, v, \’
ov, (Vo) = 27;2 exp (—w <2v > ) (4.2)

ave

where, V, and V,,. denote the short term and long term averages of wind speed respec-

tively.

A set of wind speed measurements are recorded by the weather station between
2015/04/01, 0:00 and 2015/04/02, 23:50. Based on the measurement sample of V,,, and
the method explained in Appendix A, the parameter V,,. is estimated with the value

Vive = 6.86 m/s.

Figure 4.1 shows the PDF of V, with the parameter V. estimated as explained
above, where the values that the variable V, can take in the operational conditions
(between the cut-in and cut-out wind speeds) are divided into six intervals separated
by boundaries which are shown by dashed vertical lines. In order to represent the varia-
tions of wind parameters by a limited number of generated wind speed time series, each
one of the V, intervals in Figure 4.1 need to be represented by a single representative
value of V. To calculate the representative value of each interval, a weighted average
of V, over each interval is calculated with the probability density (according to Eq.
4.2) used as the weighting factor. Probability of the V, parameter being inside each
interval is calculated by the area under the PDF curve in that interval, and is assigned
to the representative value representing that interval. The representative values of V,

and the probabilities assigned to them are shown in Figure 4.1 by a bar diagram.

Standard deviation of the wind speed at hub height over short periods of time
(denoted by oy ) is a random variable in the life time of the turbine. IEC [24] suggests
a conditional log-normal probability distribution for oy, with mean value and standard

deviation as given by Eqgs. 4.3 and 4.4.

Yoy Ve = Lrep (0.75V, 4 3.8 m/s) (4.3)
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Oy Ve = Irey (1.4 m/s) (4.4)

where I,.¢ is the reference turbulence intensity, assumed to have a value of 0.16 for the
class of the case study wind turbine. However, as illustrated in Appendix B, Eqs. 4.3
and 4.4 are not in agreement with the wind measurements recorded by the weather
station. Based on the wind measurements and the procedure explained in Appendix B,

Eqs. 4.5 and 4.6 are obtained for mean and standard deviation of T'I for any specific

value of V:
0.1254V, + 0.0721
Hrryv, = v (4.5)
0.48
orIny, = v (4.6)
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Figure 4.1. PDF and Representative Values of V,
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Using Eqgs. 4.5 and 4.6, the parameters of log-normal probability density functions
of T'I for each representative value of V,, can be calculated. Figure 4.2 shows the PDF
of T'I for one of those representative values (V, = 4.99 m/s). The values that the
variable T'I can take are divided into four intervals, and each interval is represented
by a representative value, similar to the approach taken for the V, parameter. The
bar diagram showing the representative values of T'I and the probabilities assigned to

them is also shown in Figure 4.2.

SOF — T T T ' ]
45.91 %
40 | ]
S
S30T .
% 22.35 %,
O
S 20+ |
o [16.34% 15.40 %
10 ]
U e e o & = =
S O 0 &y (Q\ S
O T\ N on 0~ — — =
— — (] (ag] \O
TI (%)

Figure 4.2. PDF and Representative Values of T'I for V,, = 4.99 m/s

Similarly, for other representative values of V,, the representative values for T'1 are
obtained with their probabilities of occurrence. For each one of the six representative

values of V,, four representative values of T/ are obtained, and consequently, 24 pairs
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of (V,, TI) parameters are chosen as wind cases for the aerodynamic analyses.

The measurement records used for adjusting the wind speed parameters, also
include the wind direction measurements. The wind rose shown in Figure 4.3 is plotted
based on the measurements of the ultrasonic device of the weather station. The wind
rose shows a prevalent wind direction of 202.5° from North (Clockwise). Therefore,
the rotor disc (together with nacelle) of the wind turbine model is aligned with the
prevalent wind direction in the aerodynamic analyses. In the fatigue analyses of this
research, the wind direction is assumed to be fixed in the prevalent wind direction.
This is a safe approach if the fatigue damage conditions of the most critical bolts are
taken as the basis for design and evaluation purposes, and the decisions are applied to

all of the bolts equally.

0 1
195 180 165
S

Figure 4.3. Wind rose obtained from measurements
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4.1.2. Calculation of the Aero-Dynamic Loads

In this research, the software TurbSim [43] is used to produce time-series of
turbulent wind speed. For each set of representative V, and T'I values a wind field
time-series is produced. The fields of wind speeds produced by the software TurbSim
are used as inputs for aerodynamic analyses of the tower and rotor blades, using the
software FAST [3]. The FAST software assumes fixed boundary conditions for the base
of the tower. However, due to the soil and foundation flexibility the natural frequencies
of a model with rigid base would be higher than the actual natural frequencies of
the structure. Hanbay [44] had performed operational modal analysis on 310 days of
vibration measurements of the tower studied in this paper. The natural frequencies
of the aero-dynamic model used in this paper are adjusted according to the results
of the study by Hanbay [44], by adding an extended length of 4.68 m to the base of
the tower. Chord lengths of the rotor blades are taken from the values given by the
turbine manufacturer. Other aerodynamic and control parameters (such as blade pitch
controller and the airfoil shape) of the aerodynamic model are adjusted so that the
rotational speed of the model does not exceed the range of rotational speed of the case
study turbine (34.5 rpm), and also the power curve obtained by the model roughly fits

the power curve of the case study turbine, as shown in Figure 4.4.

Time-series of forces, bending moments and torque in a cross-section of the tower
at a distance of 0.414 m above the bolted connection connecting the lower and mid-
dle parts of the tower are calculated by the FAST software. Also displacements and
rotations in a cross-section 0.304 m below that connection are calculated. Figure 4.5
shows time-series of the major bending moment at the cross-section above the bolted
connection for six of the total 24 wind cases (six different sets of V, and T'I values),
with the turbine in the operating mode. The differences between the bending moment
time-series at different wind speeds originate from several factors including the depen-
dency of the aerodynamic forces on wind speed and the interferences of turbine control

systems in higher wind speeds.
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Figures 4.6 and 4.7 show the time-series of the major bending moment above the
connection, in shut-down and start-up events in the cut-out wind speed of 25 m/s and

turbulence intensity of 12.83 %.
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Figure 4.6. Major bending moment in the shut-down event
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4.2. Finite Element Modeling of the Connection Region

In this section, details of the FE model of the bolted connection are described.

Subsequently, modeling results are validated using the strain gauge measurements.

4.2.1. Details of the Model

A shell type Finite Elements (FE) model of the bolted connection connecting
the lower and middle parts of the tower (location of which is marked in Figure 3.2
and details of which are shown in Figures 3.3 and 3.4 is produced in ABAQUS [4] FE
software. Flanges and wall of the tower connection are modeled by 3520 quadrilateral
shell elements, while the 88 bolts connecting the two flanges are modeled by beam
elements. Modulus of elasticity of steel is assumed to be E = 2.1 x 10> MPa and a
Poisson’s ratio of v = 0.3 is assumed, according to Eurocode [45]. Figure 4.8 shows
the FE model developed for the connection. A 0.304 m segment of wall below the
connection level and a 0.414 m segment above it are included in the model. In order
to model the interaction between the flanges, a 4 mm gap is included between the
shells representing the flanges as shown in Figure 4.9, and compression-only connector
elements are placed between the nodes of the two flanges. Bolt preloads are applied
by assigning coefficients of thermal expansion to the materials of beam elements and
applying a fictitious temperature field to them. The forces and moments calculated by
the aero-dynamic analysis at the cross section above the connection and the displace-
ments and rotations calculated at the cross section below the connection are applied

as time-varying boundary conditions.

4.2.2. Analysis Results and Strain Records

Bolt stress time-series are then obtained from FE analyses. Figure 4.10 shows
the stress time-series of the bolt in the 233° position, calculated for six sets of wind
parameters, with the wind turbine in the operating conditions. Figures 4.11 and 4.12

show the time-series of bolt stresses in shut-down and start-up events.
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Figure 4.10. Numerically generated stress time-series for the bolt at 233° position
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Figure 4.12. Stress time-series of two bolts in start-up event

A strain record was obtained from strain gauges inside bolts at 233° and 110°
positions on 2015/04/01, at 15:42:30. Wind speed measurements from the weather
station, for that specific date and time, indicate an average wind speed of 5.90 m/s
and a turbulence intensity of 21.67 % for the hub height. Figures 4.13 and 4.14 show
the numerically generated stress time-series for bolts at 233° and 110° positions for
wind parameters V, = 5.90 m/s and 7' = 21.67 % and measurements from strain
gauges inside those bolts recorded on 2015/04/01, at 15:42:30. Since fatigue damage
is related to ranges of stress (or strain) cycles, the mean values are subtracted from

strain records, and zero-mean stress time series are plotted.

Figures 4.15 and 4.16 show the power density spectra of the stress time-series
shown in Figures 4.13 and 4.14. The plotted spectra show satisfactory agreement

between the simulation and measurement results.



FEM, Va=5.90 m/s , TI= 21.67 %
T T T

L)

Stress (MPa)
=)

-2
L 1 1 1 |
0 10 20 30 40 50 60
Time (s)
Measurement, 2015/04/01
T T T T T
I _
[+
(=™
=
5 0r i
s
n
il 3
1 1 1 I |
0 10 20 30 40 50 60
Time (s)

29

Figure 4.13. Stress time-series from simulations and measurements of the bolt at 233°

position
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4.3. Fatigue Damage Estimation Procedure

In order to estimate the fatigue damage caused by an arbitrary stress time-series,
first it should be converted to a set of constant amplitude cyclic time-series, with
different stress ranges, using a procedure named cycle-counting. Cycle counting is
performed using a computer code written based on the rainflow algorithm given in
ASTM [5]. This method of cycle-counting is applied to all of the stress time-series

obtained for sets of wind parameters.

Figures 4.17 and 4.18 show the stress range histograms obtained by cycle counting

the stress time-series shown in Figures 4.13 and 4.14.

Figure 4.19 shows the stress range histograms obtained by cycle counting the
numerically generated stress time-series of the bolt at 233° position in 1 min of load-
ing, calculated for the case of V, = 4.99 m/s, and different representative values of
T1I. In the same way, stress range histograms are obtained for all the other sets of
representative values of wind parameters. Using the probabilities shown in Figure 4.2
as weighting factors for the histograms shown in Figure 4.19, the average stress range
histogram for the case of V, = 4.99 m/s is calculated. Figure 4.20 shows the stress
range histograms of the bolt at 233° position for all the representative values of V,
obtained by applying the same procedure. The probabilities of occurrence shown in
Figure 4.1 are used as weighting factors for histograms shown in Figure 4.20, and an
average stress range histogram is obtained for the bolt at 233° position. Figure 4.21
shows the average yearly stress range histograms obtained for the bolts at 233° and
110° position, caused only by operational times of the turbine. On the other hand,
Figures 4.22 and 4.23 show the stress range histograms caused by a shut-down and a

start-up event.
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The Palmgren-Miner damage index as described in Eurocode [6] is used in this

research. This index can be calculated by Eq. 4.7:

D:Z% (4.7)

where n; is the number of stress cycles of a certain range, and N; is the number of stress
cycles with that range that would cause structural failure as a result of fatigue. The
damage index D reaching 1.0 indicates fatigue failure. N; values for different stress
ranges (.5;) are usually provided in the form of S-N curves. The fatigue analyses of this
research are based on the nominal stress method and employ the S-N curve provided
by Eurocode [6] for the nominal stress method. The S-N curve that Eurocode [6]
recommends for a M36 bolt represents a 95 % survival probability for Log/N, which is
a conservative S-N curve. A mean S-N curve represents a 50 % survival probability.
With the assumption of normal distribution for LogN, the S-N curve of Eurocode [6]
should be shifted as much as 1.64 X spo,n towards higher values, where spozn is the
standard deviation of Log/N and is set to 0.2 for lack of information, according to the
instructions of DNVGL [46]. Moreover, the threshold value of fatigue strength (cut-off)
is removed from the S-N curve, as suggested by DNVGL [47]. The mean S-N curve

used for damage calculations is shown in Figure 4.24.

The uncertainty of the number of cycles for failure at any stress range (rep-
resented here by the probability distribution assigned to the S-N curve values) has
several sources. Among these sources of uncertainty, existence of voids inside the bolt
steel, random distribution of inclusions (e.g. carbon particles) inside the steel, and
pre-existing cracks resulting from coating and manufacturing of the bolt threads can
be mentioned. Since wind turbine towers are susceptible to fatigue because they are
subjected to dynamic loads almost continuously, special attention should be given not
to use bolts which have visible cracks. Also a certain level of manufacturing quality
as provided by standards is needed to control the risks arising from the undetectable

cracks originating from the bolt manufacturing processes.
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Using the stress range histograms of each bolt shown in Figures 4.21, 4.22 and
4.23 together with the mean S-N curve of Figure 4.24, the yearly damage index ac-
cumulated in each bolt from operational times, and the damages accumulated in one
shut-down and one start-up events are calculated according to Eq. 4.7, and summarized

in Table 4.1.
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N, number of cycles to failure

Figure 4.24. The mean S-N curve obtained for M36 bolts

Table 4.1. Damage from operational, shut-down, and start-up conditions.

Bolt Position | Yearly Operational | Shut-Down | Start-Up
233° 1.090 x 1075 6.249 x 1076 | 2.968 x 1076

110° 2.281 x 1077 1.704 x 1072 | 9.305 x 107°

Figure 4.25 shows the yearly contributions of each wind speed to the fatigue dam-
ages in the bolts. The values summarized in the chart indicate that the low probabilities

of higher wind speeds compensate for the larger stress ranges.
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Fatigue life of each bolt can be estimated by reciprocal of the total damage index
accumulated in 1 year. Using the damage values summarized in Table 4.1, fatigue lives
of the bolts can be estimated for any specific number of shut-downs and start-ups per

year. Figures 4.26 and 4.27 show the estimated fatigue lives.
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Figure 4.25. Contribution of each wind speed to the yearly damage, in the

operational conditions



2200 ! T

— Based on Mean S-N Curve
------ Based on Design S-N Curve

1800
1600
1400
1200
1000
800
600
400

200 : :
50 100 150 200

Number of Shut-Downs and Start-Ups per Year

Fatigue Life (Year)
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4.4. Effect of Uncertainties Caused by the Random Nature of

Numerically-Generated Wind Speed Time-Series

The wind field time-series produced by the TurbSim software are produced by
a random number generator and depend on the numbers termed seeds, input by the
operator of the software. Changing the seed number and keeping all of the other input
parameters of the software unchanged, results in multiple different wind speed time-
series for the same wind parameters. This may result in a change in the calculated
fatigue damage depending on the chosen seed numbers. Since Miner’s damage index
(Eq. 4.7) is used in this research as the measure of damage, the randomness of wind
time-series can only affect the calculated damage through the numbers of the counted

cycles of demand on the bolt (n;).

In order to investigate the amount of variation in the estimated damage resulting
from the random nature of the generated wind time-series, for the average wind pa-
rameters of V, = 6.86 m/s and T'I = 13.59 % , 40 wind speed time-series are generated
with different seed numbers. Figure 4.28 shows five of the 40 wind speed time-series
at the rotor hub, generated for the same (average) values of the wind parameters. Fig-
ure 4.29 shows the major bending moment time-series above the bolted connection, for
the five wind speed time-series shown in Figure 4.28. In order to estimate the varia-
tion of counted cycles (n;) of demand on the bolts with feasible computational effort,
cycle-counting is applied to the major bending moment time-series above the bolted
connection. Figure 4.30 shows five of the 40 bending moment histograms obtained for

randomly generated wind fields.

Taking into account all of the 40 randomly generated wind speeds, the number
of cycles counted for each bin of the histogram takes 40 different values. The scattered
n; values obtained for each bin can be put into bins and presented as a histogram.
The histograms of n; obtained for the four largest bending moment bins, and the fitted
lon-normal probability distributions are shown in Figures 4.31, 4.32 , 4.33 and 4.34.

Here for the purpose of illustrating the procedure, the average ( = 1.98) of

Uni,assumed
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the standard deviations shown in Figures 4.31, 4.32 , 4.33 and 4.34 is assumed for
the counted cycles (n;) of in each bin of the stress range histograms obtained for 1
min loading of each wind case (eg. the histograms shown in Figure 4.19) and also for
the stress range histograms of start-up and shut-down events shown in Figures 4.22
and 4.23. A comprehensive study of the probability distribution and standard deviation

of the numbers of the counted cycles is recommended for future research.

10 T T T T T

6

Wind Speed (m/sec)
- oo
1-‘-"*
;
i _—
:}‘Z
—
—
;ij:—
—

\. ’“

wn
=

0 10 20 30 40 50 60
Time (sec)

Figure 4.28. Randomly generated wind speed time series for the average values of

wind parameters

In the operational conditions, the number of counted cycles in the i’th bin of the
1 min long stress range histogram corresponding to the j'th representative value of V,

(designated n; ;) is calculated by Eq. 4.8.

N j = Z Wi ki ik (4.8)

where n; j, is the number of counted cycles in the i’th bin of 1 min long stress range
histogram corresponding to the j'th representative value of V,, and the k’th represen-

tative value of T'1, W is the weighting factor for the k’th representative value of 7',
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Figure 4.29. Randomly generated major bending moment time series for the average

values of wind parameters

Histograms of the Major Moment
T T T T

T T T T T

I Sced!
I Seed2
Ih [ Sced3
M [ Seed4
o M 1 Seeds

—_
=

Number of Cycles

=
=]

(=3 (=3 (=3 a)
=) o oo wy
— (o]

=) o~ w
- o
I

450

900 -
1800
3000 -

Bending Moment Range (kN.m})

Figure 4.30. Histograms of randomly generated bending moment ranges
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Figure 4.31. Distribution of counted cycles in the 450kN.m bin
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Figure 4.33. Distribution of counted cycles in the 180kN.m bin
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Figure 4.34. Distribution of counted cycles in the 120kN.m bin
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and By, is the number of the representative values of T'I.

Since the uncertainty of the counted cycles originates from randomly generated
numbers, the numbers of the counted cycles of each wind case as random variables are
independent of the numbers of the counted cycles for other wind cases, and therefore are
uncorrelated. Using a rule described by Nowak and Collins [48] for standard deviation
of a linear combination of uncorrelated random variables, the standard deviation of

n;; of Eq. 4.8 can be calculated by Eq. 4.9.

By
_ 2 45
On;,; = g Wiion, . (4.9)
k=1

The number of counted cycles in the i’th bin of one year long operational stress range

histogram (designated 7 gperationar) s calculated by Eq. 4.10.

B
N operational = (MumMber of minutes in a year). g W;.n; (4.10)
=1

where B; is the number of the representative values of V,, and W; is the weighting

factor for the j’th representative value of V,,. Therefore, similar to the Eq. 4.9, standard

deviation of n; pperationar i1 Eq. 4.10 can be obtained by Eq. 4.11.

= (number of minutes in a year). (4.11)

O-ni,operational

Substituting the oy, . ..., = 1.98 value (explained earlier in this section) for the o; ;.
in Eq. 4.9 and then using the Eq. 4.11, the standard deviation of the counted cy-
cles in each bin of the yearly operational stress range histogram is estimated to be
M operationar = 2-975 % 10°.

For the start-up and shut-down events, the number of cycles in the i’th bins of

the yearly start-up and shut-down stress range histograms (designated n;,,, . ...
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and 7, ., own years, TESPECtiVely) can be calculated by Eqs. 4.12 and 4.13.

nistav‘tfup,yea'rly - NStart_up'nisingle start—up (412)

nishutfdown,yea'rly - NShUt_down’nisingle shut—down (4]'3)

where n;_, ~and n; o are the numbers of counted cycles in the i’th
ingle start—up single shut—down

bins of the start-up and shut-down stress range histograms shown in Figures 4.23

and 4.22 respectively, while Nyqrt—up and Ngpyi—down are the yearly numbers of start-

up and shut-down events. For any known numbers of Nggrt—up and Ngpyi—down, the

standard deviations of n;,,,, ... and i o0 (designated oy, and

tstart—up,yearly
On, ) can be calculated by Egs. 4.14 and 4.15.
shut—down,yearly

O-nistartfup,yearly - NStaTtiup.O-nisingle start—up (414)
O-nis’“tt—downyyearly - NShUt_down.O—nisingle shut—down (415)
For the purpose of illustrating the procedure, assuming Ngigrt—up = Nohut—down = 100

and substituting the o, ..., = 1.98 value (explained earlier in this section) for the

and o,

nisingle start—up 7"single shut—down

in Egs. 4.14 and 4.15, the values Ottt apenrty =

198 and o, vearty = 198 are obtained.

On the other hand, as explained in the previous section, a normal distribution for
LogN with a standard deviation of sy = 0.2 is assumed according to instructions of
DNVGL [46]. Assuming a normal distribution for Log/N means a log-normal distribu-
tion for N. It should be noted that the term Log/N designates the base 10 logarithm
of N. Therefore, the standard deviation of the natural logarithm of N; term in Eq. 4.7
iS SpnN; = SLogn,/L0g2.71828 = 0.4605.
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According to Nowak and Collins [48], for a log-normally distributed random vari-
able X, the relationships between the mean and standard deviation of the variable (px
and oy) and standard deviation and mean of natural logarithm of the variable (op(x)

and jiq(x)) are given by Egs. 4.16 and 4.17.

0.2
= Ln (ux) - 507 (4.17)
HLn(X) 0HX) = 5%Ln(x) :

Miner’s damage index (Eq. 4.7) can be rewritten as Eq. 4.18, where d; as defined in Eq.
4.19 is the quotient of two log-normally distributed random variables, and therefore
is log-normally distributed itself, according to Nowak and Collins [48]. Furthermore,
mean and standard deviation of natural logarithm of d; can be obtained according to

Egs. 4.20 and 4.21 [48].

D= d (4.18)

n,
di = — 4.19
T (119
MLn(d;) = MLn(n;) — HLn(N;) (4.20)
OLn(d;) = \/O-%n(nl) + Sin(Ni) (421)

7

The value sy,n,) = 0.4605 (explained earlier in this section) is put into Eq. 4.21.
afn(ni) is calculated according to Eq. 4.22, where to p,, the counted cycles are assigned,

separately from the operational, start-up and shut-down yearly histograms, and for o,,,,
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the values oy, , .. wvionars On, and o

start—up,yearly nishut—doum,yearly

are assigned depending on
the event for which the damage is being calculated. On the other hand, jirnem,) in Eq.
4.20 is calculated using Eq. 4.23. Moreover, pyyn,) in Eq. 4.20 is calculated by Eq.

4.24, where for py, the values from the mean S-N curve are entered.

2 on,

02 ny = L (1 + 21) (4.22)
1 2

IuLn(”i) — Ln (/’an) - §O-Ln(ni) (423)
1 2

pinvy) = Lo () = 58taav,) (4.24)

A computer code is developed, which generates 200000 sets of random values for the d;
variables in Eq. 4.18 that have log-normal distributions with the parameters calculated
according to Eqgs. 4.20 and 4.21. Afterwards, the summation in Eq. 4.18 is performed
on all of the operational, start-up and shut-down bins. Therefore, 200000 values for the
yearly damage index are obtained for each bolt. Subsequently, 200000 values for fatigue
lives of each bolt are obtained by calculating the reciprocals of the yearly damage index
values. The calculated fatigue lives are put into 100 bins, and are shown as histograms
with fitted Weibull probability distribution functions in Figures 4.35 and 4.36. The
Weibull probability distribution [49] used here for fatigue lives has the probability
density function given by Eq. 4.25.

o= (3)(2)

where L is the fatigue life as a random variable. The probability of failure of any bolt

Q[

)B

(4.25)

before L years of its life can be calculated using the Weibull Cumulative Distribution
Function (CDF) given in Eq. 4.26. For the specific case of yearly 100 start-up and

shut-down events and other assumptions made in this chapter, the a and [ values
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shown in Figures 4.35 and 4.36 are used, and the results are shown in Figures 4.37

and 4.38.

L
)7

Fy(L)=1—e"( (4.26)
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Figure 4.37. Cumulative distribution function of fatigue life of the bolt at 233°
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5. LACK OF PRELOAD AND ITS EFFECT ON FATIGUE
DEMANDS OF THE BOLTS

In this chapter, the effects of lack of preload on fatigue damage in the connection
bolts is evaluated. The results of this chapter are also available in Badrkhani Ajaei

and Soyoz [50].

5.1. Introduction to the Bolt Preload Mechanism

Fatigue damage in bolts depends on the amount of the changes of the external
loads that is carried by the bolts. Therefore, in fatigue design of bolted connections,
reducing the changes of bolt loads is intended [34]. Bolt preload is a tensile force

produced in a bolt by application of a torque to one end of the bolt.

The bolt preloads created by the torque method differ from the design values,
primarily as a result of two factors [51]: Firstly, the relationships between the torque
and the preload are not exact. Secondly, due to elastic interactions of the parts of
the connection, the preload in a tightened bolt decreases when another bolt near it is
tightened. Consequently, an error of roughly + 30 % must be expected in calculation
of the preloads produced by torque [51]. Nagata et al. [52] measured the variations
of the bolt preloads in a flange connection tightened by the torque method. The test
results of [52] show that the preload deficiency in the bolts reach values up to 45.2 %

of the intended values.

Chen et al. [53] investigated the variations of the nut factors (K,,:) of bolts,
defined by Eq. 5.1.

Tbolt = KnutholtDbolt (51)
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In Eq. 5.1, Ty is the tightening torque, Fyo; is the bolt preload, and Dy is the
diameter of the bolt. The findings of [53] indicate that for large bolts, non-lubricated
bolts have higher nut factors reaching in some cases nearly twice the nut factor of

lubricated bolts.

Liu et al. [54] investigated the self-loosening of bolts subjected to cyclic loading.
The test results of [54] showed that loss of preload depends on the initial preload, and
the amplitude of the cyclic loads. The test results include a case of preload loss of

nearly 40 %.

Empirical relationships are available for the portion of the external loads that is
transferred to the bolt in a bolted connection. For the case of a bolted joint which is
loaded along the symmetry line, Pedersen and Pedersen [35,36] represented the bolted
joints by two stiffness terms, where the changes of the external load (AP,,) that is
transferred to the bolt (AP,) is calculated using the ratio of the two stiffness terms,

according to Eq. 5.2:

M Ap (5.2)

APy = ——— ex
" ke + K

where k;, and k,, are the stiffness terms representing the bolt and the connected mem-
bers respectively. For an axi-symmetric joint with one bolt, Williams et al. [34] con-
ducted experiments and FE analyses. Relationships based on the stiffness coefficients

in Eq. 5.2 were proven to be inaccurate, while FE analysis results were more accurate.

Hobbs et al. [55] indicated that fatigue damage in the bolted joints depends on
several factors including the stiffnesses of the connected members, stiffness of the bolt,
and the amount of preload. Therefore, the results of that study cannot be generalized

to larger bolts which are used in wind turbine towers with significantly thicker flanges.
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Since the numerical methods are more economical and flexible than the experi-
mental approaches and field measurements, numerical methods have an essential role
in design, evaluation and research. However, behavior of the bolted connections are
complicated. According to [56], distribution of contact stresses between flanges pro-
duces secondary forces in the bolts. Huang et al. [57] indicate that the flexibility of
the flange affects the bolt loads. Analysis of bolted flange connections used in wind
turbine towers is difficult because of large dimensions, large number of the bolts, and
the interactions between the connected members and the bolts. Consequently, sim-
plifications are needed in order to reduce the computational efforts. Schaumann and
Eichstadt [30] explains a common method of design for bolted ring flange connections,
where a segment of the connection which includes only one bolt, and is subjected to

the maximum load is isolated and is used for the calculations.

Many studies on the subject of bolt preloads (e.g. [34-36]) do not address the
nature of the areodynamic loads which are characteristic of wind turbine towers. More-
over, the research on wind turbine towers (e.g. [27,28,31]) does not consider the effect

of preloads on bolt fatigue, in a detailed and quantitative way.

This chapter presents a numerical evaluation of effects of bolt preload on fatigue
damage in the maximally loaded bolt of a bolted connection subjected to aerodynamic
loads of a wind turbine. The research presented in this thesis does not determine the

safety or quality of products of any specific designer or manufacturer.

5.2. Aero-Dynamic Simulation for the Bolt Preload Study

The yearly average of wind speed which was assumed for design of this wind
turbine (10 m/s) is assigned to the average of the wind speed time-series (V) for
producing the wind field in this chapter. The case study turbine is a class I, turbine
according to the [24] categorization. Consequently, the reference turbulence intensity
is assumed to be I,y = 0.16. According to [24], for any value of V, the mean oy can

be obtained by by Eq. 4.3.
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For V, = 10 m/s, p,, is estimated to be 1.808 m/s, using Eq. 4.3, and this mean
value is assigned to oy, and a turbulence intensity of T'1 = 18.08 % is calculated using
Eq. 4.1. Figure 5.1 displays the down-wind component of wind speed at hub of the

rotor, produced by the TurbSim software.
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Figure 5.1. Time-series of wind speed at hub center of the rotor plane, in the

downwind direction

The FAST [3] software is used to simulate the aerodynamic loads. The time-series
of the bending moment and axial force, in a cross-section of the tower 414 mm above
the connection connecting the lower and middle parts, marked in Figure 3.2 is shown

in Figures 5.2 and 5.3.
5.3. Finite Element Modeling of the Connection Segment

Similar to the method used by [30], a segment of the bolted connection which
includes one bolt, and is the maximally loaded segment is modeled in this chapter.
The modeled segment is positioned at the frontmost side of the connection from an

upwind viewing angle. Using the vertical symmetry plane of the bolt, only half of this
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segment is modeled in the ABAQUS [4] FE software. The FE mesh of the segment is
shown in Figure 5.4. Modulus of elasticity of steel is assigned the value E' = 210 GPa,
based on [45]. The FE model has 70300 linear wedge elements. Symmetry boundary
conditions are assigned to the symmetry plane. Tie constraints are assigned to the
interfaces between the washers, the bolt head, the nut, and the bolt shank. Contact is
assigned to the interface of the flanges, and the coefficient of friction is assumed to be
p = 0.45, as recommended for surface categories A and B in [58]. Contacts are assigned
to the interfaces between the washers and the flanges, where a coefficient of friction
of = 0.25 is assumed, according to the recommendations of [59] for galvanized steel

surfaces.

As it was explained earlier in Section 5.1, as a result of several factors which
include the inaccuracy of the relationship between the torque and preload, the inter-
actions of the connection members, faulty construction, and loosening of the bolts, the
preloads in the bolts show a significant variation. In order to investigate the effects of
preload deficiency on bolt fatigue, the preload values in Table 5.1 are assigned to the
bolt in the model. As shown in Table 5.1, the preload assigned to the bolt is decreased
step by step, in order to calculate the effect of preload over a wide range, starting from

the design preload and ending at a value near zero (107 kN).

Table 5.1. Preloads assigned to the bolt in the FE model

Bolt Preload (kN) | Applied Preload / Design Preload
510 100 %
255 50 %
127.5 25 %
51 10 %
107° 0 %

The lower edge of the wall in the model is assigned fixed boundary conditions

and the vertical traction ¢y calculated using Eq. 5.3 is assigned to the upper edge of
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(a) (b) ()

Figure 5.4. The finite element model: (a) Side view, (b) The connection region from

the side of the symmetry plane, (¢) The connection region from outside
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the wall.

o FAxial MBending

2% (5.3)

B ATowe’r STower
where, Fy.;q designates the axial force in a cross section of the tower 0.414 m above
the bolted connection (marked in Figure 3.2), and is shown in Figure 5.2, Mpending
designates the bending moment, and is shown in Figure 5.3, while A7uer and Srower
are the cross-sectional area and elastic section modulus. The vertical traction in the

upper edge of the wall is illustrated in Figure 5.5.
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Figure 5.5. Vertical traction applied to top of the wall segment in the finite element

model

5.4. Finite Element Analysis Results

In this section, the results of the FE calculations for evaluation of the effects of
preload deficiency on stress ranges in the bolt are summarized. The preloads given
in Table 5.1 were applied to the bolt in the FE model, and subsequently the vertical
traction illustrated in Figure 5.5 was assigned to the upper edge of the wall. FE
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simulations were conducted to investigate the effects of the loads on the bolt.

The normal stress contour in the direction of the symmetry axis of the bolt,

under the effect of 510 kN bolt preload is shown in Figure 5.6. Based on the results

Figure 5.6. Contour of stress in the direction of bolt axis, after applying the bolt
preload

of FE analyses, axial force and bending moment in the middle of the bolt length are
calculated and multiplied by two (since only half of the bolted joint was modeled using
symmetry). Axial forces in the bolt for the cases of multiple preload values are shown
in Figure 5.7. Figure 5.8 shows the same time-series after removing their averages.
Furthermore, the bending moment time-series and the same plots after removing their

averages are shown in Figures 5.9 and 5.10 respectively.

The results illustrated in Figures 5.8 and 5.10, show that as the bolt preload
decreases from the design value of 510 kN to a near-zero value, the ranges of cycles
in the axial force and bending moment increase. The bolt stress calculated based on

axial bolt force and the total bolt stress (bending stresses included) are compared in
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Figure 5.9. Time-series of bending moment in the bolt obtained for different preload

levels
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Figure 5.10. Time-series of bending moment in the bolt, obtained for different

preload levels, averages removed
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Figure 5.11. The same stress time-series are plotted in Figure 5.12 with their averages
removed. The plots of Figure 5.12 show that including the bending stresses in the

calculations results in a significant increase of the ranges of the stress cycles.

637 T . . 1 ,

636.5

636

635.5

Stress (MPa)

_r'ﬂ'. Fa "ﬁa .'I.
~ "ng‘ 5 £
635 [ Y

634.5 £ YA
R Stress from Axial Force Only [V 3/
Total Stress (Bending Included)
634 : : - : '
0 10 20 30 40 50 60
Time (s)

Figure 5.11. Time-series of bolt stress from axial force only, compared to the total

bolt stress

Total bolt stress plots for multiple preload values are shown in Figure 5.13. The
same plots with their averages removed are shown in Figure 5.14. It can be observed
that reduction of bolt preload from the design value of 510 kN to a near-zero value
increases the ranges of the stress cycles significantly. While change of preload from 100
% to 50 % does not result in a significant change in the ranges of bolt stress cycles,

reduction of preload to 25 % causes a considerable increase in the ranges of stress.
5.5. Fatigue Analysis and Results
In order to execute the cycle-counting procedure on bolt stress according to the

rainflow cycle-counting algorithm of [5], a computer code was written, and was used

for cycle-counting of the stress plots in Figure 5.11. For the case of 510 kN preload,



Stress (MPa)

------=-Stress from Axial Force Only
Total Stress (Bending Included)

0 10 20 30 40 50 60
Time (s)
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Figure 5.14. Total bolt stress, for bolts with different preload levels, averages removed

stress range histograms obtained by cycle-counting of the stress caused by axial bolt
force and the total stress are shown in Figure 5.15. Taking into account of bending
stresses increases the stress ranges, and therefore, the cycles move into larger stress

range bins.

In Figure 5.16, the stress range histograms for multiple preload values (obtained
from total stresses) are illustrated. Reduction of preload causes a shift of cycles to

larger ranges, and therefore, greater fatigue damage occurs.

Miner’s damage index (Eq. 4.7) explained in [6] and the mean S-N curve shown in
Figure 4.24 are used in this chapter to calculate the fatigue damage. Damage index for
multiple preload values accumulated in 1 min is shown in Figure 5.17. As the preload
is reduced, fatigue damage increases significantly. On the other hand, including the

bending stresses in the calculations changes the calculated fatigue damage greatly.
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The results of finite element analyses as presented in this chapter showed the
effect of the changing bolt preload on the extent by which the changes of external
loading are transferred to the bolt. The free-body diagram of the upper half of the
bolted joint of Figure 3.4 is shown in Figure 5.18. As the bolt preload is increased,
the reduction in the changes of bolt force (AP,) under the effect of changes of a cyclic
external load (AP.,) is compensated by an increase in the changes of contact force
(resultant of contact stresses) between the flanges (APy). This can be explained by
the change of the the engagement (interaction) between the flanges. To illustrate this
effect, using the finite element model shown in Figure 5.4, two cases of analyses are
performed. In the first case, 100 % of the design preload is applied to the bolt, and
then a 40 MPa tensile stress is applied to the upper edge of the wall in the model. In
the second case, 20 % of the design preload is applied to the bolt, and then the same
40 MPa tensile stress is applied to the upper edge of the wall. Contours of the contact
pressure between the flanges for the two cases are shown in Figures 5.19 and 5.20.

These countour plots show that under the effect of the same external loading, change
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of bolt preload causes a change in the distribution of contact pressure between the
flanges, which results in a change in the structural behavior of the bolted joint. In the

case of the higher bolt preload (Figure 5.19), the contact pressure is concentrated near

the bolt. On the other hand, in the case of a lower bolt preload value (Figure 5.20),

the location of concentration of contact pressure moves towards the edge of the flange.

AP, ‘I

Apfl 1APb

Figure 5.18. Free-body diagram of upper half of the bolted joint
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6. CONCLUSION

A numerical procedure for estimating the fatigue lives of connection bolts of wind
turbine towers is established. Uncertainties related to wind are taken into account
by probability distributions of short-term average (mean) wind speed and turbulence
intensity. Methods of adjusting the statistical parameters of the wind for any site
based on wind speed measurements are developed. Moreover, a method is developed
that provides a possibility of representing the variability of wind parameters by a set

of specific values for those parameters, derived from their probability distributions.

Positions of the bolts in the connection significantly affect the demands imposed
on the bolts. It Is clearly observed that the more distance each bolt has from the
neutral axis of the major bending moment caused by wind, the more it is affected
by the overturning moment in the connection, and thus it experiences more fatigue

damage and has less fatigue life.

Fatigue lives of bolts in a wind turbine tower depend on many case-specific factors
including the behavior of electro-mechanical control systems of the turbine, operational
strategy of the owner, quality of construction and quality of parts. This research
presents a method which is applicable for any specific wind turbine tower. Therefore,
the fatigue damage estimations made in this research are intended to demonstrate how
different factors and states of operation contribute to the fatigue damage in the bolts,

and how they can be taken into consideration in the fatigue analysis.

The effects of bolt preload on fatigue demands on connection bolts are evaluated.
Reduction of preload from 100 % to nearly 0 % results in an increase in ranges of the
axial force and bending moment cycles in the bolt. Consequently, reduction of preload
causes an increase in the stress ranges and fatigue damage. This effect is observed

more significantly when preload is reduced to 25 %.
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Inclusion of the bending stresses increases the stress ranges and the fatigue de-
mands on the bolt greatly. This effect is observed more significantly in higher preload

values.

The results of this research showed that randomness of the numerically generated
wind speed time-series considerably affects the fatigue demands on the bolts. A method
is presented for obtaining the probability distributions of bolt fatigue lives based on

the probability distribution parameters of fatigue capacity and demand variables.
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7. RECOMMENDATION FOR FUTURE WORKS

The study presented in this thesis showed the necessity of further research on
the uncertainties of capacity and demand variables used in the fatigue analysis of wind
turbine tower bolts. Future research on this subject can address this issue by conduct-
ing comprehensive experimental and numerical evaluations of probability distributions
of the input variables used in the fatigue analysis, taking into account different oper-
ational conditions, wind parameters, quality of manufactured parts and construction

practices.



73

REFERENCES

. Chou, J. S. and W. T. Tu, “Failure analysis and risk management of a collapsed
large wind turbine tower”, Engineering Failure Analysis, Vol. 18, No. 1, pp. 295—
313, 2011.

. SHK, Olycka med vindkraftverk ¢ Lemnhult, Vetlanda kommun, Slutrapport RO
2017:01 (in Swedish), Statens haverikommission, Stockholm, Sweden, 2017.

. Jonkman, J. M. and M. L. Buhl Jr, FAST User’s Guide, National Renewable
Energy Laboratory, Golden, CO, USA, 2005.

. ABAQUS, User’s Manual, Hibbitt, Karlsson, and Sorensen, Inc., Providence, RI,
USA, 1998.

. ASTM, Standard practices for cycle counting in fatigue analysis, ASTM E1049-
85 (Reapproved 2011), The American Society for Testing and Materials, West
Conshohocken, PA, USA, 1997.

. Eurocode, Design of Steel Structures—Part 1-9: Fatigue, European Committee for

Standardization, Brussels, Belgium, 2005.

. Ishihara, T., A. Yamaguchi, K. Takahara, T. Mekaru and S. Matsuura, “An anal-
ysis of damaged wind turbines by Typhoon Maemi in 2003”, Proceedings of the

6th Asia-Pacific Conference on Wind Engineering. Seoul, Republic of Korea, pp.
1413-28, 2005.

. Ciang, C. C., J. R. Lee and H. J. Bang, “Structural health monitoring for a wind
turbine system: a review of damage detection methods”, Measurement Science and

Technology, Vol. 19, No. 12, p. 122001, 2008.

. Sutherland, H. J., On the fatigue analysis of wind turbines, Sandia National Labs,



10.

11.

12.

13.

14.

15.

16.

17.

74

Albuquerque, NM, USA, 1999.

Ragan, P. and L. Manuel, “Comparing estimates of wind turbine fatigue loads
using time-domain and spectral methods”, Wind Engineering, Vol. 31, No. 2, pp.
83-99, 2007.

Ding, J. and X. Chen, “Assessing small failure probability by importance split-
ting method and its application to wind turbine extreme response prediction”,

Engineering Structures, Vol. 54, pp. 180-191, 2013.

Do, T. Q., J. W. van de Lindt and H. Mahmoud, “Fatigue life fragilities and
performance-based design of wind turbine tower base connections”, Journal of

Structural Engineering, Vol. 141, No. 7, p. 04014183, 2015.

Do, T. Q., H. Mahmoud and J. W. van de Lindt, “Fatigue life of wind turbine tower
bases throughout Colorado”, Journal of Performance of Constructed Facilities,

Vol. 29, No. 4, p. 04014109, 2015.

Swartz, R. A., J. P. Lynch, S. Zerbst, B. Sweetman and R. Rolfes, “Structural
monitoring of wind turbines using wireless sensor networks”, Smart Structures and

Systems, Vol. 6, No. 3, pp. 183-196, 2010.

Benedetti, M., V. Fontanari and D. Zonta, “Structural health monitoring of wind
towers: remote damage detection using strain sensors”, Smart Materials and Struc-

tures, Vol. 20, No. 5, p. 055009, 2011.

Pollino, M. C. and A. A. Huckelbridge, “In-situ measurements of fatigue demands

on a wind turbine support structure”, 2012 IEEE Energytech, pp. 1-5, IEEE, 2012.

Benedetti, M., V. Fontanari and L. Battisti, “Structural health monitoring of wind
towers: residual fatigue life estimation”, Smart Materials and Structures, Vol. 22,

No. 4, p. 045017, 2013.



18.

19.

20.

21.

22.

23.

24.

25.

26.

75

Shirani, M. and G. Harkegard, “Fatigue life distribution and size effect in ductile
cast iron for wind turbine components”, Engineering Failure Analysis, Vol. 18,

No. 1, pp. 12-24, 2011.

Shirani, M. and G. Harkegard, “Large scale axial fatigue testing of ductile cast
iron for heavy section wind turbine components”, Engineering Failure Analysis,

Vol. 18, No. 6, pp. 1496-1510, 2011.

Ernst, B. and J. R. Seume, “Investigation of site-specific wind field parameters
and their effect on loads of offshore wind turbines”, Energies, Vol. 5, No. 10, pp.
3835-3855, 2012.

Mao, W. and Z. Zhou, “Ground effects on wind-induced responses of a closed box

girder”, Wind and Structures, Vol. 25, No. 4, pp. 397413, 2017.

IThan, A., M. Bilgili and B. Sahin, “Analysis of aerodynamic characteristics of 2
MW horizontal axis large wind turbine”, Wind and Structures, Vol. 27, No. 3, pp.
187-197, 2018.

GL, Guideline for the Certification of Wind Turbines, Germanischer Lloyd, Ham-

burg, Germany, 2010.

IEC, Wind Turbines Part 1: Design Requirements, International Electrotechnical

Commission, Geneva, Switzerland, 2005.

Robinson, C., E. Paramasivam, E. Taylor, A. Morrison and E. Sanderson, Study
and Development of a Methodology for the Estimation of the Risk and Harm to Per-
sons From Wind Turbines, RR968 Research Report, Health and Safety Executive,
Bootle, Merseyside, UK, 2013.

Heistermann, C., W. Husson and M. Veljkovic, “Flange connection vs. friction
connection in towers for wind turbines”, Nordic Steel and Construction Conference;

Stalbyggnadsinstitutet: Stockholm, Sweden, pp. 296-303, 2009.



27.

28.

29.

30.

31.

32.

33.

34.

76

Pavlovi¢, M., C. Heistermann, M. Veljkovi¢, D. Pak, M. Feldmann, C. Rebelo and
L. S. da Silva, “Friction connection vs. ring flange connection in steel towers for

wind converters”, Engineering Structures, Vol. 98, pp. 151-162, 2015.

Seidel, M. and P. Schaumann, “Measuring Fatigue Loads of Bolts in Ring Flange
Connections”, EWEC-CONFERENCE, pp. 255-258, 2001.

Hamdi, H. and K. Farah, “Beam finite element model of a vibrate wind blade in

large elastic deformation”, Wind and Structures, Vol. 26, No. 1, pp. 25-34, 2018.

Schaumann, P., R. Eichstadt et al., “Fatigue assessment of high-strength bolts with
very large diameters in substructures for offshore wind turbines”, The Twenty-fifth
International Ocean and Polar Engineering Conference, International Society of

Offshore and Polar Engineers, 2015.

Oechsner, M., J. Beyer, F. Simonsen, P. Schaumann and R. Eichstadt, “Exper-
imental and analytical assessment of the fatigue strength of bolts with large di-
mensions under consideration of boundary layer effects”, METEC & 2nd European

steel technology and application days (Disseldorf, Germany), pp. 1-6, 2015.

Van-Long, H., J. Jean-Pierre and D. Jean-Francois, “Behaviour of bolted flange
joints in tubular structures under monotonic, repeated and fatigue loadings I: Ex-
perimental tests”, Journal of Constructional Steel Research, Vol. 85, pp. 1-11,
2013.

Blachowski, B. and W. Gutkowski, “Effect of damaged circular flange-bolted con-
nections on behaviour of tall towers, modelled by multilevel substructuring”, En-

gineering Structures, Vol. 111, pp. 93-103, 2016.

Williams, J., R. Anley, D. Nash and T. Gray, “Analysis of externally loaded bolted
joints: Analytical, computational and experimental study”, International Journal

of Pressure Vessels and Piping, Vol. 86, No. 7, pp. 420-427, 2009.



35.

36.

37.

38.

39.

40.

41.

42.

43.

7

Pedersen, N. L. and P. Pedersen, “Stiffness analysis and improvement of bolt-plate
contact assemblies”, Mechanics Based Design of Structures and Machines, Vol. 36,

No. 1, pp. 47-66, 2008.

Pedersen, N. L. and P. Pedersen, “On prestress stiffness analysis of bolt-plate
contact assemblies”, Archive of Applied Mechanics, Vol. 78, No. 2, pp. 75-88,
2008.

Badrkhani Ajaei, B. and S. Soyoz, “Analytical and experimental fatigue analysis
of wind turbine tower connection bolts”, Wind and Structures, Vol. 31, No. 1, pp.

1-14, 2020.

Lu, C., Q. Li, S. Huang, A. Y. Tuan, L. Zhi and S. C. Su, “Evaluation of wind
loads and wind induced responses of a super-tall building by large eddy simulation”,

Wind and Structures, Vol. 23, No. 4, pp. 313-350, 2016.

Gol-Zaroudi, H. and A. M. Aly, “Open-jet boundary-layer processes for aerody-
namic testing of low-rise buildings”, Wind and Structures, Vol. 25, No. 3, pp.
233-259, 2017.

Elshaer, A., G. Bitsuamlak and H. Abdallah, “Variation in wind load and flow
of a low-rise building during progressive damage scenario”, Wind and Structures,

Vol. 28, No. 6, pp. 389-404, 2019.

Ke, S., W. Yu, T. Wang, L. Zhao and Y. Ge, “Wind loads and load-effects of
large scale wind turbine tower with different halt positions of blade”, Wind and

Structures, Vol. 23, No. 6, pp. 559-575, 2016.

Gunter, W. S., J. L. Schroeder, C. C. Weiss and E. C. Bruning, “Surface measure-
ments of the 5 June 2013 damaging thunderstorm wind event near Pep, Texas”,

Wind and Structures, Vol. 24, No. 2, pp. 185-204, 2017.

Jonkman, B. J. and L. Klicher, TurbSim User’s Guide: Version 1.06, National



44.

45.

46.

47.

48.

49.

20.

51.

o2.

78

Renewable Energy Laboratory, Golden, CO, USA, 2012.

Hanbay, S., Vibration-Based Structural Health Monitoring of a Wind Turbine In-
corporating Environmental and Operational Conditions, M.Sc. Thesis, Bogazici

University, Istanbul, Turkey., 2019.

Eurocode, Design of Steel Structures—Part 1-1: General Rules for Buildings, Eu-

ropean Committee for Standardization, Brussels, Belgium, 2005.

DNVGL, Fuatigue Design of Offshore Steel Structures, Det Norske Veritas German-
ischer Lloyd, Oslo, Norway, 2016.

DNVGL, Support Structures for Wind Turbines, Det Norske Veritas Germanischer
Lloyd, Oslo, Norway, 2016.

Nowak, A. S. and K. R. Collins, Reliability of Structures, McGraw-Hill, USA, 2000.

Abernethy, R. B., The New Weibull Handbook: Reliability and Statistical Analy-
sis for Predicting Life, Safety, Supportability, Risk, Cost and Warranty Claims,
Society of Automotive Engineers, Warrendale, PA, USA, 1998.

Badrkhani Ajaei, B. and S. Soyoz, “Effects of preload deficiency on fatigue demands
of wind turbine tower bolts”, Journal of Constructional Steel Research, Vol. 166,

p. 105933, 2020.

Abasolo, M., J. Aguirrebeitia, R. Avilés and I. Ferndandez de Bustos, “A tetra-
parametric metamodel for the analysis and design of bolting sequences for wind

generator flanges”, Journal of Pressure Vessel Technology, Vol. 133, No. 4, 2011.

Nagata, S., T. Sawa and S. Hamamoto, “Effects of Scatter in Bolt Preload on
the Sealing Performance in Bolted Flange Connections with Cover of Pressure
Vessel under Internal Pressure”, ASME 2006 Pressure Vessels and Piping/ICPVT-
11 Conference, pp. 241-246, American Society of Mechanical Engineers Digital



23.

o4.

25.

26.

57.

28.

59.

60.

79

Collection, 2006.

Chen, A., C. Schaeffer, Y. Zhang, B. Phares, B. Shafei, M. Yang, Z. Lin and
S. Paudel, Re-tightening the Large Anchor Bolts of Support Structures for Signs
and Luminaires, Minnesota Department of Transportation, Saint Paul, MN, USA|

2018.

Liu, J., H. Ouyang, J. Peng, C. Zhang, P. Zhou, L. Ma and M. Zhu, “Experimental
and numerical studies of bolted joints subjected to axial excitation”, Wear, Vol.

346, pp. 66-77, 2016.

Hobbs, J., R. Burguete, P. Heyes and E. Patterson, “The effect of eccentric loading
on the fatigue performance of high-tensile bolts”, International Journal of Fatigue,

Vol. 22, No. 6, pp. 531-538, 2000.

Couchaux, M., M. Hjiaj, . Ryan and A. Bureau, “Effect of contact on the elastic
behaviour of tensile bolted connections”, Journal of Constructional Steel Research,

Vol. 133, pp. 459-474, 2017.

Huang, F., D. Zhang, W. Hong and B. Li, “Mechanism and calculation theory of
prying force for flexible flange connection”, Journal of Constructional Steel Re-

search, Vol. 132, pp. 97-107, 2017.

DNV-0S8-C101, Design of Offshore steel Structures, General (LRFD Method), Det
Norske Veritas (DNV), Oslo, Norway, 2011.

Gorst, N. J. S.; S. J. Williamson, P. F. Pallett and L. A. Clark, Friction in Tempo-
raryWorks (Research Report 071), Health and Safety Executive (HSE), Birming-
ham, UK, 2003.

Huang, W. and X. Zhang, “Wind field simulation over complex terrain under
different inflow wind directions”, Wind and Structures, Vol. 28, No. 4, pp. 239—
253, 2019.



61.

62.

80

Mirfazli, S. K., M. H. Giahi and A. J. Dehkordi, “Numerical optimization of a
vertical axis wind turbine: case study at TMU campus”, Wind and Structures,

Vol. 28, No. 3, pp. 191-201, 2019.

Ahmed, A., S. Ahmad and J. Reshi, “Bayesian analysis of Rayleigh distribution”,
International Journal of Scientific and Research Publications, Vol. 3, No. 10, pp.
1-9, 2013.



81

APPENDIX A: ESTIMATION OF LONG-TERM
AVERAGE OF WIND SPEED

Wind speeds are recorded by an ultrasonic device of the weather station at 60 m
height from ground. However, for aerodynamic simulations of the wind turbine, wind
speeds at the hub height (55 m) are needed. The Power-Law described by [43, 60, 61]
and given in Eq. A.1 is used for correcting the wind speeds for hub height.

measurement

P "
Uhub = Umeasurement (%) (Al)

where, hpeasurement = 60 m is the height of the measurement device, Upeasurement 19
the wind speed measured by the device, hp,, is the height of the turbine hub, w,, is
the wind speed at hub height, and m is the exponent for the Power-Law, for which an

average value of m = 0.2 is assumed here according to [43].

In order to estimate the long-term average of wind speed (V,,.) based on the
recorded wind speed measurements, a method suggested by [62] is used. According
to [62], for a random variable = which has a Rayleigh distribution with the PDF given
by Eq. A.2, the parameter 7 of the distribution can be estimated by the value 7 given
by Eq. A.3.

X —-X?
) = o (G ) (A2)

where, X; are the n values of the sample of observations of the random variable X,

and I' is the gamma function. Therefore, for the PDF of V, given by Eq. (2), the
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parameter Vi, is estimated by the value V. given by Eq. A.4:

where V,; are the n = 277 values of the sample of observations of the random variable

Va.
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APPENDIX B: ESTIMATION OF MEAN AND
STANDARD DEVIATION OF TURBULENCE INTENSITY

In Figure B.1, the linear relationship (Eq. 4.3) suggested for mean of oy by [24]
is shown by a dotted line. The scattered dots show oy vs V, pairs of individual
measurements by the weather station between 2015/04/01, 0:00 and 2015/04 /02, 23:50.
Measurements are converted to wind speed at hub height, using Eq. A.1. It is clearly
observed from Figure B.1 that the relationship suggested by [24] (Eq. 4.3) overestimates
the mean of oy for each value of V, . Therefore, in this research i, |y, (mean of oy
for any specific value of V,) is calculated by a linear relationship shown in Figure B.1

by a solid line fitted to the measurements by a regression analysis.
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Figure B.1. Adjusting the linear relationship for mean of oy
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According to Eq. 4.1, for every given value of V,, T'I is equal to the log-normally
distributed random variable oy divided by a constant V. Therefore, T'I is also log-
normally distributed, and based on the rules governing the linear functions of random

variables [48] has mean and standard deviation values given by Eqgs. B.1 and B.2.

Koy |Va

Hrv, = % (B.1)
Oy A

OTIV, = —“}W (B.2)

Figure B.2 shows the variations of 7'/ for different values of V. The dotted line
represents the suggestion of [24] (According to Egs. 4.3 and B.1), the solid line is
obtained by dividing the regression line of Figure B.1 by the V, axis values, according
to Eq. B.1, and the scattered dots show the same individual measurements as shown in
Figure B.1. Since T'I has a log-normal probability distribution, Ln(7'7) has a normal
probability distribution with the mean and standard deviation denoted by v and ¢
respectively. Therefore, 95.4% of Ln(TT) values should be inside the interval 1) — 2¢ <
Ln(TI) < ¢+ 2¢. As a result, 95.4% of T'I values should be inside the interval
eV < TT < e¥*% . The upper and lower limits of this interval are plotted as dashed
envelope curves in Figure B.2. The right hand side of Eq. 4.4 suggested by [24] for o,,,
(standard deviation of oy) is changed here to a value of 0.48 in order to have 95.4% of
measurements inside the two envelope curves. Based on the adjustments made above
and using Eqgs. B.1 and B.2, in this research, for any specific value of V,, mean and

standard deviation of T'I are calculated using Eqgs. 4.5 and 4.6.





