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Abstract

In an increasingly competitive energy market, the cost of a wind power plant has become more
important. A tubular steel tower supporting a wind turbine can amount to up to 20% of the overall
turbine costs and its optimization may lead to substantial savings with regard to the costs and the use of
materials.

One important aspect of the design is connections between the tower’s sections and between the cans.
The towers usually consist of steel segments, made of several welded cans (conical subsections), which
are further connected by welded flanges. The welded connections have high risk of fatigue failure
leading to the thick tower wall. Also, the flanges are very expensive. This research is focused on
improving wind turbine towers by using adhesive bonded joints instead of welded joints and flanges.
This idea is investigated and the principles of bonded connection are presented. Fatigue resistance is
treated as the main discerning factor between the existing design and the proposed solution in this
study.

The first part of the project focuses on providing a design solution for replacing the bottom-most flange
with the bonded joints. A comparative cost study of the proposed solution is also provided in this
project. In the second part, optimization of the thickness has been investigated for the entire tower
when the cans are bonded circumferentially using adhesives instead of welds.

For the cost analysis of the proposed solution, an 80m reference tower was designed based on the
stability and the fatigue assessment of the welds. The approach is use a reference 3MW wind turbine
model in GH Bladed. The proposed bonded joint is a tubular-single lap joint based on implementation of
simple analytical Volkersen Model. A design guideline for the adhesive bonded joint is presented.
Furthermore, particular focus was given to the factors affecting a joint strength and their behavior in a
bonded joint. Finally, the benefits in terms of fatigue strength, design simplicity, and cost savings are
addressed in detail.

According to this study, the replacement of the bottom-most flanges with an adhesive bonded joint
provides a maximum cost reduction of 17%. This seems to be an economically feasible assembly
solution. For the bonding of entire cans in the tower, only the top two cans can be bonded
economically, keeping the remaining cans to be welded to each other. The replacement of welds in the
entire tower by bonded joints is possible, however, in comparison to the existing solution it is not a
feasible solution in terms of material and cost saving.
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1. Introduction

The increasing prices of fossil fuels during the last decades have sparked increasing interest and
investments in wind power plants to expand their share of electricity production and improve wind
turbines technology with new and more economical inventions and sustainable solutions. In 2009 a total
of 37,500MW of new wind energy capacity was installed worldwide - an increase in 31 percent
compared to the previous year. By 2030, the International Energy Agency (IEA) considers just under
1,100,000 MW of global wind energy capacity to be a real possibility [1].

A tubular steel tower represent up to 20% of the total turbine costs [2]. The wind industry installed over
5,000 commercial-scale wind turbines in 2008 in USA, which translates into 15,000 tower sections and
2.4 million bolts in tower flange. By 2011 the number of tower flange splice bolts required annually will
likely reach 5 million [3]. The optimized design of a tower in terms of tower diameter and wall thickness
may therefore lead to substantial savings with regard to the costs and the use of materials.

One important aspect of the design of a tubular steel tower in a wind turbine is the joints between the
tower’s sections and among the cans. While the loads acting on a tower are highly dynamic, the
currently used solutions (flanges, bolts and welding) are intrinsically prone to fatigue and thus impose
limitations on the design and impair the overall efficiency. Also, the flanges are expensive, need lots of
machining and long delivery time. This gives an opportunity to look for a new alternative way of
assembling the tower. The proposed solution in this study is adhesive bonded joints (or also termed as
adhesive bonded connections).

The major application of adhesive in a wind turbine industry is bonding the internal wind turbine blade
structure. In this study, the focus is on the tower, which is designed according to fatigue failure of the
welded connections. These connections have high risk of fatigue failure leading to the thick tower wall.
However, there is possibility that if the tower cans are bonded with adhesive, the fatigue damage can be
reduced. This is because adhesive bonded joints are less sensitive to fatigue [4]. Thus, there is
opportunity for the wall thickness to be reduced and save material in the cans along the tower.

1.1. Preliminary research

This thesis is the next step, after what was done in the system integration project-Il “Adhesive Bonded
Wind Turbine Assemblies” [5]. In this project, an alternative method of assembly was proposed to bond
the parts together with adhesives instead of welded and bolted connections. All the existing connections
in a wind turbine were also reviewed. These connecting locations were considered as the potential areas
for adhesive bonding. Different drivers were set to eliminate some connections. The disassembly
property of the adhesives was set as a major driver. Next, a multi criteria analysis (MCA) was applied to
find the optimal potential area to be bonded with adhesive. The MCA concluded that ‘the foundation to
tower base connection’ was the best optimal potential location for adhesive bonding. The second best
possible connection was the ‘circumferential welding of the top can’.



1.2. Objective

The current work aims to study the possibility of using adhesive bonded joints for improving the tower
design. The focuses are on the following two tasks:

1) To assess the potential cost benefits of using adhesive, instead of flanges, for bonding a tower base
with a foundation section.

2) To investigate the thickness optimization of entire tower when the cans are bonded circumferentially
using adhesives instead of welds.

1.3. Approach

The first step in the research will be extensive literature study about adhesive bonding and the design
procedure of a wind tower. A reference model of 3MW wind turbine is taken in GH Bladed [6]. Extreme
and dynamic loads will be calculated according to IEC standard [7]. The tower will be redesigned after
the design checks for stability and fatigue strength of the tower. The natural frequencies of the tower
will be checked to avoid resonance

The next step will be designing an adhesive bonded joint between the tower base and the foundation. A
simple Volkersen model [8] will be implemented to optimize the overlap length, adhesive thickness and
wall thickness. A detailed analysis of bonding each tower can with adhesive, instead of welding will be
carried out. This is to check for the feasibility of reducing the tower thickness. Finally the adhesive
bonded connection will be compared economically with the flanged and welded connections.

1.4. Reportlayout

The layout of the report will follow the steps involved in the approach described above. In chapter 2,
detailed configurations of a tubular steel tower with their definitions will be discussed. Chapter 3 details
the design of a reference tower in a Bladed model of 3MW wind turbine with the design checks for
stability and fatigue. It also includes the flange and the foundation geometry and wind conditions for the
load calculations. Chapter 4 introduces the relevant knowledge about adhesive bonding and the factors
influencing the joint strength with the guidelines to increase it. Chapter 5 presents a design procedure
for an adhesive bonded joint with the selection of joint type, analytical models chosen, determination of
loadings and adhesive properties. The implementations of the design procedure and the results for both
of the objectives are given in Chapter 6 and Chapter 7. These two chapters also include the detailed cost
analysis for the bonded joints and cost comparison with the existing design. Finally, the conclusions and
recommendations are discussed in Chapter 8.



2. Tubular steel tower

2.1. Introduction

A wind turbine tower supports the nacelle and the rotor at the top of a wind turbine. It provides rotor a
necessary elevation up to a level where higher and more uniform speeds are found. Most modern
turbines installed onshore are multi-megawatt machines with nominal outputs between 1.5MW and
3MW. Their rotor diameters range between 70m and 100m. Nowadays, tubular towers dominate the
wind turbine market as they are a prominent compromise between economical, aesthetical and safety
considerations.

This section will deal primarily with the detailed configurations of a tubular steel tower. Different parts
of the tower will be defined. These definitions will be used throughout the report.

2.2. Welded tubular steel tower

A wind turbine tower typically comprises of a number of tubular steel tower segments (or rings)
mounted on top of each other, where each tower segment is made of different conical subsections (or
cans) as shown in Figure 2-1. Each conical subsection is a steel plate rolled into a slightly tapered circular
shape and welded with a seam lengthwise to constitute a closed ring, plus a circumferential welding
seam to connect to the next can of the tower’s ring [9]. The cans are manufactured and welded in the
workshop and finally assembled on site.

Tubular steel towers are currently available for the multi-megawatt turbines with hub height up to
about 100m. The towers are designed as truncated cones with their diameter increasing towards the
base in order to increase their strength and at the same time to save material. The wall thickness of the
tower varies among the segments usually decreasing from the base to the top. The wall thickness can
vary from less than 10mm for the upper sections to 40mm for the lower sections [10]. In order to meet
the strict requirements of the fatigue design, all welds are designed as full penetration butt welds of
high quality [11]. Transportation constraints impose limits on the diameter and length of the elements.
Typically the diameter should be lower than about 4.3m to pass under bridges [12] and the elements
length ranges between 20m and 30m.
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Figure 2-1: Construction of a tubular steel tower from welded cans [13] - flanged tower segment ->complete tower

2.3. Bolted ring flange connections

The tower segments from the factory assembly are transported to the erection site, where the segments
are connected by ring flanged joints as shown in Figure 2-2. A combination of welding and preloaded
bolting is employed to join the flanges and the tower segments. The flanges are welded to the either
end of the tower segment in the factory itself. The flange width is determined by the bolt size and varies
between 100mm and 300mm. The thickness depends on the required stiffness and is typically more
than 100mm for a bottom flange. The bolts diameters are typically M36 to M42 but can go up to M48
[12].
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Figure 2-2: Bolted ring flange connection [14]

The fabrication of a flange is very costly and takes a long delivery time. The flanges can be forged or
more economically rolled from flat profiles and welded. They are then machined to the required
dimensions and welded to the tubes. Welding may introduce additional geometrical imperfections and if
the tolerances are not met for the welded flange, a second machining operation is necessary. To ensure
perfect alignment of paired flanges with the bolts, the holes are drilled using CNC machines [15]. Flange
flatness deviation should be within the tolerance limit to avoid the influence on the resistance.

The design of the flange is often governed by the fatigue resistance. Fatigue resistance of bolts is
intrinsically low due to stress concentrations introduced at the thread foot. Depending on the
fabrication process and method used to derive the fatigue loads they are ranked in detail categories’ 36,
50 or 71 [15].

! Fatigue strength reference value of S-N curve at 2 million cycles of stress range






3. Design of a reference tower with flanges and welds

This chapter starts with the explanation for the purpose of designing a reference tower. The factors
governing its design are also discussed. It also includes the tower preliminary design procedures,
reference wind turbine model in GH bladed, the flange and foundation geometry, wind conditions and
the design loads. The design checks to be performed are discussed briefly along with the S-N curve for
the typical welds in a tower. The chapter concludes with the designed wall thicknesses along the tower
height.

3.1. Introduction

The current assembly solutions for a wind turbine tower are the flanged and the welded connections.
The new assembly solution proposed in this research work is the adhesive bonded joint. A reference
tower is needed for the cost analysis of the existing and the proposed solution. In this chapter, a
preliminary design of the reference tower is presented with a focus on the flanged and welded
connections. The design of tower connections is often governed by the fatigue resistance. The design of
the flange and the tower wall thickness is both independent. The flange design is dependent on the bolt,
whose low fatigue resistance leads to oversized flange. Whereas, dimensioning of the wall thickness is
based on the fatigue resistance of the ‘welds between the cans’ and ‘flange welding to the cans’. This
leads to conclusion that the tower wall is to be designed with the focus only on the welded connections.
Therefore, the flange has not been designed in this report but for comparison, a reference flange has
been taken from the Vestas V90 turbine [16].

3.2. Tower design procedure

An overview of the design procedure with the main design checks is given on Figure 3-1. The first step is
to input the turbine and wind data for determining the extreme and fatigue loads on the turbine. The
tower geometry is then defined from an existing tower’. To make the design procedure simple, the
tower will be assigned a linearly varying diameter throughout the entire design, with the base and top
diameter from an existing tower. Only the thickness will be optimized according to all design checks. The
natural frequencies of turbine and tower must be adjusted to avoid resonance. Accordingly the wall
thicknesses are increased or decreased.

Using the extreme loads, it is checked whether the tower will resist failure due to buckling or yielding.
Subsequently, a fatigue check is performed for 20 years of turbine operation. If the extreme load checks
and the fatigue check indicate that the wall thickness is insufficient, the wall thickness must be
increased. If both of the checks show that the wall thickness is significantly larger than required, the wall
thickness should be reduced and the buckling and fatigue damage should be re-assessed. After
optimizing the wall thickness, the natural frequency of the support structure should be re-assessed.

’The existing tower gives the details for tower sections, base and top diameter, bolts specifications and flanges to
be directly taken for the final design of tower (also shown in Figure 3-4).
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Figure 3-1: Overview of the design procedure for a wind turbine tower
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3.3. Turbine configuration

3.3.1. Turbine model in GH Bladed

A reference Bladed model of Vestas V90, 3MW wind turbine is taken for the design of the wind turbine
tower. The blade is designed with the DU97W300 airfoil model as shown in the Figure 3-2. The Vestas
V90 Bladed model is not validated, however, it gives the loads in the correct order of magnitude [17].

Blade Planform: Chord, Pitch axis (black), Twist axis (green), Mass axis (red)
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Wiew data ..
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Figure 3-2: Blade configuration in GH Bladed



The turbine and rotor details with component’s mass data have been shown in the Figure 3-3. The
Bladed version 3.85 has been used for the tower design, loads calculation and the fatigue analysis.

- Turbine configuration
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Figure 3-3: Turbine configurations and components mass details

3.3.2. Tower properties

The tubular shaped tower is assumed to have a linear diameter and thickness distribution. This is a
necessary simplification in the beginning because more detailed (non-linear) specifications of the
eventual structure are not available. The tower base diameter (4.19m) and top diameter (2.316m) are
taken from the Vestas V90 turbine [16]. The details of the existing tower sections along with the flanges
and bolts specification are presented in Figure 3-4. The thickness distribution along the tower will be
dimensioned later in this project according to design checks. The effective mechanical steel properties
of the tower are based on the DOWEC study [18]. The Young’s modulus, the shear modulus and the
density of the steel are taken as 210 GPa, 80.8 GPa, 8,000 kg/m® respectively. The density of 8,000
kg/m? is meant to be an increase above steel’s typical value of 7,850 kg/m? to account for paint, bolts
and welds that are not accounted for in the tower thickness data.
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Figure 3-4: Tower design, Vestas 3MW, Onshore [19]
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3.3.3. Foundation geometry

The foundation system considered in this project is the cylindrical structural element (embedded tower
stub) as shown in Figure 3-5 with its specifications. The cylindrical structural element is set on the
blinding layer and precisely aligned with the adjusting bolts. Once the foundation is completed, the
tower is flanged together with the foundation section.

@4190mm
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E
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e e e e i s e —
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mm i
@4550mm
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Figure 3-5: (a) Cylindrical structural element [20] and (b) its geometry details

3.3.4. Flange geometry at the tower base

The reference flange at the tower base and the foundation has been dimensioned similar to Vestas V90
flange. The flange’s geometry has been shown in Figure 3-6. In the Bladed, the flanges are modelled as
point masses as shown in Figure 3-7 (marked with circle), but not by an increase in wall thickness.

4190mm

Tower's bottom wall —— s ‘\&: 4190mm
™ Welded
4000mm 37mm / together
—— 0
3530mm
«—T Flange Geometry
1 7 )
130mm
80mm

330mm

Figure 3-6: Design of a flange which is welded to the foundation and tower base
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3.3.5. Tower input in GH Bladed

The tower diameter is assumed to be linearly tapered from tower base (4.19m) to tower top (2.316m) as
shown in the table of Figure 3-7. The diameter will not be optimized throughout the design procedure.
To begin with the wall thickness optimization, the thickness has been varied linearly from 30mm at the
base to 14mm at the top. At the top, a flange with 250mm thickness has been welded to raise the tower
height up to 78m. The addition of hub vertical offset (2m) brings the hub height to 80m. The input
specification for the structural properties of tower is shown in the Figure 3-7.

The structural damping® of the tower is assumed to have a damping of 1% of critical damping®in all
modes of the tower (without the top mass present), which corresponds to the values used in the
DOWEC study [18].

Tower properties Height above | Diameter | Wall
WV Geomely  Tower type Material | Density ka/n?)| Young's mod (N/n#)] ﬂ| Ground ofcan |thickness
¥ Mass * Tubular axisymmetric Steel 6000 21E+11] m m m
¥ Stifness  ( Multimember 77.75 2363 | 0.014 «Top Flange
Enwironment A 0.0148
& Land Aerodynamic drag coefficient 0.6 Di Shuct ® 2404
r Sea T R O 72 2498 | 0.0156
[ L s 68 2592 | 0.0164
|—| Tower Geometry 64 2686 | 0.0172
80 60 2.78 0.0180
Tower Structure 56 2.874 0.0188
Add Station ‘ | ‘ | T 52 2,968 | 0.0196
Tower Stalion Number 1] 2 E 1] 5 B 13 3062 | 0.0204 Intermediate
Height above suface] m 0 ] ] 12 16 i - Flange 2
Outside diameter m 419 40% 4002 3808 3814 T a4 3.156 | 0.0212
Mass per unit length | ka/m 313656 298453  2836.23 26917 25509 E
Bendig Stiiness | Ni# | 1781E411 162E+11 1476411 133411 1201E411| £ 40 325 | 00220
wall thickness mm 30 292 284 276 %8| 36 3.344 0.0228
M aterial - |Steel Steel Steel Steel Steel W1
32 3.438 | 0.0236
N 28 3.532 | 0.0244
Paint masses (6 defined) |[]_1 D » | 0052
Vibration damper (aff)... 4 20 372 0.0260 <« Intermediate
Foundations and Ground / Sea-bed Properties 16 3814 0.0268 Flange 1
™ Translational motion ™ Rotation about horizontal axis 10 -
- : : - " 12 3.908 0.0276
:_ . : 8 4.002 0.0284
Greph N - 4 1.096 | 0.0292
Show. |Geomety =] Copy Mewilel Copy Bitmapl Print | Save ‘ A 0 219 0.03 Bottom
Flange
Apply Reset Mass totaks... | Modal anaysis.. | Encypt... | o« | conce

Figure 3-7: The Bladed input of initial tower properties along with the flanges as point masses

® The structural damping of a system is usually defined as the percentage decrease of two peaks of an oscillation
and this value is called as the logarithmic damping decrement 6.

* Critical damping (7) is the amount of damping at which system returns to equilibrium as quickly as possible
without oscillating. (¢=6/(2mn))
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3.4. IEC class and Wind conditions

IEC Class

Wind turbine classes are defined in terms of wind speed and turbulence parameters as shown in Table
3-1, according to IEC61400-1 edition 3 [7]. The load calculations are performed according to wind class
IA in this project. The design lifetime for wind turbine is 20 years.

Table 3-1: Basic parameters5 for wind turbine classes [7]

Wind turbine class I 1l 1 5

Viai {m/s) 50 42,5 37.5 Values

A Tret (=) 0,16 specified

B It (-) 0,14 by the

C Trat (=) 0,12 designer

Where,

Vier is the reference wind speed average over 10 min
A designates the category for higher turbulence characteristics
B designates the category for medium turbulence characteristic
C designates the category for lower turbulence characteristics
Lref is the expected value of the turbulence intensity at 15 m/s

General information

The chosen location for the wind turbine is onshore. The reference turbine considered in this project is
of the type Vestas V90 with three blades of diameter each 90m. The wind conditions for the load

calculations are presented in Table 3-2.

Table 3-2: Design load case parameters

Rated hub-height wind speed, V, 12.3m/s
Wind class IEC I

Air density 1.225 kg/m’
Characteristic turbulence intensity at 15 m/s, |5 16%

Hub height 80m
Annual average wind speed at hub height, V.. 10m/s
Reference wind speed average over 10 min, V¢ 50m/s

> The parameter values apply at hub height
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Wind conditions are the primary external conditions affecting the structural integrity. The wind regime
for load and safety considerations is divided into the normal wind conditions, which will occur
frequently during normal operation of a wind turbine, and the extreme wind conditions that are defined
as having a 1-year or 50-year recurrence period.

The wind conditions include a constant mean flow combined, in many cases, with either a varying
deterministic gust profile or with turbulence. In all cases, the influence of an inclination of the mean
flow with respect to a horizontal plane of up to 8° is considered. The expression turbulence denotes
variability in the wind speed from 10 min. averages.

The longitudinal turbulence scale parameter, A3, at hub height z is given by

0.7z z<60m
= - 3-1
A {42m z > 60m

Based on the normal and extreme wind conditions, the following models are defined:

® Normal wind models
- Wind speed distribution
- Normal Wind Profile (NWP)
- Normal Turbulence Model (NTM)
e Extreme wind models
- Extreme Wind speed Model (EWM)
- Extreme Operating Gust (EOG)
- Extreme Turbulence Model (ETM)

The turbulent variation in wind speed has been modeled using a one component Von Karman model
with a characteristic turbulence intensity set according to the Normal Turbulence Model (as defined in
IEC 61400-1 edition 3).

In the following paragraphs, the wind models are described for the chosen wind class IA according to IEC
standard.

Wind speed distribution

The wind speed distribution at the site is significant for the wind turbine design, because it determines
the frequency of occurrence of the individual load components. The wind speed distribution is given by
the probability density function, which is used to describe the distribution of wind speeds over an
extended period of time. The distribution function for most sites is expressed by Weibull distribution as:

Py (Viup) = 1 — exp [= (Vi /C)¥] 3-2
CTr(1+ 1
where: Vave = ( E)
C\m/2,if k =2
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For design in the standard wind turbine classes, the Rayleigh distribution shall be taken for the load
calculations. The Rayleigh function is identical to the Weibull function if k = 2 is selected and is given by

Pr(Viup) = 1 = exp [~ (Viup /2Vave)?] 33

Where

Py (Viun) is Weibull probability function

Pr(Vhup) is Rayleigh probability function

Vi is 10-min mean of the wind speed at hub height [m/s]

Vove is the annual mean wind speed [m/s] = 0.2V,.f

C is the scale parameter of the Weibull function [m/s]

k is the shape parameter of the Weibull function

r is the gamma function

The Weibull wind speed distribution at hub height for annual mean wind speed of 10m/s and Weibull
shape factor 2 is shown in Figure 3-8.

Probability Distribution for Wind Speed

0.08——

0.06—1—

Probability Density

0.04——

0.02——

0.00 } } } } }
0 5 10 15 20 25

Wind speed (m/s)

Figure 3-8: Wind speed distribution from GH Bladed
Normal Wind Profile Model (NWM)

The wind profile, V(z) denotes the average wind speed as a function of height z, above the ground. The
assumed wind profile is used to define the average vertical wind shear across the rotor swept area.
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7 \02
V(z) = Vhup (_Zh b) 3-4
u

Where
V(z) is wind speed at the height z [m/s]
z is height above ground [m]

Normal Turbulence Model (NTM)

For the normal turbulence model, the representative value of the turbulence standard deviation, o,
shall be given by the 90 % quantile for the given hub height wind speed. This value for the standard wind
turbine classes shall be given by

0, = 0.16 - (0.75 * Vy,pp, + 5.6) 3-5
The turbulence intensity is given by
01
leurp = Vi 3-6

Extreme Wind Speed Model (EWM)

The EWM can be either a steady or a turbulent wind model. The wind models are based on the
reference wind speed, V., and a fixed turbulence standard deviation, ;. For the turbulent extreme
wind speed model, the 10 min average wind speeds as functions of z with recurrence periods of 50 years
and 1 year, respectively, are given by

7 \0.11 5

Vso(2) = Vref : ( ) 7
Zhub

Vi(z) = 0.8 % V50(2) 38

Where
Vn(2z) The expected extreme wind speed (averaged over 10 minutes), with

a recurrence period of N years. V; and Vs, represent 1 and 50 years.

The longitudinal turbulence standard deviation® is defined as

01 = 0.11- thb 3-9
Extreme Operating Gust (EOG)

The extreme operating gust EOG50 is also known as the ‘Mexican hat’. It is the ‘worst gust’ to be
expected during operation with a recurrence period of 50 years. The hub height gust magnitude V,,, for
the wind turbine class A is given by the following relationship:

® The turbulence standard deviation for the turbulent extreme wind model is not related to the NTM or ETM

16



01

Vaust = Min{ 1.35(Vey — Viyp); 3.3 D~ 3-10
1+0.1- (/1_1)
Where
01 is given in equation 3-5
Aq is the turbulence scale parameter, according to the equation 3-1
D is the rotor diameter

The wind speed as a function of height and time is defined as following:

3mt 2mt
V(z) = 0.37 - Vyyse - Sin (T) (1 — cos [TD forO0<t<T

V(z,t) = 3-11

V(z) otherwise

Where
V(z) s defined in equation 3-4
T is 10.5s

As an example, for our case at V,,,, = 25m/s, the extreme operating gust is shown in Figure 3-9

EOG Wind speed in hub height (m/s)

Time(s)

Figure 3-9: Extreme operating gust at V},,, = 25m/s
Extreme Turbulence Model (ETM)

The extreme turbulence model uses the normal wind profile model given by equation 3-4 and
turbulence with longitudinal component standard deviation given by

v, Vv
01 = C Loy (0.072 : ( “C"e + 3) : ( "C”b - 4) + 10) ;c=2m/s 3-12
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3.5. Design loads

3.5.1. Staticloads

The main loads acting on a wind turbine tower are:

= the self weight of the different elements, including the rotor, the nacelle and all the machinery,

= the actions of the wind (thrust and drag) on the blades, and,

= the wind pressure on the tower.

The static design loads usually are derived from information of the wind speed and its direction; with

help of simplified models including the geometrical properties of the tower. The static loads are
calculated for the Design Load Cases (DLCs) specified in the IEC standard. The Table 3-3 shows the loads
cases that are analyzed in this project for extreme loads calculation on the tower.

Table 3-3: Extreme load cases descriptions

Design situation DLC Wind condition co(:(::‘t?c:ns saf::;?::tor
Power production 1.3 ETM Vi, < Vi < Vour N
eautenceof u | 23 |EOGS0 Vi =k 2misand v, |\ 0O SRR
Normal shutdown 4.2 EOG50 V= V. +2m/sand V,,, N
Emergency shutdown 5.1 NTM V= V. £ 2m/s and Vy,, N
Idling 6.1 EWM 50-year recurrence period N
Abbreviations:
V; - Cut in wind speed
Vour - Cutout wind speed

|74 - Rated wind speed

EOG50 - Extreme operating gust with 50 years of recurrence period

N

- Normal

A - Abnormal

Partial safety factors for loads have been applied externally to the results of the dynamic simulations.

Table 3-4 summarises the safety factors that have been used in each load case.

Table 3-4: Partial safety factors for the load cases

Load case type

Safety factor for loads, y

Abnormal (DLCs 2.3)

1.10

Normal (all other DLCs)

1.35
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The associated coordinate system for calculating the extreme loads on a tower, based on GL standard
[7], is shown in Figure 3-10.

‘f Mzt

ﬁ Fzr

ZT M ) XT Pointing South.
RV, AT Vertically upwards.
YT Pointing East.

Origin At each tower station.

Figure 3-10: Coordinate system for the design loads on a tower [7]

Table 3-5 shows the maximum design loads that result from the each load case at the tower base. The
detailed descriptions for each load case calculation are presented in Appendix A. The given loads are the
design loads, i.e. they already include a safety factor which is given in the Table 3-4. Due to the long
lever arm for the sections of interest in the design of the connections, the extreme shear forces in the x-
direction usually correspond to the extreme bending moment. This load case is thus design driving. In
the given load Table 3-5, the extreme load corresponds to load case DLC 2.3 which is the simulation of
the 50-year-gust in combination with the loss of electrical grid connection.

Table 3-5: Design loads at tower base for different load cases

Tilting moment Axial load Safety factor
Load case
M, (kNm) F; (kN) Yr

Max 59880 -3510 1.35
DLC1.3

Min 3175 -3730 1.35

Max 85400 -3010 1.10
DLC2.3

Min 20590 -3065 1.10

Max 41600 -2660 1.35
DLC4.2

Min -27800 -2700 1.35

Max 41100 -3560 1.35
DLC5.1

Min -65400 -3640 1.35

Max 32400 -3350 1.35
DLC6.1

Min -191 -3572 1.35
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The thickness of each can has to be optimized in the entire tower during the second phase of this study

i.e. bonding with the adhesive. The extreme loads at each tower section are also calculated for the load
case DLC 2.3 and are put in Table 3-6.

Table 3-6: Extreme design loads at each welded sections

Welding Height Moment Axial load
location H, m M,, Nm F,, N

Top Flange 77.75 1.86E+06 -1.34E+06

76 3.73E+06 -1.36E+06

o 72 7.99E+06 -1.40E+06

g 68 1.23E+07 -1.43E+06

e 64 1.65E+07 -1.48E+06

= 60 2.08E+07 -1.52E+06

= 56 2.50E+07 -1.58E+06

52 2.93E+07 -1.64E+06

Flange 2 48 3.37E+07 -1.72E+06

44 3.81E+07 -1.81E+06

= 40 4.24E+07 -1.88E+06

= 36 4.68E+07 -1.97E+06

E 32 5.12E+07 -2.06E+06

= 28 5.55E+07 -2.15E+06

24 5.98E+07 -2.25E+06

Flange 1 20 6.41E+07 -2.38E+06

2 16 6.84E+07 -2.50E+06

= 12 7.27E+07 -2.62E+06

E 8 7.69E+07 -2.74E+06

& 4 8.12E+07 -2.86E+06

Bottom Flange 0 8.54E+07 -3.01E+06
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3.5.2. Fatigue loads

Fatigue loads are cyclic loads or repetitive loads, which cause cumulative damage in the materials of the
structural components, and which eventually lead to structural failure. Fatigue loads are usually loads
well below the load level that will cause static failure, and many load cycles are required before a fatigue
failure will take place. This is commonly referred to as high-cycle fatigue. However, if the applied loads
are high enough to cause plastic deformation, the fatigue life is considerably shorter and this is termed
low cycle fatigue. Fatigue failure takes place by the initiation and propagation of a crack until the crack
becomes unstable and propagates fast, if not suddenly, to failure. In some materials a limit is seen,
below which fatigue failure does not occur, or fatigue damage progresses at a low enough rate to be
considered negligible. This is known as the endurance limit or fatigue threshold.

Design load case

The fatigue loads has been calculated only for the power production case. This is because of the high
occurrences of the power production case. The design load case simulated in the Bladed is shown in
Table 3-7. The wind is divided in to 6 bins: 0-6, 6-10, 10-14, 14-18, 18-22 and 22-25m/s.

Table 3-7: Fatigue load case description

L . . - - Partial

Design situation DLC Wind condition Other conditions artia
safety factor

Power production 1.2 NTM Vi < Vi < Vour 1.265

Partial safety factor

The partial safety factors are given in Table 3-8 according to IEC61400-1 edition 3 [7]. The overall safety
factor is applied to the cyclic stress range for assessing the increment of damage associated with each
fatigue cycle.

Table 3-8: Partial safety factors for fatigue analysis

Type Partial safety factor
Loads, yf 1.0
Material (for welded and structural steel), v, 1.1

Consequences of failure (non fail safe

1.15
structure components), ¥,

Total (vf * Y * ¥n) 1.265

In general, consideration of the rotor thrust (F,), tilting moment (M,) and torsional moment (M,) is
sufficient. The tilting and tower torsional moments can be considered as orthogonal, so that the
damages from tensile stresses (from M, and F,) can be derived separately from those from shear
stresses (from M,) [21]. As they are usually much smaller, the damages from the shear stresses will be
neglected.
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3.6. Redesign of tubular tower

3.6.1. Stability check

The tower has been checked for the breaking strength and buckling strength in this section. Breaking
strength check is required for surviving extreme winds. However, as a result of the increasing weight
optimisation in modern steel tubular towers, the buckling strength of the tower usually governs the
tower design as far as shell thickness is concerned. The stability analysis has been performed according
to the method suggested in the Danish standard [22]. This method checks for both the breaking strength
and the buckling strength. According to this method, the following inequality must be fulfilled

Nd n Nel Md + Nde
*
2Rt Nel_Nd 7TR2t

Ocr 3-13

(Source: DNV/Risg, 2002 [22] )

N, N, . Mg+ Nge
For a unity check 2Rt~ Ng—Ng nR?t <1 3-14
O-CT
— ~ _/
S
Where
Ny design axial force [N]
M, design bending moment [kNm]
Ng; euler force for a cantilever beam [kNm]
R tower radius [m]
t tower shell thickness [m]
e the equivalent geometrical imperfection [m]
S stability check value

Using the equation 3-14, the entire tower wall thicknesses are subsequently optimized in order to attain
the value S as close as possible to one. If S exceeds 1.0 the wall thickness must be increased and the
check must be repeated. If S is below 1.0 the wall thickness is reduced until a value as close as possible
to 1.0 is reached. The new designed tower thicknesses for each welded section according to stability
check are put in Table 3-9. The details of stability check are presented in Table 3-11.

Table 3-9: Wall thicknesses dimensioned according to stability check

Height 0| 4 8 12 |16 | 20 (24| 28 |32 | 36 | 40 | 44 | 48 | 52 |56 | 60 | 64 | 68 | 72 |76 | 77.75

wall
thickness

30|28 |27.5|27.5| 27 |26.5| 26 |25.5| 25 |24.4(23.5|225|21.5|203| 19 |174|156|135| 11 | 7.8| 6.3
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3.6.2. Fatigue check

To ensure that a structure will fulfill its intended function, fatigue assessment should be carried out for
each type of structural detail, which is subjected to extensive dynamic loading. The extent of the
analysis is influenced by the local stress range and/or the number of cycles due to fluctuating loads on
the structure. Wind loading on the turbine is the main source of potential fatigue cracking. Fatigue
design can be carried out by methods based on S-N curves from fatigue tests in the laboratory and/or
methods based on fracture mechanics. In this project, the former method has been used for fatigue
assessment according to Palmgren-Miner’s rule. The fatigue check has been performed for each welded
section of the entire tower in the Bladed.

3.6.2.1. Welding details in a tubular tower

Welds are, in general, treated in the same manner as the rest of the structure when a proper reduction
factor for the weld quality and base material is included. Figure 3-11 shows typical welds at flange and
between two cans of different thickness used for the design of tower in this project.

a. b.

Figure 3-11: Typical weld details in a tubular tower a) weld at flange b) weld between two cans of different thickness [22]

3.6.2.2. Detail categories of welded joints

Corresponding to their notch effect, welded joints are normally classified into detail categories
considering particulars in geometry and fabrication, including subsequent quality control. The Figure
3-10 contains detail categories for the fatigue assessment of these two welds according to the standards
Eurocode 3 [23] and DS412 [24]. The detail category number (or Aoy) represent the fatigue strength
reference value (at 2 - 10° cycles) for structures made of steel. The given detail categories assume 100%
controlled full penetration butt welds of quality level B [22]. These categories have been used for fatigue
analysis of welds in the tower. Also all welded joints on primary members shall be designed to provide a
stress flow as smooth as possible without major internal or external notches, discontinuities in rigidity
and obstructions to strains. To avoid stress concentration, the wall thickness is tapered with a slope not
to be greater than 1:4.

Table 3-10: Detail categories for common welds in a tubular tower [22]

Weld Categories (Aoy)
Canto can 80
Can to flange 71
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3.6.2.3. S-N curve

Most components in wind turbines are subjected to stress ranges of great variation. This time series is
extracted from the Bladed and converted to stress time history as explained in section 3.6.2.5. For
illustrative purposes, the cycle is usually depicted as a sine function diagram as shown in Figure 3-12.
Omax 1S the maximum upper stress of a stress cycle and g,,,;, is the maximum lower stress of a stress
cycle. Aa is the applied stress range |0max — Ominl-

The mean stress is the algebraic average of g,,4, and o,,i, and given as:

_ (Umax + Gmin) 3-15
mE=T

The amplitude of the stress cycle g,.,,, equals half of the stress range as:

. — |Umax - Uminl 3-16
amp 2

The R-ratio is calculated as the ratio of 6,,;,, t0 Gy

Omin

R = 3-17

O-m ax

GA("')

b

E ¢ time
b

Yo A

Figure 3-12: The stress cycle [21]

-

The loads acting on the structure are highly dynamic and the welds are intrinsically prone to fatigue. To
perform the fatigue analysis the S-N curve for the welds was required and it was obtained from the GL
standards [21]. The equations to determine the S-N curve are shown below in Equation 3-18 and
Equation 3-19.
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log(N) = 6.69897 + m.Q 3-18
(Source: GL standard, 2005)

Ao,
Q — log( R/AO') _ 039794/77’10 3-19
Where
m inverse slope of S-N curve
m= mo forQ <0
m=2m.—1 forQ<0
mo inverse slope in the range N < 5 - 10°; 3 for welded joints

Aor  fatigue strength reference value of S-N curve at 2 - 10° cycles of stress
range (or detail category number according to Table 3-10) [N/mm?]

Ao stress range [ N/mm?]
N number of endured stress cycles according to S-N curve (= endured stress

cycles under constant amplitude loading)

The S-N curves for both categories are constructed according to the information presented above and
are shown below in Figure 3-13.

S5-N curve
1000 -
Detail category
—Cat 80
N=2-10% ey
— —(Category 71
~
E 100 -
e
= ]
1] I
e !
H !
@ !
a 10 ] !
s =1
A 2
o
I
=
|
!
l T T ! T T T T 1
1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11

No. of cycles

Figure 3-13: S-N curve for welds category 80 and 71
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3.6.2.4. Palmgren-miner’s rule

The fatigue life, or in other terms the cumulative damage, under varying loads can be predicted based
on the S-N curve approach under the assumption of linear cumulative damage by Palmgren-Miner’s
rule. The total damage that a structure will experience during its design life may be expressed as the
cumulative damage from each load cycle at different stress levels, independent of the sequence in
which the stress cycles occur [22]. According to Palmgren-Miner’s rule, the accumulated fatigue damage
D can be predicted as follows:

n;
D= . ﬁl 3-20
L
Where
n; is the number of stress cycles of the i stress range
N; is the corresponding number of cycles to failure

Failure might occur when the accumulated fatigue damage number exceeds 1.0. Thus, for the joint and
member to survive for at least the planned service life of the turbine, the accumulated damage shall be
less than or equal to 1.

3.6.2.5. Fatigue damage calculation

This calculation generates fatigue damage estimates from a stress history or a previously generated
rainflow cycle count’, by taking account of the fatigue properties of the material. The Bladed did not
show the stress history directly. Therefore, a suitable stress time history can be generated from load
time histories by use of the channel combination and the equation 3-21.

My * (DO/Z)

tower section

Stress range = 321

Where
M, is the bending moment at tower section
D, is the outer diameter of the tower section
D; is the inner diameter of the tower section

. . . 77.'
Liower section IS the moment of inertia = ” (D,* — DY

Selecting the multiple channels® in fatigue analysis in the Bladed, the load cases and the variables to be
processed in a single calculation are specified. The load cases are here the DLC 1.2 for different wind
bins. The variables are the stress history at each welded section of the tower. The damage is calculated
for the turbine lifetime of 20 years. The wind speed distribution is defined according to section 3.4. The
material properties are entered in the look-up table in the Bladed with different stress range values and
the corresponding number of cycles to failure as calculated from S-N curve in Figure 3-13.

7 Rain-flow counting method is used to establish distributions of stress ranges from a stress history.
® Allow a whole list of variables to be processed across a whole list of load cases. If appropriate, the results are
accumulated over the turbine lifetime (or any other desired period).
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3.6.2.6. Approach for dimensioning the wall thickness

A systematic approach for dimensioning the wall thickness is shown in Figure 3-14. The fatigue check is
performed for each welded section of the tower, applying the correct category values for the welded
sections according to the Table 3-10. The entire tower wall thicknesses are optimized keeping the
accumulated fatigue damage (D) as close as possible to one. If D exceeds 1.0, the wall thickness must be
increased and the check must be repeated. If D is below 1.0, the wall thickness is reduced until a value
as close as possible to 1.0 is reached. If the fatigue assessment leads to the wall thickness at one section
to be less than the wall thickness that obtained from stability check, then final thickness is kept
according to stability analysis. Else, the wall the thicknesses are finally set according to fatigue
assessment. The dimensioned tower thicknesses for each welded section according to fatigue check are
presented in Table 3-11, under the column ‘fatigue check’.

Wallthickness iteration

{ Input tsy ]
[Decrease wallthickness] [ Increase wall thickness ]
D<1 1 D>1
—[ Calculate Fatigue damage, D J
D™1

Wall thickness with
fatigue check

Final wall thickness

. )

Figure 3-14: Approach for dimensioning the wall thickness

Where,
D accululated fatigue damage
tsn wall thickness at height H set according to stability check [mm]
tru wall thickness at height H set according to fatigue check [mm]
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Table 3-11: Redesign of tower thicknesses according to fatigue damage

Stability Check

Fatigue check

Detail
Category | Welding | Height Wall thickness Stability Fatigue Final thickness Fatigue
Aoy location H, m according to check damage according to damage
N/mmz stability check value according to fatigue check according to
tsy, mm (S) tsy tfH , mm tfH
Category | Top | -7 75 6.3 0.980 52.920 17.5 0.900
71 Flange
76 7.8 1.001 15.750 17.5 0.900
72 11.0 0.984 4.470 17.0 0.934
c
3 68 13.5 1.031 2.536 18.0 0.900
Category
- e 64 15.6 1.000 1.922 19.0 0.935
8 60 17.4 1.000 1.670 20.5 0.940
56 19.0 0.998 1.541 22.0 0.930
52 20.3 0.996 1.500 23.0 0.950
Catsfory Flange2 | 48 215 0.995 2.215 27.0 0.990
44 225 0.997 1.488 27.0 0.930
c 40 235 0.991 1.476 26.5 0.920
Category © 36 24.4 0.985 1.465 27.5 0.930
80 = 32 25.0 0.989 1.492 28.0 0.963
©
o 28 25.5 0.993 1.522 28.5 0.960
24 26.0 0.993 1.545 29.5 0.960
Cat;fory Flange1 | 20 26.5 0.991 2.329 34.0 0.962
c 16 27.0 0.987 1.556 34.0 0.920
©
Category P 12 27.5 0.979 1.543 31.0 0.970
80 < 27.5 0991 | 1618 32.0 0.920
(@)
28.0 0.980 1.581 32.0 0.950
Category | Bottom |, 30.0 0.989 2.460 36.5 0.970
71 Flange

The Table 3-11 also summarizes the overview of entire tower design. First the tower wall thicknesses

(tsy) are designed according to stability check. But, the fatigue damage calculated at tgy exceeds 1 as

shown in the Table 3-11 . Iterative steps are then applied by increasing the wall thicknesses until the

fatigue damage is just less than 1. This action finally gives the wall thicknesses t;y that keep the tower in

safe fatigue limit and provides high stability.
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The tower sections are connected by two welded flanges as shown in Figure 3-15. The tower thickness
decreases from base to top. However, throughout one can, the thickness has been considered to be
constant. The thicknesses of cans C1 and C2, adjacent to flanges are set according to fatigue assessment
for category 71. Similarly, the wall thicknesses of the cans adjacent to other flanges in the tower are

increased as shown in Table 3-11.
34mm

Cc2

C1

Height 20m

34mm

Figure 3-15: Dimensioning of cans adjacent to bottom flange
3.6.3. Natural frequency check

During operation, thrust loads are applied on the tower of the wind turbine. Due to these loads the
tower will deflect or it will start vibrating at its natural frequency. The first natural frequency of the
tower is a very important parameter as it determines the dynamic behaviour of the wind turbine.
For wind turbines, it is important that the natural frequency of the tower does not interfere with the
rotor frequency or blade passing frequency (or frequencies of excitation), as this can cause heavy
resonance due to excitation. This leads to higher stresses in tower and, more importantly to higher
stress ranges, an unfavourable situation with respect to the fatigue life of the wind turbine. Therefore
it is important to ensure that the excitation frequencies with high energy levels do not coincide with the
natural frequency of the tower.

The wind excitation frequencies that should be avoided are those that coincide with the range of
rotational frequencies of the rotor. These frequencies are indicated as rotor frequency (1P) or bade
passing frequency (3P) for a triple bladed turbine. Blade-passing frequency interval (3P) is equal to the
rotational frequency interval times the number of blades. With a minimum rotational speed at the cut-
in wind speed of 8.6 rpm and a maximum rotational speed of 18.4 rpm, the rotational frequency
interval (1P) to stay clear of ranges from 0.143 Hz to 0.306 Hz.

Table 3-12 contains the calculated natural frequencies of the entire tower. The margin between the
calculated first tower bending frequency and the rotor frequency (1P) at nominal speed seems
sufficient: 0.32 Hz/(16.1rpm /60 s) = 1.19P. The tower bending frequency also lies above the
maximum rotor speed in full load of 18.4rpm (0.306 Hz).
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Table 3-12: Tower natural frequencies from modal analysis in the Bladed

Description 1" mode, f [Hz] 2" mode, f [Hz] 3 mode, f [Hz]
Fore-aft, Ty, 0.32 1.83 4.10
Side-to-side, Ty 0.32 1.54 3.80

One way to identify points of correspondence between natural frequencies and excitation of the rotor is

to use a Campbell diagram, which shows the most important natural frequencies of the wind turbine as
a function of rotor speed. Figure 3-16 shows the campbell diagram of the turbine with the final designed
tower. From this diagram, it can be clearly seen that the first fore-aft and side-to-side tower frequencies
are placed between the excitation frequencies (1P and 3P) throughout the operational range of the wind
turbine. The Campbell diagram also shows that the rotor natural frequencies do not intersect the
important excitation frequencies and avoid the resonance.

Campell diagram
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—— Tower side-side mode 1
—— Tower fore-aft mode 1
——— Rotor out of plane mode 1
= Rotor out of plane mode 3

—=— Rotor out of plane mode 2

Rotor in plane mode 1
—=— Rotor in plane mode 2
---%=-- Tower side-side mode 2
---#--- Tower fore-aft mode 2
===~ Drive train

Rator in plane mode 3
---%--- Tower side-side mode 3

Drive train damper mode 1
---%--- Tower fore-aft mode 3

Rotor speed (rpm)

Figure 3-16: Campbell diagram for the final designed tower
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3.7. Conclusion

The presented approach for the design of tower structure (reference tower) for wind turbines follows a
well defined sequence of steps to come to a preliminary design of such a structure. The results obtained
with this method give a good indication of the tower dimensions which are required for the given site
conditions and for the selected turbine. The quick tower design approach lends itself well to this
research purpose. This is because the adhesive bonded tower will be designed based on this reference
tower and will give a fair cost comparison between the reference and adhesive bonded tower.

After performing the design checks for each section of the tower, the conclusion is drawn that the
fatigue is the predominant phenomenon with regard to the determination of the wall thickness. This can
be clearly seen in the Figure 3-17. This leads to wide scope for objective 2 of this research work by
reducing the wall thickness from red colour to till blue colour, when tower is designed with the
adhesive. This objective will be checked in the chapter 7.

80 - —o—Dimensioned according to stabili
(— g h¢
check
—B-Dimensioned according to fatigue
70 - check
60 -
£
;50 -
= |
=
[:1)
p 40
p i
8
-
30
20 4 E
10 -
0 _I I T T T T bk T 1
0 5 10 15 20 25 30 35 40

Wall thickness, t (mm)

Figure 3-17: Dimensioning of the tower wall thickness according to stability and fatigue check
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4. Adhesive bonding

This chapter presents the relevant knowledge of adhesive bonding with a brief introduction about
adhesives, some definitions, formation of bonded joint and advantages and disadvantages of adhesives.
Factors influencing the joint strength and the guidelines to increase it are discussed briefly from the
literature studies. A method to improve the joint strength has also been presented. Finally, a conclusion
will be made with a viewpoint for the bonded joint to be designed in this project.

4.1. Introduction

4.1.1. Introduction to adhesive

Adhesives have been used for thousands of years. Since about 1900, with the development of synthetic
polymeric materials higher loaded joints in more demanding applications became possible. Today there
many industrial uses of adhesives and it is difficult to imagine a product (in the home, in industry or in
transportation) that does not use adhesives in some manner. According to Kinloch [25], an adhesive may
be defined as a material which when applied to the surfaces of materials can join them together and
resist separation. Adams et al. defined a structural adhesive as an adhesive that can resist substantial
loads and that is responsible for the strength and stiffness of the structure [26]. Examples of structural
adhesives are epoxy, thermosetting acrylic, and urethane systems.

4.1.2. Definitions

Before the adhesive bonding is discussed in details, certain key terms need to be defined. For basic
definitions of common terms associated to adhesive technology please refer to Appendix B. Other terms
and definitions that will specifically be used in this report are mentioned in this section.

Different types of loads arise in adhesive joints depending on the joint geometry and the direction of
loading. These are often classified as tensile, shear, cleavage or peel as illustrated in Figure 4-1.

Tt

L
Tensile Shear Cleavage Peel
Figure 4-1: Different types of loads in an adhesive bonded joint [27]

= Tensile: Forces acting perpendicular to the plane of adhesive.

=  Shear: Forces acting in the plane of adhesive.

= Peel: Forces applied to strip of a flexible member fastened with adhesive to another flexible or
rigid member.

= (leavage: Forces applied at one end of a rigid bonded assembly which tend to split the
bonded members apart. It can be considered as peel of two rigid members.
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Adherend: Body that is or intended to be held to another body by an adhesive.

Adhesion: Adhesion is the attraction between two substances resulting from intermolecular forces that
establish between them.

Post-cure: Further treatment by time and/or temperature of an adhesive to obtain the required
properties by curing.

Cure time: Time required to induce curing at a given temperature.
Fillet: Portion of an adhesive that bridges the adherends outside the bond-line.

Moisture: High humidity or wet conditions affecting the adhesive or adherend.

4.1.3. Adhesive bonded joint

Adhesive bonding is a joining technique similar to other joining techniques like welding, soldering,
riveting, bolting etc. What is considered as adhesive bonded joint is explained by the following
definition.

An adhesive bonded joint can be defined as a joint between two substrates of equal or different
materials by means of a non-metallic third material that has good adhesion and has also sufficient
cohesive strength to maintain the substrates fixed against each other during the operational life of the
product, despite the forces acting on the joint [28].

The formation of bonded joint can be distinguished in three stages as [29]:

= |nitially, the adhesive must behave as a liquid to be spread easily on the surface. It should also
wet properly the adherends to be bonded for an intimate molecular contact between adhesive
and the surface.

= Secondly, the liquid adhesive must harden in order to support sometimes continuous and
sometimes variable load throughout their lives.

=  Finally, they must transfer and distribute the load among the components in an assembly.

By preference, the load is transferred by shear stresses in the adhesive layer, whereas tensile, peel or
cleavage loads should be avoided or minimized as much as possible. The strength of the joint not only
depends on the shear strength of the adhesive itself, but also on the shear and peel stress distribution
along the length of the overlap.

Sometimes a primer is used with adhesives. A primer is a substance which is applied to a surface prior to
the application of an adhesive. This usually helps in improving the performance of the bond or
protecting the surface until the adhesive or sealant can be applied. The bonded joint is the whole part
formed by the adherends, the adhesive, the primer (if present), and the interphases and interfaces
associated to it, as shown in Figure 4-2.
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Adherends Primer

Adhesive or Sea

Figure 4-2: Components of a typical adhesive joint [30]
4.1.4. Advantages and disadvantages of adhesive bonding

Adhesive bonded joints are increasingly being used in engineering applications due to their improved
mechanical performance over conventional mechanical fasteners. In contrast to other joining methods,
such as riveting and bolting, adhesive bonding distributes the load transfer uniformly along the bonded
joint as seen in Figure 4-3 and thus avoids stress concentration.
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Riveted joint Spotwelded joint Adhesive bonded joint

Figure 4-3: Comparison of load transfer in various types of joints [4].

Due to the polymeric nature of the adhesive, adhesive bonding of critical joints provides good damping
properties which also enable an improvement in fatigue life [4]. This is because the polymer-based
adhesives absorb mechanical energy applied to the joint and dissipate that energy as heat. Figure 4-4
shows typical fatigue curves for riveted and adhesively bonded joints, indicating the superiority of the
latter. Where vibration is transmitted through joints, mechanically fastened components can sometimes
show fretting due to very small amplitude relative movement normal to their mating surfaces. Adhesive
bonding not only eliminates fretting but it can also serve to damp or attenuate the vibration [26].

35



Material: 2024-T3 Alclad

20 20
fe—vles] rt: 0.8 mm
— ¥ ‘
60

3 rows of rivets

Both adhesive bonding
and riveting
Adhesive bonding only

AS (MPa)
>
o

N
N

Riveted only

o]
o
I

1 1 J
104 108 108 107
N (cycles)

Figure 4-4: S—N curves of lap joints [4]

Adhesives can bond dissimilar materials with different coefficients of thermal expansion because the
adhesive flexibility can compensate the difference. The adhesive creates an intimate contact between
the bonded surfaces, which is good in structural terms and also for corrosion resistance.

Adhesive bonding is also associated to some disadvantages that leave room for more technological
research and development. They have limited resistance to extreme temperature and humidity
conditions. An adhesive bonded structure will most probably not be capable of being dismantled and re-
assembled, at least without considerable cleaning and repetition of surface preparation [26]. However, a
series of non-destructive techniques are now available. The curing needs high temperature for many
adhesives and requires jigs and fixtures to maintain the substrate in position during this process. This is a
big economical disadvantage. To have a good interfacial strength and a durable joint, a careful surface
preparation is necessary such as solvent cleaning, mechanical abrasion, or chemical treatments.

4.2. Factors affecting the joint strength

The major factors that affect the joint strength of lap joints are the material properties (adherends and
adhesive), the geometry (adherend and adhesive thickness, and the overlap) and the environment.
Failure always occurs at the stress concentrations and it is fundamental to decrease these stress peaks if
a joint strength improvement is required. There are general guidelines to increase the joint strength by
minimizing the stress concentrations [30]:

= Use an adhesive with a low modulus and ductile behavior

= Use similar adherends or if not possible balance the stiffness
= Use a thin adhesive layer

= Use alarge bonded area

Each of these factors is discussed in the following sections and the detailed design guidelines are
provided.
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4.2.1. Adhesive properties

The joint strength is a function of the adhesive strength and ability to distribute the load over a large
area and reduce the stress concentration. However, the joint strength may not increase if a stronger
adhesive is used. The joint strength depends not only on the adhesive strength but also on its ductility
and stiffness. Very ductile adhesives tend to have low shear strength. However, when used in a joint,
their ability to distribute the stress uniformly along the overlap (low stiffness) and deform plastically can
give a joint strength much higher than with apparently strong but less ductile adhesives. A ductile
adhesive is able to redistribute the load and make use of the less stressed parts of the overlap, whereas
a brittle adhesive concentrates the load at the ends of the overlap giving a low average shear stress.
Thus, in ideal cases, a strong, ductile, and flexible adhesive is desired [30]. Also ductile adhesives have
more fatigue strength than the brittle adhesives.

4.2.2. Adherend properties

The most important adherend properties affecting the joint strength are the adherend modulus and its
strength. The higher the adherend modulus, the lower will be its deformation at the ends of the overlap,
where the load transfer takes place, and the lower will be the effect of the differential straining in the
adhesive [8]. Strength is also important as adherend yielding can lead to premature failure in case of
metallic adherends. This is because when the stress imposed at the end of overlap become more than
the yield point of the steel, large plastic strains result, creating a plastic hinge. Also increase of the
thickness of both adherends (proportional to elastic modulus) corresponds with an increase of the
adherend axial stiffness and that will result into a more uniform distribution of the shear stress and thus
an increase of the average shear strength.

4.2.3. Overlap lengths

The increase of the overlap of a bonded joint will result in an increase of the joint strength. The increase
in overlap length seems not very effective as the average shear stress decreases while the peak stresses
at the end of the overlap remain the same. The advantage of this low stress level in the middle of the
overlap is the resistance to creep phenomena due to constant loading. Furthermore, the bonded joint
becomes more robust, because local defects like voids in the adhesive have less effect on the load
transfer [31].

A literature survey by Silva and Adams [32] compares the prediction of the joint strength with elastic
models and the experimental results. The experimental results were obtained with simple lap joints
(SUs) made of brittle adhesive Redux 326 and high strength steel adherends [33]. Joint predictions are
presented for different analytical models as shown in Figure 4-5. It can be seen that the models predict
better for shorter overlaps than for longer overlaps with the experimental results. For larger overlaps, all
the models tend to predict similar values and are 10-50% lower than the experimental values. A possible
explanation for the relatively poor failure load predictions is the fact that brittle adhesives are difficult to
characterize in bulk due to their high sensitivity to defects. However, a good point is that the predictions
are always lower than the experiment values and are therefore regarded as safe for the design.
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Figure 4-5: Overlap effect on Linear analysis: brittle adhesive (Redux326) and high-strength steel [34]

4.2.4. Adhesive thicknesses

The effect of the adhesive thickness on the bond strength of single-lap adhesive joints is still not
perfectly understood. The classical elastic analyses such as those of Volkersen [8] or Goland and
Reissner [35] predict that the strength increases with the adhesive thickness, whereas experimental
results show the opposite. Practice shows that the lap-joint strength increases as the bond line gets
thinner [36]. This can be seen in literature survey by Silva and Adams [32] in which the adhesive
thickness effects for different models have been compared as shown in Figure 4-6. The experimental
joint strength decrease as the adhesive thickness increases while the linear elastic analyses shows the
opposite trend as shown in Figure 4-6.
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Figure 4-6: Adhesive thickness effect on linear analysis: adhesive (Hysol 9321) and high-strength steel [32]
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According to Crocombe [37] thicker single-lap joints have a lower strength considering the plasticity of
the adhesive. An elastic analysis shows that the stress distribution of a thin bondline is more
concentrated at the ends of the overlap than a thicker bondline, which has a more uniform stress
distribution. Therefore, a thin bondline will reach the yielding stress at a lower load than a thick
bondline. However, when yielding does occur in a thicker joint, there is a less “elastic reserve” to sustain
further loading, and thus, yielding spreads more quickly. Also other theories to explain the adhesive
thickness on the strength of SLIs were introduced by Gleich et al. in 2001 [38] and Grant et al (2009).
There are many theories that attempt to explain this fact and this subject is still controversial. However,
Adams and Peppiatt (1974) explained that an increase in the bondline thickness increases the
probability of having internal imperfection in the joint (voids and microcracks), which will lead to
premature failure of the joints [39].

In another investigation, Hans Nordberg [40] has shown that with the increase in the adhesive thickness
the fatigue strength also increases at the same number of cycles. For longer lives the increased bondline
thickness does not seem to affect the strength.

4.2.5. Environmental effects

Water and humidity are two of the most damaging environmental factors for adhesive. The possible
mechanisms by which water can degrade adhesive joints include [27]:

= plasticization

=  swelling

= hydrolysis or crazing of the adhesive

= degradation or change of the interface resulting in loss of adhesion
= corrosion of the substrate

The fatigue life of lap joints is progressively reduced after pre-exposure to water. However, control in
water absorption does not seem to affect the fatigue properties with more than 15% as shown in Figure
4-7 [40]. The control in water absorption can be done by:

= coating (encapsulating) the exposed edges of the joint with a water resistant sealant

= using a suitable primer/coupling agent will improve interfacial durability — a fluid primer that
wets the surface will tend to fill discontinuities on the adherend surface
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Figure 4-7: Fatigue of 1.5 mm AISI 304L stainless steel adhesive joints. Specimen immersed in water for 4 to 48 weeks [40].

4.3. Method to improve the joint strength

Adhesive joints are formed with a fillet of adhesive spew which is squeezed out under pressure while
the joint is being manufactured. The assumption that the adhesive layer has a square end is thus
unlikely to be realistic. Various authors have shown that the inclusion of a spew fillet at the ends of the
overlap reduces the stress concentrations in the adhesive and the substrate. Modification of the joint
end geometry with a spew fillet spreads the load transfer over a larger area and gives a more uniform
shear stress distribution. The load transfer and shear stress distribution of a single-lap joint with and
without fillet are schematically represented in Figure 4-8.

Adams and Peppiatt [39] found that the inclusion of a 45° triangular spew reduces the predicted
maximum shear stress to 70 per cent of that obtained for the square ended adhesive layer for a single
lap joint. Also the maximum transverse tensile stress when spew is present is reduced to 80 per cent of
that given by Goland and Reissner. The National Physical laboratory [41] conducted a series of simulated
experiments using finite element analysis (FEA) on CR1 Mild Steel/AV119 Epoxy for single lap joints. The
results also show an increase in predicted failure load by 30% with the inclusion of a concave fillet as
shown in Appendix E.
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Figure 4-8: Load transfer and shear stress distribution in single-lap joints (1) with fillet and (2) without fillet [29]

4.4. Conclusion

A conclusion for this chapter along with a point of view for the bonded joint to be designed in this
project has been discussed briefly here.

The bonded joint should be designed such that the load is transferred by shear stresses in the adhesive
layer, whereas the tensile, peel or cleavage loads should be avoided or minimized as much as possible.
The ideal adhesive selection would be a strong, ductile and flexible adhesive. The adherend selected
should have higher elastic modulus and strength.

The results presented for the geometrical parameters: adhesive thickness and overlap length, illustrate
the fact that elastic models are not appropriate to simulate the effect of these two parameters. This is
due to the prediction of different results in comparison to experimental results. However, the
overestimated joint strength because of increase in adhesive thickness can be compensated by the low
joint strength prediction due to large overlap. Assuming this compensation, the elastic model has been
implemented for design in this study.

It has also been considered that the porosity and the number of micro-cracks in the adhesive are less. In
future it is required to do experiments for SLIs keeping the same material and adhesive properties as
applied in this project. The experimental data is required to understand the actual behavior of the
variation in the adhesive thickness and the overlap length. Also, the long term behavior and the effect of
different environments on bonded joints need a lot of attention in the future. The inclusion of spew fillet
leads to an improvement in the design. However, this has not been modeled in tower design for this
project.
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5. Design of adhesive bonded joints

This chapter presents the design of bonded joint with adhesive. Selection of the joint type for the joint
in the tower is discussed briefly. Determination of loadings, material and adhesive properties and
analytical models to be applied in the design procedure have also been introduced. Finally, the methods
for the design checks are set up along with the S-N curve for adhesives and structural steel.

5.1. Adhesive bonding design procedure

A simple stepwise guideline to be followed for the bonded joint design is shown in Figure 5-1. The
design starts with the selection of suitable joint type surveying all the positive and negative aspects of
the joints. The loadings are introduced at the bonded joint as calculated before in the tower design
section. A strong adhesive and an analytical model to be applied for the design are then selected. The
approach for the optimization of geometrical parameters is also discussed. Finally design checks to be
performed are presented. If the design checks do not fulfill then the approach is iterated many times
with the change in the joint geometry. Results are displayed separately in the next two chapters for both
objectives of the project.

Selection of joint type

l

Jointgeometry and loading

l

Material properties

l

Selection of closed form
models

sy

Design checks
1) Resistance at the Ultimate Limit State (ULS)
2) Fatigue strength

A

Results

Figure 5-1: Steps for the design of a adhesive bonded joint
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5.2. Selection of a joint type
5.2.1. Various types of joints

For a good joint design, the adhesive must be loaded in shear and the load-bearing area must be as large
as possible. Peel loads are the greatest enemy of the designer of the bonded joints [26]. Wherever
possible, the adhesive should be loaded in shear so that peel and cleavage stresses are avoided.
Different joint designs can be implemented to overcome these problems. The most common forms of
lap and strap joints are shown in Figure 5-2. Some are stronger than the others, but none is simpler to
make in comparison to the single lap joint.

|
Single lap joint ‘ ‘
Good - practical Single strap joint

Fair — sometimes desirable
| .

Joggle lap joint ‘ ‘
Good - practical

[ | Double strap joint
Good - sometimes desirable

[ |
[ T]
Double lap joint i

Very good - difficult to manufacture k 1
Recessed double strap joint

Very good — expensive machining

Wa\.r'y Iap jOint T ‘ ‘ |
Very good — very difficult to manufacture

Tapered double strap joint
Very good — difficult to manufacture

(b)

NN NN NN
Reverse bent lap joint
Very good — very difficult to manufacture
(a) () With taper

Figure 5-2: Joint configurations for (a) Lap joints [30] (b) strap joints (c) tubular joint with a taper [29]
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5.2.2. Considerations for selecting a suitable type of joint

Single lap joint is the easiest joint to make with no complexity in its machining or manufacturing. Also
with installation perspective, it is easy to assemble by just sliding the upper tower shell along the lower
tower shell. This sliding squeezes the adhesives uniformly all over the bonded area and avoids extra
assembly procedures. The circular geometry of the connection to be bonded with adhesive makes the

final geometry look like a tubular joint as shown in Figure 5-3.

Figure 5-3: Tubular single lap joint [29]

The eccentric forces acting on the SLJ induce a bending moment in the joint. The bending moment
causes additional tensile (peel) stresses to be induced in the adhesive layer, concentrated at the ends of
the joint. The lack of symmetry causes joint rotation for lap joints. The rotation is much less for the
tubular joints than for the plate joints as shown in Figure 5-4. This is because rotation causes hoop
stresses in the tubular joint which constrain the rotation [42]. Thus the tubular-SLJ reduces the peel

stress at the end of the adherend.

2 T e = = T
e ——

Figure 5-4: Rotation of joints in (a) Single lap plate joint (b) Single lap tubular joint [42]

45



Other types of joints are not considered for the following reasons:

= For tapered and scarf joint, the manufacturing of the tapering at a small angle by machining is
difficult, especially with contoured edges. Frigyes Thamm has shown that the adherends have to
be tapered to a fine edge if significant benefit is to be achieved, and this is usually impracticable
[43]. During the bonding process the sharp edges are also critical in positioning, and pose
problems after curing for Non Destructive Inspection.

= As in the case of single-lap joints, the strap joint with only one strap is subjected to peeling
stresses because the load is not collinear. However the strap needs to be manufactured and
machined separately. The joint with two straps reduces the bending moment and is therefore
stronger, but it adds cost. The straps with a taper and the recessed joints are the most efficient
but require a lot of machining. Strap joints will lead to extra assembly procedures with jigs and
fixtures to hold and locate the parts accurately until the adhesive has cured.

Thus the aim is to design the tower joint without taper, but with low shear stresses to prevent creep.
The selected joint is the single lap joint (SLJ) with a square edge around the circumferential end of the
tower and foundation section.

5.3. Joint geometry and loading

The joint geometry data consists in the overlap length and the thickness of the adherends and adhesive
layer. The load acting on the adherend is the maximum force per unit width which can be calculated
from the extreme bending moment and the axial force (refer to section 3.5.1) and is given by:

M, - (Do/z) N F,

Force/width = Z -t
Itower section T[/4 : (Doz - Diz) "

Where
Liower section IS the moment of inertia = & (D,* — D;*) [m?]

tw is the wall thickness of the tower [mm]

5.4. Material properties

The adherend for the tower and foundation section wall is steel. 1-C epoxy is taken as structural
adhesive which is good for metal bonding. The reference adhesive taken for this research is one-part hot
curing toughened epoxy adhesive (ESP110) [26]. This is a metal (Aluminum) filled, paste adhesive
designed to provide maximum resistance to impact, shear, cleavage and tensile loads. The durability,
chemical resistance and high temperature performance are extremely good. ESP110 will bond to a wide
variety of surfaces, including steel. ESP110 can withstand temperatures from -40° to +180°C. The
adhesive chosen is an intermediate adhesive which is between brittle and ductile adhesive with good
shear strength. The material properties of both adherends and adhesive used in the design are given in
the Table 5-1.
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Factor of safety (FOS) for adhesive

The partial safety factor by which the adhesive should be divided to give design values is taken as 3 [27].
This leads to allowable shear strength of 16.7MPa during design as shown in the Table 5-1. This includes
the partial safety for the environmental conditions and the adhesive thickness.

Table 5-1: Material properties of adherend and adhesive

Adherend Properties (Steel)

Modulus of elasticity, E (GPa) 210

Poisson ration 0.3

Adhesive Properties (ESP110)

Ultimate shear strength, z,,;(MPa) 50
Design shear strength (MPa) with FOS 3, Zgj0w 16.7
Modulus of elasticity, E (GPa) 3.7
Shear Modulus, G (GPa) 1.35
Poisson ratio 0.37

5.5. Closed-form models

5.5.1. Types of models

Knowledge of the state of stresses inside the adhesive layer of an adhesively bonded joint is
essential for joint strength prediction and joint design. However, adhesive bonded joints have a
relatively complex stress distribution. The two methods for the stress analysis of lap joints are analytical
and numerical methods. The former is a closed-form model employing classical linear theories in which
some simplifications are used. The numerical methods use finite element methods to handle complex
structures and nonlinear material properties where classical methods generally fail to work. The Finite
Element Model (FEM) approach opens the possibility to analyze complex joint geometries, like spew
fillet and adherend tapering, and to include geometrical and material non-linear behavior. Although the
closed-form solutions have their limitations, they are easy to use, especially for parametric studies. The
FE method is time-consuming and not easily applicable to routine design work. Consequently the former
has been used for joint design in this project work. Comparison between different analytical models has
been shown in the Table 5-2.

In this research work, the analytical model is selected to determine the stress distribution. The model is
chosen for the selected material behavior and the geometry. The problem deals with bonding the
tubular tower section, the peel stresses are negligible. So the Volkersen’s simple lap joint theory can be
used [44].
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Table 5-2: Comparison between different analytical models [32]

Adhesive  Adhesive  Adherend Adherend Isotropic Anisotropic Geometries Results
Models elastic plastic elastic plastic adherends adherends covered given
Volkersen Yes No Yes No Yes No SLJ and DLJ Shear stress
Goland and Yes No Yes No Yes No SLJ Shear and
Reissner peel stresses
Hart-Smith Yes Yes Yes No Yes No SLJ and DLJ Shear and
peel stresses
Bigwood and Yes Yes Yes No Yes No Sandwich Shear, peel,
Crocombe and von Mises
stresses
Adams et al. Yes Yes Yes Yes Yes No SLJ and DLJ Failure load
Frostig Yes No Yes Yes Yes Yes SLJ Shear and

peel stresses

5.5.2. Volkersen model

The model used for this design as Volkersen model as described in [8]. Volkersen’s analysis introduced
the concept of differential shear, illustrated in Figure 5-5. The reduction of the strain in the adherends
along the overlap (from A to B) and the continuity of the adhesive/adherend interface cause a non-
uniform shear strain (and stress) distribution in the adhesive layer. It was assumed that adhesive
deforms only in shear and that the adherend can deform in tension as shown in Figure 5-6. However,
this analysis does not account for the bending effect caused by the eccentric load path of SUs. Also
adhesive stress variation across the adhesive thickness has not been considered. Volkersen’s analysis
also predicted that the thicker the adhesive, the higher is the strength. Unfortunately, this theory is not
supported by the experimental evidence which shows that thicker bond line gives lower strengths [26].
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Figure 5-5: Deformations in loaded single-lap joints with elastic adherends [8].
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Figure 5-6: Single-lap joint analyzed by Volkersen [8]: (a) Geometry and (b) Elemental diagram

The adhesive shear stress distribution (1) according to Volkersen is given by:

_ P w cosh (wX) (1,[) — 1) w sinh (wX)

U= Bl 2sinh (w/2) T W+ 1) 2 cosh w/2) 2
Where:
w? = (1+y)0
Y =t/ty
G,l?
0= tity
xoF Loyl
l’ 2 T2
the applied load [N]
b the joint width [mm]
l overlap length [mm]
t; the top adherend thickness [mm]
tp the bottom adherend thickness [mm]
E the adherend modulus [MPa]
G, the adhesive shear modulus [MPa]
ta the adhesive thickness [mm]
% average shear stress, T4,4 [MPa]

The origin of the longitudinal co-ordinate x is the middle of the overlap
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5.5.3. Selection of failure criterion

The failure criterion chosen for linear elastic analysis in the design is maximum shear stress in the
adhesive according to Volkersen’s model. That is, the maximum adhesive shear stress is to be less than
or equal to the maximum allowable adhesive shear stress as given by:

T < Tatiow OT <fv,adh> 5.3
YM,adh
Where
T is the shear stress in the adhesive layer (equation 5-2) [MPa]

fvaa isthe limiting shear strength value of adhesive [MPa]

YMaan 3.0 is the material factor for adhesive bonded joints

5.5.4. Linear elastic analysis

The simplest analysis considers the adherends to be rigid and the adhesive to deform only in shear. The
adhesive shear stress is constant over the overlap length. This value for the shear stress can be
interpreted as the average shear stress acting on the adhesive layer [45] and is given by:

P
Tavg = m 5-4
The stress in the sheet material is given by:
P
Osheet = ﬁ 5-5
Where:
t metal thickness (thickness of thinner sheet in joints made of

different thickness) [mm]
Osneet Stress in the sheet due to axial loads and bending moments [N/mm’]

For design purposes it is assumed that the resistance of the bonded joint can be described by the
resistance of a unit width segment of tubular-single lap joint as shown in Figure 5-7. The relationship
between stress level in sheet material and average shear stress in the adhesive can be found by
equating the force per unit width in the sheet and in the adhesive and is given by combining equation
5-4 and 5-5 as:

T -1
avg 5-6
t

Osheet =

Combining equations 5-2 and 5-6 give the shear stress distribution in the adhesive along the overlap
which does not include the width term. This equation has been used in the design calculations and is

given by:

(Osheet * ) W cosh (WX) Y — 1\ w sinh (wX)
l 2 sinh (w/2) * (1,0 + 1)5cosh (w/2)
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Figure 5-7: Principle of the proposed adhesive bonded connection

Design example with Volkersen model

To make the design process clearer in this project, an example has been discussed along with the design
approach. The conclusion from this example will be used in the design of adhesive bonded connection
for both the objectives of this project. The considered parameters for this joint geometry are: overlap
length as 400mm, adhesive thickness 10mm and adherends thickness of 36.5 and 55mm, stress in the
sheet = 234MPa. The shear stress distribution (red curve) along the overlap has been plotted in the
Figure 5-8 using the Volkersen model (equation 5-7) implemented in Matlab (refer Appendix D).

The shape of the shear stress distribution in Figure 5-8 is non-linear which can be explained by the
concept of differential shear as discussed in the chapter 5.5.2. The stresses are high at the end of
overlap because of the maximum strain difference in the adherends at both ends of the adhesive layer.
At the middle of the overlap both adherends have the same strain and thus lead to a lower shear stress.
Figure 5-8 also illustrates the asymmetry in the peak stresses at the end of the joint. It can be seen that
the peak shear stress at the side of the thick sheet becomes lower. This is because there is less
deformation due to the higher stiffness of the sheet.
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Figure 5-8: Shear stress variation along the overlap length, / = 400mm (-200mm to +200mm), t, = 10mm, t, = 36.5mm and t, =
55mm

5.6. Design checks

The required design checks for the adhesive bonded connections are:

= Resistance at the Ultimate Limit State (ULS)
=  Fatigue strength

5.6.1. Resistance at ULS

The simplified procedures for designing adhesively bonded joints are as follows:

= Calculate overlap length of the joint using the relationship between the stress level in the sheet
material and the allowable shear stress in the adhesive as mentioned in equation 5-6.

= Check for the ultimate strength using the failure criterion equation 5-3.

= Optimize design geometry parameters.

Optimization of design parameters

The given geometry leads to peak stress higher than the allowable limit of the selected adhesive (4;;0w)
as shown in Figure 5-8. Lowering of peak stress is possible with the optimization of the design
parameters - overlap length and adherend thickness. Both the parameters are varied using Volkersen's
model to achieve an optimized value for the safe bonding. It should be noted that width of the joint
need not be optimized as the shear stress distribution is calculated per unit width. The thickness has
been chosen as 10mm for the entire design of the tower.

The first geometry parameter to be optimized is the overlap length. Using Volkersen’s model, a graph
between the shear stress and different overlap lengths is plotted as shown in the Figure 5-9. It can be
observed that the shape of stress curve level off with the effect of increase in overlap length. Thus,
increasing the overlap length has virtually no benefit in reducing the peak stress. The next optimization
step is to increase the adhesive thickness.
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Figure 5-9: Shear stress variation against overlap length at thickness 10mm, t, = 36.5mm and t, = 55mm

Unequal adherend thicknesses in a joint lead to asymmetry in the peak stresses at the end of the
overlap. The effect of varying adherend thicknesses in a joint has been investigated here and the results
are plotted as shown in the Figure 5-10. It can be illustrated from the figure that the unequal adherend
thickness (blue and green curve) in a joint leads to asymmetric stress distribution at the ends of overlap.

However if the adherend thicknesses are equal (violet, orange and black curve) then the stresses are

symmetric at the end of joint and also peak stresses are lesser in comparison to the case of unequal
adherend thicknesses. From Figure 5-10, it can be concluded that equal and thicker adherend will result
in a reduction in the peak stress and confers a higher stability to the tower section.
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Figure 5-10: Effect of varying thicknesses of adherend in a joint on the peak stress at overlap length of 400mm
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5.6.2. Fatigue check of the bonded joint
5.6.2.1. S-N curve of adhesive

The fatigue check for bonded connection has been performed with the same approach as discussed in
the chapter 3.6.2. However, the S-N curve for the adhesive will be different when compared to the
welding. The S-N curve of the adhesive used in this project is not available. It requires carrying out a test
to get the S-N curve for ESP110. For this research, the S-N curve of toughened epoxy DP 490 has been
used as a reference for fatigue check of the adhesive bonded connections. This curve has been taken
from the fatigue test carried out by Robert Boyes as described in [46]. Fatigue tests were conducted at a
constant test frequency of 20 Hz and R-ratio = 0.1. An S-N curve was plotted using the load range and
number of cycles to failure as shown in the Figure 5-11.
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Figure 5-11: S-N curve for simple lap joint bonded with toughened epoxy system, DP 490. (Room temperature, 20 Hz, R = 0.1)

It can be noticed from Figure 5-12 that the S-N curve of the toughened epoxy adhesive is lower than the
single epoxy adhesive used for this design. This leads to the fatigue assessment from this S-N curve

giving a damage value higher than that obtained from the single epoxy adhesive. So the fatigue check
with this curve will result in a safe design.
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Figure 5-12: Dynamic fatigue of steel double-box hat structures [47].
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However for the fatigue analysis in the Bladed, it is convenient to input stress ranges along with number

of cycles. The load ranges of S-N curve plot in Figure 5-11 is converted to stress range by using the

geometry of a test specimen as described in the [46]. In the Bladed, it is required to input the stress

range in the descending order. However in the S-N curve plot in Figure 5-11, different numbers of cycles

are marked for the same stress group. The means of the number of cycles for the same stress group

were taken to plot the stress range versus number of cycles as shown in the Figure 5-13. The fatigue

damage calculation will be performed in the Bladed after converting the stress ranges in to shear stress

ranges (from equation 5-2) by using channel combination.

100.00

AT (Nfmm2)

—4—Bonded 3M DP490

M1.25

=
=2
[=}
=}

1.00

1.0E+04 1.0E+05

Number of cycles to failure, Nf

Figure 5-13: S-N curve for simple lap joint bonded with a toughened epoxy system (DP 490) to be used for the fatigue
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damage calculation of the designed joint. f = 20Hz and R = 0.1

5.6.2.2. Safety factor for bonded joints

The partial safety factors are given in Table 5-3 according to IEC61400-1 edition 3 [7]. The partial safety

factor for adhesive material is taken from ‘adhesivestoolkit’ [27]. The total safety factor is applied to the

cyclic stress range for assessing the increment of damage associated with each fatigue cycle.

Table 5-3: Partial safety factors for fatigue analysis of adhesively bonded connections

Type Partial safety factor
Loads, yf 1.0
Material (for welded and structural steel), ¥, 2
Consequences of failure (non fail safe 1.15
structure components), ¥,
Total (vf * Y * ¥n) 2.3
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5.6.2.3. S-N curve for structural steel

For the second objective of this research work, the welds between the cans are replaced with the
adhesive bonded joints. It has been already discussed in the introduction to adhesive bonding that the
bonded joints have more fatigue resistance. This improvement leads to possibility of reducing the wall
thicknesses lower than that designed thicknesses with the fatigue assessment of the welds and thus,
makes it significant to look for the fatigue in the steel.

The fatigue check of the steel will be performed with the same approach as done for welding, but with
the different detail category and inverse slope. The detail category for the fatigue assessment of
structural steel is taken as Aoy = 160 from the “Recommendations for Fatigue Design of Welded Joints
and Components”, [48]. The inverse slope (m-) in the range N < 5 - 108 is 5 for structural steel. The S-N
curve for structural steel is constructed according to the equations 3-18 and 3-19 as shown below in
Figure 5-14.

Detail category

N=2-10°
1000 -
_— —Category 160
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£ 100 ;
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1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10

MNo. of cycles, N

Figure 5-14: S-N curve for the structural steel

5.7. Modification in the can geometry

Bonding with adhesive could lead to increase or decrease in the wall thickness of the cans. This variation
results in a big difference in the thicknesses between the next two adjacent cans to be welded and
subsequently to high stress concentration in the welds. This problem can be solved by tapered wall in
the vicinity of the welds so as to provide a stress flow as smooth as possible without major internal or
external notches, discontinuities in rigidity and obstructions to strains.

56



The length of the transition should be at least 3 times the difference in depth as shown in Figure 5-15.
The wall thicknesses difference with less than 3mm can be welded directly as the differences can be
equalized within the weld. However, when the wall thickness differ more than 3mm at joints mainly
stressed perpendicularly to the (butt) weld direction, the difference shall be smoothened by beveling or
tapering according to Figure 5-15 prior to butt welding.

notch - free ground 23 improved shape
where necessary 1 /

Figure 5-15: Transition in butt welds of unequal thicknesses

The detail category for weld between the cans in this project is taken as 80. For this detail category the
tapering slope is considered as 1:5 from Table 5-4 given by the International Institute of Welding
(HW/11S), W document XII1-1965-03 / XV-1127-03 [48]. The cost for machining a taper at the can’s end
should be also included in the final cost comparison if the taper is required in the final design with
adhesive bonding.

Table 5-4: Detail Categories and tapering slope for welded parts of a component [48]

Detail category

Type . Deseription, Requirements and Remarks Acg (FAT class)
No. Structural Detail (St. = steel; Al. = aluminium)

Steel Al
23 Transverse butt weld, NDT, with transition in

__,..——, thickness and width

slope 1:5 80
slope 1:3 71

'—f'/f—‘{—" slope 1:2 63

Weld run-on and run-off pieces to be used and
subsequently removed. Plate edges to be ground
flush in direction of stress.

+
.

2 2 b2
= b2 L

Misalignment <10%

Exceeding misalignment due to thickness step to be
considered, see chapter 6.2.3.7.2
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6. Bonding of tower base to the foundation instead of flange
and cost comparison

This chapter presents the results of the first objective in the project. The chapter includes the required
design parameters used for adhesive bonding. The results of the optimization steps, fatigue damage
check and the natural frequency check are discussed briefly. Finally, the incurred costs for both the
solutions are compared in detail.

6.1. Results of bonding tower base to the foundation

The section geometries of the tower base and the foundation are shown in Figure 3-5 and Figure 3-6.
The tubular lap-joint is dimensioned after replacing the flanges from both the respective sections. The
thickness of the adhesive is taken as 10mm [49]. This value is high to give enough manufacturing
tolerance for the tower and foundation section.

As discussed in the section 3.5.1, the extreme loadings are calculated for the 50years Extreme Operating
Gust as presented in Table 3-5. The types of loadings considered at the tower foundation are axial and
bending moments. The loading at the adherend is calculated as the maximum force per unit width using
the equation 5-1.

The overlap length is calculated using the relationship between the stress level in the sheet and the
allowable shear stress in the adhesive using equation 5-6. This gives the overlap length approximately
400mm. From the optimization conclusion discussed in section 5.6.1, the adherend thickness and the
overlap length are optimized to have less material usage. The adherend thicknesses are varied from
55mm to 70mm to determine the overlap length until the peak adhesive shear stress is less than the
maximum allowable adhesive shear stress. The material volume for the increase in tower section
thickness, foundation stab thickness and overlap length is also calculated as shown in Table 6-1.

Table 6-1: Effect on overlap length and material volume with increase in tower and foundation wall thicknesses

Tower | Foundation | Peak Overlap Increase in material volume (mm?)

base wall shear

. . length -

thickness | thickness stress (mm) Can Foundation overl Total increase

(mm) (mm) | (MPa) @ oundatio €13 | i volume
55 55 16.62 770 0.6425 0.0 0.5552 1.198
57 57 16.60 720 0.707 0.0586 0.5383 1.3039
60 60 16.64 660 0.8040 0.1464 0.52 1.4704
63 63 16.59 630 0.9012 0.2341 0.521 1.6563
67 67 16.64 590 1.0310 0.3508 0.52 1.902
70 70 16.65 570 1.1283 0.4382 0.525 2.0915
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From the Table 6-1, it can be observed that with the increase in both of the wall thicknesses, the overlap
length decreases. However, if we notice the material volume of the overlap length, there is no change.
Thus, increase in both the wall thicknesses with the same magnitude, does not affect the overlap
material but there is a significant increase in the overall material cost. For the perspective of material
saving, the overlap length is increased with the wall thicknesses as small as possible.

The other advantage of increasing the overlap length is that stress in the central zone is reduced. From
an adhesive performance point of view, an area of low stress means that the joint will not suffer from
creep under loads. From Figure 6-1 (a) and (b), it can be observed that the overlap length of 770mm
leads to reduced shear stress in the central zone in comparison to the overlap length of 660mm. Thus,
the final overlap length is taken as 770mm and both the wall thicknesses as 55mm. Note that the
thickness of the tower section is only increased for the bottom-most can.
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Shear Stress(MPa)
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Figure 6-1: Shear stress variation along the overlap length for (a) both wall thickness 55mm, | = 770mm and (b) both wall
thickness 60mm and | = 660mm
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The fatigue damage is calculated in the Bladed as discussed in the section 5.6.2. Applying the Goodman
correction [22], the accumulated damage value is 0.4 which is less than 1. Thus, the bonded joint may
survive for at least the planned service life of the turbine.

Figure 6-2 shows the campbell diagram of the turbine with the bonded tower base and foundation. It
can be clearly seen that the first fore-aft and side-to-side tower frequencies are placed between the
excitation frequencies (1P and 3P) throughout the operational range of the wind turbine.

Campbell Diagram
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Figure 6-2: Campbell diagram for the turbine with bonded tower base to foundation.
6.2. Final geometry
The final optimized geometry parameters of bonding the tower base with the foundation

instead of flanges are:

= Qverlap length = 770mm

= Tower wall section thickness =55mm
=  Foundation wall thickness = 55mm

= Adhesive thickness = 10mm
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6.3. Cost analysis

The material and the fabrication costs for the existing and the proposed solutions have been compared
and other construction aspects are discussed qualitatively in this section.

6.3.1. Flange fabrication cost

The material costs for the bottom-most flange and bolts have been taken from the reference [15]. The
cost details in the reference [15] are provided by Repower Energy Systems in December 2007. The
flange cost in this study is approximated same as cost per unit volume of the flanges given by Repower
and are put in Table 6-2.

Machining and drilling operations in the flanges are tedious and expensive. The fabrication costs for
flanges are also included in this estimation. In an American study [50] this operation was estimated to
cost about 3000$ (2411€) per piece. The bolting assembly cost is also included in the Table 6-2. The
values are taken from the reference [5]. The total rough estimation of the flange cost at the base is given
in the Table 6-2.

6.3.2. Flange welding cost

Two conical cans or the flanges (at towers end) of the tower segments are joined with the
circumferential welds. Submerged arc welding technique is recently used to weld different sections in
the tower. The cost for the circumferential weld is calculated as [51]:

Keir = kp(0yy/¥pVeora + (1.3 - 0.1559 - 1073 - £2 - (1 — 1) - Lyy;)) 6-1

Where:

number of element to be assembled which in our case is 2.

K
0, difficulty factor expressing the complexity of the assembly = 2

o density of the material = 7,850kg/m’
Ly circumference of the can [m]

t wall thickness[m]

R radius of the conical tower [m]

Viotar total volume of two sections getting welded [m’]= 2nRtL,,;
K.  longitudinal weld cost [S]
kg labour cost factor [S/min]= 1S/min [51]

The calculated costs of flange welding at the tower base and the foundation are put in the Table 6-2.
The flange material accounts for most of the costs in the reference tower.
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Table 6-2: Cost of foundation flange connection

6.3.3. Adhesive bonding cost

Unit price (€) Amount Total price (€)
Flange material (D=4190mm) 12756 2 25512
Bolt material (M42* 325 10.9)) 23.4 140 3276
Machining and Drilling 2411 2 4822
Welding assembly cost 2157 2 4314
Bolt assembly cost 752
Total 38676

The costs of adhesive bonding include the costs of the extra steel and the adhesives applied. The cost of
steel is taken approximate €1.4/kg from the WindPACT project (NREL/TP-500-40566) after escalating the
cost using the PPI° (Producer price index) to the appropriate year Euros [52]. The price of ESP110
adhesive is around 122f (or 140€) per 320ml [53]. However, ordering in bulk, for basket of 5liter with
items more than 10 baskets, the total price can be reduced by factor of 3.5. This factor has been
estimated from the price charts of the adhesive [54]. It has been considered that the adhesive is heat
cured by a heating blanket at 120°C, having power supply from a generator. The heating blanket costs
around 500€ and the generator can be hired at the price of 500€ for one day [49].

The Table 6-3 shows the change in dimensions before and after bonding the foundation to the tower

base. Using these geometry details, the cost of bonded connection replacing flanges are calculated as

presented in Table 6-4.

Table 6-3: Dimension of bottommost can before and after bonding

Bottommost can

Dimensions Before Bonding After bonding
Bottom can length, m 2.43 2.43+0.77=3.2
Wall thickness, mm, 36.5 55
Outer diameter, m 4.19 4.23
Inner diameter, m 4.12 4,12
Overlap of tower wall
Overlap length, mm 770
Thickness, mm 55

® The Producer Price Index (PPI) program measures the average change over time in the selling prices received by domestic

producers for their output.
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Table 6-4: Cost of adhesive connection

Component Amount Unit Price (€) Total price (€)
Overlapped wall 4359kg 6102 6103
Extra Material in can 4663kg 6530 6530
Machining cost for tapering 2 2411 4822
Adhesive material 110liter 140€ per 320ml with 13750
reduction factor 3.5
Heating blanket 1 500 500
Generator hiring 1 500 500
Total 32204

6.4. Cost comparison

Table 6-2 and Table 6-4 include all the major costs that need attention to be added quantitatively. From
these rough estimations, it appears that the total costs for this bonded connection can be cut down with
a maximum of 17%. The savings are here around 6472¢€.

The minor costs incurred have been discussed qualitatively in this section. The formation of the bonded
joint also requires surface treatment of the bonded area, application of adhesive material, control of
production area conditions (moisture and dust). The incurred cost for these procedures can be assumed
to compensate with the following two investments for flanges: maintenance and flatness check. A
routine maintenance of tightening the bolts half yearly or annually is required. This will also add to the
cost incurred on the flange connection. Also a check of the flange’s flatness and tilt using easy-laser
equipment needs to be performed to assure perfect bolting.

The installation costs with the cranes are not included, as it is assumed to be same for both of the
solutions. However, extra jigs will be required to hold the tower in position during heat curing. This cost
will be very low and has been ignored. The labour cost for the heat curing is also not included in
comparison to the labour cost for assembly of bolts. This curing process is just spreading of the heating
blanket around the bonded joint and giving the power supply, hence this cost has not been considered
too. The non-destructive testing is required for both the solutions, so the cost of inspection is not
compared for this process.

The adhesive thickness of 10mm reflects the prerequisite of higher manufacturing tolerances in the can
and the foundation section in the region to be bonded with adhesive. If the tolerances are not meet
during the manufacturing then machining is required. However, during welding of flanges, if tolerances
are also not met, additional machining is required here. Thus, these costs are based on the
manufacturing technique and are not included.
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The design of bonded connection has not been modeled with the influence of environmental conditions
(moisture and water), creep and temperature effect. The inclusion of these factors could estimate the
bigger dimensions than what designed now. However a reliable safety of factor is taken in the design to
counterbalance effects of these factors.

Another drawback of the flange connections which may be taken into account is the long delivery time,
typically between three and four months. If 45° triangular spew fillet is also modeled perfectly in the
design, the cost can be possibly further reduced by 15%. This leads to the possibility of achieving the
overall cost reduction by 25% (or approximately 10,000€) for the flange at the tower base.
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7. Bonding of the cans instead of welds and cost comparison

This chapter presents the results for the second objective of this project. The adhesive bonded
connections are less prone to fatigue. So it might be possible to reduce the wall thickness and save
material in the entire tower. The reference tower will be redesigned with the bonded connections and
the results will be discussed in detail. Finally, the potential cost benefits with the proposed assembly
solution will be assessed.

7.1. Results of bonding the cans

The reference tower dimensions as presented in Table 3-11, are the input for the design of the entire
tower with the bonded connections instead of the welds. The material and the adhesive properties are
same as given in the Table 5-1. The bonded tubular lap joint is dimensioned after replacing each weld
between the cans along the tower. The thickness of the adhesive is taken as 10mm. The extreme
loadings at each can’s height are taken as calculated for the reference tower, presented in Table 3-6.

In this section, the cans connections are bonded and checked for the allowable shear stress (<16.7MPa)
and the fatigue. Accordingly, the tower dimensions are optimized as done for the bonded joint in the
objective one. The results are displayed in the Table 7-1. For the bottom and the middle section of tower
(or up to height 56m), it can be seen that with bonding, the wall thickness (t,) increases and also use
extra overlap material. Thus, the material saving in these sections are not possible. However from the
height 56m onwards, there can be seen decrement in the wall thickness (t,) from the wall thickness (t;).
The volume of overlap material and decrement in thickness are calculated and put in the Table 7-1.
These bonded cans are dimensioned according to static and fatigue resistance.

The wall thicknesses (t,) are lower than the thicknesses (t;) which are based on the fatigue assessment
of welds. As discussed in the chapter 5.6.2.3, it is significant to look for the fatigue in the steel. The
fatigue damages of the steel for the reduced thicknesses (t,) have been calculated as shown in the Table
7-1. It can be seen that fatigue damage value is less than 1, thus there might be no fatigue for at least
the planned service life of the turbine.
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Table 7-1: Detailed analysis of bonding cans with adhesive and remarks for the possibility of using adhesive

Wall . Decrement Remarks on
. Reference | Thickness . . . .
. thickness Fatigue Overlap | inthickness | perspective
Tower Height . tower wall after Overlap .
. at stability . . damage volume volume, of saving
section m thickness, bonding, mm 3 . .
check, of steel m V(ty)-V(ty), | material with
t;, mm t,, mm 3 .
mm m adhesive
Bottom |, 27.5 31 55 - 750 - - Not possible
section
Middle | 5, 25 28 50 - 600 - - Not possible
section
56 19 22 20.3 0.006 580 - - Not possible
60 17.4 20.5 19 0.005 430 0.0638 0.0523 Possible
Top 64 15.6 19 17 0.013 290 0.0379 0.0674 Possible
section Mg 13.5 18 15 0.021 | 200 | 0.0219 | 0.0976 Possible
72 11 17 14 0.018 130 0.0112 0.0940 Possible
76 7.8 17.5 12 0.004 70 0.0041 0.0725 Possible

7.2. Cost comparison

Table 7-2 shows the cost saving from the circumferential adhesive bonding in the tower from height

60m till the top. All the major relevant costs are included which are incurred for the welded and the

bonded connections. Minor costs are ignored as this is a factory assembly process. It can be seen in the

Table 7-2 that the cost savings are only possible for the top two cans with a maximum benefit of 1000€.

It does not seem to be a better option to bond only two cans for such a small profit, and keeping all the

other cans to be welded to each other. This will also interfere the serial welding of all the cans. So the

circumferential bonding with adhesive does not contribute to the cost or material saving.

Table 7-2: Cost saving from the circumferential bonding

Height Overlap cost Ad.h esive Saving in wall thlclfness Welding cost Cost saving
a € applied cost, cost (Decrease in of can. d. € (c+d-a-b), €

LU ! b, € thickness volume), c, € i !
60 701.162 4637 574.777 800 -3964
64 416.521 3033 740.726 770 -1939
68 240.681 2021 1072.624 730 -459
72 123.088 1268 1033.06 690 332
76 45.059 660 796.775 650 741
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8. Conclusion and recommendations

The current work proposes a new assembly solution with adhesive for replacing the bottom-most flange
and the welds in a tower sections. The conclusions reached are presented below after investigating the
feasibility of implementing the bonded connections. After this some recommendations are presented.

8.1. Conclusion

For the welds in the entire tower, fatigue was the predominant phenomenon for determining the wall
thicknesses. The Volkersen model has been implemented to design the adhesive bonded joints. The
proposed bonded joint is a tubular-single lap joint. The design is prepared for the following two cases:

1) Connection between the tower base and the foundation section (replacing the flange), and
2) Connection between the cans for the entire tower (replacing all the welds).

With adhesive bonding, it was observed that static resistance of the bonded connections at Ultimate
Limit State has a dominating effect on the wall thickness. Using Volkersen’s model, it was observed that
the shape of stress curve levels off with the increase in overlap length. Thus, increasing the overlap
length had virtually no benefit in reducing the peak stress, which only left the possibility of increasing
the adherend thickness.

A study of shear stress distribution showed that the unequal adherend thickness in a joint caused
asymmetry in the peak stresses at the end of the overlap. For equal adherend thicknesses, the peak
stresses were found symmetric and also of lesser magnitude in comparison to the case of unequal
adherend thickness.

After comparing the cost for both the proposed cases with already existing design in the reference
tower, the following conclusions can be drawn:

=  For the first case, it appears that the bottom-most flange costs can be cut down by a maximum
of 17% if the environmental conditions, creep, and temperature effect are not modeled in the
design. The maximum potential savings in this case has been estimated as 6,500€. The adhesive
bonded joint seems to be a feasible assembly solution for replacing the flange. However, it is
observed that bonded connection adds extra material to the bottommost can. The inclusion of
45° triangular spew fillet can further reduce the dimensions leading to reduced cost of adhesive
bonded connection.

= From the second case, the cost saving can be achieved only for the top two cans in the entire
tower with a maximum saving of 1,000€. The remaining cans get thicker with bonded joints in
comparison to the welded joints, leading to the use of more material. Thus, it is not feasible to
bond only two cans for such a marginal cost saving, keeping all the remaining cans to be welded
to each other.

As a final word, the adhesive bonded joint is an economically feasible assembly solution for the
replacement of the flanges. The replacement of welds in the entire tower is also possible by bonded
joints; however, in comparison to the existing solution it is not a feasible solution in terms of material
and cost saving.
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8.2. Recommendations for future work

The cost analysis performed on the current tower geometry and material highlighted a potential for
savings of about 17%, i.e. around 6,500€. Hence, it is strongly recommended to further investigate the
feasibility of implementing this solution.

Analytical models used for the design always behave differently from the experimental solutions. The
design models used for bonded connections are simple and are based on limiting assumptions which do
not explicitly account for all the parameters involved. Experimental results are neither available in the
literatures for the geometry considered in this project. Therefore, it is required in the future to test
experimentally for the perfect stress distribution result.

The modeling of spew fillet in the design can lead to a further saving in the material. This has not been
modeled during the tower design in this project. Hence, the modeling of the spew fillet for further
improvement in the design needs to be investigated.

The S-N curve to be applied for certain geometry in the design process requires the S-N curve of the
same geometry. This is because the S-N curve for adhesive bonded connections depends on the
geometry of the connections [55]. Hence, there is a need for experimentation to obtain reliable S-N
curves for designing each connection in this project.

To propose comprehensive design recommendations other aspects must be addressed, from the
designer point of view:

® |mproving adhesive joint design using fracture mechanics

= Behaviour of a cylindrical connection, including the effects of peel forces.

= Effects of different environmental conditions (moisture and water), creep and temperature on
the bonded connections

Finally, the surface preparation, interface properties, adhesive application and installation processes
should be also analyzed.
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Appendix A. Load case descriptions

Extreme load case descriptions

Design load case:
Operating conditions:
Wind conditions:

Type of analysis:

Partial safety factors:
Description of simulations:

DLC1.3

Power production

Extreme turbulence model (ETM)
Extreme

Normal

Load case identifier Mean wind speed (m/s) (mid bin) Longitudinal turbulence intensity (%)
DLC_1.3 binl 4 70.8
DLC_1.3_bin2 8 40
DLC_1.3_bin3 12 30
DLC_1.3 bind 16 24.6
DLC_1.3_bin5 20 21.5
DLC_1.3_bin6 23.5 19.7
Comments:

10 minute simulations
Rayleigh wind distribution
Turbulence scaling parameter, c=2

Design load case:
Operating conditions:
Wind conditions:
Type of analysis:

DLC2.3

Power production plus loss of electrical grid connection

Extreme operating gust (EOG)
Ultimate

Partial safety factors: Abormal
Description of simulations:
Load case identifier Vhub (m/s) EOG gust (m/s) Grid loss phasing

DLC_2.3 a 10.3 5.795
DLC 23 b 123 6.448 tstart gust + 0
DLC 2.3 c 143 7.100 tstt:t:rfﬁs: 3'25
DLC 2.3 _d 20 8.960 tstart gust + 5.25
DLC_2.3 e 25 10.590

Comments:

Steady wind with transient gust (gust period = 10.5s)
One minute simulations

Gust occurs 10s into simulation

Wind gradient exponent (exponential model), a = 0.2
Grid loss phasing indexed x=1 (t=10s), x=2 (t=12.45s), x=3 (t=14s), x =4 (t=15.25s)

75




Design load case:
Operating conditions:
Wind conditions:

DLC4.2
Normal shut-down plus deterministic gust
Extreme operating gust (EOG)

Type of analysis: Ultimate
Partial safety factors: Normal
Description of simulations:

Load case identifier Vhub (m/s) EOG gust (m/s)
DLC_2.3_a 10.3 5.795
DLC_2.3 b 12.3 6.448
DLC_2.3 ¢ 14.3 7.100
DLC_2.3 d 20 8.960
DLC_2.3 e 25 10.590

Comments:

Steady wind with transient gust (gust period = 10.5s)
One minute simulations

Gust occurs 10s into simulation

Wind gradient exponent (exponential model), a = 0.2
Shut down occurs at start of gust

Starting azimuth angle varied from 0-90deg in 30deg intervals (indexed 1-4).

Design load case:
Operating conditions:
Wind conditions:
Type of analysis:

DLC5.1

Emergency shut-down

Normal turbulence model (NTM)
Ultimate

Partial safety factors: Normal
Description of simulations:
Load case identifier Mean wind speed (m/s) (mid bin) Longitudinal turbulence intensity (%)
DLC 5.1 a 10.3 20.7
DLC 5.1 b 12.3 19.28
DLC_5.1 ¢ 14.3 18.26
DLC_5.1_d 20 16.48
DLC_5.1 e 25 15.58
Comments:

Three dimensional three component Kaimal turbulent wind field (1 min sample)

Shut down occurs 10s into simulation
Wind gradient exponent (exponential model), a = 0.2
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Design load case: DLC®6.1

Operating conditions: Idling

Wind conditions: Extreme wind model(turbulent) (Vhub = V50)

Type of analysis: Ultimate

Partial safety factors: Normal

Description of simulations:

Load case identifier Mean wind speed (m/s) Longitudinal turbulence intensity (%)

DLC_6.1

50 11

Comments:

Three dimensional three component Kaimal turbulent wind field (10 min sample).
Wind gradient exponent (exponential model), o = 0.11

Fatigue load case descriptions

Design load case:
Operating conditions:
Wind conditions:

DLC1.2
Power production
Normal turbulence model (ETM)

Type of analysis: Fatigue
Description of simulations:
Load case identifier Mean wind speed (m/s) (mid bin) Longitudinal turbulence intensity (%)
DLC_1.2_binl 4 34.4
DLC_1.2_bin2 8 23.2
DLC_1.2_bin3 12 19.5
DLC_1.2_bin4 16 17.6
DLC_1.2_bin5 20 16.5
DLC_1.2_bin6 23.5 15.8
Comments:

10 minute simulations
Rayleigh wind distribution
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Appendix B. Definition of adhesive related terms

Adhesive: Non-metallic substance capable of joining materials by surface bonding (adhesion), the
bonding possessing adequate internal strength (cohesion).

Adhesive failure: Failure of an adhesive bond, such that separation appears to be at the
adhesive/adherend interface as shown in figure below.

Bond-line: The layer of adhesive, which attaches two adherends.

Bond strength: The unit of load applied to tension, compression, flexure, peel, impact, cleavage, or
shear, required to break an adhesive assembly with failure occurring in or near the plane of the bond.

Adherend 1 z Adherend 1 { Adherend 1/( Z
1

Adhesive
_,_,--"-n_\h_.-‘___.-._____‘_ i
AdhesiVe R ikl k

Adherend 2 Cohesivefai\ureintheadhesive5 Adherend 2 Adhesive (interfacial) failure ; Adherend 2

Figure: Examples of cohesive and adhesive failures [30]

Cohesion: It only involves intermolecular attractive forces within a single substance

Cohesive failure: Failure within the body of the adhesive or adherend (i.e. not at the interface) as
shown in Figure.

Fatigue: Dynamic—alternate loading in shear or tension-compression. Static—maximum load sustained
for long periods of time in tension or shear; tests are also used to determine creep.

Fatigue life: Number of cycles necessary to bring an adhesive bond to the point of failure when the
bond is subjected to repeated cyclic stressing under specified conditions.

Fatigue strength: The force that a joint will withstand when it is applied repeatedly for an infinite
number of cycles.

Lap joint:Joint made by placing one adherend partly over another and bonding together the
overlapped portions.

Substrate: An adherend, a material upon which an adhesive is applied.
Interphase: The region between the adhesive and the adherend.

Interface: The interface, different from the interphase, is a plane of contact between the surface and
the two materials. It is within the interphase. It is useful to define and measure the surface energy.
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Appendix C. Adhesive and material properties

Table: Adhesive properties (E is the Young's modulus, v is the Poisson's ratio, o, is the tensile yield strength, o, is the tensile
strength, g,is the tensile failure strain, t, is the shear yield strength, 1, is shear strength, y, is shear failure strain and CTE is the
coefficient of thermal expansion) [26], [56], [57] and [58]

Property Adhesives
Redux 326 AV 119 Hysol 9321 MY 750/HY 956
E (GPa) 4.44 3.05 3.87 3.18
v 0.35 0.35 0.35 0.35
ay (MPa) 50.9 28.6 22
or (MPa) 50.9 67.1 46 86.2
& (%) 1.28 38 3.8 6.4
7y (MPa) 36.5 49 25
z, (MPa) 36.5 49 33
v (%) 3.63 30 6.4
CTE (:.C 1) 56.7 x 10—°

Table: Properties of metallic adherends (E is the Young's modulus, v is the Poisson's ratio, o, is the tensile yield strength and
CTE is the coefficient of thermal expansion) [26], [56], [57] and [58]

Properties Adherends
Mild steel High-strength steel Aluminium
E (GPa) 210 210 75
v 0.3 0.3 0.3
oy (MPa) 270 1080 280
CTE (°C™ 1) 22 x10°¢
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Appendix D. Matlab code for Volkersen Model

Variation of peak shear stress against different overlap length

% variation of shear stress when bonding length is changed from 50mm to
% 2m keeping the adhesive thickness 10mm
clear all

clc

tw = 55*%107-3;
tf 55*%107-3;
v = 0.35;

E = 210*1079;
section (Pa)

ta 10*10~-3;
Ea 3.7*10"9;
Ga = 1.35*%10"9;

[

di
do
M
Sb =
Sa
Stota
1 =

1

% Bending and Axial

= 4.19-2%0.035;

di + 2*tw;
85.404*10"6;
M*do*0.5*64/3.

= Sb+Sa;
0.05;

for 1i=1:196

X
phi
Si
w

X

= -1/2;

o\

Tower section wall thickness (m)

Tower foundation wall thickness (m)

Poisson ratio

Young's modulus for both tower and foundation

o° o

o\

o\

Adhesive thickness (m)
Modulus of elasticity (Pa)
Shear Modulus (Pa)

o\

o\

stress calculation on joint section

o\

Inner diameter (m)
Outer diameter (m)
Bending moment (Nm)
14/ (do™4-(di) "4); % Bending stress

o\

o\

= 3*10%6 * 4/3.14/(do”*2-di"2); % Axial stress

[)

% Total stress

Ga*1"2/E/tw/ta;

tw/tf;

sqrt ((1+31i) *phi);

= x/1;

% Adhesive shear stress
Taumax (1) = (Stotal*tw/1/1000000)* ((0.5*w*cosh(w*X)/sinh(w/2))+(((Si-
1)/ (Si+1))*w*0.5*sinh(w*X) /cosh(w/2)));

1
end

plot(0.05:0.01:2,

1+ 0.01;

Taumax,

'r')

axis([0.05 2 0.0 135]), grid
xlabel ('Overlap lengths(m)'),ylabel ('Shear Stress(MPa)')
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Shear stress distribution along the overlap length

% Shear stress distribution along the overlap length taking origin of
% longitudinal coordinate x at the middle of overlap length

clear all

clc

tw = 55*%10"-3; % Tower section wall thickness (m)

tf = 55*%10"-3; % Tower foundation wall thickness (m)

v = 0.35; % Poisson ratio

E = 210*1079; % Young's modulus for both tower and foundation section,Pa
ta = 10*10"-3; % Adhesive thickness (m)

Ea = 3.7*10"9; % Modulus of elasticity (Pa)

Ga = 1.35*10"79; % Shear Modulus (Pa)

1 = 0.77;

[

% Bending and Axial stress calculation on joint section

di = 4.19-2%0.035; % Inner diameter (m)

do = di + 2*tw; % Outer diameter (m)

M = 85.404*10"6; % Bending moment (Nm)

Sb = M*do*0.5*64/3.14/(do"4-(di)"4); % Bending stress
Sa = 3*10"6 * 4/3.14/(do"2-di"2); % Axial stress
Stotal = Sb+Sa; % Total stress

% Parameters calculation
hi = Ga*1"2/E/tw/ta
i = tw/tf;

= sqgrt ((1+Si) *phi)

= -1/2;

X = 0T

for i=1:51
X = x/1;

% Adhesive shear stress

Tau (i) = (Stotal*tw/l/lOOOOOO) ((0. 5*w cosh ( )y /sinh(w/2)
1)/ (Si+1))*w*0.5*sinh( y/cosh(w/2)

x = x+0.0154;

end

plot(-0.385:0.0154:0.385, Tau, 'r'")

title('Shear stress distribution')

axis([-1/2 1/2 0.0 30]),grid

xlabel ('Overlap length(m)'),ylabel('Shear Stress (MPa) ')

(((si-

81



10F6 ara DE6'EL BITL [ U 00 [ 51
8169 86 H6E0L 1£% LIEY 0Kt 0 <7 €0 .
aLe 47 C86L aTrt £19 01’9 T 1 €0 (Rl ¥
BL9°¢C L0EL B0 861t %978 K] 010 7 0 (R[1y ou) ¢
SE t6<6 902 LITE €9 1079 0 <7 E1 ([1y ou) 7
: : g 6591 192¢ 0EE’S €7l [ 0 (11 ou) |
ureng edpung | urengI[isuI] URLGIAYG | UOLU) AM[[E] ( SSASIAIUIL | SSANGIAG {unw) () (urw)
LUTLITXEp Y LTI ER Y WMLIIXERY S 11TH WIMUTXe]y WMLITXERY
N) yidual ssanp L ssanpPIY
pro] aimjre] papipaiy puog pusypy AISUPY ey

(321117 Ou SNSIAA JA[[1] 2ALIUO))
[9poJA [euajel 2a8e1]-1xpni(] seaur - sjuiof de-a[3uig Axodq 6ITAY/23)S PITAl 1D 40§ suondIpal] YSuang vi4 FY 2[qel

el £E8T1 TICEl £899 99701 T8 01 00 T4 o

41V 96 P01 et 1LY g’y 154 T A1)

8/8¢ S6EL 11L8 0% 679 o9 ¢l < £t

1689 LITEL 9001 £rLE ey L9 0°0¢ £t 74} (13]1y ou) ¢

€69 £LL%6 799 8997 20 L'E 0T T4 o (|y ou) 7

F06'E L€ £H'9 IF T [ Tk ¢l T4 £t (3[[y ouj |
urens rediuug urengajisua] urens Jeayg UoLRU) amre] | SSaI)G [ISUI] §SA1}§ JeAy§ (wnu) (vona) ()

wnwinxely wnuixey WnWIe]y S1IH Wnwiepy wnuwejy
(N) pdua] ssa{IIY SSANINYL
RO AN[IE] pagiIpal] puog puaRypy AISPY 57

82

Appendix E. Table showing the failure loads for fillet
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