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Abstract
This scientific work consists of a dissertation conducted in collaboration with a
company in the wind energy industry regarding the fatigue resistance of structural
steels when applied with butt welds in wind turbine towers. Due to urge of the
industry in researching the improvement of the fatigue resistance of butt-welded
structural steels for their use in wind turbine towers, post-weld processing methods
were studied with the focus on post-weld grinding processes. For this purpose, a
literature review on fatigue, welding and post-weld fatigue processes were
conducted. As for the experimental section of this dissertation, butt welded S355NL
steel test pieces were fatigue tested in both as-welded and after grinding conditions.
Moreover, with the intent of investigating this type of treatments in high strength
steels, a similar procedure was performed on a high strength steel, S690QL, since
these types of steel may become a viable option for the construction of wind turbine
towers in the future. In addition, a toolbox was developed to facilitate structural
integrity calculations of the structure regarding buckling caused by the reduction of
the structure’s wall thickness. Its development and some test trials were also
performed. Finally, a comparison of both steels was conducted based on the obtained
results and some assessments were made regarding the viability of S690QL steel for
the construction of wind turbine towers.
Keywords: Wind turbine tower, fatigue, buckling, welded joint;
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1. Introduction
Recently, renewable energy sources are becoming ever more important, due to
a lower impact in the environment during its production and a reduction of the fossil
fuel reserves worldwide. In 2016, wind energy made up for 12% of the total renewable
energy produced in the EU-28 region. Wind energy represents an emission free option
during its production, which is specifically attractive for ecological purposes.
Furthermore, the European commission has established a climate and energy
framework with objectives to be accomplished by the year 2030. These are the
reduction of greenhouse gas emissions by 40%, when compared to those of 1990, a 32%
share of renewable energy and a minimum of 32,5% of energy efficiency improvement.
An expansion and further development of the wind energy industry is to be expected in
order to oblige these policies [1-3].
The tower of a wind turbine is responsible for guaranteeing the stability of the
structure by withstanding the effect of the environment and its own weight. Therefore,
the tower should be made up of a highly mechanical resistant material and be resistant
to corrosion, which is normally obtained through the application of a coating. The
company is considering the application of a post processing treatment of weld
rectification with the objective of improving the fatigue resistance of the welded
sections of the tower, currently built with S355NL steel, as well as replicating this
procedure on a high strength steel, S690QL.
Wind turbines can be categorized according to their working axis which can be
vertical, or the most commonly used, horizontal. The company focuses on the
production of horizontal axis wind turbines. Above the wind turbine tower lie a
combination of different subsystems which are responsible for the transformation of
mechanical movement into electrical energy as efficiently as possible, some of the main
components are the blades, the gear-box and generator. There is also a pivoting system
that allows the movement of the upper section of the wind turbine to accommodate to
favorable wind directions. The tower and the foundation act as supporting structures
that allow the whole operation to be conducted at an ideal height,
For its wind turbine towers, the company uses structures with a tubular shell
geometry, which can be described as a cylindrical shell. These can have a maximum
diameter of 4.2 m, with a decreasing diameter as we move towards the top of the
structure, and have a thickness of 13-70 mm [4].
Currently, wind turbine towers are frequently constituted by S355NL steel
welded together through submerged arc welding. For an onshore tower, sections 30
meters long are transported to the location and assembled through bolting while for an
offshore tower, the entire tower is welded together and transported to the final
location. The welds can then be separated into two different types, longitudinal and
circumferential, depending on their orientation in the structure, which will affect how
stress is handled [5].
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There are three different types of stress inflicted on the struture, shear, axial
and bending. The constant wind pressure is responsible for inducing a shear stress.
Bending stress is the result of the combination of different factors, thrust load caused
by the wind, the rotational force of the blades and the movement of the wind turbine
as it accomodates for different wind directions in order to capture wind at a more
efficient rate, since the turbine should always be perpendicular to wind direction.
Finally, axial stress is a consequence of supporting the wind turbine and the blades. For
reference, wind pressure alone can inflict a stress of approximately 200 MPa on a 60 m
tall tower. Wind turbine towers are designed with specific stress design limits, however,
these are very dependent on the type of configuration and are kept a secret by the
companies that produce them [6-8].
The biggest challenge when designing a wind turbine tower, from a material
standpoint, is to assure its low maintenance and extended life time, which is expected
to span over 20 years. For this reason, fatigue resistance becomes a crucial mechanical
property to consider when deciding on a material, especially since it will be necessary
to accommodate for the weakest part of the structure, the circumferential welds. Due
to the bending movement of the tower during its operation, sequential compressive
and tensile stresses will be induced throughout the structure. This phenomenon is vastly
detrimental to the fatigue resistance of the circumferential welds since tensile stresses
are the main promotors of fatigue crack propagation. This effect is aggravated by the
vulnerability caused in the welded area caused by the existence of an excess of material
named the weld bead. This effect isn’t as nefarious in the case of longitudinal welds
since the tensile stresses caused through the bending movement will act as shear
stresses due to the welds’ geometrical position [9, 10].
This highlights the importance of improving the fatigue resistance of the tower’s
welded joints through post-welding processes, increasing the overall structure’s fatigue
resistance. It’s also important to see the effectiveness of these processes in high
strength steels, as these might become a viable option in the future for the construction
of wind turbine towers.
Despite the higher fatigue resistance of high strength steels, these are often
coupled with a higher material cost which may render the structure economically
unviable. Therefore, a reduction of tower thickness is next the logical step, as a lower
mass will not only reduce the cost of the structure but also reduce the cost of other
related operations. However, this may lead to a state in which the tower is unstable
and is prone to buckling, which can lead the structure to its collapse, becoming the
new challenge in designing a wind turbine tower.
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1.1. Fatigue
1.1.1.

Introduction to fatigue

Even though wind turbine towers are mechanically suited to withstand the
expected levels of stress inflicted on the structure on a daily basis, with the exception
to natural disasters which come with extraordinary conditions, the same might not be
said over the course of 20 to 30 years. This is due to the phenomenon of fatigue which
can be classified as a deterioration of the material through an extended period while
under a cyclic or repetitive load which will ultimately lead to its fracture. An example
of this can be seen in Figure 1, which displays the collapse of a wind turbine in the
Taikoyama wind power plant in Japan in 2013 [11].
B

A

Figure 1- Collapsed wind turbine due to fatigue. (A) collapsed nacelle; (B) upper section of
fractured tower [12].

In this specific case, a wind turbine that was expected to be operational for 21
years, collapsed at its 12 th year. The mechanism responsible for the fatigue
phenomenon is the nucleation and propagation of cracks through the application of
cyclical or repetitive stress as mentioned beforehand. In the Taikoyama wind power
plant case, after a thorough investigation, it was determined that broken bolts on the
upper region of the wind turbine tower were responsible for an increased stress on the
upper tower section which lead to higher cumulative fatigue damage, leading to its
collapse at a faster pace [12].

1.1.2.

Stages of the fatigue process

The fatigue phenomenon can be divided into three different stages, fatigue crack
nucleation, crack propagation and fracture. The fatigue crack nucleation phase can be
skipped in the case of pre-existing process related cracks which can occur, for example,
during the welding process due to the severe cooling rates. Fatigue induced cracks are
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a result of accumulated plastic deformation which is promoted through the existence
of material defects or geometrical components that may act as stress concentrators.
This type of crack occurs at the surface or near the surface of the material.
Once the crack has been developed, its propagation begins as the plasticity of
the region ahead of the crack tip develops and grows as the crack increases in size. This
stage can be divided into three distinct steps with respect to the dimensions of the
crack since it can be classified as a microstructurally short crack, a
mechanically/physically short crack or a long crack. In this first step, immediately after
its nucleation, the crack still lacks in size when compared to the grain size of the
surrounding microstructure. Therefore, during its propagation, it will face many
accelerations and deaccelerations as it encounters obstacles like grain and phase
boundaries, resulting in a discontinuous propagation. For the crack to keep growing, a
certain stress range must be met.
As its size increases and englobes a larger number of grains in the microstructure,
the crack will then be classified as mechanically short and will present a much more
continuous growth since the obstacles mentioned beforehand lose effectiveness. As
mentioned before, as the crack propagates, the threshold of stress required increases
for it to keep growing. However, this value stabilizes once the crack grows to the point
it can be classified as a long crack and no longer follows the maximum shear direction
but now moves perpendicular to the loading direction. Its behavior can now be
described through the da/dN-∆K curve, which is displayed in Figure 2 [13, 14].

Figure 2- da/dN-∆K curve diagram describing long crack propagation in three different
regions [13].
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As displayed in Figure 2, the relationship between the propagation rate of a long
crack and the stress intensity factor can be separated into three distinct areas. The
stress intensity factor, K, for a crack caused by a tensile load is calculated through
equation (1.1).

𝐾 = 𝑌𝜎√𝑎

(1.1)
Where Ү is a shape factor, σ is the external load being applied and ɑ is the crack
dimension parameter. The purpose of the stress intensity factor is to describe the stress
state at the tip of the crack [15].
Firstly, as mentioned beforehand, there’s a threshold that must be met for
propagation to occur. Beyond that, up until the second area, the rate at which the
crack grows is heavily influenced by mean stress, microstructure and environment. As
the stress intensity factor increases, it becomes the main influencer of the propagation
rate as we enter the second area, which begins following the Paris law, equation (1.2),
in which C is a constant directly dependent on the material and n represents the slope
of the equation [16].
𝑑𝑎
𝑑𝑁

= 𝐶(∆𝐾)𝑛

(1.2)

The third and final area, the propagation rate becomes rather unstable as it
rapidly increases since the critical tenacity level is being reached. At this point the
fracture of the material is severely sped up and is heavily reliant on the microstructure,
mean stress and geometry of the component.
It’s also crucial to mention the effect of the mean stress inflicted during the
operation. In the case of a perfectly alternated stress cycle, which contains identical
compressive and tensile loads, even though the tensile region contributes negatively
for the lifetime of the material since it promotes crack propagation, the compressive
region is beneficial as it helps close the crack and prevent the propagation from
continuing. However, that isn’t always the case in real life applications. Even if the
stress amplitude is the same, the mean stress is a direct indicator of how fast the crack
is propagating since a higher mean stress translates into more tensile stress being
applied to the material [16].

1.2. Buckling
For a high strength steel to be a viable economic solution for the construction of
a wind turbine tower, a reduction of thickness on the wind turbine tower is required.
Even though the new steel possesses superior mechanical properties, the structural
stability of the structure might be compromised leading to the occurrence of buckling,
which is a deflection of the material in a transverse direction. This phenomenon is
caused through applying axial pressure to a slender or thin structure, which is the case
for the cylindrical shell of a wind turbine tower. Ultimately, buckling of the structure
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will lead to its collapse. Figure 3 displays two examples of wind turbines that collapsed
due to buckling.

Figure 3- Collapsed wind turbines due to tower buckling [6].

Due to the constant stress being submitted to the wind turbine tower, as a
combination of the axial, bending and shear stresses inflicted through the wind
turbine’s weight, movement and wind pressure, buckling is a constant concern when it
comes to designing a wind turbine tower [17].
Below the yield stress of the material, its buckling capacity follows the Euler’s
buckling load equation for a column (1.3) [18].

𝑃𝑐𝑟 =

𝜋2 𝐸𝐼
𝑙𝑒2

(1.3)

𝑓𝑓

The Euler’s buckling load, Pcr, is influenced by the Young’s modulus, E, the
moment of inertia, I, and the effective length of the column, leff. For a hollow cross
section, the moment of inertia can be calculated following equation (1.4):
𝜋

𝐼 = 𝑥 (𝑟 4 − 𝑟ℎ4 )
4

(1.4)

where mass is M and r and r h correspond to the outer and inner radius of the shell,
respectively. This is the reason why the buckling resistance of the wind turbine tower
is diminished with the reduction of thickness of the structure. In the specific case of
wind turbines, towers are produced with a high ratio between its diameter and
thickness favoring the occurrence of local buckling. The difference between global and
local buckling is that while global buckling results in a transverse deflection of the
entire structure, local buckling is a localized deflection on the structure.
An additional factor to consider is the existence of imperfections on the surface
of the structure. Imperfections can be defined as any geometrical aspect that alters
the surface of the tower. These are sometimes unavoidable due to design related
choices such as the implementation of a door opening at the base but might also occur
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due to production related defects. These imperfections will unavoidably act as stress
concentrators and favor the phenomenon of local buckling.
As soon as buckling ensues, compressive stress increases in the location of
maximum deflection, up to a point where the stress overcomes the yield limit of the
material and localized plastic deformation occurs. As deflection continues, the
plastically deformed area increases and the bending stiffness of the structure is
reduced, until the structure is no longer capable of withstanding the load and collapses.
This phenomenon is favored by the existence of residual stresses in the structure, which
is the case for the welded areas of the wind turbine tower as seen beforehand, by
causing the plasticization of the structure to occur at an earlier stage [19, 20].
Concerning this phenomenon, a tool is to be developed in the form of a
spreadsheet using buckling formulas in the current literature. This tool would allow for
a preliminary screening of wind turbine tower setups in regard to steels with different
mechanical properties and different tower geometries and their susceptibility to
buckling.
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2. Literature review
This literature review is focused on the aspects surrounding the fatigue of welded
joints and post-weld process methods, specifically, post-weld grinding methods. During
this review, the impact of the welding process on the fatigue resistance of a welded
joint is address, in special regard to the mechanisms that lead to the decrease in fatigue
strength. Afterwards, post-weld processing methods will be approached as a means to
improve the fatigue resistance of the welded joint, with special focus on grinding postweld processes.

2.1. Fatigue of welded joints
The welding process plays a major role in the fatigue resistance of the welded
joint, since it’s responsible to the resulting microstructure, residual stress balance
within the joint and geometrical aspects pertaining to a weld. Submerged arc welding
was used to connect the rolled plates in the structure. This welding process has the
singularity of using an electric arc in combination with a flux to simultaneously weld
and protect the molten metal from the atmosphere. The flux also creates a slag that
protects the welded metal as it is still reactive while it cools off. This welding process
is especially appealing to produce wind turbine towers due to thickness range it’s
supposed to operate in, 3-100 mm, and the fact that it can possess a high deposition
even while in an automated arrangement. The welding conditions for a certain steel
are determined depending on its carbon equivalent, CEV, which can be calculated
through equation (2.1) and is the most reliable way to predict a steel’s weldability.
Steels with higher CEV values are often harder to weld and require additional care
during its welding [21, 22].

𝐶𝐸𝑉 = 𝐶 +

𝑀𝑛
6

+

Cr+Mo+V
5

+

𝑁𝑖+𝐶𝑢
15

(2.1)

At a microstructural level, it is possible to make a distinction between four
different regions in the welded area. A schematic of the location of these regions in a
butt weld arrangement is displayed in Figure 4.

Figure 4- Schematic of different microstructural regions formed during the welding process
[5].
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As seen in Figure 4, three different regions can be identified in the welded area
besides the base material:
•

•

•

Fusion Zone (FZ) – Zone created through the complete fusion of the metal.
Characterized for having the most distinct microstructure out of the
remaining zones due to a combination of the base material and filler
material with the imposed cooling rate during the welding process. The
excessive material on the upper region is called the weld bead and its
geometry can be controlled with the use of proper welding parameters;
Partially Melted Zone (PMZ)- Due to the lower thermal variation as we
steer away from the FZ, the PMZ does not go through complete fusion.
This zone is a result of a variation in chemical composition which lowers
the melting point of the grain boundaries. The dislocation of alloying
elements and impurities is responsible for this phenomenon.
Heat Affected Zone (HAZ)- Even though the heat received in this zone is
not enough to cause the fusion of the material, it will cause grain growth
and might even go through phase transformations depending on the
material. Due to the different cooling rates throughout the HAZ, coarse
grain will be located closer to the FZ which will be gradually reducing in
size as we approach the base material [23].

Additionally, due to the severe cooling rates imposed during the welding process,
residual stress develops within the welded region. As the material solidifies it contracts
and stress is created within the welded region up until the base material. This will
mostly be of tensile nature on the welded region and contribute negatively for its
fatigue resistance. [23, 24].
Welded sections have, for a long time, faced severe challenges when it comes to
fatigue resistance. It is expected for a base material to always perform better regarding
fatigue resistance than in the case of its corresponding welded section. However, this
mechanical property doesn’t directly scale with increasing yield strength since, as
shown by data in literature, weldments of high and ultra-high strength steels perform
on a similar level as conventional mild steels while retaining similar crack growth
resistances, indicating that the problem relies within crack nucleation. Therefore, it is,
important to analyze how the welding process affects the crack nucleation phase of the
structure’s fatigue process [25].
The welding process negatively impacts the fatigue resistance by introducing:
•
•
•

A notch effect at the weld toe;
Discontinuities;
Residual stresses.

As mentioned beforehand during the welding chapter, there is an excess of
material in the fusion zone of the joint, labeled the weld bead. The geometrical change
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that will occur on the surface of the joint due to the weld bead will create stress
concentration locations on the transition between the weld bead and the remaining
material. For this exact reason, welding parameters should be carefully chosen in order
to allow a weld bead with a lowest possible angle between sections [26].
Welding also negatively impacts the fatigue resistance of the joint by introducing
discontinuities. These will also act as stress concentrators throughout the joint.
Discontinuities can be grouped into three different types, planar, volumetric and
geometric. Planar discontinuities take the form of cracks which can occur if the cooling
rate is too severe, shrinkage, lack of fusion, and inclusions. Specifically, in the toe weld
area, small non-metallic inclusions can be found roughly 50 μm deep that act as stress
concentrators as well as pre-existing cracks, therefore skipping the nucleation phase
altogether. While volumetric discontinuities often take the form of porosity or slag
inclusions, geometric discontinuities, as the name indicates, takes form in geometric
alterations of the surface of the joint, which are undesirable, a few examples of these
types of discontinuities are ripples, splatters and overlaps. These discontinuities can
diminish the fatigue life of the welded joint by either acting as crack nucleation sites,
in the case for porosities, or introduce notch effects which may lead to the nucleation
of future cracks, as occurs with splatter. Although not considered a discontinuity, a
surface that is too rough might also suffer from the notch effect mentioned beforehand
[24, 26].
Some examples of the effect that the different types of discontinuities have on
the fatigue strength of a mild steel, which is the case for S355NL steel, can be seen in
Figures 5 and 6, concerning the effect of porosity and slag inclusions, respectively.
These present the fatigue strength relative to an equivalent sound weld, depending on
the size of the discontinuity for 1.0×10 5 cycles and 2×106 cycles with and without
reinforcement, which for this dissertation is classified as the weld bead [27].

Figure 5- Effect of porosity on fatigue strength of a mild steel as a mean percentage of the
fatigue strength of a sound mild steel weld [27].
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Figure 6- Effect of slag inclusions on fatigue strength of a mild steel as a mean percentage of
the fatigue strength of a sound mild steel weld [27].

Figures 5 and 6 indicate that the existence of the weld bead favors a superior
fatigue strength. This is the case for discontinuities present in an incorrectly performed
weld that are located outside of the weld bead and the immediate surrounding area.
These are not affected by the post-weld grinding methods that will be developed
further on this dissertation. In this case, the existence of a weld bead increases the
fatigue strength of the material by increasing the quantity of the material withstanding
the stress. Regarding the effect of the discontinuities on the fatigue strength of the
weld, it is possible to observe that these rapidly decrease the fatigue strength of the
welded joint as they increase in size.
Having seen the effects of discontinuities on the fatigue strength of an
incorrectly performed weld, it should be reminded that these are not inexistent in
sound welds as well, such is the case for discontinuities present in the weld bead and
immediately surrounding material caused by the welding process and the cooling rates
enforced upon the material that are unavoidable. These are the focus of the post-weld
grinding process.
The final factor that negatively contributes to the fatigue resistance introduced
by the welding process is the presence of a residual stress system establishing along the
weld. As mentioned earlier, residual stresses are a consequence of the thermal cycle
imposed during the welding process. The adjacent metal at a low temperature will be
responsible for accommodating the expansion and contraction of the molten metal.
Figure 7 displays a schematic for the ideal development of longitudinal and transverse
residual stresses in a butt weld configuration.
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Figure 7- Schematic of longitudinal and transverse residual stresses in a butt weld
configuration [26].

As seen on Figure 7, through the welding process, on the longitudinal plane,
tensile stress will develop on the joint area up until the yield point. In order to maintain
equilibrium, compressive stress is developed on the outer edges. Therefore, the sum of
areas B1 and B2, should equal area A. On the transverse plane, high tensile stresses also
develop on the welded joint, however, the stress distribution is more irregular.
From a fatigue standpoint, due to the presence of tensile residual stresses on the
weld metal, the tensile nature of the imposed cyclic load will be enhanced. In other
words, the compressive portion of a cyclic load, which would be beneficial to help close
fatigue cracks and halt their propagation, is diminished as its counteracted by the
tensile residual stress in the joint. Therefore, a larger portion of the cyclic load
contributes to propagate the fatigue cracks [26].

2.2. Fatigue resistance testing
In order to test a materials fatigue resistance, several fatigue tests must be
conducted by applying cyclic loads with different mean stresses in order to build an SN diagram in which a fatigue curve can be drawn through extrapolation for a particular
material. This diagram relates the amount of cycles that the material can withstand a
cyclic load with a certain value of mean stress. Certain types of alloys, such as ferrous
and titanium, present a plateau upon a certain mean stress indicating that it has
reached its fatigue limit, and that fracture through fatigue shall never happen below
that value. The fatigue limit of any material is considered to be the mean stress at
which it can withstand 10 7 cycles [24].
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Fatigue resistance testing of any component can be conducted using several
methods. For the purpose of testing a welded joint, the uniaxial stress-controlled
fatigue test is capable of obtaining results pertaining to the entire component, while
the rotary bending fatigue test is capable of isolating a small section of the component,
which can be interesting since it allows the analysis of the welded area exclusively [28,
29].

2.3. Post-weld processing methods
As shown throughout this dissertation, welded joints are at a disadvantage
regarding its parent metals when it comes to resisting fatigue due to the vast number
of stress concentration locations that are developed throughout the surface and the
residual stresses created within the weld metal. However, the fatigue resistance of
welded joints can be improved through three different methods:
•
•
•

Improving the weld detail design;
Improving the fabrication and welding process of the component;
Post weld processing methods.

The first two points focus on a preemptive approach to improve the weld’s
resistance to fatigue by producing a component with smoother section transitions or
even reducing the amount of welding defects that are introduced during the welding
process. However, this is not always a practical solution since some components are
restricted due to their geometry or composition. Despite the use of a WPS, Welding
Procedure Specification, it is impossible to obtain weldments void of any discontinuity
and are instead design around obtaining acceptable levels of defects. Therefore, the
remaining option would be to apply post weld processing methods. These are focused
in either improving the current weld geometry or improving the residual stress system
imbued in the weldment.
Weld geometry improvement can be divided into three different categories,
grinding, which is focused on further in this review, re-melting methods and special
welding techniques. Grinding can be carried either specifically on the weld toe and thus
reducing the stress concentration factor in that specific location, lowering the weld toe
angle, or across the entire profile of the welded joint, removing the weld bead and a
small amount of additional material that harbors defects created by the welding
process.
Re-melting methods attempt to repeat the fusion and solidification of the weld
bead up to a shallow depth in an attempt to remove any possible weld defects that may
reside within, thus also removing potential locations for stress concentration to occur,
this can be carried out with a TIG welding process. Finally, special welding techniques,
such as the use of special manual metal arc (MMA) electrodes, that due to the flux’s
wetting and flow characteristics, is able to achieve a smooth transition profile in the
weld toe in the last weld pass [30].
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The residual stress balance improvement comes in the form of mechanical and
stress relief related processes. As revised earlier, from a fatigue standpoint,
compressive stress has the capacity to halt crack propagation by promoting its closure.
The objective of mechanical residual stress improvement methods is to induce a
superficial compressive stress, which would occur through cold working of the surface,
onto the welded area in order to produce the opposite effect of the already established
tensile residual stress. Upon processing, newer tensile stresses will effectively be
diminished by the existing superficial compressive stresses, resulting in an overall
increase to the fatigue strength of the weldment. Stress relief related methods,
however, are intended to provide stress relief on the system most commonly through
the application of post weld heat treatments, effectively reducing both tensile and
compressive residual stresses [26, 30].
For stress relieving, a heat treatment is applied to the weldment in which the
material is heated up to a temperature between 550ºC-650ºC for a period strictly
dependent on its thickness so that the entire component is fully affected. As a result,
residual stresses can normally be reduced to around 30% of the yield stress of the
material as localized plastic deformation occurs during the treatment.
Even though there is a reduction of the tensile residual stress, this value is not
reduced to zero. Therefore, future cyclic loads will still be influenced by being imposed
on an already established tensile residual stress, hence the low effectiveness of PWHT
in regard to other post-weld processing methods [30, 31].
An example for mechanical stress balance improvement is the HFMI treatment,
standing for High Frequency Mechanical Impact, which generally describes a large group
of methods. These have in common the acceleration of cylindrical indenters, which can
have a variety of shapes, against the component that can be powered by different
sources, such as compressed air and ultrasonic piezoelectric elements. As the name
indicates, these will clash with the component at a high frequency, which should be
around the 90 Hz mark, and plastically deform the section transition between the weld
bead and the parent metal, which is the location of the highest stress concentration.
During this process, the local microstructure and geometry will be changed,
accompanied by the introduction of compressive residual stresses.
For the application of HFMI, an experienced operator is required, as well as the
cleaning of the surface from all trace of oxide, scale and spatter. Additionally, weld
configurations that possess a large weld angle should be avoided due to the probably
of overlap from the deformed metal which will lead to the nucleation of a crack similar
to a cold lap.
Regarding experimental data on the effect of HFMI in fatigue resistance of a
welded joint, for high strength steels with a yield stress between 355 and 540, data can
be found in the literature that a welded joint with a FAT class of 90 could perform at a
FAT class of 160 after being submitted to HFMI treatment. The FAT class of a material
is a method of characterizing a material’s fatigue resistance, according to their tested
fatigue resistance at 1×106 cycles [32].
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2.3.1.

Grinding post-welding processes

As mentioned earlier, the post-weld process of grinding focuses on changing the
geometrical component of the weld by lowering or removing the stress concentrations
present in the weldment. Additionally, in the case of a full removal of the weld bead,
any defects that may act as cracks and accelerate the fatigue will also be removed
which is highly beneficial to the lifetime of the weldment. This type of process can be
carried out through several methods and no standardized solution has yet been
developed since it is a field that requires further research. Grinding post-weld processes
end up being very situation dependent since methods that would create a smoother
surface are often more expensive and time consuming. Three of the possible methods
for this type of process are burr grinding, disc grinding and water jet eroding.
Burr grinding can be carried out in both weld toe grinding and full profile grinding
processes. The former focusing on lowering the stress concentration factor on the weld
toe and the latter on the removal of the weld bead while also removing material to a
depth of 0.5 mm below any visible undercut. In doing so, it will be possible to achieve
a seamless transition between base material and fusion zone while guaranteeing the
removal of the welding defects that are located in this region.
This grinding process itself is carried out by using a high-speed grinder with
rotating burrs, which can be pneumatic, hydraulic or electric, performing at a speed
between 15000 and 40000 rpm. Data published in literature reports an increase in
fatigue strength at 2×106 cycles of 50% to 200% depending on the type of joint [30].

2.3.2.

Grinding of the weld toe

While full profile weld grinding can be performed by several different methods,
weld toe grinding is a very specific option of burr grinding, which is a cheaper, although
less effective, alternative to full profile grinding due to the shape and size of the burrs
used in this process. The purpose of this specific method is to decrease the stress
concentration factors located on the weld toe which will directly contribute to the
improvement of the fatigue life of the weld. The effectiveness of this method is
dependent on the radius of the burr used.
Weld toe burr grinding was performed on a S235JR steel with three different
sized burrs in order to compare its effectiveness regarding improving fatigue strength
of butt welds. The grinding was performed with a rpm of 27000 and up until a depth of
1 mm. The burr grinders used in this case had a radius of 1, 2.5 and 3 mm, which will
be named as a, b and c, respectively [33].
Figure 8 presents the change in stress concentration in the weld toe before and
after burr grinding with the different burrs.
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Figure 8- Difference in stress concentration factor before and after burr grinding with
different burrs [33].

The stress concentration factor is a multiplicative factor that is entirely
dependent of the geometry used following equation (2.2) [34].

𝑟=

𝐿𝑜𝑐𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠
𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑆𝑡𝑟𝑒𝑠𝑠

(2.2)

In this case, a gain up until 50% in fatigue resistance was reported for the use of
burr with a 3 mm radius, as a result of a lesser concentration of stress.
For a S355JR steel, after a weld toe burr grinding process using a 5 mm burr and a
grinding depth of 0.8 mm, a huge increase in fatigue resistance was observed, as seen
in Figure 9 which displays an S-N diagram for the fatigue testing of as-welded, ground
and ground and needle peened samples, with a stress ratio of R=0.1 [35].
R is the stress Ratio used in fatigue testing and accounts and is calculated by
dividing the lowest stress measured by the highest stress measure. Positive values of
this parameter indicate that stress used during the fatigue tensile was entirely of tensile
nature, while negative values indicate the presence of compressive stresses during the
fatigue test [16].
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Figure 9- S-N graph for as-welded, ground samples and ground and needle peened samples of
S355JR steel, R=0.1 [35].

By observing Figure 9, it’s possible to notice that the major contribution to
fatigue resistance of the joint is the weld toe ground treatment since the benefit of
the needle peening is almost irrelevant in comparison. For this case, the life increase
factor, LIF, which is the ratio between the fatigue endurance of the ground samples
and the as-welded samples, averaged a value of 7.4. It is possible to observe that while
not removing the defects introduced by the welding process, the sole reduction of the
stress concentration factor in the weld toe can result in a significant improvement of
the fatigue resistance of the structure.

2.3.3.

Full profile grinding of welded joint

Moving on to full profile grinding of welded joints, this method focuses on the
removal of the entire weld bead, with the possibility of additionally removing of 0.5
mm below any visible undercut in order to remove all the unavoidable defects
introduced during the welding process, such as inclusions and microporosities. This type
of process can be performed through several different methods, such as burr grinding,
milling, disc grinding or water jet eroding.
Disc grinding presents itself as a quicker and cheaper solution for a full profile
grinding in comparison to the burr grinding method of the weld bead at the cost of
leaving grinding marks on the surface of the weld which may function as initiation sites
for fatigue cracks to develop. Therefore, fatigue testing results using a disc grinding
methods tend to be scattered and inferior to the ones obtained through burr grinding
[30].
For the case of a S600 butt welded steel submitted to a disc grinding treatment
in which four different conditions were tested and compared. These were the base
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material with no welded sections (BA), the as-welded steel (AW), the welded steel with
weld bead removed through disc grinding (WA) and finally the welded steel with both
the weld bead and the weld root removed through disc grinding (WB). The results of
this fatigue test are displayed in Figure 10, which was conducted using a stress ratio of
R=0 [36].

Figure 10- S-N graph with data from four different conditions with R=0. (BA) base material;
(AW) as-welded; (WA) weld bead removed by grinding; (WB) weld bead and weld root
removed by grinding [36].

As shown in Figure 10, a clear improvement is seen as the process of disc grinding
is submitted to each surface of the weldment. The higher scatter in results in the WA
series can be explained through the stress concentration factor that persists on the side
of the weld root, as well as the existence of internal defects with variable size which
will affect crack nucleation and propagation on that same location that were not
removed through disc grinding. The WA and WB series represent a gain of 40% and 150%
fatigue strength, respectively, in comparison with the as-welded sample, showcasing
the effectiveness of this type of process. Furthermore, the lower slope calculated for
the regression lines in the WA and WB, in the ranges of 5-6, compared to the slope of
the base material and the WB series, which ranges between 9-10, indicates that this
type of process can extend the crack initiation period, which is a critical component of
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the fatigue process, and further highlights the impact of the notch effect on the weld
toe in the fatigue [36].
From the literature that was collected regarding the modification of the
geometrical component through grinding processes, it’s possible to perceive the effect
that the notch on the change of section between the parent metal and the weld bead
has on the fatigue resistance of the joint. A full removal of this geometrical component
yields far better results if it includes both the weld bead and weld root as the defects
that reside within these components, such as inclusions which may act as cracks and
skip the entire crack nucleation phase of the fatigue process, are removed from the
weld. Additionally, the stress concentration factors on these locations are heavily
decreased and on pair with the remaining sections of the weld which can result in a
performance similar to the parent material.
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3. Materials and methods
The welding and milling of the specimens were carried out by certified third
party groups for the development of this project. The main objective of this study was
to assess the efficiency of the grinding post-welding process in the fatigue resistance
of mild and high strength steels, S355NL and S690QL steels, respectively.

3.1. S355NL steel butt welded joint analysis
3.1.1.

Chemical composition

The material used for this section of the dissertation is the one used currently to
produce the company’s wind turbine towers which was conceded by the company’s
supplier. The steel complies with the EN 10025-3 standard’s chemical composition
corresponding to a S355NL steel, which is displayed in Table 1.

Table 1- Chemical composition of S355NL steel [22].
%C

a

%Si

0.18
%Altotal
0.02

a

0.5
b

%Ti

a

0.05

%Mn
0.90-1.65
%Cr
0.3

a

%P

a

0.025
%Ni
0.5

a

%S

a

%Nb

0.02
%Mo
0.1

a

a

0.05
%Cu

a

0.55

%V

a

0.12
%N

a

0.015

(a) Maximum value (b) Minimum value

3.1.2.

Manufacture of the fatigue specimens

Welding of the plates was conducted through Submerged Arc Welding by a
certified third-party.Upon welding the two plates, samples were milled into fatigue
specimens according to the ASTM E466-96 standard using the parameters in Table 2.
The milling tool used was the R309-05Q22-17H from Sandvik Coromant, shown in Figure
11.

Table 2- Milling parameters for fatigue specimen preparation.
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Milling parameters

Values

Effective energy consumption

7 kW

z

5

Tool diameter

50 mm

fz

0,2 mm/tooth

ap

3 mm

vc

200 m/min

RPM

1274

With z, fz, ap and vz representing the number of teeth on tool, the tooth feed,
the axial depth of cut and the cutting speed, respectively.

Figure 11- Representation of the tool used for the fatigue specimen preparation, R30905Q22-17H from Sandvik Coromant.

The specimens were cut into the shape shown in Figure 12 according to ASTM
E466 standard regarding the manufacture of flat specimens for axial fatigue testing. A
shape with a rectangular cross section was chosen for the production of the specimens
since these will be retrieved from two welded plates. The final dimensions of the
specimens were of 50 x 400 x 23 mm. The nominal cross area used for fatigue testing is
equal to 25.1 x 23.3 = 584 mm2.
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Figure 12- Specimen with a uniform and rectangular cross section [37].

Upon preparing the fatigue specimens, the removal of the weld convexity was
performed through milling on the marked samples, with the milling parameters
displayed in Table 3.

Table 3- Milling parameters for weld grinding.

Milling parameters

Values

Effective energy consumption

7 kW

z

2

Tool diameter

20
mm

30
mm

40
mm

fz

0,2 mm/tooth

ap

3 mm

vc

200 m/min

RPM

6369 4246 3185

The tools used for the removal of the weld convexity can be seen represented in
Figure 13, which are Sandvik Coromant’s R216-20B25-050, R216-30B32-070 and R40B40100. These correspond to the tools with a radius of 10, 15 and 20 mm, respectively.
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Figure 13- Generic representation of the tool used to remove the weld convexity of the
welded specimens

Besides the removal of the excessive material in the welded joint, an additional
amount of material was removed on the welded area to account for the inevitable
introduction of inclusions and other possible welding defects, which act as crack
initiators and ignore the entire crack nucleation phase.
The specimens were divided into different groups, which were separated by the
amount of material removed on each side of the welded joint and the radius of the tool
used to remove it. The objective with this type of approach was to assess the effect
that removing an increased amount of material would produce, regarding the removal
of welding defects. Additionally, the tool’s radius was also subjected to change to
determine if this would produce any effect on the fatigue resistance of the specimens,
since a tool with a higher radius would produce a more seamless transition with a
shorter milling time at the cost of a rougher surface.
This resulted in 9 different sets of specimens with no weld convexity and
additional material removed. The thickness of the milled area was measured for every
specimen upon the material removal. As-welded specimens are marked by the AW
nomenclature and the ground specimens follow the nomenclature rule displayed in
Figure 14. The parameters for the milling of the specimens is displayed in Table 4.

Figure 14- Nomenclature rule for ground specimens.
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Table 4- Milling parameters for the removal of the weld convexity for each set of
ground specimens.

10-F05-R05-1

Radius
(mm)
10

Depth face
(mm)
0.5

10-F05-R05-2
10-F05-R05-3

10
10

10-F05-R05-4

Specimen

Depth root (mm)

Thickness (mm)

0.5

20.7

0.5
0.5

0.5
0.5

20.67
20.73

10

0.5

0.5

20.8

10-F1-R1-1

10

1

1

19.73

10-F1-R1-2

10

1

1

19.77

10-F1-R1-3

10

1

1

19.74

10-F1-R1-4

10

1

1

19.81

10-F1-R05-1
10-F1-R05-2
10-F1-R05-3

10
10
10

1
1
1

0.5
0.5
0.5

20
20.03
20.06

10-F1-R05-4

10

1

0.5

20.02

15-F05-R05-1
15-F05-R05-2
15-F05-R05-3

15
15
15

0.5
0.5
0.5

0.5
0.5
0.5

21.23
21.22
21.18

15-F05-R05-4

15

0.5

0.5

21.23

15-F1-R1-1

15

1

1

20.7

15-F1-R1-2
15-F1-R1-3

15
15

1
1

1
1

20.74
20.77

15-F1-R1-4

15

1

1

20.81

15-F1-R05-1

15

1

0.5

20.75

15-F1-R05-2

15

1

0.5

20.71

15-F1-R05-3

15

1

0.5

20.66

15-F1-R05-4

15

1

0.5

20.68

20-F05-R05-1
20-F05-R05-2

20
20

0.5
0.5

0.5
0.5

21.38
21.41

20-F05-R05-3

20

0.5

0.5

21.47

20-F05-R05-4

20

0.5

0.5

24.55

20-F1-R1-1
20-F1-R1-2
20-F1-R1-3

20
20
20

1
1
1

1
1
1

21.09
21.05
21.11

20-F1-R1-4

20

1

1

21.15

20-F1-R05-1
20-F1-R05-2
20-F1-R05-3

20
20
20

1
1
1

0.5
0.5
0.5

21.22
21.18
21.2

20-F1-R05-4

20

1

0.5

21.24
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3.1.3.

Fatigue resistance testing

The fatigue testing was performed on a 500 kN Instron servo hydraulic dynamic
testing machine, displayed in Figure 15. Frequency of the test was between the interval
of 8-12.5 Hz and a stress ratio of R=0.05. The test was conceived to stop in two different
conditions, either fracture of the specimen or run out by exceeding 5×10 6 cycles.

Figure 15- 500 kN Instron servo hydraulic dynamic testing machine used for fatigue testing.

Upon conducting the fatigue test, whose results can be seen in attachment A, SN graphs was built in order to ascertain the effect of the tool diameter and the effect
of removing different amounts of material. Furthermore, a final S-N graph was built
with the DC90 and DC160 curves for reference, as stated in the EN 1993-1-9 standard,
with the purpose of comparing the effectiveness of the post-weld grinding method by
comparing the fatigue resistance of the ground and as-welded specimens.
DC stands for detail category and is used to characterize the fatigue resistance
at 2×106 for a certain stress fluctuation direction, in N/mm2. This parameter is specific
to the weld configuration and position in the material. For the circumferential welds in
a wind turbine tower, which will be under tensile and compressive stress, the
standardized minimum detail category is DC90 [38].

3.2. S690QL steel butt weld analysis
Following the results obtained with the S355NL steel, which will be presented
and discussed in Chapter 4 of this dissertation, a similar study was conducted on a high
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strength steel, S690QL, to verify if the weld rectification produces similar results to the
ones previously seen. This becomes particularly interesting since as mentioned during
the course of this dissertation, the use of high strength steels for welded joints is for
most cases not economically viable, since there isn’t much of a fatigue resistance gain
from switching to this type of steel. Should this study prove that the post-weld grinding
process produces acceptable results in this type of steel, S690QL steel and possibly
other high strength steels could be one of the future possibilities for future wind turbine
tower productions, which could result in a lighter and more fatigue resistant structure.

3.2.1.

Chemical composition

The steel used for the production of the sheets that will be welded in the course
of this study is the S690QL steel which follows the chemical composition stated in the
EN 10025-6 standard, which is displayed in Table 5.
Table 5– Chemical composition of S690QL steel [39].

%C

a

%Si

a

%Mn

a

%P

a

%S

a

%Nb

0.20

0.80

1.70

0.020

0.010

a

a

a

%Ni

a

a

1.50

2

%Zr

%Ti

0.15
%B

0.05

%Cr

%Mo

0.70

a

0.06
%Cu

a

0.50

%V

a

0.12
%N

a

0.015

a

0.005
(a) Maximum value

3.2.2.

Manufacture of the fatigue specimens

This section contains a more thorough description of the entire production of the
weld specimens, given that this is not a common steel to be used in a welded condition.
For the fatigue testing of S690QL steel, two plates of 1000 x 400 mm were welded
using a butt weld configuration as shown in Figure 16. The joint configuration assumes
a double-V shape, with 15 mm of thickness and a nose that is 2 mm long. The weld
constituted of two passes in each side and a 60°joint angle. Figure 17 displays part of
the plate preparation.
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Figure 16- Butt weld joint configuration used.

Figure 17- Machining of one of the steel plates to match the weld joint configuration.

Once the plates were ready, the plates were connected through submerged arc
welding with the parameters indicated in Table 6. These parameters were chosen by
the certified body that was responsible for the welding of the specimens.
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Table 6- Welding parameters for S690QL using SAW.

Parameters

All 4 passes

Flux type

OK Flux 10.62

Torch angle

0°

Electrode,type

Ok Autrod 13.43

Electrode, diam.

25

Current (A)

380

Voltage (V)

26.5

Travel speed (cm/min)

60

Interpass/Preheat temp (°C)

70

Arc energy, E (kJ/mm)

1.01

Heat input, Q(kJ/mm)

1.01

Cooling time, t8/5 (s)

5.76

The wire composition of the electrode can be found in Table 7.
Table 7- Wire composition of the Ok Autrod 13.43 electrode.

Mn

Mo

C

Si

Ni

Cr

1.55%

0.47%

0.12%

0.19%

2.29%

0.67%

The cooling time, t8/5, is the amount of time the metal takes to reduce its
temperature from 800 to 500 °C. This is a very important parameter as it determines
the cooling rate of the material and has a major influence in structural changes that
may occur. A poor management of this parameter can either lead to the introduction
of defects that will accelerate the fatigue process or reduce the fatigue strength of the
affected area by unnecessarily increasing its grain size.
Figure 18 displays the conditions introduced in the welding automated system.
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Figure 18- Parameters used on the automated submerged arc welding system.

As the welding process of the plates was concluded, ultrasonic testing performed
according to EN ISO 17640 showed that the welding of the plates failed due to lack of
fusion with the exception of a 130 mm long section that passed the ultrasonic testing.
Due to time and material constraints, it was impossible to organize the welding of two
new plates.
Unfortunately, due to the failure of the welding process, it was not possible to
determine a fatigue curve for the S690 steel. Nonetheless, not all was lost, as the
production of 6 fatigue specimens was possible from the 130 mm long section that
passed the ultrasonic testing. Obviously, 6 fatigue specimens will not suffice to
determine a fatigue curve for a certain material, but it will allow for the verification
of the efficiency of the removal of the weld bead and the additional layer of material
in a high strength steel which was the core purpose of this study.
These 6 fatigue specimens were tested in two different conditions, as-welded
and with the removal of weld bead and 0.5 mm of material on the face and root of the
welded joint, to account for the welding defects introduced during the welding process.
In contrast to the S355NL study, the S690QL specimens where prepared through the
grinding and polishing of the surface with a belt grinder and a Struers Movipol
equipment, displayed in Figure 19, as it was a more economical solution due to low
number of specimens involved. This 2-step procedure is necessary to avoid any crack
initiation sites due to the higher roughness on the surface that would be caused due to
only grinding the material with the belt grinder. Despite the change in grinding method
from the previous study, the objective of this study was primarily to observe the effect
of removing the weld convexity and the additional material, regardless of the method.
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Figure 19- Struers Movipol equipment used to polish the specimens.

The fatigue specimens of the S690QL steel were prepared in a similar fashion of
the S355NL specimens, according to ASTM E466, following the shape in Figure 12.

3.2.3.

Fatigue resistance testing

Also similar to the S355NL specimens, fatigue testing was performed on a 500 kN
Intron Servo hydraulic dynamic testing machine. The frequency of the test was between
an interval of 8-12.5 Hz and had a stress ratio of R=0.05. The test ran under two
different conditions, either fracture of the specimen or be considered a run out by
exceeding 5×106 cycles. However, contrary to the testing of the S355NL steel, due to
the lack of specimens, the respective S-N graph was not built. Furthermore, the testing
will all be conducted at 420 MPa, as it guarantees that the specimen will not run out,
which is a necessary measure due to the low number of specimens that were able to be
collected.

3.2.4.

Vickers hardness testing

For the characterization of the weld, a Vickers hardness profile was performed.
The parameters of the Vickers hardness testing and the location of the measured
hardness profile, displayed in Figure 20, were decided according to the ISO 6507-1
standard for Vickers hardness testing and the EN 1043-1 standard for the hardness
testing of arc welded metallic materials. Since the tested specimen had a thickness of
15 mm, thus not have a limited hardness test force, HV10 was the test force selected
for the Vickers hardness test as it is the standard for weld testing while a distance of
2.5 mm below the surface of the welded joint was used for the hardness profile.
Furthermore, the indentations were conducted from the center of the welded joint and
moving 1 mm, incrementally, towards the edges of the specimen until base material

30

was reached. The results of the Vickers hardness testing will then be evaluated using
with the standard ISO 15614-1 and ISO 15608 [40, 41] .

Figure 20- Macroscopic image of the welded joint of S690QL steel with the Vickers hardness
profile measuring line highlighted.

3.3. Buckling spreadsheet assembling
For the assembling of this spreadsheet, the structure of the wind turbine is
approached as a perfect hollow cylindrical shell, with a mean diameter and thickness,
void of imperfections. While this method allows for a high amount of uncertainty, it
acts as a middle step before advancing with longer and more complex analysis such as
the simulation of the buckling behaviour of the wind turbine tower. For this approach,
two types of analysis is conducted, one regarding the overall buckling resistance of the
wind turbine tower, and an analysis on the maximum stress the tower can withstand
before local buckling occurs.
The first analysis follows standard EN 1993-1-1, which consists in Eurocodes #3Design of steel structures. Its purpose is to determine the buckling resistance of the
structure and compare it with the static axial load submitted onto the tower, which is
the most relevant type of load in this type of scenario.
The second and final type of analysis revolves around the cooperation of
different authors and the development of Euler’s buckling formula. The purpose of this
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analysis is to determine the stress threshold for the occurrence of local buckling on the
structure, the most common form of buckling in wind turbine towers.

3.3.1.

Eurocode #3

The first step in this analysis is to determine the class of the tubular cross
section, which influences how the remainder of the analysis is conducted. Figure 21
displays the different classes according to the value of the ratio between diameter and
thickness of the tubular cross section.

Figure 21- Chart with different classes for tubular cross sections [42].

In the peculiar case of wind turbine towers, the value of d/t will most likely
coincide with class 4, which is the case for a value higher than 90ε 2.
Afterwards, the calculation of the buckling elastic load, N cr, ensues following
equation (3.1) [42].

𝑁𝐶𝑟 =

𝜋 2 ×𝐸×𝐼
𝐿2𝑐𝑟

(3.1)

In which E stands for the elastic modulus of the material, Lcr is the effective
length that in the case of a wind turbine tower that acts as a cantilever beam is equal
to twice the length of the structure. Finally, I is the moment of inertia corresponding
to a hollow circular cross section calculated through equation (3.2) [42]:
𝜋

𝐼 = 𝑥 (𝑟 4 − 𝑟ℎ4)
4

(3.2)

where r represents the outer radius of the circular section and rh the inner radius.
Upon, determining the buckling elastic load, follows the calculation of the nondimensional slenderness pertaining to the structure where the difference between the
class obtained is observed, as seen in equations (3.3) and (3.4), for classes 1,2 and 3,
and for class 4, respectively [42].
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𝜆=√

𝜆=√

𝐴×𝐹𝑦
𝑁𝑐𝑟

𝐴𝑒𝑓𝑓×𝐹𝑦
𝑁𝑐𝑟

(3.3)

(3.4)

For a class 4 configuration, the effective area of the cross section, Aeff, will have
to be calculated through equation (3.5) [42].

𝐴𝑒𝑓𝑓 = 𝜋 × (𝑅𝑜 2 − 𝑅𝑖 2 )

(3.5)

For the upcoming calculations, an imperfection factor, α, will have to be taken
in consideration relative to the surface of the structure since imperfections play an
important role in a materials resistance to buckling. According to the standard, for a
cold formed sheet, a hollow cross section possesses an imperfection factor of 0,49.
For the calculation of the final buckling resistance, a reduction factor associated
to the non-dimensional slenderness of the structure must be determined through
equation (3.6) [42].

𝜒=

1
𝜙+(𝜙2 −𝜆)

(3.6)

Where ф can be calculated through equation (3.7).

ф = [1 + 𝛼 (𝜆 − 0,2) + 𝜆2 ]

(3.7)

The buckling resistance of the material can now be calculated using equation
(3.8) for classes 1,2 and 3 and using equation (3.9) for class 4, using a safety parcial
coefficient, ϒM1 of 1 [42].

𝑁𝑏𝑟𝑑 =
𝑁𝑏𝑟𝑑 =

𝜒×𝐴×𝐹𝑦
ϒ𝑀1

𝜒×𝐴𝑒𝑓𝑓×𝐹𝑦
ϒ𝑀1

(3.8)

(3.9)

Now that the buckling resistance of the configuration has been determined, the
final step is calculating the ratio between the axial load and the buckling resistance,
using equation (3.10) [42].
𝑁𝑏𝑟𝑑
𝑃𝑠𝑡𝑎𝑡𝑖𝑐

≫1

(3.10)

With Pstatic representing the axial load. For the design to be safe, the
configuration should have a ration much higher than 1, in order to account for the
approximations made in these calculations and dynamic loads that occur during the
lifetime of the wind turbine.
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3.3.2.

Allowable local buckling stress

The wind turbine tower, due to the ratio of thickness and diameter in its
structure, is prone to have local buckling occur over global buckling. Buckling is always
an undesirable phenomenon even if it occurs in the elastic region of the material. As
soon as it begins, stress concentrates at a high rate in the bucked location due to
deformation and the material exceeds the yield limit far sooner than the remaining
structure, leading to irreversible plastic deformation. It is therefore, interesting to
calculate the stress value at which buckling begins [43].
The following method is the result of a joint effort between 4 different authors,
Burton, et al. [44], and is composed of three steps:
1. Calculate the elastic critical buckling stress of the structure, equation (3.11), in
which E represents the elastic modulus, rm the mean radius of the structure and
tw is the thickness of the tower wall;
2. Calculate the critical stress coefficients for axial, α0, and bending load, αb
equations (3.12) and (3.13);
3. Combine the values obtained from the previous points together with the yield
stress of the material to determine the allowable local buckling stress, equation
(3.14), in which Fy represents the yield stress of the material.

𝜎𝑐𝑟 = 0.605𝐸
0,83

,

𝑟
√1+0,01× 𝑡𝑚
𝑤

𝛼0 =

0,70
𝑟𝑚

{

√0,1+0,01× 𝑡

,

𝑟𝑚
𝑡𝑤
𝑟𝑚
𝑡𝑤

𝑡𝑤

(3.11)

𝑟𝑚

< 212
(3.12)

≥ 212

𝑤

(3.13)

𝛼𝐵 = 0.1887 + 0.8813𝛼0

𝜎𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = {

𝐹𝑦 ⌈1 − 0.4123 (

𝐹𝑦

𝛼𝐵 𝜎𝑐𝑟

0.75 × 𝛼𝐵 𝜎𝑐𝑟

)

0,6

⌉ , 𝛼𝐵 𝜎𝑐𝑟 >
, 𝛼𝐵 𝜎𝑐𝑟 ≤

𝐹𝑦
2
𝐹𝑦

(3.14)

2

The calculated value of σbuckling must be the maximum principal stress present on
the tower for local buckling not to occur [43].
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4. Presentation and discussion of the obtained results
The following chapter is constituted by the presentation and analysis of the
fatigue results obtained for the specimens of S355NL and S690QL steel. Additionally,
the characterization was performed for both the welded joints and analyzed due to the
microstructural changes caused by the welding process and how it could affect the
welded joint regarding its hardness levels. Finally, the buckling spreadsheet was used
for the testing of hypothetical wind turbine tower configurations where the
performance of the S355NL and S690QL steels is compared in this regard, calculating a
possible thickness reduction to the structure.

4.1. S355NL steel butt welded joint
4.1.1.

Fatigue testing results

As the fatigue testing was concluded for the S355NL specimens, the results were
organized in such a manner that an analysis could be conducted on the effect of the
tool radius used to mill the specimen, as well as the effect of the amount of material
removed in both the face and root of the welded joint. Figure 22 displays an S-N graph
that compares the fatigue results obtained from the ground welds, categorizing them
by the radius of the tool used. The coefficients of the linear regressions obtained from
the three sets of specimens can be found in Table 8.
Linear regressions were calculated and graphically represented for every set of
tested specimens. These are calculated using formula (4.1).

log 𝑁𝑓𝑎𝑡 = log 𝑎 − 𝑚 × log 𝜎𝑓𝑎𝑡

(4.1)

In which Nfat represents the cycles necessary for fracture and σfat the stress range
in MPa, required for the material to fracture.
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Figure 22- S-N graph with the fatigue resistance results for the specimens ground with
different tool radius’, R= 0.05.

Table 8- Coefficients of the linear regressions calculated for the fatigue results
obtained for different tool radius’.

Regression line

m

log a

R10

11.8

35.4

R15

11.9

35.7

R20

11.9

35.8

As seen in Figure 22, the fatigue results obtained seem to indicate that the radius
of the tool used in the milling process does not have a major impact in the fatigue
strength of the welded joint, as the three conditions share similar results. The three
sets specimens also share similar results regarding their regression line coefficients,
indicating a similar fatigue behavior despite the tool radius used. This further enforces
the fact that the tool radius used for milling has no effect on the fatigue resistance of
the welded joint.
Proceeding to the analysis of the effect of the amount of removed material on
the grinding process, an S-N graph is shown in Figure 23 with the fatigue results for the
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ground specimens, differentiating the compared specimen sets by the amount of
material removed from the face and root. Additionally, Table 9 displays the coefficients
of the linear regressions calculated for each set.

Figure 23- S-N graph with the fatigue resistance results for specimens with different
amounts of material removed, R= 0.05.

Table 9- Coefficients of the linear regressions calculated for the fatigue results
obtained for different amounts of removed material.

Regression line

m

log a

F05-R05

11.2

33.9

F1-R05

12.2

36.1

F1-R1

10.9

33.4

Similar to the tool radius comparison, the fatigue results for the comparison of
the amount of removed material indicates that removing any additional material
besides a layer of 0.5 mm adds no benefit to the fatigue resistance of the welded joint.
The linear regressions for the three sets of specimens also share similar results,
indicating that fatigue behavior should not be impacted by the amount of material
removed. It is therefore possible to conclude that removing 0.5 mm of material is
enough to guarantee the complete removal of all existing welding defects.
Since the different tools and removal of different amounts of material did not
provoke any significant effect on the fatigue resistance of the welded joint, these
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results were combined in order to assess the effectiveness of the grinding post-welding
process by comparing the fatigue results of welded S355NL steel in as-welded condition
and after a grinding post-welding process. Figure 24 displays an S-N graph built with
this data where the fatigue curves for both conditions have been drawn, in addition to
the curves pertaining to DC90 and DC160 for comparative reasons, with the respective
regression line coefficients displayed in Table 10.

Figure 24- S-N graph for fatigue results of S355NL in as-welded condition and ground
condition, R=0.05.

Table 10- Coefficients of the linear regression formula for as-welded and ground
conditions.

Regression line

m

log a

As-welded

4.6

16.3

Ground

11.4

35.7

DC90

3

-

DC160

3

-

Regarding fatigue resistance of the two different conditions, removal of the weld
beads located on the face and the root of the welded joint with additional removal of
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material on the welded areas starting from a depth of 0.5 mm, has proven to
dramatically increase the fatigue strength of the S355NL butt weld joint. This increase
in fatigue resistance is high enough that the ground specimens would be able to perform
above DC160, while the as-welded specimens would only perform above DC90.
Furthermore, the higher slope value on the ground specimens indicates that a longer
crack initiation period takes place, which is highly beneficial for the fatigue resistance
of the weldment, as confirmed by the obtained results. This longer crack initiation
period is the result of the elimination of the notch effect at the weld toe, which would
increase the stress imposed on that section added to the removal of the welding defects
located on the periphery of the welded joint, that would act simultaneously as stress
concentrators and crack initiation sites.
Figures 25 through 34 display the tested sets of the ground specimens, with the
respective fracture locations highlighted, as well as some of the specimens in as-welded
condition in which the fracture locations can be seen.

Figure 25- Machined specimens 10-F05-R05 after fatigue testing with fracture highlighted.
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Figure 26- Machined specimens 10-F1-R1 after fatigue testing with fracture highlighted.

Figure 27- Machined specimens 10-F1-R05 after fatigue testing with fracture highlighted.

Figure 28- Machined specimens 15-F05-R05 after fatigue testing with fracture highlighted.
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Figure 29- Machined specimens 15-F1-R1 after fatigue testing with fracture highlighted.

Figure 30- Machined specimens 15-F1-R05 after fatigue testing with fracture highlighted.

Figure 31- Machined specimens 20-F05-R05 after fatigue testing with fracture highlighted.

41

Figure 32- Machined specimens 20-F1-R1 after fatigue testing with fracture highlighted.

Figure 33- Ground specimens 20-F1-R05 after fatigue testing with fracture highlighted.

Figure 34- As-welded specimens after fatigue testing with fracture highlighted.

As-welded joints tend to fracture by the weld toe due to fatigue, where the
stress concentration is the highest, such is the case for the specimens in Figure 34.
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However, the machined specimens present fractures across the entire testing area,
with the fracture locations accounted for in Table 11.
Table 11- Fracture location occurrence on ground welds.

Fracture location

No. of specimens

Percentage of
occurrence

Welded area

2

5.90%

Edge of ground area

17

50.00%

Base material

15

44.10%

As seen in Table 11, the edge of the ground area proved to be the favored
location for fatigue fracture to occur, accounting for 50% of the fractures in the ground
welded joints, followed by 44,10% of the following fractures occurring on the base
material. Despite these results being influenced by the formation of a notch due to the
grinding process, it still indicates that the removal of the weld bead, accompanied by
the removal of the welding defects which facilitate the nucleation of cracks,
dramatically increases the fatigue resistance of the welded area. In contrast, the aswelded specimens all fractured in the weld toe region, either on the face or the root
of the weld, as exemplified in Figure 34.

4.1.2.

Microstructural characterization of the welded joint

Once the fatigue testing of the specimens was concluded, microstructural
characterization was conducted for the three different zones in the weld. This is an
important step due to the effect that the welding process has on the microstructure of
the affected region through the sequential heating and cooling of the area. This may
cause the formation of microstructures with properties that are undesirable for the
weld, such examples are microstructures that indicate a severe change in hardness of
the structure which may not be within the accepted range. Figures 35 to 37 show the
microstructures of the base material, heat affected zone and fusion zone of the welded
area, respectively.
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Figure 35- Microstructure of base material.

Figure 36- Microstructure of heat affected zone.

Figure 37- Microstructure of fusion zone.
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The base material possesses a ferritic-pearlitic microstructure, as standardized
for this material since this section was not affected by the welding procedure, while
the structure in the fusion zone presents a dendritic morphology characteristic of fused
metal while still retaining a ferritic-pearlitic microstructure with close to pure ferrite
on the grain boundaries. It is expected that the fusion zone will have a slightly higher
hardness value since it possesses a finer structure and shares the same constituents as
the base material.

4.2. S690QL steel butt welded joint
4.2.1.

Fatigue testing results

Upon concluding the fatigue testing for S690QL steel, the registered results were
organized in the form of Table 12, in which the two sets of conditions, as-welded and
ground, are compared regarding the fatigue results obtained.
Table 12- Fatigue resistance testing results of S690QL steel in as-welded and ground
conditions, R=0.05.

Treatment/Condition

As-welded

Ground

Sample #

Stress
range

No. of
cycles

1

420 MPa

4.5×104

2

420 MPa

3.8×104

3

420 MPa

3.6×104

4

420 MPa

1.4×106

5

420 MPa

2.0×105

6

420 MPa

2.0×106

Average
No. of
cycles

Standard
deviation

4.0×104

4.1×103

1.7×106 (a)

3.2×105 (a)

(a) Value obtained with the results from specimens 4 and 6. Specimen #5
suffered from a notch effect on the base material caused by a defect on the
surface.

As seen in Table 12, even though sample #5 fractured far earlier due the notch
effect of a defect on the surface of the specimen, which was only detected post fatigue
testing, a significant increase in fatigue strength was registered between the two tested
conditions. Comparing the average number cycles between the two conditions, while
excluding sample #5, the grinding of the welded region can provide an increase in the
fatigue resistance of the weld joint 42x higher than its respective as-welded condition,
in the 420 MPa stress range at least.
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Despite the lack of specimens, the fatigue resistance results obtained from the
removal of the notch effect on the weld toe coupled with the removal of the welding
defects present on the weld, confirm the existence of a trend associated with this type
of post-welding process in high strength steels. It is therefore possible to extend the
crack initiation phase of the fatigue phenomenon with this type of process, which is the
most important phase considering the use of high strength steels, since mild and high
strength steels possess similar crack growth rates, as supported by the literature [25].
Additionally, since the problem relies on the crack initiation phase being cut short due
to the existence of the notch effect and welding defects, it’s fair to assume that fatigue
strength gained from the grinding of the weld joint will scale with the resistance of the
base steel. Nonetheless, further studies would be required to fully back up this claim
by observing the effect that different types of grinding processes have on the increase
of fatigue resistance. However, this opens the door to future works regarding the
fatigue resistance of welded joints constituted by high strength steels [25].
Concerning the comparison of the fatigue resistance of both steels,
notwithstanding the fact that it isn’t possible to conduct a direct comparison between
the fatigue resistance of both welded steels, comparing the available results will
provide an idea of how these fare against one another. Table 13 shows the values of
fatigue resistance obtained for the average of the ground specimens of S690QL steel,
in addition to the results obtained for the 10-F1-R1-1 sample of S355NL steel, which
was submitted to a stress range of 406 MPa and stands the closest to the stress range
of 420 that the S690QL samples experienced. The specimen 10-F1-R1-1 was considered
valid since the standard for S355NL steel only indicates that its minimum yield stress is
355 MPa and the specimen didn’t present any plastic deformation upon fatigue testing.
Table 13- Fatigue resistance results of specific specimens of S355NL and S690QL
steel.

Steel/Specimen

Stress Range (MPa)

No. of
cycles

S355NL/10-F1-R1-1

406

8.6×104

S690QL/Ground welds

420

1.7×106

(a) Average of the ground specimens of S690QL steel

By analyzing Table 13, it’s possible to see the difference in performance from
both steels, after the post-welding process, as S690QL outperforms the S355NL steel by
presenting a fatigue resistance approximately 20x higher for that range of stress. Even
though this doesn’t replace the accuracy of determining a fatigue curve for the S690QL
steel, it does show, even if approximately, the difference in both welded joints when
they are no longer under the influence of the notch effect at the weld toe and the
welding defects present in the weld bead.
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4.2.2.

Characterization of the welded joint

For the characterization of the welded joint, a Vickers hardness testing was
performed on the S690QL welded joint. This is an important step in understanding if
the welding process has altered the affected microstructure to a degree that the weld
becomes unviable for industrial use due to the characteristics certain types of
microstructures possess. Figure 38 displays the Vickers hardness profile obtained for
this weldment, which was obtained from moving incrementally 1 mm from the center
of the weld to each edge of the specimen until base material was reached.

2

1

4

3

Figure 38- Vickers hardness profile for S690QL steel.

As seen in Figure 38, the Vickers hardness value fluctuates along the weld joint.
This phenomenon is caused by the successive heating of the structure during the
welding process followed by severe cooling rates. This thermal variation may change
the microstructure of the weld and influence the hardness of the structure. In this case,
the base material which has a hardness of 280 HV10, assumes different microstructures
along the welded joint which range from a hardness value between 270 HV10 and 412
HV10.
Due to the microstructural changes that occur during the welding process,
certain areas of the welded joint can form microstructures with unacceptable
characteristics, such as a hardness level that exceeds the standardized limitations and
might jeopardize the performance of the structure. By standard ISO 15608, S690QL steel
is classified as belonging in the 3.3 group, which by standard ISO 15614-1 can have a
maximum of 450 HV10 hardness value, therefore confirming that this welded joint falls
within the accepted range [45, 46].
Figures 39 to 42 show the microstructure of the marked sections in the Vickers
hardness profile which highlight the base material, the sections with highest and lowest
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Vickers hardness value located in the heat affect zone and finally the middle of the
fusion zone, respectively.
1

Figure 39- Microstructure of the center of the fusion zone.

The center of the fusion zone is constituted by tempered martensite. While not
fully tempered, the heat produced during the welding process is enough to slightly
temper the structure.
2

Figure 40- Microstructure of the region with the highest hardness value, located in the heat
affected zone.

Right next to the fusion zone, a lath martensitic microstructure is found. This
type of martensite is nefarious to the overall structure’s resistance as it possesses a
low impact resistance.
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3

Figure 41- Microstructure of the region with the lowest hardness value, located in heat
affected zone.

This region’s microstructure can possibly be base material’s tempered
martensitic-bainitic structure that has been over-tempered from the elevated
temperatures caused by the welding process. It would be expected for an overtempered martensitic structure to display a decrease in hardness level.

4

Figure 42- Microstructure of the base material.

The base material of this welded joint is the S690QL steel which is constituted
by a tempered martensitic-bainitic structure.
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4.3. Buckling of wind turbine towers
The performance of a wind turbine tower is a direct result of the combination of
the material and geometry used in its construction. The reduction of the amount of
material used is therefore highly sought out wherever possible. However, in some
situations, structural instability can occur in the form of buckling. This is the case with
the possible use of high strength steels in wind turbine towers. For the use of this type
of steels to be viable and even profitable, a reduction of thickness of the structure is
necessary. Depending on the configuration used for the tower, the use of a higher
resistance steel may not be an economically viable option due to the thickness
limitations for the stability of the structure.
To account for this phenomenon, a spreadsheet was developed with the intent
to provide a preliminary assessment of the likelihood of a wind turbine tower to buckle
during its lifetime. To do so, two different analysis are conducted in which the structure
is treated as a hollow cylinder with a diameter equal to the mean diameter of the wind
turbine tower. The thickness of the hollow cylinder is also equal to the mean thickness
of the structure.

4.3.1.

Buckling resistance testing results

Upon setting up the spreadsheet to calculate the buckling resistance and
allowable local buckling stress, different hypothetical configurations were tested with
S355NL and S690QL steel. The purpose of this study is to verify the result of combining
different values of thickness with the two steels. Therefore, the following parameters
in Table 14 were defined and kept constant throughout all testing.
Table 14- Static parameters for the buckling resistance testing of different
configurations.

Parameters
Top diameter
Base diameter

3.5 m
4.2 m

Axial static load of
tower

3000 kN

Height

80 m

Imperfection factor

0.49

Figures 43 to 46 present the buckling calculations for a configuration using
S355NL steel and a thickness of 40 mm, in addition to configurations using S690QL steel
with thicknesses of 40 mm, 20 mm and 10 mm.
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Figure 43- Buckling resistance results for S355NL steel with 40 mm thickness.

Figure 44- Buckling resistance results for S690QL with 40 mm thickness.

Figure 45- Buckling resistance results for S690QL with 20 mm thickness.
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Figure 46- Buckling resistance results for S690QL with 10 mm thickness.

From the results in Figures 43 to 46 concerning the calculated buckling resistance
results, it is possible to observe a vast improvement of the buckling resistance by
switching in the S690QL for a thickness of 40 mm, especially regarding allowable stress
for local buckling, which almost doubles.
As the thickness is reduced to half, 20 mm, the buckling resistance is reduced to
29785 kN and it is still ten times higher than the axial static load produced by the tower
itself, which falls under a safe tolerance range. While the allowable stress for local
buckling is still higher than for the S355NL configuration with 40 mm thickness, with
328 MPa.
Finally, the last configuration, which features S690QL steel with a tower
thickness of 10 mm proves itself to be an unviable solution, not necessarily due to the
value of buckling resistance but due to the allowable stress before local buckling
dropping below 100 MPa, which is simply not viable for the production of wind turbine
towers, since it is quite frequent for stresses above the 100 MPa to be present on the
structure.
From the obtained results, it’s possible to conclude that at least a reduction of
50% on the thickness would be able to be achieved by substituting the current S355NL
steel by S690QL steel. Nonetheless, it’s important to highlight that this type of
approach deals with approximations, in the sense that the wind turbine tower is
addressed as a hollow cylinder with constant diameter and thickness and is deprived of
geometrical components that are intrinsic to wind turbine towers, such as door
openings and bolted areas. This type of approach also does not take into consideration
dynamic loads, such as the wind pressure. However, it does provide a quick method to
verify the possible viability of certain configurations which can be later studied in
simulations, as the one previously found, as well as instantaneously dismissing
configurations that would certainly fail.
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5. Conclusion
The work developed throughout this dissertation aimed at studying the fatigue
resistance of butt-welded joints of structural steels in wind turbine towers. More
precisely, the use of a grinding post-welding process to increase the fatigue resistance
of the welded joint. Two steels were the subject of study during this dissertation,
S355NL and S690QL steel, which are mild and high strength steels, respectively. Even
though the S355NL steels is more commonly used in the wind energy industry, the
S690QL steel could end up being a possible substitute if its fatigue resistance can be
increased while in a welded joint. Finally, the buckling phenomenon caused by the
reduction of thickness necessary for the implementation of a high strength steel in the
wind turbine tower was also approached.
The obtained results allowed the conclusion that the grinding post-welding
process is very much effective in the improvement of the fatigue resistance of a buttwelded joint. This a direct result of the removal of the notch effect caused by the weld
toe angles, as well as the removal of welding defects introduced during the welding
process, such as inclusions and microporosities. This allows for the crack nucleation
phase of the fatigue process to have a longer duration, dramatically increasing the
fatigue resistance of the welded joint.
S355NL experienced a huge improvement in its fatigue resistance with the
application of the grinding post-weld process, as it would be able to perform above
DC160 level, almost doubling its fatigue strength. Moreover, the removal of the weld
bead and the additional layer of material demonstrated that the notch effect and the
welding defects are mainly to blame for the usual fracture of welded joints by the weld
toe, since the removal of these geometrical aspects causes the fracture to occur in
random places along the material, indicating that the fatigue resistance of the welded
joint is more in line with the fatigue resistance of the base material.
Moving on to the S690QL steel, which could be a possible substitution for the
current S355NL steel, despite the failure of the welding process across the major
portion of the plates, the collected specimens demonstrated a huge improvement in
fatigue resistance by applying the grinding post-welding process, confirming that this
type of process is also viable in high strength steels. This result points toward the fact
that the increase in fatigue resistance with this type of post-welding process will scale
with the resistance of its base material, yielding better results for higher strength
steels. However, further studies must be conducted to assess the impact that the type
of grinding process has on the increase of fatigue strength.
Finally, for the implementation of a high strength steel in a wind turbine tower,
a reduction of the tower’s thickness will be necessary for it to be economically viable.
This reduction in thickness ends up being limited by the buckling phenomenon. Upon
studying on this matter, a spreadsheet was developed based on the available literature
to provide a preliminary assessment of different configurations by applying some
approximations, in which the wind turbine tower is addressed as a hollow cylinder with
constant diameter and thickness with only applied static loading. The developed
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spreadsheet allowed for the calculation of configurations with different steels, S355NL
and S690QL, and different values of thickness. The obtained results showed that S690QL
steel would be able to outperform the S355NL steel with half the thickness but would
lead to tower collapse If reduced to a fourth of the original thickness.
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5.1. Future works
Even though the post-weld grinding process yielded great results, there is much
to be researched on the topic and more challenges to overcome. Due to the lack of
investigation on this area, more works should be focused on determining the efficiency
and cost of different types of post-weld grinding processes in order to determine the
standard method for this type of process. This would include the effect of the process
parameters, as well as its inherent advantages and disadvantages. Additionally, more
work should be developed in researching the fatigue resistance of high strength steels
with post-weld grinding methods, for a precise assessment of the efficiency of these
types of processes in high strength steels, and how it compares to its effects on mild
strength steels. Concerning the fatigue testing itself, the use of hot spot stress testing,
applying scale effects and the use of dynamic loading should be considered for obtaining
more realistic results of how the component would perform in the field, as well as
comparing the obtained results as the ones obtained through following the IIW norm.
Finally, further along the line, testing regarding the materials corrosion resistance
while in service would complement the previously conducted studies.
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Attachments
Attachment A – Fatigue testing results for S355NL welded joint
Table 15- Results obtained from fatigue testing for S355NL welded joint.

Specimen

Load
span(kN)

No. of cycles N

Result

Stress span
(MPa)

10-F05-R05-1

151

7257000

run out

259

10-F05-R05-2

20

176380

fracture

342

10-F05-R05-3

200

231680

fracture

342

10-F05-R05-4

185

345045

fracture

317

10-F1-R1-1

237

85920

fracture

406

10-F1-R1-2

185

717059

fracture

317

10-F1-R1-3

175

1108065

fracture

300

10-F1-R1-4

165

2183710

fracture

283

10-F1-R05-1

175

695025

fracture

300

10-F1-R05-2

165

4981180

fracture

283

10-F1-R05-3

195

220573

fracture

334

10-F1-R05-4

185

100000<N<600000

fracture (cycle counter failed)

317

15-F05-R05-1

195

349706

fracture

334

15-F05-R05-2

175

407657

fracture

300

15-F05-R05-3

205

325617

fracture

351

15-F05-R05-4

215

181017

fracture

368

15-F1-R1-1

205

338662

fracture

351

15-F1-R1-2

195

450437

fracture

334

15-F1-R1-3

185

689343

fracture

317

15-F1-R1-4

175

690456

fracture

300

15-F1-R05-1

175

6042500

run out

300

15-F1-R05-2

195

355358

fracture

334

15-F1-R05-3

185

381184

fracture

317

15-F1-R05-4

205

205572

fracture

351

20-F05-R05-1

205

347983

fracture

351

(continued)
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Table 15- Results obtained from fatigue testing for S355NL welded joint.

Specimen

Load
span(kN)

No. of cycles N

Result

Stress span
(MPa)

20-F05-R05-2

195

466932

fracture

334

20-F05-R05-3

185

828208

fracture

317

20-F05-R05-4

175

400000<N<1000000

fracture (cycle counter failed)

300

20-F1-R1-1

205

253847

fracture

351

20-F1-R1-2

195

379487

fracture

334

20-F1-R1-3

185

922333

fracture

317

20-F1-R1-4

175

1014362

fracture

300

20-F1-R05-1

205

277778

fracture

351

20-F1-R05-2

175

1048459

fracture

334

20-F1-R05-3

185

471417

fracture

317

20-F1-R05-4

195

305086

fracture

334

AW1

175

73146

fracture

300

AW2

185

91860

fracture

317

AW3

195

69480

fracture

334

AW4

150

233564

Fracture between HAZ/FZ - weld root

257

AW5

150

195150

Fracture between HAZ/FZ - weld root

274

AW6

100

1582400

Fracture between HAZ/FZ- weld bead

257

AW7

100

728300

Fracture between HAZ/FZ- weld bead

171

AW8

100

1315800

Fracture between HAZ/FZ- weld bead

171

AW9

100

588960

Fracture between HAZ/FZ- weld root

171

AW10

100

1164560

Fracture between HAZ/FZ- weld bead

171

AW11

90

10000000

runout

171

AW12

75

5297400

runout

154

AW13

110

950780

Fracture between HAZ/FZ - weld root

128

AW14

110

989470

Fracture between HAZ/FZ- weld root

188

(continued)
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Table 15- Results obtained from fatigue testing for S355NL welded joint.

Specimen

Load
span(kN)

No. of cycles N

Result

Stress span
(MPa)

AW15

160

219820

Fracture between HAZ/FZ- weld root

274

AW16

160

282194

Fracture between HAZ/FZ- weld bead

274

AW17

150

293522

Fracture between HAZ/FZ- weld root

257

AW18

140

191510

Fracture between HAZ/FZ- weld root

240

AW19

140

380650

Fracture between HAZ/FZ- weld root

240

AW20

125

310510

Fracture between HAZ/FZ- weld root

214

AW21

125

340080

Fracture between HAZ/FZ- weld bead

214

AW22

125

436441

Fracture between HAZ/FZ- weld bead

214

AW23

110

1103690

Fracture between HAZ/FZ- weld bead

188
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