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Abstract

At present, the UK government is driving the survival of the wind energy industry by using interventions that
encourage investment in the sector. The use of a Contract for Difference (CfD)/Strike price model by the UK
government supports the wind industry and guarantees that wind energy generators have a stable premium over a
period of 15 to 20 years; however, this may not last forever. The growth and stability of the wind industry will
depend essentially on continued reductions in wind energy cost, even below that of fossil-fuel based energy
sources. Huge cost reduction beyond the present strike price of £57.50/MWh for some projects to be delivered in
2022/2023 may be achieved quickly through efficient and optimized turbine support structure. Consequently, the
offshore wind industry is currently making enormous efforts to upscale wind turbines (WTs) from 8MW to
9.5MW,10MW and then 12MW HAWT (Horizontal Axis Wind Turbine). This level of upscaling no doubt creates
tough challenges because the mass of the turbine increases linearly with the cube of the rotor radius. Monopiles
having diameters larger than 7m have been proposed, with a wall thickness section in the range of 70 to 110mm. It
is generally thought that Thermo-Mechanical Controlled Process (TMCP) steels are well suited for extra-large (XL-
WTs). This paper reviews the present status of WTs and critically assesses the material factors in the structural
integrity concerns that may confront the use of XL steel plates in the design of XL-WT support structures.
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Nomenclature

a, Initial crack length LCOE Levelized Cost of Energy

ag Final crack length FID Final Investment Decision

oy Yield stress HAWT Horizontal axis wind turbine

OUTS Ultimate tensile stress LEFM Linear Elastic Fracture Mechanics
Ac Cyclic stress range owT Offshore WT

AK Cyclic SIFR SLIC Structural Lifecycle Industry
da/dN  Fatigue crack growth rate (m/cycle) Collaboration Joint Industry Project
Prax Maximum load SW Seawater

Poin Minimum load TMCP Thermo-mechanical controlled

K Stress intensity factor (SIF) process

R Stress ratio WT Wind turbine

CFCG  Corrosion-fatigue crack growth rate XL Extra-Large

R HAZ Heat affected zone

FCG Fatigue crack growth DBTT Ductile to brittle transition

FCGR  Fatigue crack growth rate temperature

SIFR Stress intensity factor range CCT Continuous cooling temperature

1. Introduction

This paper reviews the present status of wind turbines (WTs) and the economic perception of extra-large
wind turbines (XL-WTs). It also presents some critical structural integrity concerns relating to XL steel
plates, which need to be evaluated to enable technical and cost-effective decisions to be made for the design
of next generation WT support structures.

Wind power 1is recognized as having enormous potential in meeting the European Union 2020 and 2030
renewable energy targets [1][2] and the long term reduction of greenhouse gas emissions by at least 80% by
the year 2050 as compared with 1990 levels [3][4]. Wind energy accounted for about 49.2% of all the
renewables generated in UK for the second quarter of 2018 [5]. A modern single 1.5SMW WT can generate
sufficient energy to meet the annual needs of 332 homes, and a 2.5MW WT can generate enough electricity
to power over 1,400 homes for a year, enough to power an average computer for more than 2,000 years, or
sufficient to make 230 million cups of tea [6]. A 1GW wind farm can power just over one million homes
while a I0GW wind farm serves the energy needs of over 7.5 million UK households a year [6][7]. Due to
the capacity of this form of renewable energy source, it has witnessed increased use to power, from small
and medium sized businesses, and local communities to large commercial environments in countries with
enough wind resources.

A typical WT is reported to generate about 70 — 85% electricity at a time, depending on the speed of the
prevailing wind. The wind speed is a limiting factor to the amount of energy that can be produced.
Nevertheless, the sector is now well established as a major part of the UK’s low carbon energy mix.

Fig. 1(a) shows a live chart of energy mix as extracted from MyGridGB [8] on 03 September 2018.

Fig. 1(b) shows electricity supplied by the Renewable Energy Company Ltd, trading as Ecotricity. About
98TWh of renewable electricity was generated in 2017 which is an increase of 18.8% against 2016 records
[9]. This increase has been attributed to bigger wind turbines and higher wind speeds. Onshore wind is said
to generate over 50% of renewable power and there are large numbers of projects under development for
offshore wind power [2][10]. The UK government is very much committed to the development of this sector
by increasing subsidies and planning for a biannual contract for difference (CfD) auction to increase offshore
wind capacity [2].
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Fig. 1: (a) Plot of Live Chart of energy supply mix in the UK, Sept. 2018 (MyGridGB) [8] (b) 2017/2018 Ecotricity green energy
supply mix (Adapted from [11])

As at the end of 2017, UK has the world’s largest offshore wind market and with the highest installed global
capacity of about 35.7% (5.8GW) for operating offshore wind capacity [12][13]. If China is excluded, UK
then has the largest global capacity of offshore wind projects under construction (2.6 GW) [12].The UK
appears to have succeeded because its government is driving the survival of the OWT industry by using an
intervention scheme [14], thereby making it somewhat competitive with non-renewable based energy
sources. In fact, towards the end of 2017, BEIS published the outcome of the second Contracts for
Difference (CFD) allocation round and three offshore wind developers won a strike price as low as
£57.50/MWh for projects to be delivered between 2022 and 2023 in England and Scotland [15].

From the foregoing, continued investment in wind energy will be determined largely by the ability of the
industry to continue to achieve reductions in wind energy cost . A study on the Long-term Trends in Wind
Energy LCOE [16] shows a steady decline in the cost of energy over time — in fact up to 35%-40% reduction
in LCOE by 2030. This hypothetical exercise can only be achieved by considering some factors listed in the
report, which include performance improvements of the turbines and support structure/tower concepts. A
large wind energy cost contribution comes from the turbines [17]. Although it is ahead of the set milestones,
substantial cost reduction can be made in this area by efficient and optimized turbine design.

2. The current status of wind turbines

The largest WTs currently installed and functional with power ratings of 8MW are the Siemens Gamesa SG
8.0-167 DD, MHI Vestas V164-8.0MW and Areva 3-bladed SMW [18][19][20]. This 8 MW WT has been
used in the Burbo Bank Extension wind farm [21][22] (see also [19][23]). To stay ahead and to achieve high
design efficiency, the industry is currently making intense efforts to upscale WTs from 8MW to
9.5SMW,IOMW and then 12MW HAWT. The strike price of £57.50/MWh won by Moray Offshore
Windfarm (East) Limited in 2017 is partly due to anticipated use of MHI Vestas V164-9.5MW WT for the
950MW capacity Moray East wind farm, expected to be commissioned around 2022 and 2023. Currently,
General Electric is investing in the development of 12MW Haliade-X — which will be recorded as the
world’s biggest OWT, to be available in 2021 [24][25]. This level of upscaling no doubt creates tough
challenges because the mass of the turbine increases linearly with the cube of the rotor radius [26]. This
trend can be seen in Fig. 2, which shows the increase in the size of the support structure with rotor diameter.
The update is informed by

Table 1 which is mainly theoretical concepts found in the literatures and works of [27][28][29][30][31][32].
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Fig. 2: Growth in size (and power) of horizontal axis wind turbine (HAWT) (Adapted from [33][34]).

Table 1: 3 Bladed 10MW HAWT under development

3 Bladed 10MW HAWT Rated Wind Rotor Ref.

speed (m/s) diameter

(m)

DTU 10MW Reference Wind Turbine 11.4 178.3 [35]
AMSC SeaTitan 10MW Wind Turbine Model 11.5 190 [28]
10MW Wind Turbine Model 12 170 [29]
Rotor Design 10MW Offshore Wind Turbine Model 13.25 141 [30]
*SWAY 10MW-1-bladed Wind Turbine Model 13.4 (Approx.) 164 [31]

From the foregoing, high level industry achievement has been made so far and the offshore wind sector has
delivered 20.9TWh of electricity onto the national grid in 2017, while that of onshore wind delivered
29.1TWh [36]. This capacity can generate enough electricity to meet the needs of over 3.2 million UK
households. In 2017, the wind energy sector is reported to have supplied the electricity needs of 5.3 million
homes in the UK. Analysis has shown that deep offshore designs will contribute immensely in lowering the
LCOE in offshore wind energy by unlocking the offshore market potential in the Atlantic, Mediterranean
and deep North Sea waters [37]. It is reported [37] that deep waters in the North Sea alone could provide
turbine energy capable of meeting the EU’s electricity consumption four times over. To harness better
energy resources at sea, the offshore energy industry is frantically researching and developing concepts for
offshore wind farms in deeper waters. Fig. 3 shows global offshore wind projects at various water depths and
distances from the shore with the project phase colour-coded [38]. The figures show that some projects are
being planned for water depths up to 50m.

3. Support structure for large wind turbines

As aforementioned, wind energy providers are assiduously pushing towards reduction of the cost of energy.
Experience with the technology has revealed that environmentally friendly and economical wind energy can
be produced by increasing the size of the turbine [23]. This simply means that as the turbines become bigger
more green energy is generated and our environment is the better for it [39].
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Fig. 3: Average water depth vs. distance to shore for global offshore wind projects where the bubble size represents
project rated capacity (in MW) [38]. (Reproduced with permission)

The monopile is the commonly used support structure for WTs. This is due to their ease of design and
manufacture, as compared with other foundation concepts. Also, monopile is very suitable for water depths
up to 30m and well-suited to mass production, has a conventional impact driving installation method and
remains rigidly in position in most soil conditions [40]. At up to 30m depth, the monopile has clearly more
commercial and technical advantages.

As offshore activity is now moving into deeper waters, there is ongoing research on which support structure
1s suitable. There are four common types of OWT foundations — gravity based, monopile, tripod and jacket —
other modifications are simply based on these four, as shown in Fig. 4.
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Fig. 4: Most common grounded turbine support structures and some of their modifications [32] See also [37][41].
[This figure is used under MDPI Open Access Information and Policy]

Beyond 30m water depth, other types of foundation structure start gaining preference over the monopiles.
One report states that about 96% of the presently commissioned OWTs are supported on monopile structures
while the remaining 4% are supported on jacket structures [31]. Some of the existing and conceptualized
solutions for water depth above 30m are shown in Fig. 5. These floating WTs are increasingly gaining
acceptance and deployment. They offer great means of expanding the wind energy potential and reducing
energy cost. Since the successful commissioning of the first floating wind turbine - Hywind Scotland, in
2017 the technology has seen an increasing interest by investors. Other pioneering floating WTs in operation
are the Fukushima Phase 1&2 5SMW that started operation in 2017[42]; Fukuoka with total 7.5MW that



started operation in 2018 [42]; The WindFloat Atlantic project, Viana do Castelo Portugal [43]; Dounreay
Tri Scotland, started in 2017 and expected to be commissioned in 2020; Floatgen, France's first offshore
floating WT commissioned in 2017 [44]; and Kincardine Floating Offshore Wind Farm projects are
expected to be completed in 2020 [45]. The 24MW Groix offshore wind and 24.6MW Elomed Gruissan in
France are expected to go commercial in 2020 and 2021 respectively. The Provence Grand Large in
Faraman, France is to be deployed in 2020 and will use 8MW Siemens WTs [38]. This indicates an increase
in the size of the support structure for modern floating WTs.
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Fig. 5: Existing floating solutions and proposed deep water support structures for WTs [32] see also [37][46]. [This
figure is used under MDPI Open Access Information and Policy]

Bak et al. [23] presented studies on the dynamic loading and long-term cyclic WT loading on these
alternative foundations. Consequently, jacket structures tend to be favoured beyond 30m water depths, up to
50m. These types of studies are giving impetus to the shift of attention to alternatives such as multi-pod
foundations (e.g. jacket, tetrapod and tripods) supported on shallow foundations to reduce the environmental
effects of piling noise [47]. They are reported to offer about 50% reduction in the quantity of steel used for
their manufacture compared with the monopile structure [48]. This may form one of the reasons for their
serious consideration and related foundation type for larger turbines in deeper waters [49]. However, the
choice of substructure type largely depends on the nature of loads to be supported, water depth, soil
conditions, storage requirements, manufacturing, installation, and transportation cost.

4. Offshore wind turbines and size of monopile

Many of the newly licensed wind farms in Europe, especially in UK Round 3 and Germany, to be developed
before 2020 are at a water depth of 40m or more. Despite the studies, it appears that monopile structures are
still gaining more attention from developers and from 10MW concept designs (see

Table 1 references). Following the results of advanced finite element (FE) modelling, highly optimized
design methods and experiences from full-scale measurements, suggestions have been made regarding the
possibility of using monopiles for water depth above 30m [50].

The Gemini Wind Farm of 150 WTs of the Siemens SWT-4.0-130 model with a production capacity of
4MW each and a total capacity of 600MW, sited 85km from the coast of Groningen in the Dutch part of the
North Sea in water depths up to 37m, is reported to be one of the world’s largest wind farms currently in
existence [51]. The wind farm is fully commissioned and is expected to serve the energy needs of about
785,000 households or 1.5 million people, reducing CO, emissions by 1.25 million tons per annum
[51][52][53]. The yearly power production is expected to reach 2.6TWh and ultimately will add towards
reducing the cost of wind energy in the Netherlands and Europe. The WT in this project is supported by a
monopile with a base diameter of 7m and top diameter of 5.5m, with each steel monopile weighing 670 —
916 tons [53][54].



Veja Mate Wind Farm has 67 turbines of the Siemens SWT-6.0-154 model with 6MW each and a total
capacity of 402MW, sited in the North Sea at a distance of 95km from the shore. It is capable of powering
about 285,000 homes with a reduction in CO; emissions of about 575,000 tons per annum and SO, of about
13,400 tons per year [55]. The monopile diameter for this 6MW turbine capacity is expected to be from
about 7.8m [53] and each steel monopile weighs about 1,300 tons. Also, the Gode Wind Offshore Wind
Farm in the German North Sea is expected to use 97 Siemens 6MW WTs with a 7.5m diameter monopile
[56].

The Burbo Bank Extension Offshore Wind Farm has 32 MHI Vestas V164-8.0MW turbines with a
production capacity of MW each and a total capacity of 254.2MW. It is sited in the Irish Sea in a water
depth a little above 30m and 11.5km distance from the shore. It is reported to have the capability of
powering 180,000 homes with a reduction in CO, emissions of about 364,000 tons per annum and SO, of
about 8,000 tons per year [57]. The monopile diameter for this MW turbine capacity is about 8 to 9m
[35][58]. The V164-8.0MW turbine with same monopile diameter is expected to be used for the Moray Firth
Eastern Development Area 2, with 93 turbines, and many others under construction across the UK, the
Netherlands, Germany, etc.

Monopiles having a diameter larger than 7m are today referred to as extra-large (XL). Their general
thickness is usually in the range of 70 to 110mm [53]. XL monopiles, with diameters up to 10m, are claimed
to be feasible in water depths up to 60m [50][59]. There are current considerations to venture into production
of monopiles with 10m diameter and 95mm thick [59]. However, the economic and technical feasibilities of
XL monopiles in deeper water will pose enormous challenges as wave action will increasingly interfere with
the dynamics of the turbine structure. XL. monopiles can also be commercially unviable due to storage,
transportation and installation logistics, although there are fewer transportation and installation constraints
for offshore projects than onshore projects [38]. The challenges that the large thickness of these XL
monopiles support structures can introduce in the structural integrity assessment are the major motivation for
this paper and will be discussed shortly.

Economic efficiency is one of the most important considerations in the design of a WT support structure.

Hence, there is a need to have a balance in the system components. Fig. 6 shows a typical costs breakdown
for an OWT [60].
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Fig. 6: (a) Estimated life- cycle cost breakdown for a typical offshore wind project, adapted from [60]. See also [61]

The support structure is typically made of ‘high’ strength steel and the price contribution is as high as
13.3%. The cost of transportation and erection of the components is a function of the materials used and
subsequently the weight of the system. Since the height of a tower directly determines the energy yield, it is
therefore quite important for the final cost of energy to build towers to be optimized and hence should be
determined before the design process commences [62]. The steel structure of a WT is one of the most critical



parts in the wind energy development system [63]. This is because mistakes in steel selection and fabrication
considerations will impact the cost and lead to the destruction of expensive blades and the nacelle/rotor
system. Given the huge contribution of steel material cost in the overall cost of a WT, a material efficient
design with satisfactory performance becomes an important step in the manufacture of support structures.

S. Steel selection for offshore application

Some of the many grades of structural steel in Europe are: S195, S235, S275, S355, S420 and S460. Grades
S235, S275 and S355 are the common structural steel grades in use across the EU for many construction
projects [64]. Table 2 shows the typical steel grades and properties in use across the UK.

In ‘European Standard classifications’, structural steels are sub-graded and referenced using standard
symbols such as, but not limited to: S, JR, JO, J2, K2, W, Z, C, etc., where S denotes structural steel. The
sub-grades JR, JO, J2, K2 refer to material toughness at a particular temperature, W denotes weathering steel,
Z structural steel with improved strength perpendicular to the surface and C structural steel formed by cold
working. The numerical digits following the symbol S shows the minimum yield strength of the steel. For
instance, typical sub-grades of S355 steel are S355K2, S355J2 and S355JR. S355K2 is a structural steel with
an impact resistant testing strength of 40J at a testing temperature of -20°C (K2); if given as S355K2W, the
W means that this sub-grade has been designed with a chemical composition to resist increased atmospheric
corrosion (weathering) (W) [64].

Table 2: EN10025: Parts 2 and 4 UK steel grades [65]

EN10025:Part2 EN10025: Part4

Grade  Yield Tensile  Charpy v-notch Grade Yield Tensile Charpy v-notch

(R.°) min R.? longitudinal (Ra) min R.2 longitudinal

Strength at t=16mm  Temp('C) Energy (J) Strength at t=16mm Temp(°C) Energy (J)

5275)R 275 410/560 20 27 S355M 355 470/630 50 20
2750 275 4107560 0 7 S355ML 355 470/630 50 27
527512 275 410/560 -20 27 .
S355)R 355 4707630 20 27 5420M 420 5207680 -20 40
$355)2 355 470/630 20 27 5460M 460 540/720 -20 40
S355K2 355 470/630 -20 40 S460ML 460 5404720 -EO 27

Further letters and classifications based on chemical composition, manufacturing process and relevant
application may be used to reference particular grades/products of structural steel. For example, S355J2+N
is a structural steel with an impact resistant testing strength of 20J at a testing temperature of -20°C (J2) and
has been given a normalized heat treatment (+N). 355JR steel is a high tensile strength structural steel which
can be readily welded to other weldable steel. J denotes the notch impact test (done at; JR: room temp, JO:
0°C; J2: -20°C). The simple meaning is that S355JR can withstand an impact energy of 27J at 20°C, S355J0
can withstand an impact energy of 27J at 0°C, and S355J2 can withstand an impact energy of 27J at -20°C.
The sub-grades are sometimes followed by a letter H, e.g. S355J2H, where H stands for hollow section. The
M-series are TMCP steel equivalents where M denotes Thermo-mechanical controlled rolled.

The minimum yield for S355 steel is 355N/mm? (MPa) hence the name S355. The general chemical
composition and mechanical properties of S355 are as shown in Table 3. Table 4 shows that S355 steel is
generally a low carbon steel whose specifications offer ‘high’ yield strength and the value varies with the
steel grade. Limited grades also contain the compositions that are in bold. The impact strength at different
temperatures is seen to decrease due to the fact that steel tends to become brittle when the temperature drops.
If a structure is likely to experience temperatures down to -20°C, it is better and safer to then choose S355J2
rather than S355JR or S355J0.



The minimum yield strength 355MPa is up to 16mm thickness. This means that this test was carried out on a
specimen whose thickness is 16mm. The value of the yield strength decreases with an increase in plate
thickness. It is pertinent for designers to note this. The tensile strength is generally between 470 — 630MPa
for thickness up to 100mm.

Traditionally, European Standard EN10025 S355 (or EN 10225 S355) is the main structural steel typically in
use for WT support structures [66][67] and different sub-grades of S355 are selected for use in offshore

applications. The so-called modern material choices for offshore applications are S335G8+M, S355G10+M,
S420G2+M, and S460G2+M steel sub-grades.

Table 3: (a) General composition of S355 (b) Mechanical Properties of EN 10025 S355. [68][69][70][71][72].

(a)
Composition wt% (mtax) EN100255355 [ ASTM 572]
Fe C Mn Si Cu N [ 5
~97 ~0.22 1.60 0.55 0.55 0.02 0.06 0.035
Cr Ni Mo A Al
0.03 0.50 0.10 0.12 0.02 (min)
(b)

Steel Designation (Density 7.85 gfem? {7850 kg/m?})
Mechanical EN 10025 $355 — [ ASTM 572] [ BS 4360]
properties S355JR | S355J0 | 5355)2 5355K2 5355M S420M S460M
(strength at 16mm) [AS72] 1l il AGS6

Gy (MPa) 355 355 355 355 355 420 460

oyrs(MPa) 470-630 | 470-630 | 470-630 | 470-630 | 470-630 520-680 540- 720
EL % 20 22 23 22 17
E (GPa) 210 210 210 210 210 210 210
v 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Notch toughness 27 27 27 40 40 40 40
longitudinal @ 20°C | @ 0°C | @ -20°C | @ -20°C | @ -20°C | @ -20°C | @ -20°C
Energy (J) 27
@ -30°C

Table 4 shows how the mechanical properties of S355 steel changes with an increase in material thickness for
anormalized condition from an austenitization temperature of 870°C.

Table 4: Variation of mechanical properties of S355 steel with thickness [68][73]

Steel Designation {Density 7.85 gfcm® {7850 kg/m3})
IMechanical properties EN 10025 5355 — [ ASTM 572]
Normalized 870°C, air cooled
t = thickness e i s
oy (MPa) 355 345 335
Syrs(MPa) 470-630 470 -630 470 -630

These steel grades have been manufactured specifically for offshore pipelines, platforms, pressure vessels,
and modern WT installations [74]. The G grades are hot rolled to give a fine-grained microstructure, vacuum
degassed, fully killed. A typical chemical composition of this class of steel S355G10+M (manufactured by
Dillinger Hiitte) and the mechanical properties of different offshore grades are shown in Table 5.



Table 5: The chemical composition and mechanical properties of offshore steel grades [75]

Composition wi% 5355G10+M

Fe C Mn Ni Si Cu Cr NB P
-97.5 ~0.06 1.57 0.33 0.27 0.24 0.034 0.022 | 0.013
Mo ] Ti v 5
0.006 0.004 0.003 0.001 0.0009

Steel Designation (Density 7.85 gfcm? {7850 kg/m})

Mechanical properties EN10225 5355G10+M
Hot rolled plate )

5355G8+M | S355G10+M | S420GZ+M | S460G2+M

o, (MPa) |
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In general, the grading system follows the kind of heat treatment and/or thermo-mechanical processing given
to steel. So, we have normalized, normalized-rolled weldable fine grain structural steel while others are
thermo-mechanically rolled weldable fine grain structural steels. It is extremely important that these steels
are correctly specified, covering the strength grade and the steel sub-grade, in order to avoid brittle failure
[65]. In other words, the intention of the structural classification is to serve as a guide in selecting the
appropriate steel and a suitable inspection to avoid brittle fracture.

Selection criteria for steel material for marine structures are commonly based on properties such as strength,
toughness and weldability. There are challenges in the optimum combination of high steel strength and large
diameter tower in an attempt to reduce total steel tonnage per tower. The tensile ductility requirement
considers the gap between yield strength and ultimate tensile strength. The wall thickness (&) is an important
criterion for tower stability and must be sufficient to withstand buckling of the tower wall. The optimum
combination of tower wall thickness and shell diameter is a cost target.

The welding requirement considers the production of a good weld, which is critical, because there are long-
term problems with fatigue and cracks in welded structures, and an increase in the thickness of steel plate
increases this problem. The huge tower is also constrained by the physical capacity of specialist plate
manufacturers and challenges associated with the welding of very thick steel plate [63].

6. Environmental loading on wind turbine support structure

WT support structures are exposed to high cyclic loading caused by wind and normal operation. If the
structure is in an offshore environment, forces due to waves and sea current (tides) will be present.
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Furthermore, forces due to mass, installation and maintenance activities also act on the structure.
Gravitational and inertia forces are due to blade, tower and nacelle masses. The rotor blades experience
bending moments in the edgewise direction caused by gravitational loads. For a pitch-controlled turbine, the
bending may be in the flapwise direction. The bending moments vary cyclically due to operational rotation
of the blades and the magnitude increases with the rotor diameter [76]. Other load conditions that may be
considered are those due to operational centrifugal forces, Coriolis forces and gyroscopic forces. Centrifugal
force acts outwardly due to rotation of the blade. Forces acting on a typical WT support structure are axial
loads, lateral loads and bending moments, as shown in Fig. 7.
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Vertical load,V

Mean sea level
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( AN AN 4
i Mud-line
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moment, M 3
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Fig. 7: Nature of loads on a monopile supported WT [47][77].

Torsional loading is sometimes considered. In other words, axial, lateral, bending and torsional vibrations are
all present [49]. The predominant external loading problems come from wind and wave, particularly from
wind loads [76].

OWT support structures also have to withstand some extreme loading events during their design life.
External loading has two categories, the loading due to normal operating conditions and the extreme loading
event occurring in a particular time, say once in 50 years of a wave height say 30m (i.e. 15m wave
amplitude) or wind gust. These two conditions are usually put into consideration during the design. The
loading situations give rise to fatigue as the dominating mode of structural failure and this is a major
concern. The fatigue phenomenon is enhanced by the corrosion process in the offshore environment.

Typical fatigue loading histories on structures are diverse, ranging from simple to repetitive to completely
random. In other words, real load conditions are complex. The loading may be quasi-stationary, periodic,
stochastic or transient, varying in time and origin [76][78]. In fact, the stochastic nature of fatigue loading on
WT structures is not easily defined [49]. The design of the support structure is fundamentally based on load
assumptions and simplifications; the simplification permits numerical modelling and simulations [48]. For a
design life of about 20 years, the structure is expected to withstand some 10° cycles of fatigue loading [48].
However, the design life and number of cycles the structure of a WT can sustain depends on the structural
dimensions, soil-structure interaction, natural frequency, stiffness and damping, water depth, turbine size
[471[77][79][80] and material properties of the support structures.

The overturning capacity under extreme conditions is basically what determines the length of a monopile
support structure, or the maximum allowable tilt of the turbine over its life time due to accumulated rotations
from cyclic loading [81]. The diameter of the monopile is typically driven by requirements for the natural
frequency of the turbine, and the soil stiffness is an important factor that is strongly linked to the dimensions
of the monopile [81]. Fatigue and shell buckling are the two fundamental parameters that determine the
thickness of a WT structure. Fatigue is of most concern in the welded regions.
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The common analytical equations often employed in the design of a WT support structure, especially the
tower, are given in Table 6. It can be seen from these equations that the buckling and bending that must be
designed against have a direct relation to the yield strength, diameter and thickness of the steel used for the
support structure. Thus, the main concern is to ensure sufficient stiffness to withstand the dynamic force of
wind and waves [59].

According to DNV Standard [82], tubular members with low D/t ratios are generally not subject to local
buckling under axial compression and can be designed on the basis of material yielding. This simply means
that the yield strength of the steel can be taken to equal the local buckling stress. If the ratio D/t increases,
the elastic local buckling strength decreases, making local buckling checks necessary. In other words, for
that simple ratio, increasing the thickness of the steel section eliminates elastic buckling tendencies.
Increasing the thickness this way to check the buckling of XL monopiles has a severe penalty that must be
paid in terms of the structural integrity of the thick steel section.

7. Selection of strengthening mechanism for fatigue resistance of support structure of large wind
turbine

The aim of the fatigue design of a WT is to ensure that it has adequate cyclic life. Calculated fatigue lives
also form the basis for efficient inspection programs during fabrication and the operational life of the
structure. DNV-RP-C203 [83] recommends the use of fatigue tests and fracture mechanics for fatigue
analyses of WT structures.

Potential fatigue crack could come from welded joints, points of change in geometry, and from other parts of
the structure, requiring fatigue analysis to be extended to all parts of the structure or component. In welded
joints, fatigue cracks may start and grow from the weld toe, weld end, HAZ, weld root or even at weld metal.

The fatigue strength of welded joints is found to depend to some extent on plate thickness. This effect is said
to be due to the local geometry of the weld toe in relation to the thickness of the adjoining plates. It is also
dependent on the stress gradient over the thickness. To account for the thickness effect on fatigue, a
modification to the stress is made such that the design S-N curve for thickness other than the reference

thickness reads [[83]; pp. 17-18]:
k
t
log N =loga —mlog Aa( >
tref

where m is the negative inverse slope of the S-N curve; loga the intercept of the log N axis; trer 1s the
reference thickness which equals 32mm for welded tubular joints, 25mm for bolts, ¢ is the thickness through
which a crack will most likely grow; and k the thickness exponent of fatigue strength. Again, it can be seen
from this equation that the number of cycles to failure depends on the stress range and section thickness of
the steel. According to the equation, as thickness increases the number of cycles to failure decreases.

Of particular interest for the design of new generation large WTs in the marine environment is the steel sub-
grades listed in Table 5. They are commonly produced by Dillinger Hiitte, Tata Steel or ArcelorMittal,
certified by either Lloyds Register of Shipping (LRS) or DNV (Det Norske Veritas), depending on the
thickness, and supplied as a hot rolled plate with thickness up to 100mm. Thickness of this magnitude
invariably increases the scale of defects — inclusions and segregations (brittle zones) — thereby decreasing the
integrity of such a structure.
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Table 6: Common analytical expressions for the design of a wind turbine support structure, especially the tower [35]

[76][83][84]1[85][86]

Parameter

Equation

Parameter Equation

2. Bending check

fu = bending stress due to forces from factored actions

inerti T
Area moment 0: nertia (or second moment of 1= a (D4' - d4) fo = E = i Yr.p = partial resistance factor for brnding strength
area), | m -
) Leower(m*) D d Ze YRb  pp- bending moment due to factored actions
‘ ”;f. \ F}, = representative bending strength
{3 T
Ay Fp = (Z_) E, for N3 < 0.0517
a
D = outside diameter of F,D\1/Z, F,D
the tower Fp = [1.13 - Z'SS(E)] (Z_,,) F, for0.0517 < It
d = inner diameter of =0.1034
E,D\1(Z, F,D
the tower Fp= [0.94 - 0.76(5)] (Z—) Fy for 01034 <4
Radius of gyration 1, (m?) L 1 D2+ d F, ‘
-2 < 120—=
) < 7
Torsional stiffness constant K (m*) K= 3_”2 (D‘l' _ d‘l') Z, = elastic section modulus

. [D* — (D —26)%]
f 32 D

Zp = plastic section modulus

Cross-sectional area of the conical tower, 4 (m?)

I
A=—(D?—d>?

2 (02—
Mass per length, m(kg/m)

(where p is the mass density)

m=4p z.=3 [0°~(0-207]

(a) Geometrical parameter calculations (b) Bending calculations

Parameter Equation
1. Axial compression and buckling strength

f. = axial compressive stress due to forces from factored actions

f< F, F, =representative axial compressive strength
T Yao F, =[1.0-02782%F,, forl<134
0.9
_ KL |F,
oy | E
¥r, = partial resistance factor for axial compressive strength (= 1.18)
E = Modulus of elasticity
A = column slenderness parameter
K = effective length factor
Fy. = representative local buckling strength
E.=E f 5 o7
= or — = 0.
ye — Ty F.
F, 1.047 0274% E, fi b > 0.17
=1L - 0274— or — .
e Eia v P;S
2C,.Et
Fo = e
D
F, = representative yield strength
F,. = representative elastic local buckling strength
C, = critical elastic buckling coefficient = 0.3
t = wall thickness of the tower
N,z < Af.  N,g = design axial force

(c) Compression and buckling strength calculations

The ideal structural steel combines high strength with excellent fracture toughness. The strength of steel
microstructures is commonly factorized into a number of intrinsic components [87]:
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0 = Ope + Z x;05S; + xcoc + K {L} + Kpp3®
i

where oy, is the strength of pure annealed iron, 219MPa (MNm 2) at temperature of 27°C; x; is the
concentration of a substitutional solute which is denoted here by a subscript i; ggs; is substitutional solute (i)
strengthening; o is solid solution strengthening due to carbon; K; {L} is the function for strengthening due to
‘grain’ size, given as 115 (MNm'); K, is the coefficient for strengthening due to dislocations, 7.34 x
10°°MNm'; pp, is dislocation density, typically 10'® m™; and L is the measure of the ferrite plate size,
typically 0.2um.

The reduced alloying-element contents, including carbon of M-series steel sub-grades in Table 5, are
expected to give the steel high weldability. This property will be good for thick shell sections in large WT
design. For non-tempering steel, the increase in the strength of the steel can be achieved by solid-solution
alloying, strain hardening and grain-size reduction. Note that the dispersion-strengthening process is utilized
for tempered steels. The reduced alloying elements in these steels will tend to reduce the strength of the steel
due to reduction in the strength contributions from solid solution — substitutional (such as Mn, Cr, Mo, etc.)
and interstitial (carbon). Again, the M-series are supposed to be hot-worked in an austenite range and
essentially there is little or no strain-hardening strengthening contribution in hot-worked steel. To make up
for this, other strengthening methods need to be adopted, one of which is grain refinement. It is well
established that fine grained microstructure in a steel can confer high mechanical strength and toughness
[88]. In other words, decreasing the grain size can increase both the strength and the toughness of a steel
simultaneously [89]. A typical plot illustrating the effect of grain refinement on a mild steel is shown in
Error! Reference source not found.. In Fig. 8, decrease in D increases the flow stress.
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Fig. 8: The increase in strength with grain size reduction (Adapted from [90][91]).

This strength variation with grain size, at ambient temperature is usually expressed by the Hall-Petch
relationship of a polycrystalline material as given in equations 1, 2 and 3.

o =0, + kD=05 Equation 1
0y = Opy t+ kyD_O'S Equation 2
0p = Oy + kpD™0> Equation 3

where o is the yield (or flow) stress; o, is the friction resistance for dislocation movement within the
polycrystalline grains or simply the friction stress denoting the total resistance of the crystal lattice to
movement of dislocation; and k is a measure of the local stress needed at a grain boundary to move the
dislocation. If the flow is plastic, it is denoted as k,, or k. if the flow or fracturing is by cleavage at a lower
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temperature. In other words, k is a parameter that measures the relative hardening contribution (dislocation
locking) of the grain boundary. D is the average polycrystal grain diameter [90][91][92]. The value of g, is
not the same for yielding and cleavage. g, k,, and k. are constants for a particular material.

This equation was proposed by Hall [92] and extensively expanded by Petch [93][94]. The Hall-Petch
equation has been found to express the variation of brittle fracture stress with grain size and the dependence
of fatigue strength on grain size. Yield stress, g,,, and the "fatigue limit", o depend on steel grain size, D as
expressed in equations 2 and 3 respectively [90][95].

This dependence is reported to vary according to whether the fatigue stress is greater than, equal to, or less
than the yield stress of the same material for low-carbon steel [96]. The increase in fracture toughness with
reduction in grain size as composition and other microstructural variables are kept constant, is shown in Fig.
9. The fracture toughness K. value usually increases with reduction in grain size as composition and other
microstructural variables are kept constant. The fine grain size helps to minimize dislocation pile ups
stresses.
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Fig. 9: Effect of grain size on fracture toughness of St37-3 steel (Adapted from [97]).

The Hall-Petch equation has also been found to apply to other kinds of boundaries, such as ferrite-cementite
in pearlite, mechanical twins, and martensite plates. As already noted, a finer grain structure provides higher
strength and ductility. This strengthening mechanism is unique, in the sense that other strengthening
techniques give increased strength but with a corresponding reduction in toughness. Strengthening by finer
grain size is achieved, in part, by the increase in the number of grain-boundary regions as the grain size is
reduced. As the grains become finer, the grain boundary area impeding dislocation movement increases.

Grain boundaries are stronger than individual grains at temperatures below an equicohesive temperature.
Equicohesive temperature is the temperature below which grain boundaries become stronger than the
crystalline grains, or above which grain boundaries become weaker than the grains. Moreover, because a
greater number of randomly aligned grains are achieved when grain size is reduced, the stressed material has
more opportunity to allow slip and thus improve ductility. In contrast, coarser-grained material tends to
exhibit generally poorer mechanical properties, e.g. lower yield strength, higher ductile-brittle transition
temperature, and poorer long-life fatigue properties. Thus, as already noted, grain size refinement provides a
means for the materials engineer to increase both strength and ductility (toughness) [98]. Hence, strength,
including long-life fatigue strength, DBTT, fracture toughness and hardness directly or indirectly depend on
grain size, and the dependence is strong enough that commercial mechanical/thermal processing practice is
focused on keeping the grain size as small as possible. However, it has been reported that excessive grain
refinement to raise yield strength is limited by the onset of grain boundary sliding in the fine-grained
microstructure [99].
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8. Thermomechanical processing of M-series steel sub-grades

As already discussed, exceptional strength-toughness combinations can be achieved in even low-alloy steels
by refining grain size. TMCP is a manufacturing method through which this kind of grain refinement is
achieved. The process is essentially a combination of controlled rolling and controlled cooling operations.
Fig. 10 presents typical inline methods for cooling hot rolled steel superimposed on a continuous cooling
temperature (CCT) diagram. The austenitization is done such that grain growth is suppressed. In the rough
rolling stand, recrystallization (strain-free grains with low density of dislocations) takes place and deformed
recrystallized grain is obtained in the finishing stand. If the cooling is fast, martensite forms in sufficiently
alloyed steel. If moderately cooled, bainite forms, while ferrite and pearlite forms when slow cooling is
obtained [72]. The strength of the steel increases from slow cooling to accelerated cooling. The superior
point of this process is that high tensile strength can still be obtained with a reduction in the amount of
carbon and other alloying elements, as is the case for the M-series steel in Table 5.

12001 (1) Continuous Accelerated Cooling

(2) Interrupted Accelerated Cooling
(3)Controlled Rolling

1000

600

Temperature (*C )

400F M

2001

0

Fig. 10: Typical methods of inline cooling after hot-rolling for TMCP steel.

The low carbon equivalent (Ceq) and fine grains confer two major advantages; very good weldability and
improved toughness. The superiority of this process in terms of tensile strength is shown in Fig. 11. TMCP
steel gave the highest tensile strength at all carbon equivalents. Hence, the overall essence of
thermomechanical processing is to produce the finest possible grain in other to achieve the end results by
combining plastic deformation (which is necessary to shape the steel) with controlled heat treatment to give
recrystallized grains.

TMCP
= 700F  (water cooling-type)
=
= 600 |
I=)
<
£ 500} -
o _—__— Non-water cooling-type
£ 400 e TMCP (air cooling)
= T, As-rolled (air cooling) .
7020 0.30 0.40 0.50
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Fig. 11: Comparison of TMCP and conventional process, in terms of tensile strength and C,, for plate thickness of 20
to 30mm [72].

There are limits to the smallest grain size that can be obtained by applying the theory of phase
transformation in steel. Theory has shown that a grain size of allotriomorphic ferrite much smaller than 1um
is unlikely in large-scale production processes [100]. In conventional controlled rolling, Syum is reported to
be achievable by the transformation of deformed austenite grains to ferrite due to generation of a greater
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number of nucleation sites in the rolled (pancake-like) austenite. It has been found that the Hall-Petch
relation correlates well with experimental results on many metals and alloys, but tends to be invalid for a low
strain rate, coarse and very fine grain sizes [101].

A major barrier to the successful implementation of thermomechanical processing on thick plates is that it is
difficult to impart large, uniform deformation through the thickness of plate steel [99]. To obtain fine grain
size high rolling deformation (80% or more) is required and since the whole thickness will not be rolled, care
must be taken not to assume that uniform property exists within the material. Hence, we may have an inner
core that has grain growth which is detrimental to fatigue life — particularly crack initiation.

9. Structural metallurgy and integrity of thick TMCP steels for the support structure of XL-WTs

9.1 The effect of temperature

Temperature is one of the most important external variables that influence the mechanical behavior of steel.
The three basic crystal patterns associated with metals are: (a) the body-centered cubic (bcc), (b) the face-
centered cubic (fcc) and (c) the hexagonal close-packed (Acp). Iron or ferrite has a bcc structure while
austenite is fcc. The interstitial solid solution of carbon in y-Fe is called austenite (y). Temperature
dependence of the mechanical properties is found to vary for bcc and fcc crystal structures of steels. The fcc
phase (austenite) commonly exhibits plastic deformation and ductile fracture mechanisms, even at low
temperature, but bcc (ferrite) undergoes cleavage fracture at low temperatures. This temperature effect is
commonly illustrated as shown in Fig. 12.
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Fig. 12: (a) Effect of increasing carbon content of steel on the Charpy V-notch energy vs. temperature curve. (b) Effect
of temperature on toughness and ductility of fcc, bee, and hcp metals (Adapted from [102])

The reduced carbon content in M-series steels (Table 5) will decrease the transition temperature as can be
seen in Fig. 12 (a). Also another advantage of finer grain size is the decrease in the transition temperature
[99]. Increase in grain diameter raises the DBTT and this trend is usually observed for increases in loading
rate [93][98] .

Decreasing grain size and carbon content both decrease the ductile to brittle transition temperature. This is
where M-series steel sub-grades seems to be superior as they may not suffer from this kind of CVN
transition shift due to their low alloying contents and finer grain size. However, as the volume fraction of
ferrite (bcc) increases due to reduction of carbon, there may be a competing process making ductile to brittle
fracture a serious concern.
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9.2  The effect of plate thickness

The plate thickness is another important factor in the brittle-ductile transition problem. This effect is
commonly associated with the size of the deformation zone in comparison with the plate thickness. It is
found that the transition temperature shifts to the left for thin plates. In other words, thick plates are more
brittle than thin ones at low temperatures. Plane strain condition, associated with an increase in sample
thickness imposes a more significant plastic constraint on the plastic zone than does plane stress. The triaxial
stress field that exists in thick plates tends to decrease the extent of plastic deformation, thereby increasing
local stresses which could lead to brittle failure.

It is practically impossible to obtain uniform fine grains across the thickness of a thick plate (or what the
authors may refer to as XL steel plates) due to recalescence (liberation of the enthalpy of transformation or
latent heat of transformation) [100]. The beneficial mechanical disruption or breakup of non-metallic
inclusions and grain refinement during rolling does not occur to the same extent for both the outer regions
and inner region of the steel during metalworking. Hence, the fatigue property of thick TMCP steels is not
expected to be the same across the thickness of the material — in fact the so-called fine-grained structure may
only be obtained at a shallow depth from the metal surface and the interior, which is practically unaffected
by the TMCP process, may have significant implications for the design of XL-WTs where an increase in
section thickness is used to achieve high stiffness and buckling strengths.

Typical microstructures in a hot rolled, low-alloy steels are shown in Error! Reference source not found..
Error! Reference source not found.(a & c) are microstructures of S355J2+N [103], Error! Reference
source not found.(b) S355 (sub-grade unspecified) [104] with composition as shown in Table 7. Error!
Reference source not found.(c) shows the inherent segregation associated with hot rolled ferritic steels.
Error! Reference source not found.(e & f) are the microstructures of S355G8+M and S355G10+M
respectively.

Fig. 13: Typical microstructures of hot rolled low-alloy steels: (a) S355J2+N [103], (b)
S355 (grade unspecified) [104], (c¢) S355J2+N, (f) segregation associated with hot rolled
S355J2+N steel [103], (e) and (f) are the microstructures of S355G8+M and S355G10+M

reanectivelv:

A microstructural examination of S355J2+N with properties as shown in Table 7, shows that 80% of the
microstructure is allotriomorphic ferrite and others pearlite, with traces of acicular or Widmanstitten ferrite
[103]. Hardness is around 168HV; with equiaxed grains of average size of 15um, measured in the through-
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thickness direction. The arrows in Error! Reference source not found.(a) are some inclusion such as MnS
[104]. Error! Reference source not found.(b - ¢) confirms that S355 steel is predominantly ferritic. Error!
Reference source not found.(d) is the alignment of pearlite in the rolling plane, which is often referred to as
microstructural banding. The banding is commonly more evident in sections containing the rolling direction
than in those containing the transverse direction [105][106]. Banding can also be attributed to segregation of
solutes in the last regions of the steel melt to solidify during the cooling of steel from the molten state. In
low-carbon/low-alloy steels prone to banding, solidification starts as § — ferrite. As the volume fraction of
this delta phase increases, solutes such as Mn, Si, P and S partition into the interdendritic regions, which then
solidify later with a higher than average concentration of these solutes [107]. Successive deformation during
the hot rolling causes these regions to spread out as bands. The pearlite and ferrite in this segregation zone
are usually harder and may extend up to 400pum [103]. Since other alloying elements are relatively very low
in M-series steels, the segregation of concern will be mainly that of Mn — a substitutional element, although
other solutes such as Ni, Cr, Si can be found in the pearlite band phase [106]. The presence of unbroken
segregation zones in the inner material of thick plates, which increase with plate thickness, may impact
negatively on the toughness of the support structure of a WT made with XL steel plates. Micrographs of
Error! Reference source not found. (c), (¢) and (f) are part of an ongoing project by the authors to
ascertain the integrity of S355 thick plate subgrades.

Table 7: Properties of steels whose microstructures are shown in Error! Reference source not found..

S$355J2+N Chemical CHEMICAL
composition COMPOSITION OF

c 0.22 $355 STUDIED
Si 0.55 C 0.054
Mn 1.60 SI 0.018
P 0.035 MN 1.085
N 0.035 P 0.011
Cr 0.30 S <0.001
Mo 0.08 CR 0.015
Ni 0.30 MO <0.005
Al 0.02 NI 0.019
Cu 0.55 AL 0.021
NB 0.023

CU 0.010

TI 0.009

The separation of ferrite and pearlite phases into bands creates local microstructural properties. The presence
of a hard phase in a soft matrix is expected to influence fatigue crack growth behavior in the steel. The
difference in local properties due to two different phases with dissimilar stiffnesses would affect the fatigue
crack growth behavior of the material. A study found that banding, often seen in hot rolled steel plates,
contributes to a superior fatigue strength and higher threshold values [108]. The orientation of the pearlite
banding in the studied steel was seen to offer higher resistance to fatigue crack growth [108]. The pearlite
band, which is the hard phase, was reported to be responsible for arresting and deviating the crack
propagation [108], as shown in Fig. 14(a &b).
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Fig. 14: Fatigue crack growth path in ferrite-pearlite banding [108]: (a) crack tip arrest by pearlite, (b) crack paths
through banded microstructures (L-S) and (c) crack paths through non-banded microstructures

The arrow shows where the crack tip was arrested in Fig. 14(a), and the near-threshold region crack
branching in Fig. 14(b). The crack branching was reported to occur after passage of the crack tip through the
pearlite band [108]. It was also reported that the extensive crack branching reduced the fatigue crack
propagation driving force at the local crack tip. This effect of banding for hot rolled plate may possibly be
seen on the outer region of XL steel plates while the inner material is essentially non-banded. In fact, XL
steel plates are not expected to be banded, as can be seen from Error! Reference source not found.(d) and
(e). The microstructures of these ferritic-pearlitic TMCP steels are clearly different and the comparative
fatigue crack growth resistance performance study with normalized subgrades have not been carried out or
the data are very scarce.

9.3 Potential challenges in welding thick plates

As already noted, coarse-grained material tends to exhibit generally poorer mechanical properties, e.g. lower
yield strength, higher ductile-brittle transition temperature, and poorer long-life fatigue properties.
Decreasing grain size and carbon content both decrease the ductile to brittle transition temperature and
increase both the strength and toughness of a steel simultaneously. When these steels are welded, the benefits
of the much-celebrated thermo-mechanical processing are lost. Fine-grain pearlite microstructure is tolerant
of weld defects. Pearlite is composed largely of the ductile ferrite phase containing about 13% by volume of
the hard intermetallic compound, cementite [97]. Fine pearlite is found to offer highest resistance to crack
initiation under high cycle fatigue conditions; this finding was attributed to the formation of a more
homogeneous distribution of plastic strain in fine pearlite than in a coarse one [109]. The cycling associated
with multiple weld passes can cause the formation of coarse pearlite which tends to reduce the fracture
toughness of the material.

Residual stress has been defined as that stress which remains in a body that is stationary and at equilibrium
with its surroundings [110]. Development of residual stresses after welding occurs due to localized
heating/fusion and non-uniform application of heat energy (sharp thermal gradient). As the weld pool is
solidifying it thermally contracts and exerts a pull on the surrounding material and this pull places the region
under tensile stress, as shown in Fig. 15. The thermal contraction of the weld metal may be too large to
sustain elastically, causing plastic deformation to occur [111]. Having many phases in a microstructure or
phase transformation can cause grain scale stresses to exist in a material [110]. If microstructural
transformation effects are neglected, significant tensile stresses remain in the near weld region when the
welding operation is completed and thermal equilibrium reached by the component.

Tensile stress due to
Weldpool or nugget thermal contraction

Point X — on the centre
of the weld line

@ T
Compressive siress Tuax Isotherms
due to thermal
expansion

Temperature

Temperature ]
cycle for
point X

Time

Fig. 15: Schematic of development of tensile residual stress during fusion welding [112].

Residual stresses are essentially not a part of a material and not needed to maintain equilibrium. They exist
as a result of human handling of the material. It has been reported that tensile residual stresses after welding
can contribute to fatigue crack development in a structure, even under compressive cyclic loading
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[113][114]. The tensile residual stress could combine with the service stresses, increasing the mean stress
and this seriously reduces the lifespan of structures. Hence, residual stress is very detrimental to the fatigue
performance of a steel, or the life of a component.

9.4 Change in the weld metallurgy

During fusion welding the heat generated is conducted away by the parent metal. The rate of heat conduction
affects the weld metallurgy. Error! Reference source not found. is a weld schematic showing various local
regions for a single pass weld. The heat affected zone (HAZ) is an area in the material that is not heated high
enough to cause melting, but its microstructure is altered by the thermal cycling during welding. It lies

immediately after the fusion zone.
A Solidified weld
r Solid-liquid transition zone

o

;:- Grain growth

3 (CGHAZ)

.

2

© Recrystallised
2 - (FGHAZ)

5 i E b 4 Partially transformed
T (ICHAZ)
©

)

o

P
I | I\4— Overtempered
Pl

<4— Unaffected

Fig. 16: Weld metallurgical zones in a single pass weld [107] (see also [115][116])

The HAZ is commonly subdivided into coarse-grained (CG) — region of grain growth; fine-grained (FG) —
region of recrystallized grain; inter-critical (IC) — region of partially microstructural transformation; and
over-tempered (OT) — region of over tempering on the parent metal. This classification is based on the extent
to which grain growth and austenitization occur. To weld thick walled plates, as would be required for
modern WT support structures, many welding passes are needed to fill the joint. During the process, the
previous weld beads would experience reheating due to deposition of succeeding beads causing the
metallurgical zones to be further subdivided.

The CGHAZ zone is associated with reduction in toughness. Reheating due to multi-pass welding at the
region of coarse-grained HAZ could make worse the decline in toughness [117][118]. The constant re-
austenitization of certain portions of the weld due to the multiple passes could result in segregation of
alloying elements (e.g. C, Mn, Ni, Co,) in steels containing them. The effect of this upon cooling is the
formation of local regions that have transformed into hard microstructures, which is detrimental to
toughness. These regions are often called local brittle zones.

For XL plates, filler rods with a different composition to that of the parent metal are often used. In a
multipass weld, the composition of a previous weld bead can vary from the succeeding weld bead as a result
of changes in dilution levels. The resultant weld microstructure is a function of the degree of dilution, which
depends on the extent of variation in composition between the filler metal and parent metal. Weld dilution
has been found to be detrimental to weld toughness [46][119]. The microstructure at the surface of the
structural material influences considerably the fatigue properties [101] and in a corrosive environment this
surface is under attack.
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Failure during WT service is accompanied by huge economic cost. The need to select the right material
cannot be overemphasized in order to reduce capital expenditure (CAPEX) and in-service fatigue failure.
Thus, a reliable fatigue study of all sub-grades of S355 — normalized and TMCP steel — in a marine
environment must consider the effect of plate thickness, frequency, waveform and corrosion. Hence, research
is currently ongoing to provide the fatigue crack growth rates, guidance on inspection requirements and
prediction of corrosion fatigue life of offshore structures designed with ferritic steels, with the focus on
comparing normalized and TMCP S355 steels.

10.

Conclusions

Some of the findings and structural integrity issues raised in this paper can be summarized thus:

1.

22

All indications show that the global energy from wind power will rise due to rapid reduction in the cost
of wind energy. With advances in turbine technology, efficient and optimized turbine support structure
the outlook shows that wind energy will become the major and critical renewable source of electricity
in the UK by end of 2030.
TMCP steels are reported to be well situated for XL-WTs. The reduced alloying-elements in this steel
will give the steel high weldability and this property will be good for thick sections in XL-WT design.
The reduced alloying elements in these steels will tend to reduce the strength of the steel due to
reduction in the strength contributions from solid solution. M-series are supposed to be hot-worked in an
austenite range and essentially there is little or no strain-hardening strengthening contribution in hot-
worked steel. Hence, grain refinement remains the best strengthening method for this steel to attain high
mechanical strength and toughness. In general, the low carbon equivalent (C¢q) and fine grains confer
two major advantages; very good weldability and improved toughness.
A major barrier to the successful implementation of thermomechanical processing on thick plates is that
it is difficult to obtain large, uniform deformation through the thickness of plate steel. To obtain fine
grain size, high rolling deformation (80% or more) is required. Thus, for M-series only a small zone is
probably rolled and care must be taken not to assume that uniform property exists within the material. It
is likely we will have an inner core that has grain growth which reduces fatigue life. The advantage of
this M-series sub-grade of S355 and that of normalized S355 of similar composition in terms of
corrosion fatigue needs to be critically assessed to aid economic material selection decisions and use of
steels for various engineering applications in marine environment.
Decreasing grain size and carbon content both decrease the ductile to brittle transition temperature.
However, as the volume fraction of ferrite (bcc) increases due to the reduction of carbon, there may be a
competing process making ductile to brittle fracture a serious concern.
Increasing the thickness of the steel section eliminates elastic buckling tendencies. Increasing the
thickness this way to check buckling of XL monopiles has a severe penalty that must be paid in terms of
structural integrity of the thick steel section.
Plane strain condition, associated with an increase in sample thickness, imposes significant plastic
constraint on the plastic zone than does plane stress. The triaxial stress field that exists in thick plates
tends to decrease the extent of plastic deformation, thereby increasing local stresses which could lead to
brittle failure. Hence, thick plates are more brittle than thin plates.
It is practically impossible to obtain uniform fine grains across the thickness of XL steel plate due to
recalescence. The beneficial mechanical breakup of non-metallic inclusions and grain refinement during
rolling for XL plates merely occurs at a small layer on the metal surface. Consequently, the fatigue
property of TMCP steels is not the same across the thickness of the material. The interior, which is
practically unaffected by the TMCP process, may have experienced grain growth and segregations and
this could have a negative impact on the toughness of the support structure of XL-WTs, where an
increase in section thickness is used to achieve high stiffness and buckling strengths.
The design S-N curve, such as given below, shows that as thickness increases the number of cycles to
failure decreases exponentially if other variables remain constant.



10.

11.

12.

13.

k
logN =loga — mlog [Aa( ‘ ) ] Equation 4

tref

It is likely that the large scale of defects, inclusions, grain growth and segregation (brittle zones)
accompanying an increase in thickness could accelerate crack propagation in the inner material of XL-
WT support structures.

When these steels are welded, the benefits of much celebrated thermo-mechanical processing are lost.
Fine pearlite is found to offer highest resistance to crack initiation under high cycle fatigue conditions.
The cycling associated with multiple weld passes can cause the formation of coarse pearlite, which is
detrimental to fracture toughness.

The development of residual stresses after welding occurs due to localized heating/fusion and non-
uniform application of heat energy. To weld thick walled plates, as would be required for modern turbine
towers, many welding passes are needed to fill the joint. If microstructural transformation effects are
neglected, large tensile stresses could remain in the near weld region. The tensile residual stress is very
detrimental to the fatigue performance of a steel. Tensile residual stress is reported to contribute to
fatigue crack development in a structure, even under compressive cyclic loading.

Weld microstructure is a function of the extent of dilution by the filler metal. Weld dilution could be a
problem with thick plates and is found to be detrimental to weld toughness.

The knowledge of temperature and corrosion effects, fatigue crack growth rate and magnitude of
residual stress will enable cost effective design of next generation OWTs.

Finally, apart from consideration of the enumerated design factors, next generation OWT support structures

should consider achieving buckling strength and required fatigue life through innovative increases in

diameter, rather than thickness, in order to avoid some of these structural integrity concerns.
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