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ABSTRACT: Bolted connections are being considered as an assembly method for the foundations of floating offshore wind
turbines. A clear benefit of this method is the short assembly time of these foundations compared to welding. However, some
concerns around corrosion, fatigue, and the ability of bolted connections to maintain preload remain. This review found that
conventional ring flanges may not be suitable for the assembly of floating foundations, mainly due to the risk of bolt loosening and
reduced fatigue life. However, the C1 Wedge Connection is an innovative bolted connection that has shown its ability to retain bolt
preload during tests. Likewise, the Compact Flange Connection has shown its ability to retain preload without requiring
maintenance during operational stages and furthermore, has a long and successful track record in offshore oil and gas applications.
This review revealed several research gaps related to the use of bolted connections for the assembly of floating wind turbine
foundations. These include: a lack of research on the effects of bolt loosening; dynamic loads and shear forces on bolted connections
and their effect on fatigue life; structural health monitoring methods of bolted connections; and the health and safety of technicians
in confined spaces with difficult accessibility. The Compact Flange Connection is perhaps the best suited bolted connection for the
assembly of floating foundations. However, more research, and crucially, successful offshore demonstrations will be essential to
increase confidence in the suitability of bolted connections for the floating offshore wind industry.
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1. Introduction

Several demonstration Floating Offshore Wind (FOW) projects have become operational in recent years. Relevant
experience has been gained with the construction and assembly of the floating foundations. A realistic scenario is that
steel foundations for FOW projects in Europe will be manufactured in Asia due to costs and manufacturing capacities.
To enable efficient transport, the individual components will be shipped from the manufacturing site to a port near the
installation site. At this local port, the components will be assembled to complete the foundation. Another advantage of
this method is that it also enables local content in the country where the FOW project will be installed. For commercial-
scale FOW projects utilising steel foundations, fast assembly times at yards near installation sites will be crucial to limit
Capital Expenditure (CAPEX) and ensure successful installations. With the development of the Culzean project [1], the
attention of the FOW industry has turned to the use of bolted connections for the assembly of the foundations of Floating
Offshore Wind Turbines (FOWT). The Culzean project consists of a 3 MW Wind Turbine Generator (WTG) supported
by a steel semisubmersible foundation designed by Ocergy [2]. Typically, steel offshore structures are welded at the
assembly stage, e.g., WindFloat [3]. So far, the majority of installed FOWT foundations have been steel structures [4].
Of those, the majority have been welded at the assembly stage [5]. Welding for the assembly of steel offshore structures
is a well-tested and proven method. However, the welding process is relatively time consuming and complex. Using
bolted connections instead could simplify and significantly reduce the time required to assemble the main components
of FOWT foundations. However, once in operation, FOWT foundations will experience high dynamic loadings in
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severe met-ocean conditions, making fatigue life and preload retention in bolted connections critical in their design.
Presently, little or no dedicated research with regard to bolted connections for the assembly of FOWT foundations can
be found in the literature. In an attempt to address this gap, this study investigated bolted connections with potential for
applications in FOWT foundations. It reviewed academic and industry articles and reports on bolted connections to
explore their mechanical properties. It also examined whether any synergies with bolted connections used in the offshore
Oil & Gas (O&G) industry and bottom-fixed offshore wind structures exist. Furthermore, several interviews with
industry stakeholders were conducted to gauge any practical experience they may have had with bolted connections.
Lastly, the paper includes a section discussing the suitability of bolted connections for FOWT foundations and
identifying areas for further research.

2. Potential Advantages and Disadvantages of Bolted Connections

To achieve quick assembly times, bolted connections to assemble the main components of FOWT foundations are
being considered, e.g., [1]. This has several potential benefits:

e  The main benefit, as mentioned, is the quick assembly time of the foundation. This reduces the risk of delays during
the execution phase of FOW projects, and reduces the time assembly yards, equipment, and personnel are required,
therefore reducing costs.

e  Simpler and cheaper, equipment requirements compared to welding, e.g., torque wrenches instead of automated
welding equipment.

e Lower qualification requirements for personnel, e.g., torque wrenches are easier to operate than welding equipment,
and therefore a higher chance of personnel being available.

e No need to apply any coatings after assembly, provided the flanges are coated pre-assembly, which reduces the
requirements for scaffolding, covers, etc., and further reduces time for the FOWT foundation to be ready for float-out.

e A smaller area for assembly yards is likely achievable; due to shorter assembly time, fewer assembly lines will be
required, and less machinery is needed compared to welding.

As the FOW industry is still a nascent industry, developers will tend to choose reliable technology with good track
records as much as possible. To date, there is no experience with bolted connections for FOWT foundations. Until the
Culzean floater is installed, bolted connections for the assembly of FOWT foundations will not have been applied yet.
Furthermore, bolted connections have some known disadvantages, such as [6]:

e  Boltloosening due to cyclic loads, which leads to increased maintenance requirements during the operational phase,
and in extreme cases, to failure of the connection due to increased stress and fatigue on the bolts.

e Loss of pre-tension due to incorrectly applied preload and incorrect tensioning sequence at assembly.

e  Sensitive to corrosion in the marine environment, which can lead to increased fatigue.

e Increased fatigue due to material defects.

e  Achieving and maintaining watertightness integrity is generally more difficult with bolted connections than with
welded connections.

Bolted connections are extensively used in offshore structures [7]. However, there is not enough evidence yet to
suggest bolted connections are robust enough for the assembly of large steel FOWT foundations, which are subjected
to high- and cyclic dynamic loads in the six Degrees of Freedom (DOF).

3. Assembly of Bolted Connections

Bolted connections are used in countless practical applications, and bolt sizes can range from as small as M2 up to
as large as M100. Figure 1 shows a simple diagram of a bolted flange, where the two sides of the flange are separated
by a shim, or gasket, and held in place by the tensioned bolt and nut. Washers are used to increase the grip of the bolt
and nut on the flange plates. Gaskets increase the ability to maintain the watertightness of the connection.

A certain amount of preload is required to maintain the structural integrity of the flange and the assembled structure.
By tightening the nut, the bolt shank will be stretched, resulting in a tensile force in the bolt. As a result, the nut and
bolt head will add compressive tension on the flange plates, which results in the clamping force holding the flange
plates in place. Typically, two methods are used for tightening the bolts; the most common method is by torquing the
nut directly with hydraulic or pneumatic torque wrenches.
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Figure 1. Schematics of a simple bolted flange setup.

A less common approach is by applying tension on the shank—and therefore stretching it by a certain measure—
then lightly tightening the nut and finally releasing tension on the bolt shank. Correctly applied preload is crucial; too
little preload could cause bolt loosening, and too much preload could cause the bolt to break, both conditions could lead
to failure of the connection [8].

A recommendation for the amount of preload when applying torque is as follows [9]:

Fp = 0.7fyAs (1

where F’ris the applied torque load, fy is the yield resistance of the bolt material, and A, is the tensile stress area of the bolt.
A recommendation for the amount of preload with tension-controlled methods is as follows [9]:

Fr < 0.95f, A )

where Fris the applied tension load, and again fy is the yield resistance of the bolt material, and A4; the tensile stress area
of the bolt.

The most prevalent bolt size used in offshore wind applications is M72 [10,11]. Braithwaite and Mehmanparast
investigated the effects of the tightening sequence of bolts on preload [11]. They found that M72 bolts used to connect
monopiles and transition pieces of bottom-fixed Offshore Wind Turbines (OWT) are sensitive to preload loss due to
several factors, such as frictional effect, thread engagement, misalignment, plastic deformation, and temperature creep.
It is difficult to achieve a uniform preload in all bolts, particularly in connections with many bolts, such as ring flanges
on OWTs, due to elastic interaction between bolts. Hence, the well-known practice of altering the pattern of tightening
sequence. However, Braithwaite and Mehmanparast found that altering the tightening pattern of ring flanges with M72
bolts has a negligible effect on combating preload loss. Instead, they found that a second round of tightening is effective
in achieving and maintaining the desired preload. Karlsen and Lemu [12] investigated the effectiveness of locking
mechanisms to maintain tension in preloaded bolts. Their tests showed that the bolts with the locking mechanism
experienced minimum preload loss, compared to standard bolts, which did show significant preload loss. However, the
biggest size bolts they tested were M42, no tests with M72 bolts were performed.

4. Flange Types

Standard ring flanges, also referred to as L-type flanges, are currently the technology of choice to connect WTG
tower sections [13], and to connect the WTG tower with the foundation of OWTs [14], both for bottom-fixed OWTs as
well as FOWTs.

Typically, ring flanges for offshore wind applications will use a significant number of large diameter bolts (up to
100 per flange) equally spaced, as shown in Figure 2. The ring flange is designed to withstand Ultimate Limit State
(ULS) and Fatigue Limit State (FLS) associated with local conditions. Some of the challenges with ring flanges include
the choice of material, loosening of bolts, issues with load distribution in bolt threads, and static failure of the flange
[6]. Ji et al. [15] used the Finite Element Method (FEM) to investigate the effects of any imperfections in the flatness
of the flange plates (i.e., gaps between the flange plates) might have on flange performance. They found that tensile
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stress on the flange increases significantly with imperfection of the flatness on the flange side compared to perfect
flatness. For imperfections in the flatness on the tower side, they found that compressive tension increases compared to
perfect flatness. Both effects also resulted in an increase in fatigue damage of the bolts. Liu et al. [16] and Zou et al.
[17] also investigated the effects of imperfections, or gaps, in flanges on the fatigue life of the bolts and connections
and came to similar conclusions as Ji et al. Madsen et al. [18] also investigated L-flanges numerically and compared
ULS and FLS results to experimental results. They found that imperfections and fabrication tolerances must be
accounted for in numerical models to avoid underprediction of ULS and FLS.
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Figure 2. Typical ring flange used in wind turbine towers [12].

As WTG sizes, and therefore flange and bolt sizes, continue to grow, it becomes increasingly challenging to design
L-flanges for OWTs. To address these challenges, the C1 Wedge Connection was developed [19,20]. As shown in
Figure 3, a fork-shaped flange welded to the upper tubular slides over the lower tubular. Both the lower tubular and
forked flange have corresponding radial elongated holes at equal spacing, allowing wedge fasteners to pull the tubulars
together. The wedge fasteners consist of a horizontal bolt with a wedge shape at the end of the shank (faded blue lines
in Figure 3), which is tightened with a nut, and which slides in a U-shaped wedge with its cheeks oriented opposite
(clear blue lines in Figure 3) to the wedge on the bolt. A further two wedge blocks, above and below the sliding wedge,
are pushed out when the nut is tightened. The assembly slides in the elongated holes in the tubulars, which are locked
together when the nut is tightened, and the wedge blocks push against the inner edges of the holes. Creusen et al. [20]
claim the C1 Wedge Connection is less susceptible to preload loss than conventional L-flanges and bolts, as “the
orientation of the bolt in the fastener prevents significant load fluctuations under external loading”. As a result,
maintenance and inspection requirements could be reduced when using the C1 Wedge Connection.

The developers of the C1 Wedge Connection also point out that the connection is symmetrical, unlike the L-flange,
which makes them less susceptible to gaps in the flange. Potentially, this results in improved water tightness retention
of the C1 Wedge Connection compared to L-flanges.

Cheng et al. [21] investigated the tensile behaviour of the C1 Wedge Connection both experimentally and
numerically. They found that a small amount of preload on the horizontal wedge bolt results in a large vertical preload
in the wedge connector. They also found that stiffness degradation in the wedge connector only occurs when the
imposed load exceeds the critical load, and that the loss of bolt pre-tension does not influence the ultimate tensile load
resistance. Furthermore, they found that the FEM analysis matched closely with the experimental results. Cheng et al.
[22] performed a quantitative comparison between conventional bolted ring flanges and the C1 Wedge Connection
using FEM. They found that the degradation of fatigue resistance of bolted ring flanges is seven times higher compared
to the C1 Wedge Connection in their simulations.
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Figure 3. C1 Wedge Connection [19]. The arrows indicate the tension by the nut and wedges on the flange.

Another alternative to the conventional ring flange is the Compact Flange Connection (CFC) [23]. The CFC is
mainly used to connect riser pipe components in the O&G industry and has proven reliable, requiring no maintenance
after several decades of operation. By warping the flange plate faces and deliberately creating a small gap on the flange
side, the bolts are tightened under high tension at the assembly stage to pull the flange plates together. This is shown in
Figure 4. The high preload closes the flange plates, which essentially act as stiff springs, preventing loosening of the
nuts. As a result, most of the preload is transferred as compressive force to the heel at the tubular end of the flange. This
creates a “static” connection, meaning that bolt tension does not vary under applied loads on the connection, and applied
seating stress remains higher than design loads. If dynamic loads do not exceed the material capacity of the connection,
this results in a maintenance-free, reliable connection.

Lutkiewicz et al. [24] compared CFCs to conventional flanges and found high reliability, static behaviour, low
weight, and compact dimensions for the CFC compared to conventional flanges for similar operational conditions.
However, due to patents on the CFC, its use is not widespread outside the European region, where it is most commonly
used in Norway’s offshore industry [23].

Table 1 shows an overview and comparison of conventional L-flanges, CFC, and C1 Wedge Connection when
intended to be used for the assembly of FOWT foundations.

Table 1. Overview and comparison of different connection types.

Connection Type Performance Maturity Level Complexity Patent?
Prone to bolt loosening and ‘gapping’.
Reduction of fatigue life and loss of

Extensively used for Large flange plates and

Conventional L-  watertightness if loosening and gapping . bolts, but with a simple
. tower connections 1n No
flanges occur. Unclear what performance will be . structure, easy to mass-
. . offshore wind
when mounted vertically in FOWT produce

foundations.
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Excellent at maintaining preload and
watertightness. Proven to withstand high
dynamic loads in offshore conditions.

Moderate to large flange
Excellent track record in plates and bolts. The

Compact Flange . . offshore O&G, but has  warped faces of the
P . & Likely to perform well in FOWT o P Yes
Connection : not applied in offshore  flange plate add some
foundations, but more research and . . .
. . wind yet. complexity. Relatively
demonstration are required for .
. simple structure.
confirmation.
Relatively small flanges
Tests so far show good preload and o Y . g
. . . Still in the development and bolts, but additional
watertightness retention. Likely to
C1 Wedge . . phase, tested as a tower mass from wedges. More Yes, and some
- perform well in FOWT foundations, but .
Connection . flange for a 14 MW complex structure pending
more research and demonstration are . .
required for confirmation turbine. compared to conventional
4 flanges and CFC.
7
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1

a) Before assembly b) Completed assembly

Figure 4. Compact Flange Connection. 1: Wedge, 2: Stud, 3: Nut, 4: Seal ring, 5: Heel, 6: Weld neck flange, 7: Bolt clamping force.
The arrows indicate the tension of the nuts applied on the flange, and the compressive forces on the flange plates and seal ring.

5. Bolt Loosening

One of the main concerns of using bolted connections to assemble the components of FOWT foundations is the
risk of bolt loosening during the operational stage. Bolt loosening in the connections of the foundations would result in
increased fatigue in the bolts and consequently would require increased maintenance and shorter inspection intervals of
the FOWTs. This will increase Operational Expenditure (OPEX) with potential negative effects on Levelized Cost of
Energy (LCOE), which could negate any cost savings made during the assembly/installation stage. Furthermore, bolt
loosening is found to increase the risk of bolt failure [7,11,25], which consequently could result in catastrophic failure
of the FOWT.

Loosening occurs when the friction resistance between the threaded surfaces of the bolt and nut is overcome. The
most common contributors to bolt loosening are preload loss and vibrations in the connection [11,25]. In OWTs,
vibrations are caused by structural loadings of the operational WTG, and environmental loadings, mainly from wind,
waves, and current. In FOWTs, vibrations are compounded by inertia loads due to the dynamics of the structure in the
six DOFs. Various methods to prevent bolt loosening can be employed [6], such as maintaining friction forces of the
connection above external loading, e.g., [23], or using counter torque or locking mechanisms, e.g., [11].

Due to the risk of bolt loosening frequent inspections to measure preload are required, as it is difficult to visually
determine loss of preload [12]. The simplest method to measure looseness is by applying the required torque to the nuts
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with appropriate tools. Javadi et al. [26] propose a method combining robotics, ultrasonic testing, nonlinear
acoustoelasticity, and FEM analysis to measure preload. Results of their study show high accuracy of measurements;
however, the authors acknowledge their method is complex with high requirements of hardware, software, and skills.

He and She [27] propose a different method by measuring the vibrations in the flange plates of bolted connections.
They found that the phase difference between the upper and lower plate suddenly increases when loose bolts are present
in the connection, and suggest their result can provide a new method to identify bolt looseness.

Typically, bolt preload on OWTs is checked annually by re-tightening 10% of the bolts [11]. Vanden Haute and
Pire [28] investigated the requirements for inspection and maintenance intervals of bolted connections using inspection
results from an existing bottom-fixed offshore wind farm, which uses tension-controlled bolts [29] for the ring flanges.
They found that the use of tension-controlled bolts resulted in 3—5% of bolts needing re-tightening, and that the amount
of bolt loosening reduced after re-tightening. In their case study, they found that a permanently acceptable state was
reached after the first 4 years of operation with relatively short intervals. After the first 4 years, Vanden Haute and Pire
suggest the maintenance and inspection intervals could be lengthened at the discretion of the wind farm operator.
However, typically maintenance intervals will shorten, rather than lengthen, as the age of wind farms progresses.

Valdez et al. [30] experimentally developed a method to monitor bolt looseness using a laboratory scale model of
a jacket structure OWT. Their method involves continuous monitoring of vibrations in the structure, a form of structural
health monitoring. It uses principal component analysis and Mahalanobis distance calculation to detect loose bolts.
They simulated wind loads by introducing vibrations at the nacelle height of the model and measured the resulting
structural vibrations with several accelerometers placed around the scale model. They only simulated wind loads during
their experiments, but no wave- or current loads. Damage of the structure was simulated by varying the preload of some
bolts in the structure and comparing the results against the vibrations of the undamaged model. They found their method
resulted in good detection of loose bolts with minimal false alarm detections.

6. Corrosion

As FOWTs will be operating in a harsh marine environment, corrosion is another risk to which bolted connections
will be exposed. Dynamic loadings combined with exposure to seawater result in an elevated risk of corrosion and
associated acceleration of fatigue damage of OWT structures [31]. Corrosion will also affect the fatigue performance
of bolts and can also lead to preload loss [6,25,31,32]. Coatings can be applied to bolts to resist corrosion, such as zinc
treatments, and other types of coatings [6]. However, Schaumann [33] showed that galvanisation reduces the fatigue
life of bolts. Of course, corrosion would have a greater negative impact on the fatigue life of bolts, therefore, Schaumann
argues that a somewhat conservative fatigue life design for bolted connections can account for the effect of galvanisation.
Another potential solution to mitigate corrosion is to choose a corrosion-resistant material for the bolts, such as stainless
steel or titanium [25]. However, these would require insulation to prevent galvanic corrosion and come at a higher cost
compared to conventional steel. Typically, only conventional steel bolts are used in offshore wind applications [6].

Zhang et al. [34] investigated the effects of corrosion fatigue deterioration of bolts and ring flanges in FOWT
structures. They combined site specific data, aero-hydro-elastic simulations in OpenFast, load transfer functions based
on the Schmidt-Neuper approach, specific material properties, and Monte Carlo simulations to model probabilistic
corrosion fatigue evolution. They found a strong correlation between wind- and wave direction, and wind velocity on
the one hand, and corrosion fatigue damage on the other hand. Their models showed that the fatigue life of equivalent
tower bolts reduced from 67 years for onshore conditions to 20 years for the modelled FOWT at a specific site in the
Gulf of Mexico.

7. Fatigue

Over their lifetime, FOWT structures will accumulate fatigue from variable cyclic loadings. These are the result
of wind, waves, and current excitation of the FOWT structure, and inertia loads of the moving structure resulting from
said environmental loads. As floating wind energy is still in its infancy, the realisation that novel methods are required
to predict long-term fatigue damage of FOWT structures is starting to trickle into the literature, e.g., [35]. Typically,
fatigue life of offshore wind structures is calculated based on the S-N approach, assuming linear cumulative damage
based on fatigue calculation theories such as Palmgren-Miner [36]. The accumulation of fatigue damage is defined by
DNV as [37]:
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where D is the accumulated fatigue damage, a is the intercept of the design S-N curve with the log N axis, m is the
negative inverse slope of the S-N curve, & is the number of stress blocks, #; is the number of cycles in stress block 7, N;
is the number of cycles to failure at constant stress range Ac;, # is the usage factor, and DFF is the design fatigue factor.

So far, bolted connections have only been proposed for steel semisubmersible FOWT foundations. The connections
between braces and floatation columns are the main load bearing components and crucial parts in the structure. If these
connections are made with bolted flanges, fatigue life analysis of the bolts will form a crucial part of the design of the
structure. Forces acting on preloaded bolts in ring flanges for tower connections are predominantly axial stresses,
therefore, S-N curves for the design of large diameter bolts used in OWTs are based on fatigue tests under pure axial
loading [33].

A basic design S-N curve defined by DNV is as follows [37]:

logN =loga —mlog Ac @)

where N is the predicted number of cycles to failure for stress range Ac, however, typically, large diameter M72 bolts
are used in offshore wind applications. International design codes provide S-N curves for such large diameter bolts,
however, the reference diameter in these codes is for bolts of 25 mm or 30 mm diameter. A thickness correction is
provided to account for larger diameter bolts. The corrected S-N curve then is defined as [37]:

k
t
logN =loga — mlog Aa( ) &)
tref

where . is the reference thickness, which is assumed to be 25 mm by DNV, and ¢ is the thickness through which a
crack will most likely grow, and where ¢ = .- when the thickness is less than the reference thickness. Figure 5 shows a
typical S-N curve as an example.

In some cases, when bolted connections are used in FOWT foundations, the connection will be mounted vertically
when the foundation is in its equilibrium position in still water. For example, when the braces and floatation columns
of steel semisubmersibles are assembled. Consequently, shear forces will be the dominant forces acting on the bolts. As
a result, demands on such bolts will be more stringent, and S-N curves need to be adapted. For bolts subjected to shear
forces, DNV defines the S-N curve as [37]:

logN = 16.301 — 5.0log Ao 6)

where Ao is the stress range on the shank area of the bolt. However, this review has shown that no research has been
conducted to date to validate its suitability for large diameter bolts used in connections to assemble FOWT foundations.
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Figure 5. A typical S-N curve based on DNV-RP-C203 [37].
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The evolution of fatigue failure in bolts begins with crack initiation, followed by crack propagation, and finally
complete rupture [6]. Failure of one bolt in a ring flange will lead to reduced clamping force and increased stress on
neighbouring bolts, which could eventually lead to a chain reaction and complete failure of the connection. Initial cracks
can start under fatigue loading at spots of material flaws, or at points of high stress [7,14]. Figure 6 shows the three
main areas of stress concentration in bolts and nuts. Typically, fatigue failures will occur in one of these areas [7,38].
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Figure 6. Critical locations of fatigue failure in bolts and nuts.

Fatigue design remains a key challenge, especially since offshore wind turbines and their support structures
continue to grow in size [39]. Although the body of literature on fatigue-related research for FOWTs is limited,
significant research has been conducted on onshore wind turbines and bottom-fixed OWTs, which could be transferable
to FOWTs.

Liu et al. [40] investigated fatigue performance and reliability of bolts used in wind turbine tower flanges,
combining FEM and theoretical fatigue models. They argue that bolt failures are difficult to detect early, and therefore,
predictive analysis is essential.

Gao et al. [41] propose a Machine Learning (ML) based approach to fatigue analysis of tower flange bolts to
improve prediction accuracy and computational efficiency. They used GH Bladed to simulate and calculate the wind
loads and used the Schmidt-Neuper algorithm to determine the fatigue loads on the bolts. They then converted the
fatigue data into an Equivalent Fatigue Stress (EFS) and experimented with various ML-based algorithms for the
mapping of fatigue damage under various wind conditions. They found that the XGBoost algorithm provided the highest
accuracy results of fatigue damage compared with their original model.

Kikuchi and Ishihara [42] investigated an accident at an onshore wind farm where the failure of 14 out of 60 high-
tension bolts and a tower shell caused the nacelle to crash to the ground. By using aero-elastic modelling and FEM
analysis, they attempted to predict bolt- and tower fatigue life. Those models were validated by on-site measurements
and maintenance records. They found that fatigue life of the bolts dropped from 21 years for intact bolts with 80%
residual axial tension to 0.25 years for damaged bolts with less than 30% residual axial tension. This was confirmed by
the maintenance records of the wind turbine, which showed that bolt failure occurred 3 months after the last inspection.
An investigation after the incident showed that the failure of the bolts accelerated the damage to the tower shell and,
therefore, the failure of the wind turbine. The investigation also showed that maintenance and re-tensioning of the bolts
were not conducted adequately. These findings confirm the requirement for rigorous inspections and maintenance if
bolted connections are going to be used for the assembly of FOWT foundations.

Johnston and Dore [43] investigated whether the thickness correction factors proposed in the international
standards are appropriate. They conducted tests with galvanised M72 bolts and with uncoated M64 and M72 bolts for
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comparison. They found that the correction factor for uncoated M72 bolts in the standards is appropriate, however, the
results of their tests with galvanised M72 bolts were slightly below the existing recommendations.

Eichstidt [44] conducted experiments on M36 and M64 bolts and compared the effects on fatigue life of hot-dip
galvanised bolts and uncoated bolts. The tests were conducted with axial loading at high mean stress, and both static
and dynamic loads were applied. He found that the reduction of fatigue life due to the hot-dip galvanising was confirmed,
and found as much as a 20% reduction. However, he also found a significant reduction in fatigue life with the uncoated
M64 bolts compared to the uncoated M36 bolts. On the other hand, he did not find a significant difference in fatigue
life between the coated and uncoated M64 bolts, putting into question the superior fatigue life of large diameter black
uncoated bolts, commonly in use OWTs.

Annoni et al. [14] compared existing fatigue data points of large diameter bolts with design curves recommended in
international standards to investigate the accuracy of thickness correction factors and compared these results with fatigue
experiments they conducted on M72 bolts. They found that collated data points and data points from their own tests all
fell above design S-N curves found in international standards, meaning the standards take a somewhat conservative
approach. However, they also found that the inverse slope of their data point collection could dip below the S-N curves of
the standards at lower stress levels. They argue that more test results are needed to confirm these results.

Rincon-Casado et al. [45] developed an experimental methodology to estimate the residual fatigue life of in-service
bolts. They used M16 bolts with controlled pre-damage to simulate operational damage for their fatigue tests. They
found that displacement of the nut from its intended position resulted in deviations of fatigue estimations. Additionally,
they developed a method to estimate the fatigue life of new bolts by testing used M20 bolts from a damaged wind
turbine. By displacing the nut relative to its original position, they avoided applying high levels of stress on the damaged
region of the bolt. They argue that, although their tests were performed with small diameter bolts, they can be
transferable to tests with larger diameter bolts.

Croccolo et al. [25] describe phenomena, besides the well-known ones such as vibrations and corrosion, which
attribute to bolt and flange fatigue, including fretting. Fretting occurs when frictional contacts are allowed to move,
which forms microcracks, which can turn into bigger cracks at stress hot spots. They also conclude that a significant
portion of fatigue failures in bolts and flanges are the result of incorrect assembly.

8. International Standards Covering Bolted Connections for FOWTs

International standards and guidelines that cover bolted connections in offshore wind structures typically focus on
aspects such as fatigue performance, corrosion resistance, preload requirements, and structural integrity. However, their
coverage of FOWTs is inconsistent and often based on fixed-bottom practices. An overview of the most relevant
standards and their scope is provided in Table 2.

ISO 898-1 [46] establishes mechanical property requirements and strength classes for carbon and alloy steel
fasteners, forming the basis for bolt selection. Additional ISO standards relevant to offshore wind include ISO 12944
[47] for corrosion protection of steel structures, ISO 12473 [48] for cathodic protection principles in seawater, ISO 2768
and ISO 4759 for tolerances and dimensional requirements, ISO 16047 [49] for determining the torque—tension
relationship, and ISO 19902 [50] for structural integrity and fatigue guidance in fixed offshore structures. However,
these standards generally do not provide detailed prescriptions for bolted joint fatigue or preload in floating applications.

VDI 2230 [51] provides analytical methods for calculating highly stressed bolted joints, focusing on preload
determination, tightening procedures, and fatigue safety under dynamic loads. BS 7608 [52] offers fatigue assessment
rules for steel joints, including bolted connections, using S—N curves, but does not cover preload or corrosion. Eurocode
3 [53] specifies fatigue verification for bolted joints and slip-resistant connections. Corrosion protection, however, is
addressed by complementary standards such as ISO 12944 [47] for coatings and EN 1090 [54] for execution
requirements, rather than within Eurocode 3 itself. ASME PCC-1 [55] focuses on bolted flange assembly and tightening
practices, providing guidance on preload and inspection, but with only limited coverage of fatigue and corrosion. IEC
61400-3-2 [56] defines design requirements for floating offshore wind turbines, including load cases, fatigue assessment,
and robustness checks, though it lacks detailed bolt-specific prescriptions.

Among standards and guidelines produced by offshore and marine classification and certification bodies, DNV-
ST-0126 [9] outlines design principles for support structures, including ULS and FLS checks for bolted joints and slip-
resistant connections. DNV-ST-0119 [57] addresses floating wind applications with guidance on bolted joint integrity,
preload, and inspection, while DNV-RP-C203 [37] provides fatigue design methodologies using S—N curves and
fracture mechanics. The ABS Guide for FOWTs [58] addresses structural integrity requirements for bolted joints within
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FOWT foundations, referencing IEC 61400-3-2 [56] for turbine design considerations. It incorporates fatigue life
evaluation and strength checks for bolted connections to ensure reliability under dynamic offshore conditions.

Lloyd’s Register (LR) provides recommended practice for fixed and floating offshore wind structures [59,60]. It
aligns with IEC 61400-3-2 [56] and ISO standards, emphasizing fatigue verification, corrosion protection, and
inspection throughout the project lifecycle. While LR does not include detailed bolt design formulas, it requires
compliance with international fatigue and corrosion standards and adopts risk-based inspection strategies for bolted
joints under dynamic loads. For fixed-bottom structures, LR references Eurocode [53] and IEC [56] for fatigue and
preload checks, supplemented by corrosion protection measures.

Bureau Veritas (BV) [61,62] addresses bolted joint integrity for FOWT foundations. BV requires fatigue and
corrosion checks using S—N curves and ISO coating standards, while preload and inspection are embedded in its risk-
based lifecycle approach. For fixed-bottom structures, BV applies similar principles, delegating detailed bolt design to
referenced standards such as Eurocode [53] and VDI 2230 [51].

Table 2. Technical Coverage of Bolted Connections in Offshore Wind Standards.

Preload Inspection & FOWT Bolting

Standard/Guideline Design Approach for Bolted Joints Fatigue Corrosion . X .
Requirements Maintenance  Guidance
ISO (898-1, 12944, 12473, Material rties, i tection, .
( aterial properties corro§1on p.ro ection v v v ~ Limited X
16047, 2768, 4759, 19902)tolerances, and structural integrity
Analytical calculation for high duty bolted
VDI 2230 Y ! S v X v X X

joints under static/dynamic loads

Fatigue design using S-N curves for steel
BS 7608 £ £ ustig v X X X X

joints, includes bolts

Fatigue verification for bolted joints and
Eurocode 3 (EN 1993-1-9) 8¢V 4 . v  ~Limited v X X
slip-resistant connections

Bolt assembly and tightening for flange

ASME PCC-1-2010 . ~ Limited ~ Limited v v X
joints
IEC 61400-3-2 Offshore wind turbine design; includes v v  Limited v v
fatigue checks DLCs
Offsh ind rt structures; includ
DNV-ST-0126 SHOTE WIR SUPPOIE Structures; ieudes v v v ~Limited  ~ Limited

slip-resistant bolted joints

DNV-ST-0119 Floatiflg win(? turbin‘e design; bolted joint v v v v v
integrity and inspection

Fatigue design for bolted joints using S—N

DNV-RP-C203 i v X X X ~ Limited
curves and fracture mechanics
ABS Guide for FOWT Classification rule.s;'fatigue and preload v v v v v
checks for bolted joints
Lifecycle guidance; references IEC/ISO for oo oo
Lloyd’s Register (LR) Y . £ ~ Limited v ~ Limited v v
bolted joints
. Certification framework; generic bolted joint o o
Bureau Veritas (BV) ~ Limited v ~ Limited v v

requirements

Note: v Covered in detail; X Not covered; ~ Limited coverage or generic guidance.

9. Comparison of Bolted and Welded Connections

The welded construction of offshore wind platforms, including FOWT foundations, relies on high-efficiency
welding techniques suited for large-scale structural construction. Common arc welding processes utilised in offshore
structures fabrication include: (a) Gas Metal Arc Welding (GMAW), (b) Shielded Metal Arc Welding (SMAW), (c)
Flux-Cored Arc Welding (FCAW), (d) Gas Tungsten Arc Welding (GTAW), (¢) Submerged Arc Welding (SAW) [63].
These welding technologies are shown in Figure 7.

GMAW, often referred to as metal inert gas (MIG) welding, is a rapid and relatively simple joining process. Its
capability to produce high-quality, robust welds has made it one of the predominant methods in large scale
manufacturing [64,65]. The GMAW process employs an electric arc between a continuously fed consumable wire
electrode and the workpiece, while a shielding gas protects the weld from atmospheric contamination. Variants include
Metal Inert Gas (MIG) welding, which uses inert gas shielding, and Metal Active Gas (MAG) welding, which uses an
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active gas shielding [66]. GMAW offers high deposition rates, versatility for a wide range of materials and thicknesses,
and adaptability to mechanised systems. However, GMAW is not ideal for outdoor welding work due to wind-sensitive
shielding gas.

GMAW has been qualified for use in hyperbaric conditions, supporting operations such as fillet sleeve repairs and
remote hot tapping. The process demonstrates the capability to weld at depths approaching 1000 m [67].

SMAW is a manual welding process, also known as stick welding, that uses a consumable, flux-coated electrode
to create an electric arc between the electrode and the metal workpiece, producing heat that melts both to form a weld
[67,68]. Fabricators typically apply SMAW to TKY-joints [69] because it supported by established procedure
qualifications, benefits from the wide availability of certified welders, and it is well-suited for outdoor environments
[70]. SMAW remains the preferred method for on-site repairs and maintenance, particularly in harsh marine
environments where portability and versatility are essential. However, SMAW has drawbacks such as slower deposition
rates, higher labour intensity, and susceptibility to defects like porosity and hydrogen-induced cracking in wet welding
conditions, which can compromise weld quality [71].

Another weld technique is the FCAW which is suitable for thick-walled components. FCAW is a welding process
that employs a continuously fed tubular wire electrode containing flux, which, together with an electric arc, melts the
base metal to form the joint. The flux provides shielding and often produces a protective slag over the weld surface [72].
FCAW provides excellent performance under outdoor conditions. This is because it uses flux within the wire, which
provides shielding and makes it less sensitive to wind and contaminants compared to processes like GMAW [70,73]. In
addition, FCAW can be applied in all welding positions, flat, horizontal, vertical, and overhead, offering flexibility for
diverse project requirements, such as rack-to-chord, column-to-brace, and brace-to brace joint connections in offshore
jackets [67]. A major drawback of FCAW is the substantial emission of smoke and fumes during operation, which
necessitates effective ventilation and strict safety precautions to safeguard the welder [72].

(2) GMAW (b) SMAW (c) FCAW

Direction of travel

B s _\» Coating Flow

5 Electrode
‘ Shield Gas

Solidified Slag

Contact tube Flux core

Molten weld

Electrode
metal

Shielding gas

Base metal

(d) GTAW (e) SAW
Direction of travel GTAW head Flux feed hopper-.__
Power ~~
Shield Gas __ Continuous electrode wire
Contact tube
Filler rod Tungsten electrode Submerged arc ~
(non-consumable) \\ - Granular flux
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Figure 7. Metal arc welding technologies: (a) gas metal arc welding—GMAW, (b) shielded metal arc welding—SMAW, (¢) flux-
cored arc welding—FCAW; (d) gas tungsten arc welding—GTAW, (e) submerged arc welding—SAW; [73-78].

Precision welding of corrosion-resistant alloys and critical joints often utilizes GTAW, also called Tungsten Inert
Gas (TIG) welding [79]. This welding method uses a non-consumable tungsten electrode to create an arc that melts the
base metal, while an inert gas such as argon or helium shields the weld from contamination. It produces precise, high-
quality welds on thin sections and non-ferrous metals, and filler material can be added separately when needed.
Although is method is generally slower and more labour-intensive compared to GMAW [80].
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The fifth technique is the SAW, a fusion process in which a continuously fed wire electrode forms an arc with the
workpiece beneath a granular flux layer. The flux provides shielding, reduces spatter and fumes, and produces clean, high-
quality welds. SAW is widely employed for fabrication of heavy tubular joints and offshore monopiles due to its strong
deposition rates, and deep weld penetration, which are essential for joining thick steel plates used in these large-diameter
structures [81]. Moreover, the SAW weld process can be used in automated setups, resulting in enabling consistent weld
quality and productivity for circumferential and longitudinal seams. A key limitation of SAW is its inability to handle
vertical or overhead positions, as the granular flux cannot remain in place on non-horizontal surfaces [82].

For floating offshore wind platforms, the choice between welded and bolted connections significantly influences
fabrication, installation, fatigue behaviour, and maintenance strategies. Welded joints, provide high structural continuity
and strength, which is advantageous for large scale tubular sections. However, these methods require specialised
equipment, controlled conditions, and extensive labour. A comparison between Metal arc welding technologies and
bolting connections in different aspects is provided in Table 3.

As shown in Table 3, an important characteristic of welded joints is the deposition rate, which is defined as the
mass of weld metal melted into the joint per unit of time (kg/h). Although deposition rate varies with parameters such
as electrode type and diameter, welding current and voltage, degree of automation, and joint configuration, typical
values reported in [83—85] for large-scale structural assemblies are presented in Table 3 for general comparison.
Deposition rates vary significantly across arc welding methods, ranging from 0.4—16 kg/h. Installation time follows a
similar trend: GTAW is very slow due to precision requirements; SMAW is slow due to manual operation; GMAW and
FCAW are moderate to fast owing to continuous wire feeding; SAW is fast for long welds despite setup requirements;
and bolted connections are the fastest option for modular assembly.

Another critical factor is the maintenance requirements. Welded joints typically require little maintenance during
service because they form permanent connections once properly executed and inspected [86,87]. However, fabrication
demands rigorous quality assurance, including non-destructive testing, and offshore repairs are expensive and often
involve specialised techniques such as hyperbaric welding [88]. Consequently, welding can be characterised as low
maintenance in service but high in inspection complexity during fabrication. In contrast, bolted connections require
periodic torque checks and occasional bolt replacement due to fatigue or corrosion [§89—91]. They are generally easier
to maintain since components can be replaced without cutting or rewelding, although such interventions can be
challenging in offshore environments. Therefore, bolted connections can be described as easy to maintain but requiring
frequent checks.

Table 3. Comparison of different welded methods versus bolted connections.

Deposition Suitability (Application;

Method Rate (kg/h) Installation Time Maintenance Component/Thickness; Limitations)
Workshop fabrication, hyperbaric repairs;
GMAW 112 Moderate to Fast (due to Minimal medium-thickness tubulars/braces; less
(MIG/MAG) continuous wire feeding) ideal for open-air due to shielding gas
sensitivity.
On-site repairs; TKY joints, thin-to-
SMAW (Stick) 0.4-5.5 Slow (manual process, frequent Minimal medium tubular joints; slow and labour-

electrode changes) intensive, prone to hydrogen cracking in
wet conditions.

Outdoor structural welding; offshore jacket

Moderate to Fast (continuous connections, medium-to-thick tubulars, all

FCAW =15 wire feed, suitable outdoors) Minimal weld positions; high fume emission,
requires slag removal.
Very Slow (precision-focused Critical joints, corrosion-resistant alloys;
GTAW (TIG) 0.5-2 ’ Minimal thin sections, high-integrity welds; very

ticul trol . . .
meticulous control) slow, costly, requires high skill.

Automated welding of jacket legs and
monopiles; thick plates, large tubulars;
limited to flat/horizontal positions, high
setup time.

Fast for long welds (highly
SAW 3-16 efficient for thick plates, but Minimal
setup required)
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Fast modular assemblies; flange joints,

Bolteq /a Very Fast (quicker than welding) Require periodic pr.e-drilled pllates; require.s precise
Connections torque checks alignment, risk of loosening under
vibration.

10. Discussion

While the FOW industry recognises the potential benefits of bolted connections for the assembly of FOWT
foundations, some concerns remain, particularly around bolt loosening and fatigue failure. As mentioned, if bolt
loosening or failure becomes a regular occurrence on FOWTs, inspection intervals will increase, and regular
maintenance to re-tighten or replace bolts will be required. Consequently, this will have a negative effect on the LCOE
of affected wind farms.

As FOW is still a nascent industry, wind farm developers will be inclined to choose technology for their FOWT
foundations that is proven to be reliable as far as possible. Perhaps it is therefore no surprise that most FOWTs with
steel foundations, which are currently installed offshore have been welded at the assembly stage. Welding was pioneered
in the 1930s and has since been widely applied in shipbuilding [92]. Steel floating structures in offshore O&G, such as
semisubmersible drilling rigs, are also mostly welded. Automated welding limits material defects in welds and ensures
a high-quality, reliable connection, with uniform distribution of stress throughout the weld [93]. In contrast, it is difficult
to automate bolting, and issues with preload loss could lead to stress concentration in weak spots of the connection.
Although the connection between the WTG tower and FOWT foundation is typically a bolted connection, the flanges
are horizontally positioned, and the connection is mostly subjected to compressive forces, with mostly tensile forces in
the bolts and some shear stress due to the motion of the FOWT. However, bolted connections between floatation
columns and braces of the foundation will have the flanges positioned vertically. This means gravity, buoyancy, and
motion of the FOWT foundation will significantly add shear stresses to the connection. These added stress
concentrations result in higher fatigue in the bolted connections for the foundation compared to the tower connection.
Such shear stresses and associated fatigue life in the foundation are likely easier to manage with welded connections
compared to bolted connections.

Fatigue life is one of the driving factors in the design of FOWT foundations [94]. When FOWT foundations are
assembled with bolted connections, there will be several additional welds in the structure, plus all the bolts, which will
have to be designed for fatigue life. Therefore, potentially, bolted connections will add several extra stress points to the
structure compared to a purely welded structure. Bolting does not eliminate the need for welding in the structure either;
the flange plates will still need to be welded to the tubulars, although this is done at the fabrication stage and not at the
assembly stage.

Any notches or imperfections in the weld connecting the flange plates with the tubulars will reduce the fatigue life
of the connection. Local bending stresses will likely occur at the weld toes of bolted connections, potentially resulting
in added fatigue damage. The fatigue resistance of these welds will need to be carefully modelled and accounted for in
the design of FOWT foundations using bolted connections for assembly. In the case of the CFC- and C1 connections it
is more likely that any failure due to fatigue will occur at the welds of the connection if any imperfections are present,
rather than the bolts. It highlights again the need for thorough quality checks of all welds, as well as bolted connections,
during the manufacturing and assembly of FOWT foundations.

So far, there are no examples in the literature of studies that investigated the effects of dynamic loads combined
with shear forces on the fatigue life of vertically mounted bolted connections. Nor are there any examples in the
literature investigating stress and fatigue in the transition between tubular and bolted connections in FOWT foundations.

Furthermore, bolted connections are heavier compared to welded connections; the weight of flange plates, bolts,
and nuts exceeds the weight of welds for equivalent diameter connections. Due to its larger material content, the material
costs of bolted connections will likely be larger compared to welded connections. However, this will likely be offset by
gains from shorter assembly time.

Although some guidance for bolted connections in FOWTs is provided in the international standards (e.g., DNV-
ST-0119 [57]), they do not include clear provisions for maintenance intervals or scope. Data about experience with
large, bolted connections in FOWTs is limited.

Connections in FOWT foundations will likely be difficult to access and will generally be in confined spaces,
therefore, maintenance on bolted connections in such locations may also form a potential Health and Safety risk.
Particularly in large diameter tubulars (larger than 2 m) for braces in full-scale FOWT foundations, the bolts in the top
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part of flanges may be difficult to reach. This problem may be exacerbated when heavy tools are required for the re-
tightening of bolts inside a dynamic structure. Therefore, some form of scaffolding may need to be erected, or other
measures may be required, assuming the bolts are on the inside of the tubular.

Maintenance in offshore wind is typically WTG driven [95,96], so FOW developers will generally want to limit
maintenance interventions to the WTG and avoid maintenance for the foundation as much as possible. Hence, welding
is often preferred for the assembly of FOWT foundations due to its reliability. Several designers of FOWT foundations
have also expressed higher confidence in welding to maintain the structural integrity of their structures and eliminate
maintenance as much as possible. Welding for connections in offshore structures is well tested and proven reliable and
would therefore accommodate low maintenance and long inspection intervals for FOWT foundations. Of course, welds
will still need to be inspected; however, generally inspection intervals can be up to 5 years depending on standards,
marine warranty, etc. Conventional ring flanges, or L-flanges, are unlikely to be suitable for the assembly of FOWT
foundations due to the following:

e  The literature shows that ring flanges are subject to bolt loosening and require re-tightening, although after re-
tightening, preload loss seems to be limited.

e  Bolt loosening significantly reduces the fatigue life of the connection.

e  Bolt loosening may affect water tightness of the connection and could result in water ingress.

e Re-tightening loose bolts will have to take place in confined spaces, which may be difficult to access.

e Flange plates will need to be perfectly flat to avoid added stress in the connection due to fabrication defects.

The C1 Wedge Connection is potentially a technology with limited preload loss and could be suitable for a low-
maintenance application. However, the technology is currently still in the development phase and has not been applied in
FOWT foundations yet. Furthermore, tests with the C1 Wedge Connection so far have all been for tower connections,
meaning the connections have all been mounted horizontally. No tests have been performed yet where the connection is
mounted vertically and where significant shear stress is applied to the connection. Nor has any modelling on vertically
mounted C1 connections been described in the papers reviewed in this study. With the connection mounted vertically,
shear stress will also be acting on the welds connecting the flanges with the tubulars. It is likely that the added stress will
reduce the fatigue life of the connection with the connection mounted vertically compared to the horizontally mounted
connection. Therefore, when mounted vertically the connection may need, some additional strengthening. Nonetheless,
the developers of the C1 Wedge Connection are confident it can be used for the assembly of FOWT foundations.

The CFC is another technology that appears unaffected by bolt preload loss/loosening. Compact flanges have been
applied at a large scale, mainly in the Norwegian O&G industry, to assemble riser pipes and have a good track record
for being maintenance free. Riser pipes in Norwegian waters are connected to floating O&G structures such as storage
platforms and are subjected to high dynamic loads. Despite the harsh environment, no occurrences of leakage or failure
of CFCs have been recorded. Typically, the connections in riser pipes would be installed horizontally and would not be
subjected to large shear forces. However, current loadings on riser pipes will also result in shear loading on the
connections. However, if its “static” connection can be maintained, these shear forces would not be acting on the bolts
but rather on the connection as a whole, as it would with welded connections. The static connection will reduce the risk
of reduced fatigue life of the bolts; however, the welds of the flange plates might still be subjected to added fatigue
damage. So far, there are no examples in the literature of studies investigating fatigue in vertically mounted CFCs. TP-
Products [97], the company that manufactures ring flanges based on the CFC technology, has designed a version that
could be applied to FOWT foundations [98], as shown in Figure 8.

A patent is in place for CFCs, which may limit its use in the FOW industry, as is the case for O&G, where it is
mainly used in Norway but hasn’t seen large scale use in other regions [23]. The current CFC design for FOWT
foundations has the flange plates on the inside of the tubulars, which mitigates the risk of corrosion and eliminates the
need for Remotely Operated Vehicles (ROV) for inspection and maintenance of the bolted connections. Of course,
having standard ring flanges on the inside of the tubulars would also mitigate corrosion of the bolts, however, these
would still be subject to the risk of bolt loosening.

Given its good track record in offshore O&G, the CFC is potentially a suitable low maintenance bolted connection
type for FOWT foundations. However, adopting technologies that have been successfully applied in offshore O&G for
FOW applications should be done with caution. The example of failing grouted connections in monopiles for bottom-
fixed OWTs [99], has shown that O&G technologies do not always readily transfer to offshore wind. The diameters of
structural members of MW-scale FOWT foundations will be bigger than those of riser pipes. Furthermore, there are no
examples of floating O&G structures with bolted connections in the main load bearing components, other than risers.
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Without offshore experience, it is unclear how structural couplings and vibrations from the operating WTG will affect
bolted connections in FOWT foundations.

Figure 8. Compact Flange Connection (CFC) for FOWT foundations [97]. The red circle in the left-hand image indicates the blown-
up detail in the right-hand image.

Furthermore, to make certain that all bolt holes and flanges line up perfectly for the various structural members at
the assembly stage, highly precise fabrication will be required, and space for tolerances is limited. Any of the flanges
or bolt holes that do not line up will result in delays and extra costs. For example, temperature fluctuations may cause
tubulars to expand or contract, causing potential problems with the lining up of the different foundation components.
FOWT foundations designed for 15-20 MW turbines may have braces that could reach lengths of up to 60 m. Such
large dimensions will increase the risk of components not lining up perfectly during assembly. Furthermore, GW-scale
FOW projects may include up to 60 FOWT foundations. Each foundation could include up to 12 bolted connections for
the assembly of braces with floatation columns. Meaning there would be over 700 bolted connections and several
thousand bolts per project, each requiring precise tolerances. Consequently, manufacturing quality will need to be up
to very high standards. To ensure the successful assembly of the FOWT foundation, the tolerances of bolt holes may
need to be increased compared to current practices. However, this may have a negative effect on the fatigue life of the
connections, and further research to determine the limits of tolerances may be required. Increasing tolerances may also
result in non-compliance with current standards and perhaps may require adaptations of the standards.

Furthermore, effective structural health monitoring methods to monitor preload, preferably remotely, will need to
be available if bolted connections for FOWT foundations will be applied at commercial scale FOW projects. Methods
such as those proposed by Valdez et al. [30] could be useful for monitoring bolt preload on FOWT foundations.
However, their method was only applied to fixed OWT structures and only with applied wind loads. Further research
would be required to determine the suitability of such monitoring methods for MW-scale FOWT foundations.

An alternative assembly method, perhaps less affected by tight tolerances, is assembly with pinned connections.
The use of pinned connections has been demonstrated with the TetraSpar demonstrator [100,101], which has
successfully been operational offshore for several years at the time of writing. Similar fast assembly times as can be
achieved with bolted connections were demonstrated with the assembly of the TetraSpar demonstrator.

To gain confidence in bolted connections for the assembly of FOWT foundations, real-world data from offshore
operations will be crucial. Both FOW developers and financial institutions backing FOW projects will need to be
satisfied that the technology can be reliably deployed at a commercial scale. To achieve this, FOWT foundations with
bolted connections will first need to be successfully demonstrated offshore with MW-scale prototypes. The Culzean
project, and a second demonstration project planned by Ocergy with a foundation for a 15 MW turbine [102], are eagerly
awaited by the industry, but realistically, these projects will need to show at least several years of successful operation
to satisfy confidence.

Nonetheless, CFCs and the C1 Wedge Connection appear to have potential as an alternative to welded connections.
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11. Conclusions

This study investigated the suitability of bolted connections as an assembly method for FOWT foundations. Using
bolted connections for the assembly of FOWT foundations has potential benefits compared to the more conventional
method of welding. Bolted connections have the following potential advantages:

e  Significantly shorter assembly time compared to welding.

e Simplified assembly process compared to welding.

e  Applications with bolted connections in offshore O&G have been shown to be reliable and robust.
e  Potential reduction of CAPEX compared to welding.

Bolted connections are used in countless practical applications in every facet of daily life; however, they have not
yet been used for the assembly of large structural components of FOWT foundations. Bolted connections have the
following potential disadvantages:

e  Dynamic structural loads combined with environmental loads of FOWT foundations increase the potential for bolt
loosening and fatigue, and consequently bolt failure.

e  Corrosion and temperature fluctuations also have negative impacts on bolt performance.

e In offshore O&G, bolted connections have only been applied for the assembly of riser pipes, but not for the
assembly of large load-bearing structural members of floating structures.

e  Bolted connections will require regular inspections and potentially regular re-tightening.

The following research gaps have been identified with this literature review:

e Research on the effects of six-DOF dynamic loading and shear forces on the fatigue life of bolted connections in
structural members of FOWT foundations. This includes both numerical and experimental research.

e Research on bolt loosening in bolted connections of structural members in FOWT foundations.

e Increased tolerances may be required to ensure the successful assembly of large structural members of FOWT
foundations with bolted connections. The effects of increased tolerances on fatigue life could require additional
research and perhaps adaptation of the international standards.

e Adequate remote structural health monitoring methods for FOWT foundations with bolted connections.

e  The health and safety of maintenance technicians in confined spaces with difficult accessibility inside FOWT
foundations with bolted connections has not been adequately addressed.

e  Analysis of real-world data of MW-scale offshore demonstrators with bolted connections. Of course, currently, no
such data is available as there are no such offshore demonstrators yet. However, both the research community and
the FOW industry would benefit immensely if such data were made public when it becomes available.

Regular ring flanges, as are currently used for connections between WTG towers and offshore wind foundations,
are unlikely to be a suitable assembly method for FOWT foundations. These types of flanges are not designed to handle
large shear forces and tend to be subject to bolt loosening. Despite the disadvantages mentioned above, the CFC has a
good track record of low maintenance and reliability, and the C1 Wedge Connection has demonstrated the ability to
maintain preload under external loads during testing. Both types of connections could be considered alternatives to
welding for the assembly of FOWT foundations. However, their reliability as an application in FOW will need to be
demonstrated offshore to gain confidence in the technology.
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