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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik The offshore wind industry is a rapidly growing sector and will likely play a significant role in the future of green
energy. Monopile support structures are the dominant foundation type in offshore wind turbines. Existing

Keywords: monopile to transition piece technologies have a number of challenges, and a new design, called wedge

Offshore wind turbine connection, presents a promising solution. In the present study analytical techniques, supported with finite

MP-TP connection
Wedge connection
Design parameters
Offshore structures

element modelling, have been used to optimise the wedge connection design. A spring model was created and
solved for both the application of the preload and the combination of the preload and the external force. A lower
bound on the preload that would ensure the connection does not become loose was found. The self-locking
mechanism was shown to be not a required design feature. The optimum number of wedge connections in
one offshore wind turbine has been found as a function of the width of the connection and the monopile
diameter. It has been shown that laboratory experiments on a single segment of wedge connection are likely to be
conservative due to a higher stress concentration factor than in the full structure.

Although the capacity of offshore wind is still dwarfed by that of

1. Introduction onshore, with 29 GW and 621 GW of installed capacity at the start of
2020 in each industry, respectively (Sati and Verma, 2021), offshore
1.1. An overview of offshore wind industry wind has a number of advantages over its onshore counterpart. These
include that the wind resource in the sea is higher than at coasts, the
Offshore wind has grown dramatically over the past two decades, lower visual and acoustic impact which allows designs to focus on
increasing from less than 100 offshore wind turbines installed in fully maximising the power extracted, more consistent and reliable energy,
commissioned wind farms in the year 2000 to over 7000 in 2020. The and the spaciousness of the environment, amongst others (Sanchez et al.,
Levelised Cost of Energy (LCOE) for offshore wind has also fallen 2019).
significantly, from 190 $/MWh in 2009 to 78 $/MWh in 2019 (Ryan and A critical part of offshore wind turbine design is the foundations,
Mehmanparast, 2023). The UK is a world leader in offshore wind with which can account for around 30% of total costs (Diaz and Soares,
the greatest number of installed offshore wind turbines globally, at 32%  2020). The foundations must be able to withstand the load of the tur-
of installed turbines (Soares-Ramos et al., 2020). In early 2022, the UK bines and the stresses induced by the harsh environment, providing a
raised its target for the amount of energy that will be produced from safe and reliable base. A number of different designs for offshore wind
offshore wind by 2030 to 50 GW; enough energy to power every home in foundations have been implemented in the industry, influenced by fac-
the country (UK, 2022). Other countries are becoming increasingly tors such as the water depth and the local climate (Sanchez et al., 2019).
competitive in the offshore wind market with China top of the leader Some of the main foundation designs are the following.

board for the new annual installed capacity in every year since 2017
(GWEC, 2021), and a current share of 26% of installed turbines. Other 1. Monopile: A long steel cylinder, with typically 22-40m of embed-

countries with a significant industry include Germany (20%), Denmark ment depth and 6-10m of diameter, that sits in the seabed. The tower
(8%), Belgium (6%) and the Netherlands (5%) (Soares-Ramos et al., can either be supported directly by the monopile, or by a transition
2020). piece which sits between the two. The monopile is a simple design
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Nomenclature

a The angle of the wedge in the wedge connection

Bl The upper block in a single wedge connection, treated as a
spring

B2 The lower block in a single wedge connection, treated as a
spring

d Width of the hole in the wedge connection

D Monopile diameter

&; The compression (or expansion) of spring i after
application of preload

5 The compression (or expansion) of spring i after
application of preload and external axial force

FEM Finite element modelling

Fa An external axial force applied to a single wedge
connection

Fy Force exerted on a wedge by the upper block

FL Force exerted on a wedge by the lower block

Fp Force exerted on a wedge by the bolt

fu Frictional force on upper face of the wedge

fL Frictional force on lower face of the wedge

g Acceleration due to gravity

K; The spring constant associated with spring i

LCOE Levelised cost of energy

MP Monopile

MP-TP  Monopile to transition piece connection

MP1 The portion of the monopile in a single wedge connection
above the hole, treated as a spring

MP2 The portion of the monopile in a single wedge connection

below the hole and down to the ground, treated as a spring
m Mass

n Number of wedge connections in one structure

PL The force induced in the spring system through preloading

R; Inner radius of the monopile

R, Outer radius of the monopile

SCF Stress concentration factor

S11 Principle stress along x direction

S22 Principle stress along y direction

S33 Principle stress along z direction

Smax33 ~ Maximal stress along z direction

SN 33 Nominal stress along z direction

c Stress

TP The portion of the transition piece in a single wedge
connection, treated as a spring

u Friction coefficient

W Wedges in a single wedge connection, treated as a spring

that is relatively straightforward to install and is economical
(Sanchez et al., 2019), (Wang et al., 2018), (Mehmanparast et al.,
2017), (Anandavijayan et al., 2021), (Hu et al., 2020). Monopiles are
typically used in water depths of up to 50m in recent years.

2. Jacket: Typically a lattice structure with three or four legs and a large
base. Jacket is suitable for water depths of 30-80m. It is stiffer than
the monopile foundation and hence has more resistance to envi-
ronmental loading; however, its fabrication and installation are
costly and it has high maintenance work (Hao and Liu, 2017).

3. Tripod: A foundation with an anchor pile that is driven into the
seabed with an additional three legs. It is resistant to wave and
current loading and is suitable for water depths of between 25 and
50m. On the other hand, it is time consuming to construct tripods
and they are difficult to transport (Hao and Liu, 2017), which is why
this concept is not used any longer in Europe.

4. Gravity-based structure: Heavily reinforced concrete foundations
that rely on gravity to remain in place. These structures are very
difficult to transport due to their size and weight, typically limiting
their application to water depths less than 25m (Yu et al., 2015).

5. Floating: Consists of an anchoring system, a floating platform, and a
transition piece upon which the tower is installed (Sanchez et al.,
2019). A range of designs exist for floating foundations. They are still
relatively new technologies but offer the potential for use in very
deep waters (Diaz et al., 2022) (Arredondo-Galeana and Brennan,
2021) (Esteban et al., 2019).

Data on the foundation type in fully commissioned or decom-
missioned offshore wind farms can be found in the literature where the
proportion of offshore wind turbines with monopile foundations is found
to be between 71% and 86% of all global offshore wind turbines in fully
commissioned or decommissioned wind farms. This aligns with the
findings of the EWEA in 2015 who found the proportion in Europe to be
80% (EWEA, 2016). The existing data show that among all varieties of
foundation types listed above, monopile is by far the dominant majority
which has been used in current offshore wind farms around the world.

1.2. Monopile to transition piece connection technologies

In an offshore wind turbine with monopile foundation, there are

typically three main parts to the structure; the monopile, the tower and
the transition piece which is the connection between the monopile and
the tower. As well as simplifying the attachment of the monopile to the
wind turbine, the transition piece absorbs tolerances of possible in-
clinations - in the presence of grouted connection - and typically in-
cludes a platform that can be linked to incoming vessels and allow
inspection or maintenance crew to gain access (Mehmanparast et al.,
2020). Traditionally, the connection technology used to join the
monopile and the transition piece together was the grouted connection,
and later the flanged bolted connection was introduced since in-
stallations could be faster and more cost-efficient, and resettlement is-
sues were identified with the grouted connection (Mehmanparast et al.,
2020) (J 0 rss Blunck Ordemann, 2021). These technologies are called
monopile to transition piece technologies (MP-TP).

The first offshore wind turbine installed in 1991 was 54 m high and
0.4 MW of power, while nowadays the new generation of wind turbines
are 260 m high and 12 MW of power generation (Orsted, 2021). Wind
turbines have now reached such a scale that large numbers of very large
bolts, up to M90, are now commonly required in the MP-TP connections
(Braithwaite and Mehmanparast, 2019), (Redondo and Mehmanparast,
2020), (Braithwaite et al., 2020). This has caused handling issues due to
the sheer size of the bolts, problems due to the lack of standardisation,
and reduced fatigue life due to a mixture of size and notch effects
(Vanden Haute and Pire, 2020), (Lochan et al., 2019). Therefore, new
MP-TP designs are emerging in the offshore wind market (Delwiche and
Tavares, 2017). As mentioned previously, monopile foundations make
up the vast majority of foundations in offshore wind turbines, and the
offshore wind industry continues to grow dramatically. Therefore, the
optimal performance of the MP-TP connection has a significant
real-world impact and the introduction of an innovative MP-TP tech-
nology can noticeably reduce the LCOE in the new generation of offshore
wind turbines.

1.3. The C1 wedge connection ™ technology

The wedge connection is a new type of MP-TP connection technology
being developed by C1 Connections. As schematically demonstrated in
Fig. 1, the core of this design is two wedges with inclined planes placed
between two blocks, forming a wedge assembly. Using this technology, a
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Fig. 1. C1 Connections wedge concept (Wind Innovators, 2021).

large number of these wedge assemblies are placed around the
circumference of the MP-TP connection. As shown in Fig. 1, holes are
also machined into the top section of the monopile to accommodate the
wedge assemblies which effectively lock the transition piece into the
monopile. During installation, the transition piece is placed on top of the
monopile and the holes and wedge assemblies are aligned. The wedges
are displaced horizontally, using a lateral bolt, with a hydraulic system.
The hydraulic pressure is converted into a vertical preload through the
inclined plane (Creusen, 2017), (Creusen et al., 2022). The wedge
connection has a number of advantages, being easy to install and
requiring little to no maintenance, according to the manufacturer (Wind
Innovators, 2021). The design is intended to have a much higher load
capacity and significantly better fatigue resistance than conventional
flanged connections (Wind Innovators, 2021).

This paper aims to optimise the design of the wedge connection. This
will include finding a lower bound on the preloading force required,
considering whether the connection should be self-locking, and finding
the optimal number of connections in one structure. The differences in
Stress Concentration Factor (SCF) between a single wedge connection
that may be used in laboratory tests and in the full structure will also be
explored. Primarily analytical techniques will be used in this study,
supported by Finite Element Modelling (FEM). In the modern day the
default approach to many engineering problems is to deploy numerical
techniques. Given the advances in FEM software in recent decades this is
generally appropriate; however, the benefits of utilising analytical
techniques should not be forgotten. A greater understanding of the
problem can be gained by deploying such techniques, and they do not
require extensive computational time. Often a combination of analytical
and numerical approaches can be highly beneficial, as the two different
techniques can be used to validate one another.

Ocean Engineering 268 (2023) 113562

2. Finite element model
2.1. Model set-up

To support and compare against the analytical analysis, FEM analysis
has been undertaken. One single wedge assembly segment, connecting
the transition piece to the monopile, was considered. This assembly
represents the structure likely to be used in any structural integrity ex-
periments conducted in a laboratory setting. The finite element model
consisted of one portion of the transition piece and the monopile, two
blocks and two wedge components, as shown in Fig. 2. The bolts, nuts
and washers were not considered for simplicity. The wedges were
attached precisely to the blocks and then inserted into the hole formed
by the monopile and the transition piece. The monopile and transition
piece segments were built by assigning S460NL steel properties to them
and the rest of the components were built with the 34CrNiMo6 alloy
steel. The elastic properties of S460NL, which were derived from tensile
tests, are summarised in Table 1 while the plastic deformation behaviour
of the material is shown in Fig. 3. Also included in Table 1 are the elastic
properties of 34CrNiMo6. It’s worth noting that the tensile tests were
carried out on specimens with 50 mm and 80 mm thickness, to account
for the thickness effect in the thinner part (i.e. fork section of the tran-
sition piece) and thicker part (monopile section) of the geometry.

2.2. Mesh sensitivity analysis

In order to identify the most likely location of failure, a preliminary
simulation was carried out with a coarse mesh. The result showed two
primary hot zones in the monopile segment, Sections A and B (Fig. 4).
Section B was very small and close to the edge, and its high stress value
was mainly due to compression which is thought to have been caused by

B

e Transition Piece

P’ Lo Upper block

p T

¥ Lower block

+—— Monopile

Fig. 2. Components of the finite element model.
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Table 1
Elastic properties of S460NL and 34CrNiMo6.

Material S460NL 34CrNiMo6

Elastic Young’s modulus (GPa) 212 205
Poisson’s ratio 0.3 0.3
Density (Tonne/mm?>) 7.8 x107° 7.73 x 107°

600

550 °
)

500 S

450 U

® 50 mm
400 @80 mm

Stress (MPa)

350

300 - T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Plastic strain

Fig. 3. S460NL plastic behaviour obtained from tensile specimens with 50 mm
and 80 mm thickness.

von-Mises Stress
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the geometry of the model and the fillet design at the edges. For this this
reason, Section A (which is located on both sides of the lower part of the
fork section in the transition piece segment) was considered to be the
most likely area of failure during the lifetime of a wedge connection.
Thus, Section A had been selected, as the critical region for fatigue
analysis, in the FEM process.

In order to find a more accurate critical region of the sample, the
model was partitioned into smaller parts. Then, the mesh sensitivity test
was concentrated in the critical region. Due to the fact that the block
part has little influence on the result of critical zone and the geometry is
complex and irregular, the mesh strategy for the block was quadratic
tetrahedral. The element type used for this part in the simulation was
C3D10M. Unlike the block component, the rest of the geometry was
meshed by C3D8R hexagonal elements. By applying this kind of mesh
strategy, the distortion of the elements is reduced, and a more accurate
result is achieved. Also, to simplify the simulation process for mesh
sensitivity analysis, the model was built with pure elasticity. This did not
affect the accuracy of the results for mesh sensitivity analysis. By
adjusting the element size of the critical region from 76,956 to 236,698,
the maximum stress converged to 549.8 MPa when the element number
in the critical region reached 195,888. The model which first reached
the convergence plateau (see Fig. 5) was used for further analysis to save
computing capacity as well as to ensure accurate results are obtained
from FEM analysis. Upon completion of the mesh sensitivity analysis and
identification of the optimum element size, plastic properties were also
included in subsequent simulations performed in this study.

3. Spring system analysis

In this section, the wedge connection will be modelled analytically as
a system of springs. This will allow for an estimation of the preload force,

(Mi;Z the displacement of the components with the system under preload and
b under external force, and the member forces on each component. Some
P insight into how preloading effects the system will be gained in this
o manner, and some of the other factors that affect the member forces on
e the components. The spring system will also allow for an estimation of a
a3 lower bound of the preload force that will ensure the connection does
o not loosen.
3.1. Spring model set-up
- . . . The system’s initial state is considered to be the case where the
Fig. 4. High stress zones in the monopile segment. X
wedges are at distance [ from the end of the flat centre of the blocks, as
_ 550.0 S .
©
% ®
= 549.0 A
n
@ °
=
? 548.0 A
n
(O]
L
=
g 547.0 -
>
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g 546.0 -
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=
545.0 T — — — :
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Regional element number

Fig. 5. The convergence curve of the mesh sensitivity analysis.
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shown in Fig. 6(a), such that the wedges are in contact with both the
upper and lower blocks but are not compressed; hence, every component
is at its natural length. The natural length state of the system for the
assembly is estimated based on the current wedge connection design. It
should be noted however that this natural length state will be different
in the full structure as the weight of the turbine on top of the connection
will apply a force to the system and affect the starting positions of the
components. It is first noted that the length of the through thickness
lateral hole at the intersection point between the transition piece and the
monopile is 226 mm, as shown in Fig. 6(b). The natural length of the
shorter edge of the wedge is 58.8 mm (see Fig. 6(c)). The width of the
blocks at their centre point is 82.3 m, meaning that the shortest distance
between the upper and lower blocks is 55.5 mm (see Fig. 6(d)). There-
fore, by considering Fig. 6(d), the length I can be found to be 11.9mm.

When the wedges are moved inwards from the natural length state by
some distance x, then this can be viewed as the natural length of the
wedge increasing by 2y, where yo = xo tan(a) and « is the angle that the
wedge makes with the horizontal plane, as shown in Fig. 7. In the cur-
rent wedge connection design, a = 8°. The wedges are assumed to be
inserted to a distance of 5.4 mm from the edge of the flat centre of the
blocks, which is xg = 11.9 — 5.4 = 6.5 mm from the natural length state.
Therefore, yo = 6.5-tan(8) = 0.914 mm. It is worth noting that in
practice, xo is a function of the preload applied to the bolt and the
friction coefficient in the connection. Therefore, while a simplified
assumption has been made in this study for the ease of mathematical
calculations, the dependency of x, on preload and friction coefficient
must be accounted for in case-specific industrial applications to achieve
accurate solutions.

A single wedge connection can now be considered as a system of
springs. As the system is reasonably symmetrical, the two wedges are
considered as one spring, which means that the spring coefficient of the
spring will be twice that of the coefficients of the individual wedges.
Similarly, the relevant sections of the transition piece will be treated as
one spring. The monopile is split into two springs in series, the section
above the hole, denoted MP1, and the rest of the monopile, denoted
MP2, as shown in Fig. 8. The portions of the transition piece considered
are the sections parallel to the hole in the transition piece. This is treated
as one spring and denoted TP. The upper and lower blocks are treated as
two springs and denoted Bl and B2, respectively. As mentioned, the
wedges are treated as one spring, denoted W. These components are all
shown in Fig. 9. Let C = {MP1,MP2,TP,B1,B2, W} denote the set of
springs in the system.

In the natural length state, the spring system is as shown in Fig. 10.
After the wedges have been moved inwards by xj, the spring system
moves to the configuration shown in Fig. 11. The variables xi,...,x7
denote the distances moved from the first configuration to the second by
the various nodes. The bottom of the monopile is treated as fixed.

3.2. FEM calculations of spring constants

The spring constant of each spring i € C is denoted K;. Spring con-
stants depend on the elastic Young’s modulus of the material and the

(a) (b)

226mm
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| S

Fig. 7. Diagram of wedge parameters and relevant movements in vertical and
horizontal directions.

MP1

~

MP?2 <

\.

Fig. 8. Monopile split into two springs, MP1 and MP2.

38.8mm

58.8mm 55.5mm 226mm

(©) (d)

Fig. 6. Configuration of the wedges and the blocks (a) the wedges being a distance [ from the end of the flat centre of the blocks, (b) dimension of the hole at the
intersection point between the monopile and transition piece, (c) dimension of the wedges, (d) dimensions of the upper and lower blocks in the current wedge

connection design.
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Fig. 9. Components of the spring system.

[ T TN

> TP

TP

Yo { ( N [ %6
MP2 > B2 2 "
:/ o
Fixed

S S S S S S S

Fig. 10. Spring system in natural length state.

geometry of the spring. Due to the complexity of the geometries in this
system, calculating these values analytically is extremely difficult.
Therefore, these values have been estimated via FEM analysis. This is
detailed in Appendix A. In order to evaluate the spring constants in FEM
simulations, a uniaxial segment with a single wedge connection which
was designed for experimental investigations was considered in the
analysis. This explains the reason why Kp; and K, were assumed to be
the same in the present study. While this assumption is valid for a
simplified laboratory-based segment analysis, case-specific values need
to be defined for each of these spring constants based on the design
criteria and the operational loading conditions that may impose deferent

Ocean Engineering 268 (2023) 113562

.
-

TP

MP1 2

MP2 w
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TN

Fixed
PV i i i P 4T i i .

Fig. 11. Spring system after insertion of wedges.

degrees of bending on B1 and B2. To calculate Kypz, the length of the
monopile considered in the analysis was assumed as 25m. It should be
noted that the meshing on the blocks and the wedges was primarily
aimed at optimising the accuracy of the results on the transition piece in
the FEM analysis, hence the spring constants are considered to be ap-
proximations. The same methodology could be applied with an
improved meshing strategy to increase the reliability of the spring
constant values. The spring constant results are summarised in Table 2.

3.3. Preloading

The system described in Section 3.1 is now solved, which will pro-
vide the node displacements, the spring deformations, the member
forces, and the preloading in the system. The following analysis follows
a similar process to the one described in Reference (Crescimanno and
Keller, 1981), although an energy approach is taken as opposed to
resolving of forces (Goodman and Warner, 1963). Let §; denote the
expansion (or compression) of spring i € C, which can be written in
terms of the displacement of nodes as shown in Table 3.

Let IL;, FL; denote the initial and final lengths of component i € C,
respectively. Then:

ILp =ILyp) + ILgy + ILg, + ILy — 2y0 Equation(l)
FLyp =FLypy + FLg + FLgy + FLy Equation(Z)
Hence:
Table 2

Spring constants derived via FEM.

Spring Spring Constant (MN/mm)
Kup1 4.00
Kg1, Kp2 18.9
Krp 2.07
Kupz 0.14
Kw 19.7
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Table 3
Expansion or compression of springs i € C in terms of the displacement of nodes.

The expansion (or compression) of spring ~ Expression in terms of displacement of

ieC nodes
orp X1 — X7
Smp1 X1 — X2
dp1 X2 — X4
B2 X5 — X7
Sw X3 — X6
Smp2 X2

(FLyp — IL7p) = (FLypy — ILyp1) + (FLpy — ILgy) + (FLgo — ILp)
+ (FLy — ILy) + 2y

Equation(3)
Orp = Oyp1 + Op1 + O + Sw + 2yo Equation(4)
X1 =X| —Xp + X3 — X4 + X5 + X3 — X6 + 20 Equation(5)
X3 —Xg = X4 — X5 — 2y0 Equation(6)
Then the energy of the system is:
K K, K K
E==2x —x2)" + (00 — x4) (43 — X6)” + (s — x7)°
2 2 2 2
K K
+%()C1 —x7)2 + [;szg
Equation(7)

Subbing in Equation (6)) gives:

K K K K
E: MP1 ()Cl _ .X2)2 + Bl (xz _ .X4)2 W(X4 — x5 — 2y0)2 + BZ(XS _ x7)2
2 2 2 2
K K
5 =)+ =0

Equation(8)

The energy of the system must be minimised. Hence, the partial
differential of the energy with respect to each variable must be zero. This
gives the following system of linear equations:

Kyp1 + Krp —Kup 0 0 —Kzp
—Kup1 Kypi + Kp1 + Kup2 —Kp 0 0
0 0 —Kw Kw + K —Ksg2
—Kqp 0 0 —Kp> Kpy + Krgp

Subsequently, the following K domain is defined:

1 1 1 1 1 1

Kpow = = — —
oM ieC%ﬁ;PZ)Ki Kp Kp Kw  Kupt  Krp

Equation(10)

From the spring constant estimates, Kpoy can be estimated as:

1 1 1 1 1
Kpov=—+—+—=+—+-—==0.887 MN
¥ =189 189 197 T 400 T 207 '"'”/
Equation(11)
Solving the system of linear equations gives Table 4.
And since x3 — xg = X4 — X5 — 2Yo,
2o (L> =2y (44‘ L +L>
X3 —Xg = Km/ _ Kar _ Kum  Kw) _ 2yo Equation(12)

KDOM KD()M
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Table 4
Solution to node displacements in preloaded system.
Node displacement Solution
X1 1
—2y———
yOKMPl
Kpom
X2 0
X. 1
¢ 2yo (fm)
Kpowm
X5 1 1 1
— 2y, (— —
% (s * R * Km)
Kpom
X7 1 1
— 2y (—
Yo (KTP - KMP1>
Kpom
20 (¢+¢+¢+¢)
K | K K, Ks 2y0K; .
X3 — Xg = TP MP1 B1 B) Yo&pom Equatlon(l 3)
Kpowm Kpou
—2yp-
X3 —Xg = — K Equation(14)
Kpom

Therefore, the solution to the change in lengths of the springs and
evaluation at x, = 6.5 mm are given in Table 5.
Therefore, for all i € C\{MP2},

2)’0,%,

(6]

Equation(15)

" Koou
And so, the size of the member force of spring i € C\{MP2} is:

1P = 3 =22 20 tan()
l N Kpow Kpom

Equation(16)

Therefore, the preload, PL, is:

2
PL= M Equation(17)

Kpom

Which can be estimated via the spring constants as:

0

2Kwy0
—Kwyo

Equation(9)

Table 5
Solution to spring compressions in preloaded system.

Spring compression (or expansion) Solution Evaluation at xo = 6.5 mm
o 2y0i 209141
Krp 2.07 _ 0.995 mm
Koo 0.887
) 1 1
MPL —2yp—— 2.0.914——
__ Kum —_400 _ 9515 mm
Koou 0.887
1
Bl —2yoi 209141
Kp1 189 _ 0109 mm
Koom 0.887
5 1 1
B2 —2y0— 2:0.914——
K 189 _0109mm
Koot 0.887
&
v “2y0 - 200141
Kw 197 _ 0.105 mm
Koom 0.887

Smp2 0 mm 0mm
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Fig. 12. Preload contact stress (S33).

_ 2+6.5-tan (8)

PL= 08T 2.06 MN Equation(18)

The preload was also calculated via FEM analysis, as shown in
Fig. 12. The total contact force at the surface was found to be 2.13 MN, a
2.28% difference with the analytical solution. Given the simplifications
associated with the analytical model, this degree of difference is small
and supports the analytical model.

As the natural length state has been calculated, it must be that 0 <
Xo < 11.9mm, and so an upper bound on the possible preload can be
estimated as:

2-11.9-tan(8)

0337 =3.77T MN Equation(19)

It should be noted that since Syp2 = x, = 0, the monopile below the
top of the holes is not deformed and does not take any preload force.

3.4. Energy required for preloading

Now the forces acting on one of the wedges are considered, as shown
in Fig. 13. In this figure, Fp is the force applied by the lateral bolt, Fy is
the force exerted on the wedge by the upper block, F;, is the force from
the lower block, the friction force from the upper block is denoted fy and
f1 is the friction force from the lower block. The friction coefficient be-
tween the blocks and the wedges is denoted p. In the current design, u is
assumed to be 0.06. So, whilst the preload is being applied, the frictional
forces will be maximal and so fy = uFy and f;, = uFy.

Using the adiabatic approximation (Handy and Lee, 1996), it can be
assumed that the system is always in equilibrium. Therefore, resolving
the horizontal forces gives:

Fp — uFy cos(a) — pF; cos(a)—Fy sin(a)—F, sin(a) =0 Equation(20)

Since the forces will depend on the distance x that the wedge has
been pushed inwards from the start position, Fp, Fy and F; are functions
of x:

Fp(x) = (Fy(x) + F(x))(u cos(a) +sin(a)) Equation(21)

Fy(x) and F; (x) can be calculated from the work done to calculate the

Iy
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Fig. 13. Free-body diagram of wedge.
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preload (PL) in the system. Mass forces are neglected as they are either
already captured in the starting position of the equilibrium, or they are
negligible. Resolving the forces on the upper (or lower) block therefore
gives that:

PL 2x i
Folx) = Fu(9) = P cos(a) = Z290@ o) — ¥SM@ poiation(22)
2 2Kpom Kpowm
Therefore:
2x si
Fp(x)= Zxsin(a) ( cos(a) +sin(a)) Equation(23)
KDOM

So, the energy required to move both wedges in by a distance x, can
be calculated via the following integral:

rev= [ 2pnas= [ 22 g cos(a) +sin(a)ax
:w (u cos(a) +sin(a))

Equation(24)

Which, in the case where x, = 6.5 mm, can be evaluated as the
following for the current design:

2-6.5% sin 8

0857 (0.06 cos(8) +sin(8)) =2.63 MNmm =2,633 J

Equation(25)
Recall that the energy stored in the spring system after having moved
the wedges inwards by x, is the following, which can also be evaluated
for the current design:
2
2&52 Nk 2 tan(@) gz | 242 tan ()’ 1 2x2 tan (a)*
b2 K;

- 2
KDOM KD()M icCc ™M KDOM

ieC

=1.88 MNmm=1,882J
Equation(26)

Therefore, the energy lost to friction when moving the wedges

Fy

MP1

B1 TP

> >
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w

|

WVMAAMM

MP2 B2 _~ -

\//\\//\\/'
<
E

Fixed

L LA LA TS

Fig. 14. Spring system in natural length state.
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Fig. 15. Spring system after insertion of wedges and with application of
axial force.

Table 6
Solution to spring compressions in preloaded system with externally applied
axial force.

pring compression (or Solution Evaluation at Fy = 2.3 MN
expansion) and xo = 6.5 mm
Sup1 1 (FA B — 0.102 mm
Kup
Fp
——— — PL
KpomKmp1 )
S1p 1 <  Fa L) 1.30 mm
Krp \Kmp1Kpom
EBI B L ( Fa — 0.143mm
Kg1 \Kmp1Kpom
PL)
S2 1 ( Fy n — 0.143 mm
Kg2 \Kmp1Kpom
PL)
Sw 1 ( R N 0.137 mm
Kw \Kup1Kpom
pL)
Sup2 Fa 16.4 mm
KMPZ
inwards by xy is:
2x% sin(a . 2x2 tan ()’
20 Si(@) () os(@) + sin(a)) — 2020 (@)°
Kpom Kpom
23 (. .
=0 |sin |a ucos(a)+sin| a| | —tan(a)® | =751 J
Kpom

Equation(27)

However, it should be noted that Equation (24) is a lower bound on
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Table 7
Comparison of the analytical and FEM solutions for the spring deformations after
preloading and application of 2.3 MN force.

Spring compression (or expansion) Analytical Solution FEM solution

Sup1 — 0.102mm —0.129 mm
Srp 1.30 mm 0.829 mm
S1, 082 —0.143mm —0.011 mm
Sw 0.137 mm 0.207 mm

the energy required to pull the wedges together. This is because an
idealised model has been used that doesn’t take into account other forms
of energy loss during tensioning.

3.5. External axial force

Now the application of an external force to the system is considered.
Let F4 be an axial force applied to the system, as shown in Figs. 14 and
15. Let X1, ..., x7 denote the new distances moved by the various nodes,
as shown in Fig. 14.

Let 5; denote the new expansion (or compression) of spring i € C. The
general solution to the system is provided in Table 6, alongside the
evaluation for the case that F4, = 2.3 MN and xo = 6.5 mm. The method
used for this purpose has been explained in detail in Appendix B.

These results can be compared with the solution found using FEM.
During this simulation, a load of 2.3 MN was applied at the top surface of
the transition piece as an external load. The bottom of the monopile was
fixed via a symmetry ENCASTRE boundary condition. Appendix B de-
tails how the spring deformations were extracted from the FEM. Table 7
compares the deformation results by the two methods. Recall that the

solution for dypy assumes a spring constant associated with a full-scale
25m long monopile and hence cannot be directly compared with the
FEM results which are based on a small-scale segment of the wedge
connection. Considering the large dimensions of the MP-TP connection,
the results are reasonably close (with less than 1 mm difference between
analytical and FEM values) despite the simplification associated with the
analytical model, including the fact that the analytical model assumes
fully elastic deformation whereas the FEM result is based on elastic-
plastic simulations.

Let F; denote the member force of spring i € C. Then F; = 5;K;, hence

Fypr =F,4 Equation(28)
Frp= Fa + PL Equation(29)
" KDOMKMP] q
~ Fa .
Fypp=Fy ——————PL Equation(30)
KpomKup

And for i = B1,B2 and W:
~ —Fy .
Fi=— —PL Equation(31)

KDOMKMP]

In the case where F, = 2.3 MN and x, = 6.5 mm, we have that:
fMpz =23 MN Equation(32)
Frp=2.7MN Equation(33)
Fyp = — 0.409 MN Equation(34)

And for i = B1,B2 and W:

F,= —27MN Equation(35)

So, the total externally applied axial force is applied to MP2. Recall
the definition of Kpoy given in Equation (10). So 1/Kpoy is what the
stiffness of a spring consisting of all springs i € C\{MP2} in series would

10
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be. Looking at the expressions for the member forces of the springs, the
only way in which the stiffnesses of each individual spring affect these is
through the term KpopKpp:- This is the ratio of the stiffness of MP1 to a
spring with stiffness 1/Kpou. Therefore, the ratio of the stiffness of any
other springs in C will not affect the ratio of the member forces of the
springs.

3.6. Force required to loosen connection

Recall that the calculated &; are the compressions or expansions from
the natural length state. In the case of the structure in situ, the mass of
the transition piece and turbine are sat on top of the system and will

affect the natural length state. So Sup1 =0 corresponds to MP1 being
compressed by exactly the amount it would be from just the transition
piece and turbine sitting on top of it. MP1 being fully uncompressed
therefore in fact corresponds to approximately Syp = (mg/n)/Kuyp:
where m is the mass of the transition piece and the turbine, g is accel-
eration due to gravity and n is the number of connections. Hence, the
tensile force required to lift the transition piece up off the monopile can
be estimated:

1 F,
mg _ < Fy— A _ pL> Equation(36)
n Kypi  Kupi KpomKup:
mg 1 .
Sl ) _pL Equation(37)
n A ( KDOMKMP1> d
KpouKur1 — 1) mg ;
Ful =222 ) =—4pL Equation(38)
4 ( KpomKupi n d

- (% + PL) KpomKup .
F,= T — Equation(39)
This equation can be evaluated for any given offshore wind turbine.
For example, for a structure like a V80-2.0, the mass of the wind turbine
would be 230 tonnes (Bhattacharya, 2019), (Vestas, 2011). Assuming a
diameter of 4m, a length of 20m and a wall thickness of 5 cm, the volume
of the transition piece is estimated as 12.4 m® via the following equation:

Volume = Annulus area x length of cylinder = (aR* — (R — w)z) x L
Equation(40)

Assuming a density of 7.8 tonnes/m> (OVAKO, 2021), this is 96.8
tonnes, hence it can assumed that m = 326.8 tonnes. The number of
connections n is taken to be the optimal value estimated in Section 4.1
for a 4m diameter turbine with hole width 115 mm; which is 59.
Therefore, the force required to loosen the connection can be estimated
in this case as:

(32680098 1 3 06-10°)-0.887-4.00
0.887-4.00 — 1

=2944000 N =2.9 MN Equation(41)
Conversely, an estimation on the lower bound that the preload value
should be set to can be expressed as the following:

KpouKupr — 1 _mg

n
where Fp mqy is the largest predicted tensile load. It is worth noting that
in addition to the gravity-based analysis explained above, suitable safety
factors must be considered to account for other self-loosing mechanisms

such as vibration in the calculation of the minimum required preload
that maintains the MP-TP connection using the wedge technology.

PL > Fy yax ( Equation(42)

KpomKup

3.7. Bolts in the wedge connection

The SCF on the threads of bolts are high due to the notch effect. Bolts
that are subjected to cyclic loading of large amplitudes and high
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fu

f L mg
Fig. 16. Free-body diagram of wedge in case of broken bolt.

numbers of load cycles, such as those in MP-TP flanged bolted connec-
tions, are therefore vulnerable to fatigue failure (Schaumann and
Eichstadt, 2015). In MP-TP flanged bolted connections, preloading is
therefore very important as the preloaded compressed flange will take
the majority of an external tensile load since the flange material is stiffer
than the bolt (Richards, 2018). The wedge component also includes a
bolt which is tightened to bring the two wedges closer together and
apply a preload to the system. The parameters in this design can, in fact,
be selected so as to ensure a self-locking mechanism. This would mean
that, if the bolt fails, the frictional forces would hold the wedges in place
and maintain the preloading throughout the system.

If the bolt fails, then the force Fp is no longer applied to the wedge,
therefore, the only forces on the wedge in the inwards direction are the

f
U F,
F, F,
! F
Ji mg

(a)
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horizontal components of the frictional forces fy and f;, as can be seen in
Fig. 16. To prevent the wedges from moving outwards, it is therefore
necessary that:

(fu +fr)cos a > (Fy + FL)sin a Equation(43)
U(Fy+Fp)cosa > (Fy+Fp)sina Equation(44)
ucosa>sina Equation(45)
u>tana Equation(46)

Therefore, the angle a can be selected to ensure that tan a remains
less than the coefficient of friction between the wedge and the upper and
lower blocks.

In the current design however, the friction coefficient between the

blocks and the wedges is 0.06 and a = 8°, so:
tan(a) =0.14</0.06 = u Equation(47)

The self-locking quality is only desirable however if failure of the
bolts in the wedge connection is considered a reasonable possibility. By
considering the diagram in Fig. 17, the tensile load on the bolt in the
wedge connection can be calculated.

Fp=(Fy+ Fp)sin(@) — (fy +fi)cos(a) Equation(48)

> (Fy +Fy)(sin(a) — u cos(a)

Recalling the solutions to the member forces on the springs in Section
3.5, and resolving the forces on the upper block, it can be seen that:

F
oA +PL> Cosz(a)

KpomKup

Fy=F, = ( Equation(49)
And so, the varying portion of the force on the bolt in the connection,
denoted Fpy, has the following lower bound:

Fy
FP.V 2 >
KDOMKMP]

)cos(a)(sin(a) — pcos(a))

F .
= (WM )cos(S)(sm(S) —0.06 cos(8)) =0.022 F,

Equation(50)

Hence, a lower bound on the varying force on the bolt can be ob-
tained. The preload effect on reducing the force taken by the bolt has
been neglected, hence this lower bound is conservative. Since a small
proportion of the tensile force on one connection is translated to the bolt
in that connection, failure of the bolt is not considered likely. Therefore,
the self-locking quality is not considered to be a required feature.

] o

(b)

Fig. 17. (a) Free-boday diagram of wedge and (b) resulting tensile force on bolt.
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4. Optimal number of connections and SCF
4.1. Optimal number of wedge connections

An important design question is the number of wedge connections
that should attach the monopile to the transition piece. This can be
determined by looking to minimise the stress concentration as a function
of the number of connections. In the current design, the monopile can be
considered as a joint with multiple holes that are loaded by pins. In the
literature, the stress concentration factors for circular pinned joints with
multiple pins can be found as a function of the geometry’s dimensions
(Pilkey et al., 2020). It is noted that the shape of the holes in the
monopile for the wedge connection design is not circular, and also the
preloaded fasteners change the deformation level and subsequently the
stress concentration. For these reasons, the solutions provided here are
an approximation.

Some research has been undertaken into the effect of the shape of the
pin on the stress concentration factor for single lap joints made of
composite materials. This research found that a ‘race-track’ shaped pin
reduces the stress concentration factor when compared with a circular
pin by up to 28% (Zhou et al., 2016). This factor is not directly appli-
cable to this case as the shape of the holes in the case of the current
wedge connection design is not ‘race-track’ (although they are more
similar to this than the circular holes), and the material in this case is not
a composite, and the joints are double rather than single lap. However,
this research suggested that the use of SCF data for circular holes is a
conservative approach, as a higher SCF assumed will lead to poorer
predicted fatigue performance.

In the case of the wedge connection design considered in the present
study, firstly the ratio e/d is considered where e is the distance from the
edge of the plate to the top of the hole and d is the hole diameter. From
Fig. 18 it can be seen that in a single wedge connection segment
considered in this study the distance e is 102 mm. There are two radii of
curvature associated with the curved portion of the hole where the
wedge assembly sits. Therefore, the diameter d can be taken as either
115mm or 101mm, so e/d is 0.9 or 1.0, respectively, hence given the
available curves in Reference (Pilkey et al., 2020) for circular pinned
joints, e/d will be taken as equal to unity.

Ocean Engineering 268 (2023) 113562

Extracting the data from Reference (Pilkey et al., 2020) for e/d =1
and adding in a cubic line of best fit gives the solution of SCF, Kump,
described using Equation (51). In this case, [ = zD/n, where n is the
number of connections and D is the diameter of the monopile, therefore
d/l = dn/zD.

3 2
Ky, =2.95 (%) +0.49 (?) +0.24 <%> + 1.09

The literature gives that for a nominal stress 6,,m = P/d on one pin,
the maximal stress in the plate will be 6,0 = Kinp6nom = KepP/d. The
assumption is that, for a given d, the nominal stress on each pin remains
fixed as [ varies. However, in this case, as the number of connections
varies, the nominal stress on each pin also varies.

Therefore, here the stress concentration factor K(n) is looked to be
found, where the maximal stress on the monopile is 6K(n), where ¢ is the
stress around the whole circumference of the monopile. Suppose that the
applied tensile force is F4. Then ¢ can be approximated as Fn/zDw,
where w is the width of the monopile’s wall. The nominal stress on one
connection will therefore be (F4 /n)/(wd) = Fa/nwd. Hence:

. o . o FA 7 KmbﬂD FA 7 KmbﬂD .
max — Btnb®Qnom — Homb I’le_ nd zDw - nd

Equation(52)

Equation(51)

Therefore:

KD _ 7D d\’ d\’ d
K(n)=—"—=—{2. - 49( - 24( = 1.
(n) nd nd( 95<1) +0.49 7 +0 7 +1.09
D an\’ dn\? dn
=—12. — 49 — 24— 1.
d < 95 (nD> +0 9(7:D) +0 <nD) + 09)

1.09zD
nd

=295 d 22+o49d +0.24 +
=P\ " ot
Equation(53)

To find the minimum value in this expression, the differential is set to
zero:

!

Fig. 18. Dimensions of the design of the monopile in a single wedge connection segment (in mm).
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Fig. 19. The relationship between the ratio d/D and the optimal number of
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dK d\’ d 1.09zD
— =589 — 049 —— =0 E tion(54
a\’, d , 1.09zD .
5.89 (E) n’ +0.49 En - - 0 Equation(55)
The discriminant of a cubic a;x® + a;x? + asx + a4 is:
18a,arazay — 4a;a4 + a§a§ — 4a1ag — 27a%aﬁ Equation(56)

And in this case ¢ =0, therefore the discriminant is — 4a3a,— 27a?a2
which is negative since a; = 5.89(d/zD)* > 0 and 0.494 > 0, hence
there is only one real solution. The nearest integer to this solution pro-
vides the answer to the optimal (i.e. minimal) number of connections.
Fig. 19 shows the relationship between the ratio d/D and the optimal
number of connections. In the case where d = 115mm and D = 7m, it
can be seen that n = 104. Fig. 20 shows the relationship between K(n)
and the number of connections n for d = 115mm and D = 7m.

It is now shown that the minimal value of K(n) does not depend on d/
D. It can be seen that:

295 (d \* 049 (d 1.097 295, 0.49_
K(n)=—9 —n| +—\(=n +0.24+ﬁ=—n2+—9n+0.24
72 \D r \D 4n) = b2
1.097
+—=
n
Equation(57)

where 71 = $n. Let:
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295,
2"

fn)

+ 0':9 1097 Equation(58)

024+ 2
n

So K(n) = f(4n). Then, to minimise K(n) we differentiate and set to

Zero:

K d,(d .
oD (B ") =0 Equation(59)
f(@=0 Equation(60)

There is some 7, independent of ¢ for which f (fig) = 0. This 7y
minimises f(r,) = K(n). Hence the minimal value of K(n) is constant and
has been calculated to be 3.38. Therefore, according to the assumptions
in this analysis, the minimal stress concentration factor that can be
achieved is 3.38. As discussed above, this factor is likely to be conser-
vative given that the analysis is based on circular holes.

Similarly, the optimal value of d/l is fixed and takes value 0.543,
which is an extrapolation of 8.6% beyond the range of existing data
taken from Reference (Pilkey et al., 2020). This relatively small
extrapolation helps increase confidence in the approximation. There-
fore, | = 1.84d, and so the gaps between the holes should be 0.84 times
the width of the holes. This fixed optimal value of d/I allows for the
calculation of the following simple expression for the optimal number of
connections:

d _dn

0.543 = ) Equation(61)
n= [O'SZMD} Equation(62)

where the term in square brackets [] denotes the nearest integer to the
value calculated using Equation (62).

4.2. SCF calculation via FEM

FEM analysis has also been undertaken to estimate the SCF in the

Fig. 21. Boundary conditions in FEM simulation.
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Fig. 22. Results of (a) the von-Mises stress, and (b) the S33 stress distribution in the FEM model utilising Y-symmetry boundary conditions.

wedge connection segment considered in this study. When a part of the
full structure, the deformation of the side faces of monopile and tran-
sition piece will be restricted because each of them belongs to an inte-
grated circular structure. To achieve this constraint, the symmetry
boundary condition (YSYMM) was applied at the side surfaces of both
lower flange and upper flange as shown in Fig. 21.

The resulting von-Mises stress distribution and the axial stress along
the loading direction (i.e. S33) are shown in Fig. 22. The highest stress
value achieved from the FEM simulation is 373.8 MPa in the critical
region. The nominal stress can be found by dividing the load applied in
the simulation, 2.3 MN, by the cross-sectional area, which is 80 mm x
220 mm. Therefore, the nominal stress is 130.68 MPa. From this, the SCF
value found by dividing the maximal stress by the nominal stress is 2.86.
This is lower than the 3.38 value found via the analytical approach
detailed in Section 4.1, where circular shaped holes were assumed in
calculations. Hence the results presented in Section 4.1 can be consid-
ered conservative for design purposes.

Stress concentration factor

O =~ N W H 01 O N © ©

o

0.2 0.4 0.6 0.8
d/H

Fig. 23. SCF in a plate of finite width with a circular loaded pin as a function of
the hole width to plate width ratio, d/H.

4.3. SCF in single connection versus full structure

The SCF minimisation that was investigated in Section 4.1 was for an
infinite plate with evenly spaced holes, approximating the full structure.

In this section, further consideration is given to comparing optimal SCF 9
in the full structure and optimal SCF in a single connection. This is S
=
particularly important due to the fact that a single wedge connection 8 8
segment is more likely to be the subject of laboratory testing. w7
This is firstly undertaken by considering approximated versions of 5 6
both cases. The former as in Section 4.1, the latter by considering a plate =
of finite width with single circular loaded pin. The literature provides g 5
SCF for this secondary case as a function of the ratio d/ H, where d is the q‘:, 4
width of the hole and H is the width of the plate (Pilkey et al., 2020). The 8
definition of nominal stress is given by, 8 3
P ) 0 2
Ona :m Equation(63) @ 1
n
where P is the load and h is the depth of the plate. In the present study, 0
the nominal stress is defined as 6,om = P/Hh. Therefore, the aim is to 0 02 04 06 0.8
find K such that 6,0 = Kopom- Pilkey et al. provide data for Ky, (Pilkey d/l
et al., 2020), where:
P KuH P KyH ) Fig. 24. SCF in a plate of infinite width with evenly spaced circular loaded pins
Omax = KunpOnp = Kmb% ==4 Hn- g Crm Equation(64) as a function of hole width to distance between pins ratio d/L.
Therefore, K = KyH/d.
A polynomial fit to the K, solutions provided in (Pilkey et al., 2020) H a\’ d\? d
gives the following equation for Kpy: K=Ky = 66.359 (ﬁ) —87.251 (ﬁ) +47.851 (ﬁ) —8.7243
a\* 4\’ n% d d\~'
Ko = 66. =) —87251( =) +47.851(=) —8.7243( =) +1.734 + 1.7347|
mp = 00.359 (H) 87.25 (H) +47.85 (H) 8.7243 (H) + 1.7347 H
Equation(65) Equation(66)
Therefore, the following equation for K can be deduced: Differentiating with respect to d/H gives:

14
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-2

=0

2
K =199.08 <i> —174.50 <1> +47.851 —1.7347 (ﬂ)
H H H

d
d(f)
Equation(67)

Solving this quartic gives the d/H = 0.424, and a minimal SCF of
K = 5.03. The comparison of the SCF solutions in a plate of finite width
with a circular loaded pin as a function of the hole width to plate width
ratio, d/H, with a plate of infinite width with evenly spaced circular
loaded pins as a function of hole width to distance between pins ratio, d/
I, is shown in Figs. 23 and 24, respectively. Comparison of the obtained
results show that the optimal SCF that can be achieved in a plate of finite
width with a loaded circular pin is 5.03, whilst in an infinite plate with
infinite spaced loaded circular pins the optimal SCF is 3.38.

Investigation has also been done using FEM. A simulation was run
without the symmetry boundary conditions, thereby better replicating a
segment of the wedge connection which is likely to be used for labora-
tory experiment purposes. The maximal stress was found in the same
region and had a value of 405.3 MPa. Therefore, the SCF was 3.10,
greater than the 2.86 predicted by the prior simulation. Therefore, both
the analytical analysis and FEM simulations indicate that any investi-
gation of the fatigue life of a single segment of wedge connection will
involve a higher SCF value than the full structure and is therefore likely
to be conservative. Further research could involve FEM analysis of the
full structure and of the single connection and create a function mapping
the behaviour of the single connection to that of the full structure. Any
laboratory-based experiments on a single connection could then be
robustly mapped onto anticipated behaviour in the full structure.

5. Conclusions

The offshore wind turbine foundation is a cost-critical component of
the structure, and analysis of globally installed offshore wind turbines
found monopiles to be the dominant foundation type. Optimal MP-TP
connection designs therefore have the potential for a high economic
impact. Analytical and FEM analyses were undertaken in this study on
the newly developed wedge connection MP-TP technology. In the
analytical part of the analysis a spring model was designed and solved
for both the application of the preload and the combination of the pre-
load and the external force. A comparison was made with the FEM re-
sults and found just a 2.28% difference in the calculated preload force. A
lower bound on the preload, that would ensure the connection does not
become loose, was found from this study. The force felt on the bolts in

APPENDICES.

Appendix A. Estimation of spring constants via FEM
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the wedge connection was calculated and it was concluded that the
lateral bolts are not a critical component of the wedge connection, hence
self-locking is not a required design feature. Further analytical in-
vestigations were carried out to identify the optimal number of wedge
connections in one structure in order to minimise the SCF, as a function
of the ratio of hole width to monopile diameter. Moreover, it has been
demonstrated that the SCF in a single segment of the wedge connection,
which is likely to be used for fatigue testing purposes, is higher than in
the full wind turbine structure, hence that laboratory experiments on
one wedge connection segment are likely to be conservative and
therefore suitable for design purposes. Further research in future work
could involve undertaking FEM modelling of the full MP-TP structure
and varying the number of wedge connections to generate the SCF as a
more accurate function of the number of connections. This may provide
a more robust assessment of the optimal number of connections and the
minimal stress concentration factor achieved from analytical solutions
presented in this work.
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In every case, the maximal deformation in the relevant range in the axis of applied force was taken, i.e., the maximal value of U3 in the relevant

range.

1.1 Spring Constant Kyp1
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Fig. A-1. (a) Location of boundary conditions and (b) maximal deformation for Kyp; estimation

H. Ryan et al.

A fully elastic simulation was run with the lower flange and the upper block. The block was made infinitely stiff, and the bottom face of the block
was fixed in all degrees of freedom. A force of 2.3 MN was then applied to the top face of the lower flange, as shown in Figure A-1. The maximal
deformation in the MP1 spring range was 0.575 mm, therefore Kyp; is estimated as:

2.3
Kyp) = —— = 4. i -
T 4.00 MN / mm Equation(A-1)

1.2 Spring Constants Kg; and Kg,

Fig. A-2. U3 deformation on the upper block in spring constant simulation

u3
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-9.920x102
-1.095x10-!
-1.198x10"!

The upper and lower block spring constants were assumed to be equal. The same simulation was run as in the estimation of Kyp;, but with the
monopile made infinitely stiff and the upper block with its usual Elastic Young’s modulus. The maximal deformation in the axis of the applied force on
the block was 0.120 mm, as shown in Figure A-2. Therefore, the spring constants were estimated as:

2.
Ky =Kp, = —3 =189 MN/mm Equation(A-2)

0.120
(@)

Fig.A-3. (a) Location of boundary conditions and (b) maximal deformation for K7p estimation

1.3 Spring Constant Krp
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A fully elastic simulation was run with the transition piece and the lower block. The block was made infinitely stiff, and the bottom face of the block

16
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was fixed in all degrees of freedom. A force of 2.3 MN was then applied to the bottom of the transition piece, as shown in Figure A-3. The top of the hole
deformed by 1.61 mm, as shown in Figure A-3, and the bottom of the hole deformed in the same direction by 0.50 mm. Therefore, the overall maximal
deformation in the TP spring range was 1.61-0.50 = 1.11 mm. The spring constant can therefore be estimated:

2.3
Kop ENT 2.07 MN / mm Equation(A-3)

1.4 Spring Constant Kw

u3

1524x103
1.817x102
2.802x102
-3.787x102
47723102
| -5757x102

6.742x102
7.727x102
8.711x102
-9.696x102
-1.068x10-1
-1.167x10""

(@) (b)

Fig. A-4. (a) Location of boundary conditions and (b) maximal deformation for Ky estimation

A fully elastic simulation was run with the monopile, the upper block, and the wedges. The monopile and block were made infinitely stiff, and the
bottom faces of the wedges were fixed in all degrees of freedom. A force of 2.3 MN was then applied to the top of the monopile, as shown in Figure A-4.
The maximal compression of the wedges was 0.117 mm, as shown in Figure A-4. The spring constant can therefore be estimated:

2.3 .
Kw = 0.117 19.7 MN/mm Equation(A-4)

1.5 Spring Constant Kypz
To estimate Kppp, the MP2 section was split into two springs in series, MP3 and MP4, as shown in Figure A-5.

-

MP1 <

A Y 4

MP3 <

MP4 ¢

\

Fig. A-5. Springs MP1, MP3 and MP4
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Kups can be estimated from FEM. However, the spring MP4 does not really exist in the geometry analysed in FEM. Therefore, MP4 is analysed
analytically.

Considering first Kjps, a fully elastic simulation was run with the lower flange and the upper block. The block was made infinitely stiff, and the
bottom face of the block was fixed in all degrees of freedom. A force of 2.3 MN was then applied to the bottom face of the lower flange, as shown in
Figure A-6. The top of the hole deformed by 1.57 mm, as shown in Figure A-6, and the bottom of the hole deformed in the same direction by 0.52 mm.
Therefore, the overall maximal deformation in the MP3 spring range was 1.57-0.52 = 1.05 mm. The spring constant can therefore be estimated:

2.
Kyps :1—035 =2.19 MN / mm Equation(A-5)

U3

7.686x10°
2.631x10""
-3.946x10""
-5.262x10""
6.577x10""
| -7.893x10"
-9.208x10""
-1.052x100
-1.184x100
1.315x100
-1.447x100
-1.574x100

ANCE R2019x i Ape 23 10.03:29 OMT Summer Ty

(a) (b)

Fig. A-6. (a) Location of boundary conditions and (b) maximal deformation for Kyp3 estimation

The spring MP4 can be approximated as a simple plate. It will be assumed that the monopile has length of 25m and the plate has width 220 mm and
depth 80 mm, so the cross-sectional area would be 17,600 mm?2. The spring constant can then simply be estimated via the elastic Young’s modulus E:

17600 17600

Kyps = E-m =212000-———— = 0.149 MN/mm Equation(A-6)

25000

Finally, Kyp, can then be estimated from Kyps and Kyps:

Kups * Kupa

1
Kypy =——— = 0.140 MN / mm Equation(A-7)

Appendix B. Solution to spring system with externally applied axial force

The method for finding the solution to the system described in Section 3.5 is provided here. The energy of the system is:

PO ¢ PO K, . Ky, . Kp, . Kp, . Kypr ~ .
E=F,x, +$(xl - x2)2 +%(x2 — x4)27w(x4 — X5 — 2yo)2 +782(x5 - x7)2 +%(x1 - x7)2 + gpzxzz Equation(B-1)
This gives rise to the following system of linear equations:
Kyp1 + Krp —Kyp 0 0 —Krp X1 Fy
—Kypi Kup1 + Kp1 + Kypz —Kpi 0 0 X 0
0 —Kjp Kz + Ky —Ky 0 X | =1 2Kwy, Equation(B-2)
0 0 —Kw Kw + Kag —Ks2 Xs —Kwyy
—Krp 0 0 —Kp> Kp> + Krp X7 0

Solving this system, by multiplying both sides of the equation by K~ matrix, gives the following solutions:
X1 = (Fa(Kp1 Kp2 Kuip1 K1p + K1 Kgo Kupo Kp + K1 Ky Kygp1 Kw + K1 Ko Kyipi Ky 4 Ky Ko Kuipa K + Kt Kt Kep Ky + Ky Kyip1 K1p Ky + K1 Kypy Krp Ky
+ K Kyp1 Krp Ky 4 Kpo Kipo Kip Ky ) — 2y0Kp1 Ko Kyipr Krp K )
| (K1 KsrKyipr Kuipo Kp + K1 Ko Kyp1 Kupo K + K1 Kpo Kyipo Krp Ky + Kt Kyt Kyp2 Krp K + Ko Kuipt Kupa Krp K )
Equation(B-3)

-~ Fy
X2

_ Equation(B-4)
Kyro
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X4 = (Fa(Kp 1 K2 Kysp1 Krp + K1 Ko Kyip1 Ky + K1 Ky Kgp1 Ky 4 K1 Ky Krp K + Ky Kygp1 Krp K + Ko Kaipy Krp Kw 4 Ko Kygp Krp Kw ) 4 20 Kigp1 Ko Ky Krp K )
/ (K1 Kp2Kyvip1 Kip2 Krp + K1 Ko Kuipr Knapo K + K1 Ko Kgpa KrpKw + K1 Kiipt Kuipo Krp K + Ko Kugp1 Kypa K7 K )

Equation(B-5)

X5 = (Fa(Kp1 Kpo Knip1 Krp + K1 Kgo Kuipo Kp + K1 Ko Kygp1 K + K1 Kpo Krp Ky + Kt Kyt Krp K + Ko Kuip1 Kip Kw + Ko Kypy KrpKy)

— 2y0(Kp1 Kg2 Kptpr Kuipo Kw + K1 Ko Knipa Ko Kw + K1 Kupt Kupo Krp Ky ) )

Equation(B-6)

/ (KBIKBZKMP] KMPZKTP + KBIKBZKMPI KMP2KW + KBIKBZKMPZKTPKW + KBI KMP] KMPZKTPKW + KBZKMPI KMPZKTPKW)

X7 = (Fa(Kp1 K2 Kyip1 Krp + K1 Ko Kupo K+ K1 Ko Kiipy K+ K1 Ko Krp Ky + K1 Kyip1 Krp K + K1 Ky Krp Ky Ko Kygp1 Krp Ky + Ko Kupo Krp Ky )

— 2y0(Kp1 Kp2 Kpip1 Kuipo Kw + K1 Kpo Knipo K1p K )

/ (KBIKBZKMP] KMPZKTP + KBIKBZKMPI KMPZKW + KBIKBZKMPZKTPKW + KBI KMP] KMPZKTPKW + KBZKMPI KMPZKTPKW)

Equation(B-7)

Let &; denote the new expansion (or compression) of spring i € C. Then the solution can be simplified as follows:

Supr = (Fa(Kp1 K2 Kvip2 Krp + K1 Ko Kip2 Kw + K1 Kgpa Krp K + Ko Kuipo Krp K ) — 2y0K g1 Kpo Kuipa Krp K )

Equation(B-8)

/ (KB] KBZKMPIKMPZKTP + KBI KBZKMPI KMP2KW + KB] KBZKMPZKTPKW + KBIKMPI KMPZKTPKW + KBZKMPI KMPZKTPKW)

Dividing top and bottom by [[K; gives:

icC

Fa (L4 1 4 1 4 1) _ 2%
= Kwvipi (KW + Krp + Kpi + KBZ) Kyipi
Omp1 = X

DOM
Fa 1 __1
= Kup1 (KDOM KMPI) FA (KDOM KMPI) 1
Kpou Ky Kpom Kyt

(7

Equation(B-9)

Fy

KpouKwur

—0.102 mm

Equation(B-10)

L)

Similarly, the following are calculated, and evaluated for the case that F, = 2.3 MN and x, = 6.5:

~ I KFA ( KL> 1 F

b5 = o= (R ) 120

= ~ 71([;1/;1 ( K%al) FA

Opl =Xy — Xy = Koon +0p1 = _K_B1<m+PL): —0.143 mm

532:;25 —)’c;:_KZ;' ( KLBZ) +0p=—— (LJrPL) = —0.143 mm
DOM K82 KMP] KDOM

5W=x~2 _@:M+5W: _L (L+pL) =0.137 mm
DOM KW KMPIKDOM

EMPZ =)’Cz = FA = 16.4 mm

MP2
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