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ABSTRACT

A multiline ring anchor (MRA) system has been developed as a cost-effective alternative for
securing arrays of floating offshore wind turbines (FOWTs) to the seabed. Multiline attachments
can improve the economically competitiveness of FOWTs by reducing the capital cost of the
support system for the floating structures. FOWTs can be subjected to severe wind and wave
conditions resulting in extreme loads to the anchor system. Thus, the reliable design of the anchor
system requires proper determination of the extreme mooring line loads acting on the anchor
needed to secure FOWTs to the seabed. Previous studies showed the MRA in soft clay has clear
advantages over existing anchors under the extreme horizontal loading conditions imposed by
catenary moorings; however, its performance relative to conventional anchors under extreme
vertical loading imposed by taut mooring systems requires further investigation. This study
presents predictions of extreme loads on floating structures secured by taut mooring systems and
evaluates the potential for developing an economical anchor for resisting these extreme loads.

INTRODUCTION

In the United States, offshore wind resource is an attractive alternative to land-based renewable
resources due to its greater robustness and consistency, fewer aesthetic issues, and proximity to
coastal population centers (Barter et al. 2020; Musial et al. 2016). A significant portion of offshore
wind resources are located at water depths greater than 60m, where floating offshore wind turbines
(FOWTs) are typically the preferred alternative over fixed platforms. One proposed concept in
pursuit of cost reductions is the multiline ring anchor (MRA). The MRA comprises an embedded
ring with optional wing plates and keying flaps that can be attached to enhance the load capacity
(Aubeny et al. 2020, Figure 1). Multiple mooring lines (up to six) can be attached to the cylindrical
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core to share the anchor, reducing the required number of anchor footprints (Figure 2), which can
provide substantial reductions in site investigation, material, fabrication, and transport costs (Lee et
al. 2020). The deep embedment of the MRA produces a high geotechnical efficiency (load
capacity/anchor weight), enabling a smaller and lighter design relative to conventional alternatives,
such as piles and caissons, and potentially substantial resistance to vertical uplift loads in catenary
and taut mooring systems (Aubeny 2017; Diaz et al. 2016; Lee and Aubeny 2020).

The MRA is installable in a wide range of soil types, the scope of the present study is limited
to normally consolidated clay seabed soil profiles. Previous studies showed the MRA in soft clay
has clear advantages over existing anchors under the extreme horizontal loading imposed by
catenary moorings (Lee and Aubeny 2020, in press). However, its performance relative to
conventional anchors under vertical loading imposed by taut mooring systems requires further
investigation. On the one hand, little doubt exists that a deeply embedded ring anchor is capable
of resisting uplift loading, but the question to be addressed in this study is whether the vertical
load demand from taut moorings can be resisted with anchor sizes that can be deployed using
conventional vessels and handling equipment. Noting that the MRA load capacity can be
enhanced either by increasing its core diameter or by adding wing plates, this paper also
investigates which measure is optimal from the standpoint of minimizing fabrication and
installation costs. Recent trends in FOWT design have been for larger units, going well beyond
the 5-MW capacity range. This study considers loading conditions associated with a range of 5-
to 10-MW units.
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EXTREME VERTICAL LOADING

Extreme conditions and scale-up FOWTs. As the offshore wind industry has shown a
tendency toward the scaled-up FOWTs and installed in deeper water, a taut mooring system can
be effective means to utilize the space with better efficiency of the offshore wind farm (IEA
2019). Taut mooring systems differ from catenary mooring systems in that their mooring line
does not lie down on the seabed (Figure 3). This results in relatively large tension on the mooring
line relative to its submerged weight and requires utilizing a synthetic material with high elastic
capacity. Additionally, severe weather conditions, such as hurricanes, induce extreme loadings to
the taut mooring systems. Thus, the proper determination of the extreme mooring line load is
essential for the reliable anchor design.
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The capital costs of the offshore wind farm, such as foundation systems and transportation,
can be significantly reduced by using the scaled-up FOWTs (Lee et al. 2020). Due to these
benefits, the demand for large-sized FOWTs increases, and some scaled-up FOWTs are
commercially available (Figure 4, IEA 2019). Thus, the current study also aims to evaluate the
extreme mooring line load induced by the large-sized FOWTs and optimize the MRA
performance under its extreme loadings.
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Figure 3. Catenary and taut Figure 4. The evolution of the FOWTs (IEA 2019)

mooring systems (Ruinen 2000)

The multiline potential of the MRA. Fontana et al. (2018) presented that multiline (3-line)
anchor force for the catenary mooring systems can be lower than that of a single-line due to the
load cancelation effects. In contrast to the horizontal force under the catenary systems, vertical
force in the taut systems should be considered due to its significant influence on load capacity
under inclined loads. As shown in Figure 5, the multiline potential of the MRA may impose
larger forces on the vertical direction and a more extreme loading condition overall. Thus,
reliable anchor design and determination of the extreme loading are required based on the
multiline potential of the MRA.
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Figure 5. Extreme loading condition related to the multiline potential of the MRA
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DETERMINATION OF THE EXTREME MOORING LOADS

Environmental condition. To determine the extreme taut mooring line loads, National
Renewable Energy Laboratory’s (NREL) FAST v.8 simulation tool is used. NREL 5-MW
reference turbine and OC4 semisubmersible platform are considered for the 5-MW case study.
Additionally, DTU 10-MW, the larger FOWT under extreme design load case, was also
considered as a reference to further understand the scaled-up FOWT effects on anchor load
demand (Bach-Gansmo et al. 2020). The load conditions considered for this study are shown in
Table 1 below. In this scenario, the turbine will be in the parked and feathered condition in
addition to the extreme wind and hydrodynamic loads. The turbulent wind fields were generated
by Kaimal spectrum and the wave fields were generated using the JONSWAP spectrum.
Currents are considered as steady and constant.

Table 1. Environmental conditions for mooring design under extreme conditions

(Viselli et al. 2015)
Load case Design load Survival load
case (DLC 6.1) case (SLC)
. Extreme non-  Survival non-
Conditions . .
operating operating
Wind speed 40 m/s 45 m/s
at hub height (50-yr) (500-yr)
Significant 10.2 m 12m
wave height (50-yr) (500-yr)
Peak spectral 141 s 153 s
wave
Current speed 0.45 m/s 0.55 m/s

Table 2. Properties of FOWTs, platform, and moorings (Robertson et al. 2014; Bach-

Gansmo et al. 2020)
NREL? DTUY
FOWT 5-MW 10-MW
Rotor diameter 126 m 178 m
Hub height 90 m 119 m
Rated speed 11.4 m/s 11.4 m/s
Platf NREL OC4 NREL
atiorm Semisub. TetraSpar
Wgter flepth/ 200 m/797 m 180 m/204
radial distnace m
Taut angle 14.3° 44°
Line material Braided Superline
polyester nylon

% National renewable energy laboratory
® Danish University of science and technology
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Multiline anchor net force. The multiline configuration is obtained in a two-step process.
First, the platform with three single lines are rotated, and second, the anchors are shared
between lines. In this study, an anchor sharing three lines from three different turbine systems
is considered. The three turbine systems are shown in Figure 6 below. These systems are
analyzed with shared MRA for the extreme environmental condition discussed in the section
above. Since the preliminary study shows that the maximum tension force occurs under the
wind wave current (WWC) direction at zero degrees (Fontana et al. 2018), this study
considered WWC=0° as shown in Figure 6. The vertical anchor forces from each of the
contributing lines are shown in Figure 7a, which are color-coded as in Figure 6, and the
vertical anchor force in the multiline condition is the time-domain resultant force
superimposed from the three lines, as shown in Figure 7b. This force is considered as a base
case to optimize and evaluate the uplift resistance of the MRA which will be discussed in the
following section.
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Table 3. Anchor load demand

FOWT NREL 5-MW DTU 10-MW
(load case) (SLO) (DLC6.1)
Mooring Slr.lgle— 3-lines Single-line
line
Tyma” (KN) 703 1,176 1,180
F.§9 1.05 1.05 2.0
Required axial
1,2 2
capacity (kN) 738 ,235 ,360

3 Maximum vertical force of the tension of the mooring line
® Bach-Gansmo et al. (2020)
9 Factor of Safety (ABS 2015)

UPLIFT RESISTANCE OF THE MRA IN SOFT CLAY

In contrast to the catenary mooring systems, the taut mooring systems should consider
combined horizontal-vertical loading (Figure 5). Additionally, mooring lines attached to the
outside of the cylinder may induce added eccentric loading on the anchor. A prior study shows
that the reductions in load capacity due to these rotational effects are tolerable (Aubeny and Lee
2020), and this has been identified as future research. Nevertheless, since the axial load capacity
affect resultant load capacity as a major component under inclined loading (Aubeny 2003),
evaluating the uplift resistance is critical for optimizing the MRA performance under the taut
mooring systems. This axial capacity of the MRA can be enhanced by increasing the diameter of
the cylindrical core, attaching wing plates, or increasing the embedment depth. These measures
will be compared to the anchor load demand for each case to optimize the anchor performance
(Table 3). The required anchor axial capacity can be computed based on the factor of safety
(F.S), which varies depending on load cases. According to the anchor capacity guideline (ABS
2015), this study considered F.S5=1.05 for the survival load case and F.5=2.0 for the extreme load
case (Tables 1 and 3).

As a base case analysis for this study, a typical normally consolidated clay profile is selected,
with a strength gradient A=2kPa/m and mudline shear strength s.,=5kPa (Quiros et al. 1983). The
adhesion factor between pile and soil is taken as 0.7. This adhesion factor implicitly considers
installation disturbance and setup, and can be considered appropriate for soils of low to medium
sensitivity (Jeanjean 2006). The selection of an optimal aspect ratio L/D (Figure 8) is a subject of
ongoing study but, for the present study, an aspect ratio L/D=5/3 is considered in all cases. All
MRA designs have the same thickness ratio for each component (ring, wing plates, and
stiffeners), tring = twing = tsyy= D/120). The diameter of the ring anchor varies from 2 to 4m, and
wing plates, which width varying from W,/R= 0 (no wing) to W,,/R=2, are attached to the ring. A
stiffener length Lyr= 1 m is used in all cases. For simplicity, when wings are attached to the
MRA, a 3-wing configuration is used. Additionally, conventional suction caissons having the
same diameter, same thickness ratio, and length /=5D are considered as the base case for
comparison to the MRA performance. Although the two anchors look similar, the difference in
axial capacity mechanism between the two is significant. One of the components of uplift
resistance of the conventional caisson is the reverse end bearing, while this does not exist for the
MRA. The MRA cannot have comparable side resistance from the outer cylindrical surface due
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to its relatively shorter length, but side skin friction along the inner surface of the MRA can
partially offset these effects. Thus, the uplift resistance must be enhanced through other means
such as optional wing plates or stiffeners to achieve parity with the caisson having the same

diameter.
Table 4. Sources of uplift resistance for the MRA
Components Equations Assumptions Sources
Ring Vring = 2mDs na (ol + Netying) MG TR IRCE %\iﬁﬁlah 9?%6)1
Wing plates Vwing = 21y WWjL;'LMR.A (CLZLV; 2+WN 6) twing  End bear_ing factor, Murff et al.
wingbw w N~1.5 (2005)

End bearing factor, Murff et al.
N~=7.5 (2005)

where D= the diameter of the cylindrical ring, s, wr4= the average of the undrained shear strength for the MRA,

su_sy= the average of the undrained shear strength for the stiffeners, « = the adhesion factor between anchor and

soil, L=L,= length of ring and wing plates, and f,ing=twing=tsy= the thickness of the ring, wing plates, and stiffeners.

Stiffeners Vser = 2NsthSu_stf(‘Zl'stf + Netstf)

The MRA consists of an open tube, optional wing plates, and stiffeners (Figure 8), for which
relatively simple equations exist for estimating load capacity. The vertical load capacity of the
composite tube-plate geometry is possible by summation of the load capacity of the individual
elements. Table 4 summarizes the equations and the main assumptions for each uplift resistance
component. Keying flaps attached to the stiffener could further improve the vertical capacity of the
MRA (Lee and Aubeny 2021). However, this is currently a focus of ongoing parallel research and
will not be included in this study.

PARAMETRIC STUDY

To understand how the embedment depth, anchor size, and wing plates enhance the axial load
capacity, this study investigates the effects of the parameters (Figure 8). From the standpoint of
enhancing vertical load capacity of the MRA, the wing plates simply add more surface and end bearing
area (e.., additional areas by attaching wing plates; side: md2W,Lyttwinglw) and end bearing:
2nwtwingWw). Details of size and number of wings are relevant to the calculation; only the total areas
matter. Therefore, the effect of the wing plates is best expressed in terms of a wing plate parameter,
nwWy /R, where n,, 1s the number of wings, W, is the width of the wings and R is the tube radius.

e Anchor size: the diameter of the core cylinder and length of the MRA, D&L

e The embedment depth ratio, #/D

e The wing plate parameter, n,W,, /R

Effect of the anchor size. In quantifying the effect of the anchor size on the axial load
capacity, this study considers a single aspect ratio L/D=5/3. This value is actually based on
consideration of MRA performance under horizontal loading, where prior studies show
tolerable reductions in load capacity due to rotational effects (Lee and Aubeny 2020).
Considering a single aspect ratio L/D and a single embedment ratio 4/D, anchor uplift
capacity varies as a cubic function of diameter D (Figures 9 and 10). Thus, increasing the
anchor diameter is a highly effective means of gaining added load capacity for the anchor,
although it obviously requires more steel, larger diameter anchors will likely require thicker
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steel walls. The results show that uplift resistance increases with increasing anchor size at the
same embedded depth 4.

Effect of embedment depth. As noted earlier in Table 4, the uplift resistance is
proportional to the soil strength in surrounding soils. Since undrained shear strength in a
normally consolidated soil profile increases roughly linearly with depth, load capacity
increases in a similar manner. In principle, embedding the MRA as deeply as possible is a
highly effective means of increasing anchor load capacity without increasing the anchor
dimensions. However, noting that suction installation is often the method of choice in soft
clays (minimal required equipment, no acoustical impacts), this installation technique works
only for embedment ratios 4#/D = 6. Additionally, penetration to #/D = 6 may be limited by
site-specific soil conditions, so the possibility of lesser embedment depths needs to be
considered. Figure 9 shows predicted trends. The effect of wing plates in this figure is for a
base case scenario of three wings of width W,/R =1, or n,,W\/R = 3. Aside from showing the
relative influence of MRA diameter and embedment depth on vertical load capacity, Figure 9
shows that MRAs of modest dimensions (D= 2-4m) can easily resist vertical load demand for
both the 5-MW base case considered in this study, as well as much larger (e.g. 10-MW)
turbines that are contemplated in the near future.
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Effect of the width of the wing plates. Vertical load capacity of the MRA is proportional
to the side surface area and the end bearing area. Viewed purely from the standpoint of
increasing uplift resistance, increasing the MRA diameter is just as effective as adding wing
plates, so long as the anchors under consideration have the same surface and end bearing
areas. Similarly, a small diameter MRA with wing plates requires the same amount of steel to
achieve the same uplift capacity as a larger diameter MRA with no wings. However, the wing
plates can confer substantial benefits in reducing transport and installation costs. Deck space
requirements on a transport vessel are governed by the dimensions of the core tubular section
of the MRA; thus, a smaller tube diameter means more anchors can be fit onto the vessel.
Similarly, suction installation time is directly proportional to the interior volume of the tube,
with a larger volume requiring a longer period of time to pump the water out. Thus, a wing
plate design that reduces the interior volume of the caisson by 50% also reduces installation

© ASCE

Geo-Extreme 2021

420



Downloaded from ascelibrary.org by Texas A&M University on 11/05/21. Copyright ASCE. For personal use only; all rights reserved.

Geo-Extreme 2021 GSP 328 421

costs by about 50%. Figure 10 shows that the wing plates can increase vertical load capacity
by nearly 70% over a range n,W,/R = 0-6. Thus, wing plates offer a promising means of
meeting the imposed load demand, while reducing transport and installation costs.

OPTIMAL DESIGN OF THE MRA IN SOFT CLAY

The high capital cost of the foundation system for the offshore wind farm can prevent a
project from starting (Bhattacharya 2014). For this reason, optimal anchor design can play an
essential role in reducing capital costs. Lee et al. (2020) presented that approximately 45
percent out of the foundation capital cost for the MRA installed in soft clay is material and
fabrication costs. On the other hand, installation and transportation costs are about 8 percent
out of the foundation cost. As the material and fabrication (M&F) costs are a direct
consequence of the anchor size and as these costs are dependent on the unit steel price of bulk
and unit fabrication price of bulk, indicative cost analyses based on total dry weight Wy, can
be instructive in optimizing the anchor size (O’Loughlin et al. 2015). Figure 11 shows M&F
costs of the MRA increase drastically with increasing the anchor size. On the other hand, the
increase of the installation (Inst.) costs is relatively smaller than that of the M&F costs. Figure
12 illustrates that the required anchor size can vary depending on the embedment depth. Table
5 indicates that deeper installation can be a more cost-effective means with comparable uplift
resistance compared to the bigger anchor size. Additionally, attaching wing plates can be an
attractive solution to improve load capacity with comparable capital costs. Despite the
approximate and indicative comparisons, this approach can allow useful insights to optimize
the MRA design.

Additionally, the comparative study shows that the MRA can achieve comparable uplift
resistance to conventional caissons by either wing plate attachments or deeper installation
(Figures 9, 10, and 12). In addition, it has a clear advantage of significant capital cost saving
(Figure 11). Therefore, the MRA can be a cost-effective alternative for securing FOWTs
subjected to extreme conditions.
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Table 5. Optimal anchor design for 5-MW FOWT load demand (3-lines)

Anchor 3-wings No wing
load WD  Required M&F costs? Inst. Costs? Required M&F costs Inst. Costs
demand D ($/anchor) ($/anchor) D ($/anchor)  ($/anchor)
2 2.72 m 42,884 2,552 323 m 53,440 3,243
1,235 kN 4 22m 23,248 2,999 2.46 m 24,477 3,585
6 1.83 m 13,720 2,909 2.13 m 16,255 3,706

D M&F costs= Material cost + Fabrication costs, Material cost ($/anchor) = Wary X Usteer
Fabrication cost ($/anchor) = Wy, X Ugqp, where Wary =Total dry weight of an anchor, Useer =unit price of

steel ($/ton) Ugp =unit price of fabrication ($/ton). Useel is assumed as $620/ton, and Uy, is assumed as $3,500/ton
for the cylinder $2,500/ton for the plate part, respectively. (O’Loughlin et al. 2015; SteelBenchmarker 2020).

D Installation cost ($/anchor) = tipg X Upg X (I/OW), tinse = installation time per an anchor, Upg = unit day

rate of vessel (22,000$/day) which cost includes fuel consumption, and OW = operation weather window (0 to 1).
(Lee et al. 2020)

CONCLUDING REMARKS

This study presents a novel Multiline Ring Anchor (MRA) for floating offshore wind
turbines (FOWT) and investigates its capabilities for use in taut mooring systems subjected to
extreme loading conditions. The anchor can secure multiple mooring lines and was developed
with a view toward reducing the capital costs of offshore wind farm development. Vertical load
demand on the anchor is based on analyses for a 5-MW FOWT, but load demands from larger
systems anticipated in the near future are also considered. While the MRA is deployable in a
wide range of soils, the present study focuses on normally consolidated clays. Extreme loading
conditions on large FOWTs can impose a large vertical load demand on the anchors. This study
addresses whether an economically designed MRA is possible to resist these loads. Design
measures for providing an MRA that can resist the load demand include increasing the anchor
embedment depth, increasing the anchor diameter and adding wing plates (flanges) to the anchor.
Embedding the anchor as deeply as possible into the seabed is a very effective means of
increasing MRA capacity (Figure 9), but suction installation limits the maximum embedment
depth to about 4#/D = 6. For a given MRA aspect ratio L/D and embedment 4#/D, MRA vertical
load capacity varies with the cube of anchor diameter; thus, relatively modest dimensions of the
MRA, say D = 2-4 m, are sufficient to resist vertical load demand imposed by a FOWT in an
extreme event (Figures 9 and 10). If needed, wing plates can be added to the MRA to reduce the
diameter of the core tubular section. This will not reduce material costs, but wing plates can
significantly reduce transport and installation costs.
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