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Abstract. Little analytical study has been conducted to elucidate the interactions among the suction
caisson anchors, mooring chains, and the platforms of floating offshore wind turbines (FOWTs). In this
paper, an analytical approach will be developed to clarify the effect of the padeye depth of suction caisson
anchors in sands and the mooring clump weight on the response of the comprehensive system of the FOWT.
First, to predict the tensile behavior of suction caisson anchors in sand, the equations relevant to the vertical
and lateral yield resistances, the bearing capacity, and pullout were presented. Second, considering the
characteristics of the moorings dependent on the horizontal load applied to FOWTs and the clump weight,
an analytical approach was proposed regarding the relationships among the mooring chain configuration, the
caisson padeye depth, the tensile load induced at the caisson padeye, the magnitude and location of the
clump weight, and the horizontal load at the spar fairlead. Last, the relationships among the displacement,
the tensile capacity, and pullout of the suction caisson anchor in sand subjected to the inclined tensile loads
induced at the caisson padeye were revealed when the designed horizontal load is exerted on the spar
fairlead.

Keywords: clump weight; floating offshore wind turbines; mooring; pullout; sand; suction caisson
anchor; three-dimensional displacement method; ultimate load

1. Introduction

The mooring system connecting the fairlead of a FOWT to the padeye of a suction caisson
anchor is transformed into the various configurations such as the catenary and the taut lines to
keep the floating facility in place against the external loads. To mitigate the oscillations of the
FOWT due to wind and waves, clump weights are often attached to the catenary mooring line. The
anchor padeye is generally set to the 2/3 embedded depth of a suction caisson anchor. The mooring
portion between the seabed and the padeye within the soil is referred to as the inverse catenary.

The effect of the vertical tensile and horizontal loads on the ultimate capacity of suction caisson
anchors in sand and clay has been investigated by several researchers. From the experimental data
provided by Bang et al. (2011) and Gao et al. (2013) and the analytical results presented by
Ahmed and Hawlader (2015), Hirai (2017b, 2018b), and Andersen et al. (2005), it has been
deduced that for the inclined tension applied to the padeyes of suction caisson anchors in sand and
clay, the ultimate tensile capacity of the suction caisson anchors occurs at about 2/3 of the
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embedded depth.

The investigation into the seabed trenching due to the movement of the mooring chains was
initiated by Bhattacharjee et al. (2014) who reported that obvious seabed trenches form in front of
the suction caisson in clay. Following Bhattacharjee et al. (2014), the formulation of the seabed
trenching formation has been presented by many researchers, e.g., Arslan et al. (2015), Colliat et
al. (2018), O’Neill et al. (2018), Rui et al. (2023), Sassi et al. (2017), Sun et al. (2020), and
Versteele et al. (2017). Attention of most of the previous studies has been focused on the seabed
trenching formation induced by an interaction between the mooring line and the seabed. It seems
to be often postulated that the ultimate tensile capacity of an anchor may be achieved when the
padeye is set to about 2/3 of the embedded depth. By altering the padeye depth, there has been
little analytical investigation to take measures against the seabed trenching formation around the
padeye of the suction caisson anchor.

As FOWTs are complex structures, the design practice needs aero-hydro-servo-elastic dynamic
approaches to carry out the integrated analysis of the FOWTs, e.g., Ferri and Marino (2022),
Sykes, et al. (2023), Hall et al. (2024), and Ramzanpoor et al. (2024). In most of the previous
works, however, the tensile capacity and pullout of suction caisson anchors embedded in seabed to
be prescribed as the prime constraints to the mooring system have not been considered in these
analyses. The mooring constraints have significant effect on the design of suction caisson anchors
embedded in seabed where the soils are often classified into sand and clay and these properties are
distinct from each other. Furthermore, the padeye depth of the suction caisson anchor influences
the horizontal load capacity of FOWTs.

In this paper, an analytical approach will be developed to elucidate the effect of the padeye
depth of suction caisson anchors in sands and the mooring clump weight on the behavior of the
system of the FOWT when the horizontal load is exerted on the spar fairlead. First, the vertical
displacement based on a three-dimensional displacement method for the inside and outside soils
adjacent to the skirt of the caisson is employed to analyze the relationship between the vertical
tensile load and the vertical displacement. Second, to predict the tensile behavior of suction
caisson anchors in sand, the equations relevant to the vertical and lateral yield resistances, the
bearing capacity, and pullout are adopted. Third, considering the characteristics of the mooring
chain dependent on the horizontal load applied to the spar fairlead and the clump weight, an
analytical approach is proposed regarding the relationships among the mooring chain
configuration, the caisson padeye depth, the tensile load induced at the caisson padeye, the
magnitude and location of the clump weight, and the horizontal load at the spar fairlead. Finally,
the relationships among the displacement, the tensile capacity, and pullout of the suction caisson
anchor in sand subjected to inclined tensile loads induced at the caisson padeye are revealed when
the designed horizontal load is exerted on the spar fairlead.

A cylindrical suction caisson anchor in nonhomogeneous sand is illustrated in Fig. 1(a). The
suction caisson anchor has the following input parameters: external diameter, D., internal diameter,
D, thickness of the lid, 7z, and that of the skirt, #s. The length from the seabed outside the skirt to
the bottom of the skirt is 4. The suction caisson anchor is subjected to vertical tensile, horizontal,
and moment loads on the center of the top lid, and the vertical tensile load takes a minus sign. The
seabed consists of (n—1) layers of nonhomogeneous sand, and the mth layer has Young’s modulus,
Esm, Poisson’s ratio, vsm, and length, Hsn. The mb-th sand layer is set beneath the skirt tip. The
rectangular coordinates (x, y, z) system is used with the reference point (0, 0, 0) on the center of the
top lid.

The discretization of the suction caisson anchor in nonhomogeneous sand is exhibited in Fig.
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Fig. 1 (a) Suction caisson anchor, (b) discretization of nonhomogeneous sand under vertical tensile,
horizontal, and moment loads, (c) inclined load at padeye, and (d) equivalent load system at top lid center

1(b) when subjected to vertical tensile, horizontal, and moment loads at the center of the top lid.
Vi, Mm, and Sn represent the vertical force, moment, and shear force on the top of the mth
discretized element, respectively. Pym and Pum denote the vertical and horizontal forces along the
mth discretized element, respectively. The vertical force Pr» comprises the internal traction, Pim,
and the external traction, Pen, along the caisson wall, i.e., Pym= Pim+ Pem. Fig. 1(c) shows that the
inclined tensile load 7. at the padeye with the depth z, from the seabed consists of the horizontal
component H = Tu cosf. and the vertical component V' = —7, sinf, where 6. is the inclination
angle. Here c1 is the distance between the top lid center and the outside skirt and c2is that between
the top lid and the padeye. Fig. 1(d) shows that the system depicted in Fig. 1(c) can be transformed
into an equivalent load system where the vertical (V), horizontal (), and moment (Me = c1V—c2H)
loads are applied to the top lid center.

Hirai (2022, 2023) proposed analytical approaches based on a three-dimensional displacement
method for suction caissons in sand subjected to vertical tensile, horizontal, and moment loads.
The three-dimensional displacement method plays a pivotal role in analyzing the interaction
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among the suction caisson anchor, the mooring, and the FOWT. Since there are a large number of
equations needed in the analysis of suction caisson anchors, reiterating the main equations
proposed previously will help to facilitate understanding of the present work. Therefore, the
current study will describe the main equations presented formerly as well as the newly developed
analytical equations relevant to catenary mooring systems with suction caisson anchors.

2. Vertical displacement of caisson

To obtain the relationship between the vertical displacement and the vertical tensile load
regarding suction caisson anchors, taking into account the equilibrium of the loads exerted on the
top and the skirt in the vertical direction and referring to the equation given by Hirai (2012), the
vertical displacement wi at the reference point can be written as

wy = Fil; (1)
where F1is calculated by the following recurrence equation

F = Fnt+1+FAm
M FBmFma1+1

(m=1~mb—-1) 2)
where the factors FA4» and FBn are represented as follows

FAp = 22 tanh(EnHn), FBp = 22 tanh (& Hn) 3
vm m

The initial value Fim» in Eq. (2) is obtained from the relationship between displacement and base

load on layered soils by assuming that the skirt base is a rigid annular punch acting on the soil

surface. The factors, & and Kvm, in Eq. (3) are given by

f — Kym — TEem + TEim
m AgEp’ VM T Ly Ivv “4)

where A, is the area of the annular element, £pr is Young’s modulus of the skirt, Eenand Eim are
Young’s modulus of the external sand and that of the internal sand with respect to the mth element,
respectively, Iyv is the vertical displacement factor given by Hirai (2022, 2023), and Ky is the
vertical stiffness coefficient of the mth element. The initial value Fs in Eq. (2) is obtained from
the relationship between vertical displacement and vertical load for the base of the skirt on
multi-layered soils.

The vertical displacement, ww, of the mth element along the skirt is given by the influence
factor Fm and the vertical load Vi as follows

W = FpVy S)
where

Vn/Vin—1 = 1{FBm—l By + COSh(fm—lem—l)} (6)
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The effective vertical pressure inside the skirt, ¢z, given by Janssen (1895) is written as
follows

o'z =y /ui(eh* = 1) (7
where ' is the effective unit weight of sand and

o 4Kstané
Mi=——p)— ®)
where Ky is the coefficient of lateral pressure, and ¢ is the interface friction angle between the sand

and the skirt.
Houlsby et al. (2005) presented the effective vertical pressure outside the skirt, 6%, as follows

OJze = y,/.ue(e”ez - 1) &)
where
_ 4Kstand
e = — st (10)

where m is the reduction factor presented by Houlsby et al. (2005).

3. Lateral displacement along skirt of caisson

The lateral displacement, u(z), at a depth, z, of the soil which is adjacent to a suction caisson
anchor subjected to the horizontal pressure, pr(z), along the skirt can be expressed as follows:

@
u(2) = Delun(2) 7 (11)

where /nn, which will be presented later, is the lateral displacement factor provided by Hirai
(2012).

The relationship between the lateral pressure, pr(z), and the lateral displacement, u(z), in
nonhomogeneous soils subjected to lateral loads is related as follows

Pu(2) = ky(2)u(z) (12)

where kn(z) is the modulus of subgrade-reaction and varies with depth z. The lateral stiffness
coefficient, Ku(z), along the skirt can be written as follows

Ky (2) = Doky(2) = Ee(2) /Iyn(2) (13)

When the suction caisson anchor is subjected to the lateral force, Pu(z), at the depth z, the
differential equation of the lateral displacement leads to the following form

d4—
Eplp %ff) + Ku(2u(z) =0 (14)

where, Ip, is the moment of inertia of the suction caisson anchor and the lateral force, Pru(z), is
obtained as follows

Py(2) = =Ky (2)u(2) (15)
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The solution of Eq. (14) leads to the following recurrence equation

Um+1 - F _ B __FBm _ Fam 1/UYm
9 1m Bm Elif’IBBm2 EBIBBm3 9
Fam Fym
" AmFam Fim EBIZBﬁm EBIZBmZ "
Fam
M1 4Eplpf’Fam = 4EplgPmFim  Fim 3 || Mm (16)
Spii/ LAEglsPm’Fam  —4Eglpfn’Fsm  — 4BmFam Fim I\s

where 0 is the rotation of the mth element and

B = Kum/ (AEp o),

Fim = cosh(BmHsm) - cos(amHgn),

Fym = {cosh( B Hsm) Sin( BpHsm) + sinh( BpHsm) c0S(BmHsm)3}/ 2,
Fam = sinh( BmHem) Sin( BimHem) /2,

Fym = {cosh( BmHsm) sin( B Hsm) — sinh( BmHsm) cos( BmHsm)}/4,

Omb = —FrmbMmp,  Ump = —FumpSmp (17)

where m=1~mb-1; um, On and Kun are the horizontal displacement, rotation, and the horizontal
stiffness coefficient for the mth element in a suction caisson anchor, respectively; and Frms and
Frump are the rocking and lateral influence factors on the base of the skirt, respectively (Hirai,
2017a).

Hirai (2012, 2017a-2018b, 2020, 2022, 2023) proposed the three-dimensional analytical
solutions regarding piles and caissons subjected to vertical, horizontal, and moment loads. The
horizontal and vertical displacement increments at the depth z, Au and Aw, respectively, can be
written as follows (Hirai 2022, 2023)

— APy Inv APy
du = Kn + lyy Ky (18)
_ lvu APy, APy
Aw = Iy Ky Ky (19)
where APr and APy are the horizontal and vertical force increments, respectively, Kz and Ky

denote the horizontal and vertical stiffness coefficients, respectively, and /mv, Ivn, and Ium are the
displacement factors expressed as follows

Ee
Ky =1 (20)
_ 1(Ee+Ej)
Ky == "= (21)
Iyy = Zfoh fon/z I, siny dy - dc (22)

h /2
Iyy =2y [77 L,dy-dc (23)
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Iy =2f3 [77* Ly cos(2)dy - dc (24)
i =2 fy 37" Iex cos(2y)dy - de (25)

where Iz, Iz, Ix, and I» are Mindlin’s solutions (1936) represented by

(A1+vV)R [ Z4 (3-4v)Z; 4(1-v)(1-2v) . 6chZ,
Rz = m{n_f D,®  Dy(Dy+7p) D,° (26)
1, = 8;1(;3) {%z n (31—:1/) n (5—12[1;2+8v2) n (3—4v)22;2—32c22+202 N 6th22522 27)
e = L Gty 000 o9
he = g (52 o pa #5220 - 00 - 29)

where
Zi=z—c¢, Z,=z+c, R =D,siny, X = Rsiny,
D> =R?+7Z,%, D> =R?*+17Z," (30)
where ¢ is the depth coordinate of node where the lateral pressure is applied and y is an angle
shown in Fig. 1(b).

4. Yield, pullout, and failure

Hirai (2023) presented that the vertical yield resistance of the soil outside the skirt, Pe(z), and
that of the soil inside the skirt, Pri(z), can be written as follows

Pyye(z) = nKs tan 6 o,.D, 31
Pyyi(z) = mKs tan § o,;D; (32)

For the horizontal yield resistance, Pmy(z), of the suction caisson anchor in sand subjected to
horizontal forces, taking into account the results from Broms (1964), Fleming et al. (1985), and
Reese et al. (1974) leads to the following equation

Pyy(2) = wK,04.D, (33)

where w is an empirical factor, K is the coefficient of the Rankine passive pressure defined as
(1+sing)/(1—sing), and ¢ is the angle of the internal friction of sand.

Employing the vertical loads derived from Egs. (5) and (7) and the analytical approach given
by Houlsby and Byrne (2005) and Houlsby et al. (2005), the vertical tensile capacity, Vi, of the
suction caisson anchor in sand obtained from the equilibrium in the vertical direction can be
expressed as follows
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h; h

j-1_gMij

_ ’Zmb 1 { {e””

where 4 is the depth of the jth layer’s bottom, and y’, wi, and ue; are y’, wi, and e of the jth layer,
respectively and W. is the buoyant weight of the suction caisson. The state where the vertical
tensile load applied to the suction caisson anchor satisfies the vertical tensile capacity of Eq. (34)
corresponds to pullout.

The ultimate resistance of the vertical stress (bearing capacity), o=, for a circular base on sand
is represented as

— Hejh Kejh
’+Hs,~}+”De(’" mDEmI1) gy {— e ]]+Hsj} + W, (34

Hij Hej

0. u = O'SYi,BeN]/SYinV + Ul;eNqudqiq (35)

where B. is an effective diameter that can be calculated from the vertical and moment loads on the
base, o' is the effective vertical stress outside the caisson, and Ny= K, exp(ztang) is the bearing
capacity factor proposed by Reissner (1924). Examining the calibration to match the simulated
results with the experimental data presented so far and referring to the bearing capacity proposed
by Hirai (2022, 2023), the appropriate bearing capacity equation used in this study consists of the
following factors: the bearing capacity factor N, given by Michalowski (1997); the shape factors sy
and s, presented by Baars (2014) and Meyerhof (1963), respectively; the depth factors d; and d
proposed by Meyerhof (1963) for short caissons of #/B. < 1, and Hansen (1961, 1970) and Vesic
(1973) for long caissons of 4/Be > 1; the inclination factors i; and i, proposed by Hansen (1961,
1970).
The ultimate resistance of the shear force for the base on sand, S., is expressed as

Sy=tan -V, (36)

where V'm» comprises the buoyant weight of the caisson, the submerged weight of the internal soil
plug, and the live vertical force Vs on the caisson base.

5. Catenary mooring

Fig. 2 shows configurations of the mooring chain between the anchor and spar. Fig. 2(a) shows
the system where the catenary mooring is subjected to a small horizontal load 7s# associated with a
tension 75 and an inclination angle &5 at the spar fairlead. The tensile load 7, with the inclination
angle 6. on the caisson padeye is induced by the horizontal load 7s#. The mooring chain comprises
the inverse catenary denoted by Si inclined from the caisson padeye to Dip-Point (DP) on the
seabed, the dragging line indicated by S3 lying horizontally from DP to Touch-Point (TP) on the
seabed, and the standard catenary given by S2. Fig. 2(b) shows the case of a large horizontal load at
the spar fairlead. The horizontal distances, H1, H>, and H3, correspond to the lengths of projection
on the seabed for the mooring chains, S1,.52, and S5, respectively. For Fig. 2(c) where the chain is
subjected to the small horizontal load at the spar fairlead, the tensions 77 and 7; are produced at DP
and TP on the seabed, respectively, and the inclination angles 6z and 6 are equal to zero. For Fig.
2(d) where the chain is subjected to the large horizontal load, the tensions 7z and 7 are equivalent,
and the inclination angles 6« and 6 are equal and have non-zero values.

In Fig. 2, the relationships between the tensions and the inclination angles are represented as
follows
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Ts = Tsysecls, Tgy = Tsytanb, Ty = TsysecO, Ty = Tsytanly, Tey = Tsy 37
The following relations hold for Fig. 2(d)
Tay =Ty, Tav =Ty, Ta =T, 04 = 6, (38)
For the inverse catenary with the chain length of S, the following equations were presented by
Neubecker and Randolph (1995)

T, T _
5 (08 = 03) = 24Qqy, 3¢ = €0 (39)

where p = frictional coefficient and Qav= resistance normal to the chain per unit length given as

1 '
Qav = EEndbary qua (40)

where E» = multiplier to give the effective width in the normal direction of the segment and dbar =
nominal chain diameter (i.e., diameter of the bar from which the chain is manufactured). The
horizontal distance of A and the chain length of S are obtained as follows

H, = z4\/2Ty(V1 + a — Va) 41)
_ a—b Vvi+a—V1+b va—b
$1 = 2, (YA + (A +b) ~Vab + 7 (in |M+ e |¢E+@ )} (42)

where Tv = Tu/(zaQw), a = 0.5Tn07, and b = 0.5Tn(1+047).
The standard catenary with the chain length of Sz is given by the following relations

Wep Sy = Ty (tanbs — tanby) (43)
Wepzs = Tsy(secOy — secBy) (44)
wepHy = Toy{sinh™(tanb,) — sinh~1(tanb,)} (45)

where wer = buoyant weight of the chain per unit length.
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For the dragging line with the chain length of S; on the seabed, the following relation is
obtained

Ty =T¢ — wepSstany (46)

where y is the interface friction angle between the sand and the chain. From experimental results
given by Kulhawy ef al. (1983) and Frankenmolen et al. (2016), it may be assumed that y =2/3¢.

Fig. 3 shows vertical components of tensions produced on the anchor and spar sides of the
mooring chain using a heavy clump weight. Here, 7y.r and Tysr represent vertical components of
tensions on the anchor and spar sides of the mooring chain using the clump weight of Wei,
respectively, and yczand Scz denote the vertical distance from the seabed and the length from the
fairlead regarding the clump weight, respectively. In analysis by taking into account the clump
weight, the distance of yc. can be determined by using an iteration so that the solutions satisfy the
catenary equations such as Egs. (37) to (45) and the equilibrium condition of Tysr = Tyar +Wer
regarding the mooring portion between the fairlead and the clump weight and that between the
clump weight and the padeye.

The advantage of the analytical method developed in this work is the facilitation of the analysis
for the integrated system of suction caisson anchors, moorings, and FOWTs. Eq. (42) especially
has not been presented so far elsewhere in the previous works regarding the inverse catenary in
sand seabed.

6. Numerical results

Little research work has been performed regarding a comprehensive analytical approach of the
system of the suction caisson anchor, catenary mooring, and spar buoy. Using parameters referring
to those described in the environmental statement of the Hywind Scotland Pilot Park (Statoil
2015), Arany and Bhattacharya (2018) investigated the FOWTs of spar buoy type with the
catenary moorings connected to suction caisson anchors. The parameters of the FOWT, the site,
and the ultimate horizontal load at the spar fairlead employed in the present paper were almost the
same as those provided by Arany and Bhattacharya (2018) who presented the ultimate horizontal
load which is prescribed in DNV GL (2016) as the combination of the 50-year extreme wind speed
with the turbine shut down and the 50-year extreme wave height.

The parameters of the suction caisson anchor employed here were assumed as follows: external
diameter D. = 6.9 m, thicknesses of the lid and skirt are #z = 5 = 0.099 m, respectively, embedment
h =22.07 m, Young’s modulus Er =210 GPa, and buoyant unit weight y.> = 68 kN/m®. For the
mooring chain, it was specified that diameter dear = 0.147 m, the length from the caisson padeye up
to the spar fairlead S = 808 m, and the buoyant weight per unit length wer = 5 kN/m. The ultimate
horizontal load at the spar fairlead 7s7 = 23.1 MN and water depth zw = 120 m were specified.

The parameters for a loose sand in seabed were assumed as follows: Young’s modulus Es=
k0a(om /oar)*, where a parameter ¥ = 400 and an exponent parameter 2 = 0.6 presented by Achmus
et al. (2013), oar = 100 kN/m?is the atmospheric pressure, om= (1+2Ko)c" /3 is the mean principal
stress, Ko = 1 — sing is the in-situ coefficient of the earth pressure at rest, Poisson’s ratio vs= 0.3,
internal friction angle ¢ = 30.0°, effective unit weight y’ = 9 kN/m?, the parameter Kstand shown
in Egs. (11) and (12) was taken to be 0.1 according to Poulos and Davis (1980), the empirical
factor w = 1.43K,was inferred from Fleming et al. (1985) and Reese et al. (1974), the reduction
factor m =1.53 inferred from Houlsby et al. (2005), the multiplier E» = 2.5 by referring to
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Frankenmolen et al. (2016) and Neubecker and Randolph (1995), and the frictional coefficient u =
0.39 according to Frankenmolen ef al. (2016).

Fig. 4(a) shows the configuration of the mooring chain between the spar fairlead and the
caisson with the deep padeye depth when no horizontal load is exerted on the spar fairlead. The
chain length lying on the seabed is So = 693.28 m, the caisson padeye depth is S1= 14.72 m, and
the length from the spar fairlead to the seabed is zs = S2= 100 m.

Figs. 4(b) and 4(c) show configurations of the mooring chain between the spar fairlead and the
caisson padeye when the spar fairlead is subjected to the horizontal load for the caisson with the
deep padeye depth. In Fig. 4(b), when the fairlead is subjected to the horizontal load of Tsy = 5.14
MN, the solutions are provided as follows: the tension and the inclination angle at the fairlead are
Ts = 5.64 MN and 6s = 24.3 °, respectively, the chain length from the caisson padeye to DP on the
inverse catenary is S1= 21.6 m, the dragging line length on the seabed is S5 = 322.2 m, the chain
length from TP to the spar fairlead on the standard catenary is S2 = 464.2 m, the projection length
of S1 on the seabed is obtained as H1 = 12.7 m, and the horizontal displacement of the spar fairlead
is calculated as xH = 91.4 m. In Fig. 4(c), when the fairlead is subjected to the horizontal load of
Tsz = 16.3 MN, the solutions are obtained as follows: the tension and the inclination angle at the
fairlead are 75 = 16.8 MN and s = 14.0 °, respectively, the chain length from the caisson padeye to
DP on the inverse catenary is S1= 30.8 m, the chain length from DP to the spar fairlead on the
standard catenary is S2 = 777.2 m, the projection length of Si on the seabed is given by Hi = 26.12
m, and the horizontal displacement of the spar fairlead is calculated as xH = 101.8 m.

Fig. 4(d) shows the configuration of the mooring chain between the spar fairlead and the
caisson padeye when the spar fairlead undergoes the ultimate horizontal load of 75 = 23.1 MN for
the caisson with the deep padeye depth. The chain length from the caisson padeye to DP on the
inverse catenary is S1= 35.34 m and the chain length from DP to the spar fairlead on the standard
catenary is S2 = 772.66 m. The projection lengths of S1 and S2 on the seabed are obtained as Hi1 =
31.4 m and H2 = 765.28 m, respectively. The horizontal displacement of the spar fairlead is
calculated as xH = 103.4 m. The tension and the inclination angle at the caisson padeye are equal
to 7. = 16.64 MN and 6, = 51.1 °, respectively. The tension and the inclination angle on DP are
obtained as 7: = 23.13 MN and 6: = 2.71 °, respectively. The tension and the inclination angle on
the spar fairlead are given by 7s = 23.63 MN and 6s =12.1 °, respectively. For the caisson with the
deep padeye depth, the large inclination angle at the anchor padeye arises and the large vertical
component of tension tends to cause pullout of the anchor.

Fig. 5(a) shows the configuration of the mooring chain from the spar fairlead to the caisson
with zero padeye depth for no horizontal load at the spar fairlead, the chain length lying on the
seabed is So = 708 m, and the length from the spar fairlead to the seabed is S2 = 100 m.

Figs. 5(b) and 5(c) show configurations of the mooring chain between the spar fairlead and the
caisson padeye when the spar fairlead is subjected to the horizontal load for the caisson with zero
padeye depth. In Fig. 5(b), when the fairlead is subjected to the horizontal load of Ts#= 6.0 MN,
the solutions are provided as follows: the tension and the inclination angle at the fairlead are 7s =
6.5 MN and s = 22.6 °, respectively, the dragging line length on the seabed is S5 = 308 m, the
chain length from TP to the spar fairlead on the standard catenary is S> = 500 m, and the horizontal
displacement of the spar fairlead is calculated as xH = 86.6 m. In Fig. 5(c), when the fairlead is
subjected to the horizontal load of Tsw= 16.05 MN, the solutions are obtained as follows: the
tension and the inclination angle at the fairlead are 7x = 16.55 MN and 6s = 14.1 °, respectively, the
chain length from the padeye to the spar fairlead on the standard catenary is S2 = 808 m, and the
horizontal displacement of the spar fairlead is calculated as xH = 91.7 m.
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Fig. 5 Configurations of mooring chains for caissons with zero padeye depth: (a) no horizontal load, (b)
Tu= 6.0 MN, (¢) Teu= 16.05 MN, and (d) Tsu= 23.1 MN where the horizontal load Ty is applied to spar
fairlead
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Fig. 7 Relationships between tension and displacement for caissons with zero and deep padeye depths
when no clump weight

Fig. 5(d) shows the configuration of the mooring chain when the spar fairlead undergoes the
ultimate horizontal load of Ts=23.1 MN for the caisson with zero padeye depth. The chain length
from the caisson padeye up to the spar fairlead on the standard catenary is equal to S= 808 m. The
projection length of S on the seabed is given by 800.8 m and the horizontal displacement of the
spar fairlead is calculated as xH = 92.8 m. The tension and the inclination angle on the caisson
padeye are equal to 7, = 23.12 MN and 6, = 2.16 °, respectively. The tension and the inclination
angle on the spar fairlead are given by 7, =23.62 MN and 6, = 12.0 °, respectively.

For the caisson with zero padeye depth, the small inclination angle and the insignificant vertical
component of tension at the anchor padeye occur.

Figs. 6 (a) to 6(f) show the horizontal displacements at the spar fairleads connected to the
mooring chains using clump weights for the caissons with zero padeye depth. Two kinds of the
clump weights are taken to be Wcr = 0.6 and 2.0 MN, and six kinds of the mooring lengths from
the fairlead to the clump weight are set as Scz = 110, 150, 200, 300, 404, and 600 m. The results
shown in the case of the mooring length of § =808 m and the clump weight of Wci= 0 correspond
to those shown in Fig. 5 where the mooring chains have no clump weights for the caissons with
zero padeye depth. When the length from the fairlead to the clump weight is relatively small as
shown in Figs. 6 (a) and 6(d), the effect of the clump weight on the relationship between the
tension and displacement becomes more significant with increasing weight of the clump. As the
mooring length from the fairlead to the clump weight increases, the influence of the clump weight
on the relationship between the tension and displacement reduces. Eventually it is considered that
as the length of Sci of the mooring using the clump weight increases, the relationship between the
tension and the displacement at the fairlead approaches that deduced from the case of S =808 m
and Wa=0.

Fig. 7 shows relationships between the tension, 7., and the displacement, v, for the caissons
with zero depth and the deep padeye depth of z.= 14.72 m, when the spar fairlead is subjected to
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Fig. 8 Relationships between tension and inclination angle for caissons with zero and deep padeye
depths when no clump weight

the horizontal load T and the mooring has no clump weight. Here, the displacement is defined as
v = (u*+w?)"? at the reference point (0, 0, 0) in the (X, y, z) coordinates. The ultimate horizontal
load is specified by Tsu=23.1 MN at the spar fairlead. For the caisson with the deep padeye depth
of z,= 14.72 m, the ultimate displacement defined as v = 0.02D. = 0.138 m occurs at the tension of
T. = 8.51 MN and pullout is predicted at the displacement of v = 1.08 m and the tension of 7, =
10.6 MN. After pullout, the large displacement occurs and reaches 3.50 m at 7, = 16.64 MN and
Tsr= 23.1 MN. For the caisson with zero padeye depth, no pullout occurs and the displacement
results in 0.06 m at 7, = 23.12 MN and 7iz=23.1 MN.

Fig. 8 shows relationships between the tension and the inclination angle at the caisson padeye
for the caissons with zero depth and the deep padeye depth of z,= 14.72 m, when the horizontal
load Tsm is exerted on the spar fairlead and the mooring has no clump weight. The ultimate
horizontal load is prescribed as Tsw= 23.1 MN at the spar fairlead. For the deep padeye depth of z,
= 14.72 m, the inclination angle 0, = 15.7 ° arises at the tension 7= = 8.51 MN associated with the
ultimate displacement of v = 0.02D. = 0.138 m. Pullout is predicted at the inclination angle 6» =
25.8° and the tension of 7, = 10.6 MN. Following pullout, the inclination angle of » becomes very
large and reaches 0, = 38.9° at 7, = 16.64 MN and 7s# = 23.1 MN. For the caisson with zero
padeye depth, the inclination angle of . = 2.16° and 7. = 23.12 MN at the padeye are generated
for the ultimate horizontal load of 7Tyr= 23.1 MN at the spar fairlead. No pullout occurs and the
inclination angle at the padeye eventuates in a very small value for the ultimate horizontal load at
the fairlead.

Fig. 9 shows the relationships between the horizontal (H) and vertical (V) loads that compose
the tension 7. at the caisson padeye for the two caisson padeye depths of z. = 0.0 and 14.72 m
when the spar fairlead undergoes the horizontal load 7s# and no clump weight is attached to the
mooring. For the caisson with the padeye depth of z, = 14.72 m where the ultimate horizontal load
Tsu=23.1 MN, the tension 7, = 16.64 MN, and the inclination angle 6. = 51.1 ° are provided, the
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Fig. 9 Relationships between horizontal and vertical loads at caisson padeye when no clump weight

vertical and horizontal loads at the padeye are represented by V' = 13.1 MN and H = 10.4 MN,
respectively. For the caisson with zero padeye depth where the ultimate horizontal load Tsw= 23.1
MN, the tension 7, = 23.12 MN, and the inclination angle 6. = 2.16 ° are obtained, the vertical and
horizontal loads at the padeye are given as V' = 0.87 MN and H = 23.0 MN, respectively. The
vertical load at the padeye depth of z, = 14.72 m is significantly greater than that at zero padeye
depth.

Most of the padeyes of the suction caisson anchors in sand tend to be set at the depth of about
za/ h = 2/3, which is considered to threaten the reliability of the suction caisson anchor and the
mooring system. This is because pullout tends to occur and a very large displacement follows; and
furthermore, failure of the caisson anchor tends to occur due to trenching effect associated with the
catenary mooring chain, as reported by Bhattacharjee et al. (2014).

The present study shed light on the rudimentary analytical approach of the integrated system of
suction caisson anchors, moorings, and FOWTs. A comparison between the calculated results and
the results obtained from experiments or actual projects has not been performed because of
the dearth of appropriate measured data reflecting the integrity system. Although the issue of the
reliability of the present approach will be addressed in the future, it may be considered that the
minuteness of the equations adopted in the present analysis helps to enhance at least the accuracy
of the numerical values in analytical results of the integrated system.

7. Conclusions

The geotechnical analyses of the mooring system connecting suction caisson anchors to
FOWTs have previously not been performed sufficiently due to the complexity relevant to the
mooring system. An analytical research study using a three-dimensional displacement method was
carried out to predict pullout and the deformation of the suction caisson anchor through the



Impact of padeye depth of suction caisson anchors and clump weights on floating offshore... 19

catenary mooring with a clump weight when the ultimate horizontal load was exerted on the spar

fairlead. The conclusions are summarized as follows:

* A comprehensive analytical approach of the integrated system of suction caisson anchors,
moorings, and FOWTs was proposed. The interaction among the spar buoy, the mooring chain
using the clump weight, and the suction caisson anchor was clarified.

*  For the relationships between the tension and deformation of the caisson anchors in sand via
catenary moorings when the horizontal load was applied to the spar fairlead, it was revealed that
there are significant differences of performance between the caisson with the deep padeye depth
and that with zero padeye depth.

*  When the mooring length from the fairlead to the clump weight is relatively small, the effect
of the clump weight on the relationship between the tension and displacement at the fairlead
becomes more significant with increasing weight of the clump. As the mooring length from the
fairlead to the clump weight increases, the influence of the clump weight on the relationship
between the tension and displacement at the fairlead reduces.

*  From an examination of case studies where the ultimate horizontal load is exerted on the spar
fairlead, it was found that (1) The mooring chain for the caisson anchor with the deep padeye
depth comprises the standard catenary having no dragging line and the inverse catenary; (2) The
mooring chain for the suction caisson anchor with zero padeye depth is composed of the
standard catenary having no dragging line; and (3) The suction caisson anchor with a deep
padeye depth tends to produce pullout and much larger deformation, compared to that with zero
padeye depth.
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