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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. 
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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, De, internal diameter, 

Di, thickness of the lid, tL, and that of the skirt, tS. The length from the seabed outside the skirt to 

the bottom of the skirt is h. 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, νSm, and length, HSm. 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. 

Vm, Mm, and Sm represent the vertical force, moment, and shear force on the top of the mth 

discretized element, respectively. PVm and PHm denote the vertical and horizontal forces along the 

mth discretized element, respectively. The vertical force PVm comprises the internal traction, Pim, 

and the external traction, Pem, along the caisson wall, i.e., PVm = Pim + Pem. Fig. 1(c) shows that the 

inclined tensile load Ta at the padeye with the depth za from the seabed consists of the horizontal 

component H = Ta cosθa and the vertical component V = −Ta sinθa, where θa is the inclination 

angle. Here c1 is the distance between the top lid center and the outside skirt and c2 is 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 (H), 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 w1 at the reference point can be written as 

𝑤1 = 𝐹1𝑉1                               (1) 

where F1 is calculated by the following recurrence equation 

   𝐹𝑚 =
𝐹𝑚+1+𝐹𝐴𝑚

𝐹𝐵𝑚∙𝐹𝑚+1+1
     (𝑚 = 1~𝑚𝑏 − 1)                     (2) 

where the factors FAm and FBm are represented as follows 

𝐹𝐴𝑚 =
𝜉𝑚

𝐾𝑉𝑚
tanh(𝜉𝑚𝐻𝑚) ,  𝐹𝐵𝑚 =

𝐾𝑉𝑚

𝜉𝑚
tanh(𝜉𝑚𝐻𝑚)                                     (3) 

The initial value Fmb 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, ξm and KVm, in Eq. (3) are given by 

𝜉𝑚 = √
𝐾𝑉𝑚

𝐴𝑎𝐸𝑃
,   𝐾𝑉𝑚 =

𝜋𝐸𝑒𝑚

𝐼𝑉𝑉
+ 

𝜋𝐸𝑖𝑚

𝐼𝑉𝑉
 (4) 

where Aa is the area of the annular element, EP is Young’s modulus of the skirt, Eem and Eim are 

Young’s modulus of the external sand and that of the internal sand with respect to the mth element, 

respectively, IVV is the vertical displacement factor given by Hirai (2022, 2023), and KVm is the 

vertical stiffness coefficient of the mth element. The initial value Fmb 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, wm, of the mth element along the skirt is given by the influence 

factor Fm and the vertical load Vm as follows 

   𝑤𝑚 = 𝐹𝑚𝑉𝑚                             (5) 

where 

𝑉𝑚/𝑉𝑚−1 = 1{𝐹𝐵𝑚−1 ∙ 𝐹𝑚 + 𝑐𝑜𝑠ℎ( 𝜉𝑚−1𝐻𝑠𝑚−1)}                 (6) 
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The effective vertical pressure inside the skirt, σ’zi, given by Janssen (1895) is written as 

follows 

  𝜎′𝑧𝑖 = 𝛾′/𝜇𝑖(𝑒
𝜇𝑖𝑧 − 1)                           (7) 

where γ′ is the effective unit weight of sand and 

𝜇𝑖 = −
4𝐾𝑆𝑡𝑎𝑛𝛿

𝐷𝑖
                              (8) 

where KS is the coefficient of lateral pressure, and δ is the interface friction angle between the sand 

and the skirt. 

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

                           𝜎′𝑧𝑒 = 𝛾′/𝜇𝑒(𝑒
𝜇𝑒𝑧 − 1)                        (9) 

where  

𝜇𝑒 = −
4𝐾𝑆𝑡𝑎𝑛𝛿

𝐷𝑒(𝑚2−1)                          (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, pH(z), along the skirt can be expressed as follows: 

                      𝑢(𝑧) = 𝐷𝑒𝐼𝐻𝐻(𝑧)
𝑝𝐻(𝑧)

𝐸𝑒(𝑧)                              (11) 

where IHH, which will be presented later, is the lateral displacement factor provided by Hirai 

(2012). 

The relationship between the lateral pressure, pH(z), and the lateral displacement, u(z), in 

nonhomogeneous soils subjected to lateral loads is related as follows 

             𝑝𝐻(𝑧) = 𝑘𝐻(𝑧)𝑢(𝑧)                            (12) 

where kH(z) is the modulus of subgrade-reaction and varies with depth z. The lateral stiffness 

coefficient, KH(z), along the skirt can be written as follows 

                𝐾𝐻(𝑧) = 𝐷𝑒𝑘𝐻(𝑧) = 𝐸𝑒(𝑧)/𝐼𝐻𝐻(𝑧)                     (13) 

 When the suction caisson anchor is subjected to the lateral force, PH(z), at the depth z, the 

differential equation of the lateral displacement leads to the following form 

𝐸𝑃𝐼𝑃
𝑑4𝑢(𝑧)

𝑑𝑧4 + 𝐾𝐻(𝑧)𝑢(𝑧) = 0                      (14) 

where, IP, is the moment of inertia of the suction caisson anchor and the lateral force, PH(z), is 

obtained as follows  

                     𝑃𝐻(𝑧) = −𝐾𝐻(𝑧)𝑢(𝑧)                                                    (15) 
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 The solution of Eq. (14) leads to the following recurrence equation 

(

 
 
 
 

𝑢𝑚+1

 
𝜃𝑚+1

 
𝑀𝑚+1

 
𝑆𝑚+1 )

 
 
 
 

=

[
 
 
 
 
 
                𝐹1𝑚              −

𝐹2𝑚

𝛽𝑚
          −

𝐹3𝑚

𝐸𝐵𝐼𝐵𝛽𝑚
2        −

𝐹4𝑚

𝐸𝐵𝐼𝐵𝛽𝑚
3

     4𝛽𝑚𝐹4𝑚                   𝐹1𝑚                       
𝐹2𝑚

𝐸𝐵𝐼𝐵𝛽𝑚
         

𝐹3𝑚

𝐸𝐵𝐼𝐵𝛽𝑚
2

4𝐸𝐵𝐼𝐵𝛽𝑚
2𝐹3𝑚     − 4𝐸𝐵𝐼𝐵𝛽𝑚𝐹4𝑚         𝐹1𝑚              

𝐹2𝑚

𝛽𝑚

4𝐸𝐵𝐼𝐵𝛽𝑚
3𝐹2𝑚      − 4𝐸𝐵𝐼𝐵𝛽𝑚

2𝐹3𝑚      − 4𝛽𝑚𝐹4𝑚     𝐹1𝑚 ]
 
 
 
 
 
 

(

 
 
 
 

𝑢𝑚

 
𝜃𝑚

 
𝑀𝑚

 
𝑆𝑚 )

 
 
 
 

      (16) 

where θm is the rotation of the mth element and 

 𝛽𝑚 = {𝐾𝐻𝑚/(4𝐸𝑃𝐼𝑃)}
1

4, 

𝐹1𝑚 = 𝑐𝑜𝑠ℎ( 𝛽𝑚𝐻𝑠𝑚) ⋅ 𝑐𝑜𝑠( 𝛼𝑚𝐻𝑠𝑚), 

𝐹2𝑚 = {𝑐𝑜𝑠ℎ( 𝛽𝑚𝐻𝑠𝑚) 𝑠𝑖𝑛( 𝛽𝑚𝐻𝑠𝑚) + 𝑠𝑖𝑛ℎ( 𝛽𝑚𝐻𝑠𝑚) 𝑐𝑜𝑠( 𝛽𝑚𝐻𝑠𝑚)}/2, 

𝐹3𝑚 = 𝑠𝑖𝑛ℎ( 𝛽𝑚𝐻𝑠𝑚) 𝑠𝑖𝑛( 𝛽𝑚𝐻𝑠𝑚)/2, 

𝐹4𝑚 = {𝑐𝑜𝑠ℎ( 𝛽𝑚𝐻𝑠𝑚) 𝑠𝑖𝑛( 𝛽𝑚𝐻𝑠𝑚) − 𝑠𝑖𝑛ℎ( 𝛽𝑚𝐻𝑠𝑚) 𝑐𝑜𝑠( 𝛽𝑚𝐻𝑠𝑚)}/4, 

𝜃𝑚𝑏 = −𝐹𝑅𝑚𝑏𝑀𝑚𝑏 ,     𝑢𝑚𝑏 = −𝐹𝐻𝑚𝑏𝑆𝑚𝑏                   (17) 

where m=1~mb-1; um, θm and KHm are the horizontal displacement, rotation, and the horizontal 

stiffness coefficient for the mth element in a suction caisson anchor, respectively; and FRmb and 

FHmb 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, Δu and Δw, respectively, can be 

written as follows (Hirai 2022, 2023) 

                     𝛥𝑢 =
𝛥𝑃𝐻

𝐾𝐻
+

𝐼𝐻𝑉

𝐼𝑉𝑉

𝛥𝑃𝑉

𝐾𝑉
                            (18)  

                     𝛥𝑤 =
𝐼𝑉𝐻

𝐼𝐻𝐻

𝛥𝑃𝐻

𝐾𝐻
+

𝛥𝑃𝑉

𝐾𝑉                            (19) 

where ΔPH and ΔPV are the horizontal and vertical force increments, respectively, KH and KV 

denote the horizontal and vertical stiffness coefficients, respectively, and IHV, IVH, and IHH are the 

displacement factors expressed as follows 

𝐾𝐻 =
𝐸𝑒

𝐼𝐻𝐻
                              (20) 

𝐾𝑉 =
𝜋(𝐸𝑒+𝐸𝑖)

𝐼𝑉𝑉
                            (21) 

𝐼𝐻𝑉 = 2∫  
ℎ

0
∫  

𝜋/2

0
𝐼𝑅𝑧 𝑠𝑖𝑛 𝜓 𝑑𝜓 ⋅ 𝑑𝑐                   (22) 

𝐼𝑉𝑉 = 2∫  
ℎ

0
∫  

𝜋/2

0
𝐼𝑧𝑧𝑑𝜓 ⋅ 𝑑𝑐                     (23) 
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𝐼𝑉𝐻 = 2∫  
ℎ

0
∫  

𝜋/4

0
𝐼𝑧𝑥 𝑐𝑜𝑠( 2𝜓)𝑑𝜓 ⋅ 𝑑𝑐                     (24) 

 𝐼𝐻𝐻 = 2∫  
ℎ

0
∫  

𝜋/4

0
𝐼𝑥𝑥 𝑐𝑜𝑠( 2𝜓)𝑑𝜓 ⋅ 𝑑𝑐                    (25) 

where IRz, Izz, Izx, and Ixx are Mindlin’s solutions (1936) represented by 

𝐼𝑅𝑧 =
(1+𝜈)𝑅

8𝜋(1−𝜈)
{

𝑍1

𝐷1
3 +

(3−4𝜈)𝑍1

𝐷2
3 −

4(1−𝜈)(1−2𝜈)

𝐷2(𝐷2+𝑧2)
+

6𝑐ℎ𝑍2

𝐷2
5 }                (26) 

 𝐼𝑧𝑧 =
(1+𝜈)

8𝜋(1−𝜈)
{
𝑍1

2

𝐷1
3 +

(3−4𝜈)

𝐷1
+

(5−12𝜈+8𝜈2)

𝐷2
 +

(3−4𝜈)𝑍2
2−2𝑐𝑍2+2𝑐2

𝐷2
3 +

6𝑐ℎ𝑍2
2

𝐷2
5 }       (27) 

𝐼𝑧𝑥 =
(1+𝜈)𝑋

8𝜋(1−𝜈)
{

𝑍1

𝐷1
3 +

(3−4𝜈)𝑍1

𝐷2
3 −

6𝑐ℎ𝑍2

𝐷2
5 +

4(1−𝜈)(1−2𝜈)

𝐷2(𝐷2+𝑧2)
}               (28) 

𝐼𝑥𝑥 =
(1+𝜈)

8𝜋(1−𝜈)
[
(3−4𝜈)

𝐷1
+

1

𝐷2
+

𝑋2

𝐷1
3 +

(3−4𝜈)𝑋2

𝐷2
3  +

2𝑐ℎ

𝐷2
3 (1 −

3𝑋2

𝐷2
2) +

4(1−𝜈)(1−2𝜈)

𝐷2+𝑧2
{1 −

𝑋2

𝐷2(𝐷2+𝑧2)
}]     (29) 

where 

𝑍1 = 𝑧 − 𝑐, 𝑍 2 = 𝑧 + 𝑐, 𝑅 = 𝐷𝑒 𝑠𝑖𝑛 𝜓 , 𝑋 = 𝑅 𝑠𝑖𝑛 𝜓, 

𝐷1
2 = 𝑅2 + 𝑍1

2,      𝐷2
2 = 𝑅2 + 𝑍2

2                    (30) 

where c is the depth coordinate of node where the lateral pressure is applied and ψ 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, PVye(z), and 

that of the soil inside the skirt, PVyi(z), can be written as follows 

𝑃𝑉𝑦𝑒(𝑧) = 𝜋𝐾𝑆 𝑡𝑎𝑛 𝛿 𝜎𝑧𝑒
′ 𝐷𝑒  (31) 

𝑃𝑉𝑦𝑖(𝑧) = 𝜋𝐾𝑆 𝑡𝑎𝑛 𝛿 𝜎𝑧𝑖
′ 𝐷𝑖       (32) 

For the horizontal yield resistance, PHy(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 

𝑃𝐻𝑦(𝑧) = 𝜔𝐾𝑝𝜎𝑧𝑒
′ 𝐷𝑒                          (33) 

where ω is an empirical factor, Kp is the coefficient of the Rankine passive pressure defined as 

(1+sinφ)/(1−sinφ), and φ is the angle of the internal friction of sand. 

Employing the vertical loads derived from Eqs. (5) and (7) and the analytical approach given 

by Houlsby and Byrne (2005) and Houlsby et al. (2005), the vertical tensile capacity, Vt, of the 

suction caisson anchor in sand obtained from the equilibrium in the vertical direction can be 

expressed as follows 
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𝑉𝑡 =
𝜋𝐷𝑖

2

4
∑ 𝛾𝑗

′𝑚𝑏−1
𝑗=2  {

𝑒
𝜇𝑖𝑗ℎ𝑗−1−𝑒

𝜇𝑖𝑗ℎ𝑗

𝜇𝑖𝑗
+ 𝐻𝑠𝑗 } +

𝜋𝐷𝑒
2(𝑚2−1)

4
∑ 𝛾𝑗

′ {
𝑒

𝜇𝑒𝑗ℎ𝑗−1−𝑒
𝜇𝑒𝑗ℎ𝑗

𝜇𝑒𝑗
+ 𝐻𝑠𝑗  } 

𝑚𝑏−1
𝑗=2      +  𝑊𝑐  (34) 

where hj is the depth of the jth layer’s bottom, and γ’j, μij, and μej are γ’, μi, and μe of the jth layer, 

respectively and Wc 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), σzu, for a circular base on sand 

is represented as 

𝜎𝑧𝑢 = 0.5𝛾𝑖
′𝐵𝑒𝑁𝛾𝑠𝛾𝑑𝛾𝑖𝛾 + 𝜎𝑏𝑒

′ 𝑁𝑞𝑠𝑞𝑑𝑞𝑖𝑞      (35) 

where Be is an effective diameter that can be calculated from the vertical and moment loads on the 

base, σʹbe is the effective vertical stress outside the caisson, and Nq = Kp exp(πtanφ) 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 Nγ given by Michalowski (1997); the shape factors sq 

and sγ presented by Baars (2014) and Meyerhof (1963), respectively; the depth factors dq and dγ 

proposed by Meyerhof (1963) for short caissons of h / Be ≤ 1, and Hansen (1961, 1970) and Vesic 

(1973) for long caissons of h / Be > 1; the inclination factors iq and iγ proposed by Hansen (1961, 

1970).   

The ultimate resistance of the shear force for the base on sand, Su, is expressed as 

𝑆𝑢 = 𝑡𝑎𝑛 𝜑 ⋅ 𝑉𝑚𝑏
′                            (36) 

where Vʹmb comprises the buoyant weight of the caisson, the submerged weight of the internal soil 

plug, and the live vertical force Vmb 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 TsH associated with a 

tension Ts and an inclination angle θs at the spar fairlead. The tensile load Ta with the inclination 

angle θa on the caisson padeye is induced by the horizontal load TsH. The mooring chain comprises 

the inverse catenary denoted by S1 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, H2, and H3, correspond to the lengths of projection 

on the seabed for the mooring chains, S1, S2, and S3, respectively. For Fig. 2(c) where the chain is 

subjected to the small horizontal load at the spar fairlead, the tensions Td and Tt are produced at DP 

and TP on the seabed, respectively, and the inclination angles θd and θt are equal to zero. For Fig. 

2(d) where the chain is subjected to the large horizontal load, the tensions Td and Tt are equivalent, 

and the inclination angles θd and θt 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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Fig. 2 Configurations of mooring chain between anchor and spar: (a) small horizontal load, (b) large 

horizontal load TsH at spar fairlead; tensions and inclination angles relevant to mooring chain: (c) small 

horizontal load and (d) large horizontal load TsH at spar fairlead 
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Fig. 3 Vertical components of tensions on anchor and spar sides of mooring chain using clump weight 

 
 

𝑇𝑠 = 𝑇𝑠𝐻𝑠𝑒𝑐𝜃𝑠, 𝑇𝑠𝑉 = 𝑇𝑠𝐻𝑡𝑎𝑛𝜃𝑠,  𝑇𝑡 = 𝑇𝑠𝐻𝑠𝑒𝑐𝜃𝑡 ,  𝑇𝑡𝑉 = 𝑇𝑠𝐻𝑡𝑎𝑛𝜃𝑡 ,  𝑇𝑡𝐻 = 𝑇𝑠𝐻        (37) 

The following relations hold for Fig. 2(d)  

𝑇𝑑𝐻 = 𝑇𝑡𝐻 , 𝑇𝑑𝑉 = 𝑇𝑡𝑉 , 𝑇𝑑 = 𝑇𝑡 ,  𝜃𝑑 = 𝜃𝑡 (38) 

For the inverse catenary with the chain length of S1, the following equations were presented by 

Neubecker and Randolph (1995) 

                                    
𝑇𝑎

2
(𝜃𝑎

2 − 𝜃𝑑
2) = 𝑧𝑎𝑄𝑎𝑣 ,   

𝑇𝑑

𝑇𝑎
= 𝑒𝜇(𝜃𝑎−𝜃𝑑)

                    (39) 

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

𝑄𝑎𝑣 =
1

2
𝐸𝑛𝑑𝑏𝑎𝑟𝛾

′𝑁𝑞𝑧𝑎                           (40) 

where En = 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 H1 and the chain length of S1 are obtained as follows 

𝐻1 = 𝑧𝑎√2𝑇𝑁(√1 + 𝑎 − √𝑎) (41) 

𝑆1 = 𝑧𝑎 {√(1 + 𝑎)(1 + 𝑏) − √𝑎𝑏 +
𝑎−𝑏

2
 (𝑙𝑛 |

√1+𝑎−√1+𝑏

√1+𝑎+√1+𝑏
| − 𝑙𝑛 |

√𝑎−√𝑏

√𝑎+√𝑏
|)} (42) 

where TN = Ta/(zaQav), a = 0.5TNθd
2, and b = 0.5TN(1+θd

2). 

The standard catenary with the chain length of S2 is given by the following relations 

𝑤𝑐ℎ𝑆2 = 𝑇𝑠𝐻(𝑡𝑎𝑛𝜃𝑠 − 𝑡𝑎𝑛𝜃𝑡)                        (43) 

𝑤𝑐ℎ𝑧𝑠 = 𝑇𝑠𝐻(𝑠𝑒𝑐𝜃𝑠 − 𝑠𝑒𝑐𝜃𝑡)                        (44) 

 𝑤𝑐ℎ𝐻2 = 𝑇𝑠𝐻{𝑠𝑖𝑛ℎ−1(𝑡𝑎𝑛𝜃𝑠) − 𝑠𝑖𝑛ℎ−1(𝑡𝑎𝑛𝜃𝑡)}                (45) 

where wch = buoyant weight of the chain per unit length. 
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For the dragging line with the chain length of S3 on the seabed, the following relation is 

obtained 

𝑇𝑑 = 𝑇𝑡 − 𝑤𝑐ℎ𝑆3𝑡𝑎𝑛𝜓                          (46) 

where ψ is the interface friction angle between the sand and the chain. From experimental results 

given by Kulhawy et al. (1983) and Frankenmolen et al. (2016), it may be assumed that ψ =2/3φ.  

Fig. 3 shows vertical components of tensions produced on the anchor and spar sides of the 

mooring chain using a heavy clump weight. Here, TyaV and TysV represent vertical components of 

tensions on the anchor and spar sides of the mooring chain using the clump weight of WCL, 

respectively, and yCL and SCL 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 yCL can be determined by using an iteration so that the solutions satisfy the 

catenary equations such as Eqs. (37) to (45) and the equilibrium condition of TysV = TyaV +WCL 

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 De = 6.9 m, thicknesses of the lid and skirt are tL = tS = 0.099 m, respectively, embedment 

h = 22.07 m, Young’s modulus EP = 210 GPa, and buoyant unit weight γc’ = 68 kN/m3. For the 

mooring chain, it was specified that diameter dbar = 0.147 m, the length from the caisson padeye up 

to the spar fairlead S = 808 m, and the buoyant weight per unit length wch = 5 kN/m. The ultimate 

horizontal load at the spar fairlead TsH = 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 = 

κσat(σm /σat)λ, where a parameter κ = 400 and an exponent parameter λ = 0.6 presented by Achmus 

et al. (2013), σat = 100 kN/m2 is the atmospheric pressure, σm = (1+2K0)σʹze/3 is the mean principal 

stress, K0 = 1 ─ sinφ is the in-situ coefficient of the earth pressure at rest, Poisson’s ratio νs = 0.3, 

internal friction angle φ = 30.0°, effective unit weight γ’ = 9 kN/m3, the parameter KS tanδ shown 

in Eqs. (11) and (12) was taken to be 0.1 according to Poulos and Davis (1980), the empirical 

factor ω = 1.43Kp 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 En = 2.5 by referring to  
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Fig. 4 Configurations of mooring chains for caissons with deep padeye depth: (a) no horizontal load, (b) 

TsH = 5.14 MN, (c) TsH =16.3 MN, and (d) TsH = 23.1 MN where the horizontal load TsH is applied to spar 

fairlead 
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Frankenmolen et al. (2016) and Neubecker and Randolph (1995), and the frictional coefficient μ = 

0.39 according to Frankenmolen et 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 S0 = 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 TsH  = 5.14 

MN, the solutions are provided as follows: the tension and the inclination angle at the fairlead are 

Ts = 5.64 MN and θs = 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 S3 = 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 

TsH  = 16.3 MN, the solutions are obtained as follows: the tension and the inclination angle at the 

fairlead are Ts = 16.8 MN and θs = 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 S1 on the seabed is given by H1 = 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 Ts = 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 H1 = 

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 Ta = 16.64 MN and θa = 51.1 °, respectively. The tension and the inclination angle on DP are 

obtained as Tt = 23.13 MN and θt = 2.71 °, respectively. The tension and the inclination angle on 

the spar fairlead are given by Ts = 23.63 MN and θs =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 S0 = 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 TsH = 6.0 MN, 

the solutions are provided as follows: the tension and the inclination angle at the fairlead are Ts = 

6.5 MN and θs = 22.6 °, respectively, the dragging line length on the seabed is S3 = 308 m, the 

chain length from TP to the spar fairlead on the standard catenary is S2 = 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 TsH = 16.05 MN, the solutions are obtained as follows: the 

tension and the inclination angle at the fairlead are Ts = 16.55 MN and θs = 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) 

TsH = 6.0 MN, (c) TsH = 16.05 MN, and (d) TsH = 23.1 MN where the horizontal load TsH is applied to spar 

fairlead 
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Fig. 6 Horizontal displacements at spar fairleads connected to mooring chains using clump weights for 

caissons with zero padeye depth: (a) SCL = 110 m, (b) SCL = 150 m, (c) SCL = 200 m, (d) SCL = 300 m, 

(e) SCL = 404 m, and (f) SCL = 600 m 
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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 TsH = 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 Ta = 23.12 MN and θa = 2.16 °, respectively. The tension and the inclination 

angle on the spar fairlead are given by Ts = 23.62 MN and θs = 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 WCL = 0.6 and 2.0 MN, and six kinds of the mooring lengths from 

the fairlead to the clump weight are set as SCL = 110, 150, 200, 300, 404, and 600 m. The results 

shown in the case of the mooring length of S =808 m and the clump weight of WCL= 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 SCL 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 WCL= 0.  

Fig. 7 shows relationships between the tension, Ta, and the displacement, v, for the caissons 

with zero depth and the deep padeye depth of za = 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 TsH and the mooring has no clump weight. Here, the displacement is defined as 

v = (u2+w2)1/2 at the reference point (0, 0, 0) in the (x, y, z) coordinates. The ultimate horizontal 

load is specified by TsH = 23.1 MN at the spar fairlead. For the caisson with the deep padeye depth 

of za = 14.72 m, the ultimate displacement defined as v = 0.02De = 0.138 m occurs at the tension of 

Ta = 8.51 MN and pullout is predicted at the displacement of v = 1.08 m and the tension of Ta = 

10.6 MN. After pullout, the large displacement occurs and reaches 3.50 m at Ta = 16.64 MN and 

TsH = 23.1 MN. For the caisson with zero padeye depth, no pullout occurs and the displacement 

results in 0.06 m at Ta = 23.12 MN and TsH = 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 za = 14.72 m, when the horizontal 

load TsH is exerted on the spar fairlead and the mooring has no clump weight. The ultimate 

horizontal load is prescribed as TsH = 23.1 MN at the spar fairlead. For the deep padeye depth of za 

= 14.72 m, the inclination angle θb = 15.7 ° arises at the tension Ta = 8.51 MN associated with the 

ultimate displacement of v = 0.02De = 0.138 m. Pullout is predicted at the inclination angle θb = 

25.8° and the tension of Ta = 10.6 MN. Following pullout, the inclination angle of θb becomes very 

large and reaches θb = 38.9° at Ta = 16.64 MN and TsH = 23.1 MN. For the caisson with zero 

padeye depth, the inclination angle of θa = 2.16° and Ta = 23.12 MN at the padeye are generated 

for the ultimate horizontal load of TsH = 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 Ta at the caisson padeye for the two caisson padeye depths of za = 0.0 and 14.72 m 

when the spar fairlead undergoes the horizontal load TsH and no clump weight is attached to the 

mooring. For the caisson with the padeye depth of za = 14.72 m where the ultimate horizontal load 

TsH = 23.1 MN, the tension Ta = 16.64 MN, and the inclination angle θa = 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 TsH = 23.1 

MN, the tension Ta = 23.12 MN, and the inclination angle θa = 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 za = 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 
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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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