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Abstract
In this paper, to improve the mechanical behavior of DeepCwind semi-submersible floating offshore wind 
turbine (FOWT) platform mooring lines, the nonlinear catenary cables of the platform were divided into 
multi-segment and intermediate buoys. Mathematical formulations of the boundary element method (BEM) 
governing the dynamics of mooring line systems with buoy devices were described. This study was applied to 
the OC4-DeepCwind semi-submersible FOWT platform, which is designed for a 200-meter water depth with 
mooring lines consisting of three catenary steel chain cables at 120° angles to each other. The dynamic response 
of the multi-segment catenary mooring lines with different buoy radiuses and different positions along the ca-
bles was investigated. The full-scale platform was modeled in ANSYS-AQWA software, and the simulations 
were performed under harsh offshore conditions. The mooring line’s general arrangement, tension, strain and 
uplift force for different buoy radiuses and their position along the cable are presented and discussed. Moreover, 
platform motions in three directions (surge, heave, and pitch) were also analyzed. It was concluded that by 
correctly selecting the buoy volume and position along the cable, the tension of the cable may be reduced by up 
to 45%. By incorrectly selecting the buoy, the results caused adverse effects.

Introduction

Semi-submersible floating platforms are one of 
the most common deep-water sub-structures for 
FOWTs. Mooring of floating units is one of the most 
important parts of the design and erection of these 
floating platforms in deep water. According to Bae’s 
investigations, failure of one cable of an OC4-Deep-
Cwind semi-submersible FOWT’s mooring line can 

result in over 700 m drift, which can damage other 
structures in offshore wind farms (Bae, Kim & Kim, 
2016). In a semi-submersible drilling platform, to 
ensure safe operation and prevent damage to exca-
vation equipment, the horizontal movements of the 
platform should be limited to less than 1% of the 
water depth, where the major restriction of horizon-
tal responses is provided by mooring lines (Sabziyan 
et al., 2014). Full-scale fatigue assessment testing of 
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catenary steel chain mooring under tensile loads was 
performed by Martinez Perez et al. (Martinez Perez 
et al., 2019) under similar saline water conditions. 
The purpose was to predict the fatigue lifetime and 
identify the locations of fatigue failure in the chains. 
It has been found that chain failure often occurs at 
the point of the intrados (KT point) and crown zones 
because of localized stress concentration in these 
areas. Hence, investigations of the resulting forc-
es and the mechanical behavior of mooring lines of 
semi-submersible floating wind turbine platforms 
to derive safe conditions and prevent potential risks 
have always been a major concern. Hall and Gou-
pee (Hall & Goupee, 2015) simulated a DeepCwind 
semi-submersible FOWT system, including its 
mooring dynamics. They introduced a lumped-mass 
mooring line model and validated it against exper-
imental data from a scale-model floating offshore 
wind turbine. Azcona et al. (Azcona et al., 2016) 
developed a code for the dynamic response of moor-
ing lines based on the finite-element method, with 
three translational degrees of freedom in each node 
of lumped mass. A new frequency-domain modeling 
approach was presented for FOWTs with a coupled 
wind turbine, floating platform, and mooring sys-
tem sub-models. The sub-models were generated 
using the validated numerical tools Fast and Wamit 
to obtain the frequency domain aerodynamic and 
hydrodynamic characteristics, respectively, for any 
given design candidate (Karimi, Buckham & Craw-
ford, 2019). The low-frequency drift effect should be 
considered when TLP loses tendons. The in-plane 
second-order hydrodynamic loads reached approxi-
mately 10%, to a maximum of 40% of total horizon-
tal loads. This phenomenon magnified the TLP’s hor-
izontal offset and rotation (Yu et al., 2019). Lee et al. 
(Lee, Han & Park, 2015) explored the causes of the 
mooring system’s failure for a typical marine vessel. 
Then, using the results of dynamic and static analy-
ses, an equation to predict exert tension of mooring 
lines was presented. They increased the safety factor 
against fairlead mooring failure by using a bitt foun-
dation plate and bolts at the fairlead point.

Since the semi-submersible DeepCwind plat-
form mooring line system consists of steel chains 
(Robertson et al., 2014), the benefits of this system 
versus other materials such as wire or synthetic 
ropes, include easy installation, convenient repair, 
lower installation cost, high resistance against abra-
sion or marine growth, and high stability against off-
set due to high deadweight. On the other hand, the 
disadvantages of this mooring system include low 
elasticity and intermediate fatigue resistance. Also, 

as the water depth increases, the weight of chains 
becomes too large, and the vertical forces due to 
the weight of the cables, which apply to the float, 
will increase. Consequently, due to the increase 
in weight, costs also increase, making the system 
economically infeasible, although it increases the 
capacity of the system against exerting forces. The 
benefits of using a buoy in deep-water catenary 
mooring systems include lighter chains and mooring 
system wires, a reduction in the pre-tension and ele-
ment strain along the cable, as well as a reduction in 
the cable’s weight and radius of containment, which 
lowers construction costs and enhances operational 
safety. There are advantages and disadvantages of 
applying buoys in catenary mooring lines, including 
a reduction in the weight of heavy chains and wires 
and less pre-tension. This also diminishes the moor-
ing radius and decreases the influence of other cable 
installations. The third advantage is the presence of 
the restoring force and the ability to resist harsher 
ocean loads. The disadvantages of applying buoys 
in catenary mooring lines are a longer installation 
process, the risk of buoy damage, and more complex 
dynamic characteristics of the hybrid mooring line. 
Figure 1 shows the semi-submersible FOWT plat-
form and mooring line system.

The idea of using buoys in the mooring line 
systems has attracted the attention of researchers. 
Static analysis of the chain cables with buoys was 
investigated by Wang (Wang, 2007) to determine the 
effect of the buoy’s size and the weight of the buoy 
on cables’ tension. Qiao et al. (Qiao, Yan &  Ou, 
2014) studied the effect of buoys on the dynamics 
of mooring systems and the motion response of 
a platform. Ghaffari and Dardel (Ghaffari & Dardel, 
2018) examined the effect of diameter and number 
of buoys on the response of the Amirkabir semi-sub-
mersible drilling platform. The results showed that 
upon increasing the number of buoys, the time 
domain response amplitude of surge motion was 
reduced, while under heave and pitch motions, the 
oscillation amplitude was increased. Kwan and Bru-
en (Kwan & Bruen, 1991) compared dynamic cal-
culation methods, including the frequency domain, 
the time domain, and the quasi-static methods using 
numerical simulations. They recommended using 
the time domain method for nonlinear dynamic anal-
yses of cables with buoys. The attached buoys could 
reduce the tension on the mooring lines. This was 
a significant improvement for the mooring system 
since it provided a good approach to solve the trade-
off between the vessel’s motion and the lines’ ten-
sion (Yuan, Incecik & Ji, 2014). 
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For this reason, this paper investigates the influ-
ence of buoys with different dimensions and their 
positions to obtain the appropriate configuration to 
decrease the tension, element strain, and to uplift 
the mooring lines without noticeably altering the 
DeepCwind FOWT motions in harsh offshore envi-
ronments. In this regard, the ANSYS-AQWA solver 
was used to analyze the mooring lines by discretiz-
ing them into nonlinear stiffness springs (nonlinear 
stress-strain springs). In this vein, van den Boom (van 
den Boom, 1985) showed that the tension resonance 
dynamics were strongly influenced by nonlinearities 
due to catenary effects such as large transverse dis-
placements at the midpoint of mooring lines and the 
elasticity and drag coefficient; thus, this would not 
be considered in frequency domain models. Brown 
and Mavrakos (Brown & Mavrakos, 1999) studied 
various systems of mooring lines and revealed that 
by using nonlinear time-domain methods, the moor-
ing line tension and damping results were general-
ly in good agreement. In contrast, the results of the 
frequency-domain analysis showed large scattering 
and significant disagreements compared with non-
linear time-domain methods, especially the damping 
coefficients.

Mathematical formulations

Dynamic of catenary mooring line

To analyze the dynamics of the cable motion, 
many factors must be considered, such as the effects 
of cable mass, drag forces, inline elastic tension, and 
bending moment. The forces applied to the cable 
vary with time, and the cables generally behave non-
linearly. A simulation of cable dynamics is needed 

to discretize the cable along its length and assem-
ble the mass and applied forces. Each mooring line 
should be discretized in a spring-mass chain of N 
Morison-type elements (Dessi, Carcaterra & Dio-
dati, 2004) subjected to various external forces, as 
shown in Figure 2. The general equations for the 
force and moment acted to the mooring line cable 
are expressed as follows:
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where m is the mass of the cable element per unit 
length; RTMVq
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 are distributed moment 

(which is assumed to be zero), shear force, bending 
moment, tension force, and position vectors of the 
first node from the cable element, respectively; Se is 
the partial length of the element; hF
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 are the 
external hydrodynamic forces and weight vectors 
per unit length, respectively.

The bending moment (M) depends on bending 
stiffness (EI), and the tension force (T) is dependent 
on the axial stiffness of cable material (EA) and the 
axial strain of elements (ε). The tension force and 
bending moment are defined as follows:
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To determine the cable’s dynamic response, the 
elements of the cable are converted into the number 
of concentrated masses, and the equations in each 
node were numerically solved using the boundary 

OC4-DeepCwind semi-submersible 
FOWT platform Semi-submersible FOWT and mooring line Spherical buoy

Figure 1. Semi-submersible FOWT platform with mooring line and buoy
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element method (BEM). We chose two pinned points 
at the top ( topP


 

 
) and bottom bottomP


 

 
 of the unstretched 

cable (L) as the boundary conditions, which are giv-
en as follows:
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The unit axial vector of the j-th element, which 
is related to the slope of two adjacent elements, is 
equal to:
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2

1
 jj

j
LL

L  

 

.

	 12

2
ˆˆ1









 jj
jjee

j aa
LS

R
S
RC




 

 

	 (4)

With assuming the bending stiffness (EI) is con-
stant between two adjacent elements, then Eqs. (2) 
and (4) lead to the bending moment at point j by:
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The axial (Aj) and normal (Nj) directional tensors 
are defined as follows:

For the general configuration of cables, the axi-
al stiffness (EA) is much greater than the bending 
stiffness (EI), so assuming the distributed bending 
moment is zero, from Eqs. (1) and (6), the shear 
force matrix on the element j is expressed as:
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The element bending stiffness matrix was direct-

ly derived from the shear force as Eq. (8):
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Figure 2. Modeling of a dynamic cable with an intermediate buoy
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From Eq. (7), it can be seen that the shear force on 
element j is a function of the four-node positions of 
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by substituting Eq. (7) into Eq. (8), the following 
equation can be expressed as follows:
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where:
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Concerning the displacement at node m,
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is the gradient operator, and  is defined as
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The axial elastic force applied to element (j) is 
defined as a function of two-node deformation in the 
following form
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where Ka is the 2×2 stiffness matrix of the mooring 
line element characterized as
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Kx is the inline linear stiffness or equivalent inline 

stiffness for a nonlinear axial stiffness cable. By 
bringing all elements matrices together and applying 
boundary conditions on the two attachment points of 
the mooring line, the static solution can be solved as 
Eq. (14).
	 K[u] = Ftotal	 (14)

In time-domain analysis, the cable motion at giv-
en attachment locations can be obtained as

	 M[ü] = Ftotal	 (15)

where (Ftotal) and m are the assembled total force 
matrix and the total mass matrix (including structur-
al and added masses), respectively.

Dynamic of multi-segment catenary mooring 
line with the intermediate buoy

By integrating both sides of Eq. (1) and applying 
the boundary conditions at the cable’s ends, the j-th 
element motion response can be written in matrix 
form:
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It is noted that the j in parentheses represents the 
element, and the j without parenthesis represents the 
node. [Vj] = [V(j–1)] – [V(j)] is the shear force at node 
j, which is obtained by discretizing two adjacent ele-
ments. Fh is the hydrodynamic forces applied on the 
cable, which consist of a buoyancy force (Fb) and 
Morison force for the inline forces caused by the 
vibration of the body under stimulation of a wave 
and current. Morrison’s force is divided into two 
parts: drag (Fd) and radiation force (Fr). The radia-
tion force depends on the cable element added mass 
matrix (ma) and acceleration of the cable ( ja

  
 
) at 

node j. The general form of hydrodynamic forces is 
given by the following equation:
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If the mass of an intermediate clump weight 
attached at node j is defined as M, and if there is no 
clump weight at the j+1 node, the total gravitation-
al force in the element with the starting and ending 
nodes of j and j+1, is a 6×1 matrix in the fixed refer-
ences axes. We assume that half of the gravitational 
force caused by the clump weight affects the adja-
cent element. g is gravitational acceleration, and the 
clump weight at nodes j and j+1 are given as follows:
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It was assumed that there is a clump weight at 
node j and an intermediate buoy at node j+1. Indi-
cating the displaced mass of water of intermediate 
buoy as Mb, and the equivalent cross-sectional area 
of mooring line as Acj, the element buoyancy force 
matrix is defined as:
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where ρw is the density of water. The simplified form 
of the drag force applied to the mooring line element 
in the time domain is given by:
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matrix of the mooring line velocity at node j at time 
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 is the matrix form 
of the current velocity at the location of node j. Cdc 
and Cdb are the drag coefficients of the clump weight 
(attached at node j) with projected surface areas of 
Sc and the intermediate buoy (attached at node j+1) 
with projected surface areas of Sb, respectively. The 
drag force on the mooring line element (fd  (j)) is 
expressed as
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where Cd and Cx are the transverse and inline drag 
coefficients, respectively.

To obtain proper results, the drag force along the 
cable element should be integrated to consider vari-
ations in the current velocity along with the element. 
In this paper, the Gaussian numerical integration 
method was used to calculate this integral.

Methodology of research

In this research, the process was based on the 
OC4-DeepCwind semi-submersible FOWT platform 

(Robertson et al., 2014). Numerous experiments 
have been carried out by using the 5 MW baseline 
wind turbine developed by NREL (Coulling et al., 
2013; Goupee et al., 2014; Liu et al., 2019). An 
overview of the NREL-FAST structure including 
the various modules and datasets of the input and 
output analysis process was provided by Imani et al. 
(Imani et al., 2020). The platform was designed for 
a 200-meter water depth. The mooring lines consist 
of three catenary steel chain cables 120o to each oth-
er, as depicted in Figure 3. Table 1 shows the speci-
fications of the mooring lines.
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Table 1. Mooring line properties

Unstretched Mooring Line Length (m) 835.5
Radius to Anchors from Platform Centerline (m) 837.6
Chain Diameter (m) 0.0766
Equivalent Mass per Unit Length (kg/m) 108.63
Axial Stiffness (EA) (N) 753,600,000
Tensile Strength (N) 5,454,000
Longitudinal Drag Coefficient 0.025

To improve the performance of the DeepCwind 
mooring line system, catenary cables were divided 
into two different segmentations, and an interme-
diate buoy was attached at the catenary segment 
joints. The material properties of the cables were 
considered to be the same on both sides of the joint. 
Six spherical buoy devices with different radiuses 
of 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 meters with 
different added masses, displaced water, and drag 
coefficients were selected. The reason for choosing 
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a high volume of buoys was to provide horizontal 
stiffness to prevent a large offset of the platform 
(Gao & Moan, 2009). Each of these buoys was 
individually connected along three cables at six dis-
tances of 100, 200, 300, 400, 500, and 600 meters 
from the fairlead point. The cables were converted 
into two different segments, and the buoy was at 
its intersection joint. Figure 4 shows the configura-
tion of mooring lines by arranging different buoys 
simultaneously at different distances. The difference 
between the sizes of buoys on the mooring system 
configuration is well illustrated. The buoys at the 
joints positively raised the cable. The rise was fur-
ther increased upon increasing the buoy radius due 
to increased buoyancy and because it bore part of 
the cable weight. Also, as the buoy approached the 
anchor point, the angle of joint segments increased. 
In this figure, R represents the radius of buoys, and L 
indicates the horizontal distance between the centers 
of the buoy to the fairlead point on the platform. The 
full-scale platform with mooring line systems was 
modeled in ANSYS-AQWA software, and the simu-
lations were performed in harsh offshore conditions 
with the 50-year return period load cases based on 
ultimate limit state (ULS) design criteria shown in 
Table 2. This simulation was based on the bound-
ary element method (BEM) and was conducted by 

utilizing three-dimensional radiation/diffraction the-
ory (Motallebi et al., 2020) and Morison’s equation 
(hybrid method) in regular waves in the frequency 
and time domain.

Validation

To calibrate the numerical model and validate the 
results of the ANSYS-AQWA simulation, the results 
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Figure 4. Configurations of mooring lines by the effect of different buoys

Table 2. Environmental conditions

Wave Properties

Wave Type Stokes 2nd-Order  
Wave Theory

Propagation Direction 0° (Parallel  
to Turbine Hub)

Wave Height (m) 8
Period (s) 9.43
Frequency (Hz) 0.106

Current Properties

Distribution method Exponentially in 
Depth

Propagation Direction 0° (Parallel  
to Turbine Hub)

Variation Inverse Exponent 2
Velocity at the free surface of water (m/s) 1.06
Velocity at Depth of 100 meter (m/s) 0.75
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of the 1:50 scale model of the OC4-DeepCwind plat-
form laboratory test were used. The platform was 
tested under wind and wave load cases in the Mar-
itime Research Institute Netherlands (MARIN) in 
2011 (Masciola et al., 2013). Based on these results, 
Hall and Goupee (Hall & Goupee, 2015) validated 
the lumped mass mooring line model. By using an 
NDI Certus optical motion tracking system, they 
recorded the platform’s motions. The results of this 
validation were based on the regular waves in accor-
dance with Hs = 10.3 m and Ts = 12.1 s, which were 
similar to the laboratory conditions. Figure 5 shows 
the ANSYS-AQWA simulation model and the lab-
oratory model of the DeepCwind platform. Shok-
ouhian et al. (Shokouhian et al., 2019) employed 
the ANSYS-AQWA software package and extracted 
the hydrodynamic responses of semi-submersible 

FOWT DeepCwind platform and validated the 
model with the MARIN experimental results. They 
explained that the average heave, surge, and cable 
tension forces of the AQWA model were 15.5% 
closer to the test results than those from the FAST 
program.

The numerical model validation was carried out 
in two stages: 1) Based on platform motions and 
2) Fairlead cable tension. Figure 6 illustrates the 
comparison between the experimental data and the 
ANSYS-AQWA numerical results of the platform 
motions for surge, heave, and pitch. Acceptable 
agreement in amplitudes between the numerical 
model and the test data is evident, although, in heave 
and pitch motions, the model predicted a higher exci-
tation between peaks. The results of the time history 
of fairlead point tension for test and numerical model 

0.00 50.00 100.00 (m)

25.00 75.00

a) Scaled model of OC4-DeepCwind platform in MARIN  
(Hall & Goupee, 2015)

b) Simulated model of OC4-DeepCwind platform

Figure 5. Simulation and laboratory model of OC4-DeepCwind platform
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are presented in Figure 7. The comparison shows an 
accuracy close to 95% between the numerical mod-
el and experimental results. These discrepancies 
were assigned to the different techniques adopted in 
hydrodynamic simulations, such as a discrepancy in 
the viscous-drag coefficients, Froude similarity pro-
cedure, ignoring the effects of second-order wave 
forces, or even different mooring line models.

Results and discussion

In this study, a hybrid method in ANSYS-AQWA 
software based on the combination of panels and 
Morison elements was employed to model the 
semi-submersible DeepCwind FOWT platform with 
a nonlinear multi-segment catenary mooring line 
and intermediate buoy. The surface of the full-scale 
floating body was divided into 12,474 quadrilateral 

and triangular panels. The results will be examined 
in three sections of mooring line’s strain, tension, 
and uplift. The mooring lines used in this study 
exhibited nonlinear behavior due to tension-depen-
dent Young’s modulus of the mooring chains (Tahar 
& Kim, 2008).

According to the arrangement of the mooring 
lines (Figure 3), mooring line 1 will probably be 
exposed to a greater force than other mooring lines 
due to the 0o incidence (parallel to turbine hub) 
between the wave and current. Also, since the plat-
form is symmetric about the longitudinal axis, moor-
ing lines 2 and 3 are also symmetrical. Therefore, 
only the answers for mooring line 2 are provided. In 
the next section, we present and discuss the results 
of the strain, anchor uplift, and platform motions on 
different buoys sizes and different positions along 
the cable.
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Elements strain along mooring lines

Due to its elasticity, the cable length may be 
stretched due to the tensile forces caused by the 
movement of the platform. In fact, the strain of the 
cable is a non-dimensional ratio of cable elongated 
length to the actual length of the cable (ε = (Se – Se0)/
Se0). Steel chains are subjected to cyclic loads, load-
ing, and offloading. Therefore, due to the low elas-
ticity of the steel chains, permanent plastic strain 
occurred, and cracks began to grow at notches and 
eventually resulted in fracture. Figure 8 illustrates 
the strain variations of mooring line 1 under the 
environmental conditions of the problem. As can be 
seen in this figure, at all buoy placements, the strain 
along the cable decreased by varying the buoy size. 
The larger the buoy size, the lower the strain along 
the cable, and the higher the strain drop rate. In this 
figure, L indicates the horizontal distance between 
the centers of the buoy to the fairlead point on the 
platform. The “Original” model refers to the moor-
ing lines of the DeepCwind platform without a buoy. 
Table 3 compares the strain reduction percentage 
at the anchor and fairlead points of the cables. The 
results show that when the buoy approaches the 
center of the cable, the buoy has a more evident 
strain-reducing effect. Placing the buoy 300 m from 
the fairlead point had the best influence, so that over 
90% helped reduce the mooring line strain.

Tension

One of the most important parameters of the 
mooring line design and fatigue analysis is cable 
tension. Tension is defined as the tensile force 
applied to the mooring lines and also the nonlin-
ear dynamic coupling between the six degrees of 
freedom of the platform and mooring lines. Mate-
rial properties, stress-strain relationship, and restor-
ing stiffness of lines also affect a cable’s predicted 
dynamic response (Tang et al., 2007). Increasing 
applied cyclic tension and ramping inline tensions in 
mooring lines leads to the formation of cracks in the 
chains of catenary mooring lines. The tensile cracks 
are mostly perpendicular to the loading direction, so 
that when they reach a critical length, the mooring 
line abruptly fails without warning (Cook & Young, 
1999). Connecting a buoy increases the geometric 
compliance and flexibility of the mooring line and is 
a simple way to reduce the risk of cable failure. Fig-
ure 9 shows the tension variations of cable elements 
versus different buoy positions and radiuses. Figure 
10 indicates the time history of the cable tension 

for mooring lines 1, 2, and 3. All figures show the 
positive role of buoys in diminishing the cable ten-
sion. As the buoy size increases, the damping trend 
of cable fluctuations also intensifies and stabilizes. 
According to Figure 10, from 100 m to 400 m of the 
buoy position, upon increasing the buoy size, moor-
ing line oscillations from the harmonic steady-state 
gradually transformed to the transient and damped 
vibration form. This technique eliminates cyclic 
oscillations and strongly reduces the risk of fatigue 
failure. When the buoy dimensions increased, the 
thickness of the wake turbulence layer behind the 
buoy also increased. This increased the drag coef-
ficient of the buoy and, consequently, increased the 
drag force of the cable at the buoy’s position, which 
led to abundant cable resistance against the applied 
forces. Figure 11 shows the polynomial regression of 
mooring line tension versus different buoy volumes. 
The positive effect of the buoy at reducing tension is 
evident in all cases. The highest depreciation rates 
for mooring lines 2 and 3 occurred at a distance of 
300 m and at a radius of 2 m at which, the cable ten-
sion was reduced by up to 45%. Also, the effective-
ness of the buoys at reducing the tension of mooring 
line 1 was less than that of mooring lines 2 and 3, 
which at best reduced the cable tension by 30% at 
a buoy distance of 400 m.

Anchor uplift

The anchor uplift force is the vertical (upward) 
component of the tension at the connection point 
to the sea bed. This force is equal to the cable’s 
buoyancy force. When the buoy is attached to the 

Table 3. Strain reduction under each condition

L
Percentage of strain reduction at the anchor point

R
0.8 1 1.2 1.4 1.6 1.8 2

100 –2.20 –4.33 –7.59 –12.27 –18.44 –25.40 –30.00
200 –3.89 –7.87 –14.33 –24.45 –39.70 –59.43 –71.67
300 –4.76 –9.69 –17.84 –30.95 –51.28 –77.78 –93.88
400 –4.39 –8.87 –16.06 –27.08 –42.99 –62.74 –77.86
500 –2.76 –5.55 –9.95 –16.55 –25.85 –37.70 –49.16
600 –0.16 –0.58 –1.98 –4.69 –9.19 –15.67 –23.24

Percentage of strain reduction at the fairlead point
100 –2.80 –5.51 –9.74 –15.98 –24.70 –35.67 –45.80
200 –3.99 –8.09 –14.79 –25.38 –41.74 –64.40 –83.49
300 –4.58 –9.25 –16.94 –29.25 –48.36 –74.21 –94.90
400 –4.02 –8.09 –14.58 –24.42 –38.58 –56.56 –72.95
500 –2.47 –4.95 –8.86 –14.69 –22.90 –33.55 –44.93
600 –0.14 –0.51 –1.76 –4.16 –8.19 –14.07 –21.37
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Figure 9. Variations of tension of cable elements against different buoy positions and radiuses
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mooring system, depending on the installation posi-
tion, it will add positive or negative buoyancy to the 
attachment points. Figure 12 shows the time histo-
ry of the anchor uplift at different positions. Figure 
13 summarizes the obtained results compared with 
the original mooring line configuration. The results 
show from the fairlead point up to 300 m buoy posi-
tion along the cable. Due to the dominance of the 
cable and buoy’s gravitational weight and inline 
drag terms, the anchor uplift decreased so that by 
placing the buoy with a 1.8 m radius at a distance 

of 200 m, the uplift force was reduced by up to 70% 
and 95% for mooring lines 1 and 2 (or 3), respec-
tively. However, as the buoy passed a distance of 
300 m, the transverse component of the tension and 
drag force, due to buoy and cable density, increased 
the vertical forces. On the other hand, the buoy will 
tolerate a part of the cable’s weight and reduce the 
gravity force of the cable. As a result, by placing the 
buoy with a radius of 2 m at a distance of 600 m, 
we observed a 30-times increase in the anchor uplift 
force.
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Platform motion

Fully-coupled time-responses of OC4-Deep-
Cwind platform (surge, heave, and pitch motions at 
CG) where the buoy with 2 m radius was placed at 
different positions of the mooring system are shown 
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Figure 13. Ratios of anchor uplift with buoy compared with the non-buoy mode
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Figure 14. Time history of motion responses in different distances of buoy placement on the cable from fairlead point

in Figure 14. A summary of the platform motion 
changes under different conditions was compared to 
the original model and is presented in Table 4. The 
variations in Table 4 are strongly dependent on the 
buoy size. By increasing the radius of the buoy from 
0.8 m to 1.2 m at different positions in three directions 
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of surge, heave, and pitch, there was no noticeable 
change in platform motion. Most of the major chang-
es in platform motion occurred when the buoy was 
positioned between 300 and 400 meters, roughly in 
the middle of the mooring line. Within a radius of 2 
m for the buoy, the range of motion increased to its 
maximum, so that within 400 meters of the buoy’s 
position, the amplitude of motion increases to 42%, 
23%, and 34% in surge, heave, and pitch degrees of 
freedom, respectively.

Conclusions

In this study, the mechanical behavior of Deep-
Cwind semi-submersible FOWT platform mooring 
lines was investigated. The nonlinear catenary moor-
ing lines of the platform were divided into two seg-
ments and an intermediate buoy device was attached 
at catenary segment joints. The tension, anchor 
uplift, strain at different buoy radiuses, and its posi-
tion along cable were presented in detail. Moreover, 
the platform motion in three directions (heave, pitch, 
and yaw) was analyzed. The results of the study led 
to the following conclusions:
•	 When the buoy device was mounted on the cable, 

the cable was raised positively due to the greater 

cable buoyancy and because it bore part of the 
cable’s weight. A larger buoy size increased the 
cable lift. Also, as the buoy approached the anchor 
point, the angle of the joint segments increased.

•	 Placing the buoy 200 m to 400 m away exerted 
the greatest strain reduction at both fairlead and 
anchor points, which enabled the mooring lines to 
reduce the strain by 90%.

•	 As the buoy radius increased to 2 m, the strain 
decreased along the cable, and the strain drop rate 
was greater.

•	 By increasing the buoy radius to 2 m, the ten-
sion stimulations from the harmonic steady-state 
became a damped vibration form and eliminated 
cyclic oscillations and strongly reduced the risk 
of fatigue.

•	 The existence of a buoy at a distance between 
200–300 m had a greater effect on reducing the 
mooring line’s tension rate. When the distance 
was 300 m, and the radius of the buoy was 2 m, 
the cable tension was reduced by 45%.

•	 Positioning the buoy at a horizontal distance of 
400 m to 600 m from the fairlead led to a sharp 
increase in the uplift force.

•	 By increasing the radius of the buoy to 1.2 meters 
at different points, there was no noticeable varia-
tion in the platform’s motion.

•	 Most of the major changes in the platform’s 
motion were due to the positioning of the buoy in 
the middle of the mooring line.

•	 The wrong choice of buoy position can increase 
the platform’s horizontal offset by up to 42%.

•	 Taking all aspects into account, positioning the 
buoy with a radius of 1.8 m at a distance of 200 m 
from the fairlead point was the best configuration 
in terms of improving the dynamic responses of 
the platform mooring line.
Overall, the numerical results demonstrated that 

the proposed multi-segment catenary mooring line 
with an intermediate buoy will improve the moor-
ing line’s mechanical performance. Nonetheless, the 
mentioned system will cause more complex dynam-
ic properties and increase the installation difficulties 
in deep water.
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