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Abstract
This paper investigates the effect of buoys and a clump weight on the mooring lines and the dynamic response 
of the floating platform. The full-scale of the OC4-DeepCwind semisubmersible FOWT platform is analyzed 
using the boundary element method (BEM) with ANSYS-AQWA software, when considering regular wave 
conditions. Platform motions and mooring line tension in the surge, heave, and pitch are presented and dis-
cussed in the time domain analyses (TDA) and frequency domain analyses (FDA). Validation is performed by 
compression of the platform motion RAO and the fairlead tension RAO magnitudes in the surge, heave, and 
pitch (for both numerical and experimental data) under seven sea states’ regular waves. The results show that 
increasing the number of buoys at a constant volume decreases the surge and pitch motion amplitude, while the 
heave motion increases slightly. Adding the buoy and clump weight (type 1) to the mooring line reduces the 
oscillation amplitude tension. In addition, raising the number of buoys increases the oscillation tension.

Introduction

Mooring lines systems have been used to provide 
the necessary restoring force that acts against envi-
ronmental loadings to minimize the floating offshore 
structure motions. As the water depth increases, the 
weight of the mooring line that consists of chains 
or cables became too heavy, and the vertical forces 
from the restraints on the floating platform increase. 
In the catenary mooring system, part of the mooring 
line is rested on the seabed. The restoring force is 
generated when the excursion or vessel motion lifts 
the catenary mooring system. The buoys and clump 
weights used in the suspended portion of the mooring 

system can effectively reduce the platform response 
and mooring lines tension (Liu et al., 2019).

Many researchers have investigated the effect 
of the buoy and clump weight on the mooring line 
system and floating platform response in recent 
years. Yuan et al. proposed a hybrid mooring sys-
tem with several clump weights and buoys to opti-
mize the position and volume of the buoys, based on 
the mooring line tension. In their work, Morrison’s 
equation was used to calculate the hydrodynamic 
loads (Yuan, Incecik & Ji, 2014). Brommundt et al. 
developed a numerical tool to optimize the catenary 
mooring system of a semisubmersible wind turbine 
platform with two different depths (i.e. 75 m and 
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330 m). Mooring line length, angle, and horizontal 
distance between the anchor and fairlead were also 
investigated (Brommundt et al., 2012). Fitzgerald 
and Bergdahl (2007) used a buoy-attached moor-
ing as a wave energy converter at a water depth of 
50 m, which indicated that the buoy may reduce 
cable weight, induce mooring loads, and affect 
floater motion. Hybrid mooring concepts, such as 
clump weight and buoy, have also been developed 
(Hall & Goupee, 2015). Hall and Groupee (2015) 
introduced a lumped-mass model to evaluate the 
dynamics response of the mooring line system for 
DeepCwind semisubmersible FOWT. The obtained 
results were compared with experimental data from 
a scale model (Hall & Goupee, 2015). Qiao et al. 
(2014) have investigated the effects of buoys on the 
dynamic response of mooring lines and platform 
motion numerically (Qiao & Ou, 2013). Mavrakos 
and Chatjigeorgiou (1997) used the frequency 
domain analyses (FDA) and time domain analyses 
(TDA) to examine the mooring line motion and ten-
sion, including different buoy sizes and locations 
in deep water (Mavrakos & Chatjigeorgiou, 1997). 
Mavrakos et al. (Mavrakos et al., 1991) studied the 
benefit of attaching buoys to the mooring line and 
confirmed that the mooring line dynamic could be 
reduced when the size, number, and location of the 
buoys are chosen correctly. Hordvik (2011) carried 
out optimization of the mooring system design, 
using quasi-static and dynamic analysis in shallow 
water, for a floating wind turbine with three cat-
enary mooring lines. In this work, three types of 
mooring systems consisting of distributed mass, 
clump weight, and buoyancy element schemes have 
been considered for evaluating the system behavior 
(Hordvik, 2011). Benassai et al. (2014) compared 
the motion control performance of the catenary 
mooring, and the tension line mooring systems for 
the Dutch tri-floater wind turbine, at a water depth 
between 50 m and 200 m that minimizes the moor-
ing line weight. Both operational and extreme load 
cases are considered, the weight of the chain cable 
and steel wire rope are compared for different water 
depths (Benassai et al., 2014). Vicente et al. com-
pared the mooring configurations of a floating-point 
absorb consisting of catenary chain with and without 
additional clump weight or buoy (Vicente, Falcão 
& Justino, 2011). The results showed that the maxi-
mum horizontal motion and energy absorption pow-
er are less sensitive to different arrangements of the 
buoys and clump weights compared to average and 
maximum mooring line tension. Ghafari and Dardel 
investigated the effect of diameter, and the number 

of buoys, on the response of the Amirkabir semisub-
mersible drilling platform using the boundary ele-
ment method (BEM). The results show that increas-
ing the number of buoys decreases the amplitude of 
the surge motions, while increasing the heave and 
pitch (Ghafari & Dardel, 2018).

We opened a new group called Marine and 
Hydrokinetic Energy (MHK) at the Amirkabir Uni-
versity of Technology (AUT) and we are working on 
different types of wave energy converters and their 
platforms. The purpose of this paper is to investi-
gate the hydrodynamic response of the DeepCwind 
semisubmersible floating offshore wind turbine 
(FOWT) platform, which consists of three mooring 
lines that are divided into three segments with an 
intermediate buoy and clump weight. Simulations 
were performed in ANSYS AQWA under regular 
airy wave conditions. Fairlead tension and platform 
motions are presented and discussed in three direc-
tions (i.e. surge, heave, and pitch).

Governing equations

The governing equations, including potential 
flow theory, have been used, and three-dimensional 
radiation/diffraction theory has been used to esti-
mate the wave force that acts on the rigid floating 
platform. The potential flow expression includes 
the first-order incident wave potential, the corre-
sponding diffracted wave potential, and the radia-
tion wave potential due to the j-th motion with unit 
motion amplitude (Barltrop, 1998). The hydrody-
namic loads, the motion responses, and mooring 
forces responses are obtained using three-dimen-
sional radiation/diffraction theory and Morison ele-
ment theory. The floating object’s fluid flow field is 
defined using the Laplace equation as the governing 
equation. A boundary integration method calculates 
the fluid velocity potential function with boundary 
conditions (Ghafari & Dardel, 2018). The Morison 
element models the mooring line as a chain under 
various external factors. This includes the exter-
nal hydrodynamic, structural, and inertia loadings. 
Considering the hydrodynamics interaction among 
M floating bodies, and using frequency-depen-
dent coefficients, the linear equation of motion is 
expressed as follow:

      jmjmhysease FxKCiMM  2  
 

 (1)

Here, Ms is a 6M×6M structure mass matrix and Ma = 
[Ajm,kn] and C = [Bjm,kn] are the 6M×6M hydrodynam-
ic added mass and damping matrices, respectively, 
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which consist of hydrodynamic interaction coupling 
components between M structures; Khys is the hydro-
static stiffness matrix. Moreover, Fjm is the total forc-
es and moments, while subscripts j and k correspond 
to the motion modes and the subscripts m and n refer 
to the m-th and n-th structure, respectively. By defin-
ing an integral convolution form, the equation of 
motion may be described as (Cummins, 1962):

 

       

     tFdXtR

tXKtXctXAm
t








0
 



 

 

 (2)

where R is the velocity impulse function matrix and 
F(t) is the total force, which includes the mooring 
force and first- and second-order wave force. For 
the hydrodynamics analysis, the second-order wave 
force should be considered as one of the important 
loads (Motallebi et al., 2020). The significance of 
the second-order wave force on the floating wind 
platform has been demonstrated both computation-
ally and experimentally (Li et al., 2017). Refer to 
(Ghafari et al., 2019) for additional information on 
the mooring force equations.

DeepCwind characteristics

The present result is compared to experimental 
data from the DeepCwind semisubmersible floating 
platform, which is used in the studies by Coulling et 
al. (2013) and shown in Figure 1. The DeepCwind 

semisubmersible floating platform model has been 
tested at the Maritime Research Institute Nether-
lands offshore wind/wave basin, by the University of 
Maine DeepCwind program (Coulling et al., 2013). 
It should be mentioned here that the experimental 
model for the DeepCwind semisubmersible platform 
was evaluated in 1:50 scale model experiments. 
Tables 1 and 2 show the characteristics of the Deep-
Cwind semisubmersible floating platform.

Figure 1. OC4 DeepCwind semisubmersible design by Coulling et al. (2013)

Table 1. Characteristics of the DeepCwind semisubmersible 
platform

Properties Value Unit
Depth to platform base below SWL  
(total draft) 20 m
Water depth 200 m
Water mass density 1025 kg/m3

Elevation of the main column above SWL 10 m
Elevation of the offset column above SWL 12 m
Space between offset columns 50 m
Diameter of main column 6.5 m
Diameter of offset columns 12 m
Diameter of base columns 24 m
Dimeter of pontoon and cross bracings 1.6 m
Displacement 13 986.8 m3

Center of mass (CM) location below SWL 14.4 m
Platform roll inertia about CM 8.011×109 kg/m2

Platform pitch inertia about CM 8.011×109 kg/m2

Platform Yaw inertia about platform  
centerline 1.391×109 kg/m2
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The purpose of this paper is to investigate the 
hydrodynamic behavior of the mooring lines on the 
DeepCwind semisubmersible FOWT platform. The 
mooring lines consist of three catenary steel chains at 
an angle of 120 degrees to each other; it is designed 
for a water depth of 200 m. Each nonlinear catenary 
mooring line is divided into intermediate buoys and 
a clump weight.

Figure 2 shows the platform orientation and the 
mooring line configuration. While the mooring line 
properties are listed in Table 2.

Wave direction

Mooring line

Figure 2. Arrangement of the mooring lines

Table 2. Mooring line properties

Properties Value Unit
Number of mooring lines 3 –
Angle between lines 120 degree
Radius to anchors from platform center line 837.6 m
Radius to fairleads from platform center line 40.868 m
Unstretched line length 835.5 m
Mooring line diameter 0.0766 m
Equivalent mooring line mass density 113.35 kg/m
Equivalent mooring line mass in water 108.63 kg/m
Extensional stiffness 753.6×106 N

Results and discussion

Validation

The validation is divided into two main steps: (1) 
the platform RAO response and (2) the fairlead ten-
sion RAO under seven regular wave environments. 
The present numerical result is obtained from poten-
tial theory using the BEM method and it is compared 
to experimental data from Coulling et al. (2013). 
Based on the convergence analysis results, a maxi-
mum element size of 1.8 m is obtained, including the 
7800 panels and 5400 diffracting elements shown in 
Figure 3.

Seven different regular waves were considered, 
and the platform response was investigated to val-
idate the numerical results of the RAO response 
motions and the mooring tension. Table 3 shows the 

selected sea states for regular waves defined by its 
period, T, and amplitude, A.

Figure 4 compares the numerical and experimen-
tal data for the platform motion RAO in the surge, 
heave, and pitch under the seven different sea states’ 
regular waves. The root mean squared error (RMSE) 
for the DeepCwind semisubmersible floating plat-
form shows a relatively good agreement between the 
numerical results and measurement data for all three 
motions (Table 4).

Table 4. Root mean squared error (RMSE) for the seven reg-
ular waves

Sea state
Surge (m/m) Heave (m/m) Pitch (deg/m)
Exp Num Exp Num Exp Num

Regular wave 1 0.17 0.153 0.07 0.063 0.25 0.207
Regular wave 2 0.58 0.62 0.3 0.28 0.259 0.15
Regular wave 3 0.75 0.747 0.29 0.178 0.23 0.18
Regular wave 4 0.99 0.911 1.29 0.896 0.31 0.28
Regular wave 5 0.66 0.622 0.34 0.282 0.3 0.27
Regular wave 6 0.77 0.748 0.37 0.182 0.27 0.21
Regular wave 7 1.01 0.913 1.2 0.894 0.42 0.31

RMSE 0.268 RMSE 0.295 RMSE 0.237

Figure 5 compares the present numerical results 
and experimental data of the fairlead tension RAO 
magnitudes for different sea states’ regular waves. 

Figure 3. Mesh of the DeepCwind semisubmersible

Table 3. Sea states characteristics (Coulling et al., 2013) 

Sea state A (m) T (s)
LC1 0.96 7.50
LC2 3.79 12.10
LC3 3.57 14.30
LC4 3.79 20.00
LC5 5.15 12.10
LC6 5.37 14.30
LC7 5.56 20.00
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It can be seen that the numerical results are in a rea-
sonably good agreement with the experimental data. 
At the amplitude of the wave height and period, 
mooring line 1 experiences more tension. It should 
be noted that similar results were obtained due to the 
symmetry between mooring lines 2 and 3. However, 
in the present study, only mooring line 2 is given. It 
can be observed that the DeepCwind test data and 
the numerical simulation results are in relatively 
good agreement.

Following validation of the numerical model that 
uses the BEM with regular waves, a case when no 
wind is present is tested. Figure 6 depicts the plat-
form RAO in regular waves with periods ranging 
from 5 s to 25 s, which are obtained from the AQWA 
and then compared to the test data and FAST results 
published by Coulling et al. (2013). As can be seen, 

the RAOs are consistent with the FAST data, and 
a similar behavior is shown in the heave, pitch, and 
surge motions. However, close to the natural heave 
frequency, a more significant heave motion was esti-
mated by the AQWA.

The new mooring system

To arrange a decrease in the vertical component 
of the mooring tension at the top of the mooring 
line, a series of buoys with a constant volume and 
a clump weight are attached to each mooring line. 
Keeping the arrangements of the mooring system 
constant, four types of buoys and a clump weight are 
connected in the mooring line, and the locations of 
the buoys are 150 m, 180 m, 210 m, and 240 m, and 
the clump weight is a distance of 650 m, from the 
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Figure 5. Comparison of the fairlead tension RAO magnitudes for (a) mooring line 1 and (b) mooring lines 2
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platform. Figure 7 shows the position of the buoys 
and a clump weight for one of the mooring systems 
arrangements. A couple of mooring lines with clump 
weights and buoys constitute a new hybrid system. 
The buoyancy of these buoys counteracts some of 
the effects of gravity and, as a result, the tension on 
each mooring line can be decreased. Consequently, 
the motions of the platform might also be reduced. 
Thus, the horizontal restoring force provided by the 
line can be increased, while the restoring forces in 
the vertical direction will be reduced. The mooring 
system properties are summarized in Table 5.

The time responses and frequency responses of 
the platform’s surge, heave, and pitch motions by the 
mooring system, with a clump weight and buoy sta-
tistical variability of the maximum, minimum, and 
average values of the motion responses and tension 

mooring lines, are investigated. The results obtained 
from the statistical study of the platform response in 
a time domain duration of 2000 s and for a regular 
wave, with an amplitude of 5 m and a period of 12 s, 
are analyzed.

Figures 8 and 9 show the numerical results 
obtained for the OC4-DeepCwind and the four 
case studies used to investigate the effects of the 
buoys and clump weight on the global responses 
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Figure 7.  Mooring  configurations  containing  buoys  and 
a clump weight

Table 5. Buoys and clump weight properties

CW (P2)  
weight (kg)

CW (P2)  
diameter (m)

Buoy (B2)  
diameter (m)

Buoy weight  
in water (kg)

Buoy  
and CW Type

50000.84434 330Type 1
50000.843.1717 165Type 2
50000.842.7711 443Type 3
50000.842.528582Type 4
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of a semisubmersible platform, in the TDA and 
FDA.

As shown in Figure 8, it was found that by increas-
ing the number of buoys (types 1–4) the amplitude 
of the surge and pitch motions, and the maximum, 
minimum, and average values, all decreased. Also, 

for the heave motion, it can be seen that their ampli-
tudes are slightly increased by escalating the number 
of buoy oscillations with maximum, minimum, and 
average values.

Figure 9 is determined from the FDA and shows 
that the surge and heave motions frequency response 
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have two resonant frequencies. The low frequen-
cy decreases as the number of buoys increases, 
while the wave frequency response oscillation also 
increases. For the pitch motion, increasing the num-
ber of buoys means that the low and wave frequency 
decrease.

The tension force of the mooring line is shown 
in Figure 10. Here, by initially adding a buoy and 
clump weight (type 1) to the mooring line, the ten-
sion force of mooring lines 1 and 2 are decreased. 
Then, increasing the number of buoys in the constant 
volume escalates the oscillations of the tension force 
of mooring lines 1 and 2.

Figure 11 shows that adding buoy and clump 
weight may cause a decrease in the tension force of 
the mooring line. Besides, it can be seen that there 
are two resonant frequencies for the mooring ten-
sion. On increasing the number of buoys, the low 

frequency oscillation decreases for the two mooring 
lines. The frequency oscillation of the resonant wave 
frequency for type 1 is reduced, while it is increased 
for a rising number of buoys with constant volume.

Case study type 1

This section considers five different regular 
waves for the type 1 case study. The response of the 
platform in the absence of wind was investigated 
using numerical results for surge, heave, and pitch 
response motions, and the mooring tension for the 
DeepCwind semisubmersible platform was due 
to wave excitation. Table 6 shows the selected sea 
states for the regular waves defined by period, T, and 
wave amplitude, A.

The amplitude oscillation of the surge, heave, and 
pitch motion for case study type 1 is shown in Figure 
12, which is determined from the time response anal-
ysis. It was discovered that, by increasing the wave 
period for the five regular waves of constant ampli-
tude, the amplitude of the surge maximum, minimum, 
and average value motion are enhanced. For the heave 
motion, it can be seen that with a growing wave peri-
od and constant amplitude, the oscillations of max-
imum, minimum, and average values all increased, 
except for a wave period of 14 s. Moreover, with an 

Time (s)

1600

1400

1200

100

800

600

400

200

0

OC4
Type 1
Type 2
Type 3
Type 4

(a)
M

oo
rin

g 
1 

Te
ns

io
n 

(k
N

)

1400                          1450                           1500                           1550

(b)

Time (s)

2500

2000

1500

1000

500

0

OC4
Type 1
Type 2
Type 3
Type 4

M
oo

rin
g 

2 
Te

ns
io

n 
(k

N
)

1400                          1450                           1500                          1550

 
Figure 10. Time response of the fairlead tension responses for the (a) mooring line 1 and (b) mooring line 2
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Figure 11. Frequency response of the fairlead tension responses for the (a) mooring line 1 and (b) mooring line 2

Table 6. Environmental conditions of the five seas states 

Regular wave Amplitude (m) Period (s)
Sea state 1 5 8
Sea state 2 5 10
Sea state 3 5 12
Sea state 4 5 14
Sea state 5 5 16
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increase in the wave period constant amplitude for 
the pitch motion, the oscillations of maximum, mini-
mum, and average values decreased, except at a wave 
period of 16 s for which it increased.

Figure 13, determined from the FDA for case 
study type 1, shows that the surge and heave motions 
frequency response have two resonant frequencies. 
The lower frequency decreases as the wave period 
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Figure 12. Time response of the motion (a) surge, (b) heave, and (c) pitch for type 1
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(with a constant amplitude of 5 m) increases. Fur-
thermore, the oscillation amplitude wave frequency 
increases, except for the heave motion of sea state 
4. For the pitch motion, the wave period increases 
and the lower frequency decreases, and the wave fre-
quency first decreases for sea states 1, 2, and 3 and 
then increases for sea states 4 and 5.

The tension force of the mooring line is shown in 
Figure 14 for case study type 1. Here, increasing the 
wave period for the five regular waves escalates the 
oscillation amplitude of the tension force of mooring 
lines 1 and 2.

Figure 15 shows a different regular wave with 
a constant amplitude for the tension force of the 
mooring lines. It can be seen here that there are 

two resonant frequencies for the mooring tension. 
The lower frequency oscillation decreases with an 
increasing wave period, and the wave frequency 
oscillation amplitude grows.

Conclusions

The effects of the buoys and clump weight on the 
mooring line tension and platform responses were 
investigated for surge, heave, and pitch motions of 
the DeepCwind semisubmersible floating platform, 
for regular wave conditions. The BEM method 
was used to simulate the hydrodynamic responses 
of the platform in both the FDA and TDA. It was 
found that on increasing the number of buoys (types 
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Figure 14. Time response of the fairlead tension responses for the (a) mooring line 1 and (b) mooring line 2 for type 1
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1–4), the amplitude of the surge and pitch motions 
decreased, while for the heave motion it grew. Add-
ing a buoy and clump weight (type 1) to the moor-
ing line reduced its oscillation tension force, while 
raising the number of buoys in the constant volume 
increased this force. For the surge and heave motions, 
the oscillation of the resonant lower frequency is 
decreased as the number of buoys increases but it is 
the opposite for the wave frequency. In addition, for 
the pitch motion, both of them are reduced. In the 
case of type 1, raising the wave period for the five 
sea states increases the amplitude of the surge and 
heave motions, except for the heave motion of state 
4. Furthermore, the oscillation amplitude decreased 
for the pitch motion, except in sea state 5 for which 
it increased. Additionally, when the oscillation of the 
mooring tension has an enhanced wave period, the 
lower frequency amplitude is reduced and the wave 
frequency amplitude is increased.
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