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a b s t r a c t

A moored floating structure may exhibit resonant motion responses to low-frequency excitations. Similar
to the resonant responses of many vibration systems, the motion amplitude of a moored floating
structure is significantly affected by the damping of the entire system. In such cases, the damping
contributed by the mooring lines sometimes accounts for as much as 80% of the total damping. While the
damping induced by catenary mooring lines is well-investigated, few studies have been conducted on
the damping induced by taut mooring lines, especially one partly embedded in soil. The present study
develops a simple but accurate model for estimating the damping contributed by mooring lines. A typical
type of taut mooring line was used as the reference and the hydrodynamic drag force and soil resistance
were taken into consideration. The proposed model was validated by comparing its predictions with
those of a previously developed model and experimental measurements obtained by a physical model.
Case studies and sensitivity studies were also conducted using the validated model. The damping
induced by the soil resistance was found to be considerably smaller than the hydrodynamic damping.
The superposition of the wave frequency motion on the low-frequency motion was also observed to
significantly amplify the damping induced by the mooring lines.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The mooring system is one of the key components of a moored
floating structure, and may exhibit significant resonant responses
to low-frequency excitations such as second-order wave forces. The
maximum horizontal excursion of a mooring system is dominated
by the second-order excitation force and the overall damping of the
floating system, including the hull, mooring lines and risers (Brown
et al., 1995). The damping contributed by mooring lines may ac-
count for up to 80% of the total damping for some floating systems
(Huse and Matsumoto, 1989). The importance of considering the
mooring line damping in the estimation of the slow drift motions of
offshore floating facilities has been emphasized in various works
(Brown and Mavrakos, 1999; Triantafyllou et al., 1994; Wichers and
Huijsmans, 1990).

Mooring line damping was originally proposed by Huse (1986),
who presented a simple numerical method for estimating the en-
ergy dissipation induced by the drag force on the mooring lines.

Other related research tools have since been proposed, and these
can be classified into three categories (Johanning et al., 2007): (a)
simple analytical models, (b) fully dynamic finite element methods,
and (c) physical model tests.

The original simple analytical model of Huse was improved by
the superimposition of Wave Frequency (WF) motions on Low-
Frequency (LF) motions (Huse and Matsumoto, 1989; Huse, 1991).
The results showed that the combined WF and LF motions ampli-
fied the mooring line damping by a factor of 2e4. Liu and Bergdahl
(1998) also improved Huse's original model by giving a new defi-
nition to the motion amplitude for energy dissipation integration.
Bauduin and Naciri (2000) proposed a quasi-static model that
enabled a more accurate prediction of the normal velocity of
mooring line segments.

With regard to dynamic finite elementmethods,Webster (1995)
proposed an indicator diagram method for estimating the mooring
line damping. The mooring tension was particularly calculated by a
fully dynamic finite element method. Yang et al. (2016) proposed a
transformation method for obtaining the equivalent sinusoidal
motion of a wave frequency random motion. The transformation
was then used to estimate the mooring line damping due to the
combined random LF and WF motions.

Huse and Masumoto (Huse and Matsumoto, 1988, 1989; Huse,
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1986, 1991) performed experiments to determine the mooring line
damping. Bauduin and Naciri (2000) also conducted decay tests on
the surge motions of a mooring line to determine its damping.
Another approach to accessing mooring line damping is the use of
the indicator diagram method, which involves measurement of the
load and displacement of the fairlead. Kitney and Brown (2001)
experimentally investigated mooring line damping using large-
scale (1:16) and small-scale (1:70) models. Johanning et al.
(2007) observed an abrupt increase in the damping of a catenary
mooring line after it was fully lifted, and thus highlighted a
distinction between the damping characteristics of catenary and
taut mooring lines.

Triantafyllou et al. (1994) noted the drag amplification caused
by a vortex-induced vibration, and the possibility of it considerably
increasing the mooring line damping. Nielsen and Bindingbø
(2000) described the “drag locking” phenomenon, wherein the
normal motion of the mooring line is restricted by significant drag
forces. They derived the drag locking factor to estimate themooring
line damping. The majority of the above studies focused on cate-
nary mooring lines, with only a few considering a taut mooring
system, which is an attractive alternative to a catenary mooring
system in deep water.

A taut mooring system requires an anchor with a large uplift
load capacity, for which reason an embedded anchor is often used.
The padeye of the embedded anchor is positioned at a certain depth
beneath the mudline for the connection of the embedded mooring
line. The design results in the soil resistance applying additional
damping to the mooring system. This additional damping is
different from the damping due to seabed friction and has not been
previously investigated.

In the present study, a model was developed for prediction of
the mooring line damping. The fully dynamic method was used to
determine the mooring line responses. The following section in-
troduces the theory for obtaining the mooring line dynamics and
the damping coefficient. Section 3 describes the validation of the
proposed model through comparison of its predictions with those
of a previously developed model and the results of physical model
tests. Section 4 presents some case studies that were used to
investigate the damping of a typical taut mooring line through the
imposition of different types of motions on the fairlead. The effect
of the soil on themooring linewas considered. Section 5 describes a
parametric study by which the sensitivity of the damping to the
fairlead oscillation period and amplitude was examined. The pat-
terns are summarised by using polynomial curves to fit the
damping coefficient. In Section 6, some important conclusions
drawn from the study are presented to afford better insight into the
damping of the mooring line.

2. Theoretical background

2.1. Mooring line damping

The mooring line damping can be determined from the energy
that is dissipated by the drag force and the soil resistance. The
energy dissipationDE at an arbitrary segment during a cyclic period
can be expressed as

DE¼
ðT

0

D F
!
d h! (1)

where D F
!

denotes the drag force or soil resistance acting on the
segment, d h! is the displacement vector at the midpoint of the
segment, and T is the period. Integrating Eq. (1) over the entire line

gives the total energy E dissipated during a cycle.

The drag force D F
!

can be predicted using Morison's equation
(Morison, 1950). It can be expressed as the sum of the normal and
tangential contributions, for which the drag coefficients can differ
by a factor of 20e50 (Palm, 2017).

D F
!¼1

2
rDðCdNjVNjVN þCdT jVT jVT Þdlþ

1
4
rpD2CM _V

2
dl (2)

where r is the water density, D is the nominal diameter of the
segment, CdN CdT , and CM are the drag coefficient in the normal
direction, drag coefficient in the tangential direction, and mass
coefficient, respectively, V and _V are the relative velocity and ac-
celeration at the midpoint of the segment, and dl is the segment
length.

D F
!

or soil resistance is calculated using the equations of
Neubecker and Randolph (1995):

D F
!¼ F

!
l þ Q

!
(3)

F
!

l ¼ðEtDfdlÞ t! (4)

Q
!¼ðEnDqdlÞ n! (5)

where Fl
!

and Q
!

are the tangential and normal components of the
soil resistance, respectively. The bar diameter D is the same as that
in Eq. (2). t! and n! are the unit vectors in the tangential and normal
directions, respectively. In a dynamic analysis, t! is assumed to be
parallel to the line segment but opposite to the segment's
tangential movement, and n! is assumed to be opposite to the
movement of the segment. Et and En are multipliers used to obtain
the effective width of the mooring chain. The friction coefficient f
and the averaged normal pressure q are obtained from the un-
drained shear strength Su:

f ¼ Su (6)

q¼NcSu (7)

Su ¼ Su0 � kz (8)

where Nc is the bearing capacity factor for plane strain failure,
assumed to be 7.6 in the present study; k is the gradient of the
undrained shear strength; and z is the depth beneath the mudline
(positive upward).

The accurate determination of the velocity in Eq. (2) is a key
challenge. Some researchers have utilized simple analytical models
with improved assumptions. In the present study, rather than
attempting to estimate the normal velocity, we employed the
instantaneous velocity and displacement of the line segment
determined by dynamic simulation.

The mooring line dynamics has been well considered in
numerous studies (Chen et al., 2001; Nakajima et al., 1982; Tahar
et al., 2002), with the finite element method most widely used to
tackle the problem. In this method, the mooring line is divided into
several segments modelled by slender rod models (Garrett, 1982;
Kim et al., 2005; Ran, 2000) or lumped mass models (Chai et al.,
2002; Huang, 1994; Xiong et al., 2016a). The slender rod
approach is particularly versatile for dealing with the complex
boundaries, but it requires a good acquirement of mathematics. In
the lumped mass approach, a line segment is assumed to consist of
two lumped mass points connected by a massless spring. It is
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numerically more efficient and has a clear physical meaning, which
facilitates the incorporation of the soil resistance. The lumpedmass
approach was adopted in the present study.

2.2. Lumped mass method

As shown in Fig. 1, the profile of a mooring line can be repre-
sented by lumped mass segments. In the figure, the nodes are
arbitrarily numbered from 1 to 3 and connected by elements j and
k. The coordinates of the nodes are represented by y1

�!
; y2
�!

; y3
�!

respectively. The application of Newton's second law to each node
along the line yields

M€y¼ F (9)

where M is the node mass, including the added mass, and F is the
external force acting on the node, including the elastic tension from
the two adjacent elements, wet weight, hydrodynamic loads, and
soil resistance. Each segment is divided into two halves. The
properties (mass, length, drag force, etc.) of each half are lumped
and assigned to the adjacent node. All the components of the
external forces and the solution strategy are discussed with more
detail by Xiong et al. (2016a).

2.3. Linear damping coefficient

Assuming the occurrence of forced sinusoidal oscillations of the
fairlead in the X or Z direction, given by

X¼ALF sin
�
2p

�
t
TLF

��
þ AWF sin

�
2p

�
t

TWF

��
(10)

Z¼ Zamp sin
�
2p

�
t

Theave

��
(11)

where ALF , AWF , and Zamp are respectively the oscillatory amplitudes
of the LF andWF surge motions and the heave motion, and TLF , TWF ,
and Theave are the corresponding oscillation periods. The definitions
of the motions are presented in Fig. 2.

The component of the tension in the X direction, Fx, can be
expressed in terms of the equivalent linear damping Bd, as follows:

Fx ¼ Bd
dX
dt

(12)

In addition, the dissipated energy can be estimated by the in-
dicator diagram method using the following equation (Brown and
Mavrakos, 1999):

E¼
ðt

0

Fx
dX
dt

dt¼
ðt

0

Bd

�
dX
dt

�2

dt (13)

Because the mooring line damping is believed to be affected
mainly by the LF motion, only the LF excitation was considered in
the item dX in the present study. The upper limit of integration t

was set to be the period of the LF motion (Brown and Mavrakos,
1999; Yang et al., 2016; Qiao and Ou, 2014).

The equivalent linear damping coefficient was thus obtained as

Bd ¼
BTLF

2p2A2
LF

(14)

3. Validation

The proposed model was validated by comparing its predictions
with those of a previously developed model and the results of
physical model tests.

3.1. Validation against physical model tests

Decay tests were conducted in calm water to measure the
damping of a mooring system designed for the semi-submersible
shown in Fig. 3. The tests were conducted at Shanghai Jiao Tong
University. The water depth was 600 m and the parameters of the
mooring system were as detailed in Table 1. The detailed experi-
mental set-up was summarised in the previous study (Xiong et al.,
2016b). The decay tests were initially conducted with the semi-

Fig. 1. Model for the lumped mass method. Fig. 2. The sketch of the motion definition.

Fig. 3. Semi-submersible in the calm water of a wave basin.
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submersible moored by four horizontal mooring lines, which were
set just above the water surface. The measured damping co-
efficients represented the viscous and radiation damping of the
vessel model. The four horizontal mooring lines were subsequently
replaced by a truncated mooring system and the tests were
repeated to determine the total damping of the vessel and mooring
system. The damping of the mooring system could thus be ob-
tained. The decay curves of the surge motions during the tests are
shown in Fig. 4.

Table 2 presents the damping of the mooring line obtained by
the surge decay tests and the proposed method. In the numerical
simulation, the LF surge amplitude under the survival condition
(25.6 m) was adopted as the amplitude of the imposed sinusoidal
oscillation of the fairlead. It was determined by low-pass filter
(filtering frequency ¼ 0.2 rad/s) processing of the surge time series
under the survival condition in a fully coupled dynamic analysis.
The natural period (200 s) was set as the oscillation period. The
comparison of the test and numerical results in Table 2 reveals good
agreement.

3.2. Verification with a previous study

Bauduin and Naciri (2000) (henceforth referred to as B&N)
introduced two types of mooring lines that represented typical
mooring lines used in shallow and deep waters, respectively (see
Table 3 for details). In their study, they imposed several X-direction
mono-frequency sinusoidal oscillations on the fairlead. The details
of the oscillations and the damping of the mooring lines estimated

in their study and other previous studies (Huse, 1991; Liu and
Bergdahl, 1998), as well as the estimations obtained by the pre-
sent model, are presented in Table 4 and Table 5. The last columns
of the tables give the relative error between the results of the
present study and those of B&N.

The energy dissipation of Line 1 and Line 2 are listed in Tables 4
and 5, respectively. The deviation is obtained by comparing the
present results with those of B&N results. The deviation results
show good agreement between the present results and those of
B&N. The present Line 2 results are slightly larger than those of
B&N because the latter included only the normal component of the
mooring line displacement and ignored the tangential component.
The present study naturally considers both components (see Eq.
(1)). The deviation was observed due to the effect of the in-
teractions between mooring lines and the soil was taken into
consideration in the proposed method in the present study.

Table 1
Properties of the line mooring system.

Segment Length (m) Diameter (mm) Net Weight (N/m) EA (MN) Pretension (kN)

Upper Chain 450 105 1871.75 940.99 2000
Middle Section (Wire rope) 478.6 190 735.65 63.52
Seabed Chain 425.0 105 2174.98 58.81

Notes
1. Distance between anchor point and fairlead ¼ 1175 m
2. Distance between touch down point and fairlead ¼ 952.4 m
3. Horizontal pretension ¼ 905 kN

Fig. 4. Decay curves of the surge motions for two different mooring systems: hori-
zontal mooring system and full-depth mooring system.

Table 2
Damping determined by model decay tests and the proposed method.

Model Test Proposed Method Deviation

Mooring and hull Hull only Mooring Mooring

490.7 MJ 165.9 MJ 324.8 MJ 307.3 MJ 5.4%

Table 3
Properties of the mooring line used for the validation (B&N).

Line 1 Line 2

Water depth (m) 82.5 500
Unstretched total length (m) 711.3 4000
Line type Chain Wire
Diameter (mm) 140 130
Normal drag coefficient 3.2 1.8
Weight in air (N/m) 3586.5 800.5
Weight in water (N/m) 3202.0 664.4
Axial stiffness EA (N) 1.69E9 1.30E9
Horizontal pretension (kN) 427.7 1905.3
Pretension angle (deg) 51.8 31.6
Anchor fairlead distance (m) 683.4 3910.1
Anchor lift-fairlead distance (m) 541.6 2239.1

Table 4
Dissipated energy of Line 1 (unit: MJ).

Excitation Huse (Huse,
1991)

Liu (Liu and
Bergdahl, 1998)

B&N Proposed Deviation

5.4 m, 10 s 3.670 4.190 4.466 4.701 5.26%
10 m, 100 s 0.247 0.360 0.365 0.381 4.38%
20 m, 100 s 2.700 6.730 8.100 7.931 �2.09%
10 m, 200 s 0.062 0.090 0.089 0.092 3.37%
20 m, 200 s 0.675 1.680 2.005 2.010 0.25%

Table 5
Dissipated energy of Line 2 (unit: MJ).

Excitation Huse (Huse,
1991)

Liu (Liu and
Bergdahl, 1998)

B&N Present Deviation

5.4 m, 10 s 150.05 151.12 143.90 149.329 3.77%
30 m, 330 s 20.84 24.07 24.24 25.158 3.79%
50 m, 330 s 85.19 117.38 123.50 131.62 6.57%
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4. Case study

A three-component, taut mooring line with the properties given
in Table 6 was considered. The upper and lower components of the
line consisted of chains, while the middle component was made
from polyester. The axial stiffness of the polyester was assumed to
be constant. The model of the line is shown in Fig. 5. The water
depth was 500 m, the embedded depth of the padeye was 20 m,
and the undrained shear strength of the soil was determined using
Su ¼ 1.5z kPa (Andersen et al., 2005). The parameters Et, En and Nc

were 8.0, 2.5, and 7.6, respectively. Considering the complexmotion
of an offshore floating platform, different types of motions were
imposed on the fairlead, e.g., LF motion only, WFmotion only, and a
combination of both, as detailed in Table 7. A period of 15 s was
applied to the WF motion, because waves with periods on this or-
der are common in open seas. The period of 150 s applied to the LF
motion is the typical natural period of the surge/sway motion of a
moored offshore floating structure. The soil effect was particularly
not considered in Cases X5-X8 to demonstrate the influence of the

soil.
Case X8 represented a combination of the LF case (X5) and WF

case (X6). The hydrodynamic damping in Case X8 was greater than
those in Cases X5 and Case X6, and even exceeded the summation
of the two. Huse and Matsumoto (1989) noted that the super-
position of a WF motion on an LF motion could amplify the
damping of a catenary mooring line by a factor of 2e4. However, in
the case of the present taut mooring line, some of the damping
amplification factors were much higher. For example, the energy
dissipated during a cycle in Case X8 (14.05 MJ) was more than 12
times that of Case X6 (1.17 MJ), and 25 times that of Case X5
(0.56 MJ). This indicates that wave frequency motions are impor-
tant for the system's generation and amplification. It should also be
noted that the mooring line-induced damping is a low-frequency
item that is mainly induced by the low-frequency motion. More-
over, the mooring-induced damping mainly affects the low-
frequency motion. Johanning et al. (2007) observed that when a
line is taut, a small movement at the fairlead produced very large
perpendicular movements or velocities in the suspended mooring
line. Given that the drag force that generates the damping is pro-
portional to the square of the velocity, a small increase in the
movement speed at the fairlead would result in considerable en-
ergy dissipation. This is because the superposition of a WF motion
significantly amplifies the velocity of the mooring line, leading to a
substantial increase in the damping.

Although Cases X7 and X8 had identical maximum excursions at
the fairlead, and the same excitation period, the damping in Case
X8 was significantly greater. The discrepancy was obviously due to
the imposed WF motion in Case 8, which increased the mooring
line velocity, resulting in a greater drag force on the mooring line.
An analogous conclusion can be drawn from a comparison of the
hydrodynamic damping of Cases X1-X4. Interestingly, the hydro-
dynamic damping of the LF motion cases was slightly lower when
the soil effect was considered (Cases X2 and X3). In contrast, the
hydrodynamic damping of the WF motion cases without consid-
eration of the soil effect (X5 and X8) was much higher than those of
the cases in which the soil effect was considered (X1 and X4). This
was because the soil effect reduced the length of the mooring line
in the water and restricted the motion of the suspended compo-
nent. It is thus obvious that consideration of the soil damping in-
creases the total damping. However, in the cases of onlyWFmotion,
the total damping when the soil effect was considered was still
lower than that when the effect was not considered. This was
because the soil damping accounted for less than 16% of the total
damping.

The soil damping was significantly less than the hydrodynamic
damping in Cases X1-X4, because the length of the mooring line in
the soil was much shorter than that in the water. The soil damping
in Case X4was greater than the summation of those of Cases X1 and
X2, indicating that the superimposition of the WF motion signifi-
cantly increased the soil damping. However, the hydrodynamic

Table 6
Properties of the taut mooring line.

Length
(m)

Diameter
(mm)

Wet weight
(N/m)

EA
(MN)

Drag
Coefficient Cnd

Ground chain 100 127 3335.4 1540 2.4
Mid-section

(polyester)
700 201 71.6 267 1.8

Upper chain 65 127 3335.4 1540 2.4

Notes
1. water depth ¼ 500 m; 2. embedded depth of the padeye ¼ 20 m
3. Et ¼ 8:0; En ¼ 2:5; and Nc ¼ 7:6

Fig. 5. Set-up of the mooring line for the simulation.

Table 7
X-direction oscillation case matrix (damping unit: kNs/m).

Case Amplitude (m) Period (s) Hydrodynamic
Damping

Dissipated Energy
(Hydro-dynamic) (MJ)

Soil damping Total damping Notes

X1 5 15 8.6 0.28 2.3 10.8 With soil
X2 15 150 36.9 1.09 23.0 59.8
X3 20 150 45.0 2.37 18.0 63.0
X4 X1þX2 323.8 9.59 61.0 384.8
X5 5 15 17.0 0.56 e 17.0 No soil
X6 15 150 39.5 1.17 e 39.5
X7 20 150 48.1 2.54 e 48.1
X8 X5þX6 474.5 14.05 e 439.5
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damping remained the predominant source of damping.

5. Parameter sensitivity study

A parameter sensitivity study was conducted to investigate the
effect of the oscillation amplitude and period on the damping co-
efficient. The mooring line configuration used for this investigation
was the same as that in Section 4. The case matrixes are presented
in Table 8 and Table 9. The considered periods of the WF motion
were within 10e30 s, while those of the LF motion were within
50e200 s.

5.1. Effect of oscillation period on the damping coefficient

The effect of the oscillation period at the fairlead was investi-
gated. Fig. 6 shows the damping coefficient with respect to the
oscillation period. The results for cases of only WF motion are
shown in Fig. 6 (a), which reveals that the hydrodynamic damping
decreases with increasing oscillation period, while the soil damping
increases. This is attributable to the high velocity of the suspended
line and the resultant large drag force for a short oscillation period.
Conversely, the motion of an embedded anchor chain tends to be

affected by a long-period excitation, resulting in more energy being
dissipated and a large soil damping. In such cases in the present
study, namely, Cases A5-A8, which involved only LF motions, the
soil damping increasedwith increasing oscillation period. However,
the trend of the hydrodynamic damping was more complex, with
the soil damping slightly increasing with increasing period from 50
to 150 s, and thereafter decreasing (see Fig. 6 (b)).

Fig. 6 (c) shows the effect of the WF motion period in the bi-
harmonic excitation (superimposition of WF and LF motions). It
can be observed from the figure that both the hydrodynamic and
soil damping decrease with increasing period of the WF motion,
with the decrease of the hydrodynamic damping being more sig-
nificant. Conversely, Fig. 6 (d) shows that the two damping increase
with increasing period of the LF portion of the bi-harmonic motion.
This is due to the increasing number of WF cycles during one LF
period with increasing oscillation period, resulting in substantial
amplification of the damping.

In summary, the damping coefficient complexly fluctuates with
the variation of the oscillation periods. The hydrodynamic damping
decreases with increasing period of theWFmotion, for both mono-
harmonic and bi-harmonic excitations. The reverse is, however, the
case in the presence of soil damping, with the exception of when

Table 8
Case matrix for oscillations in the X-direction only.

Surge Only Wave Frequency Low Frequency Hydrodynamic
Damping (kNs/m)

Soil Damping
(kNs/m)

Total Damping
(kNs/m)

Amplitude (m) Period (s) Amplitude (m) Period (s)

A1 5 10 e e 11.1 1.6 12.7
A2 5 15 e e 8.6 2.3 10.8
A3 5 20 e e 7.7 3.0 10.7
A4 5 30 e e 6.9 4.3 11.2
A5 e e 20 50 32.7 6.8 39.5
A6 e e 20 100 43.3 12.6 55.9
A7 e e 20 150 45.0 18.0 63.0
A8 e e 20 200 41.8 22.9 64.7
B1 8 15 e e 15.5 2.8 18.2
B2 10 15 e e 19.8 2.9 22.7
B3 12 15 e e 23.4 3.0 26.4
B4 14 15 e e 26.0 3.8 29.8
C1 5 10 15 150 687.1 87.7 774.8
C2 5 15 15 150 323.8 61.0 384.8
C3 5 30 15 150 113.0 37.2 150.3
C4 2 15 15 150 81.0 30.6 111.5
C5 4 15 15 150 216.7 48.5 265.1
C6 6 15 15 150 458.0 75.2 533.2
C7 5 10 15 50 110.1 15.3 125.4
C8 5 10 15 100 336.5 44.5 381.1
C9 5 10 15 200 1173.2 145.8 1319.0

Table 9
Case matrix for oscillations in the X-Z plane.

Surge þ Heave X direction Z direction Hydrodynamic
Damping (kNs/m)

Soil Damping
(kNs/m)

Total Damping
(kNs/m)

Amplitude (m) Period (s) Amplitude (m) Period (s)

D1 e e 5 15 36.2 1.1 37.3
D2 e e 8 15 41.8 1.3 43.1
D3 e e 10 15 45.5 1.5 47.0
D4 e e 12 15 49.0 1.7 50.7
E1 5 15 5 15 63.3 9.1 72.5
E2 5 15 8 15 158.8 16.1 174.9
E3 5 15 10 15 245.8 28.4 274.2
E4 5 15 12 15 346.5 45.3 391.8
E5 20 150 5 15 362.3 34.9 397.2
E6 20 150 8 15 925.5 67.6 993.0
E7 20 150 10 15 1440.4 136.6 1577.0
E8 20 150 12 15 2078.2 211.1 2289.3
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the increase of the WF motion period occurs alongside a fixed LF
motion period.

5.2. Effect of the motion amplitude on the damping coefficient

The observed effect of the oscillation amplitude on the damping
coefficient is shown in Fig. 7. As indicated, the two types of damping
increase with increasing oscillation amplitude of the WF motion
(under both mono-harmonic and bi-harmonic conditions). This is
obviously due to the increase in the drag force with increasing
oscillation amplitude of the fairlead.

5.3. Effect of vertical motions on the damping coefficient

In the preceding sections, only the X-direction oscillations were

considered. In reality, an offshore platform undergoes significant
movements in the vertical plane in a complex metocean scenario.
Consequently, the Z-direction oscillation (heave motion) was also
considered in the present study to investigate the effect of vertical
motion on the damping. The oscillation period was fixed to 15 s,
while the amplitude was varied within 5e12 m. The considered
cases comprised three categories, namely, heave motion only,
heave motion combined with WF motion in the X-direction, and
heave motion combined with LF motion in the X-direction. The
phases of the surge motion relative to the heave motion are zero.

The results of the tests are presented in Table 9 and Fig. 8. As can
be observed, in the cases of only heave motion, the hydrodynamic
damping is the predominant component of the total damping, with
soil damping contributing only 3%. However, both damping types
increase with increasing oscillation amplitude, as shown in

Fig. 6. Effect of the oscillation period on the damping coefficient: (a) WF surge motion only (Cases A1-A4), (b) LF surge motion only (Cases A5-A8), (c) Fixed LF motion combined
with WF motion of varying period (Cases C1eC3), and (d) Fixed WF motion combined with LF motion of varying period (Cases C7eC9).

Fig. 7. Effect of the oscillation amplitude on the damping coefficient: (a) WF motion only (Cases B1eB4), and (b) fixed LF motion combined with WF motion of varying amplitude
(Case C4eC6). (R is the coefficient of correlation or fitting degree.)
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Fig. 8(a). In Fig. 8(b) and (c), which correspond to fairlead motions
in the X- and Z-directions, the hydrodynamic damping is notably
amplified with increasing amplitudes of both motions. The soil
damping also increases with increasing amplitude of the heave
motion, with the proportion of the soil damping also increasing to
12.6% of the total damping.

To clarify the effect of the heave motion, Cases E1-E4 were
compared with Case A2, and Cases E5-E8 with B7. It is notable that
the superimposition of the heave oscillation significantly increased
the two types of damping. If the two type of damping in Cases D1-
D4 are respectively added to those in Cases A2 and B7, the damping
would still be much smaller than those of Cases E1-E8. This is
because the tension in the mooring line significantly fluctuates
with the X-direction oscillation of the fairlead. Webster (1995)
observed that the hydrodynamic damping behavior of the
mooring line varied with the tension. The resultant hydrodynamic
damping under combined the X- and Z-direction motions would
thus differ from the simple summation of the damping under only
the X-direction motion and only the Z-direction motion, respec-
tively. An analysis of the results regarding the soil damping reveals
that it is more significantly affected by the X-direction motion,
especially the LF motion, than the Z-direction motion.

6. Conclusions

The damping characteristic of a taut mooring line was investi-
gated. The energy dissipation during the dynamic mooring process
was used to evaluate the damping. In addition to the hydrodynamic
damping, the damping produced by the soil resistance was also
investigated to examine its impact on the taut mooring line. In the

tests, the mooring nine was excited through the application of
forced sinusoidal oscillations to the fairlead. Some useful conclu-
sions drawn from the findings of the study are as follows:

The damping contributed by the soil resistance is substantially
smaller than the hydrodynamic damping, owing to the relatively
short embedded length of the anchor chain. The total damping for
cases with soil damping is less than that for cases without soil
damping, with the exception of when there is only LF motion.

The presence of soil damping reduces the hydrodynamic
damping. There are two possible reasons for the reduction of the
hydrodynamic damping: (1) the reduced length of the mooring line
in water, and (2) the force exerted by the soil on the line restricts
the motion of the mooring line to some extent.

The increase in the damping of the taut mooring line resulting
from the imposition of the WF motion is significantly larger than
that for a catenary mooring line. This indicates that wave frequency
motions are important for the generation and amplification to
system. A possible reason for this is the proportionality of the drag
force to the square of the velocity, which can be reflected in the
Morrison's method. For the tautmooring line, small increases in the
motion speed and amplitude at the fairlead would cause a
considerable increase in the drag force on the entire line, resulting
in a significant increase in the damping. This may be advantageous
to the mooring line tensions, otherwise the tensions would be in-
crease distinctly with slightly growing motions.

The hydrodynamic damping increases dramatically with
increasing motion amplitude in the X-direction.

The soil damping is affectedmore by an X-directionmotion than
by a Z-direction motion.

The hydrodynamic and soil damping increase with increasing

Fig. 8. Effect of Z-direction oscillation on the damping coefficient: (a) heave motion only (Cases D1-D4), (b) heave motion combined with WF motion in the X-direction (Cases E1-
E4), and (c) heave motion combined with LF motion in the X-direction (Cases E5-E8). (R is the coefficient of correlation or fitting degree.)
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motion in the Z-direction, as does the proportion of soil damping
with increasing amplitude of the Z-direction motion.
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