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Abstract

This paper shows a complete study of the dynamics of a mooring line: first, a

numerical simulation code based on a lumped mass formulation was developed

and tested under different setups and second, an equivalent experimental cam-

paign was performed to compare against the numerical predictions. The tests

consisted of a suspended chain submerged into a water basin, where the suspen-

sion point of the chain was excited with harmonic motions of different periods.

The code is able to predict the tension at the suspension point and the motions

at several positions of the line with high accuracy. Even for those cases where

the line loses and subsequently recovers tension, the resulting snap load and

motions are well captured with a slight overprediction of the maximum tension.

The drag coefficients for chains used in the computations have been taken from

the DNV guidelines and in general predict correctly the hydrodynamic loads.

In addition, sensitivity studies and verification against another code show that

highly dynamic cases are sensitive to the seabed-cable contact and friction mo-

dels. The results show the importance of capturing the evolution of the mooring
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dynamics for the prediction of the line tension, especially for the high frequency

motions.

Keywords: mooring line, lumped mass, dynamic, experiment, validation,

wave tank
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1. Introduction

The mooring system of an offshore floating structure consists of several lines

attached to the structure by fairleads with their corresponding lower ends an-

chored to the seabed. The mooring system holds a floating structure in the

desired location (station keeping) and, for certain platform designs, such as5

Tension Leg Platforms (TLP), provides a restoring moment that contributes

to counteract the overturning moment. The influence of mooring lines on the

global dynamics of a floating wind turbine can be an important factor determin-

ing the system motion and the loads of the different components of the system

[8]. The mooring system can also have an important influence on the natural10

frequencies of the platform.

Due to the importance of these mooring systems in the simulation of floating

structures and the necessity of an accurate description of their behavior, a new

numerical tool, known as OPASS (Offshore Platform Anchorage System Sim-

ulator), was developed by CENER (the Spanish National Renewable Energy15

Centre) for the simulation of non-linear mooring dynamics. CENER and IFE

(Institute for Energy Technology, in Norway) have been collaborating during

the last years in the development of dynamic mooring lines models and in the

experimental validation of models with scaled tests. A first verification of the

OPASS code against computations of IFE’s 3DFloat code [3] was successfully20

accomplished in [1]. Afterwards, a verification of OPASS coupled with the

well reputed code FAST was satisfactorily carried out within the IEA Annex

30 benchmark (OC4) [15]. Finally, an experimental validation has been com-

pleted against test data of a submerged chain generated at the Ècole Centrale
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de Nantes (ECN) wave tank in France. This paper describes the series of tests25

conducted at ECN by CENER and IFE and the results of the validation, com-

paring computations with experimental measurements for the chain suspension

point tension, and for the motions of the line at different positions. For a highly

dynamic case, the effect of seabed friction and damping was studied in more

detail, also by verification against the 3DFloat code.30

2. Mooring Lines Modeling Approaches

The equations of motion of a submerged line are non-linear and cannot be

solved analytically, consequently numerical methods have to be applied. Some

modeling approaches are simplified methods as the Quasi-Static or the force-

displacement relationship. The Quasi-Static approach consists in the resolution35

of the static equations of the catenary at every time step of the simulation, given

the position of the line-platform attachment. This method neglects the inertial

effects and also the hydrodynamic drag produced by waves, currents or the

movements of the line. In the force-displacement relationship model, non-linear

spring stiffnesses are applied to the translational and rotational degrees of free-40

dom of the platform point where the line is connected. The force-displacement

relationship has to be derived using a mooring line analysis code and the results

obtained are similar to the Quasi-Static approach. Dynamic models consider

effects as inertia, added mass or hydrodynamic drag, but they require higher

computational effort. Several numerical formulations exist that can solve the45

dynamics of the line as the Finite Elements Method (FEM), the Finite Difference

Method or Multi-Body models. The Lumped Mass model can be considered a

variation of the FEM approach, where the mass of the elements is concentrated

in the element adjacent nodes. The OPASS code, that is validated in this paper

is a Lumped Mass model.50

The Lumped Mass method was first used to model a mooring line at the end

of the 50’s [19], though the model was simple and neglected the elasticity of

the material, the hydrodynamic drag forces or the seabed-line contact and the
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model was not validated. This model was improved at the beginning of the

80’s including elasticity, cable-seabed interaction and drag due to the relative55

motion of the cable with respect to the water and was validated with forced

harmonic oscillation tests in [20] and [10]. The agreement with computational

models was good, though the tests only covered a limited set of cases that did

not consider slack conditions. The methodology to perform the experimental

tests was based in the work described a few years before in [13]. Another com-60

parison between a computational Lumped Mass model and a submerged line

with prescribed harmonic displacements at the suspension point is described in

[18]. This reference shows a good agreement at the line end tension between the

experimental results and the calculation, but comparisons of the cases including

slack condition are not shown. In [17] the experimental results of the different65

line configurations are divided into four different states. In the Quasi-Static

Condition the frequency of the excitation is low and the dynamic effects are

negligible. The Harmonic Condition appears at a higher frequency and presents

a tension signal in time domain that is close to sinusoidal. In the Snap Con-

dition, the tension drops to zero when the fairlead moves towards the anchor.70

When the motion reverses, the tension is recovered, and the zero loaded chain

links that are falling suddenly stop and a snap loading is produced. The fourth

condition appears when the excitation frequency increases even more and the

upper end of the chain completes a period before the whole chain is able to

respond. In this case, a lower number of chain links loose tension and the snap75

load amplitudes start decreasing again. In the same reference, a Lumped Mass

model is compared with tension experimental results with good agreement for

the Harmonic condition, but presents significant differences when the line loses

tension. The importance in the mooring lines dynamic modeling of the accurate

identification of the cable elastic stiffness and the free falling velocity is high-80

lighted in [12]. This work also presents a comparison between the experimentally

measured tension and numerical computations showing good agreement. In [16],

dynamic simulations with Orcaflex [11] are compared to experimental data of a

mooring line with prescribed harmonic motion of the fairlead. The experiments
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include cases with and without current. Good agreement between tension in85

computations and experiments is achieved except for the cases where the line

loses tension. The computed results here show spikes of much higher tension

than in the experiments. More recently, a Lumped Mass mooring line code has

been validated against tension measurements of a floating wind turbine mooring

lines obtained with scaled tests in a wave tank [5].90

3. Characteristics of the OPASS Code

OPASS is a dynamic code based in Finite Elements Method with three trans-

lational degrees of freedom defined at each node and the element mass lumped

at the nodes. The code model consists of an slender line with constant circular95

section. It considers the effect of inertia, hydrodynamic added mass, gravity,

hydrostatics, wave kinematics, tangential and normal hydrodynamic drag, ax-

ial elasticity and structural damping. The code neglects the bending stiffness,

therefore, it is suitable for the simulation of chains. The contact of the line with

the seabed is also included. The code can compute as an stand-alone tool for100

the simulation of one mooring line or coupled with the FAST code [7], whose

original mooring lines model is a Quasi-Static approach, for the integrated si-

mulation of floating offshore wind turbines.

4. Basic Dynamic Equations105

A mooring line has one of his ends fixed to the seabed by an anchor and the

upper end is attached to the floating platform, usually using a fairlead. Part of

the line can be in contact with the seabed. A coordinate system l0 is defined

in the cable as the distance along the unstretched length of the cable, from the

anchor to the cable section to be considered.

The cable is a very slender structure and consequently shear forces can be

neglected. If bending and torsion stiffness are low enough to also be neglected,
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the only internal forces are the tension T and the structural damping FD, being

both internal forces always tangential to the cable. The external forces acting

on the cable are gravity, buoyancy and the hydrodynamic drag force. There

is also an additional inertial force due to the volume of water displaced by the

moving line (added mass).

Figure 1 shows the forces acting on an infinitesimal element of cable dl, at

point P , that is located at a distance l0 along the unstretched length of the

cable. The resultant force from hydrostatic pressure and gravity, ~F1, is vertical.

The hydrodynamic drag force is split in two components: ~F2 and ~F3, normal

and tangential to the cable respectively. The inertial force coming from the

added mass, ~F4, is supposed to have only a component normal to the cable. All

these forces are expressed in the global reference system per unit of unstretched

length. According to Figure 1, and including the inertial forces in the general

Figure 1: Forces acting on an infinitesimal length of cable

balance, the equation that represents the dynamics of the mooring line in the

global coordinate system results:

γ
~̈
R −

∂
(

T ~t
)

∂l0
−

∂
(

FD
~t
)

∂l0
−

(

~F1 + ~F2 + ~F3 + ~F4

)

= 0 (1)

Where γ is the line mass per unit of cable unstretched length, ~̈
R is the accel-

eration of the point P and ~t is the vector tangential to the cable at point P in

the global reference system.

If we relate the displacements of the cable to an initial reference cable configu-

ration R, then the current position vector ~R of point P can be expressed in the
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global reference system as:

~R = ~R0 + ~U (2)

Where ~R0 is the initial position vector of point P at the reference line configu-

ration R, and ~U is the displacement vector.

If ~R is the position vector of point P in the global system, the vector tangential

to the line at point P in equation (1) can be calculated as:

~t =
∂ ~R

∂l0
∣

∣

∂ ~R

∂l0

∣

∣

(3)

The axial deformation of the considered element, ε, is defined as:

ε =
∂l

∂l0
− 1 =

∣

∣

∣

∣

∂ ~R

∂l0

∣

∣

∣

∣

− 1, (4)

Where l is the distance along the stretched length of the cable.

The tension at point P is obtained from the constitutive equation:

T = EAε, (5)

Where E is the material Young’s modulus and A is the section area of the cable.

The calculation of the structural damping force, FD, is based on the Rayleigh

model and is proportional to the stiffness EA with a proportionality coefficient

β:

FD = βEA ε̇, (6)

Where ε̇ is the deformation velocity.

The resultant force from buoyancy and gravity per unit of unstretched length,

expressed by the vertical force ~F1, is the weight of the cable minus the weight

of the displaced volume of water per unit of unstretched length. Thus:

~F1 =











0

0

−γr g











(7)

and

γr =
ρc − ρw

ρc
γ, (8)
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Where g is the gravity constant, γr is the equivalent mass per unit length of the

cable submerged in water, ρc is the density of the cable and ρw is the density

of the water.

The hydrodynamic forces considered in Equation (1) are the tangential drag

component ~F2, the normal drag component ~F3 and the hydrodynamic inertial

force ~F4, which is also normal to the cable. These hydrodynamic forces are

represented in Figure 2.

Using the Morison equation for slender cylinders [9], the value of the normal

Figure 2: Tangential drag, normal drag and added mass force along the cable

drag force per unit length of the unstretched cable can be calculated as:

~F3 = C3|~Vn|~Vn (1 + ε) = C3

[

~V · ~V −
(

~V · ~t
)2

]
1

2 [

~V −
(

~V · ~t
)

~t
]

(1 + ε)

C3 =
1

2
CdnDρw,

(9)

Where Cdn is the normal drag coefficient and ~Vn is the normal component of

the relative velocity between the water and the cable.

A similar equation can be used to calculate the drag force tangential to the

cable per unit length:

~F2 = C2|~Vt|~Vt(1 + ε) = C2

(

∣

∣~V · ~t
∣

∣ ~V · ~t
)

(1 + ε)~t

C2 = 1
2
CdtDρw

(10)

Where Cdt is the tangential drag coefficient and D is the diameter of the cable.

The vector ~V denotes the relative velocity between the water and the cable and

~Vt is the component tangential to the element, both expressed in the global

reference system.
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The hydrodynamic inertial force per unit of unstretched cable length is:

~F4 = −C4 (1 + ε)
[

~̈
R − ( ~̈R · ~t )~t

]

C4 = Cmn
πD

2

4
ρw

(11)

Where Cmn is the normal added mass coefficient.

Finally, substituting equations (5), (6) and (11) into (1) results in:

γ
~̈
R+C4 (1+ ε)

[

~̈
R − ( ~̈R · ~t )~t

]

−
∂(EAε~t )

∂l0
−

∂(βEA ε̇~t)

∂l0
− ~F1 − ~F2 − ~F3 = 0

(12)

The Virtual Works Principle is applied multiplying Equation (12) by a virtual

displacement δ~U , integrating along the length of the line L and equaling to 0.

WV =

∫ L

0

{(

γ
~̈
R+ C4(1 + ε)

[

~̈
R− ( ~̈R · ~t )~t

])

· δ~U −
(

~F1 + ~F2 + ~F3

)

· δ~U+

+EAε
∂δ~U

∂l0
· ~t+ βEA ε̇

∂δ~U

∂l0
· ~t

}

dl0 − [EAε~t · δ~U ] L0 − [βEA ε̇~t · δ~U ] L0 = 0

(13)

The last two terms represent the work performed by the external forces acting

at the initial and final faces of the cable. If the anchor and the suspension point

of the cable are fixed or their displacements are prescribed, these terms are zero.

Considering our particular boundary conditions, where the anchor remains fixed

and the fairlead position is prescribed or determined by the platform displace-110

ments, these two terms are neglected.

Equation (13) contains space and time derivatives, therefore, the Finite Ele-

ments Method is applied to discretize Equation (13) and transform the Partial

Derivative Equations (PDE) into a set of Ordinary Derivative Equations (ODE)

with only time derivatives. A Runge-Kutta-Nyström integration scheme [6] has115

been applied for the time integration of the resulting equations of motion. Li-

near polynomials have been used for the integration of the distributed forces

along the elements and transfer them to the nodes. The body mass and added

mass terms have been also lumped in the nodes. This produced a global mass

matrix composed by 3x3 submatrices in the diagonal, which can be easily in-120

verted, increasing the computational speed. The development of the full system
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of equations is omitted here for the sake of brevity.

The seabed is assumed to be horizontal and the line-seabed contact model is

based on bi-linear springs at the nodes. When a node contacts the seabed, a

spring located at the node position introduces a vertical reaction force avoiding125

the node to penetrate into the seabed. A damping force is also introduced in

the node by the seabed. A chain-seabed friction model has been also imple-

mented in the tangential and the normal direction to each line element. The

friction forces are defined by means of a friction coefficient in the tangential and

the normal directions. The friction force is computed as the product of these130

coefficients by the vertical seabed reaction force.

5. Description of the Experiments

The dimensions of the Ècole Centrale de Nantes wave tank are 50m length,

30m width and 5m depth. The motion tracking system that captures the motion135

of the reflecting markers at the different chain positions is composed by 6 Quali-

sys underwater cameras, type Oqus 3+, with 1296x1024 pixels. The lenses have

20mm and 24mm of focal length with an averaged residual of 2mm. This re-

sults in an uncertainty of the marker position of approximately 2mm. The load

cell used to measure the tension at the fairlead is a submersible DDEN model140

with a range of 0-500N and an accuracy of ±0.25%. The chain was submerged

into the water basin, forming a catenary shape with the bottom end anchored

to the tank floor. The suspension point was connected through a load cell to

a mechanical actuator with the capability of reproducing a prescribed motion

that was located at the water free surface. Figure 3 shows the configuration of145

the experiment. During the test, the anchor remains fixed at the bottom of the

basin, at a depth of 5m. The fairlead, located at the water plane, is excited by

the mechanical actuator with a sinusoidal prescribed horizontal motion in the

plane of the catenary, around a mean position. The distance d is the horizontal

distance between the anchor and the mean position of the fairlead during the150
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tests. Two different configurations of the mooring chain corresponding to diffe-

rent values of the parameter d are tested: Configuration 1, where d = 19.364 m,

and Configuration 2, where d = 19.870 m. The Figure also shows the reference

system that will be used to present the results.

The steel chain selected for the tests is a DIN5685A design with a link diameter

Direction of the

prescribed motion

d

Line

50.0m

3
0

.0
m

x  

z

y

Origin: line anchor

1
5

.0
m

5.305m

Top View

d

Line

50.0m

5
.0

m

x  

y

z

Origin: line anchor

5.305m

Side View

Direction of the

prescribed motion

Figure 3: Configuration of the Experiment

155

of 2 mm. The length of the chain including the load cell at the fairlead is 21m.

Some preliminary simulations have been performed in order to confirm that the

presence of the load cell has not an important impact on the tension and dy-

namics of the chain. The mass per unit length was measured and a value of

69g/m was found, though the original manufacturer specifications was 70g/m.160
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This chain model was chosen because the resulting full scale mass scales by an

approximate factor of 1/402 when compared to the properties of the OC4 float-

ing model mooring lines [14]. With a scale factor of 1/40, the 5m depth of the

basin represents a 200m depth sea location. Therefore, this chain represents a

typical scaled mooring line used in wave tank tests for floating wind turbines.165

First, two static cases with the chain suspension point fixed corresponding to

Configuration 1 and Configuration 2 are studied. In addition, 6 dynamic cases

are simulated combining the 2 chain configurations with three different oscilla-

tion periods of the motion imposed at the fairlead. Similar criteria based on

scale factors used for the chain dimensions were also used in the selection of170

the excitation periods of 1.58s, 3.16s and 4.74s. These periods correspond to

oscillation periods of 10s, 20s and 30s in full scale when a 1/40 scale factor is

used. As a matter of fact, a typical surge period of a moored platform is 10s or

higher. The cases that have been considered are described in Table 1.

Table 1: Description of the Test Cases

Case Configuration Anchor − Fairlead Amplitude Period

ID MeanDistance d (m) (m) (s)

1 1 19.364 Static

2 2 19.872 Static

3 1 19.364 0.25 1.58

4 1 19.364 0.25 3.16

5 1 19.364 0.25 4.74

6 2 19.872 0.25 1.58

7 2 19.872 0.25 3.16

8 2 19.872 0.25 4.74

During the dynamic tests, the position of 8 reflecting markers located at diffe-175

rent chain positions and the tension at the fairlead of the chain were measured.

The distance between two adjacent reflecting markers along the chain is approxi-
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mately 0.5m. The exact position of these markers is provided in Table 2.

Table 2: Position of the Markers

Marker PositionAlong theLine

Number from the Fairlead (m)

1 0.656

2 1.155

3 1.655

4 2.149

5 2.646

6 3.152

7 3.655

8 4.164

For the static cases (cases 1 and 2), in addition to the markers in Table 2, the

positions of 4 additional reflecting markers located at the lower part of the chain180

were also monitored. The distance between these additional reflecting markers

was also 0.5m approximately. The fairlead static tension was also measured.

6. Parameters of the Computational Model

As has been mentioned in Section 5, the measured weight per unit length

of the chain is 69g/m and the length is 21m. As the computational model

assumes that the chain is a line with a constant circular section, an equivalent

hydrodynamic diameter has to be determined. To do this, the volume of the

total length of the chain was measured and the diameter of the circular section

that provides that volume for the same length was calculated assuming that the

material density (steel) had a value of 7850kg/m3.

The hydrodynamic coefficients, in particular the drag coefficients, have a great

influence on the mooring line dynamics, therefore a realistic selection of the va-

lues is critical to obtain accurate simulation results. An added mass coefficient,

13



Cmn, of 1 was chosen according to Bureau Veritas [2]. The normal drag coeffi-

cient, Cdn, and the tangential drag coefficient, Cdt, were obtained following the

indications of DNV [4]. For a studless chain, this guideline provides a value for

Cdn of 2.4 and for Cdt of 1.15. These values are referred to the wire diameter of

the chain link. For the implementation in our code, the value has to be referred

to the equivalent hydrodynamic diameter, resulting in values of 1.4 and 0.67,

respectively. The axial stiffness of the chain has been estimated based on the

link diameter according to Equation (14), see [11]:

EA = 0.854 · 108d2w (kN), (14)

Where dw is the wire diameter of the chain link.

The characteristics of the chain are summarized in Table 3:

Table 3: Characteristics of the chain

Parameters Units

Length 21 m

Mass per unit length 0.069 kg/m

Density 7850 kg/m3

Axial stiffness 3.4E5 N

Structural damping 0.1 %

Equivalent hydrodynamic diameter 0.0034 m

Added mass coefficient 1.0 -

Normal drag coefficient 1.4 -

Tangential drag coefficient 0.67 -

185

A line-seabed contact model has been defined, including the friction of the chain

with the seabed. The parameters related to this model are collected in Table 4.

A minimum of 30 elements were used to discretize the chain in the compu-

tations. A sensitivity analysis was performed running several simulations with190
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Table 4: Characteristics of the line-seabed contact and friction models. The stiffness and

damping values are per unit length of the line.

Parameters Units

Vertical seabed stiffness 20 N/m2

Vertical seabed damping 0.1 Ns/m2

Tangential friction coefficient 0.5 -

Normal friction coefficient 0.5 -

double number of elements with no significant changes in the results.

7. Comparison of Computational and Experimental Results

In this section, a comparison between the experimental results and compu-

tations is presented, with the objective of validating the code for the dynamic195

simulation of mooring lines. First, computed and experimental data of the shape

and tension are presented for the static cases. Afterwards, results comparing

measurements and computations of the tension at the suspension point and the

positions of different chain points are shown for the dynamic cases. Results in

this section are presented according to the reference system in Figure 3.200

7.1. Static Cases

These cases were used to adjust the exact horizontal position of the chain

anchor that was fixed to the basin bottom by a diver. In contrast to other

parameters of the test that can be easily measured or derived, as the chain

length, the weight per unit length, or the equivalent hydrodynamic diameter;205

the accurate determination of the anchor position is a difficult step due to the

difficulties of measuring and placing it under the water at the exact specified

distance of several meters. For this reason, looking at the static shape measured

by the underwater cameras, we concluded that the exact anchor position mea-

sured from the basin wall was 5.305m (See Figure 3). The results, in particular210
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the dynamic tension, are sensitive to small variations of the anchor position.

Assuming this anchor position, the agreement of the computational and the ex-

perimental static shape of the chain is excellent in both configurations, as it is

shown in Figure 4.

Figure 4: Comparison of the computed and experimental static shapes for both

line configurations

Table 5 shows the difference between the computed tension at the fairlead215

and the experimental measurement for both configurations. The error in the

predicted static tension is below 2%.

Table 5: Comparison of static fairlead tension expressed in Newtons.

Configuration 1 Configuration 2

Experimental 8.13 14.48

Computation 8.10 14.70

Difference 0.37% 1.52%
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7.2. Dynamic Cases: Tension at the Fairlead

Figures 5 and 6 show the comparison between the numerical predictions and

the experiments for the different periods of the motion prescribed at the fairlead

of the chain for Configuration 1 and Configuration 2, respectively. The plots

show the fairlead tension of the chain against the fairlead position. The initial

transients have been eliminated and the data is plotted once the steady state

has been reached. The arrows represent the sense of the dynamic loop: higher

tensions are achieved when the fairlead of the chain is moving away from the

anchor and the lower tensions appear when it is approaching the anchor.

For the experimental data, the loops have been generated from time series con-

taining several tens of periods of the prescribed motion. As the measured signal

presents a certain amount of noise, instead of plotting the direct out-coming

data, the mean value and the standard deviation of the data have been com-

puted. These statistical data is represented in the graphs instead of the raw

data for clarity. The mean value is represented by a circle and the standard

deviation by a vertical bar centered at the mean and limited by horizontal lines.

The definition of the standard deviation, σ, is given in Equation (15):

σ =

√

√

√

√

√

√

N
∑

i=1

(Xi −X)2

N
, (15)

Where N is the number of elements in the population, X̄ is the population mean

and Xi is the ith element of the population.220

In addition, the plots show the fairlead tension of the chain for the initial static

position (red circle) and also the tension provided by the Quasi-Static model

for the different positions of the fairlead (gray line).
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Figure 5: Fairlead tension for the different periods used in the dynamic simu-

lations for Configuration 1. The tension at the fairlead for the initial static

position (red circle) and also the tension provided by the Quasi-Static model for

the different positions of the fairlead (gray line) are also represented.
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Figure 6: Fairlead tension for the different periods used in the dynamic simu-

lations for Configuration 2. The tension at the fairlead for the initial static

position (red circle) and also the tension provided by the Quasi-Static model for

the different positions of the fairlead (gray line) are also represented.

As can be observed in Figures 5 and 6, the tension in the Configuration 1

is lower than in the Configuration 2. In fact, the initial static tension for Con-225

figuration 1 is 8N and for Configuration 2 it is 15N, and the maximum tension,

for the 1.58s period, in Configuration 2 is three times the value in Configura-

tion 1. As has been mentioned, the tension signal acquired during the tests,

presents a certain amount of noise. This is the reason why the relative impor-

tance of the tension standard deviation in Configuration 1 is higher than in230

the second one. The figures also illustrate the importance of dynamic effects,

in particular as the excitation frequency increases. The maximum tension for

the dynamic computation of the case with 1.58s of excitation period can be

between 2 (Configuration 1) and 3 (Configuration 2) times the value predicted

by the Quasi-Static approach. For fatigue calculations of the fairlead and line,235

the dynamic effects are even more significant. For Configuration 2 with 1.58s

excitation period, the dynamic tension amplitude is more than ten times times
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the corresponding quasi-static value.

The agreement between computations and measured data is, in general, very

good for both configurations and all the excitation periods. The two highest240

excitation periods, 3.16s and 4.74s, correspond to the chain’s Harmonic Condi-

tion described in [17]. In these cases the agreement is good, in particular for

Configuration 2, where the relative importance of the noise, and the standard

deviation of the data, is lower.

For the lowest period of excitation, 1.58s, the dynamics of the chain correspond245

to the Snap Condition which is more complex. In Configuration 1 the chain

partially loses tension, and in Configuration 2 the situation is more extreme

and the chain totally loses tension; the measured tension at the fairlead is 0,

during almost half of the period. Nevertheless, the agreement with computa-

tions is still good and a discrepancy of around 4.5% on the estimation of the250

maximum tension appears in both configurations. This maximum tension ap-

pears approximately when the velocity of the chain ’s fairlead is maximum. As

described in Section 6, we have chosen the tangential and normal drag coeffici-

ents for the computations based on the values provided by the guidelines. These

values provide an accurate matching with experimental results, though further255

research on the characterization of these parameters for the regime with highest

excitation frequency may result on a better prediction of the maximum tension

for the 1.58s period case.

Another slight discrepancy appears in both configurations for the period of 1.58s.

When the fairlead moves towards the anchor, the chain loses tension. The fair-260

lead motion reverses, the tension is recovered, and the links that are falling

freely suddenly are pulled upwards, producing a snap load; a sudden increase

of the tension. During this event, the measured tension temporarily reaches a

plateau, before again increasing towards the peak value. For the experimental

data this decrease in the slope appears later and it is more pronounced than in265

the computational results. This effect is even more important in the Configu-

ration 2 case.

The case for Configuration 2 and oscillation period of 1.58s, where the loss of

20



tension of the line is the most pronounced, is very sensitive to the modelling

of the seabed-cable interaction. For this reason, this case was studied more270

in detail and was simulated with the alternative code 3DFloat, developed by

IFE. 3DFloat [3] is based on a nonlinear co-rotated FEM approach, with three

translational and three rotational DOFs at each node. The cable elements are

Euler-Bernoulli beams, where the bending stiffness is turned off for chain moo-

ring lines. Both codes have elements that maintain axial stiffness also when275

tension is lost, in contrast to the real chain. This can affect the behaviour for

the part of the chain resting on the seafloor. Both models take the seafloor

into account with a seabed contact model. Nodes that drop below the defined

seafloor, get an applied vertical force that is proportional to the vertical dis-

tance to the seafloor. In addition, linear damping is applied to nodes below280

the seafloor in the vertical direction. Both codes scale the linear damping with

the distance up to the seafloor. 3DFloat also applies a limiter to the damping.

3DFloat uses no friction for the computations in this paper, but applies a hori-

zontal damping to the nodes in contact with the seabed, that is not present in

OPASS.285

Figure 7 shows the effect of eliminating the seabed-cable friction on the tension

computed with OPASS for the mentioned sensitive case of period 1.58s and

Configuration 2. After a few periods of excitation, an oscillation is generated

in the part of the loop where the suspension point moves from the minimum

position towards the maximum position and the chain is being lifted quickly off290

the seafloor. This effect does not arise in any of the other cases studied in this

work when the seabed friction model is disabled.

When the considered case is simulated with 3DFloat, a similar effect arise (see

Figure 8); if no damping is applied to the nodes in contact with the seabed, an

oscillation appears when the line is recovering the tension. But if enough damp-295

ing is applied in the vertical and horizontal direction to the nodes in contact

with the seabed, this dynamics disappears.

Apparently, these dynamics are caused by small motions of the nodes of the line

resting on the seabed during the tension-less portion of the dynamic loop. The
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introduction of seabed friction in the OPASS model or seabed damping in the300

3DFloat model avoid these small nodal displacements and, consequently, the

oscillations are not generated. These dynamics are not present in the experi-

mental results, due to the friction of the chain with the bottom of the basin.

This case highlights the importance of a correct modelling of the line-seabed

interaction to avoid the generation of instabilities in highly dynamic situations305

with pronounced loss of tension in the chain.

Figure 7: Effect of seabed friction on the fairlead tension computed with OPASS

for 1.58s period and Configuration 2
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Figure 8: Effect of seabed damping on the fairlead tension computed with

3DFloat for 1.58s period and Configuration 2

Figure 9 shows how the two models agree well for the 1.58s period case,

considering the modelling differences, once the friction is included in OPASS

and the seabed damping is included in 3DFloat. The results are not sensitive to310

further increases of friction or damping levels beyond damping the oscillations

seen in the Figure 7 and Figure 8. For the larger periods the results are not

sensitive to the seabed model and both tools provide almost identical tension.
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Figure 9: Comparison of 3DFloat and OPASS tension results for Configuration 2

In summary, the computational model is able to predict with good precision

the tension in all the cases considered. In those cases where chain loses tension315

and the dynamics is more complex, the computations also predict the tension

with accuracy, though special attention has to be paid to the seabed-cable in-

teraction model.

7.3. Dynamic Cases: Motion of the Chain

A comparison between the measured and the computed trajectories of the 8320

positions along the chain length specified in Table 2 is discussed in this section.

Figures 10 to 25 show the trajectories of the markers for both configurations

and for the different periods of excitation of the chain fairlead. According to

the reference system described in Figure 3, the x and z coordinates represent

the horizontal and vertical positions of the marker respectively.325

Similarly to the procedure conducted in Section 7.2, the loops of experimental

data have been generated based on several tens of periods of the prescribed mo-

tion and graphically represented by the mean value and the standard deviation.
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The dispersion of data for the motion is lower than in the tension results. For

the calculation of the mean value and standard deviation, data has been stored330

into bins. The classification of data in these bins has been performed in most

of cases based on the x axis, but in some particular cases, as for example the

motion of markers 5 and 6 for Configuration 2 and period 1.58s, see (Figures

19 and 21), the discretization is based in the z axis, due to the shape of the

curve and the requirements of the algorithm used in the data processing. In335

those cases, the dispersion bars on the plots are shown with their corresponding

direction.

As before, the red dot in the plots show the initial static position of the marker

before the chain is excited and the gray line represents the displacement of the

marker according to the Quasi-Static model. The arrows indicate the sense of340

the dynamic loops.

The scale and length of both the x and z axis is the same in all the plots from

Figure 10 to Figure 25 to keep a constant reference frame for the chain at each

marker position.

The loop corresponding to period 1.58s represented in Figure 11 is not complete345

due to the loss of visibility of the marker by the tracking system during part of

the cycle.
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Figure 10: Trajectory described

by the marker 1 (Conf. 1)

Figure 11: Trajectory described

by the marker 1 (Conf. 2)

Figure 12: Trajectory described

by the marker 2 (Conf. 1)

Figure 13: Trajectory described

by the marker 2 (Conf. 2)

Figure 14: Trajectory described

by the marker 3 (Conf. 1)

Figure 15: Trajectory described

by the marker 3 (Conf. 2)
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Figure 16: Trajectory described

by the marker 4 (Conf. 1)

Figure 17: Trajectory described

by the marker 4 (Conf. 2)

Figure 18: Trajectory described

by the marker 5 (Conf. 1)

Figure 19: Trajectory described

by the marker 5 (Conf. 2)

Figure 20: Trajectory described

by the marker 6 (Conf. 1)

Figure 21: Trajectory described

by the marker 6 (Conf. 2)
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Figure 22: Trajectory described

by the marker 7 (Conf. 1)

Figure 23: Trajectory described

by the marker 7 (Conf. 2)

Figure 24: Trajectory described

by the marker 8 (Conf. 1)

Figure 25: Trajectory described

by the marker 8 (Conf. 2)
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In general, the agreement between the measured motions and the simula-

tions is very good for both configurations and all oscillation periods and posi-350

tions. The highest disagreement appears for the Configuration 2 at the highest

frequency of oscillation (period 1.58s), where the line totally loses tension. Ne-

vertheless, the agreement is still good.

The motion of the chain markers is predominantly horizontal in the positions

closer to the fairlead of the chain, where the horizontal motion was prescribed,355

but it transforms to a predominantly vertical motion as the distance to the fair-

lead increases. The reason is that the tension of the chain decreases as we get

further from the fairlead. For the markers located deeper, when a low motion

period (1.58s) is imposed, the chain links feel zero load during the portion of the

loop where the tension in the chain is lower and consequently fall freely. This360

corresponds to the right part of the loops, that is almost vertical, especially for

the lower excitation periods and markers located far from the fairlead (see for

example Figures 16 to 21). When the tension at the marker position recovers,

the predominately vertical motion changes to a negative x-direction and posi-

tive z-direction, corresponding approximately to the left part of the loops. The365

effect of tension loss is even more clear on the short period cases (period 1.58s),

because the decrease in tension along the chain is more pronounced. For the

cases with longer periods, the tension remains positive in a longer portion of

the chain length, or even all along. In those cases (periods 3.16s and 4.74s), the

motion of the marker is close to the Quasi-Static solution.370

Figure 26 represents the x displacement for the marker 5 in Configuration 2

(motion period of 1.58s) and the tension at the fairlead of the chain as func-

tion of the time. Figure 27 represents the z displacement for the same case

and marker, also shown with the tension. These Figures illustrate how, as the

tension approaches to 0, the marker stops moving in the x direction and freely375

falls in the negative z direction. During the period when the line remains slack,

the marker displacement in x suffers a small oscillation giving a N-shape. This

N-shape effect is responsible for the secondary loops that appear at the deeper

markers in the x− z trajectories of Configuration 2 for period 1.58s, see Figures
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23 or 25. The N-shape is more pronounced as the distance along the chain to380

the fairlead increases. For this reason, no secondary loops are present at the

markers closer to the fairlead, but they arise and increase their amplitude with

the increasing distance to the excitation source. The dynamics of this effect on

the loops is well predicted by the code, though it seems to be a complex effect

and very sensitive to small variations in parameters. Thus, the trajectories of385

the markers located lower with the highest oscillation frequency (period 1.58s)

and for Configuration 2 are the ones where the inaccuracy of the computations

is higher, in particular for the x coordinate.

Figure 26: X position and tension for marker 5 (Conf. 2, period 1.58s)
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Figure 27: Z position and tension for marker 5 (Conf. 2, period 1.58s)

8. Conclusions390

A new dynamic mooring lines code has been developed and successfully

validated against experimental data for static and dynamic conditions. Two

configurations of the chain have been studied, with different tension levels. The

agreement between computations and experimental results is very good for the

chain fairlead tension and also for the motion of the chain at the diverse posi-395

tions considered.

In the static cases, both the shape of the line and the tension at the suspension

point compare very well between the computations and the experiments.

For the dynamic validation, the chain has been excited with prescribed motion

at the fairlead with three oscillation periods, producing different dynamic condi-400

tions, including harmonic response, loss of tension and snap loading. The code

is able to predict the motion of the chain and the tension with precision in all

these conditions.
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The added mass and drag coefficients for the chain that have been chosen from

guidelines, in general, represent with accuracy the hydrodynamic loads.405

The importance of including dynamic effects on the prediction of the mooring

line loads has been shown; the maximum tension can between 2 and 3 times the

value computed by the Quasi-Static approach when high excitation frequency

is imposed. The tension amplitude can be more than ten times times the cor-

responding quasi-static value.410

For the cases with the lowest excitation period, where the line slacks, the com-

puted and measured tension agree well, although a slight difference appear du-

ring the snap loads once tension recovers. In these cases, the maximum tension

is overpredicted by the code by around 4.5%. These differences could be due to

the fact that the drag coefficients were not tuned for the cases with the highest415

excitation frequency. In the chain motion prediction study, those cases where

the chain loses tension present the highest inaccuracies in the numerical results,

especially in the lowest part of the chain, though the results are still good.

In the cases with higher tension level and higher excitation frequency, the simu-

lation results are particularly sensitive to the cable-seabed interaction model.420

This was confirmed also by verification against the 3DFloat code of IFE. The

computational model is able to predict the tension with accuracy, but the mod-

elling of the seabed friction or the seabed damping should not be neglected.
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