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EXECUTIVE SUMMARY
This report constitutes deliverable WP2 D2.21 as part of MARINET project. The aim of this report is to provide a
technical note for mooring line testing. The report summaries the needs for mooring line testing, small and large scale
testing, rope testing and testing requirements for mooring line fatigue testing.
Over the past years the marine renewable energy sector has progressed towards TRL 6 -7 that required a great
experience in the application of mooring concepts and installations. The following provides a short exposition of
mooring aspects that have been found elementary to inform the development of suitable mooring concepts. In
particular the emphasis, where mooring methodologies have been applied based on commonly used approaches
within the oil and gas industry, needed to be modified to meet the different operational conditions for marine
renewable energy applications. There are two reasons for this. Firstly, the device response characteristics often result
in a more dynamic behaviour resulting in an increased fatigue load and the requirement to consider issues of reliability
and mean time to failure. Secondly, the mooring has a significant impact on the overall viability requiring deployment
and O&M strategies that allow cost effective solutions.
The focus of this report note is towards testing methodologies and associated analysis techniques. The report is
presenting a general overview to this topic, starting with an introduction (section 1) that is followed by section 2,
describing test methods to identify dynamic line behaviour; section 3, describing general test methods and suitable
instruments; section 4, describing specific methods related to fibre rope testing; and section 5, describing a
methodology for fatigue load analysis and prediction methods related to mooring assessments.
An overview is given detailing dynamic line behaviour testing, as well as the effect of second-order wave forces, tidal
change and mean wind forces towards slow heave, surge and sway motions. . All these slow varying forces contribute
to the overall mean excursion of a device, and this in turn will result in different stiffness properties of the mooring
system, altering line tension and damping behaviour of the mooring line(s). Furthermore, the importance of frequency
response is discussed and two different test methodologies identified. As this report is specific to test method
requirements no consideration has been given to numerical analysis methods.
Further reference is made towards synthetic rope testing. In particular breaking test strength is discussed as well as
test methods to study viscoelastic and viscoplastic behaviour during the extension of the rope material leading to
recoverable or permanent deformation. Finally methodologies for fatigue load analysis and prediction are discussed
and related to conclusions from field measurements.
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1 INTRODUCTION
According to the Accelerating Marine Energy report published by the Carbon Trust and Black & Veatch in July 2011 the
mooring systems of array based wave and tidal energy devices represent approximately 7% and 6% of the overall cost
of each device [1], with studies based on individual designs estimating higher costs (i.e. up to 30% for the Seabreath
device [2]). Utilising a different metric; cost of energy, the Technology Innovation Needs Assessment (TINA): Marine
Energy Summary Report produced in August 2012 puts the figure at approximately 10% for both wave and tidal (Table
1, [3]). The report also estimates reductions in levelised costs for wave and tidal mooring systems of up to 50% and
40% respectively by 2020 and 85% and 60% by 2050 are possible. Whilst often the assertion is that floating wave
energy devices use conventional mooring systems with arguably little direct cost reduction potential, consideration
should be given to innovative solutions in this area. One such example is a study conducted by Tension Technology
International and Promoor (summarised in [1]) which demonstrated significant cost of energy reductions (5 to 10%)
through using lightweight nylon mooring ropes instead of steel cables.
Cost of Energy [3]
(Wave, Tidal)
Foundations and moorings
10%, 10%
Installation
10%, 35%
O&M
25%, 15%
Table 1: Cost of energy for foundations and moorings, installation and O&M [3]
Cost savings made through informed component choices may be completely negated if the installation, maintenance
and decommissioning of equipment is costly. The 10% estimate listed in Table 2 is likely to be for equipment only and
not the inspection, operations and maintenance costs attributable to the foundations and moorings. The risk of
bottlenecks occurring can be reduced by adequate planning and reducing the reliance on costly procedures (e.g. dive
teams).
In technical terms the purpose of an offshore mooring system is primarily to provide sufficient restraint to keep surface
or sub-surface equipment on position and minimise the combined effects of wind, current and wave loads on the
floating structure. This has particular importance for safety critical equipment (e.g. manned equipment such as oil and
gas platforms, floating production, storage and offloading vessels and auxiliary equipment) where the consequences
of failure could result in loss of life, environmental disaster or interruption of operations. In terms of size and mass
there are some similarities with the mooring systems of marine renewable energy (MRE) devices which have large
support structures (e.g. floating wind turbines and proposed multi-purpose platforms). Unwanted and possibly
damaging motions can be minimised by designing the moored system (comprising the floating structure and mooring
system) to have natural response periods which do not correspond to the excitation frequencies of environmental
loading, such as first-order or second-order wave excitation or other excitation forces.
The ability to design MRE devices away from excitation frequencies is often a challenge. Whilst the design of a floating
MRE device will depend on the mode of operation, in general devices which are small compared to the incident wave
length will dynamically respond to first-order and second-order (low frequency) wave loading as well as the combined
effects of wind and currents. The loads experienced by an MRE mooring system will therefore be heavily influenced
by the motions of the device to the extent that the response of the mooring system and device are closely coupled [46]. Conversely the mooring system of a large floating platform will have the primary function of station keeping whilst
allowing low frequency motions to occur (within permissible, small amplitude limits). Hence although a degree of
commonality exists between the two areas of application (i.e. mooring system types), the mooring loads will clearly
differ, necessitating a new approach to mooring system design and influencing the analysis and testing of MRE devices.
Rev. 03, 01-July-2014
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2 DYNAMIC LINE BEHAVIOUR TESTING
Second-order wave forces, tidal changes and mean wind forces lead to slow heave and surge and sway motions. All
these slow varying forces will contribute to the overall mean excursion of a device, and this in turn will result in
different stiffness properties of the mooring system, altering line tension and damping behaviour of the mooring
line(s). Furthermore, first-order wave frequency loadings can significantly influence the variation in stiffness and
damping for different mean pre-tensions. A full understanding of the stiffness, damping and pre-tension is required to
design a reliable mooring system for any floating device and hence should be part of a testing program.
The mooring line damping can be assessed through (a) physical model test investigations, (b) fully dynamic finite
element methods and (c) simple analytical models as discussed in [7]. This report is focused towards physical model
tests to element uncertainties from field tests. The results of the damping investigations can be generally presented in
the form of non-dimensional damping (E/δΑwh) presented over a range of non-dimensional pre-tension (T0/wh), where
E denotes the dissipated energy, δΑwh a reference potential energy based on an amplitude of surge oscillation δΑ, T0 is
the pre-tension in the mooring line, h water depth and w submerged weight per meter of a mooring line. An example is
presented in Figure 1 as shown in [7].

Fig. 1: Mooring line damping variation due to changes in
pre-tension for different amplitude to water depth ratio.
[7]

Fig. 2: Mooring line damping variation due to
changes in frequency ratio for different pretensions. [8]

In addition to the pre-tension damping investigation a conclusive dynamic line behaviour study should also investigate
the relation between the top-end frequency of a floating structure and the natural frequency of the mooring line.
Damping properties are affected if these frequencies vary (i.e. shown in Figure 2 and in [8]). In order to implement
these tests top-end frequencies need to be investigated which are below and above the natural frequency of the
mooring line frequency.
Two experimental techniques can be applied to obtain damping from physical investigations, namely i) the decaying
method and ii) the forced oscillation method. Both methods are described in the literature as suitable techniques,
however the decay method will not allow a sophisticated damping investigation for specific amplitudes.
The technique for the decay method is based on displacing a structure and measuring the decaying motion once
released. In order to obtain the mooring line damping, initially the ‘system’ damping without mooring needs to be
Rev. 03, 01-July-2014
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investigated. Once this is known the mooring line damping can then be evaluated by measuring the total damping
from the decaying motion and subtracting the evaluated ‘system’ damping. The total damping can be calculated from
the logarithmic decrement experienced by the moored structure during its decaying motion, by using the decreasing
peak amplitude during a cycle .
Λ + Λௌ =  



ା்

Here Λ is the mooring damping and ΛS the system damping. The damping coefficient can then be found from the
average of N measured logarithm decrements from adjacent cycles in the decaying motion’s time history

,
where MT is the total mass consisting of the mass of the structure MS and line M and their respective added masses
maB and maC, T the period of surge motion and N the number of cycles. Figure 3 presents decaying motion for the same
mooring configuration at different pre-tensions [8].
The second method, used to quantify the mooring line damping is based on the forced oscillation of the moored
system. In this case, the structure is oscillated in specific directional modes, e.g. surge, at sinusoidal displacements at
specific amplitudes, but with varying tensions or frequency ratios. By measuring the displacement (Figure 4a) and the
mooring line tension (Figure 4b), indicator diagrams (Figure 4c) can be derived by plotting the measured top-end
motion against tension. The area within the resulting closed loop of the indicator diagram can then be related to the
energy dissipation E [8], through the integration of the closed loop, where F is the mooring force

(a)

(b)

(c)

Fig. 3: Decaying motion for the same mooring
configuration at different pre-tensions [8]

Fig. 4a-c: Development of indicator diagram [8]
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3 MOORING TESTING
Mooring tests can be performed under controlled conditions in tanks or during offshore testing in realistic sea
conditions. This section is a general description of methods related to tank test (3.1) or field tests (3.2). Aspects of
scaling are often an uncertainty and hence tank tests at small scales provide basic design information that need to be
supported with measurements through large scale field testing. Often scaled mooring line testing has the complication
of incoherent scaling parameters namely the Froude scaling parameters and the viscous scaling parameters
(Reynolds). See Chakrabarti [9] for further details.

3.1 TESTING AT SMALL SCALE IN CONTROLLED ENVIRONMENT
To support mooring analysis and the behaviour study of a mooring system under controlled conditions in a tank
environment, the following tests are suggested:
i.

Free decay methods (tests):

Free decay methods should be conducted to obtain individual motion characteristics for simulation purposes with and
without the mooring system.
ii.

Stiffness tests:

Stiffness tests should be performed by displacing the system in the heave, surge and sway directions to obtain the
mooring stiffness characteristics.
iii.

Umbilical tests:

Performance behaviour with and without umbilical attached.
iv.

ULS tests

Ultimate Limit State (ULS) tests should be performed with all mooring lines intact.
v.

ALS tests:

Accidental Limit State (ALS) tests should be performed with one or more mooring line removed.
vi.

Extreme tests:

Extreme tests should be performed at worst case scenario for environmental loadings.
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3.1.1 Scaling factors
The scaling factors should be based on the ‘Froude similitude Law’ (FSL) or ‘viscous scaling laws’. FSL has the following
scaling factors for the physical modelling:
Length/translational motion
Velocity
Time
Acceleration
Angle/angular motion
Frequency
Force
Mass
Buoyancy
Mass/weight per unit length
Elasticity/axial stiffness
Bending stiffness
Energy/work
Power

ε
ε 1/2
ε 1/2
1
1
ε -1/2
ε3
ε3
ε3
ε2
ε3
ε5
ε4
ε 3.5

3.2 LARGE SCALE FIELD TESTING
For field testing it is essential to acquire extensive data regarding the structures equilibrium position, motion response
and the associated mooring line loads, as well as the environmental wind, wave and current velocity conditions.
Furthermore, salinity and water temperature could be recorded to investigate mooring dynamics in more detail.
A point to emphasise is the relatively high sampling frequency that would be needed to assess mooring dynamics.
Mooring line loads should be measured at kHz sampling frequency and the load threshold should be set to capture
snatch loads. In general it is recommended to store all data at a minimum sampling frequency of 20Hz. This sampling
frequency is essential to accurately capture the peak mooring loads. An assessment of required sampling frequencies
that improve the accuracy of mooring line peak load measurements is presented in Ref. [10]. It was shown that a
sampling frequency of 20 Hz improves the capture of the peak mooring line load by about 8% for the recorded peak
loads, compared to a 2 Hz sampling frequency. This improved capture of peak loads is important for fatigue estimates,
as any load uncertainties translate exponentially into the required fatigue life safety factor.
Example instruments suggested for field tests can be found in MARINET deliverable D4.13 and are summarized in table
2:
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Picture

Resolution

range

in-line loads
Tri-axial loads

3 axial loadcells:
3 tri-axial
loadcells:

1kg
1kg

0-7te
0-7te except in the z direction: 014te

6DOF: 3
accelerations, 3
angular speed

Motionpak
inertial sensing
system

acceleration: 0.001g,
angular speed:
0.01deg/s

GPS position

GPS Trimble
5700
(RTK correction)

Latitude, longitude:
+/- 1cm, height: +/2cm

+/-2g in the x and y direction, +/3g in the z direction, +/-50deg/s
for the roll and pitch, +/-30deg/s
for the yaw
/

Compass
orientation

flux gate
compass
Autonnic A4025
OEM
Sonic
anemometer: Gill
Windsonic

0.1 magnetic deg

0-360 deg

Speed: 0.1m/s,
direction: 1deg

Speed: 0-60m/s, direction: 0360deg

Water current (X
and Y direction)
and temperature

Aanderaa 4100
DCS

Current: 0.001 m/s,
temperature: 0.1
deg C

Current:+/- 3 m/s,
temperature:+/-90deg C

Water properties

Aanderaa 4120
IW

water conductivity: 40-60 mS/cm,
water temperature: 0-20degC,
water salinity: 20 to 50 ppt, water
density: 990-1030 kg/m3

Beam elevation
and current

ADCP Teledyne
RDI Workhorse
Sentinel (600
kHz) ADCP with
Waves Array
firmware.

water conductivity:
0.01 mS/cm, water
temperature: 0.1
deg C, water salinity:
0.01 ppt, water
density: 0.01 kg/m3
Velocity: 0.1cm/s

Wind speed and
direction

Velocity: +/-5m/s(default) Min
observable wave period:
•
Non-directional
wave:2.88sec
•
Directional
wave:4.85sec

Table 2: Example instruments suggested for field testing
.

4 SYNTHETIC ROPE TESTING
If a synthetic mooring rope is subjected to many hundreds or thousands of identical harmonic load cycles then the
performance of the rope will eventually reach a steady-state. The standardised approach to determine the average
stiffness of the rope is to use the final 5-10 cycles of steady-state response. Prior to reaching a steady-state, the
response of the rope will be transient, and the evolution of strain (e.g. Figure 5) is related to the changing properties
of the rope. The instantaneous properties of the rope will depend not only on the applied load history, but also the
level of strain achieved [11]. In order to determine accurate predictions of performance and longevity, it is therefore
essential that synthetic ropes are specified in the context of loading regimes relevant to the application through
testing. In order to obtain specific rope characteristics ‘breaking strength’ and ‘viscoelastic and viscoplastic behaviour’
tests need to be performed.
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Load [kN]

150
100
50
0
0

0.5

1

1.5

2

2.5

3

3.5
4

Strain [mm/mm]

x 10
0.2

0.1

0
0

0.5

1

1.5

2
Time [s]

2.5

3

3.5
4

x 10

Fig. 5: Example applied load and measured strain of a nylon mooring rope sample

4.1 BREAKING STRENGTH
Breaking strength is defined as the ability to withstand increased loading until a sufficient number of fibres have been
damaged that total failure of the rope will occur with continued loading. The load at which this occurs is often quoted
by rope manufacturers as the minimum break load (MBL) and will depend not only on the applied load rate but also
the condition of the rope. In terms of strength, the selected rope will need to be tested under the expected extreme
loads that the rope will withstand.

4.2 VISCOELASTIC AND VISCOPLASTIC BEHAVIOUR
Under constant load, synthetic materials tend to extend or creep. The extension of the material may be recoverable
(i.e. viscoelastic behaviour) or permanent (viscoplastic) and this will depend on the applied load conditions and
condition of the rope. Both creep and recovery can either occur immediately or be delayed. If a newly manufactured
rope is loaded for the first time, constructional rearrangement of the rope will also result in permanent extension,
which can be thought of as a ratchet. It is for this reason that tension-tension testing programmes used to determine
the operational and fatigue properties of ropes typically commence with a number of creep and relaxation cycles
(often referred to as ‘bedding-in’) to allow constructional rearrangement to occur so that the rope can be tested at a
known state.
In addition to dynamic loading, an important consideration for mooring system design and testing is the level of
expected creep in-service. It is possible that non-recoverable extension of the rope will result in a significantly different
mooring geometry and lower pre-tension. Unless the mooring lines are subsequently re-tensioned the station-keeping
abilities of the mooring system will be reduced, resulting in a potentially damaging change to the dynamics of the
moored system. As a consequence the viscoelastic behaviour of a rope needs to be identified through testing.
Viscoelastic materials demonstrate hysteresis, where there is a lag (or phase difference) between changes to the
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5 METHODOLOGY
PREDICTION

FOR

100

F [kN]

applied load and resulting elongations or
relaxations. This is perhaps best illustrated through
considering one load-extension loop of a Nylon
sample subjected to harmonic loading (Figure 6).
The energy expended during loading and unloading
can be estimated from the area contained within
the loop. The energy absorbed and dissipated is
related to the damped response of the rope, which
will contribute to the overall damped response of
the moored system. Further details regarding
synthetic ropes can be found in the MERiFIC
deliverables: D3.5.1 Testing of synthetic fibre ropes1
and D.3.5.2 Guidance on the use of synthetic ropes
for marine energy devices2.

50

0

−50
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20

40

60

80
100
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120

140

160
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Fig. 6: Load-extension loop from rope testing

FATIGUE

LOAD

ANALYSIS

AND

The process of providing evidence of system and/or component reliability requires generating a representative and
meaningful test regime. For MEC devices an iterative five stage process was suggested by [12].
1. Define an operating period and conditions (e.g. operating time, environmental conditions, wave climate) resulting
in an expected operating profile
2. Undertake field load measurements under operational conditions (or alternatively calculations/assumptions)
3. Process the measured load samples to establish a ‘‘load library’’ for different operating conditions
4. Implement the operational profile for the planned test regime
5. Generate the test load sequence through the combination of operating profile and load library segments.
Steps 1. and 2. would represent data input related to a specific MEC device and site conditions. Ideally, the operating
conditions and load data would be defined and measured directly in the field, e.g. the wave climate and loads
experienced by the components of a prototype device or sub-system under full-scale sea conditions. Steps 3.–5. are
based on established theoretical methods. To close the loop for comprehensive component reliability testing a root
cause analysis of occurring failures would need to be implemented additionally.

http://www.merific.eu/files/2012/06/D3.4.2_Best-practice-report-Cross-border-laboratory-and-field-testproceduresv2.pdf
2http://www.researchgate.net/publication/258236833_Guidance_on_the_use_of_synthetic_fibre_ropes_for_marine_en
ergy_devices_Deliverable_3.5.2_from_the_MERiFIC_Project/file/3deec5277d76e37165.pdf?origin=publication_detail
1
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5.1 SITE SPECIFIC CONDITIONS
For moored MECs it has to be identified if the weighting of the ‘‘N-year’’ return extreme waves, responsible for
survivability, or specific average sea state conditions, such as groupiness, governing reliability, are driving the main
design consideration. To predict survivability extreme waves need to be applied, where the assessment could be based
on offshore oil and gas station keeping standards, such as DNV-OS-E301 [12]. However, to prevent fatigue failure of
components due to accumulated loading, which could have important implications for reliability, in-service loads need
to be considered. The operational conditions for MECs are site-specific, so an assessment of these is essential for
prospective component reliability. The fatigue load conditions need to be assessed for the individual sea states.
Information and subsequent calculations are needed to generate an annual load spectrum from individual sea states.

5.2 FIELD LOAD MEASUREMENTS
The two primary factors to affect fatigue reliability are the material’s fatigue strength and the applied cyclic loading.
While the fatigue strength is an intrinsic material and mechanical characteristic, the applied loading describes an
extrinsic process. Typically S-N curves are used for fatigue assessment generated from controlled material fatigue
strength tests under lab conditions, and applied cyclic loading characteristics should be obtained from realistic field
tests. The probability of each sea state can be assigned to the estimated fatigue damage for individual mooring
components of each sea state. The objective is to derive multiplicative factors for each individual sea state, in order
to estimate the annual accumulated fatigue damage.
From a field test the critical load cycles for a possible fatigue failure can be obtained through a rainflow analysis
procedure. In the first instance cyclic loading need to be quantified in their load range assessing the variation between
minimum (starting load condition) and the maximum load (end load condition) over one cycle. A measured time series
will have multiple load cycles, which need to be classified into specific ranges. This will allow quantification of the
occurrence of load cycles in a specific range. When combined with a suitable wave scatter plot, the individual fatigue
damage values can be aggregated to an annual or long-term fatigue damage estimate. An example contour plot of
annual accumulated fatigue damage generated from field measurements is developed by [14] and shown in Figure 7.
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Fig. 7: Example contour plot of annual accumulated fatigue damage for mooring. Colour scale denotes accumulated
fatigue D damage for one year, taken from [14].
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