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and testing of critical components in a design will
enable more accurate predictions of system reliability
to be made. This will provide a more complete picture
of system performance and reliability for device
designers, investors, certification agencies and for the
development of engineering guidelines [4].

Abstract
The mooring systems of Marine Energy Converters
(including wave energy, tidal energy and offshore
floating wind systems) are critical elements and a
thorough understanding of their long term
durability is essential to guarantee the survivability
of these devices. Synthetic fibre ropes offer
advantages compared to steel in terms of handling,
and can provide a wide range of mechanical and
damping properties. However, their long-term
behaviour is less well known. This paper will first
present results from recent studies conducted for
the offshore industry and discuss these in terms of
renewable energy devices. A reliability-based
approach will then be described, and a framework
for qualifying synthetic ropes, adapted to the
specific requirements of ocean energy devices, will
be presented. New data from measurements at sea
will be provided to support the methodology.

Mooring lines are typically used to minimize the
motion response of offshore equipment and vessels for
reasons of stability and safety. In this respect, station
keeping is also crucial for moored MECs to avoid
excessive loadings which could result in component
failure or impact with neighbouring devices (e.g. in the
case of ‘farms’ or arrays of devices). Similarities with
conventional offshore equipment are limited though,
with proposed designs differing in terms of mass
distribution, load regimes, mooring system footprint,
water depth and expected wave conditions. The nonlinear mooring dynamics studied by Johanning et al. [5,
6] highlighted the need to include mooring
performance in a fully coupled MEC model and this
will inform the development of enhanced wave-to-wire
models. Numerical and experimental studies showed
that large dynamic mooring variations may lead to
discrepancies between the performance of a MEC
predicted by numerical analysis and what could be
achieved in practice. It was also shown that the
accumulated cyclic loading from extreme tensions due
to non-linear mooring line behaviour would have an
effect on component fatigue life and the capacity to
withstand ultimate loads. Currently there is a lack of
performance data for deployed MECs, particularly the
long-term fatigue behaviour of mooring system
components, and the effect of long-term spatial
variability of environmental conditions. Studies
conducted for the oil and gas industry can inform initial
design choices, but until further offshore experience is
acquired, a conservative approach is necessary to avoid
premature system failure.
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The realization of a marine energy converter (MEC)
design is largely dependent on the proof of cost,
performance and reliability estimates, with financial
support available for demonstrable concepts (i.e. the
Marine Renewables Proving Fund [1]). Verification of
reliability, which encompasses device availability and
maintainability, will have a significant influence on the
long-term commercial success of the design [2]. The
costs associated with premature system failure will be
high; due to the replacement of damaged components,
the availability of equipment and the dependency of
access on favourable weather conditions. At the early
development stage of a new technology, the choice of
suitable safety factors tends to be conservative until
operational experience is gained. Compared to the oil
and gas industry, it is more difficult for the cost of
over-engineering to be absorbed by the sale of
electricity generated by the MEC [3]. The identification

The use of synthetic fibre ropes is a recent area of study
for MECs [7], with fibre ropes offering favourable
advantages compared to steel wire or chain in terms of
handling and cost, as well as possessing a wide range
of mechanical and damping properties. Despite these
apparent advantages, there are only a few examples of
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fibres to areas hitherto limited by their significant
creep.

deployed MECs which use fibre ropes, and so the
uncertainty about their use is high. Consequently there
is a clear need for an integrated mooring component
test programme to investigate the performance and
reliability of fibre rope sections.

There are also many applications in which a more
compliant fibre is needed and the properties of nylon
fibre ropes may be well-suited to mooring ocean energy
devices. Nylon is widely used for moorings, in
particular Single Point Moorings offshore. The service
life of these hawsers tends to be quite short and they
are changed every one or two years, to comply with
conservative performance guidelines. Replacement of
MEC ropes at the same service intervals would incur
costs which are prohibitive. New developments in fibre
coatings may extend the serviceable lifetime of these
ropes though [7]. This combined with the use of less
conservative safety factors (for equipment which is
mainly unmanned) and a greater understanding of the
long-term performance of mooring lines in MEC
applications, may make nylon a suitable material of
choice.

In section 2 a summary of synthetic ropes currently
used in the offshore industry is given. The applicability
of existing studies and design guidelines to MEC
mooring systems is then examined. In section 3 a
suggested methodology for reliability testing of
mooring systems comprising fibre rope sections is
outlined. Progress on mooring rope analysis conducted
as part of the MERiFIC (Marine Energy in Far
Peripheral and Island Communities) project is then
reported in section 4.

2. Existing Fibre Rope Applications
Although synthetic fibre ropes have been available for
over 50 years, the last two decades have seen a sharp
rise in the quantity of fibre ropes in marine
applications. The main reason for this has been the
development of polyester station-keeping systems for
deep water floating production platforms, using ropes
with diameters over 200mm and break loads above
2000 tons [8]. This has been accompanied by several
large test programmes which first provided stiffness
data (e.g. [9]) and then fatigue and long-term properties
[10]. Providing stiffness data to design a synthetic rope
mooring line is more complex than for steel, with the
need to determine both quasi-static and dynamic
stiffness values at different mean load levels. The axial
stiffness of a sample subjected to tension-relaxation
loading is usually determined as either: 1) the gradient
of the tangent of the load/strain curve at one particular
load or 2) the gradient resulting from least squares
regression of measured load and strain values over the
load range of interest [11]. It is also possible to use
load/extension curves to determine the construction
damping arising from energy losses during cyclic
loading. With respect to long-term behaviour it has
been clearly demonstrated that the fatigue properties of
polyester ropes are superior to those of the chain and
steel wire used in existing mooring lines, and this
allowed synthetic mooring lines to be qualified for a 20
year lifetime.

3. Reliability analysis for mooring systems
A reliability analysis aims to establish the probability
that a component is able to perform its required
function for a specified time under given environmental
and operating conditions [16].
In this respect, the mooring system must be
evaluated regarding the likelihood that it ensures the
safe station-keeping of the floating device over the
design life, ideally 15 to 20 years, under the sitespecific wave and current conditions and the induced
motion response of the device.
A typical reliability analysis for mooring systems
covers two principal aspects [17]. Firstly, the extreme
peak loads, or Ultimate Limit State (ULS) must be
assessed, to ensure that they do not surpass the
maximum strength of the individual components.
Secondly, the cyclic fatigue load conditions, or Fatigue
Limit State (FLS) must be considered to warrant that
the fatigue life of the individual components is
sufficient for the anticipated project life [18].
Both aspects have their peculiarities in the wave
energy case. Extreme loads may occur under
operational conditions, rather than the extreme sea
states and fatigue is one of the most likely failure
modes to be of relevance for marine energy devices due
to the highly oscillatory nature of induced motions and
forces. At the same time one cannot revert to large
safety factors to increase the reliability of the mooring
system as this would reduce the economic viability of
the system.

Since the first sea trials by Petrobras following studies
by Del Vecchio [12] many polyester moorings have
been installed in the Gulf of Mexico and there have
been no major surprises. Certification societies have
now produced standard procedures (e.g. Bureau
Veritas; [13]) and an ISO document was recently
published [14].

This presents a challenge for the mooring design, as
the reliability analysis is often based on numerical
simulations and experience from other offshore
applications, which may not be applicable to the wave
energy case.

Interest in the offshore industry is now turning towards
higher stiffness fibre ropes, such as HMPE (high
modulus polyethylene) and aramids, particularly with
the announcement this year of a very low creep HMPE
grade [15] which could greatly extend the use of these
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Reliability engineering experience from the aviation
and automotive industries [19-21] suggests that
dedicated component testing is able to improve the
accuracy of reliability estimates which allows a
reduction of necessary safety factors. The approach has
been named service-simulation testing as it subjects the
components to selected field loads that approximate
and replicate the field load conditions (Table 1).
Test

Acceleration

Loading

In-service
Service load
simulation
Cyclic multi
axis
Cyclic
single axis

None
Low

Actual
Selections of
true loading
Multiple
level
Single level

Medium
High

4. Mooring Analysis within the MERiFIC
Project
4.1 Background
The MERiFIC consortium is a collaboration between
several academic and industrial partners which aims to
advance the adoption of marine energy in the regions of
Cornwall and Finistère. Within the project a number of
joint activities are being conducted, one of which is a
mooring system study at IFREMER and the University
of Exeter.

Safety
factor
Low
Low
Medium

4.2 Methodology

High

The aims of the first half of this particular activity are
as follows:

Table 1: Test type and required safety factors, after test [21]

The service-simulation test approach is depicted in
Fig. 1 and consists of four main steps:

•

To study the response and mooring line load
measurements recorded by the South West Mooring
Test Facility (SWMTF; [2]) in Falmouth bay.

•

Based on operational and extreme load cases
identified from the SWMTF data, load tests will be
conducted at IFREMER on both new and aged rope
samples (using the same material; Superline Nylon).
Test equipment developed for offshore mooring
studies will be used [24]. The response of the
material (i.e. stiffness and damping properties) when
subjected to low and wave frequency harmonic loads,
as well as irregular and snatch loading are of interest.

•

A 1:5 model of the SWMTF will be tested in the
wave flume at IFREMER [25] to determine if the
mooring system can be effectively represented at
small-scale. The model will be subjected to waves

1. Characterise the environmental climate of a specific
installation location
2. Measure realistic load and response characteristics
for each component.
3. Analyse and extract representative/severe load
cycles and combine load segments according to the
environmental conditions
4. Conduct laboratory component testing with the
established load spectrum
In order to implement this approach for marine
energy mooring applications it is therefore necessary to
not only rely on numerical simulations but to establish
accurate load envelopes in physical experimental tests
and field deployments. There has been significant
progress in the development of test facilities which
have been purpose built for the requirements of floating
marine renewable energy devices [22, 23].

Measurement of loads in operating
conditions
[Load samples for different
conditions]

Data processing to
pool loading
sequences
[Statistical analysis,
random generation,
omission, etc.]

Operating profile
[e.g. wave climate, currents,
operating hours]

Combination of load
segments according to
operating conditions

Implementation of
operating profile
[Sequence of
operational conditions,
special loads...]

Load spectrum
Test sequence / time history

Figure 1: Simplified approach for the generation of standardised load-time histories for
service-simulation testing
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buoy displacements based on measurements from a
DGPS mounted to the mast of the buoy and the surface
elevation tracked by one of the ADCP beams. Two
aspects of these results are particularly interesting.
Firstly, the majority of axial loads are in the range 0 to
4.7% of the MBL. The stiffness of nylon ropes within
this range is highly non-linear and the recorded load
range is generally lower than comparable rope studies
conducted for the oil and gas industry. Secondly the
large peak occurring at 9.42 min for Line 1 occurs for a
very short duration and does not correspond with the
occurrence of a large wave cycle. Instead, snatch
loading occurs due to the dynamic response of the
buoy.

generated in the flume and particular motion cases
will be investigated using a Symetrie hexapod motion
system (http://www.symetrie.fr/en/).
•

Initially the mooring system simulation tool
DeepLines (http://www.principia.fr/) was used to
determine the scale of the SWMTF small-scale
model. Based on the full-scale data from the
SWMTF, in addition to the laboratory rope sample
and wave flume tests, a fully-dynamic model will be
developed iteratively using DeepLines and Aquaplus
[26]. Comparisons will be made to other commercial
simulation tools.

4.3 Example Load Case
Data from the SWMTF recorded between June 2009
and September 2011 provides a key insight into the
mooring line loads and motions that a buoy-like MEC
could experience in similar environmental conditions.
Details regarding the instrumentation and position of
the SWMTF are not included here, but are outlined in
[24]. A 10 minute sample is provided in this section
which features the largest mean axial mooring line
loads measured by the system during mild storm
conditions (Hs ≈ 2.93m, Tp ≈ 7.5s) on 17th November
2010.

Peak loads have been investigated by looking at each
recorded 10 minute dataset. The maximum load, the
mean load and the standard deviation (SD) of the loads
were calculated for each dataset and for each of the
three mooring lines. If the detection value, defined as
(max load - mean load)/SD, was higher than 5 and if
the maximum load was higher than 10kN, a peak load
for this line was identified from the dataset. Fig. 3
shows the maximum identified loads of the line facing
the predominant wave direction (Line 2). It provides a
summary of the number of peak load occurrences for
the 100 highest detection values. The following
comments can be made about this figure:

In Fig. 2, the measured mean loads have been nondimensionalised by the minimum breaking load of the
rope (MBL = 466 kN). Also shown are the calculated

• An isolated extreme peak load with a high amplitude
(11% of MBL) occurred. This event is of high
importance for survival calculations.
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Figure 2: SWMTF measurement example recorded during a mild storm. (top) Displacement
of the buoy and ADCP tracked surface elevation, (bottom) mean axial line tensions
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