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ABSTRACT

The reliability and integrity of components used in the ma-

rine offshore environment is paramount for the safety and via-

bility of offshore installations. The engineering challenge is to

design components that are robust enough to meet reliability tar-

gets whilst lean enough to minimise cost. This is particularly

the case for offshore marine renewable installations which op-

erate in the same, possibly harsher, environment as offshore oil

and gas installations, and are subjected to highly cyclic and dy-

namic wave, wind and operational load conditions. The cost of

electricity produced has to compete with other means of electric-

ity generation and does thus not offer the same profit margins

available as oil and gas commodities. As a result, components

for marine renewable installations have to meet the target relia-

bility, without the application of costly safety factors to account

for load and environmental uncertainties. Industries with simi-

lar design tasks such as the aviation or automotive industry have

successfully used a service simulation test approach to develop

robust yet lean designs.

This paper builds on an approach to establish and validate

the reliability of floating renewable energy devices in which ded-

icated component testing using the purpose built Dynamic Ma-

rine Component test rig (DMaC) plays a pivotal role to assess,

validate and predict the reliability of components in the marine

environment. This paper presents a test rig for both static and

fatigue tests of marine components such as mooring lines and
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mooring shackles under simulated or measured load conditions

and provides two case studies from recently conducted mooring

component tests. This includes an investigation into the load be-

haviour of synthetic mooring ropes and the ageing of mooring

shackles.

NOMENCLATURE

EA axial stiffness

B damping rate

Ed energy dissipated over load-unload oscillation cycle

X amplitude of piston displacement

ω angular frequency of the oscillation

1 INTRODUCTION

The development of marine renewable energy holds large

potential both to make a contribution to a sustainable energy sup-

ply and as spark economic growth. In the UK alone, the Crown

Estate has leased marine energy sites for large commercial-scale

developments with a total capacity of 1.6GW. The 11 projects in

the Pentland Firth and Orkney waters are expected to be installed

during 2014-2020 [1].

The present development is however dominated by the in-

stallation of prototypes and small-scale demonstration project at

a number of field test sites [2]. These field tests provide impor-

tant experience under exposure, but are usually carried out for
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relatively short periods, which limits their suitability for relia-

bility demonstration. Yet, high levels of reliability, achieved at

minimum cost, will be pivotal to secure the viability of any ma-

rine renewable installation [3]. Component testing promises the

opportunity to reveal and investigate occurring failure modes, to

optimise the component design, and to collect the data required

to estimate failure rate probabilities through consideration of ex-

pected operational and environmental loads.

This paper describes the application of a service simulation

test approach that utilises information from early field tests in

conjunction with expected environmental load conditions. Two

specific test case studies are presented in the area of mooring

components i) an investigation into the load behaviour of syn-

thetic mooring ropes and ii) the ageing of mooring shackles.

2 SERVICE SIMULATION TEST APPROACH

Component testing allows to quantify and demonstrate reli-

ability targets and has been widely used in the automotive, avi-

ation and oil and gas industry [4, 5]. As such, component test-

ing is repeatedly demanded for marine renewable energy appli-

cations [6–8].

The test type can be classified regarding the test purpose [9]

and regarding the accuracy of field load replication [10]:

Test purpose

Testing of full-scale structures,

testing of specimens,

comparative tests,

model validation testing.

Replication of field loads

Field testing of complete systems with accelerated op-

erating conditions

Laboratory testing of systems by means of physical

simulation of field loads

Computer simulation of system and field loads

A component test rig capable to replicate dynamic motion

and load conditions in four degree of freedom, the Dynamic Ma-

rine Component test rig (DMaC) has been developed at the Uni-

versity of Exeter [11, 12]. It builds on a service simulation test

approach [13, 14] that takes four subsequent steps (Fig. 1):

1. Characterise the environmental climate of a specific instal-

lation location.

2. Measure realistic load and response characteristics for the

component.

3. Analyse and extract representative/severe load cycles and

combine load segments according to environmental condi-

tions.

4. Conduct laboratory component testing with established load

spectrum.

Figure 1. GENERAL SIMPLIFIED APPROACH FOR THE GENERA-

TION OF STANDARDISED LOAD-TIME HISTORIES FOR SERVICE

SIMULATION TESTING, BASED ON [14].

This paper provides two case studies where this service sim-

ulation test approach has been applied to investigate and charac-

terise the behaviour of components for specific field load situa-

tions.

3 DYNAMIC MARINE COMPONENT TEST RIG

The Dynamic Marine Component (DMaC) test rig (Fig. 2)

was constructed to allow the loading conditions faced or ex-

pected to be faced by marine components to be simulated in a

controlled environment. This requires the DMaC to be able to

apply loads in tension and compression on a component caused

by the different motions experienced by a floating structure at

sea. For components in a mooring chain or line this would re-

quire on axial loading of a sample. An additional complexity is

introduced when the terminations of these lines are considered.

Motions of a floating body could cause these loads to act non-

axially putting bending moments and torque on a component. To

meet these requirements the DMaC has two main parts:

The Z-actuator (Fig. 2(b)) - A hydraulic cylinder with a 1

meter stroke length capable of delivering 30 tonnes of dy-

namic force or 45 tonnes as a static load. At the full 1m

stroke, the Z-actuator can oscillate with a frequency of up to

0.1Hz.

The headstock (Fig. 2(c)) - A two-axis (horizontal and ver-

tical) gimbal with maximum displacement of +/− 30◦ for

both axes. At maximum displacement, the gimbal can move

with a frequency of up to 0.25Hz

In addition to the particular loading conditions, marine com-

ponents will be often submerged during operation. To be able to

replicate these conditions, the DMaC also holds the option of

full fresh water submersion to closer mimic real sea conditions.

The rig has been designed to test components at full or relatively

large-scale. As such, the test bed of the DMaC has a length of

5m with a diameter of 0.8m. The Z actuator can be moved along
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(a) Drawing overview

(b) View from Z-actuator

(c) Headstock

Figure 2. DYNAMIC MARINE COMPONENT TEST RIG DMAC

the length of the test bed allowing a maximum test length of 5m

and a minimum test length of 2m. At any position in the test bed

the full 1m stroke length of the Z actuator is available. Thus any

test requiring less than the full 1m stroke length of the Z actuator

could take advantage of extra test length available when the Z

actuator is retracted.

The Z actuator and headstock can be controlled by specify-

ing time histories of either loads or displacements. The control

of the headstock and Z actuator are independent of each other

where one can be driven specifying displacement and the other

by specifying loads during the same test. The control system uses

a closed loop P.I.D controller with an open loop feed-forward

controller to resolve the loads and displacements to the Z actu-

ator and the actuators in the headstock. A test schedule can be

created using the in-house scheduling tool or from any other data

source such as recorded measurements from real sea conditions

or numerical simulation results.

The data acquisition (DAQ) system has the following speci-

fications:

- 32 analogue inputs

- 8 differential strain gauge inputs

- 64 digital inputs

- 32 digital outputs

- 16 analogue outputs

- sampling frequency of 250 kHz

The DAQ records the motion of the headstock and Z actu-

ator using linear magnetic encoders with a resolution of 10µm.

The load between the Headstock and the Z actuator is recorded

by an Interface 45 tonne stainless steel pancake load cell with a

performance within 0.05% of the read value. The torque in the

headstock is calculated by resolving the pressures in the four ac-

tuators controlling the headstock motions. Measurements of the

load and displacement of the headstock and Z actuator are only

the minimum instrumentation profile of the DMaC. The DAQ

can record all channels simultaneously allowing a large range of

transducers to be implemented.

4 TEST CASE STUDIES

4.1 Load behaviour of synthetic mooring ropes

Over the last two decades there has been a notable increase

in the use and laboratory testing of mooring lines constructed

from synthetic fibres (for example Nylon, HMPE and polyester),

particularly for deepwater applications [15, 16]. As the mass

distribution, water depth and operating conditions of marine

energy devices differ from larger offshore equipment it is neces-

sary to determine both the short- and long-term performance of

mooring line components using realistic loading regimes. The

quantification of both stiffness and damping characteristics is

especially important for devices where the mooring and power
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Figure 3. LINE TENSIONS AND LOAD RATES MEASURED DUR-

ING 20 MINUTES OF CALM CONDITIONS (RED LINES) AND A MILD

STORM (BLUE LINES) AT THE SWMTF.

take-off systems are closely coupled [17].

To address these uncertainties, dynamic load tests have

been conducted on a section of aged Nylon 6.0 rope as part

of a collaborative project [18] between IFREMER and the

University of Exeter as part of the MERiFIC (Marine Energy in

Far Peripheral and Island Communities) consortium. Loading

regimes were determined from measurements recorded by the

South West Mooring Test Facility (SWMTF) which is moored

in Falmouth Bay [19]. The SWMTF was first deployed in June

2009 for 18 months, during which time the system was subjected

to a range of conditions and loading regimes (Fig. 3), including

a mild storm during November 2010. Load tests were conducted

on a section of aged rope recovered from a 20m long mooring

rope used on the SWMTF (Fig. 4(a)). The emphasis of this

study is the apparent non-linear behaviour of this rope material

and construction at low mean loads.

A section of the parallel-stranded rope, manufactured by

Bridon (diameter 44mm, minimum break load 466kN), was

tested using the DMaC facility (Fig. 4(b)). The original rope

splice and thimble were retained and to maximize the measured

free length (1.353m), the other end was terminated with three

u-bolt clamps. Extension of the free length was measured at

using a telescopic linear transducer, with an initial 2kN preten-

sion used to zero the transducer measurements. In order to de-

termine stiffness and damping properties the sample was sub-

jected to the quasi-static creep/relaxation and harmonic loading

conditions listed in Table 2. The lowest mean load (Tests 100-

106) corresponds to the mean fairlead pretension of the SWMTF

measured during calm conditions. Each test comprised of 20 cy-

cles of harmonic loading with an amplitude equal to 10.65kN,

except for Tests 101-106 which used a lower amplitude (4.5kN).

Due to the capabilities of the machine, long period harmonic load

tests were conducted (25-100s) as well as periods similar to those

recorded by the SWMTF mooring line load cells (i.e. 3-9s; cor-

(a) Recovered mooring line (b) DMaC with aged rope sample

Figure 4. RECOVERED MOORING LINE SHOWING CONSIDERABLE

BIOFOULING AND TEST SET-UP WITH AGED ROPE SAMPLE.

responding to the typical range of peak wave periods measured

in Falmouth Bay).

4.1.1 Calculation of Axial Stiffness and Damping

The axial stiffness of the rope (EA) is calculated as the gradi-

ent of a linear trend line fitted to the measured force and calcu-

lated strain values over each oscillation cycle using linear regres-

sion, (Fig. 5 and Fig. 6). The start and end of each cycle are de-

fined by minima identified within the measured force time-series.

The damping rate (B), which includes contributions from mate-

rial and constructional hysteresis mechanisms, is approximated

from the energy dissipated over each load-unload oscillation cy-

cle (Ed), the amplitude of piston displacement (X) and the angu-

lar frequency of the oscillation (ω). It is equivalent to the area

enclosed within each load-extension loop, and can be estimated

using the trapezoidal rule:

B =
Ed

πωX2
(1)

For brevity, results from the creep/relaxation tests are not

reported here. Of the 20 load cycles, the last five were used to

calculate mean values. Due to noise in the recorded transducer

signal (sampled at 20Hz), measured extensions are filtered us-

ing a low-pass filter (9th order Butterworth) to remove spurious

oscillations greater than 0.5Hz.

4.1.2 Aged Rope Harmonic Characteristics The

calculated properties of the aged rope sample are presented in

Fig. 7 as a function of mean load for six different oscillation

periods. For the loading regimes tested, there is a fairly linear

trend of increasing axial stiffness of the sample with increasing
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Table 1. TENSION TESTS CARRIED OUT ON DMAC TEST MA-

CHINE. BOLD TEST NUMBER INDICATES HARMONIC TEST, NOR-

MAL FONT FOR CREEP/RELAXATION TESTS

Test Load range [kN] Oscillation period [s] Cycles

100, 100b 0-7 138 1,4

101-103 2-7 100, 50, 25 20

104-106 9, 6, 3

200, 200b 0-23.3, 0-23.3 180 1,4

201-203 2-23.3 100, 50, 25 20

204-206 9, 6, 3

300, 300b 0-46.6, 2-46.6 242 1,4

301-303 13.7-35.0 100, 50, 25 20

304-306 9, 6, 3

400, 400b 0-69.9, 2-69.9 311 1,4

401-403 25.3-46.6 100, 50, 25 20

404-406 9, 6, 3

500, 500b 0-93.2, 2-93.2 377 1,4

501-503 37.0-58.3 100, 50, 25 20

504-506 9, 6, 3

600, 600b 0-116, 2-116 441 1,4

601-603 48.7-70.0 100, 50, 25 20

604-606 9, 6, 3

mean load, apart from at the lowest load level. The results also

suggest that there is a small effect of load rate (units: kN/s)

on the stiffness of the rope sample which is consistent for the

range of loads tested. In terms of hysteresis the performance of

the material is dependent on both the load rate and mean load.

The reduction of hysteresis with decreasing oscillation period is

illustrated by load-strain cycles plotted in Fig 9.

As part of the MERiFIC project further tests using new rope

samples will be conducted shortly using IFREMER’s 100 ton

tension machine and the DMaC test facility to compare machine

performance. By comparing the wet/dry and aged/new perfor-

mance of the samples it will be possible to gain important insight

into the evolution of material characteristics during deployment

due to i) load history, ii) environmental mechanisms such as bio-

fouling and iii) particulate ingress.

4.2 Ageing of mooring shackles

Developing a methodology to accurately assess fatigue

performance of components is crucial to inform efficient com-

Figure 5. EXAMPLE FORCE TIME-SERIES INPUT TO THE

DMAC (TOP) AND CALCULATED STRAIN (BOTTOM) FOR THE

CREEP/RELAXATION LOAD TEST 200

Figure 6. EXAMPLE FORCE TIME-SERIES INPUT TO THE DMAC

(TOP) AND CALCULATED STRAIN (BOTTOM) FOR THE HARMONIC

LOAD TEST 201

ponent design. High safety factors are frequently applied in the

marine renewables sector; this leads to unnecessary equipment

and deployment costs. This case study uses mooring shackles

to investigate a combined approach using FEA, accelerated

testing using DMaC and field deployment to improve fatigue

prediction. In the following section, the findings from the FEA

and accelerated testing will be compared and discussed.

Medium tensile strength, steel shackles were selected for

testing, rated to a working load limit (WLL) of 2.5 tonnes

(24.5kN) with a minimum breaking load (MBL) of 12.5 tonnes

(122.6kN). Two shackles were tested to identify load/extension

behaviour and break points whilst a further nine underwent fa-

tigue loading to differing degrees of damage to age the shackles,

induce fatigue cracking and create fatigue failures.

4.2.1 Finite Element Analysis (FEA) Simplified FE

models developed to review static loads on the shackle pin and

bow allowed identification of likely failure modes. Separate
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Figure 7. VARIATION OF CALCULATED MEAN AXIAL STIFFNESS

VALUES (TOP) AND DAMPING VALUES (BOTTOM) WITH MEAN LOAD

Figure 8. VARIATION OF CALCULATED MEAN AXIAL STIFFNESS

VALUES (TOP) AND DAMPING VALUES (BOTTOM) WITH MAXIMAL

LOAD RATE

Figure 9. EXAMPLES OF MEASURED FORCE STRAIN LOOPS

RECORDED OVER LAST OSCILLATION CYCLE OF TEST 606 (BLUE

LINE) AND 601 (BLACK LINE). FITTED LINEAR TRENDS ARE ALSO

SHOWN

models of the pin and bow were developed with a range of loads

applied from the WLL up. Fixed supports were applied at ei-

ther end of the pin, with the force applied in the centre. For the

shackle fixed supports were applied to the bow of the shackle,

with the load applied to the lower half of the inner shackle eyes.

Resulting stresses within the models were assessed to

identify key areas of weakness. Figure 10 details the factor

of safety for ultimate tensile strength, with an applied load

of 200kN (values below 1 equate to failure). Key areas of

weakness occur at the initiation of the curve in the bow and

around the eyes. Within the pin model, key areas of weakness

occur at the centre of the pin and at the boundary of the applied

loads, particularly at the thread interface. The effect varying

the force applied to the shackle has on stress concentration can

be displayed graphically (Fig. 11). The pin is identified as the

weakest component, with failures occurring under 50kN well

below the MBL quoted by the shackle manufacturer (122.6kN).

The bow survived loads in excess of 100kN but still failed prior

to the quoted MBL.

4.2.2 Break tests The test set up of chain and shackle

is detailed in Fig. 12. Pre-tests conducted with DMaC in force

mode enabled identification of behaviour specific to the shackle

by repeating tests on the chain both with and without the shackle

in place.

The DMaC was used in displacement mode to conduct break

tests on two shackles. A displacement of 100mm was specified

from the FE models, as this would induce a complete failure in

one load cycle. Both failures occurred on the pin at the start

of the thread (Fig. 13). Failure loads occurred at 206.5kN and

214.6kN for Break 1 and Break 2 respectively (Fig. 14). These

are significantly higher than MBL specified by the manufacturer;
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Figure 10. FACTOR OF SAFETY - ULTIMATE TENSILE STRESS,

WITH AN APPLIED LOAD OF 200KN. WEAKEST AREA IDENTIFIED

BY ’MIN’ TAG. FAILURE OCCURS AT VALUES < 1.

Figure 11. EFFECT OF LOADING APPLIED TO SHACKLE BOW AND

PIN ON MAXIMUM PRINCIPAL STRESS AND FACTOR OF SAFETY

FOR TENSILE STRENGTH.

the average of the two breaks being over 8 times the WLL, and

over 1.7 times the MBL.

Despite the break loads having good agreement (within 4%),

there are some clear differences in the load/extension behaviour

of the two shackles before the break point, with the second

shackle extending over 20% more than the first. From Fig. 14

it is assumed that neither shackle yielded before 100kN; this was

used to define the fatigue loading regime.

4.2.3 Fatigue tests A load driven fatigue testing regime

was defined based on findings from the break tests. Pre-tension

of 10kN was applied to ensure the sample was taught and load

paths clear, with a maximum of 90kN applied to conduct the

Figure 12. SHACKLE AND CHAIN SET UP FOR BREAK TESTS.

Figure 13. BREAK TEST 1 (SHACKLE 15) AND 2 (SHACKLE 14) FAIL-

URES, BOTH OCCURRING AT THE START OF THE PIN THREAD. UN-

DAMAGED SHACKLE 13 INCLUDED FOR COMPARISON.

Figure 14. SHACKLE BREAK TESTS, MAXIMUM LOAD OF 206.5KN

(BREAK 1) AND 214.6KN (BREAK 2).

7 Copyright c© 2013 by ASME



Table 2. FATIGUE CYCLE TEST EXPOSURE FOR EACH SHACKLES

Shackle Test exposure Failure No cycles

1 No ageing 0

2 No ageing 0

3 No ageing 0

4 1st ageing 19,386

5 1st ageing 19,386

6 1st ageing BREAK (bow) 19,386

7 1st+2nd

ageing

Fatigue crack (pin) 24,344

8 1st+2nd

ageing

Fatigue crack (pin) 24,344

9 1st+2nd

ageing

BREAK (centre of

pin)

24,344

10 2nd ageing 4,958

11 2nd ageing 4,958

fatigue cycles below the yield strength of the shackles. A high

cycle frequency was required to complete a sufficient number of

load cycles in the testing period, both 1Hz and 2Hz were tested

to assess the system response to these frequencies. In both cases

DMaC responded well, reaching the maximum and minimum

loads specified in the given timeframe. A frequency of 2Hz was

selected to allow for a maximum number of fatigue cycles to be

completed.

The shackles were set up in series within DMaC as detailed

in Fig. 15, and cycled within the above parameters. Some shack-

les were cycled to failure whilst others were removed before

failing; this allowed different shackles to be exposed to a range of

damage levels. 3 shackles were left undamaged for future testing

on SWMTF. Table 2 details the level of fatigue exposure for each

of the shackles. Two fatigue failures were induced, in different

locations to those observed during the break tests; one in the

bow of the shackle (Fig. 16) and the other in the centre of the pin.

4.2.4 Dye penetrant testing As the intention was to

use DMaC to ‘pre-age’ a selection of shackles before deploy-

ment at sea, a method for confirming the stress cycles were af-

fecting the shackle was required. Dye penetrant testing was se-

lected to identify fatigue crack development in the damaged but

un-failed specimens; this is a qualitative method that allows the

visual identification of fatigue cracks by drawing out dye accu-

mulated within small cracks using a developer.

Fatigue cracks were identified in the pin for shackles 7 and 8

Figure 15. FATIGUE CYCLING, 6 SHACKLES IN SERIES.

Figure 16. FATIGUE TEST FAILURE MODE (SHACKLE 6); UNDAM-

AGED SHACKLE 13 INCLUDED FOR COMPARISON.

(Fig. 17), both fatigue cracks developed in the pin under tension.

Opposite the crack, at the point of load application, the surface

of the pin is deformed with a large depression clearly visible.

4.2.5 Evaluation of test results The FE models

facilitated a prediction of areas of weakness for the shackle, and

the scale of loading likely to induce complete failure. The break

tests verified the location of weakness as failures occurred at

the thread of the pin, an area highlighted by the FE model as

susceptible to failure. Damage was also caused to the bow of

the shackle, with significant distortion occurring. The shackle

survived much higher loads than predicted by the FEA and

quoted by the supplier.
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Figure 17. FATIGUE CRACK EXAMPLE (SHACKLE 7), IDENTIFIED

USING DYE PENETRANT TESTING. CRACK OCCURRED UNDER

TENSION.

The fatigue test induced different failures to those observed

in the break tests. The failure in the bow of the shackle occurred

at the location identified by the FE model as the weakest part of

the bow, however it was still a surprising failure given the pin was

anticipated to fail first. A faulty shackle may have caused this;

further investigation into the broken surface will be conducted to

understand this fully.

Dye penetrant testing provided confirmation that the fatigue

tests were causing fatigue damage as intended; tests on shackles

7 and 8 revealed strong evidence of fatigue crack development in

the pin. The location of fatigue failure and cracks observed at the

centre of 3 pins was not the primary location anticipated to fail

by the FE model; however this was identified as an area of high

stress. Simplifications in the loading and boundary conditions

of the FEA model can lead to stress concentrations at the load

boundaries, which may have distorted the FEA results.

Differences between FEA and test results are also caused

by subtle differences in load that occur during physical testing.

Due to the dynamic nature of testing, the load will not be ap-

plied equally across the shackle and there will always be slight

misalignment in the load path. This will inevitably cause differ-

ent failures than the perfect load case analysed by the FE model.

This accounts for the variety of failures observed in the shack-

les but not the difference in load magnitude predicted by the FE

model and observed in the shackle break tests. This needs further

investigation but may be affected by the simplified application of

the loads in the FE model. The FE model remains a useful tool

to predict areas of weakness and provide a starting estimate for

component strength.

The variability of components is also a consideration, par-

ticularly with fatigue failures. A minor surface defect can result

in a stress concentration and allow a fatigue crack to develop re-

sulting in an early failure. The statistical variability of fatigue

requires tests to be repeated numerous times to draw sound con-

clusions. The fatigue tests conducted as part of this work are

to ‘pre-age’ the shackles, not fully define the shackle fatigue be-

haviour. To develop a reliable S-N curve for these shackles would

require a minimum of 15 specimens to be tested to at least three

stress ranges [20].

4.2.6 Further work FE models will be developed to in-

corporate the bow and pin interaction, with refinement of the

boundary conditions and load application. Results will be anal-

ysed neglecting high stress concentrations at boundary edges;

this can cause unrealistic prediction of early failures as seen with

the pin model. A FE fatigue model will also be developed to

compare failure modes to a simple static loading condition. Ob-

served results from DMaC tests will be used to assess accuracy

of both FE models.

Shackles will be deployed in a mooring line at the SWMTF.

New and pre-aged shackles will be deployed and loading con-

ditions monitored to quantify damage exposure using Palmgren-

Miner hypothesis. Mean stress effects and surface finish will also

be analysed. It is also hoped the effect of corrosion can be ex-

amined through this work, to assess the contribution of corrosion

fatigue to early failures in a marine environment.

5 DISCUSSION AND CONCLUSION

This paper has shown two examples where, based on field

load information, physical component testing were able to

contribute information about the reliability and load behaviour

of crucial components. Thus, the service simulation is useful

in using field load information and conditions in understanding

the behaviour and potential failure modes when components are

being used in novel applications under dynamic marine load

conditions.

The investigation into the load behaviour of nylon mooring

ropes showed a linear relationship between increased axial stiff-

ness and increasing mean load, while the load rate had a rela-

tively small effect on the stiffness. The load hysteresis for the

tested regimes depends on load rate and the mean load, where

smaller period oscillations correspond to a reduction of hystere-

sis. The effect of both characteristics would need to be incor-

porated when floating marine installations are designed for long-

term deployments.

The effect of additional environmental influences, such

as biofouling and particulate ingress, on the performance of

mooring ropes is subject of further work.

The break tests of the mooring shackles indicated potential

safety margins, with an average safety factor of 8 regarding the

WLL and a factor of 1.7 regarding the MBL, which could not

be revealed by a prior FEA analysis. The shackle ageing tests

revealed two further failure locations at the bow (which was

identified as weak area in the FEA) and the centre of the pin (1

failed sample, 2 samples with fatigue cracks this location). This
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highlighted the importance of a complete FEA model, including

the pin and the requirement for a thorough appraisal of the

fatigue contributing factors to avoid pre-mature failures.
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