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SUMMARY 
 

 
Increasing focus is being placed on the development of mooring systems for ocean energy converters 
(OECs) as the technology moves towards commercial readiness.  To date, the majority of development 
for mooring systems focused on applications for the offshore oil and gas industry.  The following report 
examines a number of design standards and guidelines developed for the offshore oil and gas industry 
in order to compile information that is applicable to the development of mooring systems for OECs.  
This report is meant to act as a guide for where to find suitable information to aid in the design of a safe 
and reliable mooring system.  Specification for hardware components and some preliminary pricing 
figures for a mooring system design for a floating tidal turbine are also provided. 
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1 INTRODUCTION 
Several floating ocean energy converters (OEC) are currently under development.  A need therefore 
exists to develop safe and reliable mooring systems that allow for efficient operation of these OECs in a 
harsh marine environment.  This mooring hardware study is meant to provide an overview of the 
various components that comprise an OEC mooring system, with primary focus on tidal energy 
converters (TECs) and wave energy converters (WECs).    
 
The majority of mooring knowledge developed to date has been for application in the offshore oil and 
gas industry, with the primary focus being the accurate and predictable station keeping of floating 
platforms.  Over the years, rules and standards were developed to ensure safe and effective mooring 
designs that typically consider a range of topics in either the primary standard or a number of cross-
referenced standards.  Topics addressed include: 
 

 Basic definition of mooring components and configurations 
 Wind, wave, and current loading on structures 
 Effects of marine growth 
 Mooring strength analysis (force calculations, motions modeling) 
 Mooring system fatigue 
 Mooring line specification (types, required strengths and safety factors, and defined testing 

procedures to ensure compliancy) 
 Anchoring specification (types, holding capacities and safety factors, effect of seabed type) 

 
Standards that address the above topics are published by the American Bureau of Shipping, the 
American Petroleum Institute, and Det Norske Veritas.   Standards relevant to OECs published by each 
of these organizations are listed below:  
 

 American Bureau of Shipping (ABS) 
o Rules for Building and Classing Single Point Moorings [1] 
o Rules for Building and Classing Mobile Offshore Drilling Units [2] 
o Rules for Materials and Welding [3] 
o Guidance Notes on The Application of Synthetic Ropes for Offshore Mooring [4] 

 American Petroleum Institute (API) 
o Design and Analysis of Stationkeeping Systems for Floating Structures [5] 
o Recommended Practice for the Analysis of Spread Mooring Systems for Floating 

Drilling Units [6] 
o Recommended Practice for Planning, Designing, and Construction Floating Production 

Systems [7] 
 Det Norske Veritas (DNV) 

o Offshore Steel Structures (DNV-OS-C101) [8] 
o Position Mooring (DNV-OS-E301) [9] 
o Offshore Mooring Chain (DNV-OS-E302) [10] 
o Offshore Mooring Fibre Ropes (DNV-OS-E303) [11] 
o Offshore Mooring Steel Wire Ropes (DNV-OS-E304) [12] 
o Design and Installation of Fluke Anchors in Clay (DNV-RP-E301) [13] 
o Design and Installation of Plate Anchors in Clay (DNV-RP-E302) [14] 
o Environmental Conditions and Environmental Loads (DNV-RP-C205) [15] 
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Information from both the references listed above and other resources is used to identify the areas 
requiring consideration and to identify proposed methodologies for developing a reliable OEC mooring 
design. 
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2 LOADING SPECIFICATION AND DESIGN CRITERIA 
The mooring system design depends on the static and dynamic loading specific to the device, as well as 
the water depth, station-keeping requirements and the environmental conditions that the device is 
operating in.  The mooring system is crucial to the survival of the ocean energy converter.  In many 
cases, the mooring system is also an integral part of the design and can be used to control the dynamics 
and stability of the device.  
 
The design conditions for an OEC are defined as the most severe combination of wind, waves and 
current loading since they are considered permanent installations.   
  
For TECs, the loading on the mooring system is primarily due to the interaction of the tidal current with 
the rotor and supporting structure.   Wave forces can also impose drift loads and motions for a TEC 
supported by a floating structure in an exposed ocean environment.   Wind forces may need to be taken 
into account in the case of a TEC with considerable sail area due to a large superstructure.  Once all the 
forces on the TEC have been quantified, a mooring system can be designed that is best suited for the 
specific device and deployment location.  Additional consideration needs to be given to survivability 
under extreme loading cases such as in the event of storm surges and tsunamis.   
 
Mooring systems for wave energy converters are designed to satisfy station keeping requirements and 
ensure survivability under a 100-year wave event.  Wave height versus wave period data should be 
obtained for the specific site or, alternatively, a suitable wave spectrum for the deployment site needs to 
be selected such as a JONSWAP, Pierson-Moscowitz or Bretschneider spectrum for calculation 
purposes.  Current and wind forces may also need to be taken into account depending on deployment 
site and the above surface profile of the wave energy converter.  In addition, special consideration needs 
to be made for how the mooring system interacts with the wave energy converter to ensure that there 
are no adverse effects on performance.  
 
A high level methodology is provided below for calculating current, wave and wind loads.  In general, 
ocean energy devices have not yet converged on a standardized design.  For this reason it is not yet 
possible to provide a detailed, all-encompassing load calculation procedure.  It is therefore the 
responsibility of each device developer to determine the most effective means of calculating the loads.   

2.1 CURRENT LOADING 
The sizing of the mooring system hardware is dependent on the static and dynamic loads acting on the 
ocean energy device.  

2.1.1 STATIC  LOADING 
The static loading due to a steady current force on the structure can be quantified using the following 
equation: 
 
 Equation 1:  Current Loading Calculation 
 Fc = Cd · 0.5 · ρ · A · V2 
 
Where Fc is the current force, V is the current speed, A is the projected area of the structure normal to 
the flow, ρ is the water density and Cd is the drag coefficient.   
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For conventional shapes such as plates, cylinders, and airfoils, the drag coefficient can be obtained from 
published data.  When using published data, it is important to ensure the given drag coefficient is valid 
within the required Reynolds number envelope.   
 
It is important to note that the current loads are not constrained to the direction of current flow but act in 
all three dimensions.  Appreciable lift forces can develop on certain profiles that can cause a moored 
device to crab sideways.  The mooring system may need to be modified to counteract crabbing forces to 
remain within acceptable station keeping requirements.  In the simplest case, crabbing can be 
minimized by using spread mooring instead of single point mooring.   
 
An additional point to consider when calculating static loading is the added drag on the structure due to 
marine growth.  Marine growth changes the roughness of the surface, thereby affecting the drag 
coefficient.  Marine growth can also increase the effective size of the structure leading to an increase in 
drag.  The effects of marine growth are further discussed in Section 2.4. 

2.1.2 DYNAMIC LOADING 
In many cases, the current loads have a fluctuating component in addition to static forces.  Examples of 
dynamic loads include vortex shedding behind shapes such as cylinders, periodic loading on turbine 
blades and irregular lift forces developed in the transverse flow direction.  Even if the current loading 
can be considered constant when computed for individual components that make up the structure of an 
OEC, the interaction between all structural components can lead to dynamic loading.  Moreover, the 
turbulence in the flow can also result in time variant fluctuation in current loads. 
 
Additional complexity arises for surface piercing designs because the drag forces are a function of both 
Reynolds number and Froude number.  As the Froude Number increases from zero, the water surface 
begins to deform resulting in additional drag due to wave making. Depending on the length of the hull, 
the wave drag can account for more than 50% of the total drag on a floating support structure such as a 
catamaran-type platform supporting a turbine. 
 
The amount of structure blockage adds another complexity to the drag force calculation process. 
Published lift and drag values are typically provided for single isolated members.   OECs are often 
made up of multiple closely spaced structures that are assembled together.  Densely spaced structures 
cause the flow to slow down as it travels between the structures thereby increasing the overall drag load 
on the structure.  Blockage factors are provided in the API guidelines for structures made of multiple 
cylinders as a function of current heading.   Complicated shapes, however, require more advanced 
methods such as experimental testing or computational methods to accurately calculate the drag on the 
structure.  
 
Due to the complexity of the flow, especially around TEC in high current conditions, an accurate 
prediction of current loads can only be determined through numerical analysis or physical testing.   

2.1.3 ADVANCED ANALYSIS METHODS 
Computational Fluid Dynamic (CFD) simulations provide a relatively efficient and accurate method of 
calculating both drag and lift loads on an ocean energy converter.  RANS based methods can accurately 
capture the interaction between structures and calculate dynamic current loading.     

2.2 WAVE LOADING 
The loads due to waves are calculated in two different methods depending on the size of the structure in 
relation to the wavelength.  Diffraction and radiation effects are important for structure with a 
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characteristic dimension greater than 0.1 of the wavelength.  These structures are referred to as 
hydrodynamically compact.   
 
Structures with a characteristic dimension less than 0.1 of the wavelength can be assumed not to have 
an influence on the waves and water particle trajectories.  These structures are referred to as transparent.  
 
Linear diffraction and radiation theory is used to compute the wave forces on large structures.  
Diffraction theory is used to calculate the first order excitation forces on the structure due to waves.   
Radiation theory considers the moving structure in water and computes the added mass and damping 
coefficients.   
 
The wave forces on small structures such as cables and risers can be calculated using an empirical 
formula known as the Morison equation.  The Morison equation relies on the knowledge of inertia and 
drag coefficients for the structural members.  These coefficients can be found in published data or 
determined experimentally or through computer simulations.  Wave energy converters can also be 
considered small structures for calculations in extreme conditions where the wavelengths are large in 
comparison the characteristic length. 
 
Once all the forces are quantified, the motions of the structure can be computed from the equations of 
motion for six degrees of freedom floating structures. 
 
Model tests in a towing tank or offshore basin can be used to calculate the wave induced loads on 
structures, especially when dealing with complex shapes.  Computational methods using panel codes 
can also be used as for calculating wave induced motions and forces.   
 
Methods for calculating wave loading are well documented in literature.  The following references were 
found to provide a very thorough explanation and procedure of calculating wave forces.    

 Chakrabarti, Subrata (2005). Handbook of Offshore Engineering.  Oxford, UK: Elsevier. 
[16] 

 American Petroleum Institute 2005, Addendum 2008.  “Design and Analysis of 
Stationkeeping Systems for Floating Structures”, API-RP-2SK, Washington. [5] 

 
The Naval Sea Systems Command (NAVSEA) has produced document DDS 581-1, which is also an 
excellent reverence document for calculating the combination of wind, wave and current forces for 
ships.   

2.3 WIND LOADING 
In most cases, the wind load represents a small portion of the total load on an ocean energy converter.  
Nonetheless, Equation 2 can be used to calculate wind loads on the OEC’s superstructure in much the 
same manner as done for calculating static current forces.  Wind load can also be determined using 
CFD methods or by wind tunnel testing. 
 

Equation 2:  Wind Loading Calculation 
 Fw = Cd · 0.5 · ρ · A · V2 
 
Where Fw is the wind loading force, V is the current speed, A is the projected area of the structure 
normal to the incoming wind direction, ρ is the air density and Cd is the drag coefficient.   
 
If an OEC with appreciable superstructure area is deployed in a high wind, wave and current site, a 
force matrix would need to be computed to identify critical loading combinations. 
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2.4 MARINE GROWTH AND ENVIRONMENTAL FACTORS 
The effects of marine growth on a moored structure must be carefully considered in order to mitigate 
negative effects over the desired lifespan of the device.  Marine growth, or fouling, can affect an OEC 
in a number ways, including: 

 Added weight to the device and mooring system:  The weight of marine growth may 
significantly affect the natural oscillating frequencies of a WEC, or natural pitching/roll 
frequencies of a TEC.  Added weight may further increase the weight of mooring lines or 
other components, thus reducing reserve buoyancy as well as changing a device’s dynamic 
response under the influence of the mooring system. 

 Added thickness to an OEC either on the device itself, the mooring lines, or other 
mooring components:  This added thickness creates a greater exposed area of a 
component, which will increase the corresponding drag.  This affects both the global loads 
on a structure due to surrounding currents, as well as the relative motion between moving 
parts, which may affect a device’s performance or response to a mooring system. 

 Altered surface roughness of a component:  An altered surface roughness may affect the 
drag coefficient of a moving part, affecting the dynamic response of a system. 

 Interference between moving parts:  Marine growth over a period of time may affect 
mooring components such as swivels, etc. through physical interference.  Parts 
experiencing minimal movement during deployment and which then are required to be 
released or adjusted to conduct maintenance or move the device may experience binding or 
not function as planned. 

 
To account for marine growth, a proper investigation pertaining to the specific deployment region 
should be conducted to accurately predict the growth that will occur depending on geographical 
location, water depth, exposure to sunlight, current activity, use of antifouling coatings, etc.  This may 
be through referencing previous papers or studies, or by studying existing structures in the area.  Based 
on these results, predictions for the thickness and weight of marine growth may be developed, and their 
corresponding effects accounted for.   
 
In the absence of detailed data, DNV Offshore Standard E301 [9] provides a guidance note to account 
for the effects of marine growth on long term mooring systems by increasing the weight of line 
segments, and increasing the drag coefficients on the line to account for increased thickness.  This data 
is applicable to latitudes between 56oN and 72oN, and is likely a reasonable estimate for conditions 
observed along British Columbia’s coastline; however, it does not necessarily account for the same 
current conditions and sunlight exposure as the targeted OEC deployment.  This method should 
therefore be used only as a guide until more accurate data may be obtained.  
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Equation 3:  Guidance Note on Marine Growth from DNV-OS-E301 [9] 

 
 
Ice build up on marine structures can also significantly affect the drag of an OEC.  In cold climates, 
snow, rain and spray may freeze on surfaces above the water (Figure 1), adding weight to the device 
and thus affecting its buoyancy and dynamic response.  The increased surface area above the water will 
lead to greater wind loading, while ice build-up near the water surface and stagnation points (especially 
in fresh water applications) may change the shape and surface area of components exposed to water 
current loading.  Such effects should be taken into account by assessing a moored OEC’s response 
under operational conditions affected by predicted ice build-up using adjustments to weight and drag 
coefficients or surface area.  
 
Lastly, entrained debris such as logs, sea weed, or floating ice may further increase the loading 
observed on an OEC, and should be considered on a location-by-location basis to ensure accurate 
modeling of maximum loading conditions. 
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Figure 1:  Ice build-up on a water current energy converter [17] 

2.5 DESIGN CRITERIA AND SAFETY FACTORS 
When evaluating mooring systems, two categories of environmental conditions are typically addressed: 
 

 maximum design condition 
 maximum operating condition  

 
The maximum design condition is the combination of wind, waves, and currents for which the mooring 
system is designed to survive.  Typically, a 100-year design requirement is specified to ensure survival 
under the following environmental conditions [5]: 
 

 100-year wave loading with associated winds and currents 
 100-year wind loading with associated waves and currents 
 100-year current loading with associated waves and winds 

 
Careful consideration must be given to the loading instances to ensure that it isn’t simply assumed, for 
example, that the highest amplitude 100-year wave will dictate the survival requirements of a mooring 
system.  It is possible that a wave spectrum of seemingly less severity than that of the highest 
amplitude, but of appropriate frequency, may pose the greatest risk to a device due to resonance 
behavior within a system.   
 
When considering design safety factors, both DNV-OS-E301 [9] and API-RP-2SK [5] highlight the 
necessity to analyze an offshore system for maximum loads when intact, or in its Ultimate Limit State 
(ULS), as well as when damaged, or in its Accidental Limit State (ALS), For each instance, varying 
degrees of safety are recommended.  Damaged condition or ALS may occur in the event of a single line 
failure if multiple mooring lines are used, or under a potential structural failure that would increase the 
device loading depending on the type of device. 
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API-RP-2SK [5] further acknowledges the need to differentiate between long-term permanently moored 
structures and short-term mobile moorings where a deployment is intended to last only a few years.  
Given there is no definitive differentiation distinguishing permanent from mobile moorings, the 
designer must make judgment based on the risk of exposure to severe conditions and the consequences 
of a mooring system failure.  Similarly, for a mobile or temporary structure, judgment may be used to 
justify designing to less than the 100-year standard. 
 
The type of analysis performed to quantify observed loads further dictates the design factor to be used 
against breaking of mooring system components.  The analysis of mooring systems may typically be 
separated into Quasi-Static and Dynamic analysis, defined as follows: 

 Quasi-Static Analysis:  In this approach, device characteristics such as response in waves 
(often calculated using response amplitude operators), and calculated displacements due to 
current and wind loading conditions, are used to statically predict the device offsets and 
associated tensions in the mooring system.  This approach neglects dynamic effects on the 
mooring lines due to mass/inertia, torsion, damping, and fluid motion, and therefore renders 
shock loading very difficult to quantify.  Accuracy of tension predictions may also be 
affected by vessel type and mooring line configurations. 

 Dynamic Analysis:  Dynamic analysis accounts for the time varying effects due to mass, 
damping, and fluid acceleration.  Dynamic models are used to predict mooring line 
responses to a vessel’s surge, sway, heave, pitch, roll, and yaw motions, and may be 
performed in either the frequency or time domain. API-RP-2SK [5] describes that in the 
time domain analysis, all nonlinear effects can be modeled, while in the frequency domain 
method the analysis is linear and employs the linear principle of superposition.  This may 
not fully account for non-linear effects attributed to items such as line stretch, line 
geometry, fluid loading, and sea bottom effects, and the validity of applied models should 
be verified. 

 
API-RP-2SK [5] recommends that dynamic analysis be performed for a permanent mooring, while 
either a quasi-static or dynamic analysis is permissible for mobile moorings, while DNV-OS-E301 [9] 
adjusts the safety factor according to the uncertainty in the type of analysis performed. 
 
Guidelines and suggested safety factors for moorings from DNV-OS-E301, API-RP-2SK, and ABS 
Rules for Building and Classing Single Point Moorings are provided in Sections 2.5.1 through 2.5.3 for 
use as a guideline in designing OEC mooring systems. 

2.5.1 DNV SAFETY FACTORS AND GUIDELINES 
DNV-OS-E301 [9] provides recommended safety factors considered in two consequence classes as 
follows: 

 Class 1:  where mooring system failures is unlikely to lead to unacceptable consequences 
such as loss of life, collisions with other structures, or capsizing or sinking.  Uncontrolled 
flow of oil or gas is also identified as unacceptable for offshore installations; however, is 
likely not applicable for OECs. 

 Class 2:  where the consequences of a mooring failure are likely to include such 
unacceptable consequences. 

 
A governing equation determining the safety of mooring line components in ULS is as follows [9]:  
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Equation 4:  Mooring design equation for ULS [9] 
 

  
  
Where: 
 SC = Characteristic strength of mooring line segment 
 TC-mean = Characteristic mean line tension 
  = Partial safety factor on mean tension 
 TC-dyn = Characteristic dynamic line tension induced by low frequency and wave  
   frequency loads in the environmental state 
     = Partial safety factor on dynamic tension 
 
Partial safety factors for use in Equation 4 may be found in  
Table 1 dependent on the type of analysis form and the consequence class as follows: 

 
Table 1:  Partial Safety Factors for ULS Conditions [9] 

 
 
It should be noted that if the characteristic mean tension of a mooring line exceeds 2/3 of the 
characteristic dynamic tension, when considering consequence class 1 then a common value of 1.3 shall 
be applied instead of separate static and dynamic safety factors.  This is meant to ensure adequate safety 
in cases dominated by mean tension.  Additionally, for cases where a system has been designed without 
redundancy, as may often be the case of OECs so as to optimize device performance, it is stated that the 
factors in  
Table 1 above be increased by a factor of 1.2 and that the consequences of a failure be minimized.   
 
Under ALS conditions, partial safety factors are reduced to reflect the fact that the 100 year design 
condition is relatively conservative to begin with, and in this instance it will be fixed as soon as 
possible.   

Table 2:  Partial Safety Factors for ALS Conditions, and Mooring Foundations in ULS [9] 

 
 
The safety factors found in Table 1 are also applicable to anchor foundations under ULS, while for ALS 
conditions the following safety factors are provided: 
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Table 3:  Anchor Foundation Load Coefficients for ALS [8] 

 
 
An additional guideline applicable to OEC deployments is when considering the connection point 
between mooring lines and buoyancy elements within the mooring system.  For cases where mooring 
line buoyancy elements are dynamically modeled completely including buoyancy, inertia, and drag 
forces, the safety factor on the loads in the connection components should be 1.5.  For cases where less 
accurate modeling has occurred, the strength of the connection shall be able to withstand a minimum of 
5 times the buoyancy force of the buoyancy element. 
 
In addition to the safety factors above for use in mooring line specification, the line length must also be 
selected to ensure reliable operation of the systems.  It is recommended [9] that for anchors not 
designed to take uplift forces: 
 

 Mooring lines shall have enough length to avoid uplift at anchors for all relevant ULS 
design conditions 

 Vertical forces on the anchors can be accepted in ALS if it is documented that they will not 
significantly reduce the characteristic resistance of the anchors 

 Unrealistic line lengths to meet the requirements above shall not be used as part of an 
analysis.  A guidance note on this topic states that “the maximum deployed line length 
allowed to be taken into account in the calculations is limited to the suspended length at a 
line tension equal to the breaking strength of the line plus 500m.” [9] 

 
For anchors designed to resist vertical pulls, shorter lines are permitted. 

2.5.2 API RP 2SK SAFETY FACTORS AND GUIDELINES 
API RP 2SK [5] provides specific design criteria for mooring system components in the form of both 
safety factors and a percentage of the minimum breaking strength (MBS) of a mooring line.  These are 
provided for mooring lines in  
Table 4 below.  Similar to DNV guidelines, it is recommended that the line length should be such that 
uplift loads on a drag anchor are prevented. 

 
Table 4:  Mooring Line Tension Limits and Safety Factors [5] 

 
 
Safety factors on the loads applied to anchors used in the mooring system are also provided by anchor 
type (Table 5 and Table 6). 
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Table 5:  Drag Anchor Safety Factors [5] 

 
 

Table 6:  Safety Factors for Pile, Plate, and Gravity Anchors (Dynamic Analysis) [5] 

 
 
In addition to the general safety factors discussed above, API RP 2SK Appendix E [5] provides 
supplementary guidelines related to safety factors as part of finite element analyses pertaining to a 
number of specific anchoring components and conditions.  

2.5.3 ABS RULES FOR BUILDING AND CLASSING SINGLE POINT MOORINGS SAFETY 

FACTORS 
ABS [1] recommends the following safety factors for the components of each anchor leg in single point 
moorings against the minimum breaking strength of components: 

 
 Anchor leg factor of safety for design storm conditions with all lines intact if the vessel 

maybe removed prior to experiencing storm conditions:  2.5 
 Anchor leg factor of safety at design operating conditions and all lines intact:  3.0 
 A reduced factor of safety of 2.5 is permissible for the design operating condition when a 

factor of safety of 2 remains if a single line of a multiple line system fails 
 Structural and mechanical components (mooring hardware such as connecting links, 

shackles, etc.) which transmit mooring loads are to be designed to the greater of: 
o 2.5 times maximum anchor leg / mooring line load in design storm condition 
o 3 times the maximum design anchor leg/mooring line load in operating condition 

2.6 FATIGUE CONSIDERATIONS 
The dynamic nature of OECs renders them especially susceptible to vibrations from moving parts and 
fluctuating loads.  This makes fatigue loading a primary concern in the design of OEC mooring 
systems, and care must be taken to ensure all driving forces are accounted for in a fatigue analysis. 
 
Approaches for addressing fatigue in mooring systems as recommended in API RP 2SK and DNV OS 
E301 are summarized below for reference.  If implementing one of these approaches, it is 
recommended to work through the chosen standard or recommended practice in full to ensure 
appropriate application of the calculations. 
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2.6.1 API RP 2SK FATIGUE CONSIDERATIONS 
In general, mooring component fatigue life is recommended to be at least 3 times the design service life 
of a mooring system.  For mobile and non-permanent mooring systems, the abuse from frequent 
deployment and retrieval of a system may force replacement of mooring components prior to fatigue 
limits are reached, and in these cases a reduced fatigue life assessment may be shown to be acceptable. 
 
For mooring systems, API RP 2SK [5] recommends the use of a T-N curve that gives the number of 
cycles to failure for a mooring component as a function of constant normalized tension range.  The 
Miner’s Rule is then used to calculate the annual cumulative fatigue damage ratio D:   
  

Equation 5:  Miner's Rule Annual Cumulative Fatigue Damage Ratio [5] 

  
 where:  ni = number of cycles per year within the tension range interval i 
   Ni = number of cycles to failure at normalized tension range i as given by the  
            T-N curve     
 
The design fatigue life, 1/D, should be greater than the field service life multiplied by the recommended 
safety factor of 3.  It is further recommended that a quasi-static approach not be used in the calculation 
of a fatigue life due to the inability to accurately predict dynamic loads.   
 
Due to a number of factors such as potentially unrealistic testing conditions, lack of a broad number of 
testing samples, and the high cost of obtaining accurate fatigue data, often times recommended T-N 
curves are best estimates of fatigue resistance of a component rather than the result of thorough testing 
and analysis.  For these reasons, experience checks, FEA analysis examining stress concentrations, and 
comparisons with other T-N curves for similar components are recommended.   
 
Tension-Tension (T-T) fatigue provides a means of calculating the nominal tension fatigue lives of 
mooring components as follows: 
  

Equation 6:  T-N Curve Calculation [5] 

  
 where:   N = number of cycles 
    R = Ratio of tension range (double amplitude) to reference / minimum  
           breaking strength (RBS or MBS) 
   
Table 7 below provides values for calculation of the fatigue cycles, with Lm being equal to the ratio of 
mean load to reference breaking strength for wire rope and used in the calculation of K.  Where not 
provided, values must be obtained from API or suitable manufacturers.  Corresponding mooring fatigue 
design curves are provided in Figure 2. 
 

       13 



Mooring Hardware Specification for Marine Energy Converters August 31, 2010 

Table 7:  M and K Values [5] 

 
 

 
Figure 2:  Mooring Fatigue Design Curves [5] 

 
The T-N curves shown in Table 7 for wire rope are only applicable when the rope is protected from 
corrosion using methods including galvanizing, jacketing, blocking compound, and zinc filler wires.  In 
calculating wire rope API RP 2SK [5] suggests that the following three methods may be used to 
account for the varying lifespan at differing mean tensions: 
 

1. For each seastate determine the mean load and corresponding design curve, and calculate 
fatigue damage for that seastate; 

2. Determine average mean load for seastates causing significant damage and use design 
curve for the average mean load for all seastates; 

3. Use the design curve for a mean load of 0.3 of reference breaking strength, though this is 
not applicable in a taut leg or tension leg platform systems. 
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Should method 2 or 3 be used, it should be ensured that these simplified approaches lead to 
conservative predictions. 
 
Bending-Tension and Free Bending on wire rope and chain, especially in way of fairleads and winches, 
must also be considered when calculating the fatigue life of mooring system components.  It is 
recommended that in the absence of a detailed fatigue design, it is important to incorporate some design 
guidelines to limit fatigue damage.  Considering wire rope, the fairlead to line diameter ratio (D/d) 
should be large enough to avoid excessive bending, as per Table 8 below.  Also provided is a 
comparison of the bending-tension and tension-tension fatigue lives of mooring lines, taken from a 
study on a semi-submersible deployment in the North Sea, to serve as a guide in avoiding excessive 
bending-tension fatigue for wire ropes.  Considering chain, components in regular contact with fairleads 
should be regularly inspected and shifted to avoid repeated bending.  Tension bending of a horizontal 
link over a shallow groove generates very high stresses.  T-N tests of chains over a five-pocket fairlead 
have shown 5% - 20% of B-T fatigue life in terms of T-T fatigue life, with seven-pocket fairleads 
showing much improved life.  Due to the varying types of chain systems and components, it is 
recommended that finite analysis be used to evaluate stress concentration regions near stoppers, 
fairleads, hawser pipes, etc. as part of a fatigue analysis. 
 

Table 8:  Comparison of B-T and T-T Fatigue Life [5] 

 
 
The annual fatigue damage accumulated in a mooring line component may then be calculated from a 
summation of the damage occurring in the discretised environmental states.  Each environmental state i 
is defined in terms of the wind, wave, and current parameters expected to occur, and the probability Pi 
of each occurrence is required.  Discretisation should be sufficiently detailed to avoid any significant 
error. 
 

Equation 7:  Fatigue Damage Summation [5] 

  
 Di = annual fatigue damage due to environmental state i. 
 
The calculated fatigue life (L) of the mooring system is then: 
  

Equation 8:  Fatigue Life [5] 
 L = 1 / D  (in years) 
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The annual fatigue damage occurring in an individual state may be computed as: 
  

Equation 9:  Annual Fatigue Damage [5] 

  
 where: M and K are as above 
  ni = number of tension cycles in state I per year 
  E[Ri

M] = expected value of normalized tension range Ri raised to M, in state i 
 
The number of tension cycles per year in each state may then be calculated as follows: 
 

Equation 10:  Number of Tension Cycles per Year [5] 

  
 where: vi = zero up-crossing frequency (hertz) of the tension spectrum in state i 
  Ti = time spent in environmental state i per year 
  Pi = probability of occurrence of environmental state i 
 
To combine damage due to low and wave frequency fatigue damage, API RP 2SK [5] proposes four 
methods: 
 

1. Simple Summation:  low frequency and wave frequency damages are calculated 
independently and total damage is assumed to be the sum of the two. 

2. Combined Spectrum:  the combined low frequency and wave frequency is first calculated, 
and total damage is calculated using the standard deviation of the combined spectrum. 

3. Combined Spectrum with Dual Narrow-Banded Correction Factor:  a correction factor 
is applied to the combined spectrum method. 

4. Time Domain Cycle Counting:  Fatigue damage is calculated using a cycle counting 
method to estimate the number of tension cycles and expected value of the tension range 
from a time history of tensions.  The tension time history may be determined by at time 
domain mooring analysis, or from the combined low and wave frequency tension spectrum. 

 
It is recommended to refer to Section 6.3.2 of API RP 2SK [5] for a detailed discussion on the 
advantages and disadvantages of each of the 4 methods for combining low and wave frequency fatigue, 
and the mathematical formulations for each. 
 
In addition to the driving frequencies from wave, wind, and current loading, and the moving parts of the 
OECs themselves, Vortex-Induced Motion (VIM) caused by vortex shedding of cylindrical components 
in currents must also be assessed to see if it is a significant contributor to fatigue life.  The frequency of 
vortex shedding is related to the Strouhal number (S) as shown in Equation 11.  Transverse motion 
amplitude to diameter ratio (A/D) typically has a maximum value of 1.  VIM is discussed in further 
detail in API RP 2SK [5] Appendix H. 
 

Equation 11:  Vortex Shedding Frequency [5] 
 fs = SVc / D 
 where: Vc = current velocity 
  D = cylinder diameter 
 
Based on the calculations above, the recommended procedure for a detailed fatigue analysis from API 
RP 2SK [5] is summarized as follows: 
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1. Environmental events can be represented by a number of discretized environmental states 
consisting of significant wave height, peak spectral period, spectral shape, current velocity, 
and wind velocity.  In general, 8 to 12 reference directions and 10 to 50 reference sea states 
provides good representation, though this will vary significantly according to site and a 
sensitivity study is best used in selecting the number of states to assess as fatigue damage 
will be sensitive to the data used.  The probability of each state should be known. 

2. Each environmental state should be analyzed according to the procedures used for mooring 
strength analysis to determine system loading. 

3. Determine M and K values for Table 7. 
4. Compute annual fatigue damage from on environment from both low frequency and wave 

frequency tension. 
5. Repeat step 4 for all environmental states and compute the total fatigue damage D and 

fatigue life L using Equation 7 and  
6. Equation 8. 

 
In addition to the general fatigue analysis discussed above, API RP 2SK Appendix E [5] provides 
supplementary guidelines for a number o f specific anchoring components such as drag anchors and 
piles and should be consulted if conducting a mooring system design. 

2.6.2 DNV-OS-E301 FATIGUE CONSIDERATIONS 
DNV-OS-E301 [9] offers a similar approach to dealing with fatigue as API RP 2SK [5].  Fatigue 
damage accumulated in a mooring line component is a result of the summation of the fatigue arising in 
a set of discretised environmental states representing the environment: 
 

Equation 12:  Accumulated Damage Fatigue [9] 

  
 where di is the fatigue damage to the component arising in state i of n total states 
 
When effects of mean tension can be neglected, fatigue damage accumulated in an individual state may 
be computed as: 
  

Equation 13:  Fatige Damage per State [9] 

  
 where: ni = number of stress cycles encountered in state i 
  fSi(s) = probability density of normal stress ranges of magnitude s leading to  
   failure  
  note: nominal stress ranges computed from nominal component diameter  
  which is equal to 2*pi*d2 / 4 for chain, and pi*d2 / 4 for steel wire rope; in a  
  fatigue analysis 50% of chain’s corrosion allowance may be taken into account 
  

Equation 14:  Number of Stress Cycles per State [9] 

  
 where: vi = mean-up-crossing rate frequency (hertz) of stress process in state i 
  Pi = probability of state 
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  TD = design life of mooring component in seconds 
 
To calculate the fatigue properties of a line component, the following equation may be used: 
 

Equation 15: Component Fatigue Properties [9] 

  

  
 where: nc(s) – number of cycles 
  s = stress range (double amplitude) in MPa 
  aD = intercept parameter of S-N curve 
  m = slope of S-N curve 
 
Values for use in Equation 15 are provided in Table 9 below, while Figure 3 provides the corresponding 
linearized S-N curves.  Considering items such as shackles, DNV-OS-E301 [9] recommends the use of 
the B1 curve parameter according to DNV-RP-C203 [17], and appropriate stress concentration factors 
from FEA analysis, to conduct a proper analysis. 
 

Table 9:  Fatigue Curve Parameters [9] 

 
 
 

 
Figure 3:  S-N Fatigue Curves for Chain and Corrosion-Protected Wire Rope [9] 

 
The S-N curves above are for tension-tension fatigue only.  Additional fatigue caused by out of plane 
bending (OPB) often occurring in the following locations must also be analyzed, typically using finite 
element analysis to implement stress concentrations: 
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 Chain links frequently located on a chain wheel (fairlead) with 7 pockets have a stress 
concentration factor 1.15 

 Wire rope passing over sheaths, pulleys, or fairleads 
 Chain passing over bending shoes and chain link constraint provided by chain hawse or 

chain stopper 
 
Provided Equation 15 is applicable to the component fatigue properties, fatigue damage in a given 
environmental state may be calculated as: 
  

Equation 16:  Fatigue Damage in Environmental State i [9] 

  
 where: E[Si

m] = the expected value of the nominal stress ranges (accounting for  
  pretension and environmental loads) raised to the power m in state i. 
  note: it is important to calculated dynamic response of frequency loads 
  at representative offset for each environmental state. 
   
Similar to API RP 2SK [5], DNV-OS-E301 [9] provides a detailed procedure for combining fatigue due 
to both high and low frequencies.  An overview of the narrow-banded assumption for when low 
frequency contributions are negligible is provided.  For cases where both significant wave-frequency 
and low-frequency components contribute, it is acknowledged that the rain-flow counting technique 
provides the most accurate estimate for the probability density of the tension ranges; however, this 
method requires time consuming analysis.  In its place, the combined spectrum approach and dual 
narrow-band approaches are recommended.  Given the variety of environments and forcing frequencies 
applicable to OECs, detailed review of the mathematical processes behind the combining of multi-
frequency fatigue damage is beyond the scope of this report.  It is recommended that the mooring 
system designer review the various methods and select the most appropriate according to the existing 
parameters. 
 
The design equation to ensure resistance to fatigue failure for lines not regularly inspected ashore is as 
follows, while regularly inspected lines ashore may have a safety factor of 3: 
  

Equation 17:  Fatigue Design Equation for Non-Inspected Lines [9] 

  
 where: Dc = characteristic fatigue damage 
   = the single safety factor for fatigue limit state 
   = 5 when dF < 0.8 

   when dF > 0.8 
  where: dF = adjacent fatigue damage ratio, which is the ratio between  
           characteristic fatigue damage dc in two adjacent lines taken as the  
           lesser damage divided by the greater damage (cannot be greater  
           than one) 
 
In addition to the safety factors above, the number of fatigue tests and probability of failure must be 
taken into account.  It is usual practice to offset the design value of the aD parameter of the S-N curve 
(Equation 15) by two standard deviations ( ), implying that the realized value is likely to exceed the 
design value with a probability of 0.9772: 
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Equation 18:  a-Parameter Correction for Fatigue Probability [9] 

  
 
For instances where the test sample set size (l) is relatively small, the aD parameter may be adjusted 
using a correction factor kp(l) in combination with the standard deviation ( )as follows: 
  

Equation 19:  a-Parameter Correction for Low Sample Size [9] 

  
 where: 

  
 
Considering fibre ropes, tension-tension fatigue life shall be calculated using methods described above, 
while tension-compression fatigue is typically not a problem unless for certain types of fibres such as 
Aramid.  In this case, manufacturer guidelines should be used for fatigue testing. Equation 20 and Table 
10 below provide the component capacity against tension fatigue for polyester rope, which is illustrated 
in Figure 4. 
 

Equation 20:  Fibre Rope Capacity Against Tension Fatigue [9] 

  
 

Table 10:  Polyester Rope Fatigue Parameters [9] 

 
 

 
Figure 4:  Polyester Rope Fatigue Capacity [9] 

 
 

       20 



Mooring Hardware Specification for Marine Energy Converters August 31, 2010 

The design equations for fatigue limit state (FLS) for fibre rope is as per Equation 17, with the single 
safety factor   = 60 for polyester rope.  This abnormally large safety factor (typically between 1 – 10) 
is due to the variability in test results of the polyester R-N curve, and large exponent m = 13.64 for 
polyester components.  Alternatively, fatigue life can be qualified against design curve for spiral rope.  
For long-term mooring (5 or more years), the ratio between fatigue life and design life shall be 5 – 8; 
however, if the fibre rope will be replaced a factor of 3 can be accepted. 
 
Lastly, considering probability of failure, Table 14 below provides target annual probability of failure 
for ultimate limit state (ULS), accidental limit state (ALS), and fatigue limit state (FLS) according to 
consequence class as discussed in 2.5.1. 
 

Table 11:  Failure Probabilities [9] 

 
 

2.7 CORROSION ALLOWANCE 
Accounting for corrosion of mooring components in a saltwater environment is especially critical when 
designing a safe and reliable mooring system for long-term application.  Typically, for chain and other 
hardware components within a mooring system, corrosion effects are mitigated using a specified 
diameter increase for related to the desired lifespan of the system.  API RP 2SK [5] suggests following 
current industry practice by increasing chain diameter by 0.2 mm to 0.4 mm per service year for 
components in the splash zone and in the dip or thrash zone on hard bottom.  In the remaining length, a 
diameter increase of 0.1 mm to 0.2 mm per service year is considered acceptable.  For strength analysis, 
the diameter of the chain should not include the increased diameter for corrosion and wear; however, 
when considering fatigue, it may be acceptable to apply a chain diameter specific to the time period of 
analysis only if the corrosion rate can be accurately predicted. 
 
Similar to the allowances above, DNV-OS-E301 [9] provides recommended corrosion allowances for 
chain as per Table 12: 
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Table 12:  Corrosion Allowance for Chain [9] 

 
 
Considering wire rope, typically a polyethylene or polyurethane jacketing is employed for corrosion 
protection.  The jacketing material should be a high density type, and all wires should be galvanized.  
Zinc filler wires are sometimes incorporated to provide additional corrosion protection.  A filler 
material is used to block the inside spaces between the wires to minimize the spread of corrosion with 
ingress of salt water [5].  Recommendations for life expectancy are provided in Table 13 and Table 14: 
 

Table 13:  Wire Rope Life Expectancy [5] 

 
 

Table 14:  Wire rope recommended design life [9] 
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Lastly, it is also noted that the ends of each mooring line section should be terminated with sockets.  A 
resin material is preferred over zinc for pouring the sockets.  For permanent moorings, the sockets are 
typically provided with flex relieving boots (bend stiffeners) joined to the socket in a manner to seal out 
the ingress of water and limit free benching fatigue.  Zinc anodes are attached to protect the socket from 
corrosion, and isolation washers are used to electrically separate the two connected segments [5].  
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3 HARDWARE SPECIFICATION 
This section provides an overview of anchor and line types suitable for application in the mooring of 
OECs.  

3.1 SEABED ATTACHMENT 
Anchors typically fall into one of 4 categories when considering their method of attachment to the 
seabed, as illustrated in Figure 5: 
 

 
Figure 5:  Simplified Anchor Types [18] 

 
Table 15 [18] provides a high level comparison the 4 anchor types according to seafloor type and 
topography, loading direction, and lateral load range.  Each of these anchor types, with associated 
advantages and disadvantages, are examined in detail below.     
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Table 15: Performance of Foundation and Anchor Types as a Function of Seafloor and Loading Conditions 
[19] 

 
 
Associated standards applicable from the offshore industry are also discussed to provide 
recommendations on system reliability and component design, and to refer the reader to applicable 
guidelines.  Given the variety of OEC designs, it is recommended that a mooring system designer 
carefully review the applicable offshore standards in order to find the information most applicable to 
their application, and that the information below be only used as a guide to help locate required 
information. 
 
It is worth noting that on the west coast of Canada, the seabed typically consists of sand or mud, with 
hard rock found in locations experiencing high current velocities.  Oftentimes, even where mud or sand 
is found, hard rock will be relatively close to the surface complicating one’s ability to insert 
components into the seabed.  The presence of silt due to nearby rivers also changes seabed composition 
in a given area.   Sediment properties greatly affect the type of anchor best suited for an environment, 
and detailed analysis of the soil may be required when specifying a mooring system depending on the 
anchor type. 
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3.1.1 GRAVITY / DEADWEIGHT AND SHALLOW FOUNDATION ANCHORS 
Gravity and shallow foundation anchors are typically similar, with shallow foundation anchors being 
pushed into the seabed a small amount and resisting downward forces, while deadweight anchors resist 
primarily upward and lateral forces.  Deadweight anchors will be the focus of the discussion in this 
section, given the majority of moored OECs will not be exerting significant downward loading onto the 
anchor through rigid legs. 
 
Resistance to movement of a deadweight anchor is primarily due to the friction between the anchor and 
the seabed, with the uplift resistance dependent fully on the submerged weight of the anchor.  In some 
cases, specially designed deadweight anchors may be shaped, or fitted with small plates or shear keys, 
to encourage a small amount of digging into the seabed to further resist lateral movement.  The primary 
characteristics of gravity and shallow foundation anchors are as follows [19]: 
 

 Simple; on-site construction feasible; can be tailored to task 
 Size limited only by load-handling equipment 
 Reliable on thin sediment cover over rock 
 Lateral load resistance decreases rapidly with increase in seafloor slope 

 
Additional features of deadweight anchors include: 
 

 Vertical mooring component can be large, permitting shorter mooring line scope 
 No setting distance required 
 Reliable resisting force, because most resisting force is directly due to anchor mass 
 Material for construction readily available and economical 
 Mooring line connection easy to inspect and service 
 A good energy absorber when used as a sinker in conjunction with “nonyielding” anchors 

(pile and plate anchors) 
 Works well as a sinker in combination with drag-embedment anchors to permit shorter 

mooring line scopes 
 Lateral load resistance is low compared to other anchor types 
 In shallow water, the large mass can be an undesirable obstruction 

 
Deadweight anchors may be as simple as pieces of scrap metal or rock attached to the end of a line, or 
may be engineered to more complexity for operation in specific environments or load conditions.  
Figure 6 below provides an overview of some types of deadweight anchors [19].   
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Figure 6:  Significant Characteristics of Deadweight Anchors [19] 

 
The Handbook for Marine Geotechnical Engineering (HMGE) [19] provides a very detailed procedure 
on how to properly size a deadweight anchor dependent on a number of factors and detailed 
calculations.  Primary factors influencing deadweight anchor design are as follows: 
 

 Site Characteristics (eg. water depth, topography, environmental loading, etc.) 
 Loading Profile (static / dynamic / cyclical / expected duration)  
 Geotechnical considerations (foundation instability, sediment movement, seafloor type) 
 Soil type including index properties, density, strength under applied loads, deformation 

under static and cyclic loading, etc.  These are typically obtained through on-site and 
laboratory testing, and the soil type down to approximately the foundation width or 
diameter of the anchor type is often required.  During the design process, different 
methodologies are employed for calculations involved using either cohesive or 
cohesionless soils, where: 
o Cohesionless soils:  any free-running type of soil, such as sand or gravel, whose 

strength depends on the friction between particles  
o Cohesive soils:  a sticky soil such as clay or applicable silt whose strength depends on 

the surface tension of capillary water  
 
The design procedure detailed in [19] may be summarized in the following steps: 
 

1. Check lateral resistance and overturning stability 
2. Check uplift capacity 
3. Shear key design and penetration problems 
4. Settlement and displacement 
5. Final sizing 
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Detailed procedures and calculations are defined within the reference for each of the steps above to 
complete the anchor design.  Key figures from the process include Figure 7 illustrating possible failure 
modes to be considered when checking resistance to lateral loading, and Table 16 providing sample 
friction factors between marine construction materials and some cohesionless soils.  Figure 8 
demonstrates the level of detail required to properly asses the overturning stability as part of the design 
procedure. 
 

 
Figure 7:  Possible Failure Modes When Sliding Resistance is Exceeded [19] 

 
Table 16:  Coefficient of Friction between Cohesionless Soils and Some Marine Construction Materials [19] 
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Figure 8:  Forces Considered in the Overturning Analysis [19] 

 
Examining the Classification Society Rules and Standards (ABS, DNV, and API), the majority of 
discussion focuses on methodologies for properly assessing the stability of the seabed and properties of 
the soil, as well as appropriate safety factors as discussed in 2.5.  Guidelines for testing anchor strengths 
and welding procedures are also addressed, and when selecting an anchor it should be verified that 
fabrication and testing methods meet the required standards to ensure the integrity of a mooring system. 

3.1.2 DRAG EMBEDMENT ANCHORS 
Drag embedment anchors are considered standard equipment on mobile vessels due to the fact they are 
efficient and reusable, and also frequently chosen for permanently moored installations.  They are 
designed to resist horizontal loading, with the maximum resistive force heavily dependent on the 
specific design including weight, fluke area, fluke angle, fluke shape, anchor behavior during 
deployment, and soil properties.  Key features of drag embedment anchors are as follows [19]: 
 

 Wide range of anchor types and sizes available 
 High capacity (greater than 100,000 lb) achievable 
 Most anchors are standard off-the-shelf equipment 
 Broad experience with use 
 Can provide continuous resistance even though maximum capacity has been exceeded 
 Recoverable 
 Does not function well in rock seafloors 
 Behaviour is erratic in layered seafloors 
 Low resistance to uplift loads; therefore, large line scope required to cause near horizontal 

loading at seafloor 
 If dragging is not acceptable, anchor must be pulled horizontally to properly penetrate and 

set 
 Dragging of anchor to achieve penetration can damage pipelines, cables, etc. 
 Loading must be limited to one direction for most anchor types and applications 
 Exact anchor placement limited by ability to estimate setting distance. 
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Figure 9 below provides a schematic of a drag anchor.  Drag anchor types may be classified as follows 
[19]: 

 Movable or fixed fluke 
 Bilateral or unilateral fluked (Figure 10) 
 Hard or soft seafloor anchors 
 Standard or high holding power anchors 

 

 
Figure 9:  Drag Anchor Schematic [19] 

 

 
Figure 10:  Unilateral vs. Bilateral Drag Anchor [19] 

 
Unilateral anchors are designed such that the fluke may orient to only one side of the shank, while 
bilateral anchors are designed to allow the fluke to cross to either side of the shank.   Anchors designed 
for hard sea floors (ie. hard clays, sands, and gravels) are sharp-fluked with close-set fluke tips to 
initiate penetration, along with stabilizer bars to counter roll instability.  Alternatively, anchors for soft 
seafloors maximize fluke area and emphasize streamlining to achieve deep floor penetration.  Figure 11 
and Figure 12 provide estimates for the holding power of drag anchors for a variety of manufacturer 
designs soft clay and sand respectively; however, these values should be used with caution due to the 
potential for variable anchor penetration, misalignment, etc.  The values shown in Figure 11 and Figure 
12 assume full penetration of an anchor, and do not include a factor of safety. 
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Figure 11:  Anchor Holding Capacity in Soft Clay [5] 
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Figure 12:  Anchor Holding Capacity in Sand [5] 

 
Maximum penetration depths may be further estimated using the information in Table 17, which is 
applicable in instances where the anchors use chain lead line and the soil has a shear strength gradient 
of 9 to 13 psf/ft.  Figure 13 provides the relationship between anchor drag distance and holding 
capacity. 
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Table 17:  Estimated Maximum Fluke Tip Penetration [5] 
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Figure 13:  Percent Holding Capacity vs. Drag Distance in Soft Clay [5] 

 
It should be noted that Figure 11 through Figure 13 above were originally published in “Drag 
Embedment Anchors for Navy Moorings,” Naval Civil Engineering Laboratory Tech Data Sheet 83-
08R, June 1987.  Recent advances in anchor design have resulted in improved maximum holding 
capacities based on improved fluke area to weight ratios, with the holding capacity being increased 
above that of older versions by an approximate factor of [new fluke area / old fluke area]^1.4, where 1.4 
is the exponent commonly used for high efficiency anchors [5].  Anchor manufacturers should be 
contacted to ensure proper calculation of high efficiency anchor holding capacities. 
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Figure 14 provides additional information for comparison between anchors according to an anchor 
type’s ability to dig in to the seabed, remain stable under loading, and on maximum holding capacity.  
 

 
Figure 14:   Rating of Drag Anchor Types based in Tripping and Dig-in, Roll Stability, and Holding 

Capacity Efficiency [19] 
 
For more detailed information on drag anchor failure modes, application in varying types of seabed, and 
a discussion on the governing equations and constants for the plots in Figure 11 and Figure 12, HMGE 
[19] may be consulted. 
 
Recommended practices published by DNV provide detailed analyses for both the Design and 
Installation of Fluke Anchors in Clay (DNV-RP-E301) [13], as well as the Design and Installation of 
Plate Anchors in Clay (DNV-RP-E302) [14].  In both practices, detailed analysis information is 
provided to assess anchors embedded in clay, along with calculations and procedures which supplement 
the baseline information presented above.  Plate anchors are examined as part of the direct-embedment 
anchors discussion below. 
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3.1.3 DIRECT EMBEDMENT ANCHORS 
Direct embedment anchors use active driving force (propellant, screw-in, etc.) to install an anchor into 
the seabed.  Often, plate these are plate anchors or a similar variation thereof, and for this reason plate 
anchors will form the focus of the discussion below.  A plate anchor consists of a relatively flat plate 
that, after being drive into the seabed (or in some cases uses penetration from dragging) becomes 
oriented perpendicular to the loading force either passively or using an external shackle or mooring line.  
Figure 15 below provides an example of a plate anchor.  Other types of direct-embedment anchors may 
expand as opposed to rotate to develop holding force. 
 
 

 
Figure 15:  Installation, Normal Loading, and Retrieval of the STEVMANTA Anchor [10] 

 
Primary features of direct-embedment anchors are as follows [19]: 
 

 High capacity (greater than 100,00 lb) achievable 
 Resists uplift as well as lateral loads, permitting moorings of short scope 
 Anchor dragging eliminated 
 Higher holding-capacity-to-weight ratio than other anchor types 
 Handling is simplified due to relatively light weight 
 Accurate anchor placement is possible; no horizontal setting distance necessary 
 Does not protrude above the seafloor 
 Possible susceptible to strength reduction accompanying cyclic loading when used in taut 

moorings in loose sand and coarse silt seafloors 
 For critical moorings, soil engineering properties required 
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 Anchor typically not recoverable 
 Anchor cable may be susceptible to abrasion or fatigue 

 
A number of methods may be employed for driving anchors into the seabed [19]: 
 

 Propellant-driven anchors:  the anchor is lowered to the seabed and upon contact an 
explosive device drives the anchor downwards 

 Vibratory-driven anchors: a motor is used to drive a mass vibrator causing penetration into 
the seabed 

 Impact-drive anchors:  impact loading us used to drive an anchor into the seabed 
 Jetted-in anchors:  jets are used to disturb the soil to facilitate penetration.  These are 

typically used in sands, and are less effective in clays. 
 
The installation method has the potential to affect the characteristics and capabilities of direct-
embedment anchors as follows [19]: 
 

 Propellant-drive plate embedment anchors: 
o Can be placed on moderate slopes, and in rock and coral seafloors 
o Installation is simplified as compared to other types because they can be embedded 

immediately on seafloor contact 
o Special consideration needed for ordinance 
o Gun system no generally retrieved in water deeper than approximately 1000 ft. 

 Screw-in, vibrated-in, and hammer-driven plate anchors: 
o Can better accommodate layered seafloors (seafloors with variable resistance) because 

of continuous penetration 
o Penetration is controlled and can be monitored 
o Surface vessel must maintain position during installation 
o Operation with surface-powered equipment limited to shallow depths by power and 

strength umbilicals as well as the mooring line 
o Operation limited to sediment seafloors 

 
Table 18 and Table 19 below provide reference specifications for some propellant-driven anchors. 
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Table 18:  Propellant-Driven Embedment Anchors for Ocean Use [19] 
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Table 19:  Parameters for Navy Propellant-Embedded Anchors [19] 

 
 
 
Failure modes for plate anchors are characterized as either shallow failure or deep failure (Figure 16): 
 

 Shallow failure: when the seabed is displaced upwards and accompanies the anchor to the 
surface 

 Deep failure:  when the anchor typically rotates and the failed soil does not accompany the 
anchor to the seabed surface 
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Figure 16:  Plate Anchor Failure Methods [19] 

 
As shown in the tables above, soil properties have a significant effect on both the ability to install an 
embedment anchor, as well as its holding capacity.  Much of the discussion about direct-embedment 
anchors focuses on methods for evaluating soil properties, and the corresponding modes of failure in 
varying soil types.    
 
HMGE [19] contains an iterative flow chart and thorough calculations for predicting the holding 
capacity of a direct-embedment anchor, and should be consulted if conducting design.  Primary steps 
within the recommended process may be summarized as follows: 
 

1. Conduct site survey and obtain required soil properties 
2. Estimate a suitable anchor size 
3. Calculate penetration, keyed depth, and short-term static capacity 
4. Determine all anticipated types of loading including 

 Short-term static 
 Long-term effects 
 Cyclic effects 
 Impulse effects 

5. Calculate capacities to load conditions and apply safety factors 
6. Ensure all requirements are met through design review 

  
DNV-RP-E302 [10] and API-RP-2SK [5] also provide complex evaluation methodologies for the 
evaluation of plate anchor design to be consulted should the use of a plate anchor be selected.   
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3.1.4 PILE ANCHORS 
Driven Pile anchors are installed by driving or by drilling-and-grouting, and are typically used in 
relatively shallow water applications.  Key features of may be summarized as follows [19]: 
 

 Requires highly specialized installation equipment 
 Transmits high axial loads through soft superficial soils down to competent bearing soil or 

rock 
 Can be designed to accommodate scour and resist shallow mud flows 
 Can be installed and performs well on substantial slopes 
 Can be installed in hard seafloors (rock and coral) by drill-and-grout technique 
 Drilled-and-grouted piles require more specialized skills and installation equipment and 

incur high installation costs 
 Wide range of sizes and shapes are possible (pipe, structural shapes). 
 Field modifications permit piles to be tailored to suit requirements of particular 

applications. 
 Costs are high and increase rapidly in deeper water or exposed locations where more 

specialized installation vessels and driving equipment are required 
 Accurate soil properties are required for design 
 High lateral capacity (greater than 100,000 lb) achievable 
 Resists uplift as well as lateral loads, permitting use with short mooring line scopes 
 Anchor setting not required 
 Anchor dragging eliminated 
 Short mooring line scopes permit use in areas of limited sea room or where vessel 

excursions must be minimized 
 Pile anchor need not protrude above sea floor 
 Driven piles are cost-competitive with other high-capacity anchors when driving equipment 

is available 
 Special equipment (pile extractor) may be required to retrieve or refurbish the mooring, or 

new pile and pendant must be installed 
 More extensive and better site data are required than the data required for other anchor 

types 
 Pile capacity goes to zero when its capacity as an anchor is exceeded and pullout occurs 

 
Pile materials consist of steel, wood, concrete, and composite materials, and may come in a variety of 
shapes and sizes.  Figure 17 provides details on common pile types.  Mooring line attachment may also 
vary depending on the type of pile employed, as shown in Figure 18.  
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Figure 17:  Pile Types [19] 
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Figure 18:  Mooring line attachment [19] 

 
HMGE [19] provides an iterative flow chart and detailed calculations for conducting simple piling 
design in soil seafloors, summarized in the following steps: 
 

1. Determine soil properties 
2. Determine loads at the seafloor 
3. Select pile material and size / profile 
4. Evaluate lateral forces 

 Select maximum deflection 
 Select pile length 
 Calculate lateral loads and stresses 

5. Evaluate axial loads against unit and total skin friction resistance 
6. Evaluate compressive load 

 Calculate pile tip bearing capacity 
 Calculate pile capacity compression 

7. Calculate maximum loads and stresses 
8. Perform design check 

 
Due to the variety of failure modes possible for pile design in rock (Figure 19), it is difficult to 
accurately define a reliable design methodology, and detailed geotechnical investigation must be 
performed to predict the failure modes and capacities of a piling in rock.  
 
 

       43 



Mooring Hardware Specification for Marine Energy Converters August 31, 2010 

 
Figure 19:  Failure modes for pile anchors in a rock seafloor [19] 

 
Further to the discussion above, API-RP-2SK [5] provides guidance notes pertaining to pile anchors 
with a focus on methodologies for soil testing, penetration analyses, Finite Element Modeling (FEM) 
analysis, and load evaluation (including fatigue considerations), and should be consulted for piling 
design. 
 
In recent years, significant focus has been put on the design of suction pile anchors, and they have 
become the predominant anchor used in deep offshore moorings.  Somewhat similar to driven pile 
anchors, suction pile anchors have the following characteristics: 
 

 Used in sand and clay bottom environments (initial seal around bottom edge using only 
deadweight is required) 

 Are especially effective in deep seas due to installation process 
 Installation utilizes pumps to remove water from the inside of the pile on the seabed, thus 

utilizing a combination of deadweight and pressure rather than drivers to generate 
installation force 

 Are typically a large diameter steel cylinder with length over diameter ratios ranging from 
2:1 for stiff clay soils to as much as 7:1 in soft clays soils due their limited bearing capacity 
and skin friction [5] 

 Typically contain high wall thicknesses due to large pressures involved 
 No active suction is maintained upon final installation of the piling and holding capacity 

primarily governed by friction; however, piling is sealed and any upwards movement due 
to loading creates negative pressure within piling adding to the holding force 

 Removable by reversing the installation process 
 Very high holding capacities may be achieved (> 1500 tonnes) 
 

DNV-RP-E303 [11], Geotechnical Design and Installation of Suction Anchors in Clay, provides a 
design code pertaining to taut, semi-taut, and catenary mooring systems.  Focal points include design 
principles and methodologies, and detailed calculations pertaining to stress loading, fatigue, cracking, 
and other governing parameters are provided. 
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3.2 MOORING LINE SELECTION 
Mooring systems can consist of either, chain, wire rope, fibre rope, or any combination of the three.  
Generally, a mooring system designer will have to obtain design specifications from the component 
manufacturer while ensuring that the values given have been obtained under certified testing conditions 
for reliable results.  Below, an overview of mooring line types is provided along with references to 
suitable guides and standards for ensuring that components are manufactured and tested to reputable 
requirements. 

3.2.1 CHAIN 
The use of chain in mooring systems is very common due to its well understood properties including 
high strength, abrasion resistance, reliability, and ease of handling.  The two primary types of chain are 
stud-link and studless, as shown in Figure 20 below.  Primary advantages to stud-link chain included 
enhanced stability of the link and increased convenience when handling of the chain, while removing 
the stud results in weight savings (about 10%) and potentially slightly increased fatigue life. 
 

 
Figure 20:  Studless and Stud-link Chain [5] 

 
ABS MODU Part 2 [2], API Specification 2F for mooring chain, and DNV-OS-E302 [10] all provide 
rules or guidelines on the fabrication, testing, and required strengths at chains of varying grades.  When 
specifying chain, the designer should be certain to use components as specified by the classification 
rules governing the majority of the design and/or operations in the targeted jurisdiction. 
 
Table 20 and Table 21 below provide material properties for chain materials as well as formulas for 
proof and breaking loads, weight, and five link length as specified by DNV-OS-E302 [10]. 
 
For additional reference, Table 22 and Table 23 provide ABS specifications from ABS MODU Part 2 
[2] for stud-linked chain in metric and US units. 
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Table 20: Minimum Mechanical Properties for Chain Cable Materials [10] 

 
 

Table 21: Formulas for Proof and Breaking Test Loads, Weight, and Five Link Length (d in mm) 
[10]. 

 
 

Table 22:  Stud-link Anchor-chain Proof and Break Tests Metric Units [2]. 
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Table 23:  Stud-link Anchor-chain Proof and Break Tests US Units [2] 

 
 
Lastly, the application of chain in a mooring system contributes to the holding force at the seabed 
through frictional forces.  General Friction factors for chain on mud, sand and clay as specified by API-
RP-2SK [5] may be assumed as 1.0 for static friction and 0.7 for sliding, and are multiplied by the 
submerged weight of the chain on the seabed to calculate the total frictional force. 

3.2.2 FIBRE ROPE 
Primary advantages to the use of fibre ropes are reduced weight (specific gravity often close to 1), 
higher strength-to-weight ratios, and higher elasticity than steel components.  Higher elasticity enables 
fibre ropes to be used effectively in taught mooring systems to reduce shock loading on the mooring 
system.  Primary disadvantages include reduced internal and external abrasion resistance compared to 
steel components due to contact with foreign objects and sediment working its way into the line.  Fibre 
ropes should not contact the seabed, nor rub against structural components.  Other differences unique to 
fibre ropes include non-linear stiffness and the need for specialized handling procedures.  Typically, 
fibre ropes use soil barriers and jackets to prevent against soil ingress, abrasion, UV effects, marine 
growth, and even fish bites. 
 
Fibres most commonly used in offshore moorings are polyester, aramid, HMPE (high modulus 
polyethylene), and nylon.  As discussed in API-RP-2SK [5], Polyester is the most common choice for 
permanent moorings, while other fibers such as HMPE and aramid may be more suitable for 
applications where a smaller rope diameter is required for handling or to minimize weight.  Nylon rope 
has been used in applications where high elasticity is important (30-35% elongation at break vs. 15-
20% for polyester), such as shallow water locations where it can be used to absorb energy from vessel 
dynamics. Figure 21 illustrates common rope construction types 
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Figure 21:  Overview of Types of Rope [11] 

 
Primary standards addressing the design and application of wire ropes include API-RP-2SM, ABS 
Application of Synthetic Ropes for Offshore Mooring [4], and DNV-OS-E303 [11].  These standards 
address a number of key factors which may affect the life and suitability of synthetic lines:  
 

 Hydrolysis 
 Heating and internal abrasion 
 Tension-tension fatigue 
 Axial-compressive fatigue (including minimum tension requirements) 
 Creep rupture 
 Handling and minimum bend radius 
 Termination requirements 
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Also provided within the standards are testing methodologies to be met by manufacturers to ensure rope 
properties are understood in all applicable conditions.  Given the detail presented within each individual 
standard, it is recommended that a mooring system designer consult the appropriate standard dependent 
on the type of certification required. 
 
Table 24 provides the strength and material properties for each of a nylon rope, a polyester rope, and a 
high strength plasma rope for reference as obtained from a local supplier.  Given the variety of ropes 
available and constantly progressing technology, it is recommended that designers consult 
manufacturers and suppliers for the most recent information.  Suitable online resources to find rope 
properties include: 
 

 Puget Sound Rope:  www.psrope.com 
 River Cable Ltd.:  http://www.rivercable.ca/ 
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Table 24:  Reference Fibre Rope Properties [19] 
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3.2.3 WIRE ROPE 
Wire rope is a commonly used line-type for mooring offshore installations.  It is more susceptible to 
soil ingression than chain; however, it possesses a relative lower weight and higher elasticity for the 
same breaking strength.  Figure 22 illustrates common steel wire rope construction.  

 
Figure 22:  Steel Wire Rope Constructions [5] 

 
Corrosion is primary concern for wire rope, which can significantly reduce line properties.  For this 
reason, wire rope is assumed to be fully protected such that its fatigue life approaches that in air, using 
the following combinations [12]: 
 

 Sacrificial coating of wire 
 Application of a blocking compound on each layer of the strand during stranding.  The 

compound should fill all cervices in the wire rope, strongly adhere to wire surfaces, and 
have good lubricating properties. 

 Surface sheathing of the wire rope by an extruded plastic jacket in order to prevent ingress 
of sea water and flushing out of blocking compound 

 
Details concerning design the life of wire rope depending on the level of corrosion protection are 
addressed in detail in Section 2.6 above.  DNV-OS-E304 [12] advises that the ends of wire rope should 
be terminated with sockets where resin is used for pouring the sockets.  For long-term mooring 
applications, bend stiffeners (preferably polyurethane) should be employed to prevent over-bending 
during installation and when bend radiuses are near the prescribed minimum.  Also discussed [12]: 
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 For long term mooring spiral ropes are normally used.  These ropes maximize the available 
steel area and provide high strength to size ratio, high axial stiffness and limited rotation 
under load.  These constructions considered to have high corrosion resistance since a lower 
proportion of steel wire area is exposed and the ingress of water to the centre of the rope is 
more difficult than with stranded ropes.  Also, the closed and compact design is very 
suitable to jacketing for added corrosion protection.  Within these types of ropes half 
locked and full locked coil constructions have a higher wear resistance than spiral strands 
because of the compact, near cylindrical surface; however, they are stiffer and may require 
more care during handling and installation.  Locked coil ropes also require a larger bending 
radius than other constructions. 

 For mobile moorings stranded ropes are most commonly used.  However, due to their 
flexibility, they may also be used in long term mooring systems as, for example, the upper 
short segment which is subject to winching damage, fairlead bending fatigue and splash 
zone corrosion.  In these mooring systems stranded ropes may be considered as a 
“consumable” item which can be replaced every few years, whereas the lower segments are 
not intended to be replaced. 

 
Further addressed in DNV-OS-E304 [12] are testing and certification requirements of wire ropes and 
design assessment methodologies.  This standard should be consulted when embarking on design using 
wire rope.   
 
Table 25 provides reference weight, strength, and stiffness data for wire rope: 
 

Table 25:  Properties of Wire Rope [16] 
 Spiral Strand 6 Strand IWRC 
Steel area (in2) 0.58d2 0.54d2 
Weight in water (lb/ft) 1.74d2 1.59d2 
Breaking Strength (kip) 126d2 93.2d2 
Stiffness (kip) 13,134d2 8640d2 

 
Table 26 and Table 27 below provide data for the strength of specific marine wire rope as obtained 
from a manufacturer and should be used as a reference for preliminary design only [19].   
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Table 26: Reference Properties of Marine Wire Rope [19] 

 
 
 

Table 27: Reference Properties for High Strength Marine Wire Rope [19] 
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Lastly, as for chain, wire rope may contribute to the holding force of an anchor through friction on the 
seabed.  For general soft mud, sand, and clay bottoms, coefficients of friction of 0.6 for static friction 
and 0.25 for sliding friction may be assumed [5]. 

3.3 MOORING SYSTEM COSTING 
Below, Table 28 provides costs based on quotes obtained for mooring system components anticipated 
to be used for the mooring of a 50 kW tidal current turbine in currents up to 3 m/s.   The costs are 
drawn from a variety of sources, and in some cases include used equipment as stated.  They are meant 
to serve only as an example of component costs potentially applicable to the mooring of a small-scale 
OEC. 
 

Table 28:  Example Mooring Component Costs for a 50 kW TEC 

 
 
Once drag loads on an OEC have been estimated and component requirements have been specified (ie. 
anchor and line requirements using appropriate safety factors, etc.), it is possible to use the normalized 
values from Table 28 to begin estimating the cost of system components for ocean energy devices of 
similar size. 
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