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Abstract

Catenary moored ship and offshore structures exhibit large amplitude horizontal 

oscillations caused by low frequency components of the environmental loading, due 

to waves, wind and current, at the system resonant frequency.

As a result of these large oscillations the mooring lines can undergo significant 

motion inducing large hydrodynamic drag forces. In many situations this line loading 

provides the major damping mechanism and reduces the resonant response of the 

floating vessel. The ability to predict induced mooring line tensions with accuracy, 

and the contribution of mooring line damping to total system response, is therefore 

of relevance to the offshore industry.

Although a number of numerical models exist for the prediction of line tension and 

damping, the excitation of the mooring line at the point of suspension creates a 

complicated non-linear line response that is presently not well understood and 

inherently difficult to model. Given the nature of the line response, validation of 

numerical results with experimental data is of importance. This validation has 

however not been possible to date due to the extremely limited quantity of 

experimental data available.

This thesis presents an experimental investigation into the response of small and 

large scale, single chain catenary mooring line models subject to a comprehensive 

range of top end excitation parameters. Measurements from the experimental 

investigation are compared with results from established numerical methods and 

those from a time domain numerical model developed in the thesis.

Results from small and large model scale experiments are shown to be in 

reasonable agreement, providing further validation of existing numerical models. 

The new numerical model also shows good agreement and is demonstrated to be 

efficient and robust in its application to a wide range of line oscillation parameters.
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Nomenclature

a Motion excursion from datum location

Oscillation amplitude 

Element acceleration in normal direction 

â  Element acceleration in tangential direction

A  Cross sectional area of the line

b Linear damping coefficient

rPHiPAR Canal de Experiencias de Hidrodinamicas de El Pardo (1:17 
model scale test facility)

Cajj Added mass coefficient in normal direction

Caj Added mass coefficient in tangential direction

Drag coefficient in normal direction 

Cdt Drag coefficient in tangential direction

D Mooring line diameter

E Youngs modulus

Bn Energy dissipated by line

F(i Dynamic component of line tension at suspension point

Horizontal line tension component at suspension point 

FD Frequency domain numerical model

FJid Horizontal component of dynamic tension at suspension point
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Fĵ s Horizontal component of static tension at suspension point

Fg Static component of line tension at suspension point

Ft Line tension at suspension point

Fy Vertical line tension component at suspension point

Fyj Vertical component of dynamic tension at suspension point

Fyg Vertical component of static tension at suspension point

F^ Coulomb static friction force on grounded section of mooring line

g Acceleration due to gravity

H Water depth

HF High frequency oscillation

H i Horizontal component of tension at upper suspension point

H 2 Horizontal component of tension at lower suspension point

ISSC International Ship and Offshore Structures Congress

k Stiffness coefficient

LF Low frequency oscillation

Ls Suspended line length

ND Non-dimensional

QS Quasi-static analysis method

Sly Length of line on seabed
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T Oscillation period

TD Time domain numerical model

Tp Oscillation period of pendulum length H

UCL University College London (1:70 model scale test facility)

V Velocity of the suspension point

Vn Element velocity in normal direction

\  Element velocity in tangential direction

Vi Vertical component of tension at upper suspension point

V2 Vertical component of tension at lower suspension point

w Weight of unit line length in water

W Weight of total suspended line length in water

X Distance from suspension point to line touch down point

Xp Horizontal distance from anchor point to line reference position

Horizontal distance from line touchdown point to line reference 
position

Distance from suspension point, at datum location, to anchor 
 ̂ location

Zp Vertical distance from seabed to line reference position

£  Geometric scale factor

^  Coulomb static friction coefficient

6 Elemental length of line angle to local angle to horizontal
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¥  Pre-tension angle (degrees)

. Large experimental model scale factor (tests performed at
CEHIPAR)

1:70 Small experimental model scale factor (tests performed at UCL)
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1 Introduction

Production from major offshore hydrocarbon fields has been in progress since the 

late 1960’s. The near depletion of these fields and the continued demand for 

hydrocarbon products have compelled the offshore industry into exploration and 

production from more marginal fields, often located further offshore in deeper 

waters. The subsequent economic and technical incompatibility of traditional 

seabed connected fixed jacket structures has encouraged the development of 

floating drilling/production systems that are moored or tethered to the sea floor. The 

only viable connection methodology between vessel and seabed in deeper waters 

is to utilize slender member connections.

The increase in the use of floating production technology is depicted in figure 1.1, 

for a range of water depths. The requirement for production from deep water fields 

using floating production systems (FPS) is clearly shown.

The semisubmersible and monohull vessel, are the primary candidates for offshore 

floating production systems. Either type of vessel is capable of fulfilling drilling or 

production roles depending upon specific fit and the location in which the vessel will 

be operated. Drawe et al (1985) and D’Souza et al Çièèçt) describe the driving 

factors in the selection of vessel type.

The space frame type structure of the semisubmersible FPS limits its ability to store 

produced hydrocarbon products. A semisubmersible FPS is therefore dependent 

upon a dedicated Floating Storage Unit (FSU), moored within the vicinity of the 

FPS, or it is necessary to transmit hydrocarbons to shore via a sub-sea pipeline. 

The significant storage capacity of the monohull Floating Production Storage and 

Offload (FPSO) vessel is highly advantageous in the economic development of 

fields due to the reduced requirement for support infrastructure. A typical FPSO is 

shown in figure 1.2. From figure 1.3, the financial benefit of a purpose built 

monohull FPSO to that of a semisubmersible is shown to be approximately 50% 

over a wide range of production rates. Given the frequent requirement to produce 

from marginal fields this difference in cost represents an essential saving.

1.1 Station-keeping and moorings

The watch-circle of a floating production system defines the envelope of the 

maximum allowable horizontal deviation of the vessel position from directly above
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the well head. Flexible riser and umbilical systems connect the floating vessel to the 

sea floor and are responsible for well control and transportation of fluids to and from 

the seabed. The extreme values of the watch-circle are governed by the design 

criteria of these riser systems, indeed it is the advances in the development of 

risers, and particularly the enabling concept of the flexible riser that has led to 

extensive usage of floating production systems (Bliault (1995)). Given that the 

suspended length of riser from the floating vessel increases with water depth, 

excursion limits of the watch-circle are usually defined as a percentage of the water 

depth. In drilling operations rigid risers are predominantly employed. As their name 

suggests their reduced tolerance to bending loads stipulates that the maximum 

excursion of the vessel is relatively small, typically approximating to 3 to 6% of 

water depth. The flexible riser watch-circle however is approximately 12 to 15% of 

water depth.

Irrespective of the riser system in operation it is the essential task of the station- 

keeping hardware to restrain the lateral movement of the vessel to within the 

prescribed watch-circle envelope over the operating lifetime of the field.

Station-keeping systems may be active, passive or a combination of both. Active, 

dynamic positioning (DP), station-keeping systems employ a number of hull 

mounted, fixed or retractable, fully azimuthing thrust units capable of swift thrust 

delivery in any desired direction in the horizontal plane. Figure 1.4 presents an 

artists impression of such a DP controlled vessel. Given the ability of the systems to 

deliver precise short, or prolonged, injections of thrust, the response of the vessel to 

DP is rapid. The speed of the vessel response to DP, coupled with the ability to 

maintain its location automatically is desirable. However, system reliability is a 

problematic area and due to the required high redundancy of independent 

components as a safeguard against failure of the DP system, the capital to 

operating expenditure ratio is prohibitively high relative to that of a passive catenary 

mooring system (see figure 1.5). An indication of the level of redundancy in the 

number of thrust units required to ensure satisfactory mean time between failures of 

the system is provided by Shatto (1990).

Tensioned, spread and single point moorings are the three types of passive seabed 

attached systems presently in use. A combination of tensioned and spread 

moorings are applicable to the use of semisubmersible vessels operating as 

tensioned leg platforms (TLPs). Moored as permanent drilling and/or production 

platforms, TLPs are predominantly used in deep water with rigid risers. The excess 

buoyancy of the vessel ensures that the vertical tether ‘legs’ are permanently in
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tension providing large vertical restoring forces. As water depth and distance from 

shore increases there is an increased requirement for vessel self-sustenance due 

to the reduced support infrastructure. To accommodate this TLP vessel size 

generally increases. The subsequent increase in buoyancy forces on the extended 

length tethers requires an increase in their girth, resulting in a greater self tether 

weight suspended from the platform, possibly compromising the load capacity of 

the vessel.

To provide control of the orientation and location of semisubmersible and some 

TLPs a spread mooring system is employed. The catenary mooring lines are 

suspended from fixed locations, usually from the corner columns of the vessel, and 

hang under their own weight, before touching down on and running along the sea 

floor to an anchor point. If the vessel requires a position change within its watch- 

circle, the operation of vessel winches, which pull on specific lines, gives the 

required horizontal excursion.

The directional dependence of monohull production systems to the environment 

encourages the use of single point moorings. The connection of a mooring system 

to a single point, about which the attached vessel may weather vane, can 

significantly reduce the environmental forces and hence reduce the possible 

mooring line loads. This is because the vessel will turn to minimize the yawing 

moment, thus heading into the resultant weather (Brown & Liu (1998)).

Since the first installation of a single point moored vessel in the Castellon field in 

1977 a number of designs have been put into operation. Examples of single point 

moorings are provided in figure 1.6 and indicate the diversity of systems in 

operation.

Steel chain and wire are the principal materials used in the manufacture of catenary 

mooring lines. The particular material or combination of materials used depends on 

water depth, material breaking strength, cost, availability and design watch-circle of 

the moored vessel. An example of the physical size of the chains utilized in mooring 

lines is provided in figure 1.7. The chain presented is that of the Schiehallion 

mooring system, which at 190 mm diameter is the largest mooring line presently in 

operation.

The linear horizontal excursion of a catenary mooring system leads to a non-linear 

increase in suspended line length and tension at the suspension point due to the 

weight of suspended lines. The tension at the top end of the lines consists of 

vertical and horizontal components. The horizontal component is known as the
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catenary restoring force and increases as the angle subtended at the line top end to 

the horizontal is reduced. It is the catenary restoring force that determines the 

mooring system horizontal stiffness. This is therefore dependent upon both the 

length and weight of suspended line.

Pre-tension is defined as the tension required at each mooring line suspension 

point to achieve a desired system stiffness. On moored vessels the desired 

stiffness is obtained by operating winches that pull on individual mooring lines and 

hence increase the suspended line length. The angle subtended by the line tension 

to the horizontal for a required pre-tension is defined as the pre-tension angle.

For continuous chain lines, the high material weight per unit length enables a 

desired mooring system stiffness to be achieved at relatively high pre-tension 

angles. This has the advantage of a reduced system footprint, defined as the 

seabed area enclosed by the mooring line anchors. However, continuous chain line 

systems are limited in application to relatively shallow waters, typically less than 

500m. This is because, as water depths increase, the length of suspended line, and 

hence line weight become large, causing a reduction in the sustainable line tension 

to line breaking load ratio. In such water depths chain/wire hybrid lines are 

employed.

A moored vessel watch-circle is dependent upon the mooring system stiffness. Due 

to the relatively low material weight of wire lines, an increased length of suspended 

line is required to attain the necessary stiffness. In deeper waters, typically in 

excess of 1500m, this can result in an excessively large system footprint and may 

compromise field operation because of possible line interference with subsea 

architecture. Should the footprint be too small, the steep mooring and hence high 

pre-tension angle at the vessel results in a low effective horizontal stiffness and 

large watch-circle.

Possible solutions involve the use of submerged buoys positioned along the length 

of mooring lines to increase the catenary stiffness of the system, or the use of 

synthetic lines. Figure 1.8 presents the typical range of water depths over which 

each type of mooring system may be employed. Mooring systems comprising of 

synthetic fibre ropes are typically used in very deep water applications, in excess of 

3000m. As they do not produce a marked catenary profile, because of their low 

submerged weight, these lines rely more on their elastic stretch properties to 

provide the required mooring restoring forces.
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1.2 Environmental excitation forces

The wind and current excitation forces acting on a vessel are composed of both 

mean and time varying components. Wave forces are also time varying and result 

in the vessel undergoing first order oscillations at wave frequencies that are usually 

assumed proportional to the incident wave height.

Superposed upon the first order forcing are higher order forces, their slowly varying 

components often referred to as drift forces. The steady, mean, component of 

forcing is proportional to the square of the incident wave height (Maruo (1960)), of 

which the horizontal component causes an offset of the vessel from equilibrium to a 

new mean position. At this mean position the slowly varying forces further act upon 

the vessel. A schematic representation of the time history for the resultant bi

harmonic forcing is shown in figure 1.9.

The wide band energy spectrum of the wave forcing resulting from a realistic sea- 

state is likely to contain slowly varying forces of a frequency that coincides with the 

resonant frequency of the vessel translating in the horizontal plane on its mooring 

system. Thus large amplitude oscillations may be induced about the vessel’s mean 

position. (Violin (1994) provides a thorough review of the second order 

hydrodynamic loading that acts on a moor-vessel system.

1.3 Damping forces

As with any system oscillating at resonance, the suppression of the amplitude of 

response is dependent upon the level of damping within the system. Considerable 

work has previously been performed over a number of years into the understanding 

and modelling of environmental loading and in particular the slowly varying 

excitation forces. However, until relatively recently less attention has been focused 

on the damping generated by the slow drift excitation. The damping forces of a 

moored vessel may be broken down into distinct categories of vessel and mooring 

system damping, each of which are briefly introduced in the following sections.

1.3.1 Vessel damping

Vessel damping is attributable to the potential effect of wave drift damping and 

higher order viscous hull damping. Wave drift damping is interpreted in a similar 

way to that of the added resistance of a ship. If the slowly varying vessel
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translations in the horizontal plane are considered as quasi-static motion, the speed 

and frequency dependent added resistance can be assumed to be responsible for 

the drift damping. Wichers (1982) showed that the contribution of this damping 

term is proportional to the frequency of incident waves and the square of their 

height.

Skin friction and eddy making associated with the hull form are responsible for 

viscous hull damping. In severe sea states the contribution of viscous hull damping 

is small compared to that of wave drift and mooring line damping. As the sea state 

reduces, wave drift and mooring damping forces are subsequently reduced, and the 

skin friction effects become more prevalent. However, in design the hull viscous 

damping is usually ignored or assumed to be of small magnitude.

1.3.2 Mooring system damping

A schematic profile of a catenary mooring line is presented in figure 1.10. The 

catenary profile is subject to a horizontal excursion of the top end because of vessel 

motion induced by environmental loading. As the line profile changes, here 

becoming more taut, the arrows on the figure provide an indication of the resultant 

motion of elements of the line. It is the motion of these mooring line elements, and 

the hydrodynamic resistance to motion provided by the surrounding fluid medium, 

that induces drag forces on the line. The additional dynamic line loads lead to 

increased line tensions and damping of the vessel motions. It should also be noted 

that line motion during a change in catenary profile can be significantly greater than 

the vessel excursion.

Due to the quadratic nature of viscous forces, and the geometric non-linearity of the 

catenary mooring line profile, the magnitude of hydrodynamic line loading is 

strongly dependent upon both the initial and dynamic line conditions. That is, the 

length of suspended line increases with initial pre-tension hence subjecting larger 

quantities of line to drag loading during any subsequent dynamic oscillation.

During the resonant response of a moored offshore vessel, the vessel damping can 

be a major component of the system damping. The work of Muse (1986) and Muse 

& Matsumoto (1988,1989) has however indicated that mooring line damping can 

contribute between 20 to 80% of the total system damping.
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1.4 Prediction of mooring line tension and damping

The quasi-static modelling of mooring line tensions is a commonly accepted method 

for mooring system analysis. This requires the solution of the catenary equations, 

which is a relatively simple iterative process that can be accomplished quickly on 

most PCs. An example quasi-static analysis of mooring line tensions due to 

environmental forces and the influence of vessel motions is presented in figure 

1.11. Although this methodology is capable of providing rapid predictions of 

mooring line tensions no account is made for the hydrodynamic forces acting on the 

mooring lines and the resulting influence on mooring tension and damping. Despite 

the acceptance of quasi-static mooring system analyses by certification authorities, 

the safety factors to be applied in a quasi-static mooring system design are likely to 

result in penalties such as increased line size and thus fabrication, installation and 

optimization related costs. Table 1.1 provides an indication of typical higher factors 

of safety that must be included as the penalty for carrying out quasi-static design of 

a mooring system.

Full dynamic modelling of mooring systems, using numerical techniques, may be 

broken down into the methods of time and frequency domain models.

Time domain models are usually based on finite element type formulations. These 

are computationally highly intensive, making extensive use in design prohibitively 

expensive. Frequency domain approaches however require further work to obtain 

consistency with their more accurate time domain counterparts, particularly for 

situations where large mooring line motions occur and/or when linearization 

assumptions break down. In situations where non-linear effects dominate the line 

response, time domain solutions appear at present to offer the only possibility for 

reliable prediction of results.

Brown and Mavrakos (1997 and 1999) have recently performed a comparative 

analysis of time and frequency domain methodology results for two base cases of a 

single mooring line. This work was performed for the International Ship and 

Offshore Structures Congress (ISSC) using responses from research and design 

organisations. Mooring line damping results for harmonic oscillations at wave drift 

frequency were compared with the limited available experimental data. This lack of 

experimental verification is due entirely to the minimal quantity of experimental data 

presently available for mooring systems.
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The response of a mooring line is a complicated function of the mooring line 

geometric and structural properties and site location. The characteristics of two 

mooring systems are independent of each other and, hence it is not possible to 

represent, in general, mooring systems by a single general case. To date, the small 

quantity of experimental research into mooring system response has tended to 

examine specific mooring systems modelled at small geometric scale, typically from 

1:30 to 1:100, with harmonic frequency line oscillations of low amplitude.

1.5 Scope of work

The obstacles discussed above that relate to the prediction of mooring line 

hydrodynamic loading have driven the work performed within this thesis. The 

specific areas that are addressed are:

• Further understanding of the mooring line response. Previous experimental 

models have tended to concentrate on small model scale lines oscillated at 

single frequency (harmonically) with relatively low amplitude. This work 

develops the understanding of mooring line response by investigating the 

following using experimental methods

- harmonic line oscillations over a wide range of oscillation periods and 

amplitudes that correlate to those caused by both wave and wave drift 

motions on a floating vessel.

- bi-harmonic line motions consisting of large amplitude high period 

oscillations (drift motion) upon which an oscillation of relatively low period is 

superposed (wave motion).

- oscillations of the line in the plane formed by the horizontal and the static 

catenary suspension and at 45* and 90° to the suspension plane.

- oscillations of the line about varied initial pre-tension angles.

- variation of the model line elastic conditions.

• Validity of small scale models. The majority of available mooring line 

experimental data have been derived at small model scale. In this work model 

tests have been first performed at small model scale (1:70) and then repeated 

at large scale (1:17).

• Validation of numerical models. The large deviation in results submitted to the 

comparative mooring line damping study of Brown and Mavrakos (1999)
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indicates a low confidence in design models. The comprehensive range of 

experim enta l^data  derived in this work allows extensive comparison to be 

made with the numerical predictions.

• Development of a new numerical model. The compromise between efficiency 

and accuracy of time and frequency domain mathematical models has driven 

the development of a new numerical model that is based on a time domain 

methodology. This model is shown to be accurate and efficient in deriving 

mooring line tension and damping results, whilst being robust in application to 

both initial conditions and line oscillation parameters.

1.6 Thesis overview

The thesis comprises of a further ten chapters. Chapter two provides a review of 

the forcing and response of both the floating vessel and the mooring system. An 

introduction to the static catenary equations and anticipated line response is 

presented in chapter three.

Overviews of each of the experimental facilities, including University College 

London (UCL) and the Canal de Experiecias de Hidrodinamicas de El Pardo 

(CEHIPAR), Madrid, Spain, are provided in chapter four. Included in this chapter is 

a discussion of the line oscillation & sensing systems and the computer codes 

derived in order to perform the analyses. Chapters five and six discuss the 

development of the experimental model and the experimental programme.

Results from the experimental analyses are outlined in chapters seven to nine. 

Chapter seven in particular compares the line tension and damping results of the 

ISSC study with both the small and large model scale experimental data. Also 

included is an investigation into the influence of elasticity on model scale results. 

Chapter eight presents and discusses the influence of a wider range of oscillation 

parameters on the mooring line response, and closes with the presentation of 

experimental data from the out of plane excitation tests.

Chapter nine provides a review of experimental data gathered when the mooring 

line initial set-up conditions are varied and the wide range of line oscillation 

parameters of chapter eight are applied.

Chapter ten describes the development of the new numerical model. The numerical 

model is applied to the mooring line when subject to the excitation characteristics 

and initial conditions described in chapters eight and nine respectively. Where
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appropriate, results from the new model are compared with those of the ISSC study 

and experimental data.

Finally chapter eleven draws together the key conclusions from the thesis and gives 

indications of future work in this field of study.
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Operation condition Quasi-static
analysis

Dynamic
analysis

Quasi-static / 
Dynamic 

analysis (%)

Intact mooring system 2.7 2.3 117%

Transient motion 1.4 1.2 117%

Temporary mooring 
after line failure 1.8 1.5 113%

Table 1.1 -  Design permissible safety factors for quasi-static and dynamic 
analyses of mooring systems (DnV POSMOOR(1996)).
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Figure 1.1 -  Percentage of future field development using FPSs by 
water depth (Euroil (January 1999)).

Figure 1 .2 - Floating Production Storage and Offload (FPSO) vessel 
(courtesy of British Petroleum).
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Figure 1.4 -  Vessel utilising dynamic positioning (Linfoot et al (1982)).
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Figure 1 .7 -  Inspection of the largest diameter mooring line presently in 
operation (BP-AMOCO (1999)).
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Figure 1.8 -  Mooring line characteristics for water depth applications 
(Offshore (May 1998)).
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2 Review of previous work

This chapter provides a review of previous work on mooring system design and 

analysis. The initial section discusses the issues that influence mooring system 

design and presents an overview of the design process. The second section 

discusses the influence of water depth on mooring system selection. Section three 

presents seabed factors and their affect on the response of mooring systems. 

Mooring line failure is presented in section four followed by a discussion of damping 

loads in the final section.

Within this chapter system excitation that occurs at oscillation periods equivalent to 

that of wave drift and wave period motions are defined as low (LF) and high (HP) 

frequency oscillations respectively.

2.1 Mooring system design

The design of station-keeping systems is a complicated and expensive task. 

Classification Societies and National Authorities have rules that contain 

requirements to be met in system design. However each floating production system 

places specific demands on its station-keeping system that are dependent upon 

system and site conditions. Current mooring system design requirements are not 

however consistent, with intact mooring system safety factors ranging from 1.5 to

2.3 (Ahilan et al (1996)).

Provided in table 2.1 is a comparison of design safety factors for mooring lines. The 

intact safety factor is applied to the predicted greatest line tension of the intact 

mooring system. Upon line failure the system static equilibrium is lost and the 

vessel displaced to a new location. Whilst the system seeks equilibrium the motion 

of the vessel is termed transient motion. The transient motion safety factor is 

applied to the most loaded mooring line during the transient response. Once in 

equilibrium the single line failure safety factor is applied to the most loaded line of 

the remaining intact lines.

The design of a mooring system requires a comprehensive analysis and appraisal 

prior to its implementation, with certification rules providing safety factors and an 

overview of the design procedure. Typically the design of a mooring system follows 

three basic stages.
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• Mooring line datum position. Initially the mean environmental loading on the 

vessel, proposed mooring line make up and riser system are computed and a 

resultant mean static excursion found from solution of the catenary equations. 

This vessel location represents a mooring line datum position about which the 

vessel will oscillate when subject to the varying loads caused by environmental 

forcing.

• Maximum static line tension. The low frequency vessel response is caused by 

the wave drift forces within an irregular sea. The slow drift amplitude of the 

vessel may be calculated from knowledge of the vessel mass, mooring system 

stiffness and approximation to system damping. Performing a quasi-static 

analysis of the vessel about the mean excursion and superposing the high 

frequency response amplitude enables the maximum static line tensions to be 

found.

• Line dynamic tension. The dynamic response of the line to excitation at the 

suspension point is derived accounting for fluid induced line forcing using a 

numerical analysis code, which is usually reliant upon finite element analysis.

The manner in which a mooring system analysis is performed may further 

compound the inconsistencies resulting from safety factor variability. Specifically 

this relates to whether a coupled or de-coupled analysis is performed. In a de

coupled analysis the method described above is applied assuming that each of the 

system components (vessel, moorings and risers) respond independently to the 

excitation without influencing each other. The results are then summed to provide a 

total system response. Triantafyllou (1982) presents a preliminary design procedure 

for de-coupled mooring systems. Included within the paper is a synopsis of a design 

methodology that initiates with a static analysis and concludes with the discussion 

of a numerical analysis tool developed for the solution of the dynamic line response.

The coupled analysis procedure is a relatively recent advancement of the dynamic 

analysis procedure. In this methodology the interaction and influence of the system 

components on each other are modelled numerically. Ormberg et al (1998) 

presents a review of de-coupled and coupled analyses for a FPS. In their work the 

coupling of vessel, riser and mooring system was found to be particularly 

pronounced for deep water applications. Larsen and Hanson (1998) discuss 

coupled analyses and how the use of catenary risers in deep water applications 

may aid the station-keeping qualities of an FPSO in deep water. The paper
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presents a method for optimising the design of catenary risers such that previous 

problems of riser collapse at seabed touch down may be avoided.

2.2 Influence of water depth

At a field location, water depth is a primary factor in determining the type of mooring 

system to be installed. Shallow water is often defined by water depth of less than 

100m, intermediate depths up to 500m with deep, and ultra-deep water being 

classed as up to 1500m and beyond.

Although mooring system design becomes increasingly complicated with water 

depth the mooring of offshore vessels in shallow water also poses significant 

problems. Ostergaard and Schellin (1998) show that the mooring of an 

oceanographic surface buoy in shallow water using a spread mooring system 

allows only a limited catenary effect. In bad weather this may lead to highly peaked 

line tensions. Their analysis however showed that for specific locations with current 

velocities from a small direction range a design was attainable using only 2 mooring 

lines.

With increasing water depth the requirement for wire systems and eventually 

synthetic fibre moorings becomes prevalent. In these deeper water environments a 

considerable length of line is suspended due to the large physical distance from 

vessel to sea floor. These wire and synthetic lines are of increasingly lower self 

weight and will require higher pre-tensions to ensure sufficient mooring stiffness is 

created, resulting in an increased system footprint and possibly conflict with 

positioning of seabed equipment. A possible solution to the excessive tensions in 

wire mooring lines is the use of submerged buoys inserted within the line. Mavrakos 

et al (1989, 1994, 1996 and 1997) and Sundaravadivelu and Mathew (1998) 

discuss the beneficial influence of such buoys on line tensions. Providing that the 

system natural frequencies are modelled correctly the dynamic tensions in the line 

may be reduced substantially. However, poor positioning of the buoys can lead to a 

considerable increase in line tension.

Mooring lines consisting of elemental lengths of chain tend to be restricted to 

shallow, and marginally intermediate, water depth applications due to the high self 

weight to breaking load ratio of chain line. Figure 2.1 (CMPT (1999)) presents a 

comparison of typical weight and breaking load characteristics for chain, wire and 

rope mooring line products. The data are divided by line diameter squared, as a
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sample representation of cross sectional area. The ratio of line weight to breaking 

load is approximately four times greater for synthetic ropes than steel chain. Thus 

for a specific suspended line length, the tension at the suspension point will be 

closer to the breaking load for a chain line than for a wire or synthetic line.

However, mooring system restoring force is a function of suspended line length. 

With increasing excursion of the chain line suspension point the restoring force 

generated increases at a greater rate than that of an equivalent wire or synthetic 

line system. A chain mooring line is thus said to provide a stiffer mooring system. 

Furthermore, the initial line pre-tension required, defined here as the initial line 

tension applied to the moorings to achieve a desired system stiffness, is reduced. 

This initial pre-tension is necessary to ensure that sufficient mooring system 

restoring forces are induced to counter environmental loading on the vessel. The 

lower pre-tension reduces the suspended line length hence the system footprint.

Steel chain, or wire, catenary lines in normal operation have well known and 

generally linear elastic stress-strain relations that are simple to model. In contrast to 

this, synthetic fibre moorings have complex load response behaviour with non

linear visco-linear or visco-plastic properties that are time, load history, 

instantaneous applied load and environment dependent. In their paper Banfield and 

Hearle (1998) and Banfield and Casey (1998) consider the properties of various 

synthetic rope materials.

Numerous synthetic fibres have been produced for use within the offshore industry. 

The elastic properties of ropes manufactured from such fibres are said to behave 

according to four basic parameters; yarn material, rope construction, environment 

and loading conditions.

The use of synthetic materials in deep water catenary, or taut, mooring applications 

leads to the synthetic line employing its elastic properties to provide vessel 

restoring forces, rather than the catenary action of chain or wire systems. Although 

this stretch may be obvious for taut moorings, for synthetic catenary lines employed 

in higher water depths, the considerable self weight, coupled to the hydrodynamic 

loading induced from a required change in catenary profile, can lead to a dynamic 

stretching of the upper section of the line. This effect is reported for wire mooring 

lines by Triantafyllou (1994) but is exacerbated by the elastic properties of the 

synthetic lines. The restoring force generated by the elastic stretch of synthetic taut 

mooring lines has a particular advantage over catenary moorings as horizontal 

vessel excursions are reduced by up to 75%.
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A review of synthetic mooring system trends that have evolved from shallow water 

to deep water applications is presented by Dove (1999). The use of synthetic 

catenary mooring lines in water depths of up to 3000m, and a design procedure for 

their implementation is presented by Costa De Oliveira (1997). Isnard and Filho

(1998) also present a design methodology for catenary mooring system utilising 

significant lengths of a polyester rope.

For taut mooring systems, Lee et al (1999) present a guideline on the use of 

synthetic ropes in offshore applications, which covers all aspects of synthetic rope. 

Nielsen et al (1999) provide results from a three year case study on synthetic 

mooring configurations and concentrates on the installation and retrieval of 

proposed anchor and line systems. A comparative study is provided by Kota et al

(1999) of steel and taut polyester moorings for semisubmersibles and spar buoy 

platforms in water depths of up to 3000m.

Nielsen and Bindingbo (2000) describe the response of taut moorings with respect 

to line loads and damping. In their paper an efficient asymptotic numerical model is 

developed that is shown to be an ideal tool for preliminary taut mooring system 

design.

2.3 Seabed factors

During the oscillation of the catenary moored FPS on the water surface the change 

in profile of the mooring results in sections of the lines being repeatedly picked up 

and grounded. This line motion has consequences on the calculation of total line 

loads for two primary reasons; the friction/suction interference of the seabed on the 

line as the line is picked up rapidly, and the friction between the grounded line and 

sea floor. Early mooring system analyses tended to ignore the seabed action on 

mooring lines. Thomas and Hearn (1994) present a numerical model based upon 

the lumped mass method and show that line tensions are significantly increased 

when seabed action is included in the analysis.

In a comparative analysis of time and frequency domain techniques that include 

and ignore seabed interference Liu and Bergdahl (1998) show that the inclusion of 

seabed friction in a mooring system analysis can considerably increase the energy 

dissipated by the line during an oscillation. Chatjigeorgiou and Mavrakos (1998) 

review previous numerical solutions for seabed interference on mooring line 

response and present a time domain method that accurately accounts for the
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seabed using a finite difference approach. A new analytical approach to the soil- 

chain interaction is provided and discussed by Larsen and Svano (1998). Particular 

attention is paid in their work to the influence of static friction, the development of 

dynamic friction and the variability of the friction coefficients with seabed 

characteristics.

The development of the taut mooring system has also led to the development of 

new anchor technology. Catenary mooring systems generally utilize drag 

embedment anchors at a significant distance from the platform, with line in the 

region of the anchors remaining on the seabed. This is due to the inability of drag 

anchors to withstand vertical loads. The mooring system design must account for 

this by ensuring that, at the maximum excursion of the FPS, the line length is 

sufficient such that a quantity of line will still remain on the sea floor. As well as 

emphasising the technical issues of synthetic fibre rope moorings particular 

attention is paid to vertically loaded anchors for taut moorings by Huang and Lee 

(1998).

2.4 Mooring line failure

The failure of a mooring line will have detrimental effects on hydrocarbon 

production due to the requirement for subsequent regulatory body inspection and 

possible riser system disconnection because of station-keeping compromise, or 

from damage to the riser/subsea production facilities from free falling failed mooring 

lines. Andreassen (1993) reports mooring systems should expect failure once every 

three years for lines manufactured from chains prior to 1985 and once every 12 

years for chains produced after 1985. The failure probabilities are based upon 

empirical data for an eight line mooring system.

Webster (1998) addresses the dynamics of a falling chain upon failure. From 

simulations, instabilities were identified whereby severe top end chain motions 

developed as the chairi fell. This erratic response of the free falling line can be 

combined as a whipping action that may result in damage to sub-surface 

architecture.

Fatigue is a primary failure mechanism for metallic structures. Fatigue behaviour is 

a complicated process dependent upon the cyclical loading of a structure however, 

numerous environmental and structural variables may act as a catalyst in the failure 

mechanism. A probabilistic method for determining fatigue failure of mooring lines
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due to broad-band random stresses is presented by Wirschin and Shehara (1977). 

In their paper a design algorithm is derived that employs the rainflow method of 

counting stress cycles and requires simple input criteria to provide an accurate 

description of the physical phenomena.

Several design models have been developed that attempt to account appropriately 

for the possible fatigue failure of mooring systems. Grosenbaugh and Mavrakos 

(1995) discuss mooring analysis results for three types of oceanographic surface 

buoy in harsh weather environments. Within their work an appraisal is made of the 

methods that should be employed for the inclusion of fatigue modelling in a 

numerical code. Lassen and Syvertsen (1996), Larsen and Mathisen (1996) and 

Horde and Moan (1997) present probabilistic analyses for modelling mooring 

system fatigue failure. The methodologies discussed are based upon a probability 

of failure over the service life of the moorings rather than an accepted probability 

level from the use of safety factors.

For synthetic moorings Raoof (1998) provides recommendations regarding the 

optimal design of the spiral strands of synthetic fibres to prevent fatigue failure. The 

failure of a spiral strand mooring due to excessive distortion during deep water 

deployment is discussed by Chaplin (1999). The presented sensitivity analysis 

indicates that the line response is strongly dependent upon the components of 

material twist.

2.5 Damping loads

The accurate prediction of system damping would be of considerable benefit in the 

design of efficient mooring systems. Indeed it is the low level of confidence in the 

prediction of system damping that is primarily responsible for the high safety factor 

requirement in station-keeping system design. Generally the contribution to total 

system damping is dependent upon the nature of the excitation. For example as the 

magnitude of excitation amplitude and frequency increases the dominance within 

the damping components is seen to change from vessel viscous forces to wave drift 

and mooring line damping.

This section presents a review of the previous work performed on the contribution 

to total system damping resulting from vessel and mooring system damping 

components.
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2.5.1 Vessel damping

The damping forces generated by the vessel include wave drift, viscous effects and 

radiation damping. Wave drift damping is a potential effect that is associated with 

the variation of drift force with the fonA/ards and backwards motion of the structure 

in waves. The effect can be attributed to changes in encounter frequency of the 

passing waves. The physical phenomenon is essentially that which causes a ship’s 

added resistance in waves, see Faltinsen et al (1980).

From their experimental investigation, Wichers and van Sluijs (1979) found the 

wave drift damping force to be proportional to the square of the incident wave 

height and a function of the ambient wave frequency. An initial approximation for 

the inclusion of the non-linear wave drift damping in a computational model is 

presented by Wichers (1982).

In their review of moored vessel response Standing et al (1987) present a simple 

model for the approximation of damping due to waves. As the drift force is a 

function of the square of the wave amplitude so too is the damping. Their model 

thus relies upon the differentiation of the mean wave drift force transfer function to 

generate the wave drift damping. Comparison of their results with experiment 

showed good correlation.

Faltinsen et al (1986) examine the damped motion response of a VLCO in the 

frequency domain, assuming a Gaussian response and using equivalent 

linearization. Skin friction drag on the vessel hull is estimated using a flat plate 

friction formula generalised for ship forms and assuming that the flow is turbulent. 

Results from their tests show considerable promise indicating that in severe sea 

states the wave drift damping makes up 85% of the total system damping. It is 

important to note however that the analysis ignored mooring line damping.

Aanesland et al (1992) present a three dimensional panel method for the numerical 

calculation of wave drift damping in the horizontal plane and a parameter method 

for estimations from experiment. The investigation suggests that the wave drift 

damping can be described by coefficients dependent upon the wave frequency, 

vessel heading and slow drift velocities.

Alternatively, Newman (1993) presents a method for the prediction of wave 

damping using a perturbation analysis where the low frequency body oscillations 

are superimposed on the diffraction field. The results of the method indicate that
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the wave drift damping could be a large and significant contributor to the total 

system damping.

To date, little work has been performed on the viscous damping of moored FPS 

vessels. This form of damping is often ignored or assumed to be the same in waves 

as in still water, thereby being partially responsible for the scatter of experimental 

and theoretical results. Jonsson (1980) derives a formula for turbulent friction on 

infinite smooth flat plates which is generalized using a form factor for ships by 

Faltinsen et al (1986) assuming turbulent flow for Reynolds number greater than 

10 .̂ Matsumoto (1991) presents data from tests to compare the viscous and wave 

drift damping of a moored tanker. Results indicate that in severe sea states wave 

damping is the largest component of vessel damping, whilst in lesser seas the hull 

viscous forces are the dominant component.

Le Boulluec et al’s (1994) review of slow drift oscillation, and damping, investigates 

the difficulties in the evaluation of numerical and experimental results. Assumptions 

as to the magnitude of skin friction drag of the hull and experimental means of 

ascertaining the wave drift damping are compounded by difficulties in the 

measurement of such small forces. From their experimental results, the viscous 

damping is found to be proportional to the 0.6 power of wave height, and mooring 

line damping linearly proportional to wave height.

Few prototype scale model tests have been performed to confirm predictions of 

wave drift and viscous damping. As part of a Joint Industry Project (JIP) on the 

analysis of damping coefficients of moored vessels, Triantafyllou (1994) reports on 

full scale test results from the semisubmersible drilling rig Jack Bates. Magnitudes 

for hull viscous, wave drift and mooring line damping were found to correlate with 

calculated values. As anticipated the wave drift damping dominates in low to 

moderate sea state tests. From the collected data an extrapolation is made to 

provide estimates of the composition of system damping for more severe sea 

conditions as full scale results are not available. In these conditions the suggested 

damping system is complex with a greatly increased mooring line damping 

component expected.

The design and development of additional damping sources, in the form of 

appendages for example, may be an attractive application for moored structures 

providing that the additional system structure does not compromise system 

operation due to the possible large mass and location of the required structure.
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Miyagawa et al (1989) develops and tests a novel mono-column FPSO. This new 

vessel design is optimised by Matsuura et al (1995) by utilising several types of 

passive damping device. The most successful device tested proved to be a 

combination of free flooding tanks and damping fins attached to the vessel hull.

Luth (1992) develops an additional damping system for reducing low frequency 

surge motions of a single point moored tanker from an original system presented by 

Pinkster (1989). The system employs a hinged foil mounted on the keel of the 

vessel at the bow and is based upon the original 1894 design for sculling propulsion 

of Pollard and Dudebout, later patented by Linden in 1895. The experimental tests 

performed by Luth indicate that the foil significantly reduces the surge and pitch 

motion of the vessel. Unfortunately, due to the envisaged technical difficulty in 

application of such a system to a full size vessel the damping augmentation 

remains as a conceptual design.

2.5.2 Mooring line damping

This section briefly introduces mooring line loading and discusses its influence on 

line tensions and damping forces. Also presented is a review of the modelling 

techniques available for prediction of line loads. Included within the review are 

approximate analytical, experimental and numerical models

Studies on the effects of mooring line damping presented by Huse (1986 & 1991) 

and Huse and Matsumoto (1989) show that it can contribute up to 80% of the total 

system damping. In particular, in moderate and high seas the viscous and wave 

drift damping provide only a small contribution to system total damping.

Triantafyllou (1994) discusses how high frequency line excitation results in dynamic 

amplification of mooring line loads leading to values that exceed those of a single 

low frequency oscillation. For wire mooring lines the hydrodynamic line loading due 

to high frequency forcing may cause the line to employ its elastic rather than 

catenary stiffness. As the wave motion increases from low initial values, the drag of 

the line increases with the square of the oscillation frequency. At high frequency 

the elastic stiffness dominates the response and may cause the dynamic tension to 

exceed the static loading with possible line failure.

Research by Wichers & Hujismans (1990) reveal that low frequency, wave drift 

oscillations, and high frequency wave motions of the vessel induce a coupled line 

response. As the line response is coupled, the frequency response components
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influence each other leading to a complicated dynamic modelling requirement. For 

example, a bi-harmonic oscillation consists of two frequency components. 

Approximating the line tension induced by the bi-harmonic motion using the sum of 

line tensions from independent line oscillations at the component frequencies will 

lead to erroneous results.

Other factors important to the loading of deep water moorings include vortex 

induced vibrations (VIV), caused by fluid flow around cylindrical objects. VIV may 

lead to an out of plane parametric response of the cylindrical member. The flow 

pattern about the member becomes increasingly complex resulting in a vibration 

that causes an enlarged drag force on the member due to an effective increase in 

the frontal area presented to the incident flow.

A comparative study of numerical models for the response of slender offshore 

structures to VIV is presented in Larsen and Halse (1995). The work concentrates 

on a comparative analysis of case study results submitted by seven invited 

institutions. Conclusions from the study indicate that many aspects of VIV are not 

presently understood and that more research is required before general VIV 

numerical tools may be considered accurate.

Huse (1992) provides an appraisal of methods for appropriately dealing with VIV in 

numerical and experimental analyses. A comprehensive review of experimental 

data for VIV on slender marine structures is presented by Pantazopoulos (1994). 

Further descriptions of the influence of VIV are discussed in section 5.3.S.2.

2.5.2.1 Analytical modelling

Approximate analytical solutions to determine the response of the mooring line are 

possible but are based upon asymptotic methodologies. Typical asymptotic 

solutions require several limiting assumptions to be applied, the principal 

assumption being that the line is subject to very small amplitude oscillations relative 

to water depth. This is because low amplitude motions induce relatively weak non- 

linearities that may be modelled using perturbation theory. Perturbation techniques 

are described comprehensively in Nayfeh (1990) and Nayfeh and Mook (1995).

Unfortunately the large amplitude motion and hence strongly non-linear 

hydrodynamic forces associated with mooring line behaviour mean that perturbation 

methods are of limited use in realistic situations.
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2.5.2.2 Experimental modelling

Limited experimental studies of the dynamic response of mooring lines have 

previously been performed. In this section a review of these studies is presented.

Table 2.2 gives a comparison of experimental mooring line research. Much of the 

data in table 2.2 has been derived using mooring chain design manuals of Vicinay 

Cadenas SA (1996) together with the static solution of the catenary mooring 

equations. The derivation is necessary because a large proportion of the reviewed 

papers omit key experimental criteria.

From the left-hand side of table 2.2, columns 2 to 6 present the experimental line 

type, geometric scale factor, pre-tension angle, oscillation type and oscillation 

direction respectively. In column 6, the planar direction relates to the plane formed 

by the static catenary suspension. Angles presented in the column indicate 

additional horizontal oscillation directions to the static plane. Columns 7 and 8 are 

discussed below.

The pre-tension of a mooring line is defined as the tension applied to a line prior to 

the excursion of the structure due to mean environmental loading. The pre-tension 

angle used in table 2.2, and throughout this thesis, is defined as the angle 

subtended by the top end tension and the horizontal at the mean offset. It is about 

this mean offset, or pre-tension angle, that the mooring line oscillates in the 

horizontal plane due to an assumed varying environmental loading on the moored 

structure.

In chapter 8 the non-dimensional presentation of results is discussed. It is shown 

that line oscillation amplitudes and periods are ideally non-dimensional with respect 

to water depth, (amp/H), and natural period of a pendulum of equivalent length to 

the water depth, (T/Tp), respectively. To derive the data in columns 7 and 8 of table

2.2 this non-dimensional procedure has been applied to the experimental models of 

each paper using water depth and natural period values calculated for each 

experimental system considered. Each papers' non-dimensional experimental data 

is then normalised with respect to the smallest non-dimensional dynamic amplitude 

and period of the experimental model of this thesis. For example, the non- 

dimensional amplitude and period data from reviewed papers are normalised with 

respect to 0.03 (amp/H = 2.5m/82.5m) and 0.55 (T/Tp = 10 sec/18.2 sec) 

respectively. Hence comparison of the parameters employed in each experimental 

model relative to the thesis may be made.
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From the table the comprehensive range of experimental parameters investigated 

in this thesis relative to previous studies may be seen. For example both large and 

small model scale tests are performed for identical oscillation parameters that 

consist of a significant range of dynamic amplitudes and periods in both planar and 

out of plane directions. Although there is some overlap of experimental parameters 

of this thesis with previous work, experimental results from different studies may not 

be directly compared as discussed below.

The experimental results of Huse (1986) are used as a tool for validation of his 

novel numerical model. Despite only low frequency line oscillations being induced, 

the low pre-tension angle of the model line does not permit direct comparison with 

the thesis model. Later Raaijmakers and Battjes (1997) develop the earlier model of 

Huse and vary the pre-tension parameters, which enables a limited overlap with the 

thesis experimental set-up. The style of results presentation within the paper of 

Raaijmakers and Battjes does not however allow simple comparisons to be made. 

Wichers and Huijsmans (1990) have made limited low frequency measurements. 

These are used as experimental validation of the contributions to the comparative 

mooring line damping study of Brown and Mavrakos (1999).

Chen et al (1993) and Koterayama et al (1989 and 1994) investigate combined, bi

harmonic, high and low frequency oscillations of a mooring line. In all three 

applications the wave frequency excitation is assumed insignificant when compared 

to the water depth. This assumption is necessary as no reference is made to the 

magnitude of the high frequency oscillation amplitude. However, the results are 

used as a verification tool for an approximate analytical model where high 

frequency oscillations are a small perturbation on a low frequency motion. Although 

similar pre-tension angles are used, the small oscillation amplitudes within these 

papers preclude comparison with the thesis experimental model.

The results of Papazoglou and Mavrakos (1990) cannot be compared with the 

experimental model of this thesis as their model examines the response of a 

relatively taut, low pre-tension angle, cable. Their results indicate that the line 

response is strongly dependent on the line elastic properties. A conclusion of the 

paper states that cable properties in water are entirely different to those in air for all 

but very slow motions. An interesting section of the paper discusses how during a 

high frequency oscillation the drag forces acting on the line prevent it from falling 

under the action of gravity into the catenary profile as the oscillator moves in a 

relaxing stroke. This effective free-fall of a section of line has an influence on 

possible catastrophic failure due to the rapid uptake of line when the oscillator
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changes direction into a tensioning stroke. The rapid uptake of slack line as the 

oscillation direction changes is known as the snap phenomena. The development of 

this response phenomenon is dependent upon the initial pre-tension angle and the 

excitation parameters. Similar features are in the experimental work performed in 

this thesis and are discussed in section 9.5.

Koterayama et al (1989 & 1994) utilise experimental bi-harmonic line oscillation 

data, where high frequency oscillations are superimposed upon a low frequency 

motion, to determine approximate chain mooring line drag coefficients. Again, in 

this model, the superposed high frequency oscillations are small relative to the 

water depth

Suhara et al (1987) present experimental results for the snap loading of a single 

chain line. As the model is of very low initial pre-tension angle and subject to small 

amplitude high frequency oscillations comparison of results may not be made with 

the thesis experiments. The Suhara model mooring line is also inelastic; this 

exacerbates the tension response at low pre-tension angles and hence aids the 

development of the snap phenomenon.

2.5.2.3 Numerical modelling

The prediction of mooring line dynamic loads is commonly carried out using either 

time or frequency domain techniques. Time domain analysis enables all non-linear 

effects to be modelled and typically employs a finite element (FE) type approach. 

Early FE models were based upon simple iterative procedures applied to the 

assumed catenary geometric shape of the mooring line. An advantage of present 

FE methods is that shape functions define the instantaneous profile of the mooring 

line and hence a catenary profile need not be maintained during oscillation of the 

suspension point. On the other hand, frequency domain analyses achieve 

considerable efficiency through a requirement for the linearization of all non-linear 

terms, but with the penalty of lower accuracy as described below.

Kwan and Bruen (1991) discuss and compare the relative merits of time and 

frequency domain dynamic analyses. Frequency domain based methodologies 

were found to be relatively simple and computationally efficient, serious restrictions 

were noted relating to the influence of mooring line geometric shape, ground 

interaction effects between the chain line and the sea floor and hydrodynamic 

loading of the line during large amplitude motions. Although significantly more
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expensive to perform, time domain techniques were able to fully account for 

relevant non-linearities and mooring configurations.

Van den Boom (1985) presents a lumped mass method (LMM), whereby the line is 

represented as a finite set of discrete masses connected using appropriate 

restoring and damping coefficients, to predict the dynamic effects. Using this 

method Van den Boom and de Boer (1992) describe a non-linear analysis for 

flexible risers whereby a time domain methodology is capable of describing the full 

three dimensional curvature of the riser as well as the governing mechanism of their 

dynamic behaviour. Derckson and Wichers (1992) employ a similar LMM in their 

discrete element methodology for the analysis of a mooring system. The simulation 

produced good results and indicated that the LMM could be further used in the 

prediction of deep-water moorings. Seabed interaction effects were however 

ignored.

Triantafyllou and Bliek (1982) utilise an alternative method for analysis of mooring 

lines, that of perturbation analysis. The method is based upon the assumption that 

the solution to the equations of motion consists of a non-linear slowly varying quasi

static part, representing the change in mean configuration of the line, and a 

dynamic component representing small oscillations about the mean. The equations 

of motion are linearized and the dynamic component calculated using a 

perturbation technique.

Employing a numerical simulation, Webster (1995) presents a comprehensive 

investigation into parametric response of mooring lines. The non-linear dynamic 

simulation includes the modelling of internal structural damping for wire lines in 

addition to environmentally induced line loads and damping. The parametric study 

investigated the effects of pre-tension angle, oscillation characteristics, stiffness 

and drag coefficient.

Whilst the LMM, finite difference and finite element methods may be employed for 

the numerical analysis of mooring lines Kim et al (1994) discuss the possibility of 

using a hybrid-element for improved computational efficiency. The new model 

incorporates a fully coupled vessel/mooring system analysis and shows 

considerable promise for improving TD based solution speeds.

In view of the computational requirement associated with time domain modelling, 

research has been directed toward efficient approximate methods that are capable 

of predicting mooring line loading to comparable accuracy.
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Huse (1986 & 1991) presents the development of a simple numerical model with 

limited experimental verification. The technique utilises a motion envelope for an 

element of the mooring line given a sinusoidal oscillation of the suspension point in 

the horizontal plane. The motion envelope is defined by the maximum and minimum 

excursions of the suspension point during excitation, as presented in figure 2.2. In 

this figure a typical mooring line profile is presented for the initial datum and for 

excursions corresponding to an example 20m amplitude, low frequency, oscillation. 

The derived relationship between suspension point oscillation and motion of the 

element within the envelope enables an approximation to the mooring line damping 

to be made. The initial quasi-static methods developed are however applicable only 

to harmonic excitation frequencies. Later, Huse (1991) develops the approximation 

to include the influence of high frequency motion on the low frequency drift 

oscillation through a modified ‘apparent’ drag coefficient.

The envelope approximation described above assumes that during an oscillation 

cycle the changes in suspended line profile vary sinusoidally between the datum 

profile and the extremes of the envelope. Liu and Bergdahl (1998) develop the 

envelope model of Huse to account appropriately for the disproportionate distance 

from the equilibrium position of the line to the envelope extremes if a single cycle is 

considered as two half cycles, each starting at the equilibrium position, see figure 

2.2. Baduin and Naciri {SJ&9T) derive a modified envelope approximation by 

accurately accounting for the velocity change at each time step through the 

calculation of a number of mooring line profiles. The results of the model are shown 

to compare well with data generated from time domain dynamic analysis software.

Although based upon the catenary equations, Koterayama et al (1994) presents an 

approximation that differs from Huse’s envelope approach because it includes re

calculation of the line profile at each time step. Within the method the mean vertical 

height of the suspended line is calculated at each time increment. The relative 

change of mean height for each time step is then used to determine a 

representative velocity for the entire line, from which a prediction of the 

hydrodynamic loading is calculated. The resultant vertical loading is transformed 

into a horizontal restoring force using linear stiffness coefficients found from 

catenary theory. The approximation is however limited to small oscillations of the 

suspension point about the equilibrium position about which the restoring force, 

from which stiffness coefficients are calculated, may be assumed linear.

During the period 1994-1997 Brown and Mavrakos (1999) compiled a comparative 

analysis on the numerical prediction of mooring line loads. The objectives of the
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study were to report on the current state of the art for dynamic analysis of moorings, 

and to assess the level of uncertainty in predicting the dynamic tension and 

mooring induced damping required for global analysis. Fifteen institutions, of 

academic and commercial background, participated within the case study. 

Simplified mooring systems were selected for the analyses consisting of a single 

chain mooring line in shallow water of 82.5m depth and a catenary wire mooring 

line in 500m water depth.

Data submitted to the case study consisted of numerical line tension and damping 

predictions, for a range of line top end excitations, calculated using time and 

frequency domain methodologies. Although time domain based solutions showed 

greater agreement, the spread of submitted results was significant. For example, 

time domain damping predictions are shown vary by up to 60% of the overall time 

domain mean. The spread of frequency domain predictions is however larger and 

shows poor correlation with time domain data for oscillations where hydrodynamic 

forces dominate the line loading. The results of the case study emphasise the 

requirement for a numerical model with the accuracy of time domain predictions but 

with frequency domain model efficiency. This study is used in later sections of the 

thesis to compare numerical data with experimental results of this work.
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Source 
(See References)

Condition

Intact Single line failure Transient motion

API (1995) 1.67 1.25 1.05

ABS (1995) 1.67 1.33 -

Lloyd’s (1995) 1.85 1.35 1.10

DnV(1996) 1.5 1.10 1.00

NMD (1987) 1.65 1.25 1.00

Table 2.1 -  Safety factors to be applied in the design of mooring 
systems.



Model Line Scale factor Pre-tension 
angle range

Oscillation
type

Oscillation
direction

Dynamic 
amplitude range

Dynamic 
period range

1:70 HF Planar, 45°, 90° 1 :3.2 1 :3

Kitney PhD Thesis (2000) Chain & 58° : 44° LF Planar, 45°, 90° 4 : 8 10 :20

1:17 LF + HF Planar, 45°, 90° LF + 1 : 3.2 LF -f-1 : 3

Raaijmakers & Battjes (1997) Chain 1:30 48° : 38° HF Planar 1.4: 3.3 0.5 : 13.4

Chen et al (1993) Chain No reference 47° LF-kHF Planar No reference

LF Planar 10 8.6

Papazoglou & Mavrakos (1990) Wire 1:30 « 3 0° HF Planar 1.3 0.3 : 13.3

Wichers & Huijsmans (1990) Chain 1:83 52° LF Planar 4 :8 10 : 30

Koterayama et al (1989) Chain 1:100 43°
LF-t-HF Planar LF + 0.04 : 1.0 LF + 0.4 : 1.34

LF Planar 1.1 :3.4 5.7

Huse (1986) Chain 1:50 30° LF Planar 3.6 5.4

Suhara et al (>987) Chain No reference No
reference HF Planar 3.2 0.25 : 1.1

Table 2.2 -  Comparison of experimental models.
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3 Introduction to mooring line response

This chapter introduces the basic static characteristics and behaviour of a mooring 

line and discusses how this is modified if the influence of line dynamics is included.

Although no new work performed specifically for this thesis is presented here, it is 

important to include this section because it is fundamental to the thesis.

The initial section provides the equations of a static catenary mooring line and 

discusses the boundary conditions for solution. Section two discusses the anticipated 

response of a mooring system and the complex relationships that influence the 

actual line profile. Also presented in section two is the methodology for the derivation 

of mooring line damping coefficient from line tension histories. Conclusions for 

chapter three are presented in the final section.

3.1 Static mooring line

This section briefly presents the static equations for a catenary mooring line, based 

upon the derivation of Irvine (1981). The discussion commences with the equations 

of a freely hanging line statically suspended between two points. This model is then 

developed to describe a line suspended from a single end only. The free end of the 

line is assumed to lie on a rigid smooth surface below the suspension point. In both 

models no forces, other than gravity, are assumed to act on the static lines.

Although the name catenary is taken from the Latin meaning for chain, it is believed 

that the original Latin name stems specifically from a chain hanging under its own 

weight between two points. In 1638 Galileo first described that the shape of the 

hanging chain roughly resembles that of the trajectory of a projectile, and assumed 

that the shape was parabolic. Although incorrect, Galileo's work on parabolic 

equations remained unused for 50 years until the Bernoulli brothers and Leibnitz & 

Huygens, developed the true static catenary equations from which the following are 

derived.

Consider a chain of length, Lg, freely suspended between two points at horizontal 

and vertical separation distances of m and n respectively, as indicated in figure 3.1. 

The length of line between the two points is such that

Lg>(m^+n^) .  (3.1)
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The catenary equations may be presented in terms of the separation and force 

components at the points of suspension by

EA W
sinh ^( V i ] -s inh  ^(^2 ] (3.2)

n =
WLe
EA W 2

+  ■
H ik

W
1 +

\2^2 r  / y
1 + (3.3)

where jand Vj 2 represent the horizontal and vertical components of tension, and

subscripts 1 and 2 identify the upper and lower points respectively. The terms W 

and EA represent the weight and elastic modulus of the suspended line.

Figure 3.2 presents a typical profile for a catenary mooring line from which it is 

evident that the catenary equations 3.2 and 3.3 must be amended to reflect the 

boundary condition at the touch down position. From figure 3.2 the boundary 

conditions to be satisfied are

V i= W ,

V2 =0, = H2 .

Applying these conditions to equations 3.2 and 3.3 gives

(3.4)

(3.5)

EA W
sinh -1

2EA W

2^
1 +

V y

- 1

(3.6)

(3.7)

where x , H and W are the distance from the line suspension point to the line touch 

down position on the seabed, the water depth and the weight of the total length of 

suspended line respectively. For a mooring line the free grounded end of the line is 

assumed terminated at an anchor point. The boundary condition stated in equation 

3.5, for the vertical tension component, requires that no vertical load be imposed at 

the anchor termination, as described earlier in chapter two. The distance from the 

anchor to the point of suspension, , may be found using

xj = ( R - L s )
EA

H,

(R -L s )
- / / w +1

y y

(3.8)
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The term R represents the total length of line from the point of suspension to the 

anchor, w the submerged weight per unit length of line and ywthe coefficient of 

friction between the chain line and the sea floor. Using an iterative solution technique 

equations 3.6 to 3.8 may be solved to generate appropriate values of the static 

catenary characteristics.

From equations 3.6 and 3.8, the static tension variation of a catenary mooring line 

varies in a non-linear manner for horizontal excursions of the suspension point, a , 

due to its dependence on the hyperbolic function sinh(a). The influence of this 

geometric non-linearity may be seen from the tension data of figure 3.3 in which the 

quasi-static solution to equations 3.6 and 3.7 with respect to suspension point 

excursion, a , are shown. The presented data are normalised with respect to the 

distance from the anchor (a/xi)and static line tensions at the equilibrium position

(F ,(a)/F ,(x,)).

3.2 Dynamic mooring line

The response of all dynamic systems is represented by and may be determined from 

the solution of differential equations of motion. With reference to figure 3.2, consider 

that the mooring line suspension point represents an attachment point to a floating 

vessel that is in static equilibrium at a distance, x^, from the anchor. If the

environmental forces acting on the surface vessel induce a horizontal vessel 

excursion, a , in the plane of the suspended line, the differential equation of motion 

governing the system response is defined by

d^a , da
(m + )-;-y + b—

da

dt
+ k(a)a = F, (3.9)

dt^ dt

where m and are the respective mass and added mass of the system, k(a) the

restoring force of the mooring, b the damping coefficient and F the exciting force.

Reading from the left hand side of equation 3.9, the equation consists of inertial, 

damping and stiffness terms respectively. The damping force term is a function of 

the square of the excursion velocity and always acts to retard the vessel motion 

irrespective of the response direction, known as positive damping. If the vessel 

excitation is sinusoidal the direction of the exciting force is periodically changing and 

hence the quadratic damping is displayed as a modulus. It is noted that the stiffness 

term is non-linear because of its dependence upon the hyperbolic function sinh(a).
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The response of forced non-linear systems differs from that of linear systems due to 

the occurrence of additional resonant frequencies that are dependent on the order of 

the system inherent non-linearities and the characteristics of the exciting 

mechanism.

For example, the introduction of non-linearities complicates the system response due 

to an effective detuning of the frequency at which resonance occurs. The forced 

oscillation of a system with geometric, and/or environmentally induced, non- 

linearities causes secondary resonant frequencies termed super- or sub-harmonics.

The solution of the inhomogeneous equations of motion for a system with non- 

linearities, of order n,  incorporates a free oscillation term and steady state solution. 

However, the steady state solution also incorporates an additional free response

term whose frequency is amended by the non-linearity to exactly n,  or — , times the
n

excitation frequency, representing a super and sub-harmonic response respectively. 

The relevant magnitude of each harmonic response is dependent upon the 

frequency, and amplitude, of excitation and the strength of the non-linearities. For 

non-linear systems the steady state response is strongly dependent upon the system 

initial conditions due to the additional steady state free oscillation term.

For a mooring system, the excitation of the system at a frequency different to that of 

a system resonant frequency will require an excitation of large force amplitude to 

induce a super- or sub-harmonic resonant response, this is termed as hard 

excitation.

For a catenary mooring line, as the period of oscillation is reduced the hydrodynamic 

line loading becomes the increasingly dominant component of the total line tension. 

This quadratic line loading implies that the strength of the system quadratic non- 

linearity (n=2) enlarges and will thus incur a second order super-harmonic line 

response at twice the frequency of excitation. As the initial pre-tension angle of the 

line is reduced, the effective velocity of the top end excitation at which the 

hydrodynamic line load becomes dominant is reduced due to the large variation in 

suspended line length that is subject to drag loading during an oscillation. For 

mooring lines of low initial pre-tension angle there is thus a heightened sensitivity to 

the onset of superharmonic resonance.
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3.2.1 Line response

An analytic solution of equation 3.9 for mooring line response is not possible due to 

the complicated functions that determine the dynamic response of the line. The 

following describes how the components of line response are interrelated and why 

numerical and experimental procedures are presently the only satisfactory method 

for prediction of mooring line tension and damping.

• The suspended line length depends upon the line pre-tension in a non-linear 

manner. As the distance between the anchor and mooring line static equilibrium 

position increases the tension becomes larger and more line is suspended. If the 

suspension point is then set in harmonic motion about the equilibrium position 

the length of suspended line is a function of the oscillation amplitude and period.

• The hydrodynamic line loading is dependent on the frontal area of suspended 

line and the square of the line velocity relative to that of the local current. 

However the line loading is further complicated by the changing line profile 

during excitation of the suspension point. This results in a non-linear velocity 

distribution along the instantaneously varying line length.

• The elastic stretching of the line is a function of the dynamic line loading, 

however the line elongation is also influenced by the frictional interference on 

the grounded section of line. This is a function of the sea floor type, the length of 

grounded line and the frequency of excitation.

The comments above relate to the response of the line to harmonic excitation of the 

suspension point. If the excitation is now considered bi-harmonic, consisting of a low 

frequency oscillation with a superposed high frequency motion, the line response is 

further complicated. The superposition of two oscillation frequencies results in the 

line response of one of the oscillation components interfering with the response of 

the other in a complicated manner. This leads to a modified fluid field that has 

different properties to that which a harmonically motioning line is usually exposed to 

and causes a variation in hydrodynamic loading. The strength of this cross coupling 

is dependent upon the line initial conditions, type of line and oscillation 

characteristics. For bi-harmonic motions the line tension response cannot therefore 

be de-coupled into tension components that equate to the individual high and low 

frequency excitation parameters.

The derivation of accurate line tensions is required if the system damping is to be 

determined. This is because damping is dependent on the time domain integration of
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line tension over an oscillation cycle. The derivation of mooring line damping is 

discussed in the next section.

3.2.2 Damping coefficient

The mooring system response to a harmonic excitation of the suspension point in the 

horizontal plane causes the line to perform work and hence expend energy in doing 

so. It is the expending of the system energy that damps the motion response.

From consideration of energy dissipated by the line the damping coefficient, b , is 

derived. If the system is subject to a harmonic excitation of oscillation period, r ,  the 

energy dissipated by the system may be derived from the work done using

where E„ is the energy dissipated, the horizontal force history at the point of 

suspension and v the instantaneous velocity of the suspension point. It is important 

to note that the horizontal tension history in equation 3.10 contains both static and 

dynamic tension components. Although only the dynamic line loading is responsible 

for the work done by the moving line, this is accounted for in equation of 3.10 as the 

static line tensions are removed by performing the integration over a complete

oscillation cycle. This can be clearly seen by presenting equation 3.10 in the

following manner

E .= Z v [(% d + % s )- (% d + % )], (3.10a)

where %  and I^^are the static and dynamic components of horizontal line tension 

respectively. The arrows to the right (—►) and to the left (<—) indicate the direction of 

oscillation within the motion cycle. From equations 3.10 and 3.10a, for very low 

frequency oscillations of the mooring line, that approximate to quasi-static motion, it 

is evident that the energy dissipated, and hence line damping, is close to zero.

From equation 3.10, expressing the velocity of the line suspension point as the 

derivative of the instantaneous excursion, a , leads to

E „ = | l^ ( a ) . ^ d t .  (3.11)
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Re-arranging the damping force term of equation 3.9 in terms of the energy 

dissipated by the line gives

E „ = b | ^ J d t .  (3.12)

From equation 3.12, a linear damping coefficient, b , may thus be determined in 

terms of the energy dissipated

b = — V , (3.13)
I n  amp

where amp is the appropriate amplitude of harmonic excitation.

Although the method outlined above is appropriate for the determination of a

linearized damping coefficient when the system is subject to a forced harmonic

excitation, care must be exercised when considering the bi-harmonic response.

Under these circumstances the total energy dissipated by the system may be 

considered to be a result of the work done by the total system. Representing this as 

an equation similar to that of equation 3.10, leads to

E „=  (3.14)

where v and are the respective instantaneous horizontal velocity at the point of 

suspension and the low frequency oscillation period.

Equation 3.14 must be refined to more readily account for the oscillatory nature of a 

bi-harmonic excitation. Equation 3.14 contains both instantaneous horizontal force 

and velocity of the suspension point for a bi-harmonic oscillation, however only work 

done during the low frequency motion component is of interest in establishing large 

amplitude resonant motions of the vessel. From this argument equation 3.14 is 

modified to reflect the influence of both excitation frequencies in the form of the 

instantaneous horizontal force at the suspension point and specifically the low 

frequency velocity component using

En =  J  dt, (3.15)
0

where is the low frequency velocity component at the point of suspension. The

linear damping coefficient is thus determined usmg-
O&tNCr



68

b= , ,  (3.16)
2 ;r̂ ampd

where amp^ is the low frequency component amplitude of oscillation.

3.3 Conclusions

This chapter has discussed the complexities of mooring line response. Following 

presentation of the standard catenary equations, the inherent line geometric non- 

linearity and environmentally induced quadratic non-linear hydrodynamic loading will 

induce super- and sub-harmonic resonant line responses. The level of these will 

however be dependent upon the system initial conditions and excitation 

characteristics.

Finally the methodology is presented for derivation of the linearized line damping 

coefficient. Calculation of the line damping is shown to be dependent upon the 

product of the instantaneous horizontal component of line tension and velocity at the 

suspension point. For experimental models the quality of these measured values is 

paramount if accurate damping coefficients are to be derived. In later sections of the 

thesis the experimental set-up at small and large model scale test facilities are 

presented, including discussions of the procedures undertaken to ensure that 

confidence in experimental measurements is high.
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Figure 3.2 -  Catenary mooring line, with forces indicated at suspension 
and touch down points.
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4 Experimental equipment set-up

This chapter presents an introduction to the experimental systems used to 

determine mooring line tension and damping. The specific set-up of the 

experimental equipment employed at University College London (UGL) and the 

Canal de Experiencias de Hidrodinamicas de El Pardo (CEHIPAR), Madrid, Spain, 

are discussed. Small model scale tests of 1:70 scale were performed at UCL whilst 

large model scale tests at 1:17 scale were carried out at CEHIPAR.

The first section provides an overview of experimental sensing and measuring 

systems. Section two discusses the structure of the analysis codes used to assess 

the experimental data. In section three an introduction to the oscillation system is 

presented and includes the development of the oscillation system control codes. 

Calibration of experimental systems is introduced in section four. The penultimate 

section discusses zero drift errors experienced with the 1:70 model scale 

experimental equipment and methods employed for their elimination.

From this point forward the small model scale tests performed at UCL are referred 

to as 1:70 tests. Similarly the large model scale tests completed at CEHIPAR are 

referred to as 1:17 tests.

4.1 Experiment sensors

It is noted that the key components of the 1:17 facility are similar in function and 

operation to those at 1:70 scale. Given these similarities only the 1:70 set-up is 

explained in detail however, where necessary differences between the 1:70 and 

1:17 equipment is discussed.

4.1.1 Measurement of line loads and carriage position

The mooring line experimental models are each suspended by their top end from 

load sensors. The line terminations at the anchor and sensor arrangements at the 

suspension point are the only physical connection on the freely suspended line.

Figure 4.1 presents a schematic representation of the bi-axial load cell assembly 

used in the 1:70 scale model tests. The load cells are arranged such that horizontal 

and vertical components of tension may be measured at the top end of the line. 

The shear beam load cell devices consist of aluminium, rectangular, box section



72

with strain gauges mounted on the inner faces of the longer sides of the box. The 

gauges are located directly below, machined circular, notches in the outer faces of 

the section so as to concentrate strains on the box section to within the vicinity of 

the gauges, see figure 4.2.

The 1:17 scale sensing system differs from the 1:70 model load cell arrangement 

as a strain gauged steel box section is used to measure horizontal planar, and out 

of plane, loads at the point of suspension, see figures 4.3 and 4.4. The total line 

tension is measured directly from an in-line load cell inserted in the line at the 

suspension point.

The position of the 1:70 model motion carriage at any particular instant is 

determined through a rotary potentiometer connected to the main pulley wheel axle 

of the primary drive motor. Positional information for the 1:17 model is forwarded 

from reference data taken automatically from the drive motors of the oscillation 

system.

An additional sensor is utilized in the 1:17 model tests. The sensor is mounted 

upon a spring assembly, used to model the line elasticity, and is employed to 

measure the extension of the springs. The 1:17 spring assembly is located above 

the water surface. The spring system utilized in the 1:70 model tests is positioned, 

submerged, on the tank floor. As a résultats location the spring system extension is 

not monitored electronically, however visual checks of the system are made during 

line oscillations to ensure extension of the springs occurs. The design and 

operation of the spring assemblies are discussed in section 5.4.2.

4.1.2 Sensor excitation and data transmission

Load measurement using strain gauges requires the use of an in-line conditioning 

unit. For the 1:70 scale model system the unit is responsible for the excitation of 

gauges, receipt of gauge output and subsequent output to the signal processing 

equipment. Load cell excitation is achieved using a FYLDE high performance FE- 

366-TA signal conditioning module. Subsequent input into the analogue to digital 

conversion equipment is provided via a shielded parallel interface cable.

Due to the combination of extremely small signal voltages and the location of the 

test facility within a large mechanical engineering laboratory, illuminated by 

fluorescent lighting, all data transmission lines utilize appropriately shielded cables.
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An active system of noise elimination is also employed through the application of a 

digital filter in the data processing stage as described in section 4.2.

4.1.3 Signal acquisition and recording

The first stage in the signal processing path is the conversion of the analogue 

experimental data into a discrete digital form. Although a relatively straightforward 

process, several precautions must be taken to ensure the digital representation is 

of sufficient quality that the original analogue signal may be re-created if the 

process was reversed and digital to analogue conversion were performed.

If the sample rate is too low, relative to the highest expected frequency of the input 

signal, the digital representation of the analogue signal will be poor and possibly 

distorted, resulting in an alias of the required signal. Figure 4.5 presents a 

schematic of an analogue input signal together with a correctly sampled and 

aliased digital representation. Too high a sample rate however leads to excessive 

quantities of data.

A general rule for sample rates is to ensure that the rate is at least twice the 

highest response frequency expected from the experimental tests. Previous studies 

indicate that a sample rate of 2.5 times greater than the maximum expected 

frequency is an appropriate choice, known as Shannon’s sampling theorem.

For high sample rates the power supply of the conditioning equipment must be 

given consideration due to its own cyclic variation. In the UK, mains supplied power 

has a frequency of approximately 50Hz. Sampling experimental data at this 

frequency, or at an integer multiple of the supply voltage frequency may induce an 

aliased digital signal and is to be avoided.

Although the greatest experimental response frequency is expected to be 

approximately 4Hz, at both 1:70 and 1:17 scale model facilities the sample 

frequency is set to 30Hz to ensure that a high definition discrete signal is derived. 

At each time interval, within the A/D conversion, data relating to line loads at the 

suspension point and position of the oscillation carriage are stored as a text file on 

a dedicated storage personal computer. Analysis to discern the relative maximum 

line tensions and damping of the line is performed as a post process operation 

using a specific analysis code.

At the 1:70 test facility, A/D conversion is performed by an lOTech DaqBook 200, 

incorporating a16 bit A/D processor with an input range of ±5V. An analogue signal
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input of -5V, and +5V are represented by 0 and 2̂ ® bits respectively, providing a bit 

resolution of 1mV to 65 bits. As this system has a high resolution, amplification of 

the input signal to the receiving system has not been applied. This is despite the 

expected signal voltage range varying between only OV to 2.5V. Due to the large 

number of tests performed, if the amplification were to be varied for each specific 

test the possibility of confusion in the recording of data would be increased, as 

would the time required between tests, and during test analysis, to alter the data 

logging characteristics.

4.2 Analysis of experimental data

Within the experimental programmes completed at both model test facilities the 

number of tests performed is in excess of 1000. Given the large quantity of data to 

be analysed a specific set of codes has been developed to automate the analysis 

task to as large an extent as possible. To increase efficiency, the process code is 

applied in a blanket fashion across all experimental tests. Individual oscillation 

characteristics required within the analysis of each test are stored as components 

of the individual test file name, hence preserving specific data and aiding 

automation.

4.2.1 Spectral analysis

An initial spectral analysis is performed using the FFT (Fast Fourier Transform) 

algorithm utilizing MATLAB software. This is because vibration of the equipment 

induced by the high frequency nature of the excitation and radio frequency (RF) 

noise from external sources induces an unwanted signal upon the stored data. The 

purpose of the spectral analysis is to determine the appropriate cut-off frequency to 

be applied within the digital filter of the process code. The filter will hence remove 

these unwanted noise data occurring at frequencies above the cut-off.

Figures 4.6 and 4.7 present results of spectral analyses from typical 1:70 and 1:17 

scale model experimental data respectively. The presented frequency content of 

each figure has been converted to the equivalent prototype frequency, whilst the 

vertical axis has been normalised relative to the largest spectral density value for 

ease of comparison. Figures 4.6(a) and 4.7(a) represent harmonic high frequency 

excitations whilst 4.6(b) and 4.7(b) give high frequency motion superposed upon a 

low frequency motion, that is a bi-harmonic oscillation.
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From figure 4.6 there appears to be a significant quantity of possibly unwanted 

frequencies above 0.4 Hz. Comparing the frequency response of figure 4.6 and

4.7, the random distribution of the assumed unwanted frequencies of figure 4.6 

indicates that data of frequency greater than 0.5 Hz may be unwanted noise. This 

is discussed in more detail below.

In the initial stage of digitally filtering data, the discrete version of the analogue 

signal is treated as a raw signal. Applying a digital filter to this raw signal, with a 

prescribed cut-off frequency, removes all components of the raw signal with 

frequencies greater than the cut-off value. The maximum cut off frequency that 

may be applied to digitally sampled data corresponds to the Nyquist frequency. The 

Nyquist frequency is equal to exactly half the sample frequency.

For the experimental model in this thesis, at equivalent prototype scale, the Nyquist 

frequency is 1.5 Hz. Hence if the cut-off frequency is set to 1.5 Hz the sampled 

experimental data will be identical to the original discrete raw signal.

An analysis of the influence of noise, and selection of cut-off frequency in the digital 

filters is presented in figures 4.8 and 4.9. In each of these figures the line tension 

data are normalised with respect to data filtered at the Nyquist frequency.

From figure 4.8 there appears to be little influence on line tension from signal 

components of frequencies greater than 0.6 Hz. However, if a cut-off frequency of 

0.1 Hz is used the maximum line tension is reduced by 25%, as shown in figure

4.8. This is because removing all frequency components of greater than 0.1 Hz will 

delete the tension data in the range 0.1 Hz to 0.45 Hz where, from figures 4.6 and 

4.7, there appears to be data at frequencies of an integer multiple of the primary 

response frequency, that is super-harmonics.

From figure 4.9 the influence of cut-off frequency and noise may be seen from a 

typical bi-harmonic tension time history. Figure 4.9 indicates that using too low a 

cut off frequency can result in a significant reduction in the peaks of a signal trace. 

This could lead to under prediction of maximum values measured.

The application of a correct cut-off frequency therefore requires a prior knowledge 

of the system response. This ensures that the cut-off frequency selection is 

appropriate such that useful experimental data are not removed from raw signals 

through application of too low a value, whilst the cut-off frequency must not be too 

high such that excessive levels of noise distort signal data.
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From consideration of figures 4.6 to 4.9 the optimum cut-off frequency to be 

applied to all experimental data of both model test facilities is taken as 0.45 Hz at 

prototype scale. At 1:70 and 1:17 model scales this corresponds to cut-off 

frequencies of S Hz and ^  Hz respectively.

4.2.2 Data process code

The aim of the process code is to automatically analyse all experimental data to 

derive maximum line tension and line damping values. Whilst the line tension 

components are quantities that may generally be derived from the recorded sensor 

output data, line damping must derived from the product of at least two data 

channels. These are the horizontal components of tension and velocity at the line 

suspension point, see section 3.2.2. This section discusses the development of the 

code to derive the maximum line tensions and appropriate linear damping force. A 

listing of the process code is presented at appendix A-1.

4.2.2.1 Determination of maximum tension

In the 1:70 model experiments, measurement of the components of horizontal and 

vertical line tension are achieved directly from the output of the bi-axial load cell 

arrangement. The total line tension is then derived from the square root of the sum 

of the squares of these components. The 1:17 model experiments are such that 

total line tension is measured directly using the in-line load cell.

During the experimental tests numerous oscillations for each test case are 

performed. For low frequency harmonic, and bi-harmonic (low plus high frequency), 

motions 20 oscillation cycles are performed and the measured data logged. For 

high frequency harmonic oscillations the number of recorded cycles is increased to 

60. The process code is required to digitally filter this stored data and determine the 

average maximum line tension over a number of oscillation cycles. For a harmonic 

oscillation frequency this is a relatively simple task, however for bi-harmonic 

oscillations the code must select the maximum tension that occurs during the low 

frequency cycle of the motion. Figure 4.10 presents a typical tension time history 

recorded over four low frequency oscillations of bi-harmonic motion at 1:17 scale. 

The circles superimposed on figure 4.10 indicate the maximum tensions during 

each low frequency period that are averaged to determine the actual line maximum 

tension. Good cyclic repeatability is shown in the figure.
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4.2.2.2 Determination of line damping

Within the final process code the work done by the oscillating line is derived from 

the product of the instantaneous horizontal force at the suspension point and the 

horizontal velocity component, as shown in equation 3.10 and 3,15. A linear 

damping coefficient is then determined using equation 3.13 for harmonic 

oscillations, or 3.16 for bi-harmonic motions. However, the carriage velocity signal 

represents the actual instantaneous velocity of the carriage. For bi-harmonic 

motions it is therefore necessary to pass this signal through a low pass digital filter. 

This ensures that only the low frequency velocity is recorded. The work done by the 

line is calculated for a number of oscillation cycles and the average energy 

dissipated per cycle is derived. For bi-harmonic oscillations the average energy is 

derived for a low frequency cycle.

4.3 Experiment oscillation system

The 1:70 model test facility is depicted in figures 4.11 and 4.12. Figure 4.11 

presents a view along the length of the test tank in the plane of the suspended 

mooring line. Situated directly above the tank is a large aluminium outer frame 

mounted on four pairs of roller bearings that are seated upon parallel guide rails 

running along the longitudinal length of the tank. This main carriage is responsible 

for the planar, longitudinal, oscillations of the mooring line. Within the frame of the 

main carriage is a sub-carriage capable of computer controlled out of plane 

oscillations. The load cell assembly and mooring line attachment point are housed 

upon this sub-carriage, see figure 4.3.

The carriage acts as the interface between the mooring line oscillation system and 

the line suspension point. The model mooring line is located along the longitudinal 

centre line of the tank with the anchor point situated at the tank end face at floor 

level, see figure 4.13. The line runs freely, and unimpeded, from the anchor point 

along the horizontal floor surface rising to form a catenary from its suspension point 

at the load cell arrangement housed within the carriage framework. The load 

sensors and anchor point are the only connections made on the mooring line 

model.

Similar toothed belt-pulley wheel drive systems are used for the motion control of 

the planar and out of plane carriages. Figures 4.14 and 4.15 show the belt-pulley
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system for the planar carriage and the smaller out of plane system of the sub

carriage respectively.

Both the planar and out of plane motion carriages are independently computer 

controlled devices. The desired motion of the carriages is achieved through the 

design of appropriate control codes that are uploaded to the control computer 

(INFEED 203) of the required carriage prior to testing. The INFEED computer 

requires control code written in Motion INTerpretation software (MINT), a language 

similar to BASIC. A discussion of the control codes structure is presented in section 

4.3.1. The control of the drive motors from the computer system utilizes a PI VF 

(Proportional, Integral, Velocity Feedback and Velocity Feed Forward) algorithm. 

As with all automatic control systems, the carriage control algorithm has several 

gain settings that require calibration prior to operation to ensure that the achieved 

motion matches that which is desired. The calibration of the system gains is 

presented in section 4.4.2.

The data logging and control area for the 1:70 scale model equipment is located 

next to the test tank, as indicated in figure 4.16. The INFEED computer system 

does not support peripheral equipment for the design and editing of control codes 

and hence requires connection to a terminal emulator. Once control codes are 

complete they are uploaded to the INFEED computer via a dedicated data link. 

Within the control area a personal computer acts as the INFEED terminal emulator 

and user interface. A typical screen display for control code selection on the 

emulator is shown in figure 4.17. The control codes uploaded to the INFEED 

system include calibration factors for application in the PIVF algorithm.

The primary difference between the 1:70 and 1:17 model facilities is the 

significantly greater dimensions of the latter test site. A general arrangement 

drawing and photographic overview of the 1:17 facility are presented in figures 4.18 

to 4.21.

The load sensing system is suspended from a linear table as shown in figure 4.19. 

The housing of the linear table is provided by a turret system that is able to rotate 

about a vertical axis and perform horizontal translations, see figure 4.20. The turret 

assembly is then suspended beneath a planar motion carriage that spans the width 

of the test tank as depicted in figure 4.21.

High frequency oscillations are performed using a servo-controlled screw thread 

assembly of the linear table. Low frequency motions are provided by the horizontal 

translation of the turret system. For tests that involve out of plane oscillations, the
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turret assembly is first rotated to the desired azimuth angle and the linear table 

used to execute the required high frequency line excitation.

During all line oscillations the large planar motion carriage, that spans the width of 

the test tank, is stationary. Changes in the line initial pre-tension of the line are 

however achieved by repositioning the large planar motion carriage.

4.3.1 Oscillation system control

The oscillation control codes for the 1:17 model have been developed by the staff 

of CEHIPAR and are proprietary software. The control of the 1:70 model oscillation 

system is however developed as part of the thesis test programme.

The 1:70 model control system is based upon technology designed for use with 

conveyor belts. As such the control structure is required to be relatively simple and 

subject to minimal time dependent variations within a typical operating cycle. The 

result of this expected code simplicity is that the INFEED 203 control computer has 

limited processing speed and is solely dependent upon a small amount of RAM for 

data storage. Hence careful, and sometimes novel, software construction is 

required.

Prior to operating the oscillation system two files require uploading from the 

terminal emulator, these being a configuration file and the oscillatory control code. 

The configuration file contains system calibration data, appropriate gain settings 

and system default data. Due to the limited RAM of the INFEED computer the 

configuration and programme files are restricted to a maximum size of 1 and 27 kB 

respectively.

As the required line excitation is harmonic or bi-harmonic the velocity and 

acceleration of the carriage should be continually changing throughout the motion 

period. The control system is however digitally based and requires that the desired 

motion be represented in a discrete digital form.

Within each discrete time step the code requires the computer to calculate the 

oscillation parameters for the next step and feed them forward to the drive 

mechanism at the appropriate time. From the discussion of analogue to digital 

conversion, ideally the time step should be as small as possible to ensure that the 

discrete trace is as close as possible to the desired motion.
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The size of the time step in the discrete representation is however dependent upon 

the speed at which the processor is able to compute the necessary discrete output 

value for the next time step, which is in turn dependent upon the complexity of the 

control code.

For example, consider a velocity feed forward control system that is required to 

perform harmonic oscillations with maximum allowable time step At to achieve an 

appropriate motion representation. The desired harmonic velocity of the carriage in 

the control system may then be represented by

v(t + At) = AS in (4.1)

where v , AandT represent the required velocity for the discrete time step and the

desired oscillation amplitude and period respectively. The control system demands 

that at every At the new discrete velocity is fed forward from the computer to the 

drive system. Assuming that the time taken to compute the discrete velocity, v , is 

represented by T^, equation 4.1 can be re-written as

v(t + Tc) = ASin (4.2)

From equation 4.2, the value of v(Tg) is derived and fed forward to the carriage 

drive mechanism as soon as the calculation is complete. However, if Tg< At the 

period of oscillation is effectively reduced and hence the actual oscillation 

amplitude achieved will be less than that desired. If T̂  > At the amplitude of motion 

is greater than required due to an artificial inflation of the oscillation period. To 

ensure that the control system produces a carriage motion of the characteristics 

required, the time taken to complete the calculation of discrete velocity, v , must 

equal the discrete time step, that is At.

The loop closure time of the INFEED computer, a reflection of the speed of the 

processor to complete a single line of instructional code, is 2 milliseconds. Bi

harmonic motions represent the most complicated control code structure within the 

oscillation tests. These motions require that a large number of lines of code are 

read and interpreted within a discrete time step, this restricts At to a maximum 

value of 0.11 seconds for bi-harmonic line oscillations.

A schematic representation of the control code structure is presented in figure 4.22. 

It is noted that the code structure is such that the processor is always able to
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complete necessary calculations within the required discrete time step. As a result 

of this a delay has been built into the control code to ensure that the desired new 

velocity is not fed forward until the appropriate time. A control code listing for the 

oscillation system is presented at appendix B.

4.4 Calibration

This section briefly discusses and presents the calibration of the experiment 

sensors and oscillation system. All 1:70 scale model equipment is calibrated prior 

to and again upon completion of the experimental analyses. Equipment used in the 

1:17 model is similarly calibrated by the staff of CEHIPAR and encoded within the 

appropriate software utilized for logging experimental data.

4.4.1 Load cell calibration

To calibrate the load cell assembly mounted within its housing on the oscillation 

carriage a number of increasingly large masses are applied to each cell in 

horizontal and vertical directions. Whilst recording the load registered by each cell 

under test, the output from both cells are logged in order to measure possible 

cross-axis sensitivity and coupling between load sensors.

The vertical load cell calibration is relatively simple and is achieved by suspending 

masses vertically from the mooring line suspension point. The loading of the 

horizontal sensor however requires the use of a pulley system to ensure correct 

loading direction. Figure 4.23 shows the horizontal cell calibration in progress for 

the 1:70 model. The result of the calibration is provided in figure 4.24, the lack of a 

hysteresis in this figure for loading and unloading of the cell indicates the strong 

linearity of the cell output. Negligible cross-axis sensitivity is observed during the 

calibration of the load cells.

4.4.2 Oscillation system calibration

Oscillation system calibration requires the setting of system gains within the control 

structure. Once fine-tuned, these gains are stored in a configuration file and 

uploaded into the oscillation system computer (INFEED 203) prior to testing.

To ensure that the carriage drive system is not overloaded during testing, 

calculations of the maximum torque loading expected on the drive motors, including
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a conservative approximation for mooring line loading, indicate that the motors will 

be operating at less than 30% of their maximum torque rating. To ensure protection 

of the oscillation system, maximum carriage speeds and accelerations are set in 

the configuration file to those that will induce 75% of maximum torque loading.

The calibration of the oscillation system is achieved by tuning the amplifier gain 

settings of the PIVF algorithm until the carriage motion is equivalent to that desired. 

This is carried out by driving the carriage through a series of high speed 

movements and monitoring the carriage position using a potentiometer mounted on 

the axle of the main drive wheel of the belt system. From comparison of the 

carriage response and the required motion characteristics the gain settings are 

modified.

4.5 Drift of 1:70 experimental data

During the 1:70 model tests a zero drift of the sensing and acquisition system was 

noted that resulted in the distortion of test results. Prior to commencing testing, 

without the chain attached to the load cells, an initial zero value is recorded and 

utilized as a correction constant to be used later within the data analyses. During 

each test however the zero value was observed to slowly drift by up to ±20% of the 

maximum measured value across all data recording channels. An examination of 

the fault indicated that its digital removal from the recorded experimental data 

would not be possible.

The following attempts were made to correct the zero drift error:

• As the sensing system signal inputs to recording equipment are single ended 

the possibility of noise on a single common ground input could subsequently 

cause noise across all common channels. An attempt to remove the zero-drift 

therefore involved the removal of the power supply earth connection to all 

sensing equipment. This did not reduce the drift of recorded data.

• The development of the analysis code to observe any low frequency variation in 

the sampled data at frequencies other than those expected. Unfortunately, the 

zero drift tended to vary with a similar period to that of the low frequency 

oscillation tests and proved impractical to remove digitally.

• Three-phase motors drive the oscillation system and are powered from the 

same supply as all sensing equipment. Despite checks of all electrical 

connections, particularly ground connections, it is believed that the noise
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generated by these motors during their required sinusoidal rotation is 

responsible for superimposing a form of RF interference on the live power 

supply of all three electrical phases.

Removal of the zero drift was thus achieved through the powering of all sensing 

related equipment from an alternative power source. No data acquisition related 

errors were experienced at 1:17 scale.

4.6 Conclusions

This chapter has discussed the experimental set-up at both 1:70 and 1:17 scale 

model facilities. Attention has been paid to the following areas:

• The procedures and precautions that must be considered when analysing 

experimental data. In particular the discussion provides the reasoning for the 

derivation of optimum sampling and cut-off frequencies. For 1:70 and 1:17 

model scale tests sampling frequencies are set to 30 Hz and cut-off frequencies 

at 5 Hz and 2Hz respectively.

• The design and development of the oscillation system control codes for the 

1:70 scale model is discussed. Careful consideration has been given to the 

complexity of the control code structure to ensure that the limited storage space 

of the control computer is not exceeded and that the oscillation is not 

compromised by the performance of the control system processor.

• Problems experienced with the 1:70 oscillation system and the methods used to 

successfully overcome sensing system experimental errors have been 

presented. Confidence in the measured data from the 1:70 scale model tests is 

generally high, however as discussed in chapters 6 and 8 experimental errors 

induced, specifically, during high frequency oscillations of the carriage system 

have lead to reduced confidence in the characteristics of the achieved 

oscillatory motion.
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Horizontal load sensor (longitudinal direction only)

Vertical load sensor

Mooring line point of suspension

Figure 4.1 - Load cell arrangement for 1:70 scale model.

Excitation

Output ^

Upper strain gauges

Figure 4.2 - Shear beam load cell with schematic Wheatstone bridge 
arrangement.
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Load cell arrangement

E

Figure 4.3 - Load cell arrangement of 1:70 model.

Figure 4.4 -  Load cell arrangement of 1:17 model.
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Figure 4.5 -  Example raw analogue signal with digital representations 
at different sample rates.
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Figure 4.6a -  Spectral analysis of 1:70 experimental data, harmonic 
high frequency oscillation (data presented in prototype 
units).
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Figure 4.6b -  Spectral analysis of 1:70 experimental data, bi-harmonic 
oscillation (data presented in prototype units).
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Figure 4.7a -  Spectral analysis of 1:17 experimental data, harmonic 
high frequency oscillation (data presented in prototype 
units).
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Figure 4.7b -  Spectral analysis of 1:17 experimental data, bi-harmonic 
oscillation (data presented in prototype units).
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Figure 4.10 -  Example tension time history for a bi-harmonic oscillation.
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frequency oscillation period)
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Figure 4.11 -  Longitudinal view along length of 1:70 model test facility.

Sub-carriage for out of 
plane oscillations

Figure 4.12 -  1:70 model test facility motion carriage.
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Figure 4.13 -  Perspective view of the 1:70 model test facility and chain 
specimen.
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Figure 4.11 -  Longitudinal view along length of 1:70 model test facility.

Sub-carnage for out of 
plane oscillations

Figure 4.12 -  1:70 model test facility motion carriage.
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Figure 4.14a -  Drive motor for longitudinal (planar) motion carriage of 
the 1:70 model.

Figure 4.14b -  Pulley wheel at the end of the longitudinal carriage drive 
belt (1:70 model).

Figure 4.15 -  Drive motor and belt for out of plane motion of 1:70 model.
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Figure 4.18 -  General arrangement of the 1:17 model test facility.
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Figure 4.19 -  Load cell arrangement mounted from linear table 
assembly for 1:17 model.

Figure 4.20 -  Linear table assembly mounted from turret of planar 
motion carriage (1:17 model).

Figure 4.21 -  Planar motion carriage (1:17 model).
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Figure 4.22 -  Structure of the oscillation control codes.
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Figure 4.23 -  Horizontal load calibration of 1:70 model load cell 
assembly.

1000

5 *  750

S - 500

Ü  250 -

20.0 30.0 40.0 50.00.0 10.0

Load (N)

Figure 4.24 -  Result of 1:70 model horizontal load cell 
calibration.
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5 Experimental model development

This chapter discusses the development of the 1:70 and 1:17 scale mooring line 

models. In section one the reasoning behind the selection of a prototype 

experimental mooring system is presented. This is followed by a brief introduction to 

relevant scaling analysis procedures in section two. Section three discusses the 

application of scaling analysis in the design of an experimental model. Prior to the 

conclusions of section five, section four discusses the methods for modelling mooring 

line elasticity.

As discussed in section one, it is important to have a good physical understanding of 

the response of systems to ensure accurate representation by mathematical 

modelling. In particular, the mathematical modelling of non-linear systems generally 

requires the application of numerous assumptions to ensure, firstly that a solution is 

possible and, secondly, from an engineering design perspective, that this solution is 

achieved in an efficient manner. Physical validation of these engineering models is 

normally not possible at prototype scale because of the large sizes involved and 

therefore the use of smaller scale models is required.

5.1 Selection of an appropriate prototype model

The prototype mooring system selected to be modelled experimentally is that defined 

in the comparative mooring line damping study of Brown and Mavrakos (1997). 

Reference to the study of Brown and Mavrakos is abbreviated as the ISSC study. 

The ISSC study required the modelling of two mooring systems; a shallow water 

continuous chain line system in 82.5m water depth, and a moderately deep water 

chain/wire mix system, in 500m.

Reasons for basing the test programme parameters upon the mooring systems 

considered in the ISSC study include:

• The large number of contributors to the ISSC case study represents a significant 

proportion of the mooring analysis and design methodologies that are presently in 

existence. Hence the results presented are indicative of state of the art mooring 

evaluation techniques.
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• The requirement of, relatively simple, sinusoidal horizontal excitation of the line 

suspension point lends itself well to experimental analyses as well as data 

interpretation.

• The existence of previous experimental data helps give confidence to results. 

Wichers & Huijsmans (1990) experimental results, on which the ISSC study is 

partly based, provide an excellent starting point on which to compare and 

develop the present experimental model.

The discrepancies that were highlighted within the ISSC study however require that 

an additional independent experimental verification be carried out to improve 

confidence in the numerical analysis codes. In particular the discrepancies were that 

although dynamic tension amplitudes exhibit reasonable agreement across all 

participants' results, the hydrodynamic damping predictions are seen to vary by up to 

60% of the mean time domain results.

5.2 Scale models

Appropriately scaled models are capable of providing a complete picture of the true 

physical behaviour and expected phenomena of the desired prototype. The ability of 

the scale model to effectively mirror a prototype is however dependent upon the 

scaling methods applied to the relevant prototype particulars. In this section a 

general discussion of scaling procedures is presented.

There are four fundamental dimensions in terms of which all other physical qualities 

may be expressed. They are mass, length, time and temperature. It is the 

appropriate scaling of each of these prototype dimensional qualities that determines 

a scale model’s ability to replicate the necessary modes of the prototype.

The type of scaling that may be applied to each of the individual or collective groups 

of fundamental dimensions are categorised within four key scaling methodologies:

• Geometric

• Kinematic

• Static

• Dynamic

In geometry the corresponding points of two formations (that are not necessarily 

geometrically similar) are known as homologous points. Within geometric scaling the
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prototype geometric (length) properties are reduced by a constant value, hence the 

homologous parts of a prototype and its model are composed of homologous points. 

When in motion, if these homologous points lie along a homologous path at 

proportional time there is said to be kinematic scaling.

Providing that the material density is constant between prototype and a geometrically 

scaled model, static similarity will be achieved. However the use of dissimilar material 

density properties between prototype and model may cause static similarity to be 

achieved without correct geometric scaling.

Assuming that the prototype and its scale model have an equivalent proportional 

distribution of mass, and are exposed to proportional total forces, dynamic similarity 

is attained. In achieving dynamic similarity, the model and prototype will automatically 

have achieved kinematic similarity. However, this does not necessarily mean that 

geometric similarity is achieved.

Table 5.1 lists the scaling parameters discussed above according to the type and 

grouping of dimensional quality. It is noted that the temperature dimensional quality 

has not been included within the scaling analysis due to the assumed achievement of 

temperature similarity between prototype and model environment. In the scaling of 

model mooring lines it is imperative that dynamic similarity is achieved.

5.3 Static & dynamic models

This section discusses the static and dynamic model development. Initially an 

inelastic model line is assumed with elastic considerations discussed later in section

5.4.

5.3.1 Concept of the static mooring line model

Webster (1995) assumes that the tension at the suspension point of a catenary 

mooring line undergoing sinusoidal oscillations is a function of at least 15 variables, 

including dynamic and static components. From this assumption for the total line 

tension, six variables can be extracted that are responsible for the static catenary 

tension, , these being

Fs = [L s»w,F^s,H ,D ]. (5.1)
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Arranging the variables of equation 5.1 into non-dimensional groupings enables the 

definition of a static mooring line according to the following parameters:

Lg Length of suspended mooring line to water depth ratio,

H known as the ‘scope’ of the line.

Ratio of static pre-tension to weight of submerged vertical 

line. Together with the mooring line scope, this parameter
wH

governs the static geometry, or profile, of the line.

D Diameter of the mooring line to water depth. In typical

H mooring depths this is small.

It is noted that the static line tension, F ,̂ comprises a horizontal and vertical 

component represented by and F̂ g respectively. Each of these components are 

derived from the solution of the catenary equations presented in section 3.1.

Consideration of the line scope reveals that the water depth of a typical test facility 

governs the scaling of the line length. The geometric scale factor for mooring lines is 

hence governed by the ratio of prototype to model test facility water depth. 

Application of this ratio as the geometric scale factor provides the required model 

dimensions, as presented in table 5.2.

During the oscillation of the mooring line suspension point, caused for example by 

the environmental excitation on the attached vessel, the correct design of the 

catenary mooring line ensures that at the extreme amplitude of oscillation a large 

percentage of the line will remain on the seafloor. As an inelastic mooring line cannot 

stretch there is no requirement to model the entire length of grounded line provided 

that at the anchor a length of line always remains on the seabed to ensure zero 

vertical loading on the anchor. Section 2.3 provides a further discussion of this.

It is noted that geometric scaling using the water depth parameter infers that the 

modelling of a deep water mooring line in a relatively shallow facility will require a 

long, and very thin line. This will result in a model scale line of extremely low mass. 

This difficulty precludes the experimental static modelling of the 500m water depth 

mooring system of Brown and Mavrakos (1997). The decision not to model the 

deeper water situation is also based upon dynamic concerns addressed in section

5.3.4.

5.3.2 The experimental static model
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The water depths of the two test facilities used in the experimental programme 

determine the appropriate model mooring line characteristics. From table the 

tests for the 1:70 model require a line with submerged weight per unit length of less 

than IN. The measurement of such small static loads and subsequent variation of 

these loads with the excursion of the point of suspension is extremely difficult and is 

likely to compound experimental errors. Similar concerns are discussed by Moxnes & 

Larsen (1998). In their paper a comparison of identical FPSO model tests at 

‘traditional’ scale (1:55) and ‘ultra-small’ scale (1:170) is made.

In order to circumvent the possible introduction of such measurement errors the 

experimental investigation at 1:70 model scale achieves static similarity without 

geometric similarity. Tests performed using the 1:17 model are however carried out 

using a geometrically scaled mooring line. Indeed the ability to perform tests using 

equivalent models of differently scaled parameters is a useful validation of the 

methodology.

To select the appropriate model chain to be used in the 1:70 model scale tests 

several types of commercially available chain were analysed, the dimensions of 

which are presented in table 5.3. The highlighted row of table 5.3 indicates the 

dimensions of the chain selected for the 1:70 experimental tests. It is the non

geometric scaling of chain diameter that causes the 1:70 scale model line to deviate 

from the true geometric scaling. This also results in a compromise of the scaled 

model line weight. The required, and actual, 1:70 model line dimensions are 

presented in table 5.4 with the geometrically scaled 1:17 model presented for 

comparison. Given that the static catenary profile is dependent on the pre-tension 

angle, the effective distortion of the geometric scaling does not prevent static 

similarity. The implications of this scaling methodology on dynamic similitude are 

discussed in later sections.

5.3.3 Concept of the dynamic mooring line model

Dynamic similarity between a prototype and its scaled model requires that the 

proportional distribution of mass and environmental forces are equivalent. Providing 

that the model mooring achieves static similitude then the distribution of mass may 

be considered satisfactory.

The exposure to equivalent environmental forces requires a consideration of the fluid 

medium that surrounds the model. In general, experimental scale model tests that 

are required to determine the environmental loading on a system are performed in an
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environment which is identical to that of the prototype. For example, the water in 

which the model chain line is immersed has identical properties to that of the 

prototype system. The inability to scale the surrounding medium requires careful 

consideration because of the influence that the medium will have on any 

environmentally induced loads. In the case of a model immersed in water, 

consideration must be given to the effects of viscosity. The fluid loads on a mooring 

line that are dependent upon the viscous nature of water as a result of the line motion 

through water may be crudely broken down into the following criteria:

• Hydrodynamic loading which is considered in terms of drag and added mass 

forces.

• Vortex induced vibration (VIV).

5.3.3.1 Drag and added mass coefficients

The dominance of drag or inertial hydrodynamic force components depends upon the 

growth and separation of the fluid boundary layer on the mooring line. A measure of 

the boundary layer thickness and nature of the flow on the body is provided by the 

Reynolds (Re) number, the ratio of inertial to viscous shearing forces in the fluid. The 

drag coefficient is dependent upon the boundary layer characteristics and therefore 

depends upon the Re number. Although theoretical calculation of drag forces is 

possible, assuming inviscid fluid properties, present analytical methods are unable to 

determine viscous drag loads and thus empirical methods are required for their 

determination.

Numerous experimental studies have been performed using smooth cylinders for 

visualisation of fluid flow phenomena and the empirical derivation of associated drag 

coefficient variation for specific body characteristics and fluid flow parameters. A 

principal text for comprehensive discussion of the physics of these phenomena is 

Sarpkaya and Isaacson (1981). Figure 5.1 presents empirical drag coefficients of a 

smooth cylinder for increasing Re number Schlichting (1968). The transition from 

laminar to turbulent flow, the critical flow regime, occurs over a small range of Re 

numbers. For a smooth cylinder this type of flow leads to a sharp reduction in drag 

force and corresponds to the movement around the cylinder of the flow separation 

point.

The effect of Re number on drag coefficient in figure 5.1 assumes that the fluid flow 

around the body has uniform velocity, however the action of an impulsive fluid load
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on smooth cylinders can induce an increase in drag coefficient by up to 

approximately 30% (Sarpkaya(1966)). Also included in figure 5.1 are drag 

coefficients for model scale chain specimens derived from experimental 

investigations (Huse (1992)), Over the range 5x10^<Re<1x10^ the upper end of the 

subcritical range, the chain drag coefficients are seen to be approximately double 

those of the equivalent smooth cylinder, a trend that is observed to continue with 

increasing Re number. It is interesting to note that small diameter chains, over the 

critical range 50<Re<200, exhibit similar drag coefficients to those of the larger 

dimension chain specimens.

As the fluid accelerations require forces that are exerted on the body in the form of a 

pressure distribution, the relative acceleration of the local fluid acts as if the body is 

of greater mass than that which it actually is. This added mass phenomenon, 

quantified in terms of the added mass coefficient, depends on the geometry of the 

body and the condition of the fluid surrounding the body, which in turn is dependent 

upon both the Re number and, a second non-dimensional number, the Keulegan 

Carpenter (KG) number. For harmonic flow the KG number indicates the relative 

amplitude of the body, or fluid, oscillation to the diameter of the body. This ratio is of 

particular importance in the determination of the dominance of the inertial or drag 

loading of the model line.

Typically the inertia loading of a body is defined in coefficient form (Gm) and is 

generally represented by the added mass coefficient plus the Froude-Krylov force 

that occurs if the body is stationary in an accelerating fluid. The Froud-Krylov force is 

here defined as the force required to accelerate the displaced fluid volume with the 

acceleration of the surrounding fluid.

For a body in a given fluid the loading on the body is dependent upon the sum of 

drag and inertia loads. Which of these loads will dominate the hydrodynamic loading 

of a body depends in a complex manner upon body dimension, body (or fluid) 

oscillation parameters and the properties of the fluid in which the body is immersed. 

For example, if the body, or fluid, undergo harmonic oscillation of insufficient 

frequency and amplitude to enable separation of the boundary layer from the body 

the drag forces are small and inertial loads will dominate. If the Re number for high 

frequency oscillations is sufficient to induce separation, and the amplitude of 

oscillation large enough to ensure approximate uni-directional motion, the boundary 

layer separates from the body shedding vortices into the free stream. In this situation 

drag forces dominate the hydrodynamic loading, and an empirical drag coefficient 

may be determined for the body. If however the motion does not effectively
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approximate to uni-directional flow, although drag forces dominate, a complicated 

fluid field is induced where the wake from flow separation during one oscillation cycle 

may be incident upon the body for subsequent cycles. In such cases the drag forces 

acting on the body are specific to body and oscillation characteristics. The 

development of this type of complex fluid field is possibly responsible for the cross

coupling of high and low frequency line tensions, as described in section 3.2.1.

The relationship between oscillation parameters and body dimension is provided by 

the KC number, which is defined by

TTJK c = i ^ ,  (5.2)

where T , U^and D represent the oscillation period, relative velocity of the body in 

the fluid and body diameter respectively.

Only a limited quantity of work has been performed on the development of drag and 

added mass coefficients for chains. Brown et al (1995) comment on mooring line 

damping and the particular relevance that the correct determination of drag 

coefficient has upon mooring calculations. Tests performed by Huse (1992) involved 

single frequency oscillations of a wide variety chain diameters, of model and 

prototype scale, and limited oscillation parameters. Brown et al (1997) describes a 

development of these experimental tests involving a large model chain specimen of 

approximately 1/3rd prototype scale oscillating at single and combined wave and drift 

frequencies for a range of KC numbers. Their results indicate that in harmonic flow 

tests the measured drag coefficient is 20% greater than that of Huse. The influence 

of bi-harmonic flow causes an increase in drag coefficient of 33% relative to that of 

harmonic flow.

S.3.3.2 Vortex induced vibrations (VIV)

The production of musical tones, Aeolian tones, from wires exposed to the wind has 

been known of since ancient times. In 1878 Strouhal discovered that the Aeolian 

tones generated were proportional to the wind speed divided by the wire diameter. A 

result of this observation was the development of the Strouhal number for vortex 

shedding.

As the fluid field develops around the body the asymmetric shedding of vortices from 

opposing sides of the body results in an oscillating side force, usually normal to the 

flow direction, inducing a body vibration. If the fluid flow parameters are such that the



107

shedding frequency approaches the natural frequency of the body, the shedding and 

natural frequency eventually become synchronized. This synchronization leads to a 

possible increase of the shed vortex strength which results in the following:

• A change of the vortex shedding frequency from the stationary cylinder shedding 

frequency to the cylinder vibration frequency causing the vortex shedding to 'lock

in'. The broad band of Strouhal numbers that exist over the transition Re range, 

where the flow about a body changes from laminar to turbulent nature, are a 

direct result of the complicated flow pattern that exists during the flow transition. 

This flow pattern is significantly modified by the out of plane oscillation of the 

body and hence creates this broad band response.

• A dramatic increase in the body drag coefficient.

• Possible catastrophic failure. Cases of lock-in at the resonant frequency of 

structures are well documented and of particular concern for ice-laden power 

cables. Luongo and Piccardo (1995) present a simplified analytical model with 

numerical verification for an investigation into the response of iced suspended 

cables experiencing self-excited aeroelastic oscillations, in the vertical plane, due 

to wind.

Although VIV may induce catastrophic structural failures, the VIV induced motions 

are themselves self-limiting. For a smooth cylinder, as the amplitude of oscillation 

approaches twice the cylinder diameter, the symmetric pattern of vortex shedding 

begins to breakdown, hence the forcing mechanism deteriorates. Barltrop and 

Adams (1991) provide a comprehensive review of VIV on offshore structures.

5.3.4 The experimental dynamic model

The fluid loading on a chain mooring line consists of inertia and drag forces. Due to 

the hyperbolic functions that determine the mooring line profile, as the point of 

suspension is offset horizontally, the resultant motion of each element of a mooring 

line is a non-linear function of this excursion.

Figure 5.2 presents example mooring line profiles for the 82.5m ISSC mooring line 

with the suspension point at a non-dimensional quasi-static excursion of ±24%, of 

water depth, from the equilibrium, or datum position. Superimposed on the mooring 

line profiles are the trajectories that would be followed by elements of the line if 

subject to the quasi-static oscillation. From this figure the elemental velocities of the 

line are dependent upon the location of the element on the line, hence the Re
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number is non-linearly distributed along the line length. The determination of a single 

Re number for the entire line is therefore not possible and an assumed value relating 

to the predominant motion must be utilized.

From figure 5.2, the trajectories of elemental lengths of line appear to be almost 

vertical. This infers that the line loads during a change of catenary profile will be 

dominated by the fluid loading component in the direction normal to the line. However 

during a change in line profile the line elements are subjected to both a translation in 

the direction of the trajectory and also a local rotation. For example figure 5.2 shows 

that the local angle of an element fixed on the line undergoes a rotation from 0̂  to

^2 during the line oscillation. Thus although the normal fluid loading component 

dominates the line hydrodynamic loads, the actual elemental load consists of normal 

and tangential components that are dependent upon the instantaneous element 

orientation.

Figure 5.3 presents the static forces that act on an element of line. If the line 

suspension point is then set in motion the total element tension consists of static and 

hydrodynamic components. The normal tension component including fluid loading for 

this element of line may be written as

T — - = wCoS 0 + Fineitia +  ^cirag • (5  3 )
ds

where 0  is the instantaneous angle of the element to the horizontal, ds the element 

length, w the submerged element weight and ^^ertia and Î âg hydrodynamic loads

relating to inertial and drag forces. The first two terms of equation 5.3 are related to 

the static conditions of the line and are derived from the catenary equations of 

section 3.1. As described earlier, the relative magnitude of the two hydrodynamic

terms are determined from consideration of KC number, as represented by

TU
KC = ̂ ! ^ ,  (5.4)

D

where T , and D represent the oscillation period, relative velocity of the element 

and element diameter respectively.

As shown in figure 5.2, during the oscillation of the line suspension point the line 

motion resulting from a change in the catenary profile can be significantly larger than 

the magnitude of the top end excursion. Thus for the majority of the suspended line 

length this results in a large line velocity, , relative to the line diameter, D , and 

indicates that typical KC numbers for mooring lines will be relatively high. Hence
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providing that the fluid regime at both model and prototype scale Re numbers is

sufficient to produce separated flow at the anticipated KC numbers the line

hydrodynamic loading is expected to be drag dominated.

The prototype scale Re number cannot be achieved at model scale due to the

viscous properties of water being equivalent at both scales. Dynamic similarity 

between model and prototype line may therefore only be achieved if the drag 

coefficient of the model line is equivalent to prototype scale line. Figure 5.1 presents 

empirically derived drag coefficients for small model scale, and large prototype, chain 

specimens. From this figure, the critical flow region for a smooth cylinder indicates a 

dramatic reduction in drag coefficient due to the transition from laminar to turbulent 

flow on the cylinder body. For the larger dimension chain specimens the 

experimental data indicates that this transition occurs at slightly reduced values of Re 

number. However, for these larger dimension chain specimens the drag coefficient in 

the subcritical region is observed to be approximately equivalent to those of the small 

dimension chains. Moreover in the subcritical region chain Cd values appear to vary 

about 2.5 by approximately ±10%.

Given the large number of oscillation parameters and chain dimensions that have 

been used to derive the results shown in figure 5.1 it is not unreasonable to assume 

that the model scale chain has approximate dynamic similarity to the prototype line. 

For the experimental tests performed at 1:70 and 1:17 the Re number distribution 

along the line length is assumed to be within the subcritical range. It is noted that 

during oscillation of the line there is a non-linear velocity distribution along the line 

length and this may lead to localised Re numbers at prototype scale that are in the 

critical range. However, in a global line loading sense this will not compromise 

dynamic similarity. It is also noted that impulsive loading resulting from the 

development of the snap phenomenon may result in a larger line drag coefficient.

The chains used within the model test programmes have nominal diameters of 3.5 

and 8 mm for the 1:70 and 1:17 tests respectively. Due to the non-geometric scaling 

of the 1:70 model a further scaling analysis is required to determine the temporal 

scale factor, . For geometrically jscate models the temporal scale factor is given by

the square root of the geometric.gale-factor ( = v f  ).

The methodology applied assumes that the static to viscous force ratio at prototype 

must be achieved at model scale, therefore
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StatlCp;.Q[Q(ypg ^  VlSCOUSppQ^Q^ypg
This assumes that the viscous ~ 7  : —

force coefficients are independent o ta t lC ^ ^ g jg] V IS C O U S ^^jg;
of Re number.

Rewriting equation 5.6 in terms of the appropriate scale factors gives

 ̂Where the length scale associated c c — c c c~^ /R 7)
with the velocity has been based > W - ' /
upon the ratio of the water depths.

where the subscripts w,L,yO,d and t identify the scale factors of weight, line length, 

density, line diameter and time respectively. From equation 5.7 the temporal scale 

factor that must be applied to the period of the prototype oscillations may be written 

as

^  ^  (1.025)(40)(69f ^ g
1 V (1995)

Thus the experimental programme conducted at 1:70 scale have had prototype 

oscillation periods reduced by a factor 6"̂ , calculated as 9.84.

The essentially smooth, continuous, cylinders that make up wire, and synthetic-rope 

mooring lines cause them to be most sensitive to the effects of VIV and the 

consequences of possible vortex lock-in. At model scale, the reduced diameter of 

mooring lines made up of these component types, oscillating in fluid of the same 

viscous properties as the prototype fluid, causes the early onset of vortex lock-in and 

exacerbates the drag loading of the line. As a result additional care must be taken 

when modelling wire and rope moorings (Huse(1992)).

The complex profile presented to the surrounding fluid of a moving chain mooring line 

ensures that a convoluted turbulent flow pattern ensues, having little similarity to that 

of the smooth cylinder. Hence, due to the lack of an appropriate vortex shedding 

symmetry the effects of vortex induced vibrations from chain mooring lines is 

negligible at model scale and may be safely ignored.

The above discussion relates to the scale modelling of the ISSC chain line in 82.5m 

water depth. In addition to the difficulties of statically modelling the 500m water depth 

wire system, dynamic similarity at model scale is difficult to achieve. This is partly 

because of the increased likelihood of VIV at frequencies very different to that at 

which VIV occurs for the prototype system. Consequently, modelling of the 500m 

water depth ISSC line has not been attempted.

5.4 Elastic considerations

Froude scaling has been applied in the design of both experimental models. However, for reasons of increasing the measured force, the chain 
link diameter in the 1:70 model is larger than that required by Froude scaling. It has therefore been necessary to alter the chain characteristic 
velocity (in square root proportion) by rescaling the oscillation period. This rescaling is permissible as inertia forces are negligible.
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The earlier discussion of static and dynamic experimental model development has 

excluded the effects of elasticity in the model design. This section outlines the 

influence of elasticity on the static and dynamic line response. Following a brief 

introduction, the methods for inclusion of mooring line elasticity at model scale are 

discussed.

A mooring line in a vacuum subject to a small quasi-static excursion of the 

suspension point is an analogous system to that of the, single degree of freedom 

linear extension spring. If the excursions become larger, unlike the linear spring, the 

restoring force of the mooring line is a strongly non-linear function of excursion.

The non-linear horizontal restoring force of the jn o e r is directly attributable to the 

length of suspended line and the angle subtended at the surface. From figure 5.2, the 

motion of the suspension point in a dynamic model will induce a rapid change in the 

line profile. At low frequencies the line retains its catenary profile at all times and 

hydrodynamic loads are small. In these conditions the line is said to utilize its 

catenary stiffness.

The movement of the line suspension point in a direction that increases the 

suspended line length during an oscillation is termed a tensioning stroke. As the top 

end of the line moves in the return direction, the relaxing stroke, the suspended line 

length is reduced. Should the oscillation frequency of the line suspension point 

become so great that during a tensioning stroke the dynamic tension magnitude 

exceeds that of the static value this indicates that the line is subject to hydrodynamic 

loading.

Increasing the oscillation frequency leads to a rapid non-linear increase in 

hydrodynamic loading. This increase effectively impedes the motion of the line. The 

dynamic amplification of line tensions and the impeded line motion force the moor to 

employ material elasticity, and hence the line elongates as a result. Indeed, in 

extreme motions catenary tethers are observed to employ almost exclusively their 

elastic rather than catenary stiffness (Triantafyllou (1991)).

During the relaxing stroke the hydrodynamic loading may prevent the line from 

falling, under the action of gravity, into the catenary profile. The line thus becomes 

slack during part of the oscillatory cycle. As the top end motion again changes 

direction to a tensioning stroke the slack line is rapidly reclaimed. This leads to a 

dramatic impulsive tension loading on the line that may lead to line failure. The 

elastic stretch of mooring lines does however provide some relief from the possible 

onset of this impulsive loading.
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From the above discussion, the inclusion of mooring line elasticity is of importance in 

both static and dynamic modelling. In view of this, the design of the experimental 

programme incorporates line elasticity as a variable parameter within the 

investigation. The following section discusses the development of the experimental 

programme in more detail with respect to the line elasticity.

5.4.1 Methods for inclusion of mooring line elasticity

The physical resemblance of line elastic properties at model scale is a near 

impossible task. For example, a prototype modulus of elasticity of 1.69x10®N at a 

model scale of 1:100 will require a model line of modulus 1690N. Such a material 

requirement may be possible to attain, however materials of such elastic properties 

would invariably be of low mass and induce further experimental set-up conflicts.

Because the elastic properties of chain, and wire, mooring lines are assumed linear 

the modelling of elastic properties can be carried out through the insertion of an 

appropriate spring in series with the model line. A benchmark study on the 

methodologies employed in the modelling of mooring lines, Huse (1992), suggest 

that the spring should be inserted at the point of suspension. However, the differing 

properties of the spring and the line could, at high oscillation frequencies, lead to de

coupling of the transmission between oscillator and mooring line. Conversely, 

insertion of the spring at the anchor point subjects the spring to only axial loads and, 

to a degree, enables representation of the elastic properties of the line.

Once the elastic modulus of both the prototype and model chain line are known the 

required spring stiffness may be calculated from simple spring theory using

 ̂  ̂ ^  (5.9)
^spring ^scaled

where kgp̂ gg is the spring stiffness required to be inserted in series with*line, kĝ aied

the required model scale line stiffness, L  the length of line subject to dynamic stretch 

(Lg +Siy) and EAthe model line elastic modulus.

The length of line subject to dynamic stretch must be given careful consideration in 

the selection of an appropriate spring, due to the possible influence of seabed 

interference with the grounded section of line. The interference of the seabed on the 

grounded mooring line is not possible to accurately predict. Huse (1992) states that 

appropriate mooring line elasticity values at model scale be based upon the static
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suspended line length at the datum location plus half of the equivalent line length 

expected to be lifted during motion to the oscillation amplitude.

Figure 5.4 presents results of quasi-static line tension variation with seabed friction 

coefficient and indicates that the inclusion of seabed friction increases static line 

tension by approximately 7-10%. This data has however been derived through a 

simple application of Coulomb friction force, , where

F^=wSiy//, (5.10)

where w represents the submerged line weight per unit length, Ŝy the grounded 

length of line, and /x the Coulomb static friction coefficient. This does not account for 

the true seabed influence on the line or dynamic friction as mentioned in section 2.3.

5.4.2 Experimental model elasticity

This section discusses the development of the spring mechanisms utilized within the 

test programmes performed at 1:70 and 1:17 model scales. The 1:70 scale tests 

require a spring system capable of withstanding a maximum load of approximately 

300 to 400N, springs for these load ranges being commercially available. Testing at 

1:17 scale however requires springs able to elastically sustain a maximum load of up 

to 2500N.

5.4.2.1 Elastic model design for 1:70 scale line

From equation 5.9, determination of the spring to be inserted in series with the line 

requires knowledge of the model line elastic modulus. The Vicinay Cadenas SA 

(1996) chain mooring line design manual contains formulae for the calculation of 

chain properties. These formulae have been empirically derived from prototype scale 

mooring line tests. Extrapolating these data for a chain mooring line of 3.5 mm 

diameter indicates that the 1:70 model should have an equivalent prototype elastic 

modulus (EA) value of 1200 kN, as depicted in figure 5.5.

In view of the high predicted EA value of the model chain material, the actual axial 

stiffness of the 1:70 model mooring line has been verified using a Zwick tensile test 

machine at UCL, see figure 5.6. Consideration was given to the optimum method to 

be used in restraining the specimen during axial loading. Usually a system of self

tightening clamp jaws is used to restrain specimens, however this is inappropriate for
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holding chain links due to a possible lack of contact between the clamp faces and the 

link during loading. In order to create an appropriate restraint, hardened steel rods 

have been manufactured whose external radius is equivalent to that of the internal 

link radius. The rods are then inserted within the Zwick mounting assembly and axial 

stiffness recorded via a pen trace for a linearly increasing load. From the 

load/extension curves, see figure 5.7, the model chain elastic modulus is calculated 

as 103 kN. The deviation between the experimentally determined axial stiffness and 

that predicted by Vicinay Cadenas SA indicates the errors that may be induced as a 

result of extrapolation of prototype data to model scale.

The model line to be used at 1:70 scale assumes that seabed friction is negligible 

and that the entire line length is able to undergo elastic stretching. Incorporating this 

assumption into the spring stiffness calculation, equation 5.9, suggests a spring 

stiffness of 1.3 N/mm. Characteristics of the commercially available springs used are 

presented in table 5.5. From table 5.5, two initial springs are used in series to attain 

the correct stiffness. The initial tension value relates to the load that must first be 

applied to the springs prior to extension. For the two initial springs in series the initial 

tension is 8.5N. To ensure a uniform elastic property of the model line an additional 

spring is placed in series with the initial springs.

The additional spring is however mounted within a protective spring balance type 

device as shown in figure 5.8. The spring balance housing limits the extension of the 

additional spring such that at 8.5N load it is restricted from stretching and the initial 

springs are loaded. This ensures uniform modulus of elasticity from initial loading. 

Use of a protective housing also ensures that the stiffness of the initial springs is not 

compromised by the addition of a third spring in series, and that the additional spring 

is not catastrophically loaded.

Information provided by the spring manufacturer states that quoted spring 

characteristics are subject to variation by ±10%. Experimental verification of the 

spring assembly stiffness has therefore been carried out using the Zwick tensile test 

machine. The results of the 1:70 scale line spring assembly stiffness are presented in 

figure 5.9. The stiffness check of the spring assembly was carried out three times, 

from figure 5.9 there is good agreement across all three tests and the derived 

stiffness value of 1.4 N/mm is within 5% of the desired value and is constant for all 

applied loads.

5.4.2.2 Elastic model design for 1:17 scale line
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The maximum load that the 1:17 model’s spring system should be able to withstand 

is 2500N. This maximum value is derived from a suitably scaled maximum line 

tension experienced during the 1:70 model tests

From table 5.4, the geometric scaling of the 1:17 model line requires a material link
A

diameter of 8.5 mm. The chain selected for use in the tests hasMiaterial diameter of 

8 mm and is certified as having an elastic strain of 1.5% at 57.5 kN. Applying these 

criteria in equation 5.9 suggests that 43.2m of model mooring line will require an 

elastic system of stiffness of 9.4 N/mm. This relatively low stiffness requirement 

coupled with the high load capacity required an investigation into possible alternative 

elastic systems to that of a spring in series with the line.

Initially, the possibility of utilising a synthetic polyester rope as the elastic component 

in the mooring line set-up was considered. Typical manufacturer load/extension data 

are presented in figure 5.10 for a 3 strand pre-stretched polyester rope. Although the 

qualities of the curve give an attractive linear stiffness appearance, such curves are 

produced from a quasi-static loading regime. A typical dynamic force history is 

presented in figure 5.11 (Banfield & Hearle (1998)) and indicates the unsuitability of a 

synthetic cable for this application due to the non-linear hysteresis of synthetic ropes. 

The complicated stiffness properties of the synthetic material generally increase as 

the cyclic loading increases towards the breaking load (BL) of the material. The 

loading conditions in figure 5.11 depict an initial load to 30% of BL, recovery to 

10%BL, cyclic loading between 10 to 30%BL, cyclic loading of ± 0.125%BL about 

30%BL and loading to 50%BL with cyclic loading of ± 0.25%BL about 50%BL. During 

an oscillation of the experimental mooring line model, the variation in load history 

over the test period would induce a stiffness property from each section of the curve 

presented in figure 5.11, this lack of uniform linear response prohibiting its use. The 

curve of figure 5.11 also provides an insight into the difficulties of modelling synthetic 

mooring lines with respect to the appropriate representation of line stiffness.

The design of the elastic system opted for use in the 1:17 tests consists of a spring 

assembly mounted outside of the fluid tank. Due to the surface finish of the tank floor 

the permanent fixing of an anchor point to the floor could not be achieved. Therefore 

the model line length is extended to 60m and the anchor termination end of the line 

fed around a pulley system and brought to the water surface prior to connection to 

the spring housing. The additional length of model line does however alter the 

required elastic system stiffness to 7.1 N/mm. The components of the system set-up 

are presented in figure 5.12 with the general arrangement in figure 4.18.
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To achieve an elastic stiffness of 7.1 N/mm the elastic system design employs 12 

springs, of individual stiffness characteristics as presented in table 5.6. The springs 

are mounted as 6 parallel rows of spring pairs, producing the necessary total 

stiffness criteria. A protective housing is used, as shown in figure 5.13, in order to 

protect the springs from excessive loads. Prior to installation of the spring assembly, 

confirmation of the assembly stiffness has been carried out in a similar manner to the 

1:70 tests. Figure 5.14 presents the calibration data and confirms an acceptable 

stiffness of 6.9 N/m.

As a consequence of the high loads expected on the spring assembly, springs of 

such strength require an initial tension of 43N prior to extension. Due to the parallel 

arrangement of the springs the initial tension of the assembly becomes 253N. A 

similar problem was experienced with the 1:70 tests and required an additional small 

spring in series with the main springs to compensate. This is not possible with the 

1:17 line spring assembly. However, the effect of this initial tension is minimal on the 

experimental results given that the initial static set-up of the line will pre-load the 

spring assembly appropriately.

5.5 Conclusions

This section has discussed the derivation of the 1:70 and 1:17 mooring line 

characteristics. A brief review of the difficulties that would be experienced in 

modelling the ISSC 500m water depth mooring line has also been presented together 

with a more thorough discussion of the design of the 82.5m depth model. 

Comparisons have been made between the 1:70 and 1:17 experimental models from 

which the following conclusions may be drawn.

• Scaling analysis. For the 1:70 model, true geometric scaling has been distorted 

through the use of a model chain of larger material link diameter and weight per 

unit length. The discussion of the appropriate scaling parameters for both the 

static and dynamic models have shown that necessary similarity between model 

and prototype has been achieved. Indeed the testing of equivalent experimental 

models at different scales verifies the design methodologies employed.

• Dynamic similarity. The difficulty of assigning a single Reynolds number to an 

oscillating mooring line is discussed together with the assumption for dynamic 

similitude. Important factors associated the Reynolds number, and drag 

coefficient, are that all descriptions of flow tend to relate to a continuous uniform
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fluid flow. However, the bi-harmonic oscillation of mooring lines may significantly 

increase the drag coefficient of the chain line. In cases were the catenary profile 

may be lost during an oscillation the resulting complicated flow pattern could 

resemble an impulsive fluid flow resulting in increased hydrodynamic drag 

loading.

Mooring line elasticity. The inclusion of the line elasticity within the experiments 

has been achieved using a carefully designed component inserted at the anchor 

point. In both the 1:70 and 1:17 programmes the elastic properties of the 

component have been confirmed after comprehensive experimental testing.
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Field Scale factors

Length Time Force

Geometric ✓ - -

Kinematic ✓ ✓ -

Static ✓ - ✓

Dynamic ✓ ✓ ✓

Table 5.1 -  Primary scale factors.

Parameter Scale
Factor

Prototype
dimension

Required 1:70 
model dimension

Required 1:17 
model dimension

Depth e 82.5m 1.2m 5.0m

Length £ 711.3m 10.4m 43.1m

Mass £' 326.5 kg/m 0.1 kg/m 1.2 kg/m

Diameter £ 140 mm 2.0 mm 8.5 mm

Force £̂ 1 X 10® N 3.1N 222N

Table 5.2 -  Model mooring line required dimensions.

Chain Number Diameter (mm) Weight in water (N/m) Breaking Load (N)

1 3.5 2.0 > 150

2** 3.5 1.6 > 150

3 2.0 0.7 72N*

*Chain tested to destruction. ** Selected chain.

Table 5.3 -  Characteristics of commercially available chain considered 
for 1:70 model tests.
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Line data

ISSC
model

1:70
Model

1:70
Model

1:17
Model

1:17
Model

Required Required Actual Required Actual

Water depth (H) 82.5m 1.2m 1.2m 5.0m 5.0m

Total line length (L ) 711m 10.35m 9.0m 43.0m 43.0m

Line diameter (D ) 140 mm 2.0 mm 3.5 mm 8.5 mm 8.0 mm

Line unit weight ( w ) 3202 N/m 0.7 N/m 1.6 N/m 11.8 N/m 11.5 N/m

Line EA* (N) 1.69x10® 1.23x10® *1.03x10® 3.76x10® *3.83x10®
‘Elastic modulus of experimental lines is without spring assemoiies inseneo inio iine

Table 5.4 -  Static model scale mooring line dimensions (shaded 
columns represent the values achieved).

Characteristic Initial spring Additional
spring

Assembly
stiffness

Stiffness 2.5 N/mm 1.2 N/mm 1.2 N/mm

Initial tension 8.5N 0.8N 0.8N

Maximum extension 32 mm 7 mm 39 mm

Table 5.5 -  Spring characteristics for 1:70 model scale tests (see figure 
5.8 for spring assembly description).

Characteristic Individual spring Spring assembly

Stiffness 2.4 N/mm 7.1 N/mm

Initial tension 42.3N 253.4N

Maximum extension 180 mm 360 mm

Table 5.6 - Spring characteristics for 1:17 model scale tests 
(see figure 5.13 for spring assembly description).
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Small diameter chain (1.05mm)
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Subcritical flow
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Figure 5.1 -  Drag coefficient variation with Reynolds number for smooth 
cylinder (Schlichting (1968)) and model scale chain 
specimens (Huse (1992)).
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(x1 datum distance 683m, pre-tension angle 52 degrees)

Figure 5.2 -  Mooring line element trajectories during quasi-static 
oscillation.
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Figure 5.3 -  Static forces acting on an element of mooring line.
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Figure 5.4 -  Effect of seabed friction on 1:70 model mooring line quasi
static tensions.
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Figure 5.5. Axial stiffness values from prototype scale chain data.
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Figure 5.6 -  Zwick tensile test machine.
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Figure 5.7 -  Tensile test results of 1:70 model chain specimen (test 
repeated five times).
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Figure 5.8 -  Spring assembly for 1:70 model.
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Figure 5.9 -  Tensile test results of spring assembly for 1:70 model (test 
repeated three times).
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Figure 5.10 - Load/elongation curve for typical polyester rope, quasi
static loading (Marlow Ropes Ltd (1999)).
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Figure 5.11 -  Load/elongation curve for prototype scale synthetic mooring 
line, dynamic loading (Banfield & Hearle (1998)).
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Figure 5.12 -  Perspective view of the 1:17 oscillation system and spring 
assembly components.
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Figure 5.13 -  Spring assembly of 1:17 model undergoing calibration.
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Figure 5.14 -  Results of spring assembly calibration for 1:17 model.
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6 Experimental programme development

This chapter presents the experimental programme development. Section one 

commences with an introduction of the line pre-tension angle selection. This is 

followed by a discussion of the line oscillation parameters. Prior to the conclusions 

of section four, section three discusses precautions taken during the test 

programme to ensure that any detrimental influence of experimental equipment on 

line response in minimal.

6.1 Model pre-tension angles

The excitation of the mooring line suspension point is sinusoidal and in the 

horizontal plane. The point on the water surface about which line oscillations occur 

is termed the datum location. Previously the pre-tension angle has been defined as 

the angle of the tension vector at the line suspension point prior to an excursion of 

the vessel, due to environmental loading. In the experimental work of the thesis the 

pre-tension angle is redefined as the angle of the tension vector to the horizontal at 

the datum location.

The experimental work is carried out for three pre-tension angles, each 

representing a mooring line initial set-up condition. This section describes how 

these pre-tension angles are defined.

As previously discussed, the catenary profile is governed by the scope of the 

mooring line, which is itself dependent upon the pre-tension angle. The 82.5m case 

of the ISSC study indicates that the initial pre-tension of the mooring system is 549 

kN. An assumed mean environmental loading, acting on the hypothetical vessel 

attached to the mooring system, then induces an excursion of the point of 

suspension by 5m. Within the ISSC study, this mean excursion point is taken as the 

datum location.

Quasi-static solution of the catenary equations for an elastic line, with negligible 

seabed friction, provides a pre-tension angle of 58' for the mooring line with pre

tension of 549 kN. When subjected to a 5m excursion this alters to 52'. These pre

tension angles correspond to a distance between suspension and anchor points of 

678.2m and 683.2m. The ISSC pre-tension angle of 52' is selected as the base 

case in this work. The additional pre-tension angles employed in this work relate to
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horizontal excursions of the suspension point by ±5m about this base case. The 

three pre-tension angles considered are 58°, 52° and 44°.

Reducing the pre-tension angle causes a non-linear increase in the initial length of 

suspended line. Hence dynamic tensions are expected to be significantly greater for 

lines of low initial pre-tension angle given the additional line length in motion during 

an oscillation. This effect will be exacerbated for inelastic lines given the inability of 

the line to stretch when subject to static and dynamic line loading.

If the set-up of inelastic and elastic model mooring lines were based upon similar 

distances from the anchor location this would result in dissimilar line pre-tensions, 

and line profiles, negating the possibility of comparison. It is for this reason that pre

tension angles, calculated from the load measuring equipment output, are used to 

determine the correct mooring line set-up for elastic and inelastic lines of both large 

and small scale model tests.

6.2 Experiment oscillation parameters

In a realistic situation, the forcing of a moored vessel may be considered a non

ideal energy system as the response of the system effectively reduces the influence 

of the forcing mechanism. However, in order to develop an understanding of the 

physics of the system response it is necessary to apply an ideal form of excitation. 

Ideal forcing is here defined as an excitation that draws on an energy source so 

large that the excited system response has negligible influence upon it. Varying the 

oscillation parameters for this ideal excitation enables a comprehensive picture of 

the line response to be developed.

The modelling of only a single mooring line represents a further deviation from a 

prototype multiple line mooring system but is again necessary to develop the 

foundations in the understanding of system response. Building upon the results of 

the ISSC study, the thesis extends the excitation parameters to include high 

frequency harmonic and bi-harmonic oscillations for which no experimental data 

exist. The comprehensive range of parameters investigated in this extensive 

parametric study is illustrated within table 6.1 and compared with other 

experimental models in table 2.2. Summarising table 2.2 and 6.1 this experimental 

programme examines the following oscillation parameters:

• Harmonic, low frequency oscillations with amplitude varying over a typical 

minimum to maximum for a range of oscillation periods.
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• Harmonie, high frequency oscillations with amplitude and period varying 

over a range of values.

• Bi-harmonic, combined low and high frequency oscillations. High frequency 

oscillations with parameters described above are superposed onto a low 

frequency component having constant oscillation parameters.

The above dynamic parameters are applied over the following range of conditions;

• Pre-tension. As discussed, this is represented by variations of the initial 

static datum about which the line suspension point oscillates. This 

effectively changes the scope of the line and enables the influence of the 

mooring line initial conditions on any response phenomena to be observed.

• Oscillation direction. Previous studies have presented data for the planar 

response of mooring lines only. This experimental model includes high 

frequency excitation of the line in a horizontal direction at 45* and 90° to the 

plane of suspension. This out of plane high frequency motion is incorporated 

within a bi-harmonic motion by its superposition onto a planar low frequency 

component.

• Elasticity. In this work the line elasticity is treated as a variable and its 

influence on line response examined.

• Scale. Mooring analyses reviewed in table 2.2 have tended to employ small 

model scale systems. The use of small (1:70) model scale experiments are 

described in comparison to equivalent repeated experiments at large (1:17) 

scale in chapters 7, 8 and 9.

The tests carried out at both model scales are repeated a number of times to 

ensure consistency of data.

6.3 Experimental excitation and response - precautions

The quality of experimental data is dependent upon the development of both an 

accurate scale model and a representative form of forcing. For the 1:17 scale model 

tests, the model excitation system is well established due to its use in a commercial 

ship dynamics laboratory. However, the large size of the equipment places 

limitations on the achievable sinusoidal excitation characteristics due to equipment 

acceleration and velocity restrictions. The range of test parameters presented in 

table 6.1 represent motions that are close to the operating envelope of the 1:17
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model equipment. Extension of the 1:17 model tests to include higher frequency 

oscillations than those stated is therefore not possible.

The drive mechanism of the 1:70 model motion carriage also places limitations on 

the maximum oscillatory parameters. From consideration of the temporal scale 

factor presented in section 5.3.4 =9.84) the minimum period of oscillation at

1:70 model scale is 1.0 seconds (10 seconds at p ro to ty p e / )• For oscillation 

periods close to this minimum value a slight positional discrepancy is periodically 

incurred that causes a small cumulative error over a number of cycles. This error 

has lead to a reduced level of confidence in the repeatability of oscillations for the 

1:70 model.

The positional error induced in the 1:70 model oscillating mechanism arises from 

the following three areas. The concerns presented below are in order of influence 

on the carriage motion.

• As depicted in figure 4.14 the oscillating mechanism of the 1:70 model system is 

belt driven. For extreme oscillations the support structures of the pulley wheels, 

over which the belt system passes, begin to flex as the large sinusoidal loads 

are applied. The flexing of the primary support arm that translates the belt from 

the vertical plane to the horizontal plane causes an inconsistency in the 

oscillation amplitudes generated.

This can lead to a change in the effective datum location about which the 

oscillations take place. As the datum location is defined by the pre-tension 

angle, during a number of oscillations the effective initial pre-tension angle of 

the line may vary between each motion cycle. This angle variation will have 

significant influence on the quality and repeatability of the 1:70 model tension 

results.

• A steel reinforced toothed belt drives the carriage. The longitudinal loads on the 

drive belt are significantly lower than those required to cause the belt to stretch. 

However, the long length of belt that is unsupported during carriage motion is 

subject to a parametric excitation. The belt responds with a vertical motion and 

is responsible for incremental positional errors on the carriage. This vibration is 

transmitted through to the data logging system and is observed as an additional 

source of noise superposed upon the mooring line load history.
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• A slight positional error occurs as a result of the digital to analogue conversion 

of the demand signal for rotation of the main drive wheel. This is however 

typically responsible for a deviation in oscillation amplitude of less than 1%.

Methods employed to improve confidence in the oscillations achieved with the 1:70 

scale experiment oscillation system are described in section 6.4.

6.3.1 Component resonance

One of the primary aims of this work is to measure the mooring line damping force, 

including any possible influence of super/sub-harmonic resonance. The frequency 

of the experimental oscillations must therefore avoid frequencies that will induce a 

resonant response of the model system components. A key response to avoid is 

resonance of the spring system inserted in the line to represent line elasticity.

The load on the anchor is always horizontal and in the plane of the line, see the 

boundary conditions outlined in section 3.1. The resonant period of the model line 

elastic module can be written as
*As the added mass of the chain is     ^
small its influence on the periods I R  +  R j
presented in figure 6.1 is negligible T =  27T I—  =  2fr ------—  (6 .1  )
(typically less than 5%). An added \  k \  g k
mass term is therefore not included ' '
in equation 6.1

where and Fh^are the horizontal components of static and dynamic line tension 

respectively, T is the natural period, g the acceleration due to gravity and k the 

spring stiffness.

From consideration of the static tension, changes in pre-tension angle will alter the 

resonant frequency of the spring due to a variation in the static anchor load. This is 

clearly seen in figure 6.1 where quasi-static restoring force data are applied to 

equation 6.1, leading to the presented spring assembly resonant period curve. 

From figure 6.1, the line resonant period varies non-linearly with pre-tension angle.

If one assumes that the spring system natural frequency is constant for small quasi

static excursions about the datum locations, figure 6.1 gives the equivalent 

prototype periods of oscillation that approximately coincide with the three datum 

pre-tension angles. These are 0.82, 0.98 and 1.2 seconds respectively for 58°, 52° 

and 44° pre-tension angles. These periods are not in the range of low frequency, 

approximately quasi-static, oscillation periods tested, hence the springs will not be 

excited at their resonant frequency during low frequency oscillations.
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The minimum oscillation period of the prototype system is 10 seconds. If the 

horizontal component of static tension is assumed constant for small amplitude 

oscillations about the datum location, the magnitude of hydrodynamic loading 

required to induce a resonant spring assembly response for this period of oscillation 

may be derived by re-arranging equation 6.1 as

J L
27T

g k - % ,  (6.2)

where T is equal to 10 seconds and % the  horizontal component of static tension 

at the datum locations. Applying these data to equation 6.2 indicates that the 

magnitude of horizontal dynamic tension that must be induced by small oscillations 

about the datum locations (58°, 52* and 44°) is of the order 144, 100 and 63 times 

greater than the static component. Such large dynamic line loads will not be 

developed during small amplitude high frequency oscillations, so the spring 

systems will not therefore be excited at their resonant frequencies in either small or 

large model scale tests.

6.3.2 Grounded line interference

In the initial set-up at each test facility great care is taken to ensure that model 

scale mooring line static conditions are equivalent. Figures 6.2 and 6.3 depict the 

calculated quasi-static line tensions at increasing distance from the anchor, and 

experimentally measured static values for the 1:70 and 1:17 scale models 

respectively. The experimental tension data are measured at each facility by 

moving the respective planar motion carriage in small increments. This effectively 

equates to quasi-static motion due to negligible development of dynamic line loads.

From figure 6.2 the measured data compare well, for both inelastic and elastic lines, 

for the 1:70 scale model. However, the 1:17 model data in figure 6.3 appears to 

have a hysteresis that is dependent upon the direction of the motion carriage. 

During the tensioning stroke of the oscillator the tension history traces the 

calculated values closely. As the suspension point moves in a relaxing stroke, 

reducing the suspended line length, the tension falls away at a greater rate than the 

relative increase during the tensioning stroke. The development of this hysteresis 

indicates the influence of interference on the chain line caused by tank 

floor/grounded line friction. This results in the spring system not fully recovering 

from the extension that occurs at maximum excursion of the line suspension point.
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Although the interference of the tank floor with the grounded line is usually caused 

by floor/chain friction, for the 1:17 model the pulley wheel utilized to transfer the 

anchor loading to the vertical plane complicates this. In particular, the rotational 

friction of the pulley wheel and possible slip of the chain on the surface of the wheel 

adds to the total friction component.

The spring extension time histories given in figures 6.4 and 6.5 represent the 1:17 

model spring assembly response to a typical harmonic low frequency and bi

harmonic oscillation respectively.

The low frequency excitation of the suspension point in figure 6.4 may be assumed 

to approximate to a quasi-static motion similar to that of figure 6.3. From figure 6.4, 

as the suspension point moves so as to tension the line the horizontal force on the 

spring system should increase smoothly at a slow rate, similarly reducing as the 

suspension point moves to relax the line. Although the tensioning of the line 

appears to extend the springs in a reasonable consistent manner, during the 

relaxing stroke the spring recovery has a step like response. It is noted that spring 

recovery occurs only when the spring recovery force exceeds the sum of the 

horizontal catenary restoring force, at the touch down point, plus the friction force of 

the grounded line. The sum of these forces is termed here as the grounded line 

load. The following describes the spring recovery during a relaxing stroke of the 

oscillation system:

• Position A. As shown in figure 6.4, this corresponds to the maximum excursion 

of the suspension point. From this point the oscillating mechanism moves in a 

relaxing stroke with the horizontal restoring force at the point of suspension 

reducing as the suspended line length is reduced.

• Position 1 - 2 .  The springs remain extended as the grounded line load exceeds 

the spring recovery force. This causes the pre-tension angle at the suspension 

point to increase rapidly and the mooring line horizontal restoring force to 

reduce proportionally, causing the hysteresis in figure 6.3.

• Position 2 - 3. The spring extension begins to reduce. As the pre-tension angle 

increases, the restoring force at the anchor reduces simultaneously and hence 

reduces the grounded line load. The spring recovery force now exceeds the 

grounded line load and the springs start to recover.

• Position 3 - 4 .  The rate of spring recovery increases. As the springs recover the 

friction coefficient acting on the grounded line changes from static to a smaller 

dynamic friction, aiding the recovery of the springs.
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• Position 4 - 5. The rate of spring recovery reduces. The reduction of the spring 

extension effectively pulls on the grounded section of the line and marginally 

increases the suspended line length, and hence the horizontal restoring force. 

This leads to the grounded line load increasing and hinders the recovery of the 

spring assembly.

• Position 5 - 6. Spring recovery ceases. Eventually an equilibrium point is 

reached were the spring recovery force and grounded line load are in 

equilibrium and the spring recovery ceases. At this point the friction coefficient 

once again assumes its static value.

• Position 6 - 7. The above processes from positions 2 to 6 are repeated over the 

range represented by positions 6 to 7 resulting in a step like recovery of the 

spring extension.

Figure 6.5 indicates that the influence of the frictional interference is greatly 

reduced when high frequency motions are superposed onto a low frequency 

oscillation. During the combined motion the high frequency oscillations induce large 

and rapid variations in the horizontal force at the touch down point that are able to 

easily overcome the static friction. This results in an almost entirely dynamic friction 

interference that significantly aids the spring recovery.

For a mooring line of fixed length, as the pre-tension angle is reduced, the length of 

grounded line is also reduced. Thus at low initial pre-tension angles the frictional 

interference of grounded line on the line response is smaller. This is also apparent 

for oscillations of varying amplitude about a fixed pre-tension angle. For example, 

large oscillation amplitudes can result in significant lengths of suspended line and 

hence short sections of grounded line.

To minimize the variation of frictional interference for test programmes with varying 

oscillation amplitudes, Huse (1992) suggests that the total line length should be 

amended for each oscillation to ensure that the grounded length of line is constant 

at the maximum excursion of each test.

Due to the large number of tests performed in this thesis, and the comprehensive 

range of oscillation amplitudes considered, the alteration of the total line length for 

each test case was not possible. However, at each of the three initial pre-tension 

angles the total line length has been adjusted to ensure that the grounded line 

length is approximately equivalent for the maximum oscillation amplitude tested. 

The actual line length for tests about each pre-tension angle and the expected 

length of grounded line at the maximum excursion are presented in table 6.2.
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The influence of the tank floor interference on the chain line is less pronounced in 

the 1:70 model response. From equation 5.10 Coulomb type static friction is a 

function of the body mass. Due to the small model mass of the 1:70 scale line the 

influence of static friction from the tank floor is considered minimal. Additionally, the 

spring assembly in the 1:70 model is horizontally mounted on the floor of the tank, 

thus without the need for a pulley system the influence of frictional interference is 

reduced relative to that of the 1 ;17 scale system.

Despite the difficulties experienced with the inclusion of elasticity in the dynamic 

model, a representative form of elasticity is of paramount importance and not to 

include it would greatly reduce confidence in the quality of experimental data.

6.4 Conclusions

This chapter has discussed the development of the experimental models. Particular 

attention has been paid to the initial set-up of the scaled mooring lines and the 

nature of the system response from which the following conclusions have been 

drawn.

• Excitation parameters. The comprehensive range of test parameters varied 

within the experimental programme encompasses a range of initial and dynamic 

considerations that have not previously been modelled.

• Elasticity. The influence of mooring line elasticity on the initial conditions of the 

static set-up and the dynamic response has been discussed, and a simple 

analysis performed to ensure that resonant excitation of the mooring system 

model components does not occur.

• Excitation system. With reference to the possible inconsistency of the 1:70 

model oscillations the following precautions and preventative measures have 

been taken to ensure that errors were minimized.

- The support structure of the drive system has been stiffened, and 

reinforced.

- The control codes are designed to apply the desired motion from a cosine 

displacement. The oscillatory motion thus commences from a minimum 

excursion and zero velocity.

- The development of start-up transients usually requires the ramping of 

experimental equipment, or time for the transient response to dissipate. Due
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to the high damping characteristics of the fluid medium, any transient 

response will decay extremely rapidly and the steady state solution become 

prevalent. Despite this rapid extinction of transients, the process code is 

written such that the initial 10 cycles of each test are ignored.

- A manual record of the oscillation amplitudes has been made for each test. 

This data is then used as an input parameter within the process code.

- To ensure the quality the 1:70 scale experimental data, all tests were 

repeated three times and the results averaged.

Mooring line interference. The frictional interference of the tank floor, and pulley 

system of the 1:17 model, on the response of the line has been analysed. The 

measures taken to ensure that experiments at small and large scale, and within 

each test facility, are identical has included a consideration of total line lengths 

to minimize variability of line interference.

Repeatability. The 1:70 model tests were each repeated three times, agreement 

between measured experimental tension results for these tests is approximately 

25%. Unfortunately, low confidence in the 1:70 damping results is confirmed by 

the poor agreement between repeated tests.

The 1:17 model tests show excellent repeatability. Due to time constraints 

imposed on experimental work carried out at the large scale, commercial, test 

facility approximately one quarter of the 1:17 model scale tests were repeated, 

twice. However, tension and damping data for the repeated tests show excellent 

agreement and are generally within 10% of each other respectively.
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Oscillation
Parameter

ISSC 82.5m water mooring 
line model

1:70 & 1:17 experimental 
models

Pre-tension
angle 52° 58° to 44°

HF amplitude 5.4m & 8.0m 2.5m to 8.0m

HP period 10.0 & 13.0 seconds 40 seconds to 10 seconds

HF direction Planar Planar, 45°, 90°

LF amplitude 10m & 20m 10m to 20m

LF period 100 & 200 seconds 100 & 200 seconds

Bi-harmonic
tests

LF 10m at 100 seconds 
plus all HF oscillations

LF 10m at 100 seconds 
plus all HF oscillations

Table 6.1 -  Oscillation parameters for ISSC system compared to range 
of experimental parameters.

Datum pre-tension 
angle

1:17 scale model line

Total line length Approximate length of grounded 
line at maximum excursion

58° 45m 14m

52° 39m 9m

44° 33m 9m

Table 6.2 -  Line lengths of 1:17 model for uniform interference on 
grounded section of line.
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Figure 6.2 -  Quasi-static catenary solution for elastic and inelastic 
mooring line tension compared with 1:70 model data.
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response.



140

7 Comparison of ISSC results with experimental data

In this chapter the line tension and damping results from the experimental work are 

compared with the ISSC results documenting quasi-static (OS), time domain (TD) 

and frequency domain (FD) numerical prediction methodologies.

Section one discusses, and compares, tension and damping data from the ISSC 

study with the experimental work of this thesis. Also provided in section one is a 

review of the line response from experimentally measured results. Prior to the 

conclusions of section three, section two presents a discussion of experimental 

data gathered using an effectively inelastic line.

In the presented text the abbreviations HF and LF relate to high and low frequency 

line oscillations respectively. Typically the HF motion represents wave frequency 

type parameters, and LF oscillations correspond to wave drift frequency motions.

7.1 Analysis results

A general review of the ISSC mooring line tension and damping results is provided 

in this section followed by a comparison with experimental data.

For ease of comparison with the ISSC study all data are presented in prototype 

scale units. As discussed in chapter 5, the thesis is concerned only with data 

relating to the 82.5m water depth case of the ISSC study.

Total mooring line tension data are presented in figures 7.1 and 7.2. Total line 

tension is considered to consist of static catenary and dynamic components. The 

static component is generated from the self weight of the suspended line whilst the 

dynamic tension component arises from the hydrodynamic loading of the line 

caused by a change in suspended profile.

Numerical tension predictions of QS and ISSC numerical analysis techniques are 

shown in figure 7.1. Within this figure, indication of the deviation between maximum 

and minimum tension prediction contribution to the ISSC study is provided for each 

test case. These vertical indicators are termed error bars. In figure 7.2 the tension 

error bars are repeated to enable comparison between the experimentally 

measured line tensions and the ISSC numerical predictions.

A similarly structured presentation of line damping results is given in figures 7.3 and 

7.4. Experimental data depicted in figures 7.1 and 7.2 includes both small (1:70),
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and large (1:17), model scale results of this thesis. Figures 7.3 and 7.4 provide only 

1:17 scale data together with that of Wichers et al (1990). The poor damping data of 

the 1:70 scale model, as discussed in sections 6.3 and 6.4, precludes its use in 

figures 7.3 and 7.4. The oscillation parameters listed on the abscissa of figures 7.1 

to 7.4 are presented in detail in table 7.1. To aid the discussion, a base case for 

each of the harmonic and bi-harmonic motions are established, the characteristics 

for which are presented in table 7.2.

7.1.1 ISSC line tension results

This section considers only the ISSC results, comparison with the experimental 

tension data being given in section 7.1.2.

From the error bars of figure 7.1, the FD models in general appear to have a 

greater spread in submitted results than their TD equivalents. Indeed, analyses 

employing TD modelling are seen to vary on average from 5% to 20% about the TD 

mean whilst FD contributors results deviate from 10% to in excess of 100% about 

the FD mean.

From figure 7.1 there is good agreement between the TD and FD numerical models 

for 10m amplitude LF (cases 2.1 & 2.3), and 5.4m amplitude HF (case 3.1), 

oscillations. It is however surprising to note that increasing the LF motion amplitude 

to 20m (cases 2.2 & 2.4) causes the largest variation in numerical model 

predictions for a harmonic oscillation. This may be attributed to the large amplitude 

'slow' oscillatory motion causing a considerable change in the suspended line 

profile, bringing about a strongly non-linear change in static tension. Despite the 

relatively slow motion of the line during the profile change, the large length of 

suspended line Is subject to a small but complicated distribution of hydrodynamic 

loading along the line length that may be difficult to determine numerically.

Although there Is variation in contributor numerical results for LF oscillations, the 

mean line tension is similar to the static catenary value for an equivalent maximum 

excursion. This implies that line dynamics are small and QS analysis would be a 

satisfactory prediction technique.

A QS analysis is not however appropriate for the prediction of total line tension for 

HF harmonic motion. Figure 7.1 shows that for a HF oscillation of 5.4m amplitude 

(case 3.1) the TD mean tension is 37% (1300/952 kN) greater than the QS result. 

For this oscillation the hydrodynamic loading is a major component of the line
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tension. Within a FD model this non-linear loading requires conversion to a linear 

coefficient. The necessity for a linear representation induces greater errors at 

higher oscillation frequencies and amplitudes. This is also likely to be responsible 

for the poor FD model tension predictions of the 20m amplitude LF, and 5.4m 

amplitude HF, oscillations (cases 2.2, 2.4 and 3.1 respectively).

The superposition of HF oscillations onto LF motion alters the tension response. 

The nature of this bi-harmonic excitation significantly increases the possibility of 

dynamic tension amplification. As with the harmonic HF case, the greater influence 

of non-linear hydrodynamic loading causes the deviation between FD and TD 

models to grow. Indeed, the mean of the TD methodology predicts that the tension 

of the base case bi-harmonic oscillation is almost double that of the FD model.

The sensitivity of the numerical models to the strength of the hydrodynamic non- 

linearity may be seen from the bi-harmonic cases in figure 7.1. If the HF component 

amplitude is increased from 5.4m (case 1.1) to 8.0m (case 4.1) the mean predicted 

tension increases to almost twice that of the QS result. Line oscillation case 4.1 

also has the largest error bar for the TD methodology, with ISSC contributors' 

results varying by approximately ± 17% about the mean. Case 4.2 represents a 

change in the HF oscillation period of case 1.1 from 10 to 13 seconds. Although this 

is a small reduction in the line oscillation period a tension reduction of 

approximately 20% occurs. In comparison, FD models provide poor tension 

predictions with a mean value lower than that of the OS analysis for both cases 4.1 

and 4.2.

7.1.2 Experimental line tension comparison with ISSC results

This section discusses the data presented in figure 7.2. As discussed later, with the 

exception of test cases 1.1 and 4.1 there is generally reasonable agreement 

between experimental and numerical TD models.

For LF oscillations (cases 2.1 to 2.4), both sets of model test data are within 15% of 

each other and 10% of the TD mean. There is also good agreement between the 

5.4m amplitude HF (case 3.1) experimental data and the TD tension mean. Given 

the good agreement between prediction methodologies, for these results no error 

bars are provided.

Test cases 4.1 and 4.2 represent a respective increase in amplitude (5.4m to 8.0m) 

and period (10 seconds to 13 seconds) of the HF component of the bi-harmonic
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case 1.1. Both 1:70 and 1:17 scale experimental tension results are in good 

agreement with each other, within 7% and 10%, for bi-harmonic cases 4.1 and 4.2 

respectively. However both experimental tensions for test case 4.1 are 

approximately 25% and 10% lower than the TD mean and minimum TD tension 

values respectively. The good agreement between experimental data infers that the 

TD numerical model of test 4.1 is perhaps over predicting line tension.

The influence on line tension of changing the HF oscillation parameters is shown in 

table 7.3. The results presented indicate that there are similar trends in tension 

variation for both experimental and TD modelling techniques. That is, increasing the 

HF oscillation amplitude, relative to the base case, results in a dramatic line tension 

increase by at least 50% (case 1.1 to 4.1). Similarly, if the HF oscillation period is 

reduced (case 1.1 to 4.2) the line tension is reduced by approximately 20%.

There is a reduced level of confidence in the 1:17 model result for case 1.1. It is for 

this oscillation that the deviation between experimental model data is greatest. The 

1:70 model tension data is within 15% of the TD mean whilst the 1:17 model 

tension is only marginally greater than the QS result. The good agreement between 

the 1:70 model and the TD prediction points to the possibility of frictional 

interference with the 1:17 scale tests, or experimental error in the initial set-up of 

the line pre-tension angle, being the cause. At 1:17 model scale, case 1.1 was not 

one of the 25% of tests repeated. There was minimal friction in the 1:70 scale tests.

In general, experimental tension data agree more closely with the ISSC TD data 

than the FD results.

7.1.3 ISSC line damping results

This section considers only the ISSC results, comparison with the experimental 

damping data being given in section 7.1.4.

The vertical error bars of figure 7.3 show a larger spread in numerical damping 

results when compared to the range of tension predictions of figure 7.1. Although 

the spread appears greater for TD rather than FD models, this is partly attributable 

to the larger number of time domain contributions and infers the difficulties that exist 

in the calculation of highly non-linear line response.

Despite the large spread in TD model results the general trend of the damping data 

with respect to oscillation parameters is comparable to that of line tension data of 

figure 7.1. That is to say a significant increase in line damping occurs for the bi-
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harmonie and HF harmonie oseillations. It is for these motions that the 

hydrodynamie loading is eonsidered to be the dominant foree aeting on the line.

For the 10m amplitude LF oseillations (eases 2.1 and 2.3) the numerieal damping 

predietions are in good agreement. This is likely to be a result of the relatively small 

amount of hydrodynamie loading that is indueed by these, almost, quasi-statie type 

oseillations. However, as the line oseillation amplitude is inereased to 20m (eases 

2.2 and 2.4) the elongated error bars of figure 7.3 indieate a eonsiderable variability 

in the TD damping predietions. For example, eomparing the LF damping of eases

2.1 and 2.2; the minimum and maximum TD damping predietion for ease 2.1 varies 

by ±15% about the TD mean, however the equivalent TD predietion for ease 2.2 is 

from 30% to 115% about the TD mean. This large variability in damping predietion 

may be as a result of diffieulties in ealeulating the eombined influenee of large non

linear QS tension variations, for high amplitude low period oseillations, together with 

the small level of non-linear hydrodynamie loading that is distributed along the 

suspended line length.

If the TD mean damping of ease 3.1 is eompared with the equivalent 20m amplitude 

LF oseillation of ease 2.2, the damping may be seen to be marginally less for ease 

3.1. However, the mean TD damping for the 5.4m amplitude HF oseillation (ease 

3.1) is almost quadruple that of the harmonie LF motions of 10m amplitude (eases

2.1 and 2.3). The large spread of TD damping results for ease 2.2 implies that there 

are diffieulties in the numerieal modelling of line oseillations with HF motions and 

large amplitude LF oseillations.

The error bars for the TD tension predietion of bi-harmonie oseillations are relatively 

large in eomparison to the harmonie test eases of figure 7.1. From figure 7.3, for 

damping predietions this trend is exaeerbated with bi-harmonie error bars 

approximately twiee as large as for harmonie oseillations. In partieular the extreme 

range of TD damping predietions for the bi-harmonie test ease 4.1 indieates that the 

large 8.0m amplitude of the HF eomponent eonsiderably eomplieates the mooring 

line response.

7.1.4 Experimental line damping eomparison with ISSC results

As diseussed in seetion 3.2, the determination of a linear damping foree from 

experimental data is a ehallenging task as measurement may not be made direetly, 

but is derived from the produet of measured signals at eaeh instant of the oseillation 

eyele. This requirement eoupled to the diffieulties experieneed with the 1:70 model
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oscillation system, outlined in section 6.3, has reduced the level of confidence in the 

accuracy of the damping values produced. Because of this the 1:70 damping data 

are not presented within this work.

Figure 7.4 plots experimental results from the 1:17 scale model tests together with 

ISSC numerical predictions and experimental data of Wichers et al (1990). The 

limited quantity of Wichers' data however restricts comparison to the LF harmonic 

oscillation cases only.

With the exception of the 20m amplitude oscillations of cases 2.2 and 2.4, the 

results of the 1:17 experiments show good agreement with the TD mean. For tests

2.2 and 2.4, the frictional interference of the test facility floor and pulley wheel on 

the model line is likely to be responsible for the excessive damping prediction. As 

discussed in section 6.3.2, the possibility of chain/floor interference can adversely 

affect the spring system response and hence alter the elastic properties of the line, 

which in turn distorts the derived experimental damping values.

For cases 2.2 and 2.4, the experimental data of Wichers et al (1990) are within the 

range of the TD error bars however, their results under predict the equivalent TD 

mean value. The 1:17 damping data for 10m amplitude LF oscillations (cases 2.1 

and 2.3) compare reasonably well with both the results of the numerical method 

and Wichers et al (1990) experiments.

Bi-harmonic line excitation results give a significant increase in line damping. The 

sensitivity of the damping to the superposed parameters is shown in table 7.4, in 

which both experimental and ISSC data are presented. The table details the 

incremental change in damping compared to the bi-harmonic base case when the 

superposed HF oscillation component has either the amplitude increased (from 

5.4m to 8.0m, cases 1.1 to 4.1) or the period increased (from 10 seconds to 13 

seconds, cases 1.1 to 4.2).

The first two rows of table 7.4 indicate that the increase in damping from the base 

to case 4.1 and 4.2 are greater for the experimental data than for the TD model. For 

example, comparing cases 4.1 and 4.2 to the bi-harmonic base case, these tests 

represent an increase in the HF oscillation amplitude from 5.4m to 8.0m with period 

constant at 10 seconds, and an increase in HF oscillation period from 10 to 13 

seconds for constant 5.4m amplitude, respectively. Whilst the TD mean damping for 

cases 4.1 and 4.2 are 124% and 56% of the base case TD mean, the 1:17 

experimental data are 167% and 75% of the base case mean experimental 

damping.
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However, from figure 7.4 the experimentally determined damping for the base bi

harmonic motion is possibly too low. This may have been caused by an initial 

experimental error in the set-up of the model line pre-tension angle, and could also 

account for the reduced confidence in line tension value discussed in section 7.1.2 

for this oscillation. The resulting low damping value would thus infer a larger 

sensitivity than actually exists in the experimental model.

Indicator diagrams are useful tools with which to visualise the work done and hence 

damping of a mooring line. Figures 7.5 to 7.7 present indicator diagrams for the 

base case low, high and bi-harmonic frequency excitations (cases 2.1, 3.1 and 1.1) 

respectively. Plotting the instantaneous horizontal tension at the suspension point 

versus the suspension point excursion creates the indicator diagram. In figures 7.5 

to 7.7, zero on abscissa represents the oscillation datum. The area enclosed by the 

hysteresis is equivalent to the energy dissipated by the line, as expressed by 

equations 3.10 and 3.15.

Comparing the equivalent 1:70 and 1:17 results, the effect of the 1:70 excitation 

system positional errors on the horizontal tension history is noticeable in the figures. 

For example, an indication of the quality of oscillations achieved by the excitation 

system may be ascertained from the presentation of indicator diagrams generated 

from a number of oscillation cycles. If the system is able to repeat the oscillation 

without positional error the resultant indicator diagram will form a single line trace. 

Such a well defined trace is clearly evident from the 1:17 tension history in the 

indicator diagrams on the left hand side of figures 7.5 to 7.7. Although the periodic 

repeatability of the 1:70 data is poor when compared to the 1:17 results, the 

hysteresis in the 1:70 response can be seen. It is the deformed profile of the 

hysteresis that causes difficulties in the damping calculation.

As well as providing a visual interpretation of the energy dissipated by an oscillating 

mooring line, the indicator diagram also gives an insight into the nature of the 

mooring line response. To assist with the interpretation, superimposed on to the 

1:17 model data of figures 7.5 to 7.7 is the QS horizontal tension at the point of 

suspension.

For the 1:17 model data of figure 7.5, the shape of the small hysteresis is similar to 

that of the 0 8  solution implying that only a small quantity of damping is generated. 

As may be seen in figure 7.5, during this LF oscillation the total tension peak of the 

dynamic mooring line occurs at the same instant as the static tension, implying that 

the static tension dominates the line response. If figure 7.5 is then compared to the
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hysteresis of the HF motion of figure 7.6 and bi-harmonic oscillation of figure 7.7, 

the dramatic increase in damping is immediately apparent from the exaggerated 

hysteresis. The dynamic effect upon the line response is to induce a total line 

tension of magnitude greater than the maximum value predicted by QS analysis. 

Thus hydrodynamic loading dominates the line response.

The tension history of the mooring line response to a HF excitation may be 

explained using an enlarged view of figure 7.6, as presented in figure 7.8. Within 

the description, the maximum and minimum excursions in the oscillation relate to 

the oscillation amplitude where the line is most taut and slack respectively.

• Position 1. The point of excursion where maximum tension in the mooring line

occurs. The total horizontal component of line tension is 50% greater than the

equivalent static tension component. As the oscillation is sinusoidal about the

zero excursion point, the datum location, the maximum velocity of the

suspension point in the oscillation cycle occurs at the zero excursion point. 

Changes of line profile are non-linearly proportional to the excursion of the 

suspension point, hence hydrodynamic loading is a non-linear function of the 

suspension point velocity. Thus the shift in location of the tension peak toward 

the datum and the magnitude of the maximum tension compared to the QS 

value indicates the dominance of the hydrodynamic loading on the oscillating 

line.

• Position 1 to 2. As the oscillation continues towards maximum amplitude the

horizontal component of tension is observed to decrease. At position 2, the

maximum oscillation amplitude, the tension is 45% lower than that of the static 

catenary solution. During the motion of the line from position 1 to 2, the 

oscillation velocity is reducing. However, as the velocity of the suspension point 

reduces the combination of HF motion and the viscous action of the surrounding 

fluid are such that insufficient time exists for the entire line to fall freely, under 

the action of gravity, to re-establish the catenary profile. Thus a tension value 

below that of the equivalent QS value indicates a loss of the catenary profile. 

This response is unique to the dynamic mooring line model and dependent 

upon both initial static conditions and dynamic parameters.

• Position 2 to 3. From position 2, the oscillation changes direction and 

accelerates towards the minimum amplitude. The acceleration and subsequent 

increase in velocity exacerbates the inability of the free falling section of line to
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return to the catenary profile. At position 3, the point of maximum velocity in the 

relaxing stroke of the oscillator, the tension in the line has reached a minimum.

• Position 3 to 4. As the velocity of the point of suspension reduces, the rate of 

recovery to the catenary profile causes line tension to increase rapidly. 

Eventually this recovery gives rise to a tension once again exceeding that of the 

QS solution. At position 4, the maximum negative excursion amplitude, the 

tension exceeds the QS value by 50%.

• Position 4 to 5. Position 4 indicates a change in the direction, and acceleration, 

of the oscillator leading to a sharp, snap like removal of any slack within the line 

resulting from free fall. A small spike in the tension history between positions 4 

to 5 indicates the impulsive type loading of the line from this snap effect.

• Position 5 to 1. After the oscillation has reached maximum velocity, and is 

reducing, the line tension continues to increase until reaching a maximum at 

position 1. The continued rise in line tension is attributable to the complicated 

non-linear hydrodynamic line loading that is dependent upon both the geometric 

non-linearities of the suspended line length and the local velocity and direction 

of each element of the moving line.

For the tension history shown in the hysteresis of figure 7.6, the frequency of the 

excitation is such that the mooring line is unable to return to the catenary profile at 

any time within the relaxing stroke of the oscillation.

The superposition of 5.4m amplitude HF motion onto 10m amplitude LF oscillation 

results in the hysteresis of figure 7.7. The complicated behaviour results from the 

bi-harmonic oscillation, from which the considerable increase in line damping may 

be visualised by comparing figures 7.6 and 7.7. The large hystereses toward the 

maximum excursion of the LF motion in figure 7.7 indicate an even greater 

distortion of catenary profile than that discussed for figure 7.8.

In figure 7.7, the almost horizontal trace at the bottom of the hysteresis curve 

indicates that the catenary profile is lost over a greater proportion of the oscillation 

cycle. The HF component then causes a dramatic increase in the horizontal tension 

as the oscillator moves in the tensioning direction, and rapidly removes the slack in 

the line.

7.2 Influence of elasticity on line tension measurement
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Experiments to examine the influence of elasticity on the mooring line response 

have been performed only at 1:70 scale. To achieve the ‘inelastic’ line parameters 

at model scale the spring assembly has been removed from the anchor point. As 

described earlier, due to difficulties arising from the excitation mechanism an 

interpretation of derived damping data is not possible. In this section a comparison 

with an inelastic line is therefore restricted to tension data.

Figure 7.9 presents elastic and inelastic tension results and the equivalent data 

from the ISSC numerical mooring line case study. Figure 7.9 indicates that the 

inelastic line tensions exceed those of the elastic model for all excitation 

parameters.

For the 10m amplitude LF oscillations (cases 2.1 and 2.2) there is good agreement 

between the inelastic and elastic model results, the inelastic tension exceeding the 

elastic values by 2%. As this motion may be considered a QS oscillation, the line 

stretch is induced by the static component of tension only. Comparing the QS 

elastic and inelastic analyses confirms this result as the inelastic tension similarly 

exceeds the elastic value by 2%. However, increasing the oscillation amplitude to 

20m (cases 2.2 and 2.4) causes the geometric non-linearity to be exacerbated by 

the inability of the line to stretch. Hence the deviation between the elastic and 

inelastic tension values increases. For cases 2.2 and 2.4, the inelastic line tension 

is 35% higher than the elastic line.

There is a relatively small variation in suspended line length for both elastic and 

inelastic mooring line models during a 5.4m amplitude HF oscillation. As a result the 

inelastic line tension exceeds the elastic value by only 4%. QS analysis reveals 

that, for an equivalent QS excursion of the line, the inelastic model tension exceeds 

the elastic case by 1%. The small difference between the elastic and inelastic 

response to HF excitation may be attributable to both a relatively small value of 

hydrodynamic loading and the inability of the spring assembly to appropriately 

stretch due to frictional interference on the grounded line.

For the bi-harmonic cases 1.1, 4.1 and 4.2, the inelastic values of tension are 

greater than the elastic model by 10%, 40% and 18% respectively. Comparison of 

inelastic tensions with the mean of numerical predictions shows that the inelastic 

values are generally within 7% of the TD solution. The apparent correlation 

between inelastic experimental results and the TD numerical model, that is 

assumed to be elastic, suggests that numerical models are unable to appropriately 

account for line elasticity within their formulation.
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7.3 Conclusions

This section discusses the mooring line tension and damping results of the ISSC

case study and experiments. The following conclusions may be drawn from the

discussions of experimental data presented in this chapter.

• TD and FD ISSC tension predictions are similar for LF oscillations of 10m 

amplitude. As the amplitude or frequency of excitation is increased the TD 

models predict significantly greater line tensions than their FD counterparts. 

This is likely to be a result of the FD model necessity for linearization.

• For both the ISSC and experimental results, the influence of dynamics on the 

line tension is minimal for 10m amplitude LF oscillations (cases 2.1 and 2.3) and 

may be determined using QS modelling. Due to the small dynamic tension 

effect the line generates a small damping force. However, this small value of 

damping could not be predicted if a QS analysis was applied.

• LF motions of 20m amplitude (cases 2.2 and 2.4) show that large geometric 

non-linearities resulting from significant oscillation amplitudes complicate the 

mooring line tension response. The large vertical error bars of figures 7.2 and

7.4 indicate the difficulty in modelling the hydrodynamic line loading resulting 

from large variations in the geometric profile. Experimental analyses for these 

motions suggest that the damping is greater than that predicted numerically, 

however the magnitude of the interference on the model line from floor/pulley 

wheel interaction with the 1:17 scale experiments is difficult to quantify.

• The superposition of HF motion on a LF oscillation results in tension and 

damping values that exceed the results calculated from the linear summation of 

individual components of high and low frequency motion.

• Both the 1:70 and 1:17 experimental tension data are in reasonable agreement. 

The data may also be considered to be generally in reasonable agreement with 

the TD mean for both mooring line tension and damping. The experimental 

models are therefore considered to provide a further level of validation of the 

numerical data.

• The excellent cyclic repeatability of the 1:17 experimental results within each 

test is shown by the single line trace generated for repeated oscillation cycles in 

the indicator diagrams. The indicator diagrams for the 1:70 model tests show
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the difficulties in calculating the damping due to phase and position anomalies 

that can result from carriage oscillation errors.

For HF oscillations, the indicator diagram of figure 7.6 reveals that the catenary 

profile of the mooring line is lost during excitation and that there is a shift of the 

dependence from static to dynamic tension components. The superposition of a 

HF motion onto a LF oscillation causes the catenary profile of the moor to be 

lost over a greater proportion of the HF cycle, particularly as the LF motion 

reaches the maximum excursion.

Comparison of elastic and inelastic experimental model results has shown that 

the influence of line elasticity is considerable for bi-harmonic line oscillations. 

These oscillations represent large excursions of the line suspension point. For 

equivalent oscillations, about identical datum locations, the suspended line 

length will be greater for inelastic, than elastic, lines. Thus higher top end 

tensions, and damping, are expected for inelastic lines as longer lengths of line 

are subject to hydrodynamic loading.

The close correlation of the TD mean and inelastic line tensions for bi-harmonic 

oscillations suggests that TD models may not accurately account for line 

elasticity within their formulation.
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Test
number

Oscillation parameters

Low Frequency (LF) High Frequency (HF)

Amplitude
(m)

Period
(seconds)

Amplitude
(m)

Period
(seconds)

1.1 10 100 5.4 10

2.1 10 100 X X

2.2 20 100 X X

2.3 10 200 X X

2.4 20 200 X X

3.1 X X 5.4 10

4.1 10 100 8.0 10

4.2 10 100 5.4 13

Table 7.1 -  Oscillation parameters of the ISSC mooring line study.

Test parameter LF
amplitude

LF
period

HF
amplitude

HF
period

Harmonic LF (case 2.1) 10.0m 100.0s X X

Harmonic HF (case 3.1) X X 5.4m 10.0s

Bi-harmonic (case 1.1) 10.0m 100.0s 5.4m 10.0s

Table 7.2 -  Oscillation characteristics selected as base case 
parameters.
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Bi-harmonic
cases Parameter varied TD

prediction
1:70

model
1:17

model

1.1 to 4.1 HF amp 5.4m to 8.0m 178% 152% 210%

1.1 to 4.2 HF period 10.0s to 13.0s 80% 78% 90%

4.1 to 4.2
HF amp 8.0m & period 10.0s 

to
amp 5.4m & period 13.0s

45% 51% 42%

Table 7.3 -  Increase in line tension relative to individual model mean 
tensions.

Bi-harmonic
cases Parameter varied TD model 1:17 model

1.1 to 4.1 HF amp 5.4m to 8.0m 124% 167%

1.1 to 4.2 HF period 10.0s to 13.0s 56% 75%

4.1 to 4.2
HF amp 8.0m & period 10.0s 

to
amp 5.4m & period 13.0s

92% 94%

Table 7.4 -  Increase in line damping relative to individual mean for ISSC 
and 1:17 scale model.

Test number Oscillation Test number Oscillation
1.1 LF 10m 100s + HF 5.4m 10s 2.4 LF 20m 200s
2.1 LF 10m 100s 3.1 HF 5.4m 10s
2.2 LF 20m 100s 4.1 LF 10m 100s + HF 8.0m 10s
2.3 LF 10m 200s 4.2 LF 10m 100s + HF 5.4m 13s
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Figure 7.1 -ISSC numerical model total line tension prediction. (Test 
parameters are provided in table 7.1 and at bottom of 
page)
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Figure 7.2 -  Experimentally measured line tension compared to ISSC 
numerical predictions.

Test number Oscillation Test number Oscillation
1.1 LF 10m 100s+ HF 5.4m 10s 2.4 LF 20m 200s
2.1 LF 10m 100s 3.1 HF 5.4m 10s
2.2 LF 20m 100s 4.1 LF 10m 100s + HF 8.0m 10s
2.3 LF 10m 200s 4.2 LF 10m 100s + HF 5.4m 13s
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Figure 7.3 -  ISSC numerical model line damping prediction. (Test 
parameters are provided in table 7.1 and at bottom of 
page)
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Figure 7.4 -  Experimentally derived line damping compared to ISSC 
numerical predictions. (Legend entry Expt indicates 
results of Wichers & Huijsmans (1990))

Test number Oscillation Test number Oscillation
1.1 LF 10m 100s+ HF 5.4m 10s 2.4 LF 20m 200s
2.1 LF 10m 100s 3.1 HF 5.4m 10s
2.2 LF 20m 100s 4.1 LF 10m 100s + HF 8.0m 10s
2.3 LF 10m 200s 4.2 LF 10m 100s + HF 5.4m 13s
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Figure 7.5 -  Indicator diagram for LF 10m amplitude oscillation of 100 
second period.
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Figure 7.6 -  Indicator diagram for HF 5.4m amplitude oscillation of 10
second period.
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Figure 7.7 -  Indicator diagram for combined LF and HF oscillation at 10 
and 5.4m amplitude at 100 and 10 second period 
respectively.
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Figure 7.8 -  Indicator diagram for HF 5.4m amplitude oscillation of 10
second period.
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Figure 7.9 -  Total tension for ISSC TD and experimental elastic and 
inelastic models.

Test number Oscillation Test number Oscillation
1.1 LF 10m 100s+ HF 5.4m 10s 2.4 LF 20m 200s
2.1 LF 10m 100s 3.1 HF 5.4m 10s
2.2 LF 20m 100s 4.1 LF 10m 100s + HF 8.0m 10s
2.3 LF 10m 200s 4.2 LF 10m 100s + HF 5.4m 13s
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8 Experimental results for wide range of excitation parameters

Chapter 7 discussed the experimental work in comparison with the ISSC results for 

82.5m water depth. In this chapter the initial conditions of the mooring system set

up are identical to those of chapter 7, however the dynamic characteristics are 

varied to further investigate mooring line dynamics. Specifically, the amplitude, 

period and direction of the high frequency component of line oscillation are varied.

Note that chapter 9 presents the results from experimental tests where the line 

initial conditions are varied

The chapter commences with a brief introduction to the variables used to non- 

dimensionalise the experimental results. Section two presents experimental tension 

and damping data for the line when subject to the range of oscillatory parameters. 

Sections three and four, respectively, discuss the location within an oscillation 

excursion at which the maximum line tension occurs and the response of an 

elastic/inelastic line to the extended oscillation range. The penultimate section 

provides results for out of plane excitation. In section five conclusions of this 

chapter are presented.

8.1 Non-dimensional variables

In chapter 7 results are presented using prototype units. Due to the large number of 

dynamic parameters in this chapter and chapter 9 all presented data have been 

non-dimensionalised.

The amplitude of oscillation, and instantaneous excursion of the suspension point, 

are each non-dimensionalised with respect to the water depth, H . The resultant 

non-dimensional parameter provides an indication of the magnitude of excitation 

and an insight into the expected form of response. For example, the scope of the 

line (Lg /H ) is dependent upon water depth and defines the length of suspended 

line. For deeper waters the scope will be large, thus a high non-dimensional 

amplitude of oscillation (am p/H ) indicates that a significant length of line will be in 

motion during the oscillation.

For bi-harmonic oscillations, experimental data are non-dimensionalised with 

respect to HF line oscillation parameters. This ensures that the influence of the LF
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motion, within a bi-harmonic motion, can be directly compared to a harmonic HF 

oscillation.

The maximum static tension data for bi-harmonic motions are however non- 

dimensionalised from the excursion corresponding to the sum of the LF and HF 

oscillation amplitudes as this represents the maximum excursion of the line.

The period of oscillation (T ) is non-dimensionalised with respect to the natural 

period, Tp, of a pendulum of length equivalent to H . For 82.5m water depth the

value of Tp is 18.2 seconds. The period of the pendulum is derived using

(8.2)
yg

where g is the acceleration due to gravity.

Total line tension data, , are non-dimensionalised with respect to the static 

component of tension at an excursion equivalent to the maximum amplitude of 

oscillation, represented by

(..3 ,

where is the maximum line tension, Fg the static tension at the maximum 

excursion and the non-dimensional value approximating to the hydrodynamic 

line loading. A zero value of Fj indicates that there is no hydrodynamic loading on 

the line and the prediction of total line tension may be adequately approximated 

using a QS analysis.

Indicator diagrams provide an insight into the damping response. Application of an 

equivalent version of equation 8.3 for the horizontal tension component may 

however confuse the interpretation of these diagrams. The energy dissipated by the 

line may be derived from calculating the area enclosed by the hysteresis of the 

diagram. This calculation is represented by

Area = X A a [(F ,+ F ,)-(F a + F ,)], (8.4)

where the arrows to the right (—>) represent a tensioning stroke of the oscillator and 

the arrows to the left (+-) a relaxing stroke. From the above expression the 

calculation of damping automatically removes the mooring line QS force data. The 

horizontal tension component presented in the indicator diagrams is therefore non-
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dimensionalised with respect to the tension of a vertically suspended mooring line, 

given by

'•=>

where FjJ is the instantaneous non-dimensional horizontal component of tension, 

I^the instantaneous horizontal tension component and wH the product of line 

submerged weight per unit length and water depth.

Damping results are non-dimensionalised with respect to an explicit, temporal, 

variable and the weight per unit length of submerged line using

b' = ̂ .  (8.6)

where b' is the non-dimensional linear damping coefficient and Tp the explicit time

variable. Tables 8.1 and 8.2 present of the parameters used to non-dimensionalise 

experimental data.

8.2 Response to variation of oscillation parameters

This section presents experimental results for oscillations where the amplitude of 

the HF motion is varied. For these results the oscillation period is constant at 0.55 

(10 sec/18.2 sec). This period corresponds to the oscillation period of the HF base 

case presented in table 7.1 (case 3.1). For bi-harmonic motion the LF oscillation 

amplitude and period are fixed at 0.12 (10m/82.5m) and 5.50 (100 sec/18.2 sec).

8.2.1 Dynamic tension variation with oscillation amplitude

Figures 8.1 to 8.3 present experimentally measured dynamic tension values for 

harmonic LF, HF and bi-harmonic, that is LF plus superposed HF motions 

respectively. As expected, from figure 8.1 the tension values for all LF harmonic 

motion amplitudes are similar to those calculated by QS analysis, indicated by a 

dynamic tension value close to zero. As the LF motion amplitude is increased there 

appears to be a tendency for the tension to be lower than the 0 8  tension. The 

measured tension is however generally within 10% of the appropriate QS solution 

and the deviation may be attributed to experimental error.
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For small amplitude HF oscillations the total line tension equates to the QS result, 

as shown in figure 8.2 by a zero value. This is also apparent from figure 8.3 when 

the HF component amplitude is small in a bi-harmonic oscillation. Increasing the HF 

amplitude however gives an approximately linear increase in dynamic tension due 

to the influence of hydrodynamic line loading. As indicated in figures 8.2 and 8.3 the 

largest HF line oscillation amplitude tested (amp/H = 0.10) leads to the dynamic 

tension exceeding the maximum 0 8  value by up to 60% and 73% for the harmonic 

and bi-harmonic oscillations respectively,.

Comparing the results of the 1:70 and 1:17 models, figure 8.2 indicates that there is 

poor agreement between the small and large model scale test data. In figure 8.2, 

the close agreement of the ISSC and 1:70 model data for oscillation amplitude 0.07 

(5.4m/82.5m) indicates that the 1:17 model is possibly subject to an initial set-up 

error for pre-tension angle and as a result the total line tension is under predicted.

However, the measured data from the 1:70 model may have small errors because 

of the possibility of motion carriage positional errors. This coupled with the 

application of equation 8.3 to the experimental results could lead to an 

overestimation of dynamic tension. For example, as the amplitude of oscillation 

becomes large, for harmonic or bi-harmonic motions, the positional error of the 

carriage within each oscillation is exacerbated. The precautions taken to minimize 

these errors are described in chapter 6, however errors are still possible because of 

the following difficulties:

• During a number of HF oscillations the positional error causes an incremental 

shift of the effective datum during each cycle.

• As the datum represents the point about which oscillations take place, the 

incremental change in its position essentially changes the line initial pre-tension 

angle during each oscillation cycle. Generally the carriage positional error leads 

to a reducing pre-tension angle.

• From the manual and digital record of carriage excursions a number of 

appropriate cycles are selected and only these data used for the derivation of 

tension and damping characteristics.

• Cycles selected are those where the carriage exceeds the maximum excursion 

by no more than 5% oscillation amplitude. Typically at model scale this 

represents a small overshoot of 10 mm for a bi-harmonic oscillation (10m + 

5.4m oscillation amplitude at prototype scale).
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• The maximum tension measured for an oscillation where the datum pre-tension 

angle is reduced is significantly greater than for an oscillation about the desired 

datum. As the tension results over a number of cycles are averaged and non- 

dimensionalised with respect to the mean of the maximum static tension, the 

resultant dynamic tension values may be too large.

The relatively good model test data agreement presented in figure 8.3 suggests that 

the poor correlation in figure 8.2 is due to an inappropriate initial pre-tension angle 

in the set-up of the 1:17 experimental models. However, as it is unclear whether the 

1:70 or 1:17 model is correct the tension data from both models are averaged and 

used for discussion.

8.2.2 Dynamic tension variation with oscillation period

Figures 8.4 and 8.5 depict the sensitivity of the hydrodynamic loading to the period 

of oscillation for HF and bi-harmonic motions. For each of these oscillations, the 

non-dimensional amplitude of the HF component is constant at 0.07 (5.4m/82.5m).

The influence of dynamic amplification on line tension appears to become 

significant at a non-dimensional period below 0.70 (12.8 sec/18.2 sec) for both 

harmonic and bi-harmonic oscillations. At greater periods the influence of the 

oscillation period is small and tensions correlate well with the QS solution.

For oscillation periods of less than 0.70 the influence of hydrodynamic loading 

strengthens. From figures 8.4 and 8.5, this may be seen from the tension results 

that appear to be non-linearly dependent on the reducing oscillation period. Also, 

for periods of oscillation below 0.70, the results of the 1:70 and 1:17 models begin 

to diverge. This leads to the 1:70 experimental data exceeding the 1:17 values by 

up to 25%. Despite the divergence of model scale data the trends observed for both 

model cases bear close similarity with each other and the ISSC study tension 

results

8.2.3 Damping variation with oscillation amplitude and period

Figures 8.6 and 8.7 present non-dimensional damping data for HF harmonic and bi

harmonic oscillations. With increasing oscillation amplitude the hydrodynamic 

loading resulting from bi-harmonic motion causes a significantly greater damping 

than for HF harmonic motion. This increase is seen in figure 8.6, which presents
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non-dimensional damping for harmonic and bi-harmonic oscillations of varying 

amplitude and constant period of 0.55 (10 sec/18.2 sec). The presented data shows 

an escalation in the divergence of the damping curves above oscillation amplitudes 

of 0.05 (4m/82.5m). Figure 8.6 also presents equivalent ISSC damping results. The 

good agreement between these data and the experimental results is clear, as is the 

trend of results over the range of experimental amplitudes.

The experimental results for bi-harmonic oscillations with HF component of 

amplitude 0.07 (5.4m/82.5m) appear low given the trend for damping of figure 8.6. 

This is also repeated in figure 8.7 for an oscillation period of 0.55 (10 sec/18.2 sec). 

The possible poor result is attributable to experimental error. Although all tests 

performed at 1:70 scale were each repeated three times, hence reducing the 

influence of a single poor quality test, at 1:17 scale only one quarter of tests could 

be repeated. The reduced number of repeated tests for the 1:17 model was 

necessary because of time restraints at the large model scale test facility.

From figure 8.6, for large HF oscillation amplitudes, of order 0.10 (8m/82.5m), the 

bi-harmonic damping is almost twice that of the HF harmonic case. Across the 

range of oscillation periods the difference between harmonic and bi-harmonic data 

appears almost constant in figure 8.7. The damping for both types of motion does 

however appear to increase as a non-linear function of the reducing oscillation 

period.

The use of three-dimensional indicator diagrams enables the development of line 

response and damping to be readily interpreted. The three-dimensional indicator 

diagrams are constructed by plotting the instantaneous horizontal tension 

component (Fr/wH) and instantaneous suspension point excursion (a/H) on vertical 

and horizontal axes respectively. The resultant hystereses are plotted in the vertical 

plane with either amplitude (amp/H) or period (T/Tp) plotted on the third axis 

enabling the growth of the hysteresis with oscillation characteristics to be easily 

observed.

In figures 8.8 and 8.9 indicator diagrams are presented for the 1:17 harmonic HF 

model tests. These show the relative increase in energy dissipated by the line for 

harmonic and bi-harmonic excitations. Figures 8.8(a) and 8.9(a) represent HF 

oscillations of constant amplitude and varying period, whilst 8.8(b) and 8.9(b) 

correspond to HF oscillations of constant period and varying amplitude.

As the excitation velocity is increased the hysteresis profile becomes more defined. 

This is shown in figure 8.8(a) as the period of oscillation is reduced from a LF
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oscillation period of 1.1 (20 sec/18.2 sec) to a HF motion of period 0.55 (10 

sec/18.2 sec). During the relaxing stroke of the oscillator (motion from maximum to 

minimum excursion) at high excitation periods the line horizontal tension 

approximates to the equivalent QS tension. On the return stroke however, the 

tension exceeds the QS value creating the presented energy hysteresis that 

appears quite similar to an exaggerated hysteresis of the LF oscillation presented in 

figure 7.5.

As the period of oscillation is reduced, the horizontal restoring force falls below that 

of the equivalent static value indicating that the influence of the hydrodynamic 

loading is such that the chain is unable to free-fall instantaneously into a catenary 

profile during the relaxing stroke. The subsequent loss of the mooring line catenary 

tension, and hence profile, dramatically increases the area of the hysteresis, and 

hence damping as shown in figure 8.8(a). From figure 8.8(b), for oscillations of 

constant period, the loss of the catenary profile is observed for all amplitudes of 

excitation. As the amplitude of the oscillation is increased this effect becomes more 

pronounced.

Figures 8.9 indicate that the effect of HF motion superposition upon LF oscillations 

follows similar trends to those discussed above. In figure 8.9(a) for higher period HF 

motions superposed onto a LF oscillation, the mooring line catenary profile is 

unable to be maintained only as the LF excursion amplitude approaches its 

maximum value. However, as the superposed HF oscillation period is reduced, the 

line is unable to maintain a catenary profile at every point within the LF oscillation 

cycle.

From figure 8.9b, the tension history is negligible during the entire relaxing stroke of 

the oscillator indicating that in this extreme motion response the line is unable to 

return to a catenary profile at any point during the relaxing stroke. When the 

oscillation changes direction, representing a HF tensioning stroke, a large length of 

line is in a free-fall trajectory resulting in an extreme tension increase as the slack 

line is almost impulsively recovered to a taut system. This rapid uptake of the line is 

represented in figure 8.9b by the large near vertical spikes in the line tension for the 

largest LF amplitude tested.

8.3 Amplitude at which tension peak occurs

The ratio of measured line tension to equivalent maximum static tension, given by 

equation 8.3, provides an indication of the influence of the hydrodynamic loading.



166

This is a simplistic assumption and infers that the location of the dynamic tension 

peak occurs at the same instant as the static tension peak. The assumption does 

however provide a useful comparison of the magnitude of the maximum total to 

static tension values. In actuality the maximum line tension is shown to occur at an 

excursion closer to the datum position than that of the oscillation amplitude. Thus 

the instantaneous magnitude of hydrodynamic loading to static tension is possibly 

much greater than indicated by equation 8.3.

The figures presented in this section provide an insight into the position within the 

oscillation cycle at which the actual peak in line tension occurs. The tension peak 

location is non-dimensionalised with respect to the amplitude of oscillation. A value 

of unity indicates that the maximum dynamic and static values occur at an 

excursion corresponding to the oscillation amplitude. Conversely, a value of zero 

indicates that the tension peak occurs at the point of maximum velocity within a line 

oscillation cycle, the datum about which the oscillation takes place.

Figures 8.10 to 8.12 present results for the location of the relative tension peaks for 

1:17 experimental data with respect to amplitude for harmonic LF, HF and bi

harmonic oscillations respectively. In the case of harmonic LF motion, figure 8.10 

indicates that the static and dynamic tension peak locations occur at the same 

instant. For HF motions of oscillation amplitude 0.07 (5.4m/82.5m), the non-linear 

dependence of hydrodynamic loading on the velocity of line excitation gives a 

tension peak at an excursion equivalent to 30% of the oscillation amplitude, closer 

to the point of maximum velocity than the maximum excursion, as shown in figure 

8.11.

As the line oscillation amplitude is increased the measured tension peak occurs 

closer to that of the oscillation amplitude, also shown in figure 8.11. For a HF 

oscillation amplitude of 0.10 (8m/82.5m) the tension peak is approximately half way 

between the maximum amplitude and datum of the oscillation, compared to a 

distance from the datum of 30% of the oscillation amplitude for a motion amplitude 

of 0.07. This change of peak location is relatively small and could be considered as 

a result of the complicated relationship that exists between the dynamic line 

loading, suspended line length (with excursion) and excitation velocity.

Figure 8.12 represents bi-harmonic oscillations, a tension peak location of unity 

defining a peak at the maximum excursion derived from LF plus HF oscillation 

amplitudes. The influence of the HF motion is therefore expected to cause the 

tension peak to occur prior to the maximum excursion but at a distance further from
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the datum than for HF harmonic motions. This is because the derivation of a 

tension peak location relative to the excursion of a HF oscillation is not appropriate 

when that HF motion is superposed onto a LF oscillation. In this case the response 

of the line to the HF motion is continually changing due to the approximately quasi- 

statically varying LF motion.

The sensitivity of the tension peak location for HF harmonic oscillations with respect 

to oscillation period is presented in figure 8.13. In this figure the results of tests 

performed at constant oscillation amplitudes of 0.07 (5.4m/82.5m) and 0.10 

(8m/82.5m) are provided. For oscillation amplitudes of 0.07 results show that the 

change in the location is highly sensitive to the period of oscillation, reducing from 

75% to approximately 30% of the excursion amplitude over the range of periods 

tested. The sensitivity of tension peak movement to oscillation period has been 

verified by repeating the oscillations described above but with an increased 

oscillation amplitude of 0.10 (8m/82.5m). The results for this additional test are also 

presented in figure 8.13 and indicate a similar shift of tension peak location, from 

75% to 28%.

It is instructive to study two-dimensional indicator diagrams of figures 8.14 and 8.15 

to establish trends in the tension history for the harmonic HF motion variation. In 

figure 8.14, the innermost of the presented curves is identical to that in figure 7.8, 

used to describe the HF line response. From figure 7.8, the response of the line 

between positions 4 and 5 indicates a rapid uptake of any slack in the line and the 

development of a secondary tension peak. Equivalent positions within the 

oscillation cycle in figure 8.14 show that the development of secondary tension 

peaks are exacerbated as the amplitude of oscillation increases. A more detailed 

discussion of the influence of secondary tension peaks is made in section 9.5.

The sensitivity of the line primary tension peak location to the oscillation period is 

shown in the indicator diagram of figure 8.15 for a constant oscillation amplitude of 

0.07 (5.4m/82.5m). As depicted, reducing the period of oscillation from 1.20 (22 

sec/18.2 sec) to 0.55 (10 sec/18.2 sec) causes the location of the tension peak to 

move toward the datum of the oscillation, the datum indicated by zero excursion. 

For the high period line oscillations the location of the tension peak occurs as the 

top end excursion reaches 75% of the oscillation amplitude during a tensioning 

stroke. However, at the lower period of oscillation the location of the tension peak 

occurs at 30% of the line oscillation amplitude.
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8.4 Inelastic/elastic response to oscillation parameters

This section discusses and compares the response of the 1:70 experiments for an 

elastic and inelastic mooring line to QS data. In this section results from the 

experimental line oscillations are referred to as dynamic data. The inelastic line set

up is discussed in chapter 6 and results for the inelastic line presented in section 

7.2.

Figure 8.16 expresses the percentage by which dynamic, and QS, total line 

tensions for an inelastic line exceed those of an elastic line for equivalent 

oscillations. The QS line tension data presented in figure 8.16 have been generated 

by performing QS analyses for line excursions of equivalent harmonic HF, and bi

harmonic (HF plus LF), oscillation amplitudes.

QS line excursions of up to 0.10 (8m/82.5m) induce a small difference of 2% 

between the inelastic and elastic line tensions, resulting in a curve that is hidden by 

the abscissa. The difference in suspended line lengths for inelastic and elastic lines 

is hence small for QS excursions equivalent to HF oscillation amplitudes. However, 

from the measured data for HF line oscillations the inability of the inelastic line to 

stretch strongly effects the hydrodynamic line loads. This is clearly reflected in the 

tension response of figure 8.16, leading to the inelastic line tension exceeding the 

elastic line by up to 10%.

The difference between inelastic and elastic tensions is exacerbated for bi

harmonic oscillations for both QS and dynamic cases. As the bi-harmonic oscillation 

HF component amplitude is increased to 0.10 (8.m/82.5m), the inelastic tension is 

20% larger than the elastic line for QS excursions and 40% greater for dynamic line 

oscillations.

8.5 Response to out of plane excitation

Thus far the discussion of experimental results has considered excitation of the 

mooring line only within the plane of the initial catenary suspension. The action of 

horizontal out of plane motion superimposed upon planar excitation may result in a 

local increase of hydrodynamic loading due to an effective increased frontal oreo 

presented to the flow by the oscillating line. As a result of the increased line loading 

the planar damping of the line may become more substantial.
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In this section results are presented for tests performed with HF oscillations at 

angles of 0°, 45' and 90' to the plane of the static line suspension. In the case of bi

harmonic excitation, the LF motion remains planar whilst the direction of the HF 

component is varied from O', 45' and 90'. All out of plane experiments were 

performed at 1:17 scale using an elastic line.

8.5.1 Measured tension variation for HF excitation

The comparison of HF results for the three line oscillation directions shown in figure

8.17 highlights the sensitivity of measured mooring line tension to the direction of 

excitation. As the HF oscillation direction is rotated to 45' the magnitude of line 

tension is approximately 50% that for planar (O') oscillations for all motion 

amplitudes tested. For example, at oscillation amplitude 0.1 the dynamic tension for 

planar motions is 0.45 compared to that of 0.20 for the 45' oscillations. For HF 

harmonic line oscillations at 90' the planar dynamic tension is minimal because 

there is no motion in a planar direction. This oscillation case is provided as a 

reference for HF harmonic oscillations in other directions and for comparison with 

bi-harmonic oscillations that have a HF oscillation component at 90'.

From figure 8.18, the influence of the HF motion direction on bi-harmonic dynamic 

tension results is lower than for HF harmonic oscillations. For example, from figure

8.18 the bi-harmonic HF tension for planar oscillations exceeds the 45' case by a 

maximum of by 15% whereas for the harmonic HF cases presented in figure 8.17 

the difference is 125% (0.45/0.20).

In previous discussions the harmonic LF dynamic tension has been shown to 

equate to an equivalent QS value, for which there is minimal line damping. 

However, when a 90' HF oscillation of amplitude 0.07 (5.4m/82.5m) and period 

0.55 (10 sec/18.2 sec) is superposed onto the LF motion, the non-dimensional 

tension is more than 27% greater than the 0 8  prediction, as shown in figure 8.18. 

This increase is likely to be due to the out of plane ‘vibration’ of the line effectively 

presenting an enlarged cross sectional area of the line and inducing a larger drag 

force.

Figure 8.19 presents a comparison of measured bi-harmonic dynamic tension with 

an approximation to bi-harmonic data from the summation of individual measured 

tensions for LF and HF harmonic oscillation components. For example, a bi

harmonic oscillation consisting of a LF motion and HF oscillation provides a 

measured dynamic tension of 0.85. The sum of equivalent harmonic LF and HF
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oscillation tensions, that are non-dimensionalised with respect to the equivalent bi

harmonic quasi-static tension, gives an approximate bi-harmonic tension of 0.16. 

Hence to approximate equivalent bi-harmonic line tension using the harmonic 

tension components will lead to significant under prediction of bi-harmonic tension.

As the HF oscillation amplitude approaches a value 0.10 (8m/82.5m), for bi

harmonic oscillations, the measured dynamic tension exceeds that of the simple bi

harmonic approximation by an order of five times. This result indicates the strength 

of cross-coupling between HF and LF motions in bi-harmonic oscillations and its 

dependence upon the magnitude of the HF component.

Figures 8.20 and 8.21 present the dynamic tension variation for HF harmonic and 

bi-harmonic motions with respect to line oscillation period. The period at which the 

dynamic influence of line loading becomes prevalent for planar oscillations is shown 

to be 0.70 in section 8.2.2. For out of plane excitation, the oscillation period at 

which the mooring line tension response develops to significant size is also 

approximately 0.70.

The line dynamic tension sensitivity to the period of excitation is thus seen to be 

independent of the angle of the HF oscillation component. From figure 8.21 the 

influence of the out of plane (90°) HF component of a bi-harmonic oscillation on the 

planar hydrodynamic line loading appears insensitive to the oscillation period. For 

both periods tested the non-dimensional dynamic tension value is approximately 

0.25. It is noted that this conclusion is based upon only two tests, more tests being 

required before final conclusions could be drawn.

8.5.2 Measured damping for HF excitation

The damping generated by the 1:17 scale line for harmonic and bi-harmonic 

motions is presented in figure 8.22 and 8.23 respectively. In each of these figures 

the HF motion component has constant period of 0.55 (10 sec/18.2 sec) and 

oscillation amplitude varying between 0.03 (2.5m/82.5m) and 0.10 (8m/82.5m), in 

planar and out of plane directions.

As discussed in section 8.5.1, out of plane excitation or response may increase the 

hydrodynamic line loading due to an increase in the effective drag area presented 

to the incident flow. For harmonic oscillations the rotation of the excitation direction 

to 90* will not induce an increase in the planar damping response. Results
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presented in figure 8.22 indicate the reduced planar damping as the direction of 

oscillation is varied between 0° and 45° and confirm negligible damping for a 90° HF 

oscillation.

Figure 8.23 shows that damping generated for bi-harmonic oscillations with HF 

motions at 0° and 45° are quite similar. Also plotted is the damping for a LF 

harmonic oscillation and a bi-harmonic motion with superposed 90° HF component. 

From the figure the influence of the likely increased drag area on the line damping 

can be clearly seen, the bi-harmonic damping being approximately three times 

larger than the LF harmonic case.

The sensitivity of line damping to the period of excitation is significantly reduced for 

the out of plane excitation cases. Figure 8.24 shows that the damping response is 

more strongly dependent upon the oscillation period for HF harmonic oscillations at 

0° than for the oscillations at 45° to the plane of the static line suspension. Of 

particular note from figure 8.25 is the increase in line damping with reducing 

excitation period for the bi-harmonic oscillations with 90° HF component. This 

indicates that as the period of the 90° HF oscillation component is reduced the flow 

field around the oscillating line develops in an increasingly complex manner, which 

leads to a larger value of dynamic loading and hence damping.

Indicator diagrams for the response of the line to out of plane excitation are 

presented in figures 8.26 to 8.28 for 0°, 45° and 90° HF oscillation components. The 

high quality of the 1:17 model line oscillation system is again evident in these 

figures given the almost single line trace of each hysteresis curve. As the angle of 

the superposed HF frequency motion is increased from 0° to 90° the reduction in 

the planar energy dissipated by the line is clearly evident from the reduced 

hysteresis profile areas of figures 8.26 to 8.28.

The vertical lines of figure 8.28a show that HF harmonic oscillation at 90' produces 

zero planar damping. This is because the 90' HF harmonic oscillation does not 

have a motion component in the planar direction. From figure 8.28b the influence of 

the 90' HF component in a bi-harmonic oscillation increases the work done by the 

line when compared with planar LF motion. This extra work done by the line may be 

seen from a comparison of figure 8.28b and figure 7.5, an indicator diagram for 

planar LF harmonic motion.

A more detailed analysis of the influence of 90° HF motions in bi-harmonic line 

oscillations is presented in section 9.4 where the effect of initial pre-tension angle 

on response is also investigated.
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8.6 Conclusions

This section concludes the discussion on the influence of dynamic characteristics

on mooring line response for an initial pre-tension of 52°. The following conclusions

may be drawn.

• There is reasonable agreement between the 1:17 and 1:70 scale data across 

the range of tests that comparison may be made. It is however noted that 

comparison may only be made for planar tension results and that the dynamic 

tension result for the 1:70 model tests may be slightly overestimated due to 

carriage positional errors.

• For large amplitude LF harmonic oscillations there is a tendency for the total 

line tension to be of a marginally smaller magnitude than the equivalent QS 

value. The calculation of harmonic LF motion tensions using a QS analysis is 

therefore appropriate. Large amplitude LF motions at model scale are subject 

to some interference on the line elastic properties due to floor/pulley wheel 

interaction with the mooring line. The result of this interference leads to the 

failure of the spring system to fully recover during an oscillation causing the 

actual peak tension for LF motions to be lower than the equivalent calculated 

static value.

• For small amplitude HF line oscillations the dynamic tensions approximate to 

QS values due to the relatively small quantity of suspended line subject to 

dynamic motion. Increasing the HF amplitude enlarges the dynamic loading on 

the line, with dynamic tensions exceeding the QS values by up to 60%.

• For bi-harmonic oscillations dynamic tensions exceed the QS value by over 

70%.

• For constant amplitude HF oscillations the influence of hydrodynamic loading 

appears to be relevant for oscillation periods < 0.7 (12.8 sec/18.2 sec). This is 

the period at which the onset of the dynamic amplification becomes important 

and is independent of the oscillation direction. For periods of oscillation < 0.7, 

the damping increases non-linearly with reducing oscillation period for planar 

motions.

The line damping for bi-harmonic motion is shown to be double that from 

harmonic HF line oscillations. Both harmonic and bi-harmonic line damping are 

also shown to increase as non-linear functions of reducing oscillation period.
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Indicator diagrams show that for HF line oscillation periods < 0.7 the area of the 

hysteresis develops quickly with the loss of the mooring line catenary profile 

over a large percentage of the oscillation. The growth of dissipated energy as 

the frequency of oscillation increases is also clearly visible from the hystereses.

HF oscillation periods < 0.7 cause a shift in the location of the line tension 

peak. For oscillation periods > 0.7 dynamic and QS line tension peaks occur at 

the same instant. The tension peak location is sensitive to the period of HF 

motion. Varying the period from a high to low value induces a large movement 

of the tension peak location toward the oscillation datum where the suspension 

point velocity is a maximum.

The onset of a secondary harmonic tension response due to the rapid removal 

of slack has been shown to become increasingly significant as the line HF 

oscillation amplitude is increased. This response is exacerbated for bi-harmonic 

oscillations.

The bi-harmonic response of the line is particularly sensitive to its elastic 

properties. For an inelastic mooring line model, as the amplitude of the 

superposed oscillation is increased, the total line tensions may exceed those of 

an elastic model by up to 40%.

Using a summation of the individual harmonic LF and HF components to 

approximate bi-harmonic tension and damping data is inappropriate. The 

dynamic tension measured is of the order of five times greater than that 

calculated using this simplistic approach and indicates the complexity of the 

coupled line response.

For harmonic HF line oscillations as the period of oscillation reduces, below 

0.7, the damping is seen to increase non-linearly for planar motions. Rotating 

the direction of the HF motion to 45* however causes the line damping to be 

reduced by approximately 50% relative to that of the planar oscillations.

The effect of HF motion superposed at 90° to planar LF oscillations is to 

considerably increase the LF planar tension and damping, by up to 27% and 

300% respectively. This is possibly as a result of the out of plane vibrations 

enlarging the effective frontal drag area of the line during LF planar motion.
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Non-dimensional
parameter Non-dimensional equation

Oscillation amplitude
amp
H

Suspension point excursion a
(in planar direction) H

T
Oscillation period

(Ft-Fs)Total dynamic tension
Fs

Horizontal component of
line tension wH

b
Line damping TpW

Table 8.1 -  Non-dimensional equations used in presentation of results.

Constant parameter Description of 
constant

Prototype value of 
constant

H Water depth 82.5m

w Submerged line 
weight per unit length 3202 N/m

Tp
Period of pendulum of 

length H 18.2 seconds

Table 8.2 -  Constants employed in non-dimensional equations.
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Figure 8.1 -  Non-dimensional dynamic tension for harmonie LF 
oscillations (T/Tp = 5.50).
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Figure 8.2 -  Non-dimensional dynamic tension for harmonie HF 
oscillations (T/Tp = 0.55).
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Figure 8.3 -  Non-dimensional dynamic tension for bi-harmonic 
oscillations (HF T/Tp = 0.55).
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Figure 8.4 -  Non-dimensional dynamic tension for HF oscillations 
(amp/H = 0.07).
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oscillations (HF T/Tp = 0.55).
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Figure 8.8(a) -  Indicator diagram for HF harmonic oscillations (amp/H = 
0.07, T/Tp = 0.55 to 1.10).
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Figure 8.8(b) -  Indicator diagram for HF harmonic oscillations (amp/H =
0.07 to 0.10, T/Tp = 0.55).
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Figure 8.18 -  Non-dimensional dynamic tension for bi-harmonic 
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Figure 8.23 -  Non-dimensional damping for bi-harmonic oscillations, HF
component at O’, 45’ and 90’ (HF T/Tp = 0.55).
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9 Experimental results for range of initial pre-tension angles

Chapters 7 and 8 discuss the mooring line response to line excitation parameters 

for an initial pre-tension angle of 52°. In this chapter the mooring line response for 

initial pre-tension angles of 58°, 52° and 44° are presented.

As discussed in previous sections the length of suspended line is non-linearly 

dependent upon the pre-tension angle. Reducing the pre-tension angle causes the 

suspended line length to increase. Subjecting increased lengths of line to dynamic 

excitation at the suspension point will result in significant line profile changes and 

hence enlarged tensions and damping forces.

Section one compares the 1:17 model line response to ISSC excitation parameters 

over the range of pre-tension angles. The response of the line to a wide range of 

oscillation parameters is discussed in section two and includes a comparison of 

results for both small and large model scale tests. The development of mooring line 

damping is presented, again through the use of indicator diagrams, in section three. 

In section four the response of the line to out of plane excitation is discussed. Prior 

to concluding comments of section six, section five presents an analysis of the 

harmonic components of the line response.

9.1 Response to ISSC excitation parameters

This section presents measured tension and damping data for the 1:17 model 

mooring line with initial pre-tension angles of 58°, 52° and 44* when subject to 

excitation with parameters matching the ISSC study. Unless stated othenA/ise, all 

references to ISSC data relate to the ISSC TD mean values.

Reducing the line pre-tension angle causes a non-linear increase in the scope of 

the line, that is the suspended line length to water depth ratio. For example, figure

9.1 presents QS mooring line profiles for the ISSC prototype scale mooring line with 

horizontal excursion of ±10m about datum pre-tension angles of 52* and 44*, note 

that line profiles for the datum positions are not presented. From figure 9.1, the 

increased length of suspended line due to the change in initial conditions is 

significant and is reflected in measured dynamic tension and damping results.

Figure 9.2 presents measured non-dimensional tension data, a zero dynamic 

tension value in figure 9.2 indicating that the line loading is due entirely to the static
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line tension. The ISSC excitation parameters are presented in table 9.1 and in non- 

dimensional form in table 9.2, the base case oscillation parameters are shaded in 

both tables.

Table 9.3 presents dynamic tension and damping values for the base case 

oscillations over the pre-tension angle range. In the tables data have been 

normalised with respect to the 52° pre-tension tension values.

From figure 9.2, and table 9.3, the dynamic mooring line tension for LF harmonic 

oscillations (tests 2.1 to 2.4) approximate to a zero value indicating that the line 

tensions may be appropriately determined from QS static analysis and are 

independent of the line pre-tension angle.

From figure 9.2 the 1:17 model line tension for of tests 2.2 and 2.4 at pre-tension 

angles of 58* and 44* are similar to each other and approximate to a QS solution. In 

section 7.1.2 the 1:17 model line tension for these tests at pre-tension angle of 52* 

is discussed and considered inaccurate, due to possible frictional interference 

between the tank floor and the grounded line. The good agreement of data from 

tests at 58* and 44* confirms that the result for the 52* pre-tension line is indeed 

poor.

In chapter 8 the tendency for harmonic LF oscillations to produce line tensions of 

less than that of a QS analysis is discussed. This is indicated by a non-dimensional 

tension value of less than zero. From figure 9.2 this trend is also apparent for the 

other pre-tension angles considered.

As anticipated, from table 9.3 the dynamic tension for HF harmonic and bi-harmonic 

oscillations Is shown to Increase as the pre-tension angle Is reduced. For example, 

at 44* pre-tension the harmonic HF oscillation of test 3.1 and bl-harmonic test 1.1 

generate dynamic tensions of more than double the 52* pre-tension tests, whereas 

for LF harmonic motion the Increase Is negligible.

Inspection of figure 9.2, and table 9.3, Indicates that HF harmonic oscillations (case 

3.1) are extremely sensitive to the Initial pre-tension angle. At a pre-tension of 58* 

the non-dimensional dynamic line tension is 16% of the 52* case. As the pre

tension angle Is reduced to 44* the dynamic tension Is almost three times greater 

than the 52* value. The Increase In dynamic tension for HF harmonic oscillations 

appears more sensitive to pre-tension angle than for the bl-harmonic tests, as 

depicted In table 9.3.
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The striking variation in dynamic tension results may be attributable to the non

linear relationship between suspended line length and pre-tension angle. However, 

the small HF harmonic oscillations induce a limited change in suspended line length 

during an oscillation cycle, especially when compared to that caused by bi

harmonic motions. This results in a greater length of grounded line during harmonic 

HF oscillations. This may impede the action of the spring system leading to larger 

tensions than should be developed for a truly elastic line.

In order to confirm that the 1:17 model line responds elastically, figures 9.4 and 9.5 

present a sample of time histories for the spring extension during LF and HF 

harmonic oscillations at a 44* pre-tension angle respectively. Section 6.3.2 and 

figure 6.4 discuss the step like response of the spring system for LF oscillations at 

52* pre-tension. Comparing figures 9.4 and 9.5 with figure 6.4 the step like 

response at 44° is less apparent resulting in a more appropriate spring extension 

during line response.

From data presented in figure 9.2, the hydrodynamic line loading for the bi

harmonic base case oscillation (test 1.1) dominates the total line tension across the 

range of pre-tension angles, moreover the dynamic tension is approximately 

doubled when the initial pre-tension angle is reduced from 52* to 44°.

The bi-harmonic base case has a HF oscillation component of amplitude 0.07 

(5.4m/82.5m) and period 0.55 (10 sec/18.2 sec), whereas the bi-harmonic 

oscillation of test 4.2 has equivalent HF oscillation amplitude but a higher period of 

0.71 (13 sec/18.2 sec). It is noted that bi-harmonic motions have LF oscillation 

components of fixed amplitude and period at 0.12 (10m/82.5m) and 5.50 (100 

sec/18.2 sec) respectively.

Increasing the HF component period to that of test 4.2 shows that the dynamic line 

loading Is only significant for pre-tension angle of 44*. This is shown by the line 

tension values being close to zero for pre-tension angles 58* and 52*. This effect of 

increased HF oscillation period correlates with the conclusions of chapter 8, in 

which dynamic amplification of line tension for bi-harmonic motions occurs for HF 

oscillations with period less than 0.70.

From figure 9.2 the bi-harmonic dynamic tension for case 4.1 (HF component 

amplitude and period of 0.10 and 0.55 respectively) appears greater for a pre

tension angle of 52* than for 44*. This can be explained by equation 8.3, which is a 

simplistic representation of the line hydrodynamic loading described by
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(9.1)

where is the maximum line tension, Fj the static tension at the maximum 

excursion and the non-dimensional value representing the hydrodynamic line 

loading. Static mooring line tensions increase non-linearly with excursion of the line 

top end. For large oscillation amplitudes about an initial low pre-tension angle, the 

static tension, Fg, at the maximum excursion will be considerable. Hence although 

the total line loading for an oscillation about a low pre-tension angle may be 

significantly greater than for the equivalent motion about a higher initial pre-tension 

angle, application of equation 9.1 will provide a lower non-dimensional value.

For example, in the 1:17 scale experiments, an equivalent prototype line tension of 

13.0x10^ kN is found for an oscillation about 44* pre-tension angle with parameters 

of test 4.1. Similar oscillations about 52° pre-tension angle incurred a measured 

tension of 6.0 x 10^ kN. Application of equation 9.1 to these data with maximum 

static tension components of 7.6x10^ kN and 3.2x10^ kN for the respective 44* and 

52* pre-tension angles leads to non-dimensional dynamic tension values of 0.71 

and 0.87 respectively.

In table 9.4 damping values for the base case oscillations over the pre-tension 

angle range are presented. In the table, data have been normalised with respect to 

the 52* pre-tension damping values.

Of particular note in figure 9.3 is the non-dimensional damping calculated for LF 

tests 2.2 and 2.4 (amp/H = 0.24 at T/Tp = 5.50 and 11.0 respectively). For each of 

these test cases the damping generated at 52* and 44* pre-tension is greater than 

that of the damping for bi-harmonic line oscillation tests 1.1 and 4.2. The enlarged 

line damping for LF oscillations has previously been attributed to the failure of the 

spring system to fully recover during the relaxing stroke of the oscillator due to tank 

floor/pulley line interference. Although figure 9.4 shows that the springs appear to 

extend during a LF oscillation with reduced interference, when compared to the 52* 

pre-tension case, there may be some interference on the line that cannot be 

quantified from the presented data. As described in earlier sections, interference 

will cause the angle subtended by the line at the suspension point, the dynamic 

tension angle, to reduce too quickly during the relaxing stroke of the oscillator. This 

causes a distortion of the hysteresis and leads to an enlarged damping value.
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With reducing initial pre-tension angles the scope of the line increases non-linearly. 

Hence incremental reductions in pre-tension angle induce increasingly larger 

tensions at the suspension point. Due to this sensitivity, at lower initial pre-tension 

angles, any small change in dynamic tension angle caused by line interference has 

a greater influence on the line tension history and hence damping calculation. The 

sensitivity of damping results to line interference is therefore heightened with 

reduced pre-tension angle.

Indicator diagrams given in figures 9.6(a) & (b) provide hystereses for LF harmonic 

oscillations at pre-tensions of 52" and 44* respectively. These figures have been 

generated from a large number of oscillation cycles and show good repeatability for 

each test, as the hystereses consist of a single line trace. For the 44° pre-tension 

angle test cases the hystereses are larger than for the 52* pre-tension indicating the 

higher measured damping for low pre-tension angles.

Despite the increased sensitivity to line interference at low pre-tension angles the 

confidence in the damping measured may be greater than that for high pre-tension 

angles. This is because as the pre-tension angle is reduced the horizontal 

components of tension will vary over a much greater range than for higher pre

tension angles. This should aid the recovery of the spring system because:

• the springs are initially loaded to a greater degree at the initial datum for low 

pre-tension angles. Hence the initial spring restoring force is large at low pre

tension angles.

• at low pre-tension angles, sinusoidal excursion of the suspension point will 

induce a horizontal tension variation at the anchor of greater range than for high 

pre-tension angles. The larger variation of anchor loads should assist spring 

recovery by inducing a lower, dynamic, friction component on the tank floor.

• at low pre-tension angles the change in grounded length of line is significantly 

varied. As the excursion of the suspension point approaches an extreme value 

the length of line will be minimized as will ground interference. This will 

considerably assist the recovery of the spring system.

Although the above statements indicate that the ability for springs to recover is 

greater at low pre-tension angles, it is also noted that this might be compromised by 

the increased sensitivity of tension data due to line interference. A qualitative 

assessment of the line interference and the effective elastic modulus of the model 

line during oscillations requires further work. Such work is considered beyond the 

scope of the thesis but is discussed in chapter 11.
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9.2 Response to range of excitation parameters

Experimentally measured dynamic tension data from 1:70 and 1:17 scale are 

presented in figures 9.7 and 9.8 for harmonic LF motions at pre-tensions of 58* and 

44’ respectively. Data presented in each of these figures indicate that there is good 

agreement between the 1:70 and 1:17 model scale results. Both sets of data 

indicate line tensions lower than those found from QS analysis. This deviation was 

also observed for similar oscillations at 52° in chapter 8. However, generally results 

for the 44* and 58* cases are within 15% of the QS value.

The influence of the line initial pre-tension angle for a range of bi-harmonic motions 

is shown in figures 9.9 to 9.12. Figures 9.9 to 9.11 present experimental bi

harmonic dynamic tension results for pre-tension angles of 58*, 52* and 44* 

respectively. In figure 9.12 the 1:17 model bi-harmonic dynamic tension data are 

presented with respect to pre-tension angle for two HF oscillation component 

amplitudes of 0.10 and 0.07 (8m/82.5m and 5.4m/82.5m respectively). ISSC TD 

mean data are also plotted for a pre-tension angle of 52°.

In figure 9.12, as the pre-tension angle is reduced from 58* to 44* the dynamic 

tension is approximately doubled when the HF oscillation component amplitude is 

increased by 40%, from 0.07 to 0.10. This trend is also seen in the ISSC results for 

equivalent oscillations at 52* pre-tension. Also apparent in figure 9.12 is the trend 

for reduced dynamic tension for bi-harmonic oscillations when the pre-tension angle 

is lowered from 52* to 44°, this is however a result of the non-dimensional process 

explained earlier in section 9.1.

From figure 9.12, it is noted that the ISSC dynamic tension values are of larger 

magnitude than the 1:17 experimental data at 52* pre-tension. In section 7.1.2 the 

reduced confidence in the 1:17 tension measurements for the bl-harmonic base 

case oscillation is discussed and it Is emphasised that experimental error is the 

likely reason why the tension is lower than the equivalent ISSC value. Similarly, 

section 7.1.2 indicates that possibly the ISSC data for bi-harmonic motion with HF 

amplitude of 0.10 (8m/82.5m) represents an over prediction of line tension.

Figures 9.13 to 9.15 present the variation in line damping for harmonic and bi

harmonic oscillations at pre-tensions of 58°, 52* and 44* respectively. Line damping 

data with respect to pre-tension angle for large amplitude HF oscillations (amp/H = 

0.10 and T/Tp = 0.55), and component oscillations of bi-harmonic tests, is presented 

in figure 9.16.
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From figures 9.13 to 9.15 the sensitivity of line damping to initial pre-tension is 

clear, the damping from bi-harmonic motion becoming significantly greater than that 

for harmonic HF motion as pre-tension angle reduces. Indeed at 44’ pre-tension the 

line damping for bi-harmonic motion is nearly seven times greater than for the 

damping at a pre-tension of 58*.

In figure 9.16 the trend for the bi-harmonic and harmonic HF damping data to 

diverge with reducing pre-tension angle is clearly shown. At 58* pre-tension the line 

damping for both HF and bi-harmonic oscillations is almost equivalent, as the angle 

is reduced to 44° the bi-harmonic line damping exceeds the HF value by 60%. For 

the 52* pre-tension case, figure 9.16 indicates that there is good agreement 

between the 1:17 model data and ISSC results.

9.3 Indicator diagrams

Indicator diagrams for the harmonic HF base case oscillations performed at 

increasingly larger initial pre-tensions are presented in figures 9.17(a) to 9.19(a). 

Note the increasing vertical scale on these figures. Figures 9.17(b) to 9.19(b) 

provide diagrams for harmonic HF oscillations were the oscillation amplitude is 

increased from the base value of 0.07 (5.4m/82.5m) to 0.10 (8m/82.5m). In each of 

the figures the HF motion has constant period of 0.55 (10 sec/18.2 sec).

On each of the indicator diagrams there are three distinct regions, labelled A to 0, 

which show the development of the line response within an oscillation cycle. Area A 

represents the maximum tension peak. Area B the tension of the line during the 

relaxing stroke of the oscillator and Area 0  the possible second tension peak as the 

oscillator changes direction and quickly takes up the slack in the line.

From figure 9.17(a), at 58* pre-tension, the tension peak is poorly defined within 

region A. As the exciter changes direction to a relaxing stroke the catenary profile 

is lost as shown in region B. Due to the nature of the oscillation parameters, the 

catenary profile is lost for a short period of time and is able to recover prior to the 

exciter changing direction to a tensioning stroke. Hence a secondary tension peak 

in region C is absent in comparison to figure 9.19 as discussed below.

Reducing the initial pre-tension angle from 58*, through 52* to 44* results in the 

development of a more complex line response. From figure 9.19(a), the tension 

peak within region A has a larger value and is clearly more defined than for a line of 

lower scope. With the increased line loading, as the exciter changes direction to a
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relaxing stroke, the tension rapidly falls as the catenary profile is lost. Within region 

B the flat, almost horizontal, profile of the hysteresis shows that for a significant 

proportion of the relaxing stroke the line is in a free fall trajectory with almost zero 

catenary restoring force. When the exciter again changes direction, to a tensioning 

stroke, the sudden uptake of the long length of slack line causes an effective impact 

loading exacerbating the tension response in region C.

In figures 9.17(b) to 9.19(b), regions D and E indicate the loss of catenary profile 

and development of the secondary tension peaks for enlarged oscillation 

amplitudes. For a pre-tension angle of 52°, regions D and E of figure 9.18(b) 

indicate the loss of the catenary profile and development of the secondary tension 

peak, which becomes more significant as the amplitude of oscillation is increased.

The regions D and E of figure 9.19(b) show that, for a pre-tension of 44°, the loss of 

catenary profile and resultant secondary tension peaks occur for all oscillation 

amplitudes considered. At the largest oscillation amplitude the secondary tension 

peak is striking due to the negligible horizontal tension at the suspension point 

during the relaxing stroke of the exciter.

The measured tension data for the largest HF oscillation amplitude appears to 

become distorted around the tension peak, as indicated in figure 9.19(b). This 

apparent distortion occurs when the non-dimensional horizontal force has a value 

close to 10. Figures 9.20 to 9.22 also display this trend for distorted tension data 

within the oscillation cycle, when the measured non-dimensional horizontal force 

exceeds a value of 10.

Knowledge of the maximum load capacity of experimental sensors and examination 

of tension time histories has eliminated the possibility of load cell failure for this 

distortion. For example, if the loads measured were close to the maximum 

operating characteristics of the load sensor the resultant time history would reflect 

maximum values equivalent to the maximum output of the cell. This would also be 

seen as a horizontal line within the indicator diagrams where tension peaks 

presently exist. The distortion of measured data is therefore assumed to be as a 

result of line response phenomena and requires further work.

The superposition of the HF motions presented in figures 9.17 to 9.19 onto a LF 

oscillation are presented in the indicator diagrams of figures 9.20 to 9.22 

respectively.

From figure 9.20(a), for the line with 58* initial pre-tension, the onset of a well 

developed HF type hysteresis occurs only for HF motion periods of less than 0.7,
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and only as the LF oscillation reaches maximum excursion. Similarly from figure 

9.20(b), if the period of the HP component is held constant at 0.55 (10 sec/18.2 

sec), the HP amplitude must exceed 0.10 (8m/82.5m) before a secondary tension 

peak develops.

As the pre-tension angle is reduced to 52*, figure 9.21(b) shows that the 

development of a secondary tension peak occurs at superposed HP oscillation 

amplitude of 0.07. Figures 9.19(a) and (b) show that the superimposed HP motion 

hysteresis is considerably distorted by the further reduction of initial pre-tension 

angle to 44*. Irrespective of the period or amplitude of the HP motion, the 

hystereses indicates that the catenary profile is lost during bi-harmonic oscillations 

and a complicated series of tension peaks arises as the exciter reaches the 

maximum LP oscillation amplitude. A harmonic analysis of the tension history for 

these line oscillations is performed in section 9.5 to investigate this type of line 

response.

9.4 Response to out of plane excitation

Section 8.5 discussed the response of the line when subject to excitation acting in a 

direction out of plane of the statically suspended mooring line. Of particular interest 

in the discussion was the influence of HP oscillations at 90* to the plane of 

suspension for harmonic and bi-harmonic motions. This section develops the 

investigation of the line response to out of plane excitation with variation in pre

tension angle. Only HP oscillations acting at 90* to the suspension plane are 

considered. Both harmonic and bi-harmonic in-line oscillation parameters are 

analysed, experimental data for only the 1:17 model being presented.

Table 9.5 presents the dynamic tension component of the line when subject to 

planar LP oscillations. A tension value equal, or close, to zero indicates that the 

dynamic loading is negligible and the line tension may be adequately approximated 

from a QS analysis. Columns three to five of table 9.5 present the dynamic tension 

resulting from the superposition of a 90* HP motion of varying period.

For all initial pre-tension angles the dynamic line tension for LP harmonic 

oscillations may be approximated from QS analyses. This is also true for the 

superposition of 90* HP motions at a pre-tension of 58*. However as the pre-tension 

angle is reduced to 44* the bi-harmonic dynamic line tension exceeds that of the 

harmonic LP motion by up to 40%. It is also interesting to note that the value by 

which the bi-harmonic tension exceeds the planar LP motion is approximately
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independent of the superposed HF oscillation period. For example, in table 9.5 as 

the period of the 90* HF component is varied, for a pre-tension angle of 52°, the 

dynamic planar line tension remains approximately constant at 0.30.

A similar table of damping data is presented in table 9.6. Column two of table 9.6 

provides values for planar LF oscillations. Comparing the damping generated from 

the superposition of 90° HF oscillations indicates that damping is strongly 

dependent upon the superposition of HF motion, as shown in columns three to five, 

but only weakly dependent upon the superposed HF oscillation period. That is, 

although damping increases with reducing pre-tension angle, the influence of the 

90° motion induces three to four times the damping of planar LF oscillations 

irrespective of the initial pre-tension or period of the superposed HF motion.

Figures 9.23 to 9.25 give indicator diagrams for oscillations from which the data in 

table 9.5 have been derived. The hystereses of figures 9.23(a), 9.24(a) and 9.25(a) 

are for planar LF oscillations from 58° to 44° pre-tension respectively. In figures 

9.23(b) to 9.25(b) curves are plotted for bi-harmonic hystereses at 58°, 52° and 44°, 

respectively, with superposed HF 90° oscillations of constant amplitude 0.07 

(5.4m/82.5m) and period as indicated.

From a comparison of the harmonic and bi-harmonic hystereses, with reducing pre

tension angle, it is evident that the influence of the superposed motion is to 

increase the area of the hysteresis relative to the planar LF oscillation. This is 

particularly noticeable from figures 9.23(a) and 9.25(b), as indicated.

9.5 Harmonic analysis of planar line response

In section 9.3 the development of a secondary tension peak in the mooring line 

tension response was seen to depend strongly upon the initial pre-tension angle 

and oscillation amplitude. The regions of interest during an oscillation period are 

indicated in figures 9.17 to 9.20 as regions C and E respectively.

In this section a harmonic analysis of the tension response for a planar oscillating 

mooring line is described. From this analysis it is seen that the system response 

becomes increasingly dominated by a secondary tension response, that is a super

harmonic response, induced by hydrodynamic loading.

9.5.1 Analysis and discussion of harmonic tension components
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From the discussion of anticipated mooring line response in chapter 3, the inherent 

geometric or environmental non-linearities induce additional resonant responses of 

the system. The excitation period at which the additional resonant responses occur 

is dependent upon the order of the system non-linearities. Nayfeh and Mook (1995) 

provide a comprehensive review of non-linear system response both at and away 

from resonance.

At low pre-tension angles, large amplitude forcing of the mooring line will induce a 

response whereby the magnitude of harmonic components is increased. As a result 

of quadratic hydrodynamic loading the development of a secondary tension peak 

causes the magnitude of the response at twice the frequency of excitation, the 

second harmonic, to increase. The development of the second harmonic response 

can be seen within indicator diagrams by the growth of a secondary tension peak. 

This is particularly noticeable in region E of figures 9.18(b) and 9.19(b).

In order to determine the components of the mooring line tension response a 

discrete Fourier analysis code has been written. A listing of the analysis code is 

presented at appendix C.

Figure 9.26 and 9.27 present the magnitude of the harmonic components of the 

tension history for excitation of varying line oscillation amplitudes and constant 

period of 0.55 (10 sec/18.2 sec) for initial pre-tension angles of 52' and 44' 

respectively. Comparison of these figures shows that as the pre-tension angle is 

reduced the significance of the second harmonic becomes greater. For HF 

oscillation amplitudes of 0.03 (2.5m/82.5m) to 0.05 (4m/82.5m), the magnitude of 

the second harmonic is approximately 20% of the first harmonic in both pre-tension 

cases. As the oscillation amplitude is increased to 0.10 (8m/82.5m) the second 

harmonic magnitude enlarges from 26% to 37% for the 44' pre-tension case. The 

relative magnitude of the higher harmonics remains approximately constant.

A tension history signal for a typical HF harmonic oscillation is presented in figure 

9.28. The reconstruction of this signal based upon data for the first five harmonics, 

derived from the harmonic analysis code, is presented in figure 9.29. In both of 

these figures the development of the secondary tension peak is indicated.

The results discussed in the harmonic analysis have so far concentrated upon 

oscillatory line motions of constant period and variable amplitude. For an initial pre

tension of 44', oscillations of amplitude 0.10 (8m/82.5m) and period 0.55 (10 

sec/18.2 sec) induce a response in which the second harmonic has a significant 

value. If the amplitude is now held constant at 0.07 (5.4m/82.5m) and the period of
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oscillation varied from 0.55 (10 sec/18.2 sec) to 1.1 (20 sec/18.2 sec) the resultant 

magnitudes of the harmonic tension response are as presented in figure 9.30. 

Oscillations performed using these characteristics show that the magnitude of the 

second to first harmonic is approximately constant at 30% and independent of the 

periods of oscillation tested.

The analysis code at appendix C cannot be used to analyse the line response to bi

harmonic oscillations of combined LF and HF motions. This is because Fourier 

analysis assumes that the amplitude of response associated with each of the 

frequency components is linear.

For bi-harmonic oscillations the amplitude of the response components for the 

superposed HF motion is non-linear as a result of the LF oscillation acting as an 

effective QS excursion. For example, as the LF oscillation approaches the 

maximum excursion the magnitude of the HF response components will be greater 

than that when the LF oscillation approaches the minimum amplitude. This 

effectively equates to different pre-tension angles occurring throughout a LF motion, 

about which the HF oscillations occur, which cause very different levels in dynamic 

response as discussed in section 9.2. Hence, as the analysis considers the 

amplitude of each frequency component to be linear, its application to a bi-harmonic 

tension history where the HF component amplitudes alter with LF excursion, will 

provide meaningless results.

9.6 Conclusions

Chapter 9 discusses the influence of the initial line pre-tension on the dynamic 

tension and damping generated by the mooring line when subject to a range of line 

oscillation parameters. This section closes the chapter by drawing the following 

conclusions:

• The initial line pre-tension angle has little influence on the dynamic tension 

associated with LF harmonic motion, and total line tensions may be 

approximated using QS analyses. The influence of pre-tension angle upon HF 

harmonic and bi-harmonic motions is however significant. From figure 9.2, 

reducing the pre-tension angle from 58* to 44* results in a dynamic tension 

increase of the order of 17 and 5 times respectively for the HF harmonic and bi

harmonic base case oscillations.
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Measured dynamic tensions of line oscillations about 44' pre-tension angle 

appear to be of smaller magnitude than for the equivalent oscillations about 52*. 

This infers that hydrodynamic loading is reduced for oscillations about low pre

tension angles. It has however been shown that these low dynamic tension 

values are as a result of the application of the non-dimensional procedure 

represented by equation 8.3. This is because at low pre-tension angles large 

static excursions induce significant static line tensions.

Confidence in the damping results for HF and bi-harmonic oscillations is high 

due to the reduced sensitivity of the line to tank floor/pulley wheel frictional 

resistance. Comparing spring recovery characteristics for LF and bi-harmonic 

oscillations indicates this lower level of interference. Reducing the line pre

tension angle from 58' and 44' causes an eight-fold increase in damping for 

harmonic HF oscillations and ten-fold increase for bi-harmonic motions.

The damping generated by large amplitude LF line motions is considerable for 

all pre-tensions. At 52' pre-tension the ISSC case study numerical predictions 

show much variability, indicating the difficulty in calculating the line damping for 

these oscillations. As the pre-tension angle is reduced the measured damping is 

comparable to that generated by some bi-harmonic oscillations. Although the 

spring extension is shown to be appropriate, the effect of line interference may 

be responsible for possibly inflating the damping hystereses. The magnitude of 

line interference is however difficult to quantify and requires further work.

Although the dynamic tension associated with LF line motions may be 

approximated by a QS analysis, it is extremely sensitive to the superposition of 

HF oscillations at 90' to the plane of suspension. This sensitivity increases with 

reducing pre-tension angle. At 58' pre-tension the line tension from a combined 

planar LF and 90' HF oscillation may be approximated by QS analysis. At 44* 

however, the 90’ HF motion induces a dynamic tension 40% greater than that of 

a QS analysis.

The damping generated for bi-harmonic motions with 90' HF oscillations is 

strongly dependent upon the both the pre-tension angle and characteristics of 

the superposed HF motion. Increasing the period of the superposed oscillations 

reduces the damping slightly. The addition of a 90' HF oscillation component 

generally causes an increase in the damping relative to that of a LF oscillation 

by an order in excess of three.
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The measured tension data for both 1:70 and 1:17 models has been shown to 

be in good agreement with each other over the range of pre-tension angles 

considered. A comparison of damping data between both experimental models 

was not possible due to difficulties experienced with the 1:70 oscillation system.

The development of a secondary tension peak as a result of the loss of the 

catenary profile during a HF oscillation has been shown to be dependent upon 

the initial line pre-tension angle. As the pre-tension angle is reduced the line 

oscillation amplitude required to induce the secondary tension peak is lessened. 

For bi-harmonic oscillations the loss of the catenary profile is apparent for all 

amplitudes of superposed HF motion at 44* pre-tension.

A distortion in measured line tensions is observed in indicator diagrams. The 

distortion is shown not to be a result of load cell failure, or overload, but of a 

possible fluid line loading characteristic, the investigation of which requires 

further work.

The measurements indicate a snap like removal of slack in the line as the 

oscillator changes to a tensioning stroke. This removal of slack occurs as a 

result of the loss of the catenary profile during the oscillator’s relaxing stroke. It 

is the rapid uptake of slack in the line that induces a secondary tension peak. 

The development of this secondary tension peak increases the magnitude of 

the second harmonic in the tension response.

The relative magnitude of the second, and higher, harmonic tension response 

has been analysed using a discrete Fourier analysis code. For HF harmonic 

motions It is shown that reducing the pre-tension angle results in an enlarged 

second harmonic response of the tension history. For example, at 52’ pre

tension the magnitude of the second tension harmonic is 26% that of the first. If 

the pre-tension angle is reduced to 44* the relative magnitude is increased to 

37%.

The effect of the increasing magnitude of higher order harmonics in the line 

response could lead to a beating phenomena within the line which, from a 

design perspective, may need to be considered when establishing the fatigue 

life of mooring lines.



206

Test
number

Oscillation parameters

Low Frequency (LF) High Frequency (HF)

Amplitude
(m)

Period
(seconds)

Amplitude
(m)

Period
(seconds)

1.1 10 100 5.4 10

2.1 10 100 X X

2.2 20 100 X X

2.3 10 200 X X

2.4 20 200 X X

3.1 X X 5.4 10

4.1 10 100 8.0 10

4.2 10 100 5.4 13

Table 9.1 -  ISSC oscillation parameters.

Test
number

Non-dimensional oscillation parameters

Low Frequency (LF) High Frequency (HF)

amp/H T/Tp amp/H T/Tp

1.1 0.12 5.50 0.55

2.1 0.12 5.50 ' ' ' '

2.2 0.24 5.50 X X

2.3 0.12 11.00 X X

2.4 0.24 11.00 X X

4.1 0.12 5.50 0.10 0.55

4.2 0.12 5.50 0.07 0.71

Table 9.2 -  Non-dimensional ISSC oscillation parameters.
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Pre-tension
angle

Harmonic LF base 
case (test 2.1)

Harmonic HF base 
case (test 3.1)

Bi-harmonic base 
case (test 1.1)

58* 1.03 0.16 0.45

52* 1.00 1.00 1.00

44* 1.06 2.79 2.27

Table 9.3 - Normalised non-dimensional dynamic tension with respect to 52* 
pre-tension result.

Pre-tension
angle

Harmonic LF base 
case (test 2.1)

Harmonic HF base 
case (test 3.1)

Bi-harmonic base 
case (test 1.1)

58* 0.32 0.38 0.32

52* 1.00 1.00 1.00

44* 1.78 3.04 3.06

Table 9.4 - Normalised non-dimensional line damping with respect to 52* 
pre-tension result.
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Pre-tension
angle

ND dynamic tension 
(harmonic LF motion)

ND dynamic tension 
(bi-harmonic with 90* HF motion)

ND HF oscillation period

T/Tp =0.38 T/Tp =0.55 T/Tp =0.82

58* -0.03 0.03 0.01 0.00

52* -0.06 0.32 0.30 0.27

44* -0.06 - 0.41 0.40

Table 9.5 -  Non-dimensional dynamic tension for harmonic and bi-harmonic 
oscillations with HF component at 90*.

Pre-tension
angle

ND damping 
(harmonic LF motion)

ND damping 
(bi-harmonic with 90* HF motion)

ND HF oscillation period

T/Tp =0.38 T/Tp =0.55 T/Tp = 0.82

58* 0.14 0.36 0.33 0.26

52* 0.41 1.23 1.11 0.91

44* 0.74 - 3.73 3.38

Table 9.6 -  Non-dimensional damping for harmonic and bi-harmonic 
oscillations with HF component at 90*.
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Figure 9.1 -  Influence of pre-tension angle on ISSC mooring line QS 
profile for ±10m excursion about datum.



210

c
0
'35
1 ^

11■o

1.25

1.00 -

0.75 -

0.00

-0.25

#
A

A A

•
• • •

■

■
■  , A

1 À 1 à  ' ' •
■

Test Test Test Test Test Test Test Test
1.1 2.1 2.2 2.3 2.4 3.1 4.1 4.2

! Pre-tension 58 degrees 
Pre-tension 52 degrees 

A Pre-tension 44 degrees

Figure 9.2 -  1:17 model non-dimensional dynamic tension results for 
ISSC oscillation parameters with varying initial pre-tension 
angle.

7.0

6.0 -

Q.

■ Pre-tension 58 degrees 
•  Pre-tension 52 degrees 
A Pre-tension 44 degrees

O)
Q.

0.0
Test Test Test Test Test Test Test Test
1.1 2.1 2.2 2.3 2.4 3.1 4.1 4.2

Figure 9.3 -  1:17 model non-dimensional damping results for ISSC 
oscillation parameters with varying initial pre-tension 
angle.

Test
number

ND oscillation parameters Test
number

ND oscillation parameters
LF amp LF prd HF amp HF prd LF amp LF prd HF amp HF prd

1.1 0.12 5.50 0.07 0.55 2.4 0.24 11.00 X X
2.1 0.12 5.50 X X 3.1 X X 0.07 0.55
2.2 0.24 5.50 X X 4.1 0.12 5.50 0.10 0.55
2.3 0.12 11.00 X X 4.2 0.12 5.50 0.07 0.71
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Figure 9.6(a) -  Indicator diagram for LF harmonic oscillations at pre-tension 
angle 52“ (amp/H = 0.12 to 0.24, T/Tp = 5.50).
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Figure 9.6(b) -  Indicator diagram for LF harmonic oscillations at pre-tension
angle 44° (amp/H = 0.12 to 0.24, T/Tp = 5.50).
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Figure 9.8 -  Non-dimensional dynamic tension for harmonic LF
oscillations at pre-tension angle 44’ (T/Tp = 5.50).
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Figure 9.18(a) -  Indicator diagram for HF harmonie oscillation at pre
tension angle 52° (amp/H = 0.07, T/Tp = 0.55).
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Figure 9.20(b) -  Indicator diagram for bi-harmonic oscillations at pre
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0.55).
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Figure 9.21(a) -  Indicator diagram for bi-harmonic oscillations at pre
tension angle 52° (HF amp/H = 0.07, T/Tp = 0.55 to 
1.10).
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Figure 9.21(b) -  Indicator diagram for bi-harmonic oscillations at pre
tension angle 52° (HF amp/H = 0.03 to 0.10, T/Tp =
0.55).
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Figure 9.22(a) -  Indicator diagram for bi-harmonic oscillations at pre
tension angle 44° (HF amp/H = 0.07, T/Tp = 0.55 to 
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0.55).
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Figure 9.23(b) -  Indicator diagram for bi-harmonic oscillations at pre
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0.07, T/Tp = 0.55 to 0.82).
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Figure 9.24(a) -  Indicator diagram for LF harmonic oscillation at pre
tension angle 52' (amp/H = 0.12, T/Tp = 5.50).
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Figure 9.26 -  Harmonie analysis results for HF oscillations at 
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Figure 9.27 -  Harmonie analysis results for HF oscillations at
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Figure 9.28 -  Tension time history for harmonic HF oscillation at 
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10 Development and application of a new numerical model

In this chapter the development of an efficient and robust numerical model is 

described. The numerical methodology is an approximation to a fully dynamic 

method, which operates in the time domain, and is based upon a quasi-static 

solution of the catenary equations. The model relies on a reference point being 

fixed on the mooring line at a constant line length from the suspension point. The 

change in location of the reference position, relative to a fixed reference point on 

the seabed, is then determined in the time domain and loading on the line 

approximated. The model is shown to be able to predict mooring line tension and 

damping results for a single mooring line with comparable accuracy of TD models 

yet with the efficiency of FD numerical methods.

The first section of this chapter discusses the objectives in the development of the 

numerical model and the limitations to its application. Section two leads on to 

describe the structure and operation of the model. A comparison of the numerical 

model results with those from the ISSC study and experimental data is discussed in 

section three, followed by a comparison with experimental data to a change of pre

tension angle. The penultimate section describes a sensitivity analysis to input 

variables with conclusions given in section six.

10.1 Numerical model development

This section discusses the reasoning behind the development of the numerical 

model and the characteristics of the model application. Although the number of 

presented restrictions may appear large, the numerical methodology discussed 

represents a first generation model that has considerable potential for further 

development.

All references made to TD mean data in this chapter relate to the mean of the ISSC 

TD model contributions to the ISSC study.

10.1.1 Objectives

The aim of the numerical development is to derive a model that can accurately and 

efficiently predict mooring line loads, and be robust in its application to a wide range 

of oscillation parameters. Specific reasons for these requirements are:
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• Accuracy. TD numerical models are generally accepted as the most accurate 

method for the prediction of mooring line tension and damping forces due to 

their ability to appropriately account for all system non-linearities. TD models 

are however computationally intensive and compromise efficiency for the sake 

of accuracy. The numerical model should ideally have comparable accuracy to 

TD models but be significantly more efficient.

• Efficiency. FD modelling maintains its efficiency through the necessary 

linearization of system non-linearities. However, as the non-linearities become 

increasingly important in the system response, the need for linearization leads 

to modelling inaccuracies. For example, as mooring line oscillation amplitudes 

become large the inherent non-linear geometric non-linearities and fluid loading 

characteristics of the line increasingly dominate the tension response. Linear 

representation of these characteristics may compromise the accuracy of 

predictions for the sake of modelling efficiency. The numerical model should 

ideally have comparable efficiency to the FD model but be significantly more 

accurate.

• Robust application. The results of chapter 7 have shown how the spread of 

tension and damping predictions enlarges particularly when oscillation 

amplitudes and frequencies become large. The numerical model must ideally 

have the ability to predict line loading and damping with equivalent accuracy to 

ISSC TD numerical results irrespective of the excitation parameters. That is, if 

the numerical model predictions for tension and damping are within the range of 

TD model contributions to the ISSC study, the numerical model may be 

considered validated against established TD methodologies.

The above objectives relate to the requirements of the numerical model. The 

justification of these requirements is provided from consideration of the model 

application. For example, in the design of a mooring system a dynamic analysis is 

required to ascertain maximum mooring line loads and vessel excursions for a wide 

range of system parameters. Typically these parameters include environmental 

conditions and system component optimisation. For each condition a dynamic 

analysis is required. Application of a TD model to such a system study is 

prohibitively expensive, alternatively a FD model may produce results efficiently but 

with possible compromised accuracy. The development of an accurate, efficient 

and robust numerical approximation is therefore of considerable benefit to mooring 

system design.
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10.1.2 Numerical model characteristics

Even though the numerical model has been successfully applied to determine 

mooring line loads for a wide range of initial and dynamic conditions, it is a first 

generation numerical methodology. The development has been limited due to time 

constraints imposed upon this work. The numerical model has therefore been 

validated only for the following situations.

• Water depth. The model is presently restricted in its application to 82.5m water 

depth, because validated data are available for this water depth.

• Mooring line. The numerical model has been tested for a single continuous 

chain catenary line. This line is of uniform dimension along its entire length from 

suspension, assumed at the water surface, to the anchor point. The line is of 

sufficient length to ensure that the anchor point is not subject to vertical loading. 

If vertical line loads were applied to the anchor, the model would require 

modification to the boundary conditions of equation 3.5.

• Excitation. It has been assumed that the line is excited at the suspension point 

in the horizontal planar direction only. The plane of suspension of the static 

mooring line defines the planar direction. Excitation parameters include both 

harmonic and bi-harmonic oscillations.

• Profile. The numerical model is based upon a QS mooring analysis. As this 

analysis determines the static profile of the line, the numerical model assumes 

that the catenary profile is maintained at all times.

• Elasticity. This is partially included in the model as the QS solution of the 

catenary equations includes the line elastic properties. The model does not 

however presently represent additional stretch of the line due to hydrodynamic 

forces.

• Line interference. The 1:17 scale experimental results and the discussion of 

chapter 2 have indicated that static and dynamic friction effects acting on the 

grounded section of line can alter the line response. The numerical model 

however presently employs only a static friction coefficient for the grounded 

section of line in the 0 8  solution of the catenary equations.

• Tuning. The model requires tuning for both line damping and tension prediction. 

The tuning process is similar and requires that validated numerical data for a 

single bi-harmonic oscillation of specific mooring line type and water depth are
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available. Although this tuning may initially appear restrictive, once the model is 

tuned, the ability to rapidly determine mooring line damping and tension data 

accurately, efficiently and with confidence over a wide range of line oscillation 

parameters is of considerable benefit. It is noted that, in practice, mooring 

design for a particular field development involves analysis of a number of 

essentially similar lines in identical water depth, these lines undergoing a range 

of oscillations depending on the imposed weather conditions. The tuning 

requirement is not therefore onerous.

10.2 Numerical model detail

This section describes the structure of the numerical model, the input requirements 

and the model operation.

In the discussion it is noted that the fixed frame of reference is located at the anchor 

position. This is because the anchor is assumed fixed to the sea floor and, 

irrespective of the magnitude of applied loads, not displaced.

10.2.1 Structure

The numerical model is made up of two process codes. An initial pre-process code 

performs a QS analysis of the mooring line, the results of which are used as a data 

set accessed by the second part of the numerical model, the dynamic analysis 

code. The dynamic analysis routine employs a time domain approach where, at 

each time step, both static and dynamic line loads are derived from the data set. A 

total line tension history at the point of suspension is thus determined.

The structure of the numerical model is briefly presented below.

• A OS analysis routine derives static line characteristics over a pre-determined 

range of pre-tension angles subject to the restrictions outlined in section 10.1.2. 

Static data are output in tabular form and stored as a ‘look-up table’.

• The dynamic analysis code sequentially changes the line catenary profile for 

incremental time steps over the excursion range defined by the suspension 

point oscillation amplitude and period. Catenary characteristics are read from 

the look-up table at each time step.

• The motion of a fixed reference position on the mooring line is assumed 

representative of the motion for the entire line. The velocity of the reference
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position is derived from the application of the catenary equations and 

interpolated data from the look-up table.

• Using the reference position velocity, local hydrodynamic loads at the reference 

position are derived that appropriately account for normal and tangential, drag 

and added mass forces. The local forces are assumed to represent average 

values per unit length of suspended line.

• A top end tension time history is derived at the suspension point by applying tbe 

local forces to the entire suspended line length. The tension derived at the 

suspension point includes hydrodynamic and static tension components.

• For a complete line oscillation cycle, maximum line tensions and damping are 

derived from the tension history.

10.2.2 Input requirements

This section discusses the input requirements to both the pre-process and dynamic 

analysis codes of the numerical model. As the pre-process code output data are 

considered as input data to the dynamic analysis routine, a brief discussion of the 

pre-process code operation is presented in this section.

A required input to the QS pre-process code is a maximum and minimum pre

tension angle range. The dynamic analysis section of the numerical model utilizes 

an interpolation routine. The angle range must therefore be given careful 

consideration to ensure that maximum and minimum pre-tension angles expected 

during the dynamic excursion of the suspension point are included.

A preferred pre-tension angle range includes a maximum value where the 

suspended line is almost vertical, and a minimum angle correlating to the extreme 

excursion that may be achieved without imposing vertical forces at the anchor point. 

This minimum pre-tension angle is initially derived from a trial run of the QS 

analysis to ensure that the condition of zero vertical loading at the anchor point is 

met. Over the pre-tension angle range the QS analysis is performed using an 

iterative solution technique for linear increments of pre-tension angle. For each 

angular increment the following static line data are calculated at the suspension 

point

• horizontal, vertical and total tension components

• suspended line length
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• distance from the anchor, the fixed frame of reference

• pre-tension angle.

Once the pre-process code is complete, the static data look-up table is stored within 

an output file. An example data set ‘look-up table’ is presented at appendix D-1.

Prior to the operation of the pre-process code the operator defines the angular 

increment used. Sensitivity of the dynamic analysis code to the angular increment 

selection is described in section 10.5.1.

The dynamic analysis section of the numerical model requires the selection of an 

initial reference point on the datum mooring line. As described in section 2.1, the 

mooring line datum is derived from the computation of the mean environmental 

loading on the vessel, mooring line and riser system. From this loading result a 

mean static pre-tension angle is found from the solution of the catenary equations. 

Dynamic oscillations occur about the datum.

Figure 10.1 presents a schematic representation of the change in line catenary 

profile at extreme excursions for a hypothetical QS oscillation about a mooring line 

datum position. At the datum location, a reference position, p , on the line is

selected at a vertical height, Zp, above the sea floor. This point is fixed on the line

at a line length. Ip , from the point of suspension. During the excursion of the

mooring line suspension point the reference position prescribes a trajectory 

between the amplitudes of motion, as shown in figure 10.1. The selection of an 

appropriate reference position is made during the tuning process of the numerical 

model and is described in more detail in section 10.2.3.1.

Supplementary input data required for the operation of the dynamic code include 

the datum pre-tension angle about which oscillations are assumed to occur, 

oscillation parameters, mooring line dimensions and user defined coefficients of 

drag and added mass.

For the chain example studied within this work the size and specific coefficients for 

the mooring line are presented in table 10.1. These match values specified for the 

82.5m water depth case in the ISSC study.

An example input file listing for the numerical model is presented at appendix D-2.
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10.2.3 Operation

This section describes the operation of the numerical model. As QS mooring 

system analyses employ well established iterative solution techniques, the 

operation of the 0 8  pre-process code is not discussed.

The tuning procedure of the numerical analysis code is presented initially followed 

by a detailed time step progression through the dynamic analysis code. A listing of 

the dynamic analysis code is presented at appendix D-3.

10.2.3.1 Reference position tuning

The selection of an appropriate reference position on the mooring line is critical to 

the model, and is dependent upon validated line damping and tension results for 

the line type and water depth. Results need only be available for a single bi

harmonic line oscillation. These results consist of either numerical prediction from 

an established method for dynamic mooring line response, and/or data from 

experimental tests where there is a high confidence level that results replicate the 

prototype line loading and response.

Tuning is achieved by comparing the damping and tension data from the validated 

source with that predicted from the numerical model for a range of possible 

reference positions. Thus established model data are required for oscillations of 

sufficiently low excitation period and for high excitation amplitude to ensure 

dynamic amplification of the line loads. If the oscillation period is high, or amplitude 

low, hydrodynamic line loads are small and comparison tuning is difficult.

The tuning process is described below with application of the ISSC TD results.

For both damping and tension tuning the numerical model is run using a range 

of possible reference points fixed on the line datum profile at different heights 

above the sea floor.

A comparison is made between damping, or tension, data from the established 

source and that of the numerical model to determine the appropriate reference 

point.

Figures 10.2 and 10.3 present tuning diagrams for the selection of the damping 

and tension reference positions respectively. From figure 10.2 the line damping 

that most closely approximates to the established bi-harmonic data occurs for a
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non-dimensional vertical distance of 0.22 above the seabed. In prototype 

dimensions this corresponds to a distance above the sea floor of 18.5m.

Similarly, for tension tuning, figure 10.3 indicates that the vertical reference 

position height above the seabed that best represents the bi-harmonic tension 

data is 0.15 (12.4m/82.5m).

• Once the appropriate reference positions above the sea floor are determined, 

the respective height data are used as input for damping or tension prediction 

for all future oscillations of the specific mooring line, pre-tension angle and 

water depth for which the model is tuned.

It is noted that the tuning process for line damping and tension requires established 

tension and damping data. However, if available data consists only of line tension, 

or line damping, the numerical model may be tuned from this single data source. 

For example, the numerical model may be tuned to tension data only and used to 

predict both line tensions and damping. The consequence of only tuning to tension 

data will however result in a reduced confidence in the damping prediction.

10.2.3.2 Time step progression

At each time step the excursion of the mooring line suspension point from the 

datum is calculated and expressed as a distance from the anchor, the fixed frame 

of reference. The line characteristics for each increment of excursion are found 

from the QS look-up table.

The incremental time step employed in the dynamic analysis code is a user-defined 

input for which careful consideration must be given. A sensitivity analysis for the 

optimum time increment is presented in section 10.5.2. The operation of the 

dynamic analysis code at each time step is as follows:

• Line data for each time step. The 0 8  look-up table is generated using linear 

incremental changes in pre-tension angle. Line characteristics however 

increase non-linearly as the pre-tension angle reduces. In the look-up table, 

linear incremental reductions of pre-tension angle thus induce increasingly 

larger values of line tension.

At each time step the excursion of the suspension point is calculated and 

corresponding line tension data are required from interpolation of the look-up 

table data. The increments of line tension however increase non-linearly with
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reducing pre-tension angle. Hence if a linear interpolation routine were 

employed, as the pre-tension angle of the line reduced with excursion distance, 

the model would become more inaccurate. A cubic spline interpolation process 

is therefore used to account for the non-linear tension increments within the 

look-up table and preserves the model accuracy.

Reference position movement with time step. The reference position is fixed on 

the line at a length Ip from the point of suspension as shown in figure 10.1. At

each time step the horizontal and vertical position of the reference position is 

calculated using

(0 = WV /
(10.1)

where a(t) is the ratio of the static horizontal force, % , to the submerged 

weight per unit length of line, w . The value of is established from the look

up table.

Horizontal distance from the anchor, X p ( t ) .  At each time step the horizontal 

distance from the reference position to the line touchdown point, Xpi(t), as 

shown in figure 10.1, is derived from

X p i( t )  =  a(t)s inh (10.2)

The horizontal distance from the anchor point (fixed frame of reference) is then 

found from

Xp(t)=Xpi(t) + Siy(t), (10.3)

where Sjy (t)is  the length of grounded line, which is again derived from the look

up table.

Vertical distance from the sea floor, Z p (t ) .  The vertical height of the reference 

point at each time step is found from

Zp(t) = a(t) cosh - 1

I *(') J
(10.4)
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Reference position velocities. Differentiating the change in global position of the 

mooring line reference point with respect to its previous time step location

enables the horizontal, Xp (t) , and vertical, Zp (t), velocities to be derived.

The angle, %r(t), at the mooring line reference position is calculated and used 

to translate the reference position global velocity vectors into local normal, 

V jj(t), and tangential, % (t), velocities relative to the line, as shown in figure 

10.4, using

(10.5)

Local hydrodynamic load. Employing the local vélocités, the hydrodynamic load 

on a unit length of line at the reference position are for normal, and

tangential, I \ ( t ) ,  directions given by

(t)= ipD  V„ (t)|v„ (t)|Q__ +^(t)[a„(t)](c,^ -l)

X ( t ) ' COSy/ - s m y /
z p (0

v .( t )_ sin y/ cos y/ _Xpl(t)_

(10.6)

(10.7)

where a„ and are the respective normal and tangential components of 

acceleration of the line reference point, and the coefficients of drag and added 

mass are Q  and respectively.

• Global hydrodynamic load. The global hydrodynamic loads are derived by first 

translating the local dynamic forces back into global horizontal, and 

vertical, , components using

(10.8)

Total hydrodynamic line loading. The local hydrodynamic line loads at the 

reference position are assumed to be representative of the dynamic loads on 

the entire suspended line length, Lg. Hence the total dynamic line load 

components at the suspension point are given respectively by

co sy / s in y / 'F . ( t ) '

5 d ( ‘ ). - s in y / co sy / F , ( t ) .
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I^d (t) = I^d (t)L s (t) , (10.9)

Fvd(t) = IV d (t)Ls(t). (10.10)

Suspension point total tension. From a consideration of the forces acting on the 

mooring line described in figure 10.4, the horizontal and vertical components of 

line tension at the suspension point, and , are found from the summation

of corresponding dynamic and static line tensions for each time step

I^ ( t )  = I^ s ( t ) - I^ d ( t ) .  (10.12)

Fv(t) = Fvs(t)+Fvd(t), (10.13)

where F̂ g and F̂  ̂ are the horizontal and vertical components of static tension 

at the suspension point, and , F̂ d are the dynamic components.

The total tension for the line is then found from the total tension components 

using

Ft(t) = >/(fT,(t)f+(Fv(t)f . (10.14)

Damping. The calculation of line damping is performed assuming a formulation 

based upon the energy absorption of the mooring line during one complete 

cycle at the lowest frequency component of an oscillation. For example, if 

harmonic HF or LF line oscillations are specified the damping is calculated over 

a single complete period of oscillation, as described by

b= (10.15)
I n  amp

where r  is the period of oscillation, £ „  représentes the energy dissipated by the 

line and amp is the oscillation amplitude.

However if bi-harmonic motions are required the damping is calculated over a 

single LF period of motion using

*>=—T^®-T' (10.16)
2 ;r^ampd

where and ampj are the LF oscillation period and amplitude respectively. 

Equations 10.15 and 10.16 are further described in section 3.2.2.



241

10.3 Comparison of numerical model, ISSC and experimental results

This section discusses the results of the numerical model applied to those obtained 

from the ISSC TD models. Also included in the presented data are results from the 

experimental tests at 1:70 and 1:17 scale.

Numerical model data presented in this section have been generated for a single 

chain catenary mooring line in 82.5m water depth. The mooring line is equivalent to 

that of the shallow water ISSC study mooring line, the characteristics of which are 

presented in table 10.1.

From the tuning discussion of section 10.2.3.1, for this type of mooring line at 52° 

pre-tension angle, the vertical height of the reference position above the seabed for 

line damping prediction is 0.22 (18.5m/82.5m). For mooring line tensions the height 

of the reference position is 0.15 (12.8m/82.5m). These reference positions are used 

for all specified line oscillations to give predictions of line loading.

10.3.1 Damping predictions

Figure 10.5 presents damping results for the numerical model, ISSC TD models 

and experimental data at 1:70 and 1:17 scale. The results indicate that the 

numerical model, tuned to the mean ISSC TD damping value for bi-harmonic base 

case oscillations (test 1.1), provides damping predictions that are within the range 

of TD submissions for all ISSC oscillation parameters, as indicated by TD error 

bars.

Damping data for line oscillations with HF component presented in figure 10.5 are 

normalised with the respective TD mean damping values for each test and 

presented in figure 10.6. These normalised data are also presented in table 10.2 

where, as in figure 10.6, a value of unity indicates that the damping is equivalent to 

that of the ISSC TD mean. As dynamic effects are small for LF oscillations of tests

2.1 to 2.4, normalised damping data are highly sensitive and have therefore been 

removed from figure 10.6. In addition, because of reduced confidence in the 1:70 

scale damping results these data have also been omitted from figure 10.5,10.6 and 

table 10.2.

Figures 10.5 and 10.6 provide an indication of the robust nature of the numerical 

model in its ability to predict damping data for a range of oscillation parameters with 

equivalent accuracy to TD methods. Moreover, from table 10.2 the numerical model
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damping is shown to be within 20% of the TD mean for test cases 1.1 to 4.1. 

Although the numerical damping prediction is 37% lower than the TD mean for test

4.2 it is noted that the minimum TD prediction is 60% lower than the TD mean. 

Furthermore, the numerical model result agrees closely with the experimental value 

from the 1:17 scale tests.

In addition, the discussion of experimental results in chapters 8 and 9 indicates that 

dynamic amplification of tension occurs only for oscillations were the HF component 

oscillation period is less than 0.70 (12.8 sec/18.2 sec). The oscillation period of test

4.2 is 0.71(13 sec/18.2 sec) and suggests that the influence of dynamic tension 

amplification on the line response is smaller. This reflects a reduction in the 

hydrodynamic loading of the line and hence damping. Thus for test 4.2, the 

numerical model damping prediction appears to follow the trend of experimental 

data and indicates the ability of the numerical procedure to correctly model the 

physical response of line. This modelling strength is also shown in the discussion of 

numerical model indicator diagrams in section 10.3.3.

10.3.2 Tension predictions

Numerical results for line dynamic tension together with ISSC and experimental 

data are presented in figure 10.7. For all line oscillations the numerical model 

prediction of tension is shown to lie within the error bars of the ISSC TD models.

Figure 10.8 presents dynamic tension data for the numerical and experimental 

models normalised with respect to the mean of the ISSC TD results for each test. A 

value of unity in figure 10.8 indicates that the numerical model predicts identical 

dynamic line tension to that of the mean of TD methods. Again harmonic LF 

motions are not plotted, because the small levels of hydrodynamic loading induce 

low hydrodynamic line forces, which cause normalised results to be extremely 

sensitive. Table 10.3 provides tabulated data corresponding to results from 

oscillations with a HF component presented in figure 10.8.

Figure 10.8 indicates good agreement between the mean of ISSC TD results and 

that of the numerical model. Indeed with the exception of test 4.2 tension data are 

generally within 30% of the TD mean. The numerical model prediction for test 4.2 is 

within 40% of the TD mean, and has a closer correlation with the TD mean than for 

the minimum TD value, which is considerably lower.
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As discussed earlier the dynamic line tension amplification is noticeable for 

oscillation periods of less than 0.70 (12.8 sec/18.2 sec). The oscillation parameters 

of test 4.2 (HF amp/H = 0.07, T/Tp = 0.71) border this condition and suggest that 

limited dynamic amplification occurs. If there is no dynamic amplification QS 

analyses could be employed to predict line tensions. Hence the numerical model 

tension prediction agree with the values derived from the experimental results.

10.3.3 Indicator diagrams

Indicator diagrams generated from the output of the numerical model are presented 

in figures 10.9 to 10.11 for LF, HF and bi-harmonic oscillations respectively. Also 

presented are diagrams from the 1:17 experimental model tests for identical 

oscillations, presented previously in figures 7.5 to 7.7.

The strength of the numerical model, in its ability to calculate appropriate damping 

values, may be seen from the close resemblance of the hystereses for experimental 

and numerical data. Note that both the numerical and experimental data are plotted 

in the figures using the same horizontal and vertical axes scales. The similarity 

between hysteresis shape, tension magnitudes and locations at which the tension 

peaks occur is noticeable.

Indeed, despite the numerical model being relatively simple in nature it is capable of 

predicting that the catenary profile will be lost over the part of the oscillation cycle 

during which the oscillator is moving in the direction of a relaxing stroke, as 

indicated in figures 10.10 and 10.11. The profile of the hysteresis over the marked 

part of the cycle indicates tension values significantly lower than the equivalent 

static catenary tension. The experimental data of figures 10.10 and 10.11 do 

however indicate that the catenary profile is lost over a somewhat greater 

proportion of the oscillation cycle than that predicted by the numerical model.

10.4 Influence of pre-tension on numerical model results

The above section refers to a line at 52” pre-tension angle for which established TD 

values are available. Established TD values are not available for the tuning of the 

numerical model reference position at pre-tension angles of 58° and 44”. For this 

reason the mooring line reference positions are tuned to 1:17 experimental results. 

The tuning procedure is similar to that followed for the 52” pre-tension case. Table
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10.4 presents the vertical height of the reference position on the line at each pre

tension angle for both damping and tension tuning.

As discussed in chapter 9, it is acceptable to use QS analyses to predict line 

tensions for LF large amplitude oscillations. It is noted that QS analyses are not 

capable of calculating line damping. In chapters 8 and 9 it has been shown that 

whilst damping for LF oscillations of amplitude 0.12 (10m/82.5m) is small, the 

experimental measurement of damping from large amplitude LF oscillations 

requires further work. The presented results for variation of pre-tension angle do not 

therefore include data for LF harmonic oscillations.

Figures 10.12 and 10.13 present non-dimensional damping and dynamic tension 

results for HF harmonic oscillations with oscillation amplitude 0.07 (5.4m/82.5m) 

and period 0.55 (10 sec/18.2 sec) at each of 58°, 52° and 44° initial pre-tension 

angles. The presented data also include the ISSC TD mean value at 52°.

In figure 10.12 the agreement of damping data for the numerical model, ISSC and 

1:17 experimental results is within 10% for 58° and 52° pre-tension. At 44° pre

tension the numerical model predicts 50% less damping than that measured 

experimentally. For this HF oscillation, attempts were made to retune the model for 

closer agreement with experimental data, however this was not successful. The 

numerical model thus requires further work for HF damping predictions at low pre

tension angles.

In figure 10.13 the numerical model predictions appear to follow the trends of the 

data to which the model is tuned. For example, from figure 10.13 the numerical 

model is within 20% of experimental data at 58° and 44° and within 30% of the TD 

mean at 52°.

Figure 10.14 presents non-dimensional damping results for the TD mean, 1:17 

scale model and numerical model for tests 1.1 and 4.1, representing a variation .in 

the HF component line oscillation amplitude. Figure 10.15 provides equivalent data 

for tests 1.1 and 4,2, representing a variation in the HF component oscillation 

period. It is noted that the base case bi-harmonic oscillation (test 1.1) consists of a 

LF oscillation of amplitude 0.12 (10m/82.5m) and period 5.50 (100 sec/18.2 sec) 

with HF oscillation amplitude 0.07 (5.4m/82.5m) and period 0.55 (10 sec/18.2 sec). 

In tests 4.1 and 4.2 the amplitude and period of the base case HF component are 

respectively amended to 0.10 (8.0m/82.5m) and 0.71(13 sec/18.2 sec).

From figure 10.14 the numerical model and experimental damping values are 

generally within 25% and show equivalent trends. In figure 10.15, the experimental
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and numerical damping results show a similar trend of increasing line damping as 

the pre-tension angle is reduced. However, at 44° pre-tension angle the deviation 

between experimental and numerical models is greatest. Again this signifies the 

requirement for further development of the model at low pre-tension angles.

Similarly structured to figures 10.14 and 10.15, figures 10.16 and 10.17 present 

non-dimensional dynamic tension data for bi-harmonic oscillation tests 1.1 and 4.1, 

and 1.1 and 4.2. A value close to zero in figures 10.16 and 10.17 indicates that the 

hydrodynamic loading on the line is negligible and line tensions may be derived 

from QS analyses.

In figures 10.16 and 10.17 the tension results of the numerical model appear to 

deviate considerably from, and display differing trends to, experimental data. 

However it is important to note that the numerical model has been tuned to 

experimental tension data at 58° and 44°, and mean TD tension data at 52°. 

Therefore, as the ISSC TD mean dynamic tension values at 52’ are larger than the 

experimental results for equivalent oscillations at 44° the numerical model results 

reflect this variation in tension data. Moreover, the results of figures 10.16 and 

10.17 show the versatility in the numerical model in its ability to retain accuracy with 

respect to tuning characteristics. For example, from figure 10.16 the numerical 

results are within 10% of the experimental data at 58° and 44° pre-tension angles. 

Although the TD mean tension values at 52° are greater than the experimental data 

for equivalent oscillations at 44°, the model tuned to 52° results retains its close 

correlation to the 52* pre-tension angle data.

The small non-dimensional dynamic line tension results for the 1:17 model at 44° 

pre-tension, shown in figures 10.16 and 10.17, are due to the significant static line 

tensions induced by large excursions about the low pre-tension angle. Application 

of these static, and derived, data to equation 8.3 results in artificially small non- 

dimensional dynamic tension values, as discussed in section 9.1.

10.5 Numerical model sensitivity

This section presents a sensitivity analysis of the numerical model to the spatial 

discretization used in the initial look-up table and the magnitude of the time 

increment used within the time stepping routine.
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10.5.1 Pre-tension angle spatial discretization

The look-up table is generated for linear increments of pre-tension angle between 

the user-defined minimum and maximum angles. This results in a non-linear 

increase in line characteristics as the pre-tension angle reduces.

In the dynamic code, the excursion of the suspension point is calculated at each 

time step for which line tension data is required by interpolation of the look-up table. 

As described earlier, the QS look-up table is derived with respect to linear 

increments of pre-tension angle, hence as the pre-tension angles become small the 

incremental steps in line tension data become increasingly large.

Figures 10.18 and 10.19 present line tension and damping data respectively for 

variable reference position locations on the line for angular increments of 0.25*, 0.5° 

and 2° applied in the generation of the look-up table. Line data are derived in these 

figures for a bi-harmonic oscillation represented by test 1.1. The agreement 

between each of the three curves in figures 10.18 and 10.19 indicates that the use 

of cubic spline interpolation, rather than linear interpolation, removes the need for 

small angular increments within the generation of the look-up table.

10.5.2 Time step increment

For the desired sinusoidal oscillation of the line suspension point, the excursion of 

the line top end is calculated for a user defined number of time steps. If the 

increment of time is too large there will be an insufficient number of data points to 

represent the oscillatory motion and the resulting discrete numerical representation 

will be an alias of the desired oscillation. However, if the time step increment is very 

small, although the accuracy of the model is improved, the time taken to complete 

the analysis will be significantly increased. Therefore, the relevant time increment 

must be sufficiently small to create a representative discrete motion picture but 

large enough not to impede the model efficiency.

The base case bi-harmonic oscillation, test 1.1, is used to assess the numerical 

model sensitivity to time step increment. Figures 10.20 and 10.21 present line 

tension and damping data for varying reference point location on the mooring line 

with time step increments ranging from 0.1 to 2.0 seconds. The figures indicate that 

tension and damping predictions are effectively independent of the time step for 

increments less than 0.5 seconds.
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Within all numerical model analyses performed the time step increment employed is 

0.1 seconds. The nature of the numerical model is such that the efficiency is not 

unnecessarily compromised by the use of this small time step.

10.6 Conclusions

This chapter has discussed the development of a new, efficient and robust mooring 

line loading model. The model is based upon a time domain analysis procedure and 

has been shown to have comparable accuracy to TD methods for all oscillation 

parameters considered. From the discussion presented in this chapter the following 

conclusions for the numerical model may be made:

• For all line oscillations, about a pre-tension angle of 52”:

• Damping predictions are shown to have comparable accuracy with the ISSC 

TD models.

• For oscillations with a HF component numerical damping predictions are 

generally within 20% of the ISSC TD mean.

• For bi-harmonic motions with a HF oscillation period of 0.71, the 

experimentally derived hydrodynamic line loading is relatively small. This is 

mirrored by the numerical damping which is within 5% of the experimental 

value. The numerical damping model is hence shown to accurately model 

the line physical response.

• Hysteresis curves produced using the numerical model are qualitatively and 

quantitatively similar to the experimental hystereses. This similarity extends 

to the prediction of a loss of catenary profile during high frequency 

oscillations.

• Tension predictions using the tuned model have comparable accuracy to 

ISSC TD models.

• HF and bi-harmonic tension predictions are generally within 30% of the TD 

mean dynamic tension.

• Bi-harmonic tension results for oscillations with HF period greater than 0.70 

reflect the reduced level of hydrodynamic loading observed in experimental 

tests. This indicates the strength of the numerical procedure to model the 

actual line response.
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Varying the pre-tension angle requires the numerical model to be re-tuned. For 

58° and 44° pre-tension angles the model is tuned to 1:17 scale experimental 

damping and tension corresponding to a bi-harmonic line oscillation. The robust 

nature of the model enables it to replicate experimental tension and damping 

results for all line oscillation parameters and display equivalent trends to those 

observed from the experimental work. It is however noted that the prediction of 

line damping for oscillations about low pre-tension angles requires further work.

The numerical model is extremely efficient. Although an initial tuning of the 

model is required from established numerical codes, once complete the model 

operates as an efficient time domain code. For example the time required to 

complete tension and damping predictions for the ten ISSC validation cases is 

less than 10 seconds using an AMD-K6 CPU running at 300MHz.
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Numerical model input data Value

Water depth, H 82.5m

Line diameter, D 0.14m

Line length (unstretched), Lg +Siy 711.3m

Line weight in water, w 3202 N/m

Line axial stiffness, EA 1.69x10®

Line datum pre-tension angle 52°

Normal drag, Cd„ 3.2

Tangential drag, Q t 0.6

Normal added mass, 0^^ 1.6

Tangential added mass. Cat 0.2

Table 10.1 -  User defined dynamic coefficients required for input 
to numerical model.



250

Test number

Data normalized witf 
mean d

1 respect to ISSC TD 
amping

Numerical model 1:17 model

1.1 0.95 0.65

3.1 0.91 0.84

4.1 1.18 0.89

4.2 0.63 0.57

Table 10.2 -  Numerical and experimental model damping predictions 
normalised with respect to ISSC ID  damping mean.

Test number

Data normalized with respect to ISSC TD mean 
dynamic tension

Numerical model 1:70 model 1:17 model

1.1 0.83 0.64 0.31

3.1 1.30 1.13 0.47

4.1 1.00 0.48 0.76

4.2 0.60 0.33 0.24

Table 10.3 -  Numerical and experimental model dynamic tension 
predictions normalised with respect to ISSC TD dynamic 
tension mean.

Pre-tension
angle

Vertical height of reference position (zp/H)

Damping tuned Tension tuned

58° 0.36 (30m/82.5m) 0.36 (30m/82.5m)

52° 0.22 (18.5nV82.5m) 0.15 (12.4m/82.5m)

44° 0.24 (20nV82.5m) 0.24 (20m/82.5m)

Table 10.4 -  Vertical height of reference position above sea floor for 
damping and tension prediction tuned numerical model.
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Anchor
Height of reference 
position above seabed,
Zp ̂  on datum line at 
time zero

Figure 10.1 -  Schematic profile of the mooring line at the datum (solid line) and 
at the minimum/maximum excursion (broken line) during an 
oscillation.
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Figure 10.2 -  Tuning diagram for line reference position height above sea floor 
for numerical damping model (Legend entry BH indicates bi
harmonic oscillation).
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Figure 10.3 -  Tuning diagram for line reference position height above sea floor 
for numerical tension model (Legend entry BH indicates bi
harmonic oscillation).
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Figure 10.4 -  Forces acting on the line during a tensioning stroke of the
oscillation.
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Figure 10.5 -  Non-dimensional damping data for ISSC TD, experimental and 
numerical model. (Legend entry Expt indicates results of 
Wichers & Huijsman (1990))
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Figure 10.6 -  Normalised non-dimensional damping data for experimental 
and numerical models with respect to the ISSC TD model 
mean.

Test
number

Non-dimensional oscillation parameters Test
number

Non-dimensional oscillation parameters
LF amp LF prd HF amp HF prd LF amp LF prd HF amp HF prd

1.1 0.12 5.50 0.07 0.55 2.4 0.24 11.00 X X
2.1 0.12 5.50 X X 3.1 X X 0.07 0.55
2.2 0.24 5.50 X X 4.1 0.12 5.50 0.10 0.55
2.3 0.12 11.00 X X 4.2 0.12 5.50 0.07 0.71
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Figure 10.7 -  Non-dimensional dynamic tension data for ISSC TD, 
experimental and numerical model.
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Figure 10.8 -  Normalised non-dimensional dynamic tension data for 
experimental and numerical models with respect to the 
ISSC TD model mean.

Test
number

Non-dimensional oscillation parameters Test
number

Non-dimensional oscillation parameters
LF amp LF prd HF amp HF prd LF amp LF prd HF amp HF prd

1.1 0.12 5.50 0.07 0.55 2.4 0.24 11.00 X X
2.1 0.12 5.50 X X 3.1 X X 0.07 0.55
2.2 0.24 5.50 X X 4.1 0.12 5.50 0.10 0.55
2.3 0.12 11.00 X X 4.2 0.12 5.50 0.07 0.71
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Figure 10.9 -  Indicator diagrams of numerical and experimental model 
LF oscillations (amp/H = 0.12, T/Tp = 5.50).
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Figure 10.10 -  Indicator diagrams of numerical and experimental
model HF oscillations (amp/H = 0.07, T/Tp = 0.55).
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Figure 10.11 -  Indicator diagrams for numerical and experimental 
model bi-harmonic oscillations (HF amp/H = 0.07, 
T/Tp = 0.55).
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11 Conclusions and recommendations

This chapter presents the primary conclusions from the thesis and suggests 

recommendations for future development of the work. Section one emphasises the 

new work presented in the thesis. Section two discusses the experimental 

modelling of mooring lines. Sections three and four give the key conclusions from 

the experimental measurements and numerical model. Section five concludes with 

suggested further development of the experimental work and numerical model.

11.1 Mooring line model

The characteristics of one mooring system are entirely independent from another, 

as discussed in chapter 1, hence a general statement regarding mooring line 

response cannot be made. Analytic representation of mooring system response, 

without recourse to numerical simulation, is not possible but may be approximated if 

restrictive assumptions are made regarding the line oscillation characteristics. To 

date investigations of mooring systems have therefore employed experimental and 

numerical analysis techniques.

Chapter 2 reviews previous work performed in the field of mooring system analysis 

and indicates that experimental research has primarily been based on the use of 

small scale models to examine combined vessel and line system response. Given 

the complexity of the response it is not possible to extrapolate to moorings of 

differing characteristics and/or line oscillation parameters.

As a result of the limited experimental data in existence numerical analysis 

techniques cannot be validated. Numerical methods are typically represented by 

time and frequency domain methodologies, also discussed in chapter 2. Time 

domain solutions of mooring system response are widely regarded as the most 

accurate numerical analysis procedure. Although the time domain approach is able 

to model system non-linearities appropriately, computational inefficiency restricts 

usage. Frequency domain modelling has the benefit of numerical efficiency, 

however the necessary linearization process compromises accuracy, as the non

linear components dominate the system response for realistic line oscillations as 

described in chapter 3.

Considering the above restrictions that exist for mooring system analysis and the 

limited data available that relates to system response, this thesis is concerned with
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the development of the physical understanding of mooring system behaviour to a 

comprehensive range of line set-up and oscillation conditions. In order to achieve 

these goals new research is presented that employs both experimental and 

numerical modelling of a single chain catenary mooring line.

The presented work is unique for the following reasons.

• Small and large model scale experimental tests are performed for identical 

prototype scale oscillations.

• A new numerical model is developed and compared to experimental data.

• The response of the mooring line to an extensive range of set-up conditions is 

examined using and comparing experimental and numerical tools.

• The dynamic excitation of the line includes both harmonic (low and high 

frequencies) and bi-harmonic (low plus high frequency) oscillations at the

suspension point. The direction of the high frequency component is varied in

the horizontal plane.

• The elastic properties of the line have been varied to examine the influence 

upon the system response.

11.2 Experimental set-up

Chapters 4,5 and 6 present the set-up of the experimental equipment, development 

of the experimental model, and experimental programme respectively.

The modelling of the mooring line has been carried out at two test facilities. Small 

scale tests were performed using a 1:70 scale model mooring line at University 

College London. Large scale tests were performed in Spain at the Canal de 

Experincias de Hidrodinamicas de El Pardo using a 1:17 scale model mooring line. 

At each of the test facilities identical prototype set-up and oscillation conditions 

were applied to the line. From the results generated the following conclusions may 

be derived.

11.2.1 Scaling analysis

Due to the small static and dynamic forces measured on the 1:70 model mooring 

line a scaling procedure has been used that enables static similarity to be achieved 

without true geometric scaling. The procedure includes an analysis of the oscillation
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periods at 1:70 scale to ensure that dynamic similarity is achieved. The 1:17 model 

is scaled following a geometric scaling methodology.

Comparison of tension data for the small and large model scale mooring lines 

indicates that the differing scaling procedures have not compromised the small 

model scale test results. Moreover, although the 1:70 model scale representation of 

the prototype line may appear dimensionally small, this size is typical when 

compared to previous experimental model tests.

11.2.2 Oscillation system

The required excitation of the model mooring line suspension point resulted in the 

oscillation systems at both model test facilities working at their maximum operating 

characteristics.

The large model scale test facility equipment is capable of generating the required 

excitation characteristics with a high degree of confidence. Indeed it is shown that 

the cyclic repeatability of the 1:17 line oscillations over a number of cycles is 

excellent. This repeatability is apparent from the single line trace within the indicator 

diagrams generated for a number of oscillation cycles. One quarter of tests 

performed at 1:17 scale were repeated twice. Agreement between results for these 

repeated tests is within 10%.

Confidence in the ability of the 1:70 model scale oscillation system to produce 

results with an equivalent level of repeatability is however reduced. The tests 

performed at this scale were each repeated three times. Tension data for these 

repeated tests are generally within 25% of each other. The agreement in damping 

results does not however exhibit similar levels of consistency. This is due to the 

poor cyclic repeatability of the 1:70 oscillation system.

During the testing of the 1:70 scale line attempts to improve the quality of the 

oscillation system included structural modifications to the test tank, and numerical 

code development for both the control of the exciting mechanism and the analysis 

of experimental data. These actions ensured the good quality of tension 

measurements, however because the excitation mechanism is forced to operate 

over a frequency range that is close to its maximum ability the tension history is of 

insufficient quality to provide a quantitative assessment of the line damping.
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11.2.3 Elasticity and grounded line interference

The model and prototype scale mooring lines are metallic structures with equivalent 

material properties. At model scales the elastic modulus of the line is significantly 

greater than the necessary scaled prototype value. Unless this is accounted for 

within the experimental set-up the model line will respond as an effectively inelastic 

line. Tension and damping results for inelastic lines can be, erroneously, of 

significantly greater magnitude than for an elastic line. Experiments at both model 

scales have therefore included the influence of line elasticity.

The modelling of line elasticity is discussed in chapter 5. The appropriate modelling 

of mooring line elastic properties at model scale is an area that requires future 

development.

11.3 Experimental results

This section discusses the experimental results of both large and small scale 

mooring line models. The experimental measurements for a set-up condition of 52° 

pre-tension angle are presented and compared with ISSC data. This is followed by 

a discussion of the influence of initial pre-tension angle on line tension and damping 

results. The section also includes a review of the 1:17 model scale line response to 

out of plane excitation.

11.3.1 Mooring line initial pre-tension angle of 52°

Chapter 7 discusses the measured tension and damping results compared to the 

numerical data from established methodologies submitted to the ISSC mooring line 

study. Chapter 8 leads on to discuss the measured results from experiments 

performed for a line of identical pre-tension angle but subject to a wider range of 

oscillation parameters.

The key conclusions from the measured data are as follows:

• Experimental line tension and damping data, for both large and small model 

scale tests correlate more closely with time domain, than frequency domain, 

model contributions to the ISSC study.

• Error bars are used to indicate the spread of time and frequency domain model 

contributions to the ISSC study. Experimentally derived data have been shown
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to generally lie within the error bars of time domain methodologies and may be 

considered as generally validated against these models.

• The experiments indicate that dynamic tension data for low frequency 

oscillations may be adequately approximated using a quasi-static analysis 

procedure. This procedure will not however be able to predict mooring line 

damping. For low frequency harmonic motions of oscillation amplitude 0.12 

(10m/82.5m) the damping is shown to be small. If this amplitude is doubled, 

experimental measurements indicate that damping could be significant. Some 

time domain numerical contributions to the ISSC study also predict this. 

However the experimental uncertainty in these data is noted.

• For low frequency line oscillation periods in the region of, and below, 0.70 (12.8 

sec/18.2 sec) dynamic amplification of line tension occurs because 

hydrodynamic line loads become significant. For oscillation periods greater 0.70 

the hydrodynamic line loading is relatively small and line tensions may be 

approximated using quasi-static analysis.

• Dynamic tension values for high frequency harmonic and bi-harmonic line 

oscillations exceed those calculated by quasi-static methods by up to 60% and 

70% respectively.

The large dynamic tension generated by small amplitude high frequency line 

oscillations, compared to that from the bi-harmonic line oscillations, is possibly 

in part due to the line responding in an approximately inelastic fashion. This is 

because small amplitude oscillations result in a large length of grounded line 

during the motion cycle, which may impede the spring recovery. Impedance of 

the spring system results in larger dynamic line tensions. Alternatively, these 

tension data may be appropriate, and the small difference between harmonic 

and bi-harmonic dynamic tensions is a result of the necessary non- 

dimensionalisation process.

• Damping results show that as the high frequency line oscillation amplitude 

becomes large the line damping from bi-harmonic motions is approximately 

100% greater than that generated by high frequency harmonic line oscillations.

• For bi-harmonic line oscillations the complex line motion is likely to modify the 

fluid environment from that which would occur for a harmonic oscillation. This 

alters the fluid loading characteristics and results in a combined frequency line 

response where
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approximating bi-harmonic line tensions by the summation of independent 

harmonic low frequency and high frequency oscillation data results in 

dynamic line tension predictions that are too small by a factor of up to 5.

- the superposition of out of plane high frequency oscillations on planar low 

frequency motion increases the measured low frequency dynamic tension 

and damping by up to 27% and 300% respectively. This increase in planar 

tension is assumed to be a result of the effective increase in drag area 

presented to the incident flow by the out of plane high frequency motions.

• The use of indicator diagrams is instructive and enables the visualisation of

energy dissipated by the line, and the nature of the line response during an

oscillation to be observed. In particular these diagrams indicate that

- for higher frequency line oscillations there are regions of the oscillation cycle 

over which the line catenary profile is lost.

- as the low frequency oscillation component of a bi-harmonic motion 

approaches maximum excursion the superposed high frequency oscillation 

induces an extreme tension response.

- as the hydrodynamic loading begins to dominate the mooring line response 

there is a shift in location of the line tension peak from that associated with 

maximum line oscillation amplitude toward the datum location, the point 

about which the line top end oscillates.

- when the measured non-dimensional horizontal tension component exceeds 

a value of 10 a distortion of the tension data is observed. Investigation of the 

load time history, and knowledge of the operating limits of the load sensors, 

has eliminated the possible cause of the distortion being from load cell 

failure. Line response is believed to be the cause of the distorted data but 

this requires further investigation.

11.3.2 Mooring line initial pre-tension angle of 58° to 44°

Chapter 9 discusses the influence of the line pre-tension angle on the mooring 

response when excited at oscillation parameters identical to those of chapter 8. The 

increase in suspended line length as the pre-tension angle is reduced causes a 

significant rise in dynamic tensions and damping results. This is because of the 

larger lengths of suspended line subject to hydrodynamic loading. The key 

conclusions from the measured data are as follows:
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For low frequency harmonic oscillations the dynamic line tension response is 

small and independent of initial pre-tension angle. These line tensions may be 

adequately approximated using quasi-static analysis procedures. Quasi-static 

models are however unable to predict mooring line damping.

For large amplitude low frequency oscillations at 58° pre-tension angle the 

measured line damping is small. However, at 44° pre-tension angle the 

measured line damping is shown to exceed that for some bi-harmonic motions. 

Further work is required to investigate the damping associated with these types 

of oscillation, as it is presently unclear if this is due to true hydrodynamic loading 

of the line, or inflation of the energy dissipated as a result of frictional 

interference on the grounded section of line.

For high frequency and bi-harmonic oscillations, reducing the initial pre-tension 

angle from 58° to 44° results in an increase of dynamic line tensions 

respectively of the order of 17 and 5.

The damping response increases by 8 and 10 times for high frequency and bi

harmonic oscillations respectively, over the pre-tension angle range from 58° to 

44°.

For bi-harmonic oscillations, reducing the pre-tension angle results in a large 

increase in fluid loading on the line. In particular, this is shown by the change in 

planar tension and damping when out of plane high frequency motion is 

superposed on a low frequency harmonic oscillation. The measured dynamic 

tension and damping values exceed those for the planar low frequency motions 

by 40% and greater than 300% respectively.

Indicator diagrams show that as the pre-tension angle is reduced the response 

of the line develops with a total loss of catenary profile over a greater proportion 

of the oscillatory motion. During the relaxing stroke of the oscillator, in a 

direction where the suspended line length is reduced, the hydrodynamic line 

loading prevents the line from falling under the action of gravity into its natural 

catenary shape. This leads to a length of line in a free fall trajectory that is 

rapidly recovered as the oscillator changes direction to a tensioning stroke.

A harmonic analysis of the line response has been performed. This employs a 

discrete Fourier analysis to determine the magnitude of frequency components 

of the line response. The analysis shows that, as the initial pre-tension angle is 

reduced, the recovery of the free falling line leads to a significant increase in the
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tension component at twice the frequency of excitation, termed a second 

harmonic tension response. For example, reducing the pre-tension angle from 

52“ to 44“ increases the strength of the second harmonic from 26% to 37% of 

that of the first harmonic.

11.4 Numerical model

Chapter 10 presents the development of a new mooring line model that 

approximates a time domain based dynamic analysis code. The model is presently 

limited in application to a single line type and oscillation direction. Although the 

model must be tuned with established experimental or numerical data, its ability to 

efficiently predict mooring line loads with comparable accuracy to established 

numerical methodologies is of considerable benefit to the offshore industry. The 

tuning need only be performed for a single bi-harmonic line oscillation.

At a specific site, a mooring system will typically consist of a number of lines of 

similar material construction and pre-tension. As each of these lines will require a 

numerical analysis to determine line tension and damping data, for a wide range of 

line oscillation parameters, the initial tuning requirement of the model is not 

onerous.

Given the time constraints for completion of this work the model is presently a first 

generation model but has shown potential for future development. Key conclusions 

relating to the structure and operation of the current model are presented below.

• For oscillations about a pre-tension of 52“, the model is tuned to time domain 

damping and tension data for the ISSC chain mooring line in 82.5m water 

depth. The tuned parameters are used as input data for all subsequent line 

loading predictions irrespective of the line oscillation parameters. The results 

indicate that:

- for harmonic low frequency line oscillations damping is small.

- for harmonic high frequency line oscillations damping is within 20% of the 

ISSC time domain mean results.

- for bi-harmonic line oscillations damping predictions are generally within 

20% of the time domain mean results. However, when the high frequency 

component oscillation period is greater than 0.70 the fluid line loading is 

relatively small. For this oscillation case the damping prediction is within
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40% of the ISSC time domain mean, but well within the range of time 

domain damping contributions.

- The strength of the model to replicate the physical line response is shown in 

indicator diagrams that compare experimental and numerical hystereses. 

These show excellent similarity in profile shape, tension magnitudes and 

locations of peak tensions.

All dynamic tension predictions are within the bounds of time domain 

numerical model contributions to the ISSC study.

Low frequency line oscillation dynamic tension results are of small 

magnitude and in good agreement with ISSC time domain mean and quasi

static results.

- High frequency line oscillation tension data are generally within 30% of the 

ISSC time domain mean values.

Bi-harmonic line oscillation tension data are generally within 30% of the 

ISSC time domain mean values. Bi-harmonic line oscillation tension 

predictions with high frequency oscillation period greater than 0.70 (12.8 

sec/18.2 sec) follow the trends indicated by experimental results. For these 

oscillation parameters the hydrodynamic loading on the line is relatively 

small, a trend indicated in the numerical prediction.

• For line oscillations about pre-tension angles of 58° and 44° the model is tuned 

to respective tension and damping data from the 1:17 scale experimental 

model. Using the appropriate reference position heights, for each of these 

oscillation pre-tension angles, damping and tension predictions are shown to be 

generally within respectively 30% and 20% of experimental results.

11.5 Recommendations for future development

From the work conducted in this thesis the following recommendations are 

suggested for future development.

• The catenary chain mooring line modelled in this thesis represents an ideal 

base case system for the development of the understanding of mooring line 

response. A line of such continuous single material structure may however only 

be employed in shallow waters, and therefore the understanding of line 

response in deeper waters needs further consideration.
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A suggested development of the mooring line experiments is to include model 

lines of mixed material structure. For example modelling chain-wire lines that 

are subject to equivalent line oscillation parameters enables the work presented 

in this thesis to be expanded to include lines employed in deeper waters.

The line oscillation parameters are comprehensive and improve the 

understanding of mooring line physical response. An extension of this would be 

to model random period oscillations that are representative of realistic sea 

states.

The positional errors induced by high frequency oscillation of small model scale 

excitation systems may be improved by the structural modification of the 

carriage drive system and other methods. For example, similar high frequency 

oscillations were performed at large scale using a linear table assembly that 

employed a screw-thread type drive system. Presented results from the large 

model scale tests indicate that such a drive mechanism is ideal. The 

modification of the small scale carriage system to incorporate a linear table 

excitation system would significantly raise confidence in the ability to accurately 

produce high frequency motions at smaller model scales.

The experimental modelling of mooring line elasticity in scale models is of 

importance. For model lines that employ line elasticity mechanisms housed at 

the line-anchor termination, operation may be hindered by frictional interference 

with the test facility floor on grounded sections of line.

A suggested improvement is to include an anchor load sensor at the line-anchor 

termination and replace the spring assembly with an active winch system. A 

friction coefficient for the tank floor may be derived from the deviation in anchor 

load from output of load cells at the suspension and anchor points.

Additionally, to overcome the frictional interference of the line on the spring 

assembly the winch may be servo-controlled to ensure an approximately 

constant friction coefficient. The friction coefficient required could also be a user 

input to the winch control system. For example, by continuously monitoring the 

horizontal tension at the suspension and anchor points, within a control loop, 

the winch may unwind line to simulate its extension and appropriately recover 

the extended line during the relaxing stroke of the oscillator. This type of active 

system would remove experimental uncertainty regarding the recovery of the 

spring system during line excitation.
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The numerical model is a first generation time domain approximation for the 

prediction of mooring line tension and damping. The results of the model have 

shown that is has considerable promise. It is however subject to a number of 

restrictions. Suggested further development of the model includes:

- prediction of line loading for out of plane oscillations. The model is presently 

restricted to oscillations in the plane of the static line suspension. This would 

require additional tuning to experimental data for out of plane oscillations.

- dynamic line elongation. The elastic properties of the mooring line are 

presently only accounted for in the quasi-static analysis. For large amplitude 

high frequency oscillations the dynamic amplification of line tension will be 

significant and lead to elongation of the line. An improvement to the 

numerical model is to therefore include a form of dynamic elasticity.

- oscillation parameters. The present numerical model assumes that the 

excitation of the line at the suspension point is sinusoidal and consists of 

either harmonic or bi-harmonic frequencies. A further development of the 

model is to include random line excitations in both horizontal and vertical 

planes to represent those induced by a realistic sea state.
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Appendix A - 1  Experimental data process code

THIS PROGRAM IS USED TO PROCESS DATA FROM UCL AND CEHIPAR.

Neil Kitney 
25 December 1999

%
%
% Author
% Date
% Mod
%

close all; clear all;

dbstop if error; 
dbstop if warning;

% WATER DEPTH 
H = 82.5;

gravity = 9.80665;

% NATURAL PERIOD OF PENDULUM OF LEGNTH EQUIVALENT TO WATER DEPTH  
Tpend = 2*pi*sqrt(H/gravity);

% Scale Factors
E=16.5;
SI=E;
Sw=272.1;
Sf=Sw*SI;
St=4.24;

% THIS SWITCH ENSURES CORRECT OUTPUT FILES ARE WRITTEN

hline=zeros(5,14,3,3); % SWITCH TO ENSURE TITLE IN SUMMARY FILE IS W RITTEN ONCE

% Load input data file name and parameters

nam2=[];
num2=[j;

nam1=input(’Enter name of file for containing data for analysis ’,’s’);

pdat=[nam1 ’.dat’];

infodata=fopen(pdat,’r’);

junki = fgetl(infodata); % Line of info regarding Input 

% Line of date info
linel = fgetl(infodata); % Line of info regarding Input

% Converts date text into character string 
datea=strvcat(line1);

junk2 = fgetl(infodata); % Line of info regarding Input 

% DIRECTORY INFO
Iine2 = fgetl(lnfodata); % Line of info regarding Input

% CONVERTS DIRECTORY INFO INTO CHARACTER STRING  
direct=strvcat(line2);

% OPEN DIRECTORY AND READ IN APPROPRIATE FOLDER/FILE NAMES

a1=[direct];
a2=[dir(a1)];
asize=size(a2);
alen=asize(1);

for b=3;alen; % START OF FIRST INNER FOR LOOP - OPEN NEXT DIREC  
if getfield(a2(b),'isdir’) ==1.0
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bname=getfield(a2(b) ,’name') ;
if double(bname(5))== 48.0 | double(bname(5))== 49.0 | double(bname(5))== 53.0
b1=[direct,bname]:
b2=[dlr(b1)]:
bsize=size(b2);
blen=bsize(1):

for d=3:blen % START OF OPEN *.DAT FILES (d LOOP)

% if getfield(b2(d),’isdir’) == 0.0;

dname_1 =getfield(b2(d),’name’); 
if double(dname_1(length(dname_1)-2))== 97.0 | 

double(dname_1 (length(dname_1)-2))== 65.0
testdat=[a1, bname.V. dname_1]; 
infodat=fopen(testdat,T); 
nam21en=length(dname_1 ); 
nam2=(dname_1 (1 :(nam2len-4)))

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

filine_a = 0.0; hline_b = 0.0; hline_c = 0.0; hline_d = 0.0; 
clear samp

junki a = fgetl(infodat); % Line of info regarding El pardo file name
junk2a = fgetl( 
]unk3a = fgetl( 
]unk4a = fgetl(

nfodat); % Line of info regarding scale factor 
nfodat); % Line of info regarding water density 
nfodat); % Line of info regarding sample freq

]unk5a = fgetl(infodat); % Line of info regarding number of data points 
junkSa = fgetl(infodat); % Line of info regarding combined motion or not 
junk7a = fgetl(infodat); % Line of info regarding wave or drift amp 
junkSa = fgetl(infodat); % Line of info regarding wave or drift period 
junk9a = fgetl(infodat); % Line of info regarding gen info or drift info 
junki Oa = fgetl(infodat); % Line of info regarding gen info or drift info

junki b = strvcat(junk1a); 
junk2b = strvcat(junk2a); 
junk3b = strvcat(junk3a); 
junk4b = strvcat(junk4a); 
junk5b = strvcat(junk5a); 
junkSb = strvcat(junk6a); 
junk7b = strvcat(junk7a); 
junkSb = strvcat(junk8a); 
junk9b = strvcat(junk9a); 
junki Ob = strvcat(junk10a);

Ien4a=lengtfi(junk4b);
Ien5a=lengtti(junk5b);
Ien7a=lengtti(junk7b);
Ien8a=length(junk8b):
Ien9a=length(junk9b): 
len 10a=length(junk1 Ob) ;

samp=str2num(junk4b(len4a-2:len4a)); 
nopts=str2num(junk5b(len5a-4:len5a)); 
biharm=double(junkSb(1 ));

if biharm == 110.0 | biharm =  78.0 ; % ’n’ or ’N’ from not combined 
dramp = 0; 
drper = 0;
waamp = Str2num(junk7b(len7a-4:len7a)); 
waper = Str2num(junk8b(len8a-4:len8a));

if waamp > 0.6
dramp = waamp; waamp = 0.0; 
drper = waper; waper = 0.0; 
end

junki la  = fgetl(infodat); % Line of info regarding units of data 
junki 2a = fgetl(infodat); % Line of info regarding Spanish name

else
dramp = Str2num(junk7b(len7a-4:len7a)); 
drper = Str2num(junk8b(len8a-4:len8a)); 

if drper < 20.0
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end

drper = 23.6; 
end

waamp = Str2num(junk9b(len9a-4:len9a)); 
waper = Str2num(junk10b(len10a-4:len10a));

junki 1a = fgetl(infodat); % Line of info regarding No channels 
junki 2a = fgetl(infodat); % Line of info regarding column names 
junki 3a = fgetl(infodat); % Line of info regarding units of data 
junki 4a = fgetl(infodat); % Line of info regarding Spanish name

dramp = dramp*SI ; 
drper = drper*St ; 
waamp = waamp'S! ; 
waper = waper*St ;

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 7 o % % % % % % % % % % % % % % % % % % % % %

atype=double(strvcat(dname_1(2)));
btype=double(strvcat(dname_1(3)));

sumstorl =[’_summary1 "j; 
sumstor2=[’_summary2’j; 
anstorl =[’_analysed1 ’];

if atype == 97.0 | atype == 65.0
drinc = 0.054; wainc = 0.029; 
direc=['el_Om_sp']; hiine_a=1; 

elseif atype == 98.0 | atype == 66.0
drinc = 0.053; wainc = 0.029; 
direc=[’el_5m_sp]; hline_a=2; 

elseif atype == 99.0 | atype == 67.0
drinc = 0.048; wainc = 0.0275; 

if btype == 105.0 j btype == 73.0
direc=[’el_10m_ns]; hline_a=3;

else
direc=['el_10m_sp'j; hline_a=4;

end
elseif atype == 100.0 | atype == 68.0

drinc = 0.038; wainc = 0.024; 
direc=[’el_15m_sp]; hline_a=5;

end

if dramp > 0.0 & round (waper) == 10.0
filea=['combi_10s]; hline_b=1; 

elseif dramp > 0.0 & round(waper) == 13.0
filea=['combi_13s'j; hline_b=2;

elseif dramp > 0.0 & round (waamp) == 6.0
filea=[’combi_5m_cxf’]; hline_b=3; 

elseif dramp > 0.0 & round(waamp) == 8.0
filea=['combi_8m_cxf]; hline_b=4;

elseif dramp > 0.6 & round(waamp) == 0.0 & round(drper) == 100.0
filea=[’drift_10s]; hline_b=5; 

elseif dramp > 0.6 & round(waamp) =  0.0 & round(drper) == 200.0
filea=[’drift_20s’]: hline_b=6; 

elseif str2num(dname_1 (5)) == 8.0 & round(waper) == 100.0
filea=['drift_10s'j; hline_b=13; 

elseif str2num(dname_1 (5)) == 8.0 & round(waper) == 200.0
filea=['drift_20s'j; hline_b=14;

elseif dramp == 0.0 & round(waper) == 10.0
filea=['wave_10s'j; hline_b=7; 

elseif dramp =  0.0 & round(waper) == 13.0
filea=['wave_13s'j; hline_b=8;

elseif dramp == 0.0 & round(waamp) == 6.0
filea=[’wave_5m_cxf’]; hline_b=9; 

elseif dramp == 0.0 & round(waamp) == 8.0
filea=[’wave_8m_cxf’j; hline_b=10;

elseif hiine_a == 5.0
if dramp == 0.0 & round(waamp) == 3.0

filea=['spec_3m_tmp'j; hline_b = 11;



288

elseif dramp > 0.0 & round(waamp) == 4.0
filea=[’combi_4m_cxf’]: hline_b = 12;

end

end

vector = double(dname_1(length(dname_1)-5)); 
vectorD = double(dname_1 (length(dname_1 )-11 ));

if vector == 120.0 | vector == 88.0
orient = [’00]; hline_c = 1.0; 

elseif vector == 121.0 | vector == 89.0
orient = [’45]; hline_c = 2.0; 

elseif vector == 122.0 | vector == 90.0
orient = [’90]; hline_c = 3.0;

elseif vector == 48.0 | vector == 111.0 | vector == 79.0
if vectorD == 120.0 | vectorD == 88.0

orient = [’00]; hline_c = 1.0; 
elseif vectorD == 121.0 | vectorD == 89.0

orient = [’45]; hline_c = 2.0; 
elseif vectorD == 122.0 | vectorD == 90.0

orient = [’90]; hline_c = 3.0;
end

end

if str2num(strvcat(dname_1 (16))) == 0.0
hline_d = 1.0; 

elseif str2num(strvcat(dname_1 (16))) == 1.0
hline_d = 1.0; 

elseif str2num(strvcat(dname_1 (16))) == 2.0
hline_d = 1.0;

end

output=[direc ’_ ’ filea ’_ ’ orient]; 

if hline(hline_a, hline_b, hline_c, hline_d) == 0.0 

hline(hline_a, hline_b, hline_c, hline_d) = 1.0; 

sumw = [’open ’, output .’.summaryl]

% OPEN SUMMARY OUTPUT FILE

brancha=[’m:\backup\pfid\expts\mooring\analys99\el_processed\’ direc V];

mkdir(brancha, [direc,sumstorl]);

branchb=[brancha,Y, [direc,sumstorl ]];

Sum1=[branchb V output ’.summaryl]; 
fidd 1 =fopen (Sum 1, ’wt’) ;
fprintf(Sum1 ,’%s junki b,’ **Wave motion angle to Drift at ’.orient,’ degrees **’); 
fprintfjsumi ,’%s \n \n ’, [’ ]);
fprintf(Sum1,’%s ’, date, ’. El Pardo test performed Nov-Dee 99, Cut freq 10 Hz. El Pardo Direc e:V,

bname):

fprintf(Sum1,’\n \n  file name amp amp/H actamp period period/Tpend FhMax
FvMax TMax NRG(inst)NRG(lf) zeta(inst) zeta(lf) phase(Tx-Posx deg) amp-

percent(Tx/Posx) Spring-ext ncycle init-ang\n \n’);

end

Sum1=[branchb V output ’.summaryl];

% OPEN ANALYSED OUTPUT FILE

brancha=[’m:\backup\phd\expts\mooring\analys99\el_processed\’ direc V]; 

analys = mkdir(brancha, [direc, anstorl]); 

branchc=[brancha,V, [direc, anstorl]];
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Ana1=[branchc V dname_1(1:16) '.analysedT]; 
fidd=fopen(Ana1 ,’wt’);
fprintf(Ana1 ,’%s 'Junki b,' **Wave motion angle to Drift at '.orient,' degrees **'); 
fprintf(Ana1 ,'%s \n \n
fprintf(Ana1 , ’7oS  ', date, 'El Pardo tests carried out Nov-Dee 99, filtered @ 10Hz. El Pard Direc e:V,

bname);
fprintf(Ana1 .'Analysis for %s \n \n', dname_1 (1:16));
fprintf(Ana1 .Tim e xdist Fh Fv Ftot totvel vel(lf) Fh.V Ffi.VLF
spring-ext raw-fx pret-ang\n \n');

Ana1=[branchc V dname_1(1:16) '.analysed 1’];

7o7o%7o%7o7o7o7o%7o7o%7o7o7o7o7o%7o7o%7o7o7o7o7o%7o7o7o7o7o7o7o7o7o7o7o7o7o%7o7o%7o7o7o%7o%7o7o7o7o7o7o 

7o READ DATA FROM FILES ON CD AND COMMENCE PROCESSING

clear peakh peakv peakt peakp dur intervH p;

% CHECK FOR LATERAL MOTION IDENTIFIERS IN FILE NAME

lateral=0.0;

if hline_c == 1.0
alpha = 0.0; 

elseif hline_c == 2.0
alpha = 45.0*pi/180; 

elseif hline_c == 3.0
alpha = 90.0*pi/180;

end

EI=fscanf(infodat,'%14e %14e %14e %14e %14e %14e %14e %14e %14e %14e %14e %14e %14e\n',[13,inf])';

pcarr = El(:,1 )*SI*-1.0;
pft = El(:,2 )*Sf
pfx = El(:,3 )*Sf
pfy = El(:,4 )*Sf
pext = El(:,5 )*SI;
pfanc = El(:,6 )*Sf;
pactr = El(:,7 )*sr-1.0;
pvcar = El(:,8 )*SI*-1.0/St;
pvact = EI(:,9)*Sr-1.0/St;
pfxvx = EI(:,10)*-1.0*Sf*SI/St;
pfxvd = EI(:,11)*-1.0*Sf*SI/St;
ptria = EI(:,12)*Sf*SI/St;
ptrib = EI(:,13)*Sf*SI/St;

7o Generate time history 
dur=length(pcarr); 
t=1 ;dur;
tim1=(t-1)*1/samp; 
timful =timrst;

% DERIVE DRIFT VELOCITY FOR OSCILLATIONS WHERE ACTUATOR PERFORMS BOTH DRIFT AND
WAVE MOTION

drvel = pvcar;

if hline_b == 1.0 | hline_b == 2.0 | hline_b == 3.0 | hline_b == 4.0 | hline_b =  12.0 ; 
if (dramp + waamp) < 16.5 

if hline_c == 1.0
cutf=2.0/drper;
order=5;
nyq=samp/2;
W=cutf/nyq;
[b,a]=butter(order,W);
drvela=filtfilt(b,a,pvact);
drvel=drvela;

end
end

end

ppxdist = pcarr + (pactr*cos(alpha));
ppveltot = pvcar +  (pvact'cos(alpha));
time = timful;
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ppfh = (pfx*cos(alpha)-pfy*sin(alpha));
ppfv = sqrt(pft.^2-ppfh.'^2);
ppftot = pft;
ppvel = pvcar + pvact*cos(alpha);
ppdrvel = drvel;
ppnrgact = pfxvx;
ppnrgif = pfxvd;
ppext = pext;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% CODE ONLY APPLIES TO STATIC DATA COLLECTION & AVERAGING.

if atype==10.0 
pts=2048;

end

if atype==10.0 

b=1:pts;
Ts=1/samp(z): fs=1/Ts; ts=Ts*(b-1);
Xh=fft(fhone,pts): pwr=Xh.*conj(Xh)/pts; 
frs=(b-1)/pts*fs;
[pw pospw]=sort(pwr): ymax=pw(pts-1); 
nkplot3=figure: pwr1 =2*sqrt(pwr/pts); 
plot(frs,pwr1);axis([0 5 0 2e06]);

% LOCATE PEAKS WITHIN FORCE RECORDS

start = samp*15; % IGNORE THE 1st 15 SECONDS OF DATA DUE TO RAMPING

if hline_b == 1.0 | hline_b == 2.0 | hline_b == 3.0 | hline_b == 4.0 | hline_b == 12.0
ncycle = floor(((dur-start)/samp)/(drper/St))-1 ; 
batch = round(ncycle‘samp*(drper/St)); 
intper = drper; 

elseif hline_b == 5.0 | hline_b == 6.0
ncycle = 3.0;
batch = round(ncycle*samp*(drper/St)); 
intper = drper; 

elseif hline_b == 13.0 | hline_b = -  14.0
ncycle = 3.0;
batch = round(ncycle*samp‘ (waper/St)); 
intper = waper;

elseif hline_b == 7.0 | hline_b == 8.0 | hline_b == 9.0 | hline_b == 10.0 | hline_b =  11.0
ncycle = floor(((dur-start)/samp)/(waper/St))-4; 
batch = round(ncycle*samp*(waper/St)); 
intper = waper;

end

nsamp = start+1 :(batch+start);

-+++++++-H-+++ M ++ I H++++ f+ ♦ <++++++-> ++++4 H-) f+f+4+4 « + I H I kH * +++++++++%++++
%
%
%

DUE TO THE OSCILLATIONS CAUSING PROBLEMS W ITH PEAK IDENTIFICATION  
MUST IMPLEMENT CODE TO IDENTIFY SPECIFIC PEAKS

intervi 1 =round(samp*(intper/St))+1 ;

for p=1 rncycle

[Yxdist.Ixdist]
[YvelLlvel]
[Yfh.Ifh]
[Yfv.Ifv]
[Yftot.Iftot]
[Yext.lext]

xdistpk(p) = 
velpk(p) = 
fhpk(p) 
fvpk(p) 
ftotpk(p) = 
extpk(p) =

Yxdist;
Yvelt;

Yftot;
Yext;

max(ppxdist(start+intervl1 *(p-1 )+1 :p*intervl1 +start)); 
max(ppveltot(start+intervl1 *(p-1 )+1 ;p*intervl1 +start)); 
max(ppfh(start+intervl1 *(p-1 )+1 :p*intervl1+start)); 
max(ppfv(start+intervl1 *(p-1 )+1 :p*intervl1 +start)j; 
max(ppftot(start+intervl1 *(p-1 )+1 :p*intervl1 +start)); 
max(ppext(start+intervir(p-1 )+1 :p*intervl1+start));

Yfh;
Yfv;
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ixdistpk(p) = Ixdist + intervi 1*(p-1)+start;

ivelpk(p) = Ivel + IntervH *(p-1)+start;
ifhpk(p) = Ifh + IntervH *(p-1)+start;
ifvpk(p) = Ifv + IntervH *(p-1)+start;
iftotpk(p) = Iftot + IntervH *(p-1)+start;
lextpk(p) = lext + IntervH *(p-1)+start;

end
xdlstpks = (xdlstpk(1 :ncycle));
velpks = (velpk(1:ncycie)):
fhpks = (fhpk(1:ncycle)):
fvpks = (fvpk(1:ncycle)):
ftotpks = (ftotpk(1:ncycle)):
extpks = (extpk(1 :ncycle)):

txdlstpk = (tlmfui(lxdlstpk(1:ncycle))):
tvelpk = (tlmful(lvelpk(1:ncycle)));
tfhpk = (tlmful(ifhpk(1:ncycle))):
tfvpk = (timful(lfvpk(1 incycle)));
tftotpk = (tlmful(lftotpk(1:ncycie)));
textapk = (tlmful(lextpk(1 :ncycle))):

%++++-H-H-+-H"H-+-H-+4 I I 1 -H'H n  t M I M I+++++++++++++I I I I I I I I +++++++++++++++++
%CALCULATE THE PHASE DIFF BETWEEN THE TOTAL TENSION AND POSITION PEEKS 

for

end

If
13.0

else

end

zzz=1 :length(tftotpk)
If tftotpk(zzz) == 0.0

tftotpk(zzz) = 1.0;
end
If txdlstpk(zzz) == 0.0

txdlstpk(zzz) = 1.0;
end

hline_b == 7.0 1 hllne_b == 8.0 | hllne_b == 9.0 | hllne_b == 10.0
ne_b == 14.0

phase = (mean(bcdlstpk)-mean(tftotpk))*360/waper;

phase = (mean(txdlstpk)-mean(tftotpk))*360/drper;;

pkloc = (mean(xdlstpks)/mean(ppxdlst(lftotpk(1 :ncycle))))*100;

avgfh = mean(fhpks);
avgfv = mean(fvpks);
avgftot = mean(ftotpks);
avgxdlst= mean(xdistpks);
avgext = mean(extpks);

theta = acos(ppfh7ppftot)* 180/pi;

== 110.0 1 bIharm == 78.0 ; % ’n’ or ’N’ from not combined

amp = waamp*cos(alpha);
period = waper;

Inltheta = mean(theta(1:15));

if dramp > 0.0
Inltheta = atan(mean(ppfv(lvelpk(1 :ncycle)))/mean(ppfti(lvelpk(1 ;ncycle))))*180/pi; 
end

if dramp > 0.6*SI
amp = dramp;
period = drper;
end

else
amp = dramp;
period = drper;
inltfieta = mean(theta(1:15))*180/pl;

end
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% REMEMBER ALL VALUES ARE ALREADY AT FULL SCALE

% ISSC METHOD FOR CALCULATING ENERGY INTGRATES FH.LF VEL OVER LF PERIOD

nrg2 = (trapz(ppnrglf(nsamp)))*(1/samp)*St; 
nrg3 = nrg2/ncycle;

% THIS ENERGY IS CALCULATED USING THE INSTANTANEOUS CARRIAGE VELOCITY

nrg2_ins = (trapz(ppnrgact(nsamp)))*(1/samp)*St; 
nrg3_ins = nrg2_ins/ncycle;

if round(amp) == 0.0 
damp_LF = 0.0;
damp_Vel = 0.0;
else
damp_LF = (nrg3*period)/(2*(pi*amp)^2);
damp_Vei = (nrg3_ins*period)/(2*(pi*amp)^2);
end

%
% FOR OUTPUT PURPOSES, WILL REQUIRE HARMONIC DRIFT AMP AND PERIOD DATA
%

if hline_b == 5.0 | hline_b == 6.0
waamp = dramp-(drinc*SI); 
waper = drper;

else
waamp = waamp-(wainc*SI); 
waper = waper;

end

y1=[waamp, waamp/H, avgxdist, waper, waper/Tpend, avgfh,avgfv,avgftot,nrg3_ins,nrg3,damp_Vel,damp_LF, 
phase,pkloc,avgext, ncycle, initfieta];

fprintf(Sum1,’%s %5.2f %6.4f %9.4f %9.3f %9.4f %9.0f %9.0f %9.0f %9.0f
%9.0f %9.0f %9.0f %9.3f %9.3f %11.3f %4.0f %6.2f\n’, dname_1(1:16),y1);

% WAVE DRIFT PERIOD SET TO WAVE AMPLITUDE FOR TYPE 1. IF TYPE 2, WAVE AMP SET TO
% 145MM
% THEREFORE REQUIRES WAVE FREQ AMP INPUT FOR TYPE 2 OSCILLATIONS.

y2=[timful; ppxdist’; ppfh’; ppfv’; ppftot’; ppvel’; ppdrvel’; ppnrgact’; ppnrgif’; ppext’; (El(:,3
))’; theta’];

fprintf(Ana1,’%7.3f %6.2f %8.0f %8.0f %8.0f %7.3f %7.3f %9.0f %9.0f %6.3f
%6.3f %6.2f\n’,y2);

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 7 o % % % % % % % % % % % 7 o % %

if hline_b == 5.0 | hline_b == 6.0
waamp = dramp+(drinc*SI); 
waper = drper;

else
waamp = waamp+(wainc*SI); 
waper = waper;

end

copy = 0.0;

if dramp > 0.0 & round(waper) == 10.0 & round(waamp) == 6.0
filea=[’combi_5m_cxf’]; hline_b=3; copy = 1 ; 

elseif dramp > 0.0 & round(waper) == 13.0 & round(waamp) == 6.0
filea=[’combi_5m_cxf’]; hline_b=3; copy = 1; 

elseif dramp > 0.0 & round(waper) == 10.0 & round(waamp) == 8.0
filea=[’combi_8m_cxf’]; hline_b=4; copy = 1; 

elseif dramp > 0.0 & round(waper) == 13.0 & round(waamp) == 8.0
filea=[’combi_8m_cxf’]; hline_b=4; copy = 1 ;

elseif dramp == 0.0 & round(waper) == 10.0 & round(waamp) == 6.0
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filea=[’wave_5m_cxf’]: hline_b=9; copy = 1; 
elseif dramp == 0.0 & round(waper) == 13.0 & round(waamp) == 6.0

filea=[’wave_5m_cxf’]; hline_b=9; copy = 1; 
elseif dramp == 0.0 & round(waper) == 10.0 & round(waamp) == 8.0

filea=[’wave_8m_cxf’]: hline_b=10; copy = 1; 
elseif dramp == 0.0 & round(waper) == 13.0 & round(waamp) == 8.0

filea=['wave_8m_cxf]; hline_b=10; copy = 1 ;
end

if copy == 1.0

output=[direc filea orient]; 

if hline(hline_a, hline_b, hline_c, hline_d) == 0.0 

hline(hline_a, hline_b, hiine_c, hline_d) = 1.0; 

sumw = [’open output /.summaryl']

% Open summary output file

brancha=[’m;\backup\phd\expts\mooring\analys99\el_processed\’ direc V];

mkdir(brancha, [direc,sumstorl]);

branchb=[brancha,V, [direc,sumstorl ]];

Sum1=[branchb V output ’.summaryl’]; 
fiddi =fopen(Sum1 ,’wt’);
fprintf(Sum1,’%s ’,junk1b,’ **Wave motion angle to Drift at ’,orient,’ degrees ’ *’); 
fprintfjSuml ,’%s \n \n ’, [” ]);
fprintf(Sum1,’%s ’, date, ’. El Pardo test performed Nov-Dee 99, Cut freq 10 Hz. El Pardo Direc e:V,

bname);

fprintf(Sum1,’\n \n  file name amp amp/H actamp period period/Tpend FhMax
FvMax TMax NRG(inst)NRG(lf) zeta(inst) zeta(lf) phase(Tx-Posx deg) amp-

percent(Tx/Posx) Spring-ext ncycle init-ang\n \n’);

end

Sum1=[branchb V output ’.summaryl’];

if hline_b == 5.0 | hline_b == 6.0
waamp = dramp-(drinc*SI); 
waper = drper;

else
waamp = waamp-(wainc*SI); 
waper = waper;

end

y1=[waamp, waamp/H, avgxdist, waper, waper/Tpend, avgfh,avgfv,avgftot,nrg3_ins,nrg3,damp_Vel,damp_LF, 
phase,pkloc,avgext, ncycle, inltheta];

fprintf(Sum1,’7oS %5.2f %6.4f %9.4f %9.3f %9.4f %9.0f %9.0f %9.0f %9.0f
7o9.0f 7o9.0f 7o9.0f %9.3f %9.3f %11.3f %4.0f %6.2f\n’, dname_1(1:16),y1);

copy = 0.0

end; % END OF COPY IF STATEMENT

end; % END OF IF FOR DAT FILE CHECK ;

%end; % END OF IF IN LOOP 
%end; % END OF F LOOP

clear dramp drper waamp waper amp period;
clear pcarr pft pfx pfy pext pfanc pactr pvcar pvact pfxvx pfxvd ptria ptrib; 
clear dur t timi timful drvel ;
clear ppxdist ppveltot time ppfh ppfv ppftot ppvel ppdrvel ppnrgact ppnrgif ppext; 
clear start batch nsamp ncycle;
clear Yxdist Yvelt Yfh Yfv Yftot Yext Ixdist Ivelt Ifh Ifv Iftot lext;



294

clear xdistpk velpk fhpk fvpk ftotpk extpk ixdistpk ivelpk ifhpk ifvpk iftotpk iextpk; 
clear xdlstpks velpks fhpks fvpks ftotpks extpks; 
clear txdlstpk tvelpk tfhpk tfvpk tftotpk textpk;
clear phase pkloc avgfh avgfv avgftot avgxdist avgext nnrg2 nrg3 nrg_ins2 nrg_ins3;
clear damp_LF damp_Vel;
clear y1 waamp waamp/H waper waper/Tpend y2;
clear inltheta theta;
clear line_a line_b line_c llne_d

end; % END OF DAT FOR LOOP ; 
end; % END OF IF DIRECTORY CHECK;
end; % END OF IF DIRECTORY CHECK FOR CORRECT DIRECTORY NAME;

end; % END OF OPEN NEXT DIRECTORY FOR LOOP;

fclose(’aH’);
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Appendix B -  1 Experimental oscillation system configuration file

REM CONFIGURATION FILE FOR USE WITH MOORING LINE CONTROL CODES 

REM
REM Author Neil Kitney
REM Date 19 Sep 97
REM Modified:

RESET [0,1,2] : REM Clears previous settings from Infeed 203
CONFIG [0,1,2]=_servo,_servo,_off : REM Ensures that both servos are used
AXES [0,1] : REM combined motion axes

REM System gains - Set up for velocity controlled servo

GN = 0.1,0.1 : REM Proportional gain
KF = 6.59,6.59 : REM Velocity feed forward gain - calculated from loop closures
KV = 0,0 : REM Velocity feed back gain, set to 0 for velocity servo
Kl = 0.004,0.004 : REM Integral gain, for positional errors
KR = 1.0,1.0 : REM Integral limit for Kl

REM Postion /  Speed parameters for control of motors

SCALE = 56.889,51.2 : REM ppr/m m  ((512x4x20)/(36x20))
SPEED = 40,30 : REM mm/s
ACCEL = 2160,2000 : REM mm/s^2
MF = 25,20 : REM Max permissible following error (mm)
HMSPEED = 250,50 : REM Speed fo rtransit to datum - home Pos’n
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Appendix B -  2 Experimental oscillation system control code

REM MODEL MOORING LINE TESTS -  CONTROL CODES 
REM
REM Author: Neil Kitney 
REM Date: 15 Sep 97
REM Modified:
REM
REM Define the relative arrays

dim endpo(4) :REM limit positions -1 /3  lower 2/4 upper 
dim dftsp(4) :REM default speed -1 /3  normal 2/4 max 
dim dftac(4) :REM default accelation -1 /3  normal 2/4 max 
dim reqsd(4) :REM user required -1 /3  speed 2/4 position 
dim cursa(4) :REM current -1 /3  speed 2JA accel 
dim cosap(4) :REM cos motion 1/3 amplitude 2/4 period 
dim maxsa(4) :REM cos motion 1/3 max speed 2/4 max accel 
dim tv(4) :REM temp variables

REM Axis 0

endpo(1 )=0.0 :REM - lower limit 0 mm
endpo(2)=6000.0 :REM - upper limit 5500 mm
dftsp(1 )=speed[0] :REM - default speed as defined in .cfg file (mm/s)
dftsp(2)=10000.0 :REM - max speed (mm/s)
dftac(1)=accel[0] :REM - default accel as defined in .cfg file (mm/s'^2)
dftac(2)=9200.0 :REM - 10000mm/s^'2 - Max accel in test approx 8800

REM control code

a=0 : b=1 : c=1 : d=3 : gosub DATUM
gosub MENU
loop

accel.0=dftac(1) : speed.0=dftsp(1)
gosub GET_KEY
if key=’E’ then goto finish
if key=’A’ then gosub MOVEPOS
if key=’B’ then a=0 : b=1 : c=1 : d=3 : gosub DATUM
if key='C then gosub SINGLE
If key=’D’ then gosub COMBINEd

endl

#finish
stop
end

REM-

REM returns the ascii value from the keyboard 
#GET_KEY  

key=0 
repeat 

key=inkey 
until keyoO  

return

REM------------------------------------------------------------------------------------

REM A - MOVE LONGITUDINAL AXIS TO REQUIRED POSITION

#MOVEPOS  
gosub TITLE
locate 10,2 : ?"*** A ... Move Longitudinal axis to required position * 
reqsd(2)=-10.0
while( reqsd(2)>endpo(2) or reqsd(2)<endpo(1)) 

locate 10,8 : input "Enter required location mm ... ", value 
reqsd(2)=value 

endw
locate 10,11 : ?"Hey, Do you want to change anything (Y/N) ? "
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gosub GET_KEY
if (key <> ’N’) then : gosub MENU : return

locate 10,13 : ? "Press E to interrupt/stop the motion ... “
time=0 :REM reset time
locate 10,19 ; ? "Start time : ", time
speed.0=dftsp(1) : ma.0=reqsd(2)
go[0]
repeat

if inkey=’E’ then stop[0] : exit
locate 10,15:?“Axis 0: pos ...",pos.O : locate 30,15:?" vel ...",vel.O 

until idle[0] 
stop

locate 35,19 : ?"Stop time : ", time
locate 20,22 : ?"Motion stopped, hit anykey for main menu ..." 
gosub GET_KEY 
gosub MENU 
return

REM-----------------------------------------------------------------------------------

REM C - SINGLE AMPLITUDE & FREQ COSINE MOTION

#SINGLE 
gosub TITLE
locate 10,2 : ?"*** Single Amplitude & Freq cosine motion ***"
locate 10,8 : ?"NB: Cosine Motion —> P0S=AMP-AMP*C0S(time*2*PI/PER)"
a=0 : b=1 : c=1 : d=3
locate 10,10 : ?"ls the axis at the req’d start postion (Y/N) ?" 
gosub GET_KEY
if (key <> 'Y' or pos.a > 0.7*endpo(b+1 )) do 

locate 60,10 : ?"N"
locate 10,14 : ?"Please use option 'A' to move Axis to position." 
locate 10,16 : ?"Press any key to continue ..." 
gosub GET_KEY 
gosub MENU 
return 

else
locate 60,10 : ?"Y" 

endif

tmp=int((endpo(b+1 )-pos.a-10.0)/2.0)
locate 10,11 : ?"Motion amplitude(mm) for moving axis range from 50 to ",tmp 
value=0
while(value < 50 or value > tmp) 

locate 15,12 : input "Enter motion amplitude in mm ... ", value 
endw
cosap(b)=value
tmp=39.4784*cosap(b)/dftac(b+1 )
locate 10,13 : ?"Minimum period available is the SORT of ",tmp 
value=0
locate 15,14 : input “Enter motion period in seconds ... ", value 
cosap(b+1)=value
locate 10,15 : ?"Motion cycles for moving axis range from 1 to 50" 
nc=-1
while(nc > 50 or nc <= 0) 

locate 15,16 : input "Enter req’d number of motion cycles ... ", nc 
endw
locate 10,17 : ?"Hey, Do you want to change anything (Y/N) ? " 
gosub GET_KEY
if (key <> "N") then : gosub MENU : retum

tmp=20 :REM approx. no. of points in a second
nt=int(tmp*cosap(b+1 )+0.9) :REM no. of point per cycle
dt=1000.0*cosap(b+1 )/nt :REM time interval (ms)
tv(b)=360.0/nt :REM covert to angle degree
maxsa(b)=6.2832*cosap(b)/cosap(b+1) :REM max speed (mm/s)
maxsa(b+1)=39.4784*cosap(b)/cosap(b+1)/cosap(b+1) :REM max accel (mm/s^2) 
cursa(b)=maxsa(b)*sin(tv(b))/1000. :REM present speed (mm/s) 
cursa(b+1 )=maxsa(b+1 ) :REM present acceleration (mm/s'^2)
tv(b+1 )=abs(cursa(b)) :REM speed for AT usage

i=1 :REM loop count for time step within a cycle 
k=0 :REM loop count for cycles
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ktc=0 :REM count for timer which varies from 0 - 131,072 ms 
locate 10,19 : ?"Press E to interrupt/stop the motion ... " 
if (pos.a < 10.0) then ma.a=10.0 : go.a : pause idle.a 
sp.a=0
time=5000 :REM reset time 
locate 10,21 : ?"Start time : ", time 
basetime=time 
while (k < nc)

if (inkey=’E’ or pos.a<endpo(b) or pos.a>endpo(b+1)) then stop.a : exit
sp.a=tv(b+1) : at.a=1.1*dt
if (cursa(b+1) > 20.0 ) then accel.a=cursa(b+1)
jog.a=cursa(b)

i=i+1 : if(i > nt) then i=1 : k=k+1 
value=tv(b)*i
cursa(b)=maxsa(b)*sin(value)/1000. :REM present velocity
cursa(b+1)=abs(maxsa(b+1)*cos(value)/1000.) :REM present acceleration 
tv(b+1)=abs(cursa(b)) : if(tv(b+1) < 2.0) then tv(b+1)=2.0 
tmp=basetime+(i+k*nt)*dt :REM time counter
repeat

if(inkey=’E’ or pos.a<endpo(b) or pos.a>endpo(b+1)) then stop.a : exit 
newtime=time+ktc*131072.0
if(newtime <= basetime) then ktc=ktc+1 : newtime=time+ktc*131072.0 

until (newtime >= tmp) 
endw 
stop
pause idle

locate 35,21 : ? "Stop time : ", time
locate 10,22 : ? "Motion stopped, hit anykey for main menu ..." 
gosub GET_KEY 
gosub MENU 
return

REM--------------------------------------------------------------------------------

REM D - COMBINED FREQ AND AMP COSINE MOTIONS

#COMBINED  
a=0 : b=1 : c=1 : d=3 
gosub TITLE
locate 10,2 : ?"*** Combined high+low Frequency cosine motions ***" 
locate 10,7 : ?"Note: Cosine Motion > P0S=AMP-AMP*C0S(time*2*PI/PER)" 
locate 10,8 : ?"ls the axis at the req’d start postion (Y/N) ?" 
gosub GET_KEY
if (key <> 'Y' or pos.a > 0.7*endpo(b+1)) do 

locate 60,8 : ?"N"
locate 10,12 : ?"Please use option 'A' to move Axis to position." 
locate 10,14 : ?"Press any key to continue ..." 
gosub GET_KEY  
gosub MENU 
retum 

else
locate 60,8 ; ?"Y" 

endif

REM slow motion specification 
tmp=int((endpo(b+1 )-pos.a-120.0)/2.0)
locate 10,10 : ?"Slow motion amplitude(mm) for axis range from 100 to ",tmp 
value=0
while(value < 100 or value > tmp) 

locate 15,11 : input "Enter Low Freq motion amplitude in mm ... ",value 
endw
cosap(d)=value
tmp=39.4784*cosap(d)/dftac(b+1 )
locate 10,12 : ?"Minimum period available is the SORT of...",tmp 
value=0
while(value*value < tmp) 

locate 15,13 : input "Enter Low Freq period in seconds ... ", value 
endw
cosap(d+1)=value
locate 10,14 : ?"Low Freq motion cycles range from 1 to 50" 
nc=-1
while(nc > 50 or nc <= 0)
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locate 15,15 : input "Enter number of motion cycles ... ", nc 
endw
maxsa(d)=6.2832*cosap(d)/cosap(d+1 ) :REM max speed - low
maxsa(d+1)=39.4784*cosap(d)/cosap(d+1)/cosap(d+1) :REM max accel - low

REM high Freq motion specification
tmp=int((endpo(b+1)-pos.a-2*cosap(d)-10.0)/2.0)
locate 10,16 : ?"High Freq motion amplitude(mm), range from 50 to ",tmp
value=0
while(value < 50 or value > tmp) 

locate 15,17 : input "Enter motion amplitude in mm ... ", value 
endw
cosap(b)=value
tmp=39.4784*cosap(b)/(dftac(b+1 )-maxsa(d+1 ))
locate 10,18 : ?"Minimum period available is the SORT of... ",tmp
value=0

locate 15,19 : input "Enter high freq motion period in seconds ... ", value 
cosap(b+1)=value
maxsa(b)=6.2832*cosap(b)/cosap(b+1) :REM max speed - high
maxsa(b+1)=39.4784*cosap(b)/cosap(b+1)/cosap(b+1) :REM max accel - high

locate 10,20 ; ?" Hey, Do you want to change anything (Y/N) ? " 
gosub GET_KEY
if (key <> ’N’) then : gosub MENU : return

tmp=16 :REM approx. no. of points in a second
nt=int(tmp*cosap(b+1)+0.9) :REM no. of point per cycle - high 
dt=1000.0*cosap(b+1 )/nt :REM time interval(ms) - both
tmp=1000.0/dt :REM no. of points in a seconds - both
tv(d+1 )=int(tmp*cosap(d+1 )) :REM no. of points per cycle - low 
tv(b)=360.0/nt :REM convert to angle degree - high
tv(d)=360.0/tv(d+1 ) :REM convert to angle degree - low

cursa(b)=(maxsa(b)*sin(tv(b))+maxsa(d)*sin(tv(d)))/1000.0 :REM present speed 
cursa(b+1 )=maxsa(b+1 )+maxsa(d+1 ) :REM present accel
tv(b+1 )=abs(cursa(b)) :REM speed for AT usage

1=1 :REM loop count for time step within a high cycle 
j=1 :REM loop count for time step within a low cycle 
k=0 ;REM loop count for low cycles 
ktc=0 :REM count for timer which varies from 0 -1 3 1 ,0 7 2  ms 
locate 10,20 : ?"Press E to interrupt/stop the motion ... "

if(pos.a < 10.0) then ma.a=10.0 : go.a ; pause idle.a 
time=5000 :REM reset time 
locate 10,21 : ?"Start time : ", time 
basetime=time 
while (k < nc) 

if (inkey='E' or pos.a>endpo(b+1)) then stop.a : exit 
sp.a=tv(b+1) ; at.a=1.1*dt 
if(cursa(b+1) > 20.0) then accel.a=cursa(b-Hl ) 
jog.a=cursa(b)

i=i+1 : if(i > nt) then i=1
j=j+1 : if(j > tv(d-kl)) then j=1 ; k=k+1
value=tv(b)*i
cursa(b)=maxsa(b)*sin(value) ;REM present velocity
cursa(b+1 )=maxsa(b+1 )*cos(value) :REM present acceleration
value=tv(d)*j
cursa(d)=maxsa(d)*sin(value) ;REM present velocity
cursa(d+1 )=maxsa(d+1 )*cos(value) :REM present acceleration
cursa(b)=(cursa(b)-kcursa(d))/1000. 
cursa(b+1 )=abs(cursa(b+1 )+cursa(d+1 ))/1000.
tv(b4-1 )=abs(cursa(b)) :if(tv(b+1) < 2.0) then tv(b+1)=2.0 :REM speed for AT usage

tmp=basetime+(j+k*tv(d+1 ))*dt : REM time counter
repeat

if(inkey='E' or pos.a<endpo(b) or pos.a>endpo(b+1)) then stop.a : exit 
newtime=time+ktc*131072.0
if(newtime <= basetime) then ktc=ktc+1 : newtime=time+ktc*131072.0 

until (newtime >= tmp) 
endw 
stop
pause idle
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locate 35,21 : ? “Stop time : ", time
locate 10,22 : ? "Motion stopped, hit anykey for main menu ..." 
gosub GET_KEY 
gosub MENU 
retum

REM--------------------------------------------------------------------------------------

#DATUM  
gosub TITLE 
a=0

locate 25,2 : ?"*** Moving Carriage to Datum ***" 
locate 20,10 : ?"Axis ",a
locate 28,10 : ?"is in transit to the datum .... please wait" 
locate 10,13 : ?"Press E to Interrupt/stop the motion ... " 
mover.0=50 ; go[0] 
wait=6000 
mover.0=-50 : go[0] 
repeat 

if inkey=’E’ then exit
locate 10,15;?"Position is ...",pos.a : locate 30,15:?"at speed ...",vel.a 

until idle.a 
stop
gosub menu 
return

REM-

#TITLE
cIs
locate 5,4 : ?"Present position (mm) ==> " 
locate 32,4 : ?"Axis 0: ", pos.O
locate 50,4 : ?"min: ", endpo(l) : locate 65,4 : ?"max: ", endpo(2) 
return

REM--------------------------------------------------------------------------------------

#MENU
cIs
locate 15,2 : ?"*** NEIL KITNEY’S MOORING LINE DAMPING EXPT 
locate 10,6 : ?"Present Location (mm) - Long’l axis - ", pos.O 
locate 15,9 : ?"A... Move axis to required location"

?"B ... Home axis to datum"
?"C ... Single period cosine motion"
?"D ... Combined high+low frequency cosine motions" 
? "E ... Exit program"
?"Select an operation by pressing appropriate key ..."

locate 15,10 
locate 15,11 
locate 15,12 
locate 15,15 
locate 15,20 
retum

REM-

#onerror
REM error routine is called automatically 
locate 20,20
? "Error occurred during opertaion 
locate 30,21
if error.a=_abort then ? "Software abort"
if error.a=_maxfe then ? "Max following error exceeded"
if error.a=_limit then ? "Limit switch open"
if error.a=_extemal then ? "External (error input) error"
reset
end
return
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Appendix C - 1  Fourier analysis code

% THIS PROG IS USED TO DECOMPOSE EXPT DATA INTO COMPONENT SINE & COSINE SERIES
%
% Author : Neil KItney
% Date : 13 January 2000
% Mod

close all; clear all;

dbstop if error; 
dbstop if warning;

% WATER DEPTH 
H = 82.5;

gravity = 9.80665;

% NATURAL PERIOD OF PENDULUM OF LEGNTH EQUIVALENT TO WATER DEPTH (WEBSTER 1995)
Tpend = 2*pi*sqrt(H/gravity);

% Scale Factors
E=16.5;
SI=E;
Sw=272.1;
Sf=Sw*SI;
St=4.24;

% Number of harmonics

harmno = 5;

% LOAD INPUT DATA FILE NAME AND PARAMETERS

nam2=[];
num2=[j;

ip1=input(’Enter name of Line Data file, without file type ’,’s’);

ip2=[ip1 ’.dat];

infodat=fopen(ip2,’r’);

junki = fgetl(infodat); % Line of info regarding Input
junk2 = fgetl(infodat); % junk line of info
junkS = fgetl(infodat); % No of files for analysis

% No of files to be analysed

noanal=str2num(strvcat(junk3));

]unk4 = fgetl(infodat); % Line of info regarding file names

% % % % % % % % % % % % % % % % % % % % 7 o % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

%

% OPEN SUMMARY OUTPUT FILE

branchb=[’m:\backup\phd\expts\mooring\analys99\el_processed\harmonic_analysisV ipl '.harmonics'];

date = date;

Sum1=[branchbj; 
fiddi =fopen(Sum1 ,'wt');
fprintf(Sum1 ,'%s Harmonic analysis carried out on ', date); 
fprintf(Sum1 ,'%s \n \n ', [' ']);
fprintf(Sum1,' Total amplitude history

Total phase history \n' );
fprintf(Sum1,'file name amp period Total mean 1st 2nd 3rd 4th
5th 1st 2nd 3rd 4th 5th \n \n');
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%%%%%%%%%%%%%%%%%%%%%%%%%%%7o%%%%%%%%%%%%%%%%%7o%%%%%%%%%%%
%

for a = 1 : noanal

line_a = fgetl(infodat):
filnam = strvcat(line_a(1:16));
ipparam = (sscanf(line_a(17:length(line_a)),’%g’));

waamp(a)= ipparam(1);
waper(a)= ipparam (4);

%7o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%

nami = filnam;

nam2=[nam1 ; nam2];

atype=double{filnam(2)); 
btype=double(f ilnam (3)) ;

anstorl =[’analysed1

if atype == 97.0 | atype =  65.0
direc=[’el_Om_spl; 

elseif atype == 98.0 | atype == 66.0
direc=[’el_5m_sp]i 

elseif atype == 99.0 | atype == 67.0
if btype == 105.0 | btype == 73.0 

direc=[’eL10m_ns’];
else

direc=[’el_10m_sp];
end

elseif atype == 100.0 | atype == 68.0
direc=[’el_15m_sp’];

end

anfile_a=[’m:\backup\phd\expts\mooring\analys99\el_processed\’ direc V [direc anstorl] V [nam2(1,:) anstorl]
]:

[nam2(1,:) anstorl]

anfile_b=fopen(anfile_a,’r’);

junki a = fgetl(anfile_b); % JUNK 
]unk2a = fgetl(anfile_b); % JUNK 
]unk3a = fgetl(anfile_b); % JUNK 
]unk4a = fgetl(anfile_b); % JUNK 
]unk5a = fgetl(anfile_b); % JUNK 
]unk6a = fgetl(anfile_b); % JUNK 
]unk7a = fgetl(anfile_b); % JUNK 
]unk8a = fgetl(anfile_b); % JUNK 
]unk9a = fgetl(anfile_b); % JUNK 
junki Oa = fgetl(anfile_b); %JUNK 
junki la  = fgetl(anfile_b); %JUNK 
junki 2a = fgetl(anfile_b); %JUNK 
junki 3a = fgetl(anfile_b); %JUNK 
junki4a = fgetl(anfile_b); %JUNK 
junki 5a = fgetl(anfile_b); %JUNK 
junki 6a = fgetl(anfile_b); %JUNK 
junki7a = fgetl(anfile_b); %JUNK 
junki7a = fgetl(anfile_b); %JUNK 
junki 9a = fgetl(anfile_b); %JUNK 
junk20a = fgetl(anfile_b); %JUNK

EI=fscanf(anfile_b,’7o14e %14e %14e %14e %14e %14e %14e %14e %14e %14e %14e %14e\n’,[12,inf])’;

endEI = length(EI(:,1));

timful = EI(400:endEI,1 );
xdist = EI(400:endEI,2 );
fti = EI(400:endEI,3 );
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fv = EI(400:endEI,4 )
ft = EI(400:endEI,5 )
vel = EI(400:endEI,6 )
drvel = EI(400:endEI,7 );
nrgact = EI(400:endEI,8 );
nrglf = EI(400:endEI,9 );
spext = EI(400:endEI,10);
fhraw = EI(400:endEI,11);
theta = EI(400:endEI,12):

% y2=[timful; ppxdist’; ppfh’; ppfv’; ppftot’; ppvel’; ppdrvel’; ppnrgact’;ppnrglf; ppext’; (El(:,3 
))’: theta’]:

%fprintf(Ana1,’7o7.3f %6.2f %8.0f %8.0f %8.0f %7.3f %7.3f %9.0f %9.0f
%6.3f 7o6.3f 7o6.2f\n’,y2);

7o7o7o7o7o7o7o7o7o7o%%7o7o7o7o7o%7o7o7o7o7o7o7o7o7o7o7o%7o7o%%7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o7o%
%

nk=figure;
[specft, F I ]=spectrum (ft, 1024,Q ,[],30) ;
[specfh,F2]=spectrum(fh,1024,[],[],30);
[specfv, F3]=spectrum (fv, 1024,[],[] ,30) ;

subplot(3,1,1), plot(F1,specft(:,1),’g-’); title([line_a(1:16) ’ Total force’]); 
subplot(3,1,2), plot(F2,specfh(:,1),’b-’); title([line_a(1:16) ’ Horizontal force’]); 
subplot(3,1,3), plot(F3,specfv(:,1),’r-’); title([iine_a(1:16) ’ Vertical force’]);

for n=1 :harmno 
Ar(a,n)=0.0;
Br(a,n)=0.0;

Arh(a,n)=0.0;
Brh(a,n)=0.0;

Arv(a,n)=0.0;
Brv(a,n)=0.0;

end

dt=St/30; 7o 30Hz SAMPLE FREQUENCY

Ar=zeros([noanai,harmno]);
Br=zeros([noanai, harmno]);
AO=zeros([noanal,harmnoj);

Arh=zeros([noanai,harmno]);
Brh=zeros([noanai,harmno]);
AOh=zeros([noanal,harmnoj);

Arv=zeros([noanai, harmno]) ;
Brv=zeros([noanai,harmno]):
AOv=zeros([noanal,harmnoj):

7o THE EQUIVALENT NUMBER QF W D CYCLES IN THE SAMPLE LENGTH 

nowdcyc(a) = floor(endEI*dt/100) ;

dur(a) = round(nowdcyc(a)*100/dt)-400;

%dur(a) = 1024 

for n=1 :harmno 

for t=1 :dur(a)

AO(a,n)=AO(a,n) +ft(1+t);
Ar(a,n)=Ar(a,n) + (ft(1+t)*cos(n*2*pi*(t-1)*dt/waper(a)));
Br(a,n)=Br(a,n) + (ft0+t)*sln(n*2*pi*(t-1)‘dt/waper(a)));

AOh(a,n)=AOh(a,n) +fh(1+t);
Arh(a,n)=Arh(a,n) + (fh(1+t)*cos(n*2*pi*(t-1)*dt/waper(a)));
Brh(a,n)=Brh(a,n) + (fh(1+t)*sin(n*2*pi*(t-1)*dt/waper(a)));
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AOv(a,n)=AOv(a,n) +fv(1+t);
Arv(a,n)=Arv(a,n) + (fv(1+t)*cos(n*2*pi*(t-1)*dt/waper(a))): 
Brv(a,n)=Brv(a,n) + (fv(1+t)*sin(n*2*pi*(t-1)*dt/waper(a))):

end

A0a(a)=A0(a,1)/(dur(a));
Ara(a,n)=2*Ar(a,n)/(dur(a)):
Bra(a,n)=2*Br(a,n)/(dur(a)):

A0ah(a)=A0h(a,1)/(dur(a)):
Arah(a,n)=2*Arh(a,n)/(dur(a)):
Brah(a,n)=2*Brh(a,n)/(dur(a));

A0av(a)=A0v(a,1 )/(dur(a));
Arav(a,n)=2*Arv(a,n)/(dur(a)):
Brav(a,n)=2*Brv(a,n)/(dur(a)):

ampr(a,n)=sqrt(Ara(a,n).^2+Bra(a,n).''2):
amprh(a,n)=sqrt(Arah(a,n).'^2+Brah(a,n).^2):
amprv(a,n)=sqrt(Arav(a,n).‘̂ 2+Brav(a,n).^2);

phser(a,n)=(atan2(Bra(a,n),Ara(a,n))):
phserh(a,n)=(atan2(Brah(a,n),Arah(a,n))):
phs0rv(a,n)=(atan2(Brav(a,n),Arav(a,n))):

end

if phser(a,n) < 0.0
phser(a.n) = phser(a,n)-pi;

end
if phserfi(a,n) < 0.0

phserfi(a.n) = phserh(a,n)-pi;
end
if phserv(a,n) < 0.0

phserv(a,n) = phserv(a,n)-pi;
end

totamp(a) = sum(ampr(a,1:n))+A0a{a); 
totamph(a) = sum(amprh(a,1:n))+A0ah(a); 
totampv(a) = sum(amprv(a,1 :n))+AOav(a);

phsang(a,1 :harmno)=phser(a,1 :harmno)*180/pi; 
phsangh(a, 1 :harmno)=phserh(a, 1 :harmno)*180/pi; 
phsangv(a,1 :harmno)=phserv(a,1 :hamrino)*180/pi;

constr=zeros([1 ,dur(a)]); 
constrh=zeros([1 ,dur(a)]); 
constrv=zeros([1 ,dur(a)]);

for n=1 iharmno 
for t=1 :dur(a)

constrb(n,t)=ampr(a,n)*cos((2*(pi/waper(a))*df(t+407-1)‘ n)-phser(a,n));
constrbh(n,t)=amprh(a,n)*cos((2*(pi/waper(a))*dt*(t+407-1)*n)-phserh(a,n));

constrbv(n,t)=amprv(a,n)*cos((2*(pi/waper(a))*dt*(t+407-1)*n)-phserv(a,n));

constr(t)=constrb(n,t)+constr(t);
constiti(t)=constrbh(n,t)+constrh(t);
constrv(t)=constrbv(n,t)+constrv(t);

end
end

constrc(a,1 :dur(a))=(constr(1 :dur(a))+AOa(a)); 
constrch(a,1 :dur(a))=(constrh(1 :dur(a))+AOah(a)); 
constrcv(a,1 :dur(a))=(constn/(1 :dur(a))+AOav(a));

nk2 =figure

subplot(3,1,1), plot(timful(1:600),ft(1:600),(dt*(407:1006)),constrc(a,1:600)); title(line_a(1:16)); 
subplot(3,1,2), plot(timful(1:600),fh(1:600),(dt*(407:1006)),constrch(a,1:600)); 
subplot(3,1,3), plot(timful(1:600),fv(1:600),(dt*(407:1006)),oonstrcv(a,1:600));
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nk3 =figure
nkpeak = max(ft(1:600)); 
nkpeakcon = max(constrc(a, 1:600));
subplot(3,1,2), plot(timful(1:600),ft(1:600)./nkpeak,(dt*(407:1006)),constrc(a,1:600)./nkpeakcon);

pampr(a,1) = ampr(a,1)/ampr(a,1); 
pampr(a,2) = ampr(a,2)/ampr(a,1); 
pampr(a,3) = ampr(a,3)/ampr(a,1); 
pampr(a,4) = ampr(a,4)/ampr(a,1); 
pampr(a,5) = ampr(a,5)/ampr(a,1);

pamprh(a,1)
pamprh(a,2)
pamprh(a,3)
pamprh(a,4)
pamprh(a,5)

pamprv(a,1)  ̂
pamprv(a,2) : 
pamprv(a,3) ; 
pamprv(a,4) : 
pamprv(a,5) :

: amprh(a,1)/amprh(a,1); 
: ampiti(a,2)/amprh(a,1); 
: amprh(a,3)/amprh(a,1); 
: amprh(a,4)/amprh(a,1); 
: amprh(a,5)/amprh(a,1 );

:amprv(a,1)/amprv(a,1);
: amprv(a,2)/amprv(a,1);
: amprv(a,3)/amprv(a,1);
: amprv(a,4)/amprv(a,1);
: amprv(a,5)/amprv(a,1);

out=[waamp(a)/82.5waper(a)/18.224 totamp(a) AOa(a) pampr(a,1) pampr(a,2) pampr(a,3)
pampr(a,4)
phsang(a,4)

pampr(a,5)
phsang(a,5)];

phsang(a,1) phsang(a,2) phsang(a,3)

fprintf(Sum1,’7oS %7.4f %7.4f %8.0f %8.0f %8.3f %8.3f
7o9.3f 7o9.3f 7o9.3f %9.3f %9.3f \n', line_a(1:16), out);

7o8.3f 7o8.3f 7o8.3f

end ; %End of a loop

fprintf(Sum1,’
fprintf(Sum1,’

\n');

fprintf(Sum1,’file name 
5th 1st 2nd

Horizontal phase history 
amp period Total mean
3rd 4th 5th \n \n');

Horizontal amplitude history 
\n’ );

1 S t 2nd 3rd 4th

for a = 1 : noanal

out=[waamp(a)/82.5waper(a)/18.224 
pamprh(a,3) 
phsangh(a,3)

totamph(a) AOah(a) pamprh(a.l) pamprh(a,2)
pamprh(a,4) pamprh(a,5) phsangh(a.l) phsangh(a,2)
phsangh(a,4) phsangh(a,5)];

fprintf(Sum1,’7oS %7.4f %7.4f %8.0f %8.0f %8.3f %8.3f
7o9.3f 7o9.3f 7o9.3f %9.3f %9.3f \n’. iine_a(1:16), out);

7o8.3f 7o8.3f 7o8.3f

end

fprintf(Sum1,’
fprlntf(Sum1,’

\n’);

fprintf(Sum 1,file name 
5th 1st 2nd

Vertical phase history 
amp period Total mean
3rd 4th 5th \n \n ’);

Vertical amplitude history 
W ) ;

1st 2nd 3rd 4th

for a = 1 : noanal

out=[waamp(a)/82.5waper(a)/18.224 
pamprv(a,3) 
phsangv(a,3)

totampv(a) AOav(a) pamprv(a.l) pamprv(a,2)
pamprv(a,4) pamprv(a,5) phsangv(a.l) phsangv(a,2)
phsangv(a,4) phsangv(a,5)];

fprintf(Sum1 ,'%s 
%9.3f

end

%7.4f %7.4f %8.0f 7o8.0f %8.3f %8.3f %8.3f
7o9.3f 7o9.3f 7o9.3f %9.3f \n', line_a(1:16), out);

7o8.3f %8.3f

clear constr constrb ft timful constrc constrz filnam waper dur 

fclose('all');
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82.5m water depth, EA of 1.69e09, Line Length 711.301m 

Analysis carried out on 10 January 2000.

x ,(m ) S ,y(m ) % ( N ) Fv(N) Ft(N) W Elongation (m)

708.121 39.610 8.585494e+006 2.1406196+006 8.8483316+006 14.000 3.594
707.627 63.108 7.991609e+006 2.0667766+006 8.2545366+006 14.500 3.346
707.156 85.034 7.455720e+006 1.9977566+006 7.7187306+006 15.000 3.121
706.705 105.541 6.970511e+006 1.9331016+006 7.2335956+006 15.500 2.917
706.272 124.765 6.529871 e+006 1.8724186+006 6.7930236+006 16.000 2.731
705.854 142.823 6.128499e+006 1.8153506+006 6.3917136+006 16.500 2.562
705.451 159.819 5.761863e+006 1.7615826+006 6.0251336+006 17.000 2.407
705.059 175.846 5.426064e+006 1.7108326+006 5.6893876+006 17.500 2.264
704.679 190.983 5.117679e+006 1.6628446+006 5.3810496+006 18.000 2.133
704.308 205.305 4.833912e+006 1.6174136+006 5.0973266+006 18.500 2.012
703.946 218.876 4.57221 Oe+006 1.5743396+006 4.8356646+006 19.000 1.901
703.591 231.754 4.330247e+006 1.5334266+006 4.5937386+006 19.500 1.797
703.243 243.991 4.106174e+006 1.4945296+006 4.3697006+006 20.000 1.701
702.901 255.635 3.898229e+006 1.4574936+006 4.1617886+006 20.500 1.612
702.565 266.729 3.704938e+006 1.4221946+006 3.9685276+006 21.000 1.529
702.234 277.310 3.524921 e+006 1.3885056+006 3.7885376+006 21.500 1.451
701.906 287.415 3.356988e+006 1.3563176+006 3.6206306+006 22.000 1.379
701.583 297.074 3.200113e+006 1.3255366+006 3.4637796+006 22.500 1.311
701.264 306.318 3.053345e+006 1.2960726+006 3.3170346+006 23.000 1.247
700.947 315.173 2.915807e+006 1.2678346+006 3.1795186+006 23.500 1.187
700.634 323.663 2.786767e+006 1.2407536+006 3.0504986+006 24.000 1.131
700.323 331.810 2.665538e+006 1.2147576+006 2.9292886+006 24.500 1.078
700.014 339.636 2.5514816+006 1.1897776+006 2.8152486+006 25.000 1.028
699.707 347.159 2.444061e+006 1.1657586+006 2.7078456+006 25.500 0.981
699.402 354.398 2.3427536+006 1.1426406+006 2.6065536+006 26.000 0.937
699.098 361.367 2.2471226+006 1.1203786+006 2.5109376+006 26.500 0.895
698.796 368.082 2.1567516+006 1.0989236+006 2.4205796+006 27.000 0.855
698.495 374.557 2.0712616+006 1.0782326+006 2.3351036+006 27.500 0.817
698.194 380.805 1.9902906+006 1.05826064006 2.2541456+006 28.000 0.782
697.895 386.837 1.9135586+006 1.0389776+006 2.1774246+006 28.500 0.748
697.596 392.666 1.8407426+006 1.0203406+006 2.1046206+006 29.000 0.715
697.298 398.301 1.7715836+006 1.0023176+006 2.0354726+006 29.500 0.685
697.001 403.752 1.7058656+006 9.8488316+005 1.9697646+006 30.000 0.655
696.703 409.029 1.6433396+006 9.6800346+005 1.9072486+006 30.500 0.627
696.406 414.138 1.5838136+006 9.5165446+005 1.8477316+006 31.000 0.601
696.109 419.090 1.5270996+006 9.3581086+005 1.7910266+006 31.500 0.576
695.812 423.890 1.4730226+006 9.2044906+005 1.7369576+006 32.000 0.551
695.515 428.547 1.4214216+006 9.0554686+005 1.6853646+006 32.500 0.528
695.218 433.066 1.3721486+006 8.9108336+005 1.6360996+006 33.000 0.506
694.920 437.454 1.3250556+006 8.7703616+005 1.5890136+006 33.500 0.485
694.623 441.716 1.2800256+006 8.6338976+005 1.5439906+006 34.000 0.464
694.324 445.858 1.2369386+006 8.5012666+005 1.5009106+006 34.500 0.445
694.025 449.886 1.1956866+006 8.3723056+005 1.4596646+006 35.000 0.426
693.726 453.803 1.1561646+006 8.2468596+005 1.4201496+006 35.500 0.408
693.426 457.615 1.1182786+006 8.1247816+005 1.3822696+006 36.000 0.391
693.125 461.326 1.0819396+006 8.0059336+005 1.3459366+006 36.500 0.374
692.824 464.940 1.0470576+006 7.8901616+005 1.3110596+006 37.000 0.358
692.521 468.461 1.0135696+006 7.7773886+005 1.2775766+006 37.500 0.343
692.218 471.893 9.8138776+005 7.6674516+005 1.2453996+006 38.000 0.328
691.914 475.239 9.5045316+005 7.5602626+005 1.2144706+006 38.500 0.314
691.608 478.502 9.2070166+005 7.4557156+005 1.1847236+006 39.000 0.300
691.302 481.686 8.9207376+005 7.3537096+005 1.1560996+006 39.500 0.287
690.994 484.793 8.6451356+005 7.2541506+005 1.1285446+006 40.000 0.275
690.686 487.827 8.3796886+005 7.1569476+005 1.1020036+006 40.500 0.262
690.375 490.789 8.1239036+005 7.0620136+005 1.0764286+006 41.000 0.250
690.064 493.684 7.8773176+005 6.9692666+005 1.0517746+006 41.500 0.239
689.751 496.512 7.6394496+005 6.8786116+005 1.0279916+006 42.000 0.228
689.437 499.277 7.4099846+005 6.7900096+005 1.0050486+006 42.500 0.217
689.121 501.980 7.1884446+005 6.7033546+005 9.8289716+005 43.000 0.207
688.804 504.625 6.9745536+005 6.6186126+005 9.6151146+005 43.500 0.197
688.485 507.212 6.7678836+005 6.5356856+005 9.4084766+005 44.000 0.187
688.165 509.744 6.5681926+005 6.4545456+005 9.2088166+005 44.500 0.178
687.843 512.222 6.3750936+005 6.3750996+005 9.0157486+005 45.000 0.169
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687.519 514.649 6.1883386+005 6.2973088+005 8.8290218+005 45.500 0.160
687.193 517.026 6.0076528+005 6.2211188+005 8.6483648+005 46.000 0.151
686.865 519.354 5.8327766+005 6.1464778+005 8.4735158+005 46.500 0.143
686.535 521.636 5.6634648+005 6.0733358+005 8.3042298+005 47.000 0.135
686.203 523.872 5.4994836+005 6.0016458+005 8.1402748+005 47.500 0.127
685.870 526.064 5.3406138+005 5.9313628+005 7.9814298+005 48.000 0.120
685.533 528.214 5.1866448+005 5.8624428+005 7.8274848+005 48.500 0.112
685.195 530.323 5.0373778+005 5.7948438+005 7.6782408+005 49.000 0.105
684.855 532.391 4.8925956+005 5.7285128+005 7.5334818+005 49.500 0.098
684.512 534.421 4.7521778+005 5.6634378+005 7.3930848+005 50.000 0.092
684.167 536.413 4.6159228+005 5.5995678+005 7.2568518+005 50.500 0.085
683.819 538.369 4.4836428+005 5.5368558+005 7.1245918+005 51.000 0.079
683.469 540.289 4.3552358+005 5.4752918+005 6.9962058+005 51.500 0.073
683.116 542.175 4.2305288+005 5.4148308+005 6.8715178+005 52.000 0.067
682.760 544.028 4.1093578+005 5.3554288+005 6.7503658+005 52.500 0.061
682.402 545.848 3.9916138+005 5.2970688+005 6.6326408+005 53.000 0.055
682.040 547.636 3.8771928+005 5.2397328+005 6.5182368+005 53.500 0.049
681.676 549.394 3.7659268+005 5.1833678+005 6.4069888+005 54.000 0.044
681.309 551.121 3.6577448+005 5.1279708+005 6.2988238+005 54.500 0.039
680.939 552.820 3.5524928+005 5.0734928+005 6.1935878+005 55.000 0.034
680.568 554.494 3.4500878+005 5.0199208+005 6.0911988+005 55.500 0.032
680.195 556.141 3.3504268+005 4.9672288+005 5.9915538+005 56.000 0.031
679.819 557.761 3.2534348+005 4.9154038+005 5.8945758+005 56.500 0.030
679.439 559.355 3.1589786+005 4.8644038+005 5.8001348+005 57.000 0.028
679.055 560.923 3.0669898+005 4.8142158+005 5.7081608+005 57.500 0.027
678.667 562.467 2.9773858+005 4.7648198+005 5.6185698+005 58.000 0.026
678.276 563.987 2.8900826+005 4.7161958+005 5.5312818+005 58.500 0.025
677.881 565.483 2.8050058+005 4.6683218+005 5.4462168+005 59.000 0.024
677.482 566.956 2.7220778+005 4.6211808+005 5.3633028+005 59.500 0.023
677.078 568.407 2.6412308+005 4.5747538+005 5.2824678+005 60.000 0.022
676.670 569.836 2.5623938+005 4.5290228+005 5.2036438+005 60.500 0.021
676.258 571.244 2.4855028+005 4.4839708+005 5.1267638+005 61.000 0.021
675.842 572.631 2.4104938+005 4.4395808+005 5.0517668+005 61.500 0.020
675.420 573.998 2.3373078+005 4.3958368+005 4.9785928+005 62.000 0.019
674.994 575.345 2.2658718+005 4.3527138+005 4.9071678+005 62.500 0.018
674.563 576.673 2.1961588+005 4.3102158+005 4.8374658+005 63.000 0.017
674.127 577.982 2.1281018+005 4.2683188+005 4.7694188+005 63.500 0.017
673.685 579.273 2.0616478+005 4.2270078+005 4.7029758+005 64.000 0.016
673.239 580.546 1.9967358+005 4.1862608+005 4.6380738+005 64.500 0.015
672.786 581.802 1.9333448+005 4.1460818+005 4.5746928+005 65.000 0.015
672.328 583.040 1.8714148+005 4.1064488+005 4.5127718+005 65.500 0.014
671.864 584.262 1.81088964005 4.0673418+005 4.4522568+005 66.000 0.014
671.393 585.468 1.7517528+005 4.0287648+005 4.3931288+005 66.500 0.013
670.917 586.657 1.6939498+005 3.9906978+005 4.3353348+005 67.000 0.012
670.433 587.831 1.6374308+005 3.9531208+005 4.2788248+005 67.500 0.012
669.943 588.990 1.5821806+005 3.9160398+005 4.2235838+005 68.000 0.011
669.446 590.134 1.5281408+005 3.8794268+005 4.1695518+005 68.500 0.011
668.941 591.263 1.4752978+005 3.8432878+005 4.1167178+005 69.000 0.010
668.429 592.378 1.4235968+005 3.8075968+005 4.0650238+005 69.500 0.010
667.910 593.479 1.3730248+005 3.7723598+005 4.0144608+005 70.000 0.010
667.381 594.566 1.3235318+005 3.7375518+005 3.9649748+005 70.500 0.009
666.845 595.640 1.2751058+005 3.7031768+005 3.9165568+005 71.000 0.009
666.300 596.701 1.2276988+005 3.6692138+005 3.8691568+005 71.500 0.008
665.745 597.749 1.1812918+005 3.6356598+005 3.8227568+005 72.000 0.008
665.181 598.785 1.1358668+005 3.6025128+005 3.7773388+005 72.500 0.008
664.607 599.809 1.0913788+005 3.5697518+005 3.7328578+005 73.000 0.007
664.023 600.820 1.0478118+005 3.5373738+005 3.6892988+005 73.500 0.007
663.428 601.820 1.0051498+005 3.5053788+005 3.6466428+005 74.000 0.007
662.822 602.808 9.6335128+004 3.4737458+005 3.6048518+005 74.500 0.006
662.203 603.785 9.2240268+004 3.4424728+005 3.5639088+005 75.000 0.006
661.573 604.751 8.8228916+004 3.4115608+005 3.5238018+005 75.500 0.006
660.929 605.706 8.4297318+004 3.3809888+005 3.4844918+005 76.000 0.005
660.272 606.650 8.0444208+004 3.3507558+005 3.4459668+005 76.500 0.005
659.600 607.584 7.6667558+004 3.3208558+005 3.4082068+005 77.000 0.005
658.913 608.508 7.2965428+004 3.2912818+005 3.3711908+005 77.500 0.004
658.211 609.422 6.9336638+004 3.2620328+005 3.3349088+005 78.000 0.004
657.491 610.326 6.5777908+004 3.2330918+005 3.2993268+005 78.500 0.004
656.754 611.220 6.2288208+004 3.2044588+005 3.2644358+005 79.000 0.004
655.997 612.106 5.8865806+004 3.1761268+005 3.2302168+005 79.500 0.003
655.220 612.981 5.5509058+004 3.1480908+005 3.1966548+005 80.000 0.003



308

Appendix D -  2 Numerical model input

PARAMETER INPUT FOR THESIS NUMERICAL MODEL

No lines max exc min exc equil
133 708.121 655.220 683.214

ampwf perwf ampwd penwd
8.0 10.0 10.0 100.0

Dur tstep depth density
500 0.1 82.5 1025.0

length wt diam pts
711.3 3202.0 0.140 2048

Cdn Cdt Can Cat
3.2 0.6 2.6 1.2

Cutf spare zmp factor
5 0.0 18 1.0
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Appendix D -  3 Numerical model code

% THESIS NUMERICAL CODE
%
% Author : Neil Kitney
%  Date : Jan 1998 -  Jan 2000
%
% INPUT CONTROL VARIABLES FROM AN INPUT FILE

clear all; 
close all;

testnam=input('Enter name of test ','s‘);

lnama=input('Enter name of file for mooring parameters ',‘s'); 
curvea=input('Enter name of Catenary data file ','s');

lnam=[lnama,'.dat'];
curve=[curvea,'.tmp'];

iput=fopen(lnam,V);
curvel=fopen(curve,'r');

junkipl = fgetl(iput); 
junkip2 = fgetl(iput);

oput=fopen([lnama,'.tmp'],'W); 
fprintf(oput,'%s',['Analysis on ' date,' ' ,  junkipl]);

inpti =fscanf(iput,'%9e %9e %9e %9e\n',[4,1j);

% ASSIGN NAMES TO CONSTANTS FROM INPUT FILE

icyc=inpt1(1);
hmax=inpt1(2);
hmin=inpt1(3);
equil=inpt1(4);

junkip3 = fgetl(iput);
inpt2=fscanf(iput,'%9e %9e %9e %9e\n',[4,1]);

% EQUIL IS THE EQUILIBRIUM POS'N INCLUSIVE OF THE STATIC OFFSET

ampwf=inpt2(1);
perwf=inpt2(2);
ampwd=inpt2(3);
perwd=lnpt2(4);

junkip4 = fgetl(iput);
inpt3=fscanf(iput,'%9e %9e %9e %9e\n',[4,1j);

dur=inpt3(1):
tstep=lnpt3(2):
depth=inpt3(3);
density=inpt3(4);

junklpS = fgetl(iput);
inpt4=fscanf(iput,‘%9e %9e %9e %9e\n',[4,1]);

Iinlen=inpt4(1);
wt=inpt4(2);
diam=inpt4(3);
pts=inpt4(4);

junkipG = fgetl(iput);
inpt5=fscanf(iput,'%9e %9e %9e %9e\n',[4,1]);

cdn=inpt5(1);
cdt=inpt5(2);
can=inpt5(3);
cat=inpt5(4);

junkip? = fgetl(lput);
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inpt6=fscanf(iput,’%9e %9e %9e %9e\n’,[4,1]);

cutf=inpt6(1);
spare1=inpt6(2):
zmp=inpt6(3);
fact=inpt6(4):

% Fixed point (p) coordintes

% % % % % % % % 7 0 % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 7 0 % % % % % % % % % % % % % %

%

% START OF LOOP FOR OSCILLATION PARAMETERS

%%%%%%%%%%%%%7o%%7o%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%

ISSC = fopen([’issc_osc_param.txt],’r’):
ISSC_nam1 = fgetl(ISSC):
ISSC_nam2 = fgetl(ISSC);
ISSC_nam3 = fgetl(ISSC);

osc_dat = fscanf(ISSC,’%9e %9e %9e %9e %9e\n’,[5,8]): 
osc_dat = osc_dat’:

fprintf(oput, ’ \n\n’);

fprintf(oput, [ISSC_nam3, ’ zmp Total Tension Max Cat Damping Hydro force \n \n]);

for a=1:6
junkcurv=fgetl(curvel);
end

lncurv=fscanf(curvel,’%14e %14e %14e %14e %14e %14e %14e\n’,[7,inf])’;

lGurv=lncurv;

for loop = 1:8

ampwf = osc_dat(loop,2): 
perwf = osc_dat(loop,3): 
ampwd = osc_dat(loop,4): 
perwd = osc_dat(loop,5):

% Define variables

spaninc=((hmax-hmin)/(icyc-1 ));
tim1=dur/tstep:
a=1:(tim1):
tim=(a*tstep)-tstep:

g=9.80665;

if penwf == 0.0 
wfx = 0.0; 
else
wfx=ampwf*sin(2*pi*tim/penwf) ; 
end

if penwd =  0.0 
wdx = wfx; 
wfx = 0.0; 
perwd = perwf; 
penwf = 0.0; 
ampwd = ampwf; 
ampwf = 0.0; 
end

wdx=ampwd*sin(2*pi*tim/penwd);

timx=wdx+wfx;
totx=timx+equil;

n=length(tim);
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% ESTABLISH THE FORCES AT EACH POS’N

xspan = totx;
sly(1:n) = interp1(!curv(:,1),lcurv(:,2),totx(1:n),’cubic')
fvs(1:n) = interp1(lcurv(:,1),lcurv(:,4),totx(1:n),’cubic’)
fhs(1:n) = interp1(lcurv(:,1),lcurv(:,3),totx(1:n),’cubic’)

% ESTABLISH THE FORCES AT INITIAL POS'N (T=0)

xspaneq=xspan(1):
slyeq=sly(1):
fhorizeq=fhs(1):
fverteq=fvs(1):

sw=linlen-slyeq:

% CALCULATIONS TO FIND THE LOCATION OF THE FIXED POINT

ateq=fhorizeq/wt;

ywteq=xspaneq-slyeq:

xmp=ateq*acosh((zmp/ateq)+1 ):

% SWP IS DIST FROM FAIRLED AO FIXED POINT

swp=linlen-(slyeq+(ateq*sinh(xmp/ateq))):

% VELOCITY AT THE FAIRLEAD, AND GLOBAL VARIABLES

p=2:tim1;

ytdot(p)=(wdx(p)-wdx{p-1 ))/tstep:

yt=xspan-equil;
ywt=xspan-sly:

swt=linlen-sly:

deltam=(swt*wt/g):
deltav=(swt*pi*(diam'^2)/4):
deltaa=swt*diam;

at=fhorz/wt;

% SUSPENDED LENGTH BELOW FIXED POINT ON LINE 

swtp=linlen-(sly+swp):

% HORIZ DISTANCE FROM LIFT OFF TO FIXED POINT

xtpa=at.*asinh(swtp./at):
Fig=xtpa:

% HORIZ DISTANCE FROM ANCHOR TO FIXED POINT

xtp=sly+Fig:
xtpoint=sly+F!g:

% VERT DISTANCE FROM LIFT OFF TO FIXED POINT

ztp=at.*((cosh(Flg7at))-1 ): 
ztpoint=at.*((cosh(Flg./at))-1 );

% FILTER POSITION CALCS

order=5;
nyq=samp/2;
W=cutf/nyq:
[b,a]=butter(order,W):
ztp=filtfilt(b,a,ztpoint):
xtp=filtfilt(b,a,xtpoint);
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% CALCULATE THE VEL AND ACCEL OF THE FIXED POINT P

pzdot(p)=(ztp(p)-2tp(p-1 ))/tstep: 
pxdot(p)=(xtp(p)-xtp(p-1 ))/tstep;

pzddot(p)=(pzdot(p)-pzdot(p-1))/tstep;
pxddot(p)=(pxdot(p)-pxdot(p-1))/tstep:

% CALCULATE THE GRADIENT OF THE LINE AT POINT P AT THE NEW

swtpb=swtp+(0.001 *swtp): 
swtpa=swtp-(0.001 *swtp):

xtpbb=at.*(asinh(swtpb./at)):
xtpaa=at.*(asinh(swtpa./at)):

xtpb=xtpbb+sly:
xtpa=xtpaa+sly:

ztpbb=at.*((cosh(xtpbb./at))-1 ): 
ztpaa=at.*((cosh(xtpaa./at))-1 ):

% LOCAL ANGLE AT POINT P

top=ztpbb-ztpaa;
bot=xtpbb-xtpaa;
angl=top./bot;

ki=atan2(top,bot):

% TRANSPOSE VELOCITIES TO NORMAL AND TANGENTIAL COMPONENTS

vn=((pzdot).*cos(ki))-((pxdot).*sin(ki)):
vt=((pzdot).*sin(ki))+((pxdot).*cos(ki)):

vndot=((pzddot).*cos(ki))-((pxddot).*sin(ki)):
vtdot=({pzdot).*sin(ki))+((pxdot).*cos(ki)):

addnorm=(1)*(deltaa+((density*(can-1)*deltav).*vndot));
addtan=(1)*(deltaa+((d0nsity*(cat-1)*deltav).*vtdot)):

dragnorm=(0.5)*cdn*density*((abs(vn).*vn).*deltaa):
dragtan=(0.5)*cdt*density*((abs(vt).*vt).*deltaa):

fomorm=addnorm+dragnorm:
fortan=addtan+dragtan;

% TRANSPOSE BACK TO HORIZ AND VERTICAL

fhd=(fortan.*cos(kl))-(fomoim.*sin(kl)):

fvd=(fomorm.*cos(kl))+(fortan.*sln(ki)):

% TOTAL FORCES

ftothz=fhs-fhd;
ftotvt=fvs+fvd:

ftotal=sqrt((ftothz./'2)+(ftotvt.^2));

% DAMPING CALCULATIONS

if perwd > 100.0 
dmptim=perwd; 
else
dmptim=2*perwd;
end

strt=(dmptlm/tstep)+1 ; 

endcalc=strt+(perwd/tstep) ; 

q=strt;endcalc;
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catty = interpi (lcurv(:,1),lcurv(:,3),totx,’cubic’):

hyst=figure;

set(gcf, ’PaperType’,’A4’); 
set(gcf, ’defaultaxesFontsize’,10);
S8t(gcf, ’PaperPosition’, [0.1 1.0 3.3 3.4]);

plot(yt(q)/82.5,ftothz(q)/(82.5*3202),yt(q)/82.5,catty(q)/(82.5*3202),’r-’);xlabel(’ND excursion 
(a/H)’,’fontsize’,10);ylabel(’ND horizontal force (Fh/wH)’,’fontsize’,10);

% Max tension (modt)

ftot=ftotal(q);

index=find(ftot==max(ftot)); 
v=tim (index)

modt=ftot(index)

% Velocity at fairlead using LF period only

velfair=ytdot;

velfaira=(2*pi/perwd)*ampwd.*(cos((2*pi/penwd)*tim))i 

% ENERGY DISSIPATED

calnrg=ftothz.*(velfair); 

energy=trapz(tim(q),calnrg(q)); 

damping=(energy*perwd)/(2*prpi*(ampwd.^2));

resultl =[’Max Tension is ’ num2str(modt) ’ (N)’]; 

result2=[’Damping is ’ num2str(damping) ’ (Ns/m)’]; 

catmaxa = max(totx);
catmax = interpi (lcurv(:,1 ),lcurv(:,5),catmaxa,’cubic’);

ampwfa(loop) = osc_dat(loop,2);
penvfa(loop) = osc_dat(loop,3);
ampwda(loop) = osc_dat(loop,4);
perwda(loop) = osc_dat(loop,5);
zmpx(loop) = zmp;
resultl x(loop) = modt;
result2xOoop) = damping;
catmaxx(loop) = catmax;
hydmax(loop) = modt - catmax;

y1 = [osc_dat(loop,1) ampwfa(loop) perwfa(loop) ampwda(loop) perwda(loop)
zmpx(loop) resultl x(loop) catmaxx(loop) result2x(loop) hydmax(loop)];

fprintf(oput,’%3.1f %4.2f %4.2f %4.2f %4.2f %7.3f %9.0f %9.0f %9.0f %9.0f\n’, y1);

clear resultl result2 catmax catmaxa modt damping catmax ampwd ampwf perwd perwf xtp xtpa Fig

end

fclose(’aH’);


