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ABSTRACT

Termination of heavy-duty synthetic fibre ropes has long been an issue of concern in

marine environments. Recent serious rope accidents and new requirements for lighter
ropes with better performance in mooring lines have encouraged industry to look for

new methods for increasing line performance using existing ropes. One way of

increasing rope performance is to use efficient methods for rope termination. This 1s

why the main objective of this study has been to investigate a new method for rope

termination.

Rope failure usually happens inside or very close to termination due to high stress

concentration areas. The new method, “The Vaseghi Stress Relief Socket”, has been
proposed to improve the high stress concentration areas inside sockets and move
failure points along the rope. The new method has increased the tensile performance

of existing ropes up to 13%. It should also be added that the ropes in this study are

mainly used in marine environments for mooring oil platforms.

Considering the results of the tensile and cycling tests, The Vaseghi Stress Relief
Socket, proved a great potential for replacement of existing methods of termination

e.g. the splice. It should also be noted that the reproduction of the socket termination

1s more consistent than that of other methods of termination.

Tensile properties of ropes using ‘The Vaseghi Stress Relief Socket’ were initially a
matter of concern, for rope termination is the most important feature of ropes. In fact,
if there is a termination failure in tensile tests, the rope will not be considered
efficient for mooring purpose even though its other performances are excellent. Load
cycling was the second property that was considered. Acoustic Emission monitoring
was performed to find out the relation between the load-extension behaviour of the
rope using The Vaseghi stress Relief socket and the AE signals. Finally, the finite
element modelling of sockets helped to investigate the stress concentration areas in
the socket to optimise the amount of the reinforcing material and identify the weak

point areas in the socket, which could lead to further research studies for new designs,
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Chapter 1: Introduction

Introduction

Chapter 1:

Strength of mooring lines depends on its rope strength. Termination of the rope has a
direct effect on load bearing capability of the line. It is always fascinating to end-users
to increase the performance of ropes in marine environments. Moreover, interest on

different rope terminations has grown because of the high number of serious accidents

in recent years. Termination seems to be the crucial part of a marine line which affects

the performance of ropes.

Traditionally rope is terminated by splice. Splice is a method that the rope tail is
buried in its own body to make a loop as a termination. The splice 1s known to be the
most often used methods of termination in marine environments. The popularity of the

splice could be because of lack of information, difficulties and costs of testing ropes

through other methods. In addition, it takes a relatively long time to accept a new
method because of the high risks of these methods and lack of industrial confidence.

This is why there have been very few studies to compare different termination

methods.

Hand splicing by itself is difficult to perform, time consuming and very labour
dependent, Care in preparation and practice is a key element in producing a good

splice termination. Some investigations have suggested that improper splicing
methods have caused accelerated rope fatigue (Backer et al, 1981). Dunn (1995)

suggested that malpractice in use is taken to be yet another problem associated with

rope failure.

Socket termination is a method that rope tail is trapped inside a conical shape metal
device that stops rope movement. There have been some efforts to use the socket

termination instead of the splice over the last three decades. The major problem in the
socket termination is a high stress concentration area in ropes near the socket that
leads to premature failure of the rope inside the socket. The effects of termination on
the breaking point and higher stress concentration areas, followed by premature

failure of ropes, have been long known as a problem (Zhang et al, 1995). In most of
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the previous experiments, sockets failed as a result of the decreasing rope strength in

or near the termination (Stange et al, 1970 & Flory et al, 1995).

In order to overcome the problems associated with the previous methods of rope
termination, splice and socket, a new method of termination (Vaseghi, 2000), The
Vaseghi Stress Relief Socket, for large diameter synthetic ropes, has been innovated,

which improves high stress concentration areas in ropes. It is an attempt to prevent

premature rope failure inside or near the socket as the termination on a rope is often
the site of rope failure except in cases where the rope suffers severe abrasion or

bending stresses. The new socket has been designed to accommodate extra material to

release stress concentration in the rope.

Based on the Vaseghi Stress Relief Socket, extra material with some arrangement 1s

inserted in the rope tail before it is terminated. Arrangement of the rope tails consists
of inserting extra rope material inside sample tail and tapering it right to the end of
extra part. The socket is inserted inside the reinforced rope, and heatshrink tubing is

covered on the rope. The whole assembly is pulled inside the socket and resin is

added on the top to trap any movement of the fibres inside the socket.

As extra material is applied in this method, the effect of labour and care in preparation
is eliminated. Also the resin helps to stop any fibre movement and keep the sub-rope

together. Heatshrink tubing reduces rope contact area with the socket wall and results

in lower abrasion inside the socket. This helps fibres not to break in the socket.

The present thesis is the result of experiments carried out by the author to test the
efficiency of the Vaseghi Stress Relief Socket. The thesis consists of four other

chapters as follows:

Chapter two covers a review of the various types of fibres & ropes available in marine

environments, factors governing rope properties, mechanical performance predictions

of rope, different rope testing methods, and rope failure mechanisms.
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Chapter three looks specifically at the theory of rope termination and is an insight into
existing terminations and their problems. It also looks at the design basis and relative

patents for rope termination.

Chapter four specifies the equipment, material specification, and rope structures,

which have been used in this study.

Chapter five presents the results and a discussion of the tests carried out to achieve the

goals of this study. It discusses the merits of The Vaseghi Stress Relief Socket in
achieving a better tensile performance compared with existing terminations. Tensile

and fatigue cycling properties of ropes using the new method of rope termination is
the first objective of this chapter. Finally, the acoustic emission results and the finite

element method for new rope termination are discussed.

10
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Chapter 2: Literature Review

Working on termination without considering the rope behaviour and structure is a

difficult task. Pehaps each termination is designed for a special rope. There are some

unique features in each rope that must be considered when designing a termination,

This chapter includes a review of various types of fibres & ropes available in marine

environments, factors governing rope properties, mechanical performance predictions

of rope, different rope testing methods, and rope failure mechanisms.

2.1 Rope

2.1.1 Introduction

A ROPE is a complex material structure consisting of twisted elements such as
filaments, yams and strands in various constructions. Rope is a flexible line made of
fibres or wires twisted or braided together for tensile strength. Ropes may be made of
natural fibres, such as cotton, hemp, jute, flax, manila, or sisal; of synthetic filaments,

such as nylon, polyester, or glass fibres; or of metallic wire (Encarta, 2002).

Himmelfarb (1961) stats, “4 rope is a long, compact, flexible assembly of fibres

serving primarily to transmit tensile force or energy’.

Ropes are in common use in applications ranging from ship mooring, vehicular

towing, hoisting, and mountaineering to a wide range of rescue operations.

The requirements for any synthetic fibre rope are:

o The greatest possible tensile strength

o Flexibility, knotability, ease of handling and gripability

e A compact cross section which retains its form during use

e Elastic behaviour, dampening of shock loads, (absorption of mechanical energy)
e Stable load elongation properties in use

e Light weight

e Fatigue resistance

11
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e Abrasion and cutting resistance

e Resistance to chemicals and corrosion, temperature stability
o Ease of splicing or attaching reliable termination

o Low cost

e Torque balanced or torque free construction
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Figure 2-1: The schematic layout of strand made up from yarn and fibre
(Flory JF, et al, 1977).
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2.1.2 Synthetic Fibre Rope

Synthetic fibre ropes are lightweight and easy to handle. They do not corrode. Some
fibre ropes have a superior tension and bending fatigue performance than those of
wire ropes. Recent advantages in synthetic fibre ropes have dramatically influenced

the practice of civil engineering in oceans (Saidpour et al, 1995).

Synthetic fibres are usually manufactured in either monofilament or multifilament
form. Denier per filament is sometime used to differentiate monofilament fibres from
multifilament fibres. The difference between monofilament and multifilament 1s not

universally defined, and it varies among countries and industries.

Most ropes used in marine environments contain one or a combination of nylon,
polyester, or polypropylene fibres. However, polyethylene and aramid, have
undesirable properties, e.g. low strength of polyethylene and high cost of aramid,
which make them undesirable for mooring purposes (Flory et al, 1988).

2.1.3 Comparison of different rope materials for marine use

Considering the difficulties of rope comparison in mooring applications, Banfield
(1998) compared performance of different ropes for deep-water moorings. Stifiness
values determine offset and peak loads Creep gives continuing elongation, which must
be removed, and fatigue relates to long-term life. The ratio of strength to modulus
determines the minimum depth possible for a given mooring geometry in a given

environment. Subject to this restriction, the highest modulus gives the lowest rope

weight.

There are stronger fibres than polyester, nylon, and polypropylene but certain physical
properties make these fibres undesirable for use in marine applications. Of these three

fibres, nylon is the strongest, polyester ranks second and polypropylene is the

weakest. The strength difference between nylon and polyester is small.

It seems polyester and polypropylene ropes have superior resistance in cyclic loading
compared with nylon. Crawford (1983) and Flory (1988) in separate studied found

13
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that Nylon loses approximately 15% of its strength in wet conditions while polyester

and polypropylene do not loose their strength.

Nylon is more elastic than either polyethylene or polyester. The high elasticity of
nylon gives its high-energy absorption capabilities. Polypropylene fibre is slightly
more elastic than polyester fibre. However, polyester fibres, which have been exposed
to heat, set as part of the rope-making process, may be slightly more elastic than
polypropylene fibres, which are normally not heat set. This effect causes apparent

discrepancies in comparison with elasticities for ropes of different materials (Flory et
al, 1988).

In wet cyclic loadings, nylon ropes lose their strength faster and fail much sooner than

polyester ropes. Thus polyester is preferred for wet cyclic load applications. The
physical properties of nylon and polyester vary with fibre manufacturer, and some
manufacturers produce several grades of nylon and polyester. The main differences
between different grades of polypropylene are resistance to sunlight. This property 1s

not important in large synthetic ropes used in mooring lines. The relative performance

of different fibre ropes compared with wire is recorded in Table 2-1.

resistance

Cyclic load fatigue
Max, load (short term
Temperature degradation

Excellent Poor (wet “Excellent to fair | Excellent
>50% strength | <405 strength__| >60 strength | <35%strength
Possible “Possible | Nil____ | Verygood

Moderate
50% strength
Nil

Property | SteelWire__ | Polyester | Nylon | Aramid | HMPE ____ |
“Swength__ |10 [ O0Sxwire | 0Sxwre_ | Equaltowire | 1-12x Wire __
Dry Weight equal strength% | 100 135 T30 2025 ]2
strength % buoyant
Costlequalstrength | 10 | 1.5-2xwire | 1.5-2xwire | 3xwire | 4-5xwire
Modulus (stiffness) | 1.0 | 0.25xwire | O1xwre | 0.9-1.1 xwire | 0.9-10xwire
Creep Extremely low | Very low Moderate  to | Extremely low | Moderate to
dependent
extra protection
COITOSION high wet
Very good Fair____ | Poor [ Poor [ Good
Compression fatigue | Nil Excellent
| Excellent |
>50% strength |
Possible

Table 2-1: Comparative rope performance relative to steel wire rope
(Bridon, 1995).

14



Chapter 2: Literature Review

2.1.4 Rope Structures

The following rope constructions cover most ropes existing in the market (Dunn BJ

1985):

®

3-Strands hawser laid: Three-strands are twisted or laid together to form the

rope. This structure is still the most commonly used (Figure 2-2). Perhaps one of
the earliest ropes made so far, is this type of rope because of its simple
construction. Figure 2-3, which is an ancient rope, presents the same construction.

The rope is still highly used because of its availability in market, standardisation

and the price.

Figure 2-3: Ancient three-strand papyrus rope from 500BC (Tyson, 1960).

15
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¢ 4- Strand shroud laid: Four strands are laid normally over a central core. The
core may be omitted for ladder ropes where two strands pass on either side of the
rungs. The structure was formerly used for running rigging on sailing vessels, but

nowadays it is rarely used to make ropes. The rope i1s 11% weaker than an

equivalent size of 3-strand rope (Figure 2-4).

Figure 2-4: Three strands laid rope (OCIME, 1992).

¢ Cable laid rope: This structure is formed by laying three (or more) hawser laid

ropes together. It is some 40% weaker than a similar size of 3-strand rope but 1s

more extensible (Figure 2-5).

(Jacket not shown)

Figure 2-5: Cable laid rope (Aker Omerga, 1995).

¢ 8-strand plaited structure: "Squareline" 8-strand plaited ropes are made by
plaiting together eight strands in four pairs of strands in the form of a double four

strand round sennit. The rope has the same number of yamns as an equivalent size

of 3-strand rope, but is referred to by its size number, rather than its diameter

(Figure 2-6).
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Figure 2-6: Eight-strand plaited rope (OCIMF, 1992).

¢ Braidline rope: A Braidline rope consists of a plaited hallow core, over which is
plaited an overlaying sheath. The rope structure is similar to two hose placed
coaxially within one another. This structure utilises more efficiently the aggregate

strength of the component yams, and the guaranteed rope strength is some 15%

stronger (size by size) than a 3-strand or an 8-strand nylon rope (Figure 2-7).

BRI

A, W% P
VRIS

| Core
Figure 2-7: Braid over braid rope (OCIME, 1992).

¢ "Thor" Nylon ropes: This rope is made of six strands that are laid over a core.

Each strand is composed of large nylon monofilaments, interspersed with
multifilament yams of conventional structure. The monofilaments vary in size
from 1.6 to 6mm diameters depending upon the size of the finished rope. The
stability of the rope is achieved by a well-balanced ratio of mono & multifilament

with the load-bearing function of the rope being taken by both.

17
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¢ "Viking7" Polyester rope: Yeardley (1996) introduced the "Viking7" rope, which
consists of a parallel array of seven long braided sub-ropes, secured within a
unifying protective overbraid. This structure overcomes length limitation
problems by utilising seven small sub-ropes rather than a single large strength
member. The long braid angle gives a very high strength transfer relative to the
input material while retaining the facility for load sharing between the fibre
bundles. The protective overbraid gives a high degree of abrasion protection to the
load-bearing member. The structure also offers a unique opportunity for

termination due to the parallel arrangement of sub-ropes (Figure 2-8).

Protective Jacket

n" ~\. 12 Strand Braids

Figure 2-8: Parallel sub-rope Viking 7 rope (Yeardley 1996).

¢ Superlines: Superlines (Figure 2-9) have the same structure as Viking 7, but its
number of sub-ropes is more than 7. The core consists of a number of parallel laid

ropes, half "S" and half "Z" twist, to provide a torque balance. The torque balance

property is a very important issue in rope manufacturing. If the rope is not torque

balanced, it might unlay during the service. In new constructions, braided sub-
ropes have been used to make Superlines. The rope has a braided synthetic fibre

cover and may be supplied with an extruded jacket (Street et al, 1993).

18
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- L
F b ™ '.F

k Heavy fBraided Jackat gtrands

Figure 2-9: Schematic layout of Superlines (Aker Omerga, 1995).

2.2 Rope Requirements in the Marine Environment

Marine ropes have different requirements from normal ropes. They should be highly
efficient in utilising the strength of continuous fibres, robust and yet flexible for
offshore handling, durable for long term (over 20 years) exposure in underwater, have

an efficient method of termination, and capable of being made in large diameters and

long length (Yeardley, 1996).

The important parameters indicating properties for a rope applied in marine

environments are as follow:

2.2.1 Handleability: The feature which describes the ability of the rope to be man-

handled, in the case of wire rope this parameter is closely allied to stifiness.

2.2.2 Corrosion resistance: Resistance to attack from seawater and other additives
1s known as “corrosion resistance”. Fibre ropes of all sorts, are known to be
very resistant to corrosion and seawater effects, which are usually neglected.
However in the case of wire ropes in marine environments, corrosion has been
a matter of concern from early stages of usage. Different types of coatings
have been used, such as polymeric coating, galvanising and so on. Galvanising
of individual wires of a rope provides one method of restricting corrosive
attacks on the stress carrying elements, and this approach is usually applied for

all long life applications. Lubrication, of the correct type, at rope manufacture
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2.2.3

2.2.4

2.2.5

2.2.6

and subsequently in service i1s the secondary source of protection against

corrosion (Petrina et al, 1997).

Abrasion resistance: Abrasion resistance may simply be defined as a function
of the outer wire size used in the rope. For synthetic fibre ropes, abrasion
resistance 1s a function of the fibre type and the rope construction employed.

In the case of fibre rope covered with a jacket, it 1s proved that the jackets on

strands significantly increase the strand lifetime, but the effects of different

polymer lubricants coating the cords in a strand are not as significant as might

be expected (Petrina et al, 1995).

Strength: The proportion of the breaking load to input material 1s known as

“strength” in the rope industry. The characteristics of the feed material for rope
manufacturers are modified by the construction of the rope. The helical
formulation of the rope, which is essential to achieve the handleability and
fatigue resistance associated with usage, causes losses from the theoretically
available strength. The latter is a function of the tensile strength of the feed
material, its mass and the rope construction. In the case of wire ropes, the

strength size characteristic 1s designed by a value in Newton per square

millimetre (N/mm?).

Fatigue resistance: The ability to sustain cyclic loading by bending, rotation
or pulsation 1s called “fatigue resistance”. Wear and fatigue in synthetic fibre
lines depend on a multitude of mechanisms, including cumulative creep to
rupture, heating due to cyclic loading of filaments or to relative displacement
of structural rope elements, internal wear caused by relative movement
between yamns or strands, and external abrasion against deck hardware or

rough surfaces (Seo et al, 1997).

Elasticity: “Elasticity” shows the strain history of the rope, and has a bearing
on' energy absorption. Fibre rope structures are designed to obtain the

maximum utilisation of the fibre strength from a compact rope cross sectional

areas in order to produce certain rope breaking strengths and elasticity while
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2.2.7

2.2.8

2.2.9

using a minimum amount of fibres, They are composed of a large number of
single fibres. The fibre bundle has to be arranged to form torque free or torque
balanced structures. At the same time, the structure has to produce a maximum

utilisation of the fibre strength and sufficient flexibility and elasticity
(Niedzwechi, 1978).

Extension under load: “Extension” has been defined as a measurement of the
strain at a given applied load. In some cases, it is required to have extension in
mooring systems. Therefore, nylon material is considered in such cases.

However, it appears that extension is an unwanted feature in most mooring

systems and 1t should be decreased if possible.

Energy absorption: A measurement of the strain energy absorbed by the rope

during the operational cycle is called “Energy absorption”. Energy absorption
1.e., the capacity to accept shock loads, (as in towing) is a function of the area
of the load-extension curves. These features and a value of the apparent
modulus of elasticity (E) for man-made fibre ropes, stress and strain are not
proportional and no value of 'E' can be determined. It is quite clear that for the
synthetic fibre ropes, the elastic elongation characteristics are non-linear and
vary significantly for each type of rope. It should be noted that wire rope and,
to a lesser degree, chain also elongate under loading, but it is negligible when
compared with most natural fibre and synthetic fibre ropes (Niedzwechy,
1978).

Rotational Characteristic: This is the feature which characterises the
inherent load: torque and load, and turn properties of the rope. As a result of
the helical form of the wire or fibres, most laid ropes have a rotational
characteristic which allows the end to turn if not fixed, or alternatively to
create a torque on fixed terminations. The characteristic varies from

construction to construction, and in particular designs it is possible to create a

torque-balanced condition.
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2.2.10Fishbite Protection: Fibre ropes may be damaged by fishbite when
submerged in particular marine environments. A protective cover could save
the rope from fishbite effectively. Only a limited amount of information 1s

available on fishbite as it is not easily assessable.

2.2.11Bending Around Small Radii: This feature which is particularly important in

many marine applications, should not be confused with fatigue resistance.

Ropes which bend around small radii, whether rotating or fixed components
(i.e. shave or bollard respectively) sustain a loss in their effective strength
compared with the breaking load achieved at an in-line pull. This loss is a

function of the rope construction and the bending radii.

2.2.12Temperature Effect: Wire ropes will operate with no severe deterioration in
performance through a temperature range of -40 °C to 300 °C. However, at the
extremities of the range, normal lubrication is ineffective so that fatigue
resistance will be impaired unless special in-service lubricants are applied.
Synthetic fibre ropes have a more limited temperature range. The softening
point at which thermal creep becomes pronounced is an important
temperature. The coefficient of thermal expansion and contraction for wire

rope is 0.0000125 per centigrade, and therefore, the change in length (L) of

rope produced by a temperature change of t°C will be: Change in length =L x
0.0000125 x t (Q1u et al, 1998)

2.3 Rope Applications in Marine Environments

There are several applications for synthetic fibre ropes e.g. mooring large off-shore
structures, towing, post tensional concrete, bridge cables, ground anchors, and roof
structures (Kingston, 1990). The only application, which is of concern in the present

study, is mooring in marine applications.
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2.3.1 Mooring

Mooring ropes account for the highest percentage of weight of cordage used in marine
applications. The techniques used in handling mooring ropes and the degree of
mechanical assistance, which the crew may receive, will vary depending broadly on

the dead-weight of the vessel. It follows that the preferred choice of mooring rope

matenals will also vary to take these conditions into account.

2.3.2 Towing

Towing is another major area of rope application in marine environments, for which
nylon ropes are mostly used. This is because high extension is required in lines used
in towing. Also its low density helps the line to float on the water. The splice 1s

known to be the best method of termination for a towing line. Socket weight is known

a disadvantage.

2.4 Mechanical Performance Predictions of Rope

2.4.1 Determination of Breaking Strength by Realisation Factors

The rated breaking strength given by manufacturers of large synthetic ropes is in
general extrapolated from smaller-rope breaking strengths, or breaking strengths of
the rope components. Extrapolation has been necessary because the size and the
breaking strength of large diameter ropes have increased at a faster rate than the
capabilities of rope break testing apparatus. This method is potentially inaccurate and
should be used with caution because it is based on the strength of individual elements
while the actual rope may behave differently. The rope breaking strength is affected
by a number of factors, which may vary with rope size and construction. Such factors

are the twist of the yamns and strands, the helix angle of the strands, and the tensions

of the braiding machines used in rope manufacture (Walter et al, 1980).

It 1s proposed that the total strength of large ropes could be related to the strength of

their components. The relationship between the strength of the component and the
strength of the complete rope, known as the realisation factor (RF), is determined by

tests on small ropes. The total breaking strength is determined by the following

formula:
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TS=CS xNCxRF Equation 2-1 (Walter, 1979)
Where TS = Total rope breaking strength
CS = Component breaking strength
NC = Number of component

RF = Realisation factor

The tests are repeated for a series of rope sizes, and realisation factors are determined

for each rope size. From these RFs for smaller ropes, RFs for larger untested rope
sizes are extrapolated. To determine the breaking strength of large ropes, their sample

components are break tested and the component breaking strength is determined. The

total rope strength is then determined using the appropriate realisation factor In

equation 2-1.

Table 2-2 shows Realisation factors for different materials and constructions. Like the

extrapolation of rope strength, the use of realisation factors to determine the total rope

strength is potentially inaccurate and should be used with caution. Industry-

standardised realisation factors which relate composite rope strengths to the strength
of the rope component may not be accurate for all rope manufactures because of
variation in rope construction (Walter, 1979). The accuracy of the realisation factors
depends on the nature of the rope components (yarn or strand) selected, their numbers
and positions, and the accuracy in determining their individual breaking strengths.

The number of factors involved are so varied that a reliable RF is difficult, 1f not

impossible, to obtain.

i WL il W
Factor (R

 Aramid | K225 [ 16Camier | 118
_ Nylon | Suspensionrope |  3Strand | 126
0.9%

_ Nyln | |  Braidline | 131
I N R B T N N X
__Polyester | Viking7 | | 085
___Polyester | Prestretched |  3Swand | 119
___Polyester | | “Braidline | 078
___Polyeter |  Viking7 |  Brad | 087
__Polypropylene |  BlueFilm |  3Strand | 122
— Twwon | k222 | 16Came | 097 ____

Table 2-2: Realisation factors for different materials and constructions (Walter,
1979).
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It is not very clear how realisation factor could be more than one although improving

effects due to some construction make up has been reported in some literatures.
However this effect can only be found in small ropes to some extend while it is very

difficult to understand these results in larger ropes.

2.4.2 Prediction of the tensile strength & dynamic properties by

computer simulation

Leech et al (1993) developed a model to predict the tensile behaviour of twisted ropes
based on geometry and fibre content. The data showed a high correlation with

experimental results. The model has also been applied for braided ropes. They

concluded that there are inevitable assumptions and approximations, due to
mathematical simplifications and uncertainties in rope construction. Tension and

torque can be computed for their dependence on elongation and twist, and the

breakage of both the rope and the splice predicted.

Kumaniecka (1994) simulated the dynamic stability of a rope in axial direction. The
dynamic state of the investigated system is described by a set of non-linear coupled
partial differential equations with boundary conditions varying in time. The damping
properties of the non-linear rope material as well as dry friction between particular
strands are taken into account. The unstable regions for the main, secondary and
combination resonances have been found by applying the harmonic balance method.
General results are illustrated by a numerical example in which the effect of the
starting and braking of the winding machine is included. The influence of the matenal
non-linearity and the character of kinematics excitation are also considered. The
results, with slow variabiljty of the parameter, show a high correlation with

experimental results.

In developing very large ropes made of high-modulus materials such as aramid or
polyester, the use of computer models is considered to reduce final cost. Through
computer modelling, parameters such as fibre properties and component arrangements
can be studied to determine a near-optimum design before making and testing a

prototype rope. Test results can be used to calibrate the computer model, and
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additional modelling can then be conducted to improve rope properties or predict rope

performance under other conditions. Some conclusions are as follow:

A: Modelling of the Stress/Strain Relationship

With appropnate modelling of the rope structure, described above, it is then necessary

to relate the tensions, extensions, torques and twists applied to the entire rope
structure to those imposed on the individual rope elements. This is done through the
Principal of Virtual Work. This means that work performed by tension P changing the
rope length L plus work performed by torque T changing the rope twist 2 is equal to
the overall work U performed on all elements of that rope. Prescribed changes in
length and twist are applied to the most major structural element, which 1s the rope.
From the rope structural model, the resulting changes in the length and twist of the
next lower structural level are calculated. And from those changes, the succeeding
lower level changes are calculated, until the resulting change in the length (stress) of
the lowest structural level or basic element is known. (Torque/twist properties of the
basic element can be input if known.) The tension in the basic element which
corresponds to this imposed change in length is also calculated. Tensions and torques
on each of the succeeding hierarchial elements are then calculated to determine the

corresponding tension and torque on the rope 1itself (Banfield et al, 1995).

B: Accounting for Deformation Modes

Of fundamental importance in modelling fibre ropes are the many possible
deformation modes. The various structural levels can compress and change in shape.
The resulting changes in diameter then alter the helical paths of succeeding levels and
thus change other important properties. Various elements can slip relative to each
other. The degree of inter-element movement depends on the tension on an element,
the pressure between elements, and the coefficient of friction. As a result of slippage,
the balance of tensions between elements is changed, abrasion damage may be

produced, and heat may be released (Banfield et al, 1995).
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2.5 Rope Characterisation

2.5.1 Introduction

Testing ropes 1s carried out to understand ropes and their performance and behaviour.
There are several destructive testing methods to characterise rope. In the past few

years, some non-destructive methods have been introduced. The important factor 1s to
design a test that would give the desired and reliable data. As big diameter ropes have
been mostly used in marine applications, most of the available data seems to be in this

area compared with other small diameter ropes.

Banfield et al (1998) did a series of tests to evaluate the synthetic fibre ropes used in
marine environments, combining with some environmental data. The fibre rope

mechanical properties measured in laboratory tests on materials, constructions and
terminations intended for deepwater mooring applications were examined. The tests
included static tensile, fatigue cycling in wet conditions and creep. The results,
combined with field experience, provided a better understanding of rope behaviour
and enhanced the knowledge required to engineer fibre ropes for these demanding
applications. This has also led to improved laboratory test techniques for measuring

mechanical properties relevant to mooring system response analyses required to meet

regulatory requirements.

2.5.2 Destructive Testing of Ropes

The commonest and oldest testing technique is destructive testing, where the results
are obtained at the expense of the destruction of the test sample. Tensile, fatigue
cycling and creep are the most important tests for marine applications. A list of most

common tests i1s as follow:
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I. Fatigue

Marine ropes experience a complex history of static and cyclic loading and
environmental exposure. Some aspects of this history apparently combine to

sufficiently weaken some ropes so that unexpected failures occur (Starsmore et al,
1980).

The fatigue loading of polymers has received considerable attention in some areas
such as fatigue crack growth, but experience with polymers is much less extensive
than that with metals (Hertzberg et al, 1980). In inert environments, ductile polymers
commonly fail by two distinct modes depending upon loading conditions. In a cyclic
creep mode, failure is dominated by time under load, and in some cases occurs more
rapidly with a constant load than a cyclic load which allows some relaxation during
the unloading parts of the cycle (McKenna et al, 1980). The other failure mode is

associated with fatigue crack initiation and propagation, and occurs much more

rapidly with cyclic loads (Mandell et al, 1981), although very slow crack growth can

also occur at low static loads, sometimes termed creep cracking (Kausch, 1987).

The fatigue data for nylon and polyester marine ropes from several testing
programmes in Europe and the US have been compared. A model based on the creep-
rupture behaviour of individual fibres and yams could predict failures at loads above
30-40% of the new breaking strength for nylon or 60-70% for polyester. Failures at
lower loads and higher cycles usually occur by external or internal abrasion. Polyester
outperforms nylon under wet conditions in both regimes. Rope failures in tests tend to
occur in or at the end of the splice; at the tangent of the eye and the bollard, or at the
back of the eye. The failure position appears to depend on the ratio of the rope to
bollard diameter, the type of eye protection (if any), and the rope construction.
Important factors in rope fatigue tests are the environment and the test period. Tests
on dry ropes at high loads, unless run at very low frequencies (long periods), fail due
to hysteretic heating (Mandell, 1987). If the specimen is immersed in water or sprayed
with water during testing, heat build-up does not appear to be a problem. The
additional effects that complicate the rope behaviour include:

1. Fibre shrinkage with long term water exposure

2. Transverse loading
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Abrasion (intemal or external)

Recovery periods between loading

Hysteretic heating

SN & W

Photochemical degradation.

I1. Tensile

Fibre strength 1s represented by tenacity. Tenacity is defined as the breaking strength
of the filament per unit weight. In SI unit tenacity is expressed in Newton per tex.

Traditionally it is expressed in gram per denier. Tex is defined as weight of identical

rope lengths, and expressed as gr/m or Kg/Km.

The stress-strain measurement of fibre material comprises several difficulties. It
includes designing a proper gripping method and choosing appropriate specimen
lengths. But in almost every case, stress concentration occurs at the clamped jaw,
which causes the specimen to break at the jaw resulting in lower values than the true
strength of the filament material. Therefore, the measured strength values often show
lower values than the true strength value. To reduce this stress concentration, gradual
reinforcements or embedding methods were applied to the fibre material at the jaw
and its exit boundary region. The gradual reinforcing materials allow for stress
redistribution between the fibre materials and their relatively rigid embedding. For
gradual reinforcing, adhesive tapes and silicon rubbers and epoxy glues are used for
fibre and yarn tests. Capstan grips are used for large yarns and small ropes. Since thr
use of each of these methods is accomplished by slippage during the loading, the
values of elongation based on the jaws’ displacement of the tensile tester do not

represent the true elongation of the matenal.

To obtain valid stress-strain curves for a single fibre to fibre bundles, the following
four methods are applied (Seo, 1988):

I- The first method allows for measuring the strain between the gauge marks on the
specimen using a cathetometer or a video recorder, together with the Instron tensile
tester. This method shows pretty good results on tensile properties of large size yams

and ropes. In case of the cathetometer use, readings are not continuous and as a result,
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strain values include relaxation effects. Using video camera reduces the effect of

relaxation to a minimum level.

2- The second method is the extrapolation of the data obtained in the same testing
method and reinforcement but in various gauge lengths. If at any given load, the
measured elongation includes the same amount of slipping at the grip, then the
extrapolation of the data to zero gauge length designates the actual jaw slippage at the
load. If this value of slippage is then subtracted from the measured elongation data at
each given load, we can get the true stress-strain curves for such specimens. This
method has been used for measuring the stress-strain curve of a strand of double
braided rope or that of its yarn. This method has several uncertaintics, One of them is

the assumption of the magnitude of slippage that occurs for all gauge lengths. This 1s

difficult to prove.

It takes considerable time to obtain a single stress strain curve for the above two
methods. When the magnitude of the surface shear force available from the gnip is
larger than the required tensile force to break the specimen, the significance of the
stress concentration effect near the grip is significantly reduced. This occurs when the
relative magnitude of the surface area with respect to its cross section is large, such as
a single filament or a single yarn, or when the boundary shear force between the

gripping material and the fibre material is as high as that for the embedding matenals.

3- The third method constitutes a reinforcing grip employing adhesives or epoxy
glues. This method precedes a good break in most cases, however, a possibility of
slippage involvement at this grip as seen when the effect of specimen length 1s
measured (Kenny et al., 1985). Since the magnitude of the slippage is relatively small,
the effect of the slippage becomes smaller when the length of the specimen becomes
longer. This third method can be applied successfully on reasonably long single

filaments and on yarn specimens of 25 cm or longer.

4- The fourth method is measuring the elongation of the specimen with the Linear
Variable Differential Transformer (LVDT). The data are collected using a digital
recorder. Since this method gives the most accurate results, load elongation curves of

the bundle and ropes were measured in this way (Seo, 1988).
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I11. Abrasion

Synthetic fibre ropes are attractive alternatives to wire ropes in many marine
applications because they are much lighter in weight, do not corrode, and are more

elastic. However, resistance to external abrasion is a concern.

Abrasive wear 1s said to occur when there is a progressive loss of material from the
softer surface when two surfaces are rubbed back and forth. In a ‘clean’ environment
this is most often caused by hard protuberances of one surface gouging grooves in the
softer surface as they are reciprocated under normal loading. The swarf is initially
pushed to one side but after many cycles it is removed altogether. If grit is present,

this process is speeded up, but the terminations are usually sealed to prevent water
penetration, so that no grit will be able to get in. In polymers, strong adhesion occurs
at the points of contact of the asperities; when sliding occurs, fragments are tom from

the softer surface and are left deposited on the harder one (Meredith, 1959).

Flory (1997) tried abrasion test trials on 8-strands and double braid ropes made of
nylon, polyester, and polypropylene. The polyester ropes suffered slightly less
strength loss than the nylon and polypropylene ropes. The 8-strand ropes exhibited a

significantly better abrasion performance.

A yarn-on-yarn abrasion test for use on continuous-filament rope yarns was developed
by Goksoy (1988). It involved the application of a reciprocating motion to two yam
sections wrapped helically together under tension. Different modes of behaviour were
found under more severe and less severe conditions yielding reproducible results with

acceptably low variability. Tests were made on two nylon and two polyester-fibre

yarns. Results were presented for the influence of tensioning weight, number of
wraps, wrap angle, cyclic stroke, and cyclic speed on the cycles to failure of two
nylon and two polyester-fibre yamns, both wet and dry. The measurements made were
dry as received, in tap water, in distilled water, in synthetic sea water, and in Sodium
Chlonde (NaCl) solution, and also after drying from these environments. The effects
of pre-soaking were studied. The different wet environments did not yield large
differences in abrasion life, but nylon had a lower life wet than dry. Severe reductions

of life occurred in yarns dried from the salt solutions.
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IV. Creep

The creep behaviour is mostly presented by elongation under constant load in constant
time interval. The experimental data generated in creep test could give some idea
about the long term behaviour of the rope. Practically it is not possible to monitor the
creep behaviour of the rope in the long time exposure in water because most often it 1s

a very low fraction of the whole line and it is not possible to differentiate how much
extension 1s due to creep. The extension in the line could be as a result of other effects

like damage 1n sub-ropes and so on. That is why the short term data in the laboratory
could be useful. High loads are applied to monitor the creep although it may not be

applied 1n the actual loading condition (Backer, 1982).

The creep is very important for mooring systemé in which the line length 1s a matter

of concern e.g. single point mooring. Designers need to know 1f the tension elements
will be carrying a specified force after the initial creep losses have occurred, and this
is very sensitive to subsequent small length changes caused by the creep. Contractors
need to know how to cut a length of rope off a reel so that, after they have terminated
the rope, possibly preloaded it, transported it around the country, installed it in place
and then loaded it, it will have the correct length and the correct tension. This factor
may seem mundane, but the alternative is to build into the structure adjustable
anchorages, which are usually very bulky and hugely expensive; such considerations

are known to have deterred using these matenals.

It 1s well known that the creep of fibres is significantly reduced when they are
preloaded, but it is not known why, nor is it known whether there is a consequential

loss of lifetime. Tests are underway which will fill the gaps in the knowledge with a

view of producing a single comprehensive model which relates all these properties
(Walter, 1979).

Since the creep failure time shows a high correlation with the tensile fatigue life of the
fibre, it might be expected that normalised stress versus the creep failure time relation

of the filament can also be used for predicting of its tensile fatigue life at very low

loads.
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Type G parafil parallel-lay Kevlar 49 rope has been creep tested over a period of up to
580 days. The applied stress varied from 24.5%-81.6% ultimate tensile strength. The
results of the experimental investigation conducted on ropes of 1.5 and 3.0 tonne

nominal breaking load show:

e Creep and recovery in parallel-lay ropes could be adequately described using a

logarithmic time law.

e The creep rate at any time increases with stress

e The creep coefficient for parallel-lay aramid ropes can be considered as stress
independent.

e The comparison between the creep rate values for parallel-lay ropes and Kevlar 49
fibres indicated that the application of pre-tensioning load has the effect of

reducing the creep strain in subsequent loading (Watson et al, 1988).

V. Stiffness

The dynamic stiffness increases significantly, approximately 100%, for nylon double
braid rope and 30% for polyester 8 strand plaited rope, after 4-5 years in the ocean.
This can result in the nylon rope being stiffer than the polyester after exposure to the
marine environment. As the rope ages, the variability of the dynamic stiffness also
increases. This indicates that it is more difficult to predict how a mooring would

perform after a period of time. The dynamic stiffness of nylon rope is more dependent

on the magnitude of the load amplitude than the rate of load variation. The mean load
has a much greater effect on the dynamic stiffness than on both the frequency and
load amplitude (Bitting, 1980). It is thought the figure of 20-40% is an acceptable

value for stiffness improvment but it is not very clear how stiffness could increase up
to 100%.

V1. Bending

Bending 1s a phenomenon, which occurs when the cover is extended. It also occurs

when the rope sub-elements interact, making the axial compression fatigue an

33



Chapter 2: Literature Review

important criterion. The axial compressive fatigue of twisted ropes has been modelled
(Koohgilani, 1998).

When the rope bends around a sheave, the rope's strands and sub-ropes must move
towards one another. This movement allows the sub-rope to compensate for the
difference in the travelling distance between the underside and the topside of the rope,
the distance being greater along the topside. The rope action is adversely affected if

the sub-ropes cannot move properly. Any changes, which take place in the rope, due

to the conditions under which it operates, will materially change the bending stress.
These conditions include any instance or circumstance that restricts the movement of

the sub-ropes (Anon, 1999).

VIIL.Torsion

Synthetic fibre ropes are often used under circumstances that result in a rotational
displacement (twist) of the rope due to either inherent torque imbalance or the
application of an external torque to the end of the rope. The ability of a rope to
tolerate this twist without experiencing a significant reduction in strength or service
life depends on both the rope construction and the material of which the rope 1s
manufactured. The development of several new high strength, high modulus synthetic
fibres, such as Dyneema, Kevlar, Technora, Vectran, Twaron, Spectra and Zylon has
led to the evolution of new rope designs which take advantage of the special
properties of these materials. For instance, they, using intelligent design, can replace
traditional wire ropes for mooring of offshore installations as the water depths
increase. However, these new ropes are much less twist tolerant than the conventional

ropes made from common low modulus synthetic fibres such as polypropylene, nylon,

and polyester (Gibson, 1990).

VIII. Residual Strength

Tensile fatigue and residual strength test on braid-on-braid small size aramid rope has
showed that the strength reduction of aramid ropes by cyclic loading in dry condition
starts early and proceeds gradually (Tsurta, 1986). At 20% load level, the values of

the average residual strength for 20% at each test number of cycles was larger than the
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value of the average breaking strength, and it indicated no strength reduction even
after 200,000 cycles. Before the beginning of the gradual decrease of residual
strength, the data showed that the strength of the aramid rope increased at first, which

was similar to that of nylon.

A method for predicting the residual strength of a maritime synthetic fibre rope
subjected to tension cyclic loading was developed by Flory et al, (1989). The method
was demonstrated by limited laboratory testing. A residual strength curve showed
retained strength vs. the number of cycles. It could indicate when a rope should be
removed from service. In constant load cycling, failure would occur when the residual
strength fell to the cyclic load level, a point of the CTF (cycles to failure) curve.
Residual strength curves together with the CTF curve could be used to relate the

equivalency between the number of cycles applied at one load level and those at

another. This then allowed the effects of various numbers of cycles at different load
levels to be summed in accounting for random loading. Residual strength curves could

be plotted from laboratory cyclic load testing and from carefully instrumented field

trials. It was emphasised that computer simulation would be a more economical

means of predicting residual strength and cycles to failure .

IX. Energy Absorption

Energy absorption in rope 1s a matter of concern because it may cause premature

failure. It could be measured by calculating the rope extension.

Kevlar ropes, due to their lower stretch, store less potential energy than the equivalent
nylon or polyester ropes. In addition, Kevlar is less efficient at transferring its stored
potential energy to kinetic energy as the broken ends propel at rope failure. Thus
Kevlar ropes are inherently less lethal and therefore, are more amenable to snap-back
reduction or control. Three-strand Kevlar ropes show evidence of snap-back reduction

by cascading, that is, breaking one strand at a time, allowing elongation and load

relaxation (Swenson, 1983).
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2.5.3 Non-destructive Testing

Non-destructive evaluation (NDE) is a branch of applied science that is concerned
with all aspects of the uniformity, quality and serviceability of materials and
structures. By definition, non-destructive techniques involve those processes by which
the materials and structures could be examined without damage or disruption of their

use. At present, there are no standards relating to the implementation of NDE

techniques or the interpretation of NDE results for either new or used ropes.

Over the past 20 years there has been a huge growth of interest in what are generally
called non-destructive testing (NDT) and non-destructive evaluation (NDE)

techniques. These are methods for probing into the materials that are used to construct
structures, manufacturing plants, etc. The aim is to characterise the maternial and

defects present, but without damaging, or disturbing the material or structure. The
main motivation for NDT has been increased safety standards, but economic

considerations are equally important, especially when quality control of a material

product is at stake (Koohgilani, 1998).

Non-destructive evaluation of ropes is done to monitor the rope performance in
service. This could be used to control the ageing of the rope during usage. One of the
main concerns about a line, in a mooring system, is the life of different parts making
the line. To monitor the rope ageing, different sensors are installed along the line and

all data are collected and verified during the service. In most cases, the data from the

sensors could prevent accidents that may end in disaster.

- Acoustic Emission

Acoustic Emission refers to the generation of transient elastic waves during the rapid
release of energy from localized sources within a material. The source of these
emissions in metals is closely associated with the dislocation movement
accompanying plastic deformation and the initiation and extension of cracks in a
structure under stress. Other sources of Acoustic Emission are: melting, phase

transformation, thermal stresses, cool down cracking and stress build up.
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The Acoustic Emission NDT technique is based on the detection and conversion of
these high frequency elastic waves to electrical signals. This is accomplished by
directly coupling piezoelectric transducers on the surface of the structure under test
and loading the structure. Sensors are coupled to the structure by means of a fluid
couplant and are secured with tape, adhesive bonds or magnetic hold downs. The
output of each piezoelectric sensor (during structure loading) is amplified through a
low-noise preamplifier, filtered to remove any extraneous noise and furthered

processed by suitable electronic equipment.

The instrumentation of Acoustic Emission must provide some measure of the total

quantity of detected emission for correlation with time and/or load (Figure 2-10).
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Figure 2-10: Acoustic emission is transient elastic waves generated by rapid
release of energy from localised source within a material.
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- Acoustic emission in fibre rope

The term acoustic emission is used to describe both a technique and the phenomenon
upon which the technique is based. Acoustic Emission (AE) or stress wave emission
is the phenomenon of transient elastic wave generation due to a rapid release of strain
energy caused by a structural alteration in a solid material. It should be emphasised
that, unlike ultrasonic, acoustic emission is a passive monitoring system. Signals are

not injected into the structure except for calibration purposes. Generally speaking, the
proportion of the energy that is released as elastic wave rather than heat, depends on

the nature of the source, how localised it is and how rapidly the releases takes place.
Localised rapid energy releases give rise to elastic waves in the ultrasonic frequency
regime that can be detected by microphones or transducers attached to the surface of

the specimen provided the waves are of sufficient amplitude. This whole process is
known as acoustic emission, each source being an AE event. The signals detected by

the transducers are also some times called acoustic emission or AE signals
(Koohgilani, 1998).

Acoustic waves have great potential for determining and monitoring structural
integrity. Acoustic emission signals contain potentially useful information about the
location and intensity of defect and about the criticality of the defect in a structure
under load. We would expect the first emission signal to be at the time that a defect 1s
located at the fibre level. This implies a molecular level and it is possible that the

initial defects could be masked by machine noise, etc.

In the AE testing, a parameter called the "AE load delay" has been defined, as the
tensile load required producing a specified low baseline level of the AE activity. It has
been observed that the AE load delay can be correlated with the ultimate rupture load

of the ropes having various numbers of cut core yarn and a variety of stress

concentrating knots.

When a specimen is loaded gradually from a zero load, the AE begins to be detected
at a specific time, which corresponds to a specific load. The corresponding load level
is defined as the "AE load delay". Because of the potential noise problems and the

intrinsic threshold limitations of the AE test system, a convenient and practical level
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of the AE activity is defined to be the load delay. Specifically, the load delay is
defined, as the load required producing a specific load level of cumulative AE event
and ring-down counts. Thus, the AE load delay based on the cumulative AE events or
ring-down counts from the same specimen may be different, depending on the

specified levels set for the cumulative AE event and ring-down count, respectively
(William et al, 1982).

- Discussion of the Kaiser and Felicity Effects

Historically, the term “Kaiser Effect” honours J. Kaiser (1950) and his original
observations of reloading phenomena in several metals. The important points here 1s
that these are physical observation not immutable laws. Fowler (1979) originally

conceived the term felicity ratio, for the observed behaviour of many composite

materials, defined to be:

load at which AE is observed onreloading

Felicity Ratio=
previously applied Maximum load

Equation 2-2

Over the past several years, several inaccurate notions have arisen regarding these

phenomena including;

e All metals exhibit the Kaiser effect (e.g. materials which exhibit twinning do not
exhibit this effect.

o All composites exhibit the felicity effect
o If a material exhibit the Kaiser effect for a particular test condition, it will exhibit

the Kaiser effect for all conditions and geometries.

The Kaiser effect has been shown to be valid only for unflawed polycrystalline metals
tested under uniaxial loading conditions where reloading was immediate. However, 1f
not, (the time is dependent on the material and the temperature) some AE activity can
be observed. This is principally attributable to the migration of dislocations, the

readhesion of cracked particulates, or the reformation of oxide coatings in the in the
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intervening time period. It should be also mentioned that most tests are conducted
under uniaxial test conditions while most structural maierials are actually subjected to
biaxial or triaxial loading conditions. In these conditions it is plausible to expect that
the results would be path dependent, i.e. if one were to change the manner in which
the load was applied on reloading, even though the final stress state was the same (e.8.
tension followed by torsion initially vs. torsion followed by tension) the Kaiser effect
would probably not be seen. For these materials, local material failure (either via

matrix cracking, fibre matrix debonding, fibre friction, etc.) is the principal AE source

not dislocation motions. Upon reloading AE can still be generated at these
microfunction sites, principally by rubbing of mating crack surfaces. In this regard,

composites are similar to flawed metals where the Kaiser effect is not nearly as
evident (Kline, et al, 1987 & Scott, 1991). Both the above effects refer to the presence

or the absence of AE activity upon reloading of a sample. If no acoustic emission is

observed, the Kaiser effect is said to hold. Any deviation from this behaviour is

known as the Felicity ratio.

Obviously, a felicity ratio of one would correspond to the Kaiser effect. Ratios greater
than one, while possible, would also indicate that the Kaiser effect was present. It
should be noted that Japanese researchers use the term Kaiser ratio in place of Felicity

ratio.

- Generation of AE by Source Events

The source of the elastic waves is an event inside the body. In many cases it 1s no
trivial matter understanding what the source events are in practical materials or what
the generation mechanism is. In the case of a growing crack, still arguably the most
important AE source and the formation of new crack faces must be accompanied by
sudden changes in stress and displacement of material in the vicinity of the crack.

Varying stresses and strains must by definition act as sources of stress (elastic waves).
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2.6 Rope Failure

Synthetic fibre ropes have many unique features that make them attractive for use in
marine environments. The cost of failure in the mooring line is very high and failure
in the line could cause a major disaster in platform or ship apart from the line itself.
The probability of the failure at any given load increases with the total line length and

the number of terminations. It also depends on the mean strength and the strength

variability of the terminations and other components (Seo et al, 1990).

Some investigations on single point mooring (SPM) hawser system accidents

recommended using a more durable fibre rope material, which alleviated a pattern of
breakouts at fleet moorings. In another case, an improper splicing method was
determined to accelerate the rope fatigue. In an SPM accident case, computer analyses

and model tests demonstrated that mooring loads probably exceeded the strength of

the failed component (Backer et al, 1985).

The factors, which adversely affect the life of synthetic fibre ropes in marine services,

are as follows (Flory et al, 1990):

1. Environmental factors: Moisture, oxygen, chemicals, biochemical attack,
ultraviolet light, and heat.

2. Physical factors: Molecular structure, lay effects, specific gravity, and physical
structure.

3.  Mechanical factors: overload, creep, hysteresis, stress rupture, internal & external
abrasion, bending, fibre fatigue, structural realignment, fishbites, failure by
rotational cycling, and human interaction.

4. Termination; Different termination methods affect rope failure and breaking

patterns differently.

The most relevant properties mentioned above are mechanical factors and termination

effects.
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2.6.1 Mechanical Factors

Mechanical factors are parameters like overload, tensile, creep, hysteresis, fibre
fatigue, and internal abrasion. These are generally associated with straight tension or
tension cyclic loadings. They also occur in torsion and bend cyclic loadings. The

salient mechanical factors that may affect rope performance are discussed below:

I. Overload: Like any other structure, synthetic fibre ropes fail when the components
are overloaded. The strength of the rope depends not only on the strength of the fibre
material but also on the efficiency of the rope structure, including the terminations. In
an inefficient structure or termination, stresses are not uniformly shared, and some

fibres reach the breaking strength long before the full potential strength (Flory, 1990).

It is also possible that failures caused by energy differences between moored objects,
which exceed the mooring systems’ energy absorption capability, typically found

when too short mooring lines are used to moor or tow a vessel subjected to wave

motions (Flory et al, 1998).

II. Creep: Creep, is the permanent increase in length as a result of loading and takes
place in all synthetic fibres at low loads and its rate decreases with time until it
becomes virtually indiscernible. However, in some materials at high load, significant
creep continues and eventually causes failure. Creep failure in ropes only occurs in
high loads. All the synthetic yarns used in the marine environments exhibit some
creep effects. Below a critical load residual extensibility stabilises as loading
continues. Above the critical load, creep continues until failure. Before this most
ropes will show an increase in strength due to the progressive alignment of the load
bearing fibres (Parsey, 1982). All synthetic materials exhibit a certain amount of
creep. However, it is only significant in ordinary and high modulus polyethylene. Shin

(1994) has found that the creep-time behaviour of nylon rope test specimen follows a

logarithmic law.

II1. Hystersis: Hysteresis is the loss of energy during cyclic loading. Friction due to

relative slippage of adjacent elements causes loss of energy and heat build-up. When a
synthetic fibre rope is used at sea to tow a load, the rope is subjected to a dynamic,

cyclic tensioning due to ship displacement induced by wave action. This cyclic
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tensioning is superimposed on a mean tension which is determined by the wind
velocity, vessel speed and heating. Under such a cyclic loading, the rope, as a
viscoelastic structure, absorbs energy. Part of this energy is dissipated in the form of
heat, which results from the plastic deformation and the inter-filament friction
between rope fibres. This energy is absorbed by the rope, or the hystersis, causes
temperature rise inside the rope. Increasing the temperature melts or fuses fibres, and

accelerates rope failure (Shipeng et al, 1990; Cerqueira et al, 1998).

IV. Stress rupture: When some materials are subjected to permanently applied loads,
they eventually creep to failure. This phenomenon is generally referred to as stress
rapture. In some studies it is named as creep rupture. Mandell et al, (1987) studied

fatigue resistance of individual synthetic fibers e.g. polyester and nylon 6,6 fibers and
yarns and proved that fibre failure over a range of loading conditions and frequencies

occur at a critical cumulative strain, governed by a creep rupture process.

V. Internal abrasion: Relative motion between various rope components, fibres,
yarns, and strands results in abrasion damage. Examinations by Flory (1989) on nylon
rope showed strong evidence that internal abrasion was the principle cause of strength
reduction. Yam-on-yam abrasion tests at low load levels on nylon ropes showed that
the dry yamn withstood about one hundred times as much abrasion cycles as did the

wet yarn. However, the same yam with an improved finished performed much better,

both dry and wet. Mandell (1987) stated that the abrasion failure depends on the
number of cycles rather than loading in a time dominated fashion. Failure occurs
when enough material is removed so that the maximum cyclic load applied to the
remaining material reaches the new breaking strength of the rope that has lost part of

its matenial.

Crawford (1983 & 1985) reported that most of the abrasion damage takes place
between strands on the inner and outer braids, either in the eye, the splice, or along the
free part of the rope; this is classified as internal abrasion. Leeuwen (1981) believed

that the internal abrasion is not a pre-dominating factor in fatigue cycling test. This

was concluded by measuring the residual breaking strength of ropes after some

hundred thousands of cycles.
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VI. External abrasion: The rope can be abraded against any proximate object, such
as termination fittings, sheaves and fairleads, and also on the ship’s deck and the sea
floor. Goksoy et al, (1988) conducted a series of yarn-on-yarn abrasion tests on nylon
and polyester in different environments (tap-water, in distilled water, in synthetic sea-
water, and in NaCl solution). The effects of pre-soaking were studied as well. The
different wet environments did not give large differences in abrasion life, but nylon

exhibited a lower life wet than dry. Severe reduction of life occurs in yarns dried from

the salt solutions.

VII. Bending: While in service, a rope may be bent around a pulley or sheaves, and
this bending has been shown to increase expected tensile loads, radial forces, and

torsional moment (Heirigs et al, 1992).

When a rope bends around a sheave, the rope's strands and sub-ropes must move

relative to one another. This movement allows the sub-rdpe to compensate for the
difference in travelling distance between the underside and the topside of the rope, the
distance being greater along the topside. Rope action is adversely affected if the sub-
ropes cannot move properly. Any changes, which take place in the rope, due to the
conditions under which it operates, will materially change the bending stress. These

conditions include any instance or circumstance that restricts the movement of the
sub-ropes (Anon, 1999).

VIII. Rope fatigue: Marine ropes may be subjected to a complex variability of static
and cyclic load under varying environmental conditions. Nylon and other synthetic

fibres are known to be degraded by cyclic loading.

Polyester and polypropylene ropes have superior resistance in cyclic loading
compared with nylon. Nylon ropes lose approximately 15% of their strength in wet
conditions while this is approximately nil for polyester and polypropylene. Nylon
fibres and yarns are found to lose a significant fraction of their strength when

subjected to cyclic fatigue loads (Crawford et al, 1983; Flory, 1977).
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IX. Structural realignment: Mechanical distortions, such as hackles and bird-

caging, cause undesirable redistribution of stress and strain in the rope. Structural

realignment also leads to a progressive failure of sub-elements.

X. Fishbites: Deep-sea mooring lines are subjected to fishbite attacks, which can and

often do cause total failure of the mooring. Practically it is not possible to stop
fishbite, but there has been extensive research on deploying different covers to reduce
its effect on the line. Three types of fishbite resistant materials have been tested;
tubular plastics, Zytel extrusion, and Kevlar and Spectra braids. The two new braided

jackets seem to offer excellent protection to synthetic fibre ropes of smaller size
(Berteaux, 1991).

XI. Failure by rotational cycling: The rope unwinds under low tension (less than 3%

of break strength), that makes the strands bulge or birdcage. The tight jacket prevents
gross rope bulging so the strands go into compression and kink. Cycling the
compressive load through the kink causes accumulated damage and loss of strength,
which basically depends on the rate of cycling, and the load applied. A reduction of
up to 30% for high loads is reported while in low loads the reduction could be 1gnored
(Hervey, 1988).

XII. Human Interaction: Rope failure can be caused by human interaction, natural

occurrences or by the rope system and its components. Typical human interaction 1s

through ships or fishing equipment overrunning moorings either accidentally or with

the intention to “salvage” (McKenna, 1996).

XIII. Failure due to snap Loading: Bitting (1980) proved that nylon line can fail at
relatively low loads (about 70% of its new breaking strength) due to snap loading.
Also cyclic test results suggest that the tensile strength of nylon line is not reduced if
the minimum load does not reach zero and maximum load does not exceed
approximately 60% RBS (Rope Breaking Strength). A preliminary design guideline
states that 1f the line is under tension, the maximum applied dynamic load may be as
high as 60% RBS. If there is no tension, then the maximum dynamic load should not
exceed 30% RBS.
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2.6.2 Termination effect

One of the most important considerations in rope failure is termination. It has been

reported that most rope failures, in service, occur in or near the termination arca
[Chaplin (1999), Smith et al, (1981)]. In order to obtain valid data from laboratory

tests, the failure position must be outside the termination area. Otherwise the

termination has a limiting effect on the rope performance.
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2.7 Rope failure mechanisms

Interest in failure mechanisms in synthetic fibre ropes has increased in proportion to

the number of serious accidents which have occurred during marine usage (Seo et al,
1990). Most accidents are caused by malpractice in use rather than faulty material

(Dunn, 1995). Investigations are being carried out to assess the causes of failure n

rope and the more sensitive elements in a mooring line. Tension Technology

International (TTI) has participated in almost a thousand break tests of fibre ropes and

have analysed many rope failures. TTI has investigated three major towing accidents.
One involved the use of two tugs towing a platform. Computer analyses examined on
the failed mooring lines. In most cases it has been proved that mooring loads

exceeded the strength of the failed component (TTI Report, 1999).

Backer et al, (1981) conducted an extensive work to investigate the deterioration of
synthetic fibre ropes in marine environments. Each of the worn ropes selected was
analysed to its structural composition. Different mechanisms of failure are discussed

below.

2.7.1 Tensile failure mechanism

Ropes and chains are bodies, whose symmetrical, mostly circular cross sections, are
small compared with their lengths. They are able to transfer loads only along their
axes. They can not transfer bending moments or transverse forces of any magnitude

and are unstable under compressive loads, they will bend out.

Many successful structural models have been developed (Backer et al, 1985) to
predict the static tensile behaviour of ropes and its failure mechanism. These models
often assume that spatial locations along individual strands can be described by a

helix with a sinusoidal undulation in their radius direction. Thus the local strand strain
can be calculated on the basis of the differential geometry of strand segments before
and after the rope is stretched. Strand load is readily determined through the load

strain relationship. By converting the individual strand load into the rope axial load
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and summing up the contributions from different strands, a load/strain curve 1is

generated.

2.7.2 Fatigue failure mechanism

Most of the existing literature on rope fatigue includes wire ropes (Niedzwechi, 1978;
Hear, 1982; Muskalski, 1998; Golis, 1998; Anon, 1999; Chaplin, 1999). However
some work has been carried out on synthetic fibre ropes in the past two decades
(Casey et al, 1993; Wu, 1992; Heirigs et al, 1992; Mandell et al, 1987; Kenney ef al
1985). Experiments have shown that the strength of synthetic ropes may degrade due
to cyclic loading (Flory et al, 1972). The mechanism of fatigue is not fully understood

yet and cannot be accurately predicted. One factor, which may affect the fatigue rate

at which the fibres are tensioned, is their position in the mooring line. Another factor

is the load range over which the rope is cycled.

The fatigue deterioration of a rope is a complex process. Often, as in the case of
marine usage, a rope will be subjected to repetitive tensioning accompanied by free
transverse motion. Although the average loading level may be less than 10% of the
nominal breaking strength, the transverse motion may cause local bending, inter-

strand movement, and high lateral pressure (Heirigs et al, 1992).

2.7.3 Creep failure mechanism

When some materials are subjected to permanently applied loads they eventually

creep to failure. This phenomenon is generally referred to as creep-rupture.

Shin et al (1994) carried out a series of tests on nylon fibre ropes under the constant
loads 30% and 14.7% of the breaking strength. The creep curves of synthetic fibre
rope test specimen showing extension versus log(time) seemed to be almost straight

lines. It means that the creep-time behaviour followed a logarithmic law.

Chiao et al (1977), Glaser et al (1984) and Howard et al (1985) are amongst many

researchers who have paid considerable attention to the creep-rupture behaviour of the
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Kevlar ropes. In all cases it was found that Kevlar yarns would support a large
proportion of their nominal short-term ultimate loadings, for long periods of time, but
that there was considerable variability in the creep-rupture lifetimes for any given

load level.

The creep of Kevlar 49 and Kevlar 29 is generally considered to be a logarithmic
function with time. The creep rates for Kevlar are low when compared with other
synthetics such as nylon or polyester, and it actually approaches that of steel. Lafitte
et al, (1980) reported that the creep rates for yarns of Kevlar 29 and Kevlar 49 are
insensitive to the loads between 20% and 50% of the ultimate load but that they
decrease at lower loads. Creep rates of 0.02% and 0.052% per decade were observed

at room temperature for Kevlar 49 and Kevlar 29 respectively (one decade is

equivalent to one unit on a log time scale to base 10).

2.7.4 Failure due to line elasticity

Flory et al, 1987 suggested that under a given load, an elastic line will stretch more
than a stiff line. Elasticity plays an important role in the mooring system for several

r€asons:

1. High elasticity can absorb higher dynamic loads. For this reason, high elasticity 1s

desirable for ship-to-ship transfer operations, or at terminals subject to wave or swell.

2. On the other hand, high elasticity means that the ship will move further in her berth
and this could cause problems with loading arms or hoses. Such movement also

creates additional kinetic energy in the mooring system that could lead to line failure.

3. A third and the most important aspect is the effect of elasticity on the distribution

of force among several mooring lines. The simple four-line mooring pattern 1s

insensitive to the elasticity of lines, but it is suitable only for boats or very small ships.
Due to size Iimitation of individual lines, many more lines must be used for larger
ships. The optimum restraint is generally accomplished if all lines, except spring lines,

are stressed to the same percentage of their breaking strengths.

49



Chapter 2: Literature Review

2.7.5 Failure due to energy absorption

Walter (1980) reviewed energy absorption in the rope. The high total weight of a
chain and/or wire rope mooring systems provides some advantages in terms of energy
absorption. As a moored platform experiences an excursion, the individual mooring
lines must respond by either rising from or lowering to the ocean floor a portion of
their total length. Thus, a simple movement of the individual mooring lines dissipates
energy. To improve the energy absorption of non-metallic ropes, chain segments at
the ocean floor or clump weights could be introduced. Alternatively, one could add
more line until this situation improves, but it is conceivable that the length of line
required could be impractical. As the water depth increases significantly, the
advantages of a conventional mooring decrease. For example, as the water depth
increases, chain is required to use an ever-increasing portion of its strength just to lift
the chain off the ocean floor. This means that the vertical component increases while
the station keeping component (the horizontal component) decreases. Thus the weight
of the chain required as the water depth increases exceeds the safe working loads and
eventually exceed the chain's breaking strength. The same holds true for wire ropes,
but because it is lighter than chain, the water depth before this happens i1s much

deeper. In comparison, non-metallic ropes have little difficulty in this regard.
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