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ABSTRACT

Traditionally rope desi gn and sel ecti on

has been an enpirical craft, but this is no
| onger adequate when the choices have
multiplied into hundreds of thousands and

sever e engi neeri ng denands apply t o sone uses,
especially for long periods off-shore.

This paper outlines a quasi-static
analysis which has been developed for
structured ropes and enbodied in conputer
codes for prediction of the quasi-static and
long-term properties of ropes. In this
fundanental stage the codes conpute tension
and t orque fromt hei r dependence on el ongati on
and twi st, thereby allow ng the breakage of
both ropes and splices to be predicted and
i nproved desi gns devel oped.
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| NTRODUCTI ON

Fi bre ropes have been used for t housands
of years, but recent advances have increased
t he potenti al for civil engi neering
applicationsinthe oceans. Inturn, this has
stinul ated researchintothe applied mechanics
of ropes and the devel opnent of engineering
design tools. Conputer nodelling is needed
both to enable nmanufacturers to optinse
constructions and i nvesti gate novel structures
and to enabl e engineering users to nake the
ri ght design deci sions.

The need to bind short natural fibres,
such as henp, sisal and cotton, together by
frictional forces led to traditional tw sted
structures, predom nantly three-strand ropes.
This requirenent ceased from the 1950's
onwards when continuous filament yarns of
nyl on, polyester and polypropyl ene becane
avai |l abl e. One consequence was the i nvention
of a range of new fibre rope constructions:
lower twist wire-rope types and parallel
assenbl i es of sub-ropes; braided forns; and
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parallel-lay ropes. These first synthetic
fibres have strengths of around 1 GPa, about
hal f that of steel, but, because of their | ow
density, they are about threetines stronger on
a weight basis. A new generation of high-
performance fibres - aranmi d (Kevlar, Twaron,
Technora), HWPE (Spectra, Dyneema) and LCAP
(Vectran) - have strengths inthe range 2to 4
GPa and are uptotentimes stronger than steel
on a wei ght basis. In stiffness, these fibres
range fromunder 5 GPa for nylon to around 200
GPa for aramids: thisis still slightly | ower

than steel, but, on a weight basis is five
ti mes higher.
The overall position is now that

pol ypropyl ene i s used for | ower-cost conmodity
ropes; nylonis preferred where extensibility
and ener gy absorption are required; polyester
provi des good strength and stiffness at a
noderate cost; aram d, HWE and LCAP fibres
provi de hi gher strength and stiffness, though
the creep of HWE ni |l i tates agai nst | ong-term
uses under high loads. All these fibres have
the toughness to be used as fine filanents
(about 10 pmin dianmeter) in ropes. d ass and
carbon fibres also have high strength and
stiffness, but are too brittle to be used
unprotected, though they can be used as
pul truded rods.

New rope designs are leading to nore
efficient utilisation of fibre properties in

the total structure. However, so far the
devel opnment of constructions has mai nly been by
practical innovation, and the enpirical

eval uati on of performance has been linmited by
the high cost of testing. There has been a
| ack of tools for the optim sation of design,
al though, if the fundanental basis is
under st ood, nodern conputi ng power shoul d make
this possible. Furthernore engineers are
naturally reluctant to use new materials and
constructions in demandi ng situations, unl ess
t hei r performance can be adequat el y predi ct ed.

This paper presents an account of
comput er codes for prediction of the quasi-
static and long-term properties of ropes.
Codes have been devel oped with facilities for



bot h unstructured (parall el -1ay) and
structured ropes, but this paper wll be
limted to twi sted rope structures.
Particular attention is paid to "w re-rope"

and nulti-rope constructions, which have
strength conversion efficiencies simlar to
parallel-lay ropes and are better suitedto a
nunber of applications. The inclusion of
splices as ternminations of tw sted ropes
i ntroduces nmethods which would also be
applicable to braided ropes. |In addition to
the prediction of the relations between
tension, | ength, torque and tw st, this paper
wi |l al soinclude nmethods for the conputation
of internal forces and heat generation, which
are needed for the long-term response
di scussed in an associ ated paper.

Wt hin the confines of ashort paper, it
is only possible to give an outline of the
t heoretical basis, which, inafull treatnent
woul d require detailed discussion of the
under | yi ng assunptions and nat hemati cal and
conmput ati onal procedures. Thevalidity of the
procedures is shown here by the exanpl es of
applications.

MODELLI NG PRI NCI PLES

Rope geonetry and fibre content

The nmodel | i ng of rope geonetry foll ows a
hi erar chi cal approach wi th a nunber of | evel s,
which nmirrors the manufacturing process
Typi cal sequences are shown in Tabl e 1 and t he
constructional differencesareillustratedin
Fig. 1. Although, in principle, all levels
could be included in the nodelling, in
practicethe properties of either the"textile

yarn" or the "rope yarn" are taken as the
starting point. These are specifiedinterns
of: linear density (mass/length); density,

whi ch det er ni nes di anet er and depends on fibre
density and packi ng factor within the yarns;
tensile stress-strain properti es; and
coefficient of friction. Different fibres nay
be conbined within the sanme rope

ROPE TYPE: W RE- ROPE MULTI - ROPE
Fi bre filament filament
manuf act ur er
textile textile
yarn yarn
Rope rope yarn rope yarn
maker
strand strand
rope sub-rope
rope

.
Table 1 Structural levels in ropes

At each structural level (e.g., a
strand), the next | ower level form(e.g., the
rope yarn) follows a uniform helical path
around a central axis as shown in Fig. 2
This neans that an individual filanent wll
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Figure 2 : Twi st geonetry, (a) Conponents
foll ow helical paths round

concentric cylinders and (b)

Openi ng-out cylinder flat
defines geonetrical and
trigononetrical relations.

follow a conplicated path deternined by the
multiplicity of helices. However, since the
properties of each level are determ ned
separately and used as i nput to the next hi gher
| evel , these conplications are avoi ded and t he
only geonetry that needs to be definedis that
of Fig. 2, with relations derived from the
triangles in the "opened-out" diagram The
consequences on twi st at a | ower | evel of the
subsequent twi sting at a higher | evel have to
be taken into account.



Packi ng invol ves both qualitative and
guantitative aspects. Three forms of
arrangenment of conponents, shown in Fig. 3,
are considered: in "packing" geonetry, the
elements are in circular layers where the
contact stresses act radially towards the
central axis; in "wire-rope" (geonetry,
circular layers are self-supported by
circunferential pressures where contact
stresses act circunferentially within the
assenbly; in "wedge" geonetry the conponents
are deformed i nt o pi eces bound by segnents of
radii and arcs, and generate contact forces
bothradially andcircunferentially. For each
geonetry, there is a packing factor in the
stress-free state, which nmay be reduced by
| ateral pressures devel oped under tension.

(a) (b)

(¢)

Figure 3 : Cross-sectional geonetry, (a)
packi ng geonetry, (b) wre-
rope geonetry and (c) wedge

geonetry.

Variability instructure and fibre properties
may have an appreciable influence on rope
strength, especially in low twi st highly
| ubricated ropes.

Rope deformation

The basi c def ormati on assunptionis that
pl anes perpendicular to the axis of the
hel i cal structure within each component renain
pl anar and perpendicular to that axis. The
circul ar cross-sections at either end of the
element in Fig. 2 thus nove farther apart due
to extension, rotate relative to one anot her
due to twist, and reduce in area either to
keep the volunme constant or to allow for
conpr essi on. Analysis by differential
geonetry then gives expressions for the
el ongati on of the | ower | evel conponents, and
keeps track of the sequence of inposed
def ormati ons t hrough t he several | ayers of the
structure.

In order to introduce frictional
effects, it is necessary to consider slip at
contact points. The nodes of slip are
nunerous, and their magnitude nust be found
fromthe differential geonetry of deformation.
Those identified as the nore inportant and
t aken into account as appropri ate,

particularlyinthelater fatigue studies, are
illustrated in Fig. 4 and |listed as foll ows:
nodes 1 and 2, axi al sliding between conponents
due to stretching and twisting of the
structure; node 3, rotational slip, whichis an
end-effect; node 4, scissoring at crossovers;
node 5, sawing at crossovers; nmode 6, bulk
conpression or dilation. There is also
conponent distortion, which has not yet been
explicitly treated, but isinplicitly catered
for by providing treatnments for both the
initial, cylindrical, andfinal, wedge, shaped
construction geonetries.

(a)
Contact
Point
8,
(b)
Slip Slip
Surface Surface
GO
(d)
Mode 4
Scissoring ( lvbdes. >
(e) ‘
@W“ \ / (d)j
(a) (c)/ (e)
Figure 4 : Modes of slip. (a) Mdde 1

stretching, (b) Mde 2
twisting, (c) Mde 3 rotating,
(d) Mode 4 scissoring and node
5 sawing, (e) Mdde 6

di stortion. Progressive

di stortion of strand from (a)
to (e).

The scissoring, sawing and bulk
conpr essi on nodes of slip have beenidentified
as significant in fatigue failure mechanisns



but not intheir effect on rope | oads, as they
are associated with small displacenents.

Rope nechani cs

The anal ysis is based on the Principle
of Virtual Work:

P*L + T*N = *U (1)
where Pis tension and L is elongation, Tis
torque and Nis twist, and Uis strain energy.

Because the rope is conmposed of an
extrenmely large number of fine filaments,
bendi ng and torsional effects in the input
conmponents can be neglected. It is only
necessary to t ake account of el ongati on ener gy
obt ai ned by i ntegration of thetensile stress-
strain properties, which can be nmeasured on

yarns in extension and recovery. Effects at
hi gher levels come naturally into the
anal ysi s.

Application of virtual displacenents

then gives the expressions for tension and

t or que:
P = 3Fl (M, ML) T = 3F o(M,./ MN) (2)
where F. is the axial |oad in the conponent as
a function of ,.(L,N), |, is the reference
| ength of the conponent, and ,.is the strain
in the conponent.

Inorder to deternine contact forces, it
i s necessary to introduce a virtual change in
the helix radius a. The contact force per
unit length is then given by expressions
simlar to the above involving (M,./Ma). The
frictional force is given by multiplying the
contact force by the coefficient of friction.
The frictional contributiontothe deformation
ener gy, whi ch must be added i nto t he conputed
work, is the product of friction force and
di spl acenent at the contacts as derived from
the rope deformation. The only significant
contribution, and even that is small, cones
fromthe axial sliding node.

The analysis outlined above enables
tension and torque in ropes to be cal cul ated

as functions of elongation and twist.
Breakage occurs when the input conponents,
normally yarns, reach their br eaki ng
ext ensi on. Except in unusual constructions,
this will indicate the maxi num | oad, nanely
the rope strength, and, in practice, wll
usually be the trigger for catastrophic
failure.

Heat generati on and conduction

Heat generation during rope deformation
cones from two sources: dissipation within
fibres cal cul abl e fromthe hysteresis or | oss

factor in the yarn stress-strain behaviour;
frictional | osses cal cul ated as above. Both
can be derived fromthe nechani cal analysis.

Inrepeatedcycling, whichistreatedin
nore detail inthe associ ated paper, the heat
generati on causes an increaseintenperature.
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If the ropeis regarded as a circul ar cylinder
of constant thermal diffusivity (density x
specific heat / thermal conductivity), Geen's
functions in the literature can be used to
nodel the change with tine of the tenperature
di stribution due to a heat source | ocated at
any point in the cross-section. The effects
are additive, so the overall change in
tenperature can be conputed by adding the
contributions fromall the fibre and contact
deformations in the rope structure, which are
present in the analysis.

Splice geonetry and nechanics

Al t hough terninations do not contribute
appreciably to the elongation of a |long rope
system they may be a point of failure. The
present anal ysi s has t heref ore been extended to
i ncl ude sone commonl y used eye splices. Splice
geonetry consists of an interlacing, or
brai di ng, of tuck (T) strands fromthe free end
of the rope under and over (S) strands fromthe
mai n rope. Typical splices are shown in Fig.
5.

(a) Full multi-rope eye splice, showing one
sub-rope in detail

Original Rope S-rope I
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(b) Middle of an Admiralty splice in a six-
strand rope; a twelve-strand braided
structure

UTCKBSﬂF Passing S Crossing
i 1

Figure 5 : Splice geonetry

Specification of the differential
geonetry of the braided structure and the
application of the principle of virtual work
enable the tensions to be calculated at
different locations in the splice. The npst
severe stress comes at the end of the splice,
where the whol e rope tension is borne by the
(S) strands in a di sturbed geonetry, sincethe
free tuck ends can carry no | oad. Back al ong
the splice there is a progressive transfer of
load from (S) to (T) strands until it is
equal Iy shared. The analysis enables the
splice strength to be cal cul at ed.



In addition, the nmagnitude of the
scissoring friction node, which is inportant
due to the trellissing action in a braided
structure, can be determ ned. This is
significant in fatigue failure, discussed in
t he associ ated paper.

COVPUTATI ON

The analysis outlined above has been
coded in and for the PC environment, using
BORLAND s Turbo-Pascal |anguage, in a way
which is easy for the user to inplenent. The
i nput requirenments fall intotwo parts, which
i ncl ude provi sion for sl ack strain
variability.

First, the user nust define the rope
structure. Essentially, this consists of
speci fying the nunmber of conponents at each

| evel along with the twist inserted and the
nature of the packing at that |evel. Because
of the nunber of | evels provided, this can be
a lengthy, but straightforward, procedure.
Splice structure paraneters nmust al so be gi ven
if splice analysis is required.

tensile and
| owest | evel

Second, the dinensional,
frictional properties of the
conmponent s nmust be provi ded. Most are single
paraneters, but the nonlinear stress-strain
relations are defined in the codes by the
coefficients of fourth order polynonials,
whi ch can be derived fromtest data.

Wth the i nput requirenments satisfied,
nuneri ¢ and graphical predictions of rope
response can be obtai ned for direct or cyclic
| oadi ng between any sel ected pair of applied
rope extensions. Inthe process of predicting
t he overal | rope response, predictions of the
response of each and every conponent are
produced and these may be interrogated at
| ei sure.

Conpari son with experinent

A nunber of neasurenents of tension and
torque devel oped in ropes, strands and yarns
have been performed in order to confirmthe
validity of the theory and conputer codes.

Fig. 6 shows the good correlation
bet ween theory and experinent for all three
I evel s (theropeitself, asub-rope and a sub-
rope strand) of a Milti-Rope polyester.

Fig. 7 shows how the codes were used to
i nprove the performance of a 7 strand aram d
rope. El is the experinmental result fromthe
rope as originally manufactured. The
t heoreti cal prediction T indicated the
ori gi nal manufacturing was incorrect. Rope
manuf acture was inproved in the re-nmake to
yi el d t he experinental result E2, which agrees
with the prediction.

Fig. 8 shows howthe nean torque - tw st
response of a bedded-in rope can be predicted,
and agrees with experinmental results.
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Figure 6 : Experimental and theoretical
| oad- el ongation conparison for
Mul ti - Rope Pol yester.
These results denonstrate that the
devel oped codes give useful predictions, so
that they can be used with confidence to

eval uate the properties of candi date ropes or
i nvestigate design changes.
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Paranetric studies

Anot her way in which the codes can be
usedistoinvestigatethe sensitivity of rope
performance to changes in construction and
mat eri al properties.

Fig. 9 shows the significant effect on
ul timate rope nodul us of changing the outer
layer twist in a 36 strand (4 strand |ayer
construction) while keeping all ot her
paraneters fixed. The nodul us, as indicated
by stress at 3%el ongati on, decreases by about
10%when the twi st | evel increases from2.5to
4.5tpm The change of outer |ayer twi st from
2.5tpmto 3.5tpmincreases break strain by
5% with little change in peak |oad, but a
further change to 4.5tpm reduces break
strength by .5% with little change in break
strain. It can be seen that the optinal
behavi our wi Il be achi eved when t he pri nci pa
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Ef fect of outer |ayer twi st

36 strand aram d rope

Figure 9 : on

| oad beari ng conmponents break together, at an
outer layer twist of . 3.5tpm The uneven
sharing of load at other tw st |evels has
fatigue inplications.

Fig. 10 shows the ef fect of repl acingthe
aram d | oad bearing el enents of a7 strand rope
wi th pol yester. The core ropeyarn of the core
strand of the arami d rope is polyester, which
explains why it is still predictedto carry a

small load up to 12% el ongati on.
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Figure 10 : Effect of Constituent nateria

on 7 strand

Fig. 11 shows how the codes can help to
desi gn-out undesirabl e rope characteristics,
i.e., in this instance to achieve torque
bal ance. The unbal anced and bal anced wi re rope
constructions are 7 strand (2 |layer) and 36
strand (4 layer) aranmid ropes respectively.

Fig. 12 shows therel atively smal | effect
of friction in a Milti-Rope polyester.

Fig. 13 depicts the hysteresis due to
load cycling in a 7 strand aramd. Heat
generated is given by the enclosed area
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Figure 11 : Conparative Torque Bal ance
between Aranid wire rope
designed with and wi t hout
attention to torque bal ance.
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Figure 12 : Effect of Friction on Miulti-
Rope Pol yester; (A p = 0.1,
0.1, 0.1 nodes 1, 2 and 3, (B)
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CONCLUSI ON

Al t hough t here are i nevitabl e assunpti ons
and approximations, some for reasons of
mat hemat i cal sinplification and sonme due to
uncertainties in rope construction, the
anal ysis of structured ropes outlinedinthis
paper, and associ ated codes for unstructured
parallel-lay ropes also devel oped, enable
wor t hwhi | e predi cti ons of the response of ropes
to be calculated. Tension and torque can be
computed i ntheir dependence on el ongati on and
twist, and the breakage of both ropes and
splices predicted. These codes have al ready
been used to design ropes for floating
producti on systemnoori ng studi es and t o assi st
ropenmakers with new rope designs.

Inadditiontothe quasi-static response
(i ndividual cycl es of extension and recovery),
which is the mai n concern of this paper, these
codes provi de necessary i nput tothe nodel | ing
of long-termfatigue behavi our di scussedinthe
associ at ed paper.
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