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UhSIARY

Carcfully instrumented tests were verformed on strands of
seven wiré construction and comparison made between experi=-
rnental results and mathematical modelling df strand response
under tensile load. Strand geometries covered a practical
range of lay angles between 9.1o and 16.4°, and wire diameters,
in all bﬁt one strand, were 3.94 mm (core) and %.73 mm

(helicals).

The test rig developed for this programme incorporated a
strain géuged load cell for measurement of tensile load and
torque generated in the strand in tension under conditions of
~tixed, free and partial torsional end restraint. An instrument
was designed and developed for simultaneous measurement of
strand extension and rotation. .Other instrumentation included

strain gauging of helical wire surfaces.

Test results showed that strand extension in free end tests
were up to 70/ greater than that in fixed end tests and that
extensions were greater for strands with lower helix angles.
Torque generated was greater for strands of lower helix angle in
fixed end tests as was rotation in free end tesfs. Surface
strains revealed uneven load shéfing between helical wires,with
strain ranges about the mean being greatest near strand end
grips. Repeated loading of the strands did not decrease the

unevenness of this loading.

Mathematical modelling of strand response was developed to
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take account of the change of helix sngle under load, Poisson
effects in wires, wire flattening under interwire pressure and
the effect of friction between core and helical wires. 1In

fixed end tests, computed predictions underestimated strand
extension by between 0.15% and 5.27%, and overestimated generated
torque by between 1.1% and 4.5 In free end tests, computed
rredictions overestimated extension by tetween 0.8/ and 3.7
deasured extensions were closer to computed predictions than to
predictions which did not take account of Poisson effects,
flattening and interwire friction, in tests over the whole range
of end cohditions, from fixed to torque-free. Computed pre-
dictions overestimated strand rotation by between 84555 and
12,7,  These comparatively large differences can be accounted
for, in.part, by the rotation of helical wires about their own
axes as they roll over the core without slipping; this rotation
is in the opposite sense to overall strand rotation. Helical
wires were found to take a lower share of total strand ;bad than
that predicted. This is consistent with differences noted above
between predictions and test results on strand extension and

rotation.

High speed photographs taken at strand fracture and immediately
afterwvards were obtained for one of the strands tested. These
revealed transient radial outward displacement of helical wires

('birdcaging') that cannot be detected by other means.
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I Strand Geometry

A Strand helix angle
p Strand lay angle (ﬁ =T /2 )
dC Core wire diameter
dh Helical wire diameter
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(3, =Ta,%/32)

A, Core wire cross sectional area (A, =1Idc2/4)
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II Material Constants

E Young's modulus

y . Poisson's ratio

IITI Forces and Moments

P Axial force in strand
M Torque in strand
T Axial force_in core



JII Forces and Voments

Mc Torque in core
T ~ Axial force in helical wire
G Bending moment component R
Helix normal axis

N .Shear f'orce component

' -
G Bending moment component

' Helix binormal axis
N Shear force component
X Contact force component per unit lengthT

. ' Helix binormal
X Bending moment component per unit length axis
Y Contact force component per unit lengthlw Helix normal
K Bending moment component per unit length axis
Z Contact force per unit length parallel to wire axis
<] Torque due to contact forces per unit length
¥ Frictional force between core wire and each helical

wire

1

F Frictional force per unit length of wire surface

IV  Strains and Displacements

£ Strand axial strain
£, Core axial strain (£, =€)
g Axial strain at axis of helical wire
£ . 4ixial strain on helical wire surface
| £ Strain on helical wire surfacé due to bheanding

g5 Strand rotation
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Strains and Displacements

SX Change in strand helix radius due to interwire
contact

k Helix wire curvature about normal axis

k' Helix wire curvature about binornal axis

ng

Helix twist (tortuosity)

Relative Motion Between Core and Helical ‘/ires

§ Linear distance between a point on the helical
wire and a point on core vire after loading,
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§' Linear motion between wires per unit length of

helical wire.

j“ Coefficient of friction between core and helical
wires.

S1 Torsional stiffness of core wire

82 Axial stiffness of core wire

S3 Bending stiffness of helical wnire
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Cg Slir ratio
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Luffixes applicable to 5, 8~, F arnd F atove
H Helical wire

C Core wire

4 Direction parallel to wire axis
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t
Suffixes avrlicable to 8, 8 s & and F above

T Direction tangential to »ire axis
it Yo friction between wires (100)% slip)

F  Friction vresent but no slip betveen wires
S S1ip between vires (friction present)
P Tue to axial load
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 Introduction

Since Albert ( 1 ) successfully introduced wire ropes for
use as mine winding ropes, their use as load bearing elements
has proliferated in a large number of engineering applications.
The strength of steel allied to the flexibility of a rope con-
struction, the geometry and wire size of which can be selected
to suit the required use, give the engineer an extremely
versatile component which can be incorporated into the design

of a variety of structures and mechanisms.

Although a wire rope is essentially an.element for trans-
mitting a tensile load, the rope construction is such that the
individual wires; which go to make up a rope, are subjected to
bending, torsional and bearing loads, as well as tension. The
magnitude and distribution of the stresses resulting from these
loadings determine overall rope response, in terms of extension
and, in ‘certain circumstances, rotation. In the case of a>rope

subjected to cyclic loading, stress levels at the critical

positions will also affect rope endurance.

Of particular interest to the rope designer are the stress
levels &nd distribution at the rope ends where the tensile load
is transferred to another component. For dynamic applications
this is usually effected by winding the rope round a sheave and

onto a drum. The beafing and frictional loads thus applied to
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fhe rope, through thé wires in the outer layer, further com- .
plicate the stress distribution in all the individual wires of
the rope. Terminations are applied at the ends of ropes in
both static and dynamic applications; the mechanism of transfer
from individual wires to the gripping medium of the termination

can give rise to stress concentrations.

Friction between wires can affect the complexity of the
stress distribution and, hence, the rope‘response to load as
well as rope endurgnce. Lubricant, used also as a protective
against corrosion, can therefore constitute an important element
of the rope design and of the recommendations on rope utilis-

ation.

The foregoing paragraphs indicate the wide scope available
to workers engaged in research and development on wire ropes.
The survey which follows refers to some of the work reported in

this field.

Other references, given in later chapters of the text, are
concerned mainly with the development of equipment and testing

techniques.
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1,2 Historical

Albert ( 1 ), a mining overseer in the Harz Mountains of
Bavarie, appears to be the first successful manufacturer and user
of iron in wire rope. Yeber ( 2 ) records that others theorised
about its use before the 1830s, including Leonardo da Vinei in
the 15th century, but that Albert deserves the greatest credit
for having introduced it as a successful tool in industry.
Forestier-Walker ( 3 ) tells of the Englishmen, George Smith, an
engineer, and George Binkes, a cordage maker, who made wire rope
in about 1830. However, their ropes, made of relatively fine
wires in conventional cordage machinery, proved largely
unsuccessful. Their parallel wire selvaéé\ropes were too stiff

_ . N

and in their 'formed ropes', the soft iron wires broke up

rapidly. Only in ships rigging were they used successfully.

Albert's rope consisted of three strands having four wires

: egch, of 0.144 in., diameter. Thirteen men were employed, who
produced about 50 ft. in 1 hour. Albert was aware of the pro-
blems of wires twisting about their own individual axes and
counteracted this by rotating the strand in the opposite direction
during the laying process. Since he had available only short
lengths of wire from which to produce the ropes required for mine
shafts of 1400 ft. or more, frequent splicing was necessary.

This he achieved by laying the new wire beside the old fof 40 ins.

and binding it with a few turns of thin wire; this latter

being for eaéy location of join only, as transfer of load was

achieved by interwire friction, the other wires providing
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adequate normal forces within the plaited rope. Albert was also
aware of corrosion problems and advocated the use of 'artificial
grease or oily composition; and in default of fhose a mixture ...
two thirds of Qil and one third of colophorium of resin.' This
was intended as protection; lubrication of the individual wires
of the rope did not appear to concern him. His experience with
hemp ropes, chain ropes - which hg also tested extensively - and
wire ropes convinced him that the last of these proved best in

terms of strength, endurance and overall cost.

Weber ( 2 ) tells how Albert's ropes were sold to mines all
ovér Europe. From the late 1830s, however, others developed
machinery which was capable of faster manufacturé and complex
constructions, involving 36 wires or more. Weber continues by
tracing the major developments in wire rope machinery and ends by
comparing the theoretical breaking load of Albert's rope, 6000 kp,

with that of a not untypical modern rope (1974) of 383,000 kp.

Férest&er-Walker ( 3 ) records the history of the Wire Rope
Industry in Great Britain from 1830 to 1952. The Industry
flourished in the 19th century and no fewer than 46 companies
were in business until World VWar I. The depressed state of the
market after the war resulted in takeovers and amalgamations, the
most notable of which was the British Ropes Conglomerate, f'ormed
in 1924 by 8 -companies, which has continued to absorb smaller

firms since.

Sayenga ( 4 ) traces the development of the Wire Rope
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Industry in the United States. The American pioneers in this
field were 1argely'inf1uenced by Europeans and many of them

spent time in Germany, France and Britain studying bridge design
and the use of wire ropes in haulage and ropeway arplications.
Impressive achievements in the fie1ds of suspension bridges,
cable cars, shovels and draglines, among others, followed in the
next 150 years. Howevér Sayenga concludes by expressing concern
about the future proépects of the Industry in America, where com-
petition from Japan and Korea pose a commercial threat to

established home companies.
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1.3 Review'aﬁd Survey Papers

Costello'é (5 ).review paper dn the Analytical'Investigation
of Wire Rope covers some of fhe theoretiéal papers up to 1978 on
the subject of response to loading. These deal with strand and
rope of mainly simple constructions suﬁjected to tensile and
torsional 1oading‘under conditions of both fixed and torqué free

ends.

Bahke ( 6 ) lists more than 50 variables which affect the
strength and endurance_of wire rope. These come under the seven
major headings of wire material, treatment, construction, geometry
tolerance, operating conditions, duty class and stress and stress-
ability in both static and dynamic loading. He reports that it
has not been possible to obtain longer service from rope with
alloy steel wire, under normal conditions in bending fatigue, than
with rope from wire of plain carboh ;teel. His tests are confined
to the 1atfer. A wire modulus value of 196.kN/mﬁ2 is quoted up to
stress valueé of 500 N/hmz, sbove which the stress/strain curve
becomes non-linear. In‘considering the bending of wire ropes,
Bahke gives interwire friction Eoefficients of 0.1 and 0.3, when

determining stress values at contact points between wires of

different layers in the rope.

Gibson's paper ( 7 ) describes certain aspects of wire rope
behaviour in tension and bending which ultimately determine useful
rope life, * Of particular interest is the phenomenon he describes

in which a hoist rope under tension exhibits changes in rope
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geometry (lay length and rotation) along its length, although
each end is prevented from rotating. He also summarises the
results of a number of Bending fatigue tests on ropes of diam-
eter ranging between % inch and 3% inch. Among the more
significant conclusions is that continuous application of

lubricant improved rope life by more than fifty percent.

A guide to potential users of wire rope in the marine
environment is given by Sharp ( 8 ). Recommendations are
made for specific applicatioﬁs and reasons given for rope dis-
card in each case. thigue characteristics are given for a
number of typical wire rope constructions, Load/extension
characteristics exhibit differences after the rope has been
'bedded down', as compared with the initial curve when the rope

is first loaded.

Boyle (9 ) records the results of a survey conducted on
234 ropes of general engineering type (not including specialist
users like lifts; cable belts, conveyors, mine hoists, o0il well
drilling, etc.) which had been returned after failure in
service, Mechanical damage due to either excessive wear or
gross overloading accounted for 65% of the total, while failure
at terminations accpunted for 11%, corrosion or corrosion
fatigue for 10%, fatigue for 5% and the remainder failed for a

miscellany of reasons.

Babel ( 10 ) lists available methods of testing wire rope

and outlines the principles involved for each. There is a

-
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tabulated survey of faults, causes, influence on rope strength

and visual indications present for each fault.

A useful background to acceptable industrial'practice,
particularly in the Mining Industny, is given in Ropemans Hand-

book (11 ) published by the National Coal Board.
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1.4 Mathematical Modelling of Strand and Rope Response

Some of the earlier workers in this field considered only
tensile forces in the component wires of a wire rope. Hall
( 12 ) attempted to prove that stresses in the outer wires of a
rope are greater than stresses in the inner wires. Hié obser-
vation that the outer wires of ropes in service break {first was
put for@ard as proof of his theory on their larger stress values.
He also wrote that the components at right angles to wire
tension which binds and tightens strands to each other and fo
the centre strand can be readily calculated but are of little

interest.

Hruska ( 13 ) appears to have been moved to publish his
paper on the tensile forces in wire fopes as the reéult of a
strong desire to refute Hall's assumptions ( 12 ). Hruska
also considered only tensile forces in wires, whether helical
wires in outer layers or the straight wire at the centre of a
core, and dealt with tensile loading of ropes in which the ends
are restrained from rotation. His analysis shows that core
strain, which is equal to overall rope strain, must be greater
than strains in the initially longer helical wires and
developed expressions to determine the load taken by each layer
of a spiral wound rope. These layers may be of different
material, different lay angle and different diameter from each
other, From his experience as a user of wire ropes, he observed
that broken wires take theif full share of the rope load within

'a few lays' of the break, due to friction with adjacent wires,
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and noted further that a wire rope may have all its wires broken
(at different positions along the length of the rope) and still

carry the load.

In his paper on radial forcesiin ropes Hruska ( 14 ) shows
that these forqes increase inwards fdr each layer of rope cén-
struction. For certain coﬁstructions this means that the outer
layers are well supported by the next layer inwards but that for
some inner layers, point contact at wire crossovers gives high

contact stresses.

Hruska's third paper ( 15 ) considers tangential forces in
ropes and showé how to determine the torqug generated in a multi-
layer rope under tensile load, due to tensile forces in the
wires. He comments that it would be théoretically possible to
make a torque-free rope, but that this would not be of pfactical

use!

The last decade has beeﬁ markea by a succession of papers

from Costello and his fellow workers ( 16,.17, 18, 19, 20, 21, 22,
23, 24, 25 ) who have taken a more tundamental approach than
their predecessors in modelling the response of wire ropes,
usually of simple construction, to tension, torsion and bending.
The individual wires of a strand”are tféated as thin rods sub-
Jjected to tenéion, bending, twisting and bearing loads (where

they have line contact with each other) after Love ( 26 ), A
strand consisting of a single layer of helical wire is considered;

. The assumptions made are as follows; there are no frictional
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forces between the wires, the wires just touch in the unloaded
state; the core is relatively soft in comparison with the cable
(helical) wires so that radial force exerted by the core is
neglected. Phiilips and Costello ( 16 ) regard the.strand as a
collection of shooth rods whose original unstressed config-
urations are those of helices and which under the action of
axial and/or torsional losding on the strand are sfrained to the
configuration of a different helix ghowing changed helix radius,
cur?ature and tortuosity from the'original. The bending and
twisting couples acting on the wires are given by the simple
bending and torsion theories apﬁlied to a straight bar of
circular créss-section, in which original diameter is known, as
are the elastic and shear moduli of the material. .Equilibrium
equatiéns are developed and yield expressions'for the line
contact loads between adjacent wires, as well as overall axial
load and axial torque on the strand. Results from these non-
linear expressions are computed fér contact loads and final helix
vangles in the casses of some three-wire and six-wire strands
subject to a range of axial/torsional load ratios. A criticism
of these results is that for strahds of known engineering mat-
 erials, the load range considered is largef by at least an order
of magnitude than that which would fracture the strand. Only
small areas, near the origin of the graphs shown are therefore of

practical interest.

Costello and Phillips ( 17 ) give a more accurate expression

for the geometry change of the strand under load and, in another
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paper ( 18 ), take account of wire extension in the compat-

ibility equations.

The main conclusions from the three papers ( 16, 17, 18 )
are that a cable with its ends fixed against rotation is always
stiffer than one whose ends are free to rotate and that the
exact type of end condition is an important factor in deter-
mining cable stiffness. Furthermore, the stiffness of fixed end
cables is independent of the axial load being applied but the
stiffness of cables whose ends are free to rotate increases
sharply with increasing load. In a further paper, CostelloAand
Sinha ( 19.), starting from the same assumptions as before,
consider the torsional stiffness of the same single-layer
strand. They conclude that the torsional stiffness is not sig-
nificanfly affected by the axial load or twisting moment applied

at the ends of the cable.

Turniﬁg from single strands to stranded rope, Costello and
Sinha ( 20 ) and Costello and Miller ( 21 ) consider the static
behaviour of wire ropes by treating the strands of a rope in the
same way as previous papers have treated the individual wires of
a strand, dnce the extensional and rotational fesponses of the
constituent strands are determined, as in ( 18, 19 ), they can
be'incdrporated‘in equilibrium expressions applied to thé Irope.
The authors state that the treatment presented in ( 20 ) can be
applied to other types of rope cross-section. The conclusions

to paper ( 21 ) include the fact that there are important
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differences between the response of lang lay and Regular lay
ropes. The former, in Which the rotational direction of -the wire
lay in a strand is the same as the direction of strand lay in

the rope, should never be used when the ends of the rope are

free to rotate. There is practically no stiffness and the iay
just 'runs out' - (unwraps itself). Regular lay, by contrast,

tends to stiffen as load increases.

Two other papers consider strands of two concentric layers
of opposite lay. Costello and Miller ( 22 ) extend previous work
on single layer strands to predict the combinations of pitch of
an inside left lay rope and outsidé right lay ropé which will
produce a non-rotating rope, in which friction is neglected.
Results are shown for a rope of llx 19 construction, but the
theory is general and can be appliéd to ropes with other cross-
sections., Phillips, Miller and Costello ( 23 ) considér contact
stresses between wires at crossover points in the same rope of
1l x19 construction, Among their conclusions is the fact that
although contact force is sméll (about 0.0005 times the tensile
force applied to the rope) the contact stresses can be sig-

nificantly larger than the stresses in the wires due to tension.

The case of single layer strands comprising wires of
initially elliptical cross-seption is considered by Velinsky
and Costello ( 24 ) in which the treatment is similar to fhat of
Costello et al. ( 18, 19 ) for wires of circular cross-section.
The axial stiffness of the rope is less for rope having wire of

elliptical cross-section than for the case of circular section



wire but this reduction only becomes significant as helix -
angles . become very much less than 90O (down to about'60°) when
strand. ends are free to rotate. Abrasion resistance of such
ropes is claimed to be improved since they-present a larger
contact surface area, but due to the complex nature of contact

problems, stresses due to line contact loads are not discussed.

Costello and Butson ( 25 ) extend the treatment of strands
in tension ( 18 ) to consider the bending of a seven wire
strand éver a sheave. The effects of bénding moments on
strand, as well as contact forces and torques between sheave
and wirés, are superimposed on the tensile effects. Among the
authors' conclusions is thé fact that the core_wife receives
the largest axial strain and that for large diameter ropes made
up of small wires, the large twisting moment, which is imparted
by the shea&e to the rope in order to maintain equilibrium, may

be the cause of excessive wear in wires and grooves.

Durelli and others ( 27, 28, 29 ) and Chi ( 30, 31 )
represent the work of another group who extended the original
work of Hruska ( 13, 14, 15 ). Machida and Durelli ( 27 )
consider a seven wire strand comprising a straight core and
six helical wires subjected to axial tensile and torsional
loading. Interwire contact deformation and Poisson's effect
due to the axial strain on individual wires are neglected, as
is the friction between wires in contact with each other.
Normal contact force between wires is considered but the effect

on strand response of shear force on the cross-section of a



wire is neglected. Bending and torsion of the he}ical wires is
taken into account by determining the change in géometry of the
original helices under loading which, unlike free helical
springs, are constrainéd by the core wire to maintain a
constant helix radius. The élementary theories 6f bending and
torsion are applied to the case of a bar'of circular cross
section when determining stresses in the helical wires and core.
‘here there is contact between core and helicals, the core is
assumed to act as a simple bar in tension and torsion. The
relations between overall external forces on the strand and
loadings on the individual wires can readily be obtained from-
Eonsiderations of equilibrium. By assuming that deformations
are small enough to neglect the change in helix angle under
load, linear expressions are obtained for the response of the
strand as a whole, as well as for the stresses and strains at

all points on the constituent wires.

Chi ( 36, 31 ) whose work was simultaneous with that of
Durelli et al. ( 27, 28, 29 ) also used the Strength of
Materials approach in his analysis of multi wire strands in
tension and combined tension and torsion. In (31 ), Chi
considers strands having wires numbering five to twelve and'
suggests a design procedure for a non-spinning rope 6f three
layers, including core wire. Experimental work on seven wire
strand is described by Durelli and his fellow workers in ( 28 )
and (29 ). Both Durelli (27, 28, 29 ) and Chi ( 30, 31 )
compare the results with their own theories and this aspect is

further discussed in section 1.5.
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Huang ( 32 )'also considers the response to axial tensile
an@ torsional loads of a strand with a core wire... This author
has published a number of'papers, but these are mainly
concerned with the mechanics of textile strands.. However
this particular paper ( 32 ) is of interest since it considers
the effect on strand geometry of Poisson effects on the
individual wires. Contact between adjacent helicals and
between helicals and the core is taken>into account but contact
deformation (flattening) is neglected in the analysis.

Friction between wires is considered but even though slip is
assumed possible between adjacent helical wires and a coef-
ficient of kinetic friction is intfoduced into the anélysis,
rotational slip between core and helicals is assumed not to
occur. Results compﬁted from the non-linear expressions set
up, to cover a range of engineering and textile lay angles
show that helicals, initially in contact with,the'core and each
other, are separated from each other when the strand is loaded.
The analysis thereafter considers contact only between core and
helicals. Curves are presented of dimensionless quanfities iﬁ
which axial strain, interwire forces, core wire tension,
helical wire tension and strand rotation are plotted against
the tensile axial load applied to the strand. These curves are
for four lay angles from 10° to 40° in both the fixed end case -
and when ends are free to rotate. The same criticism can be
levelled against these graphs as has been in the case éff
Phillips and Costello ( 16 ) in that only small areas near thg

origin of the axes are relevant for practical wire rope strands
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constructed with engineering materials. However, this treatment
does explain the fact, noted in conclusion by the author, that
tensile strength of strands with a central core is considerably

reduced if strand ends are free to rotate.

This section would not be complete without mention of two
early workers in this field, Matheson ( 33 ) and Hansom ( 34 ).
In the course of experimental work on locked coil stranded rope,
theory was developed to predict rope response to axial tensile
and torsional load. A concentric rope can be regarded as a
statically indeterminate structure in which the final partition
of load between the constituentllayers depends on their relative
elasticity. Starting with the simplest strand consisting of a
core wire (layer one) and single layer of helical wires (layer
two) expressions for the rotational and extensional response to
load, both tensile and torsional, are developed from which sim-
ultaneous equations yield load sharing information as between
the layers. A step by step process is then utilised to determine
the effect of outer layers. The effect of bending and torsion
on helicals is considered, after Love ( 26 ), as is the effect

of the mean shear stress across the helical wire section.

- Two further papers consider the testing that is required to
determine rope response under tensile and torsional loading.
Glushko ( 35 ) describes the stiffness of rope under 'pure
tension', 'pure twisting', 'free tension' and 'free twisting' -
and develops expressions to predict the response of a rope to

combined tension and twisting, which can be regarded as a system
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with two degrees of freedom. Kollross ( 36 ) considers the
total torque in a rope as the sum of the torque generated by
tension applied.to the rope and that due to torsional rigidity.
These tdrsional stiffnesses can be determined anal&tically,
considering one strand or layer at a time, or éxperimentally by
ténsile énd torsion tests. The torsional rigidity of a rope
Lies between that of the sum of the individual wires, free from

friction, and that of a homogeneous round bar.

e

~ Knapp ( 37, 38, 39 ) and Nowak ( 40 .) represent a
specialist area in the general field of wire rope behaviour.
The function of helically armoured cables is not exclusively or
even primarily to bear tensile and/or torsional load. The
spiral strand configuration may consist of a number of layers
of different materials having widely different elastic moduli
(e.g. steel armour wire, copper conductors, plastic insulation).
The analysis of cable response to tension, torsion and bending
loads can therefore become vastly more complex than that for a
conventional wire rope, éspecially as the requirement of zero
rotation under tensile load is important in this application,
Among the assumptions in Knapp's aﬁaiysis ( 37 ) are that the
helical wire diameter is small_compgredbwith lay lengthvgnd that
the tgrsiqnal stiffness 6f these wires is‘neglected. Moreover,
the helical wirébdiémeter is assuméd not to reduce due to inter-
wire contact and the core element is considered linearly elastic
in the direction of the cable axis while reﬁaining either rigid

or incompressible in the radial direction. In an earlier paper
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Knapp ( 38 ) compares experimental results from two cables with
stiffnesses predicted from his analysis. Restraining torque

predictions in the fixed end condition overestimate by 5.7% in
one case and underestimate by 1,5% in the other. Rotations in

the free end condition are underestimated by 16% and 11.6%.

Hobbs and Raoof ( 41 ) consider lérge spiral strands and
treat each layer as an orthotropic sheet. The stiffness of
each sheet in its principle directions are defined by reference
to contact stress theory. Slip histories are predictable, from
micro-slips in the periphery of contact pétches at low loads to
gross slip at higher loads. Hysteresis in the strand under
cyclic 16ading %s also predictable. Experimental work on wire
stress measurement, wire to wire slip and overall hysteresis is

in substantial agreement with the theory.
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1.5 Experimental York on Wire Rove and Strands

Durelli et al. ( 27, 28, 29 ) report tests on a seven
wire strand and compare their results with the theory des-
crived in ( 27 ), see section 1.4 above. Durelli, Machida and
Parks ( 28 ) have used brittle lacquer coating and electrical
resistance strain gauges mounted on the wire surface in dir-
ections parallel to wire axes, to determine strains in the
helical wires of steel strands sﬁbjected to tensiie loads,
Strand axial extension between sockets as well as the strains
on individual wires, was measured for tests (a) with the
strand ends fixed and (b) with strand ends free to rotate,
strand rotation also being measured in the latter case.
Bending tests were also perférmed by setting the strand
horizontally and applying a vertical load. The guthors
conclude that the résponse of the strand is essentially in
agreement with the theory developed in reference ( 27 ).
Strains in some wires, however, are n9t.}inearly proportigp?lvw
to load and that at a fransverse cross~-section of the strand,
corresponding points in different wires do not carry the same
amount of stress. They state that this behaviour may be due
to the following;

(a) local variations in wire geometry;

(b) foreign particles between helical wire and corej;

(¢) variation in friction between wires and core.
Repetition of the load does not alter appreciably the non-
linear behaviour of the wires, nor the uneven distribution of

load between wires. The average longitudinal strain of the
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core is larger than the average longitudinal strain of the

helical wires.

| ﬁurelli and Machida ( 29 ) also tested some oversize plastic
models of sfrands in tensioﬁ, torsion and bending. They believed
that by going to oversize models the experimehtal difficulties
involved in taking méasurements cn small steel wires would be
overcome and increase in precision of the measurements as well as
easy control of the 1aborétory loading conditions would be
possible., In addition to brittle lacquer and the single grid
electrical resistance strain gauges which were also used in tests
on steel wire strands (28 ), it was possible to attach Huggen-
berger gauges and a rosette strain gauge to the surfaces of
the oversize models. One difficulty that was not overcome,
however, was elastic motion within the end grips. A correction
for this 'lost motion! ﬁas aprlied to the theory and experimental
results then compared. The authors point out several discrepancies
with theory, and the uneven load sharing between nominally
identical wires found in the tests on steel wire strand ( 28 ) is

again in evidence with the plastic strand.

Matheson ( 33 )and Hansom ( 34 ) tested locked coil ropes
in tensile and torsional loading. Thelcomplete rope was tested
first and the tests then repeated after each layer was stripped
away. The properties of each layer have then been estimated from
the difference between the rope response to load with and without
that layer. Résults from simple seven wire specimens were found

to be in fair agreement with values from the analysis developed
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by the authors (see section 1.4). Average discrepancies noted
include 6.1)> underestimate of strand extension and 3.%. over-
estimate of rotation in the case of tensile load without
torsional restraint. There are greater discreparcies in
specimens with more than two layers and this is considered con-
sistent with the condition of‘partial looseness of outer layers
on inner layer (or core). Exploratory work using strain gauges
on the outer wires showed that outer wires of the test ropes

were unequally stressed.

Others ( 42, 43, 44, 45 ) have investigated the strains on
the wire surfaces of seven wire strands using electrical
resistance strain gauges. Martin and Fackard (42 ), who
mounted gauges on the core wire as well as on the helicals and
Paolini and Bazzaro ( 43 ) repofted on hysteresis in strand
response and wire strain in a loading cycle. Paolini and
Bazzaro ( 43 ) put this down to friction between the wires
which also accounts for the unequal loading of helical wires as
revealed by the strain gauge readings. They used gauges of T
and Y configuration, some of the former being mounted three
alongside each other such that axial and circumferential
strains on the wire crown and on each side of it were obtained.
The resuits from these gauges, insofar as fhey were intended to
reveal the eending and torque on'individual wires are, however,
inconclusive due mainly to the inequality of loading between
wires noted above., MMancini and Rossetti ( 44 ) used gauges,
mounted on wire crowns parallel and perpendicular to wire axes,

for the purpose of determining wire stresses in strands
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subjected to bending round a pulley. Results indicate that the
strand does not behave like a beam of solid section. MNolinari
( 45 ) used axially mounted strain gauges on the crowns of one
wire at half lay intervals and also on the crowns of the other
five wires at a cross section at distance half a lay length
from a deliberate break made in the first wire. By comparing
the load taken at each éauge position before and after the
break, he showed that load sharing between the other wires is
such as to maintain torsional and bending equilibrium of the
strand and that by a distance of 2% lays from the break, the
broken wire takes about 20 of the load it had taken before the
break. This can be compared with the observation of Hruska

(13 ) on broken wires in a rope, see section 1l.4.

A more comprehensive test programme on the problem of
load take up by broken wires is reported by Wiek ( 46 ).
Using a six strand rope with wire rope core (6 x 26 + i.w.r.c.)
he mounted six strain gauges on the crown of a single wire at
distances of one wire lay length from each other. Breaks were
‘made in the wire at distances starting with 12 lay lengths in
the opposite direction from the first of the gauges. The rope
was loaded, strain readings noted, unloaded and the process
repeated after each break. In conditions of static loading the
wire was found to téke up its full load at four wire lays from
the break while for dynamic conditions, in which the rope was
loaded in bending with a pulley, eight wire lays were required

before the broken wire took its full load. A gauge mounted on
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an adjacent wire showed a 13 reduction in its share of the
load at a distance of one wire lay from the break. There was
also a reduction in the load taken by wires in the strand dia-
metrically opposite, which, logically, thus maintains eqﬁil-

ibrium in the loaded rope.

Viek (47, 48, 49, 50 )has used strain gauges mounted on
wire surfaces to investigate a number of other wire rope
phenomena. In comparing wire stresses in Regular lay and Lang
lay ropes (48 )he found that load sharing between nominally
identical wires was more uneven in the case of the latter. This
he put down to the manufacturing process in which wire tension
differeﬁces, introduced while the wires are being stranded,
cannot be corrected when strands are made into rope, since the
strand lay is in the same direction as wire lay. He doubts, as
a consequence, that Lang lay rope has greater endurance than
Regular lay rope since the effect of the higher tensile stress
levels in the more highly stressed wires, which give greater
stress ranges in service, outweigh the effects of lower Herzian
stress in lang lay ropes due to greater surface area bearing on
sheaves, In tests on 'non-spinning' ropes ( 49 ) he was able
to mount strain gauges on some of the inner wires and found
that inner layers take more loadvin the case of tensile tests
where rope ends are free to rotate than they do in tests where
the ends are fixed. Load sharing 5etween wires was again found
to be uneven; the surface of one of the inner wires remained in

axial compression throughout the tensile loading of the rope!
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For the wires in the outer layer, he reports standard deviations
from mean stress of 607> in the fixed end case and 80% in tests
with ends free from torsional restraint. Among his conclusions
is the statement that such differences (of stress) cannot be
neglected in endurance calculations. In another paper, Wiek

( 50 ) considers the possibility of statistical analysis from a
limited number of tensile and bending tests on ropes of the
construction 6 x 26 + i.w.i.c., having fixed ends, which have
had strain gauges attached in a few selected locations. He
concludes that 2.5% of the wire crowns in a rope under tension
can have stresses which exceed the calculated value by 100% and
that 2,5% of the crowns at the most highly stressed diametral
positions of a rope subjected to bending can have stress values

which exceed those calculated by 25%.

Nesterov et al. ( 51 ) describe an experimental method of
determining the load taken by each layer of a spiral strand
rope. The rope is held under load at a predetermined extension.
After noting the tensile load and restraining torque acting on
the rope, all the wires of the outer layer are cut through,
while taking care to maintain the same overgll extension and
rotational position, and the tensile load and restraining torque
again noted. The differénces in the load and torque represent
the contribution of the layer removed to the overall stiffnesses,

axial and rotational.

Hankus ( 52, 53 ) reports on tensile tests performed on 35

mine winding ropes of diameters ranging from 22mm to 92 mm and
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of a variety of constructions. Considerable permanent elong-
ation was recorded under the first load, even when the magnitude
of this load was as low as a seventh of the load required to
produce the limit of proportionality in the load/extension
characteristic of the rope. Subsequent loading to higher
levels did not produce as much permanent elongation as the

first losading, Hysteresis was attributed to frictional resist-

ance between wires as well as the permanent elongation.

In another paper, Hankus ( 54 ) describes tests to deter-
mine the torque generated ('spinning moments') of winding ropes
subjected to tensile load. The mean value found from tests on
single layer spiral strand ropes differs by 10% from that pre-
dicted in a straight line expression which he developed theo-
retically. For more complex ropes the differences between
experimental and predicted values of torque generated under

tensile loading were found to be greater than 10%.

Gibson et al. { 55 ) developed an expression to predict
the torque generated in ropes subject to tension. Using a
sensitive strain gauged load cell they monitored tests on lang
lay rope loaded a number of times to about 607 of breaking
strength. Agreement between theory and experiment was reported
to be within 2%, Other tests on non-rotating rope of 18 x T
construction revealed the influence of rotation on torgue
developed in the rope. In addition, it was found that breaking
strength was 34,29, less in the free end tests in tensile

loading as compared with fixed end loading.
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Torsion tests on three wire and seven wire strand are
repofted by Slight ( 56 ). His work was concerned with the
development of multiple strand helical springs. The specimens,
in the case of seven wire strands, were therefore of unusual
geometry in that core diameter to helical diameter ratios
ranged from 1.2 to 2.0, as compared with the more usual 1.0 to
1.1. Torsional stiffness in the direction of 'winding up' (a
terdency to increase the number of coils over a given length)
was found to be greater than the aggregate stiffness of the
individual wires by up to 80 at thé largest helix angle'And
the lérgest diameter ratio. Stiffness in the unwinding
direcfion wés very much lower and responsé was found.to be
similar to that of six open coil helical springs in parallel,

plus one straight wire,

The relevance of rope behaviour determined in static tests
to that experienced under conditions of dynamic loading have
been called in question by a number of workers. Among these is
Krolovets (57 ) who tested 19 ropes of different constructions
ranging in diameter from 3.5 mm to 25.0 mm. Moduli were deter-
mined under conditions of static loading and unloading in which
extensions were measured over a gauge length of 830 mm, and
compared with those calculated after determining the velocity
of propagation of the elastic wave in a stretched rope.

Dynamic moduli from experimental work agreed within *10¢% of
theoretical values. The values of modulus determined experi-

nentally were higher for dynamic conditions.than for static
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conditions by up to 60%. Among his conclusions is the fact
that dynamic modulus is independent of rope tension and is
affected by stretch and wear to an insignificant degree. He
also suggests that the method used for determining the
modulus of elasticity of a piece of rope by stretching a
short piece of that rope does not give a true value. Moduli

should be determined under working conditions.

Eankus ( 58 ) measured the frequency of free damped
vibrations of a rope and utilised the Rayleigh approximation
method to determine dynaﬁic moduli of mine winding ropes.
For répe lengfhs of 500 m, under simulated conditions of
emérgency braking, he found differences of 20% to 25¢5 with
empty skip and 25% to 35%.with full skip between dynamic and

static moduli.

Stonesifer and Smith (-59 ) tested a nﬁmber of stranded
ropeé of 6 x 19 construction in tensile fafigue. Among their
findings was the fact that 'working in' of a new roﬁe at
reduced load offers né advantage in subsequent rope endurance
under cyclic loading. Maximum life was achieved with periodic
overloads just large enough to reach yield since this lowers
compliance and gives maximum crack retardation. A single
initial overload was more practical, however, and nearly as
beneficial. They also concluded that wire break density was
not a goodiquantitative indicator of breaking strength; nor

did it give a reliable prediction of impending failure.
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Drucker and Tachau ( 60 ) analysed the results from tests
reported by a number of earlier workers. They first examined
the etfects of average tensile stress, nominal bending stress
and nominal maximum combined stress on rope endurance in
bending tatigue tests of a rope round a sheave. However, the
most significant factor affecting endurance was found to be

bearing pressure between rope and sheave.

Interwire pressure of strands and ropes has beeﬁ examined
by a number of workers who, like Drucker and Tachau ( 60 ),
realised the importance of bearing pressure and consequent
contact stresses in wires. In similar papers, Starkey and
Cress ( 61 ) and Leissa ( 62 ) have analysed stranded rope of
construction 6 x 7. Critical stresses occur between wires
which suffer point to point contact at strand crossover points.
Flattening occurs and stresses reach yield values. ‘Relative
motion during wire bending, caused by tensile load on the rope,
results in fretting at these contact points, thus inducing
fatigue cracks. The propagation of these cracks leads to

complete failure of individual wires.

Bert and Stein ( 63 ) examined the critical crossed wire
| contact points.of a 6 x 37 stranded rope with i.w.r.c. Photo-
micrographs of wire rope cross-sections clearly show wire
deformations to be localized in two crossed wire contact
regions. Analysis of stress levels in all wires is tabulated
and the largest contact stress value is calculated as more

than five times the yield stress of wire material. Rotation



1.30

of the rope by only 30 in the 'tightening' (or winding up)

direction results in a contact stress increase of 285

Dong and Steidel ( 64 ) describe a stress freezing photo-
elastic technique which simulates cohtact loading between
wires in wire rope. They show that maximum shear stress
occurs at a depth of about ¢ width of the contact surface

below the surface of cylinders in contact.

Laura et al. ( 65 ) describe.how maximum load carrying
capacity and rope modulus are affected by the type of con-
struction and the nature of the core used. Acoustic emissions
were used to detect imminent wire rope failure andluse made of
the fact that velocity of propagation of a longitudinal pulse
in a wire rope and the transverse damping coefficient increase
with increased applied tensile load. They regarded the
'Péissons rafio' of a rope as a measure of the looseness of the
rope construction. The value of this ratio was found to be
greater than unify at 505 of breaking load and reducing from

this at higher loads.,

Transverse contraction of ropes under load was examined
also by Bechtloff ( 66 ) in the course of tensile tests on new
ropes. There is some scatter in the results so that the
effect of lay (Regular or Lang) and galvanising is not con-
clusive. Values of 'Poissons ratio' for the ropes vary between

0.5 and 1.8.
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1,6 Wire Rope Terminstions

Efficient and safe load transfer from wire rope to
adjacent load beafing element is a design requirement whiéh
demands at least aé muéh attention as that of the load bearing
capability of>the rope itself. A description of most avail-
‘able types of wire rope end attachments is given by Myers ( 67 )
together with récommendations for particular applications{ He
states that swaged fittings are 95 - iod% efficient and are
more resistant to fatigue than are poured zinc sockets.
Babbitted sockets, which are often fitted in the field, are
not to be confused with zinc-péured sockets. Many babbitt
metals do not adhere well to wires, whereas zinc does, and
babbitted sockets have been shown to pull out at 50% of rope

breaking stfength.

Hilgers ( 68 ) gives a detailed account of appfoved pro-
cedures for end fixing with zinc and other alloy sockets. He
recommends that wires should not be bent to more than 90o
prior to pouring socket alloy since the £ensi1e strength of.
wire.is redﬁced by 49 to 6% if bent only once. 'Filling
Capacity' of various alloys is investigated: this is the
ability of the alloy to penetrate between the wires of the
rope where they have been separated from each other in the
conical end grip. Casting temperature has an effect on the
mechanical strength of the wires and there is a reduction of
4 to 5% even after half a minute of the tempering effect at

400 - 500°C. He records that there is no difference in the
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effect of different taper angles in the conical end grips,
ranging between 1:5 and 1:13.3., Adhesion strength reduces
with increasing wire diameter since breaking strength of wire
increases with the square of the diameter, whereas surface

area increases only linearly.

Christen ( 69 ) has a different.approach to Hilgers ( 68 )
on ﬁhe question of bent over wires in socketed end grips. 1In
a programme of tests on locked coil ropes and stranded ropes he
reported that an effective increase in rope strength was
achieved by hooking over the round wires. Lack of adhesion
between wire and zinc is less important since the hooked wires
interfere with each other in the throat of the conical gripj
this could be critical in the case of a lift rope when a fire.
caﬁses metal in the core to melt but the rope would remain
capable of sustaining load. However, Christen reports that

hooked over ends that were annealed, for the purpose of the

test programme, broke under load in the majority of cases.

Dodd ( 70 ) describes development work on resin as a
socketing medium. It was originally thought that bonding
forces were important but experience has shown that the major
restraining force is the wedging action within the socket.
Choice of resin lay between the epoxide and polyester based’
variety, the decision going to the latter since its longer
cure times and higher temperature dependence give better
control, Silica was chosen as the best filler since it is not

coarse enough to cause sedimentation yet not fine enough to
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cause respiratory problems during mixing. The gel time for the
polyester resin with silica is 10-15 minutes and the termination
is capable of taking the full breaking load of the rope after
one hour. Tests comparing resin with zinc socketing material,
using,ropes'having one zinc socket termination and one of resin
tested under proof lcad, had to be discontinued when the zinc
extruded. Other claims for resin are that there is no annealing
of the wire as in zinc socketing, as reported also by Christen

and no melting away of the protective lubrication.

Gathman ( 71 ) reports on the results of over 800 lab-
oratory tests on ropes ranging in diameter from finch to 3%inch
without any failure of resin attachments. Tests on %inch dia-
meter ropes showed that resin-poured sockets outlasted zinc-
poured sockets in axial fatiguelat moderate loads. Penetration

was found to be better with resin than zinc.

A comprehensive test programme to determine the efficiency
of nine different types of wire rope termination is reported by
Matanzo and Metcalf ( 72 ). Static tension tests were performed
with each type of fitting on ropes of five diameters between
13 mm and 51 mm, four at each diameter of which two were of
regular lay having different constructions and two of Lang lay
having the same two constructions as the Regular lay ropes.
Statistical anaiysis of the results shows that resin-poured
sockets were better than zinc-poured sockets, but they were only
third and fourth best overall. Swaged sopkets were most

efficient, followed by flemish loop with steel sleeve and thimble.
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Chaplin and Sharman ( 73 ) show that the process by which
wire is gripped in a resin socket depends initially on
adhesion between wiré surface and resin. This initiates an
extrusion or wire drawing effect of the resin in the conical
socket., Increasing radial force between cone and resin is then
~transmitted through the resin and imposes a tighter grip on the

wire as tensile load on the rope increases.
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1,7 Other Considerations

Some of the references in the literature survey covered in
sections l.1 to 1.6 are of direct interest to users of wire
rope and many are written by users. However, the subjects of
in service inspection, testing, discard criteria and recom-

mendations on rope usage are outside the scope of this study.



CHAPTER 2

THX DEFINITICON CF OBJZCTIVES

2,1 Lessons from the Literature

Uncritical perusal of the work done in this field, as
revealed by the subject titles of the references given in the

literature survey, might lead one to believe that the behaviour

of wire ropes under load was now well understood. Activity has
ranged from that of the rope user, on one hand, who attempts to
establish discard criteria from his own observations, to the
mathematical modeller, on the other hand, who analyses the
response to load of elegant helical constructions. The studies
appear, therefore, to adequately cover the whole field of wire
rope stiffnesses and endurance, as well as the stress dis-
tribution in.individual wires. However, closer examination of
the literature does give some pointers to areas in which further

useful work could be done.

It is certain that there is a large amount of published
work on the mathematical modelling of the response of simple
strands to various loadings. This includes Costello et al.

( 18, 19 ), Huang ( 32 ), Machida and Durélli ( 27 ), Chi

( 30, 31 ), Matheson ( 33 ) and Hansom ( 34 ). Costello et
al. ( 20, 21, 22 Jalso extend their analysis to some more
complex spiral and stranded‘ropes and among some less rigorous
analyses of complex rope structures are those given by Glushko

( 35 ), Kollross ( 36 ) and, for armoured cables, Knapp ( 37, 38,
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( 39 ). The contribution of Hobbs and Raocof ( 41 ) to the
understanding of interwire slip in large spiral strands should
also be noted here. The modelling of response to load in more
comrlex constructions and larger ropes would, therefore, also
appear to be well covered. However, all those workers who have
compared their predictions with experimental results have
vreported discrepancies. If, therefore, one now seeks to bridge
any remaining gaps between idealised models and the behaviour
of real strands or ropes, it seems advisable to turn to the
assumptions made at the start of each analysis that has been
presented. Costello et al. ( 18, 19 ) neglect frictional forces
between the wires and radial force between core and helical
wires. Machida and Durelli ( 27 ) and Chi ( 30, 31 ) also
neglect frictional forces and, like Costello, do not consider
either the Foisson effect on individual wires in tension or the
flattening effect on wires due to interwire contact pressures,
Huang ( 32 ) does consider friction and Poisson effects but
assumes no rotational slip between core and helicals and omits
flattening effects from his analysis. All these models also
neglect end effects due to the influence on strand geometry of

the transfer of load from strand to grip.

The references to experimental work on wire rope and
strand are not quite as numerous as those on mathematical
modelling of response to load although the testing of full scale
ropes has been reported by a number of workers. Among these are

Drucker and Tachau ( %8 ), Hankus ( 52, 53 ), Gibson et al. ( 55

)
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wiek ( 48, 49 ), Nesterov et al. ( 51 ) and Krolovets (57 ).
Although sbme of' their findings have general application, they
were usually seeking information on response and/or endurance
of a particular type of rope or rope construction and were not .
as concerned with the general principles of rope behaviour;

The more fundamehtal experimental studies have been performed
on simple strands. Among those reported; only Matheson ( 33 )
and Hansom ( 34 ) appear to have tested more than one wire
strand, and this was only iﬁ the course of a comprehensive pro-
gramme investigating the load bearing capacity of each
constituent layer of a more complex spiral locked coil rope.
Durelli et al. ( 28, 29 ) tested oversize plastic strands as
well as a wire strand, but the lay angles of both wire and
plastic strands were less than 100, thus representing only one
end of the range of strand geometries found in practical use.
Others testing simple strands appeared to be interested in only
limited aspects of strand response to load. Among these Martin
and Packard ( 42 ) and Faolini and Bazzaro ( 43 ) examined -
hysteresis in strand response and wire strain, Mancini-and‘;
Rossetti ( 44 ) were interested in wire strains during strand
bending and Molinari ( 45 ) was concerned with load take up by
a broken wire. One essential element present in accurate
tensile and torsional testing of conventional solid testpieces
that is absent from the literature on wire ropes concerns the
response over a known gauge length. With the exception of
Hankus ( 52 ) who mounted a dial indicator between straps around

large ropes under tensile test, workers in this field appear to
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have been content with measurements of extensions and rotations

that'wére taken between end grips.

The foregoing paragraphs show that despite the volume and
apparently comprehensive coverage of the field by the available
literature, there were a number of aspects of wire rope response
that merited further study. The following section examinés some
of these aspects and indicates how the objectives of the

current study were formulated.
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2.2 Decisions on the Form of this Study

A prerequisite to this examin~tion of objectives was that
the results of the study should be capable of contributing to
the understanding of wire rope behaviour in such a way as to
give practical benefit to designer and/or user. From this
starting point, it was a short step to the decision -that there
should be a major experimental content. In looking at the 1lit-
erature (see particularly section 2.1 above) it is evident that
the testing of basic strands wés mwotentially the most fruitful

area of work.

‘The seven wire strand consisting of a straiéht core wire
round which are wrapped six helical wires, is the simplest of
practical strand constructions. It provides the basic element
from which either spiral strand ropes, or more complex stranded
ropes are built up. Experimental results obtained can be com=-
pared with existing theoretical predictions of Machida and
Durelli ( 27 ) and Costello et al. ( 18, 19 ), after the latter
has beeﬁ modified to take account of the contribution of the
core. The decision was taken, therefore, at this stage, to

test seven wire strands.

1t was decided next to confine strand testiﬁg to axial
loading in tension. In order to ensure that test conditions
corresponded as nearly as possible with those that occur in
practice, the testiﬁg was to have the facility that torsional
restraint on strand ends should be variable, as required, from

free to completely fixed.
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For the range of tensile loading conditions planned, it
was decided that strand behaviour which required measuring and
recording are, load, torque generated, strand extension,
strand rotation and strain on wire surfaces in selected
locations., Znd etfects were considered of great importance.
Insofar as uncontrolled movement of strand, extensional and
rotational, both elastic and irreversible, must be expected
within strand end grips, however efficient, it was considered
necessary to incorporate a facility for measuring strand
extension and rotation under load, over a known gauge length
in a region where end effects are minimised., However, since
the influence of end grips have an effect on the stress dis-
tribution in individual wire§, strain measurement on wire
surfaces should be effected at points along the whole length
of the strand, and particular attention paid to obtaining

strain readings as close to the end grip as possible.

Previous workers in this field have not studied experi-
mentally the effect of differences in initial strand geometry
on strand response to load. (3ee section 2.1 above). 1In
order to extend this work, therefore, it was decided that a
number of strands having different initial geometry should be
tested., The variables in strand geometry are lay length (which
affects helix angle), core diameter and helical wire diameter.
In practical strands, the ratio of core diameter to helical
diameter ranges from 1.0 to about 1l.1. Since it is rather more

difficult tb produce a range of strands having the same helix
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angle but different'diameter ratios than to produce strands
from the same wires, with a range of lay lengths, it was
decided to use the latter in the test programme. These were,
in fact readily available, courtesy of British Ropes Ltd.,
over a range of practical lay angles, from 9.10 to 16.4° and

wire diameters 3.94 mm (core) and 3.73 mm (helicals).

The availability of the strands from British Ropes
dictated the decision which would otherwise have had to be
made on strand size. The range within which the choice of
strand size would have had to be made are load capacity of the
test rig to be developed, at the upper limit, and wire size to
which a strain gauge could be effectively attached, at the
lower limit., Fortunately, the available strands fell comfort—

ably within this tolerance.
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2,3 Objectives

The

decisions made concerning the form of this study and '

described in the previous section can now be formalised as

the objectives.

(a) Experimental York

(i) Axial loading in tension of 7-wire steel
strands.
(ii) Torsional restraint of ends ranging from

fixed to free.

-+ (iii) Instrumentation: measurement required of

(b)

(c)

the following; axial load; restraining
torque; wire surface strain in selected
locationsy strand extension and rotation

over known initial gauge length.

Comparison of Results with Existing Theory

Experimental results are to be compared with strand
response and wire stresses as predicted by Machida
and Durelli ( 27 ) and Costello et al. ( 18, 19 )
as modified to take account of load taken by the
core., Particular attention to be paid to stress

concentration effects near end grips.

Further Theoretical ork and Comparisons

An attempt is to be made to incorporate interwire
fricfion and slip, Poisson effects due to tension in
wires and the effect of flattening due to interwire
pressure. The accﬁracy of these predictions is to be
compared with those of Machida and Durelli ( 27 ) and

Costello et al, ( 18, 19 ).



CHAPTER

TEST ERUIFVENT

3.1 Introduction

In order to fulfil the objectives of this study, as
determined in the previous chapter, the development of certain
items of test equipment was an essential first step. This
chapter describes details of the design and, where appropriate,

calibration of the equipment.
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3.2 Test Rig

Two circular section columns of 95 mm diameter which had
been part of an old press became available and were incorporated
in the design of a test rig for tensile tests on wire rope and
strands having their axes horizontal.. See Figures 3.1 and 3.2.
The availability of a suitable hydraulic ram and hand pump also
influenced the form and orientation of the loading system.

Specifications are given below:

I Load: up to 600 kN (60 tonf) ... ram capacity.

II Extension: up to 76 mm (3 in) ... max. ram
travel.

IIT Test specimen length: up to 1500 mm (including
grips).

IV Strand grips: conical shaped resin socketed
terminations. Further details are given in
chapter 4, section 4.

V Adaptor iﬁcorporating a large thrust ball race
permits tensile tests with torsional end res-
traints ranging from zero ('free end' tests)
to fixed end, zero rotation. This adaptor is

locked in position for fixed end tests.



Figure 3,1. Strand Testing Equipment:General View.
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3,3 Load Cell

2%.3.,1 Design

This comprises the 50.8 mm (2 in) dia. loading rod (S)
which is located in the centre bore of the loading ram (L).
See Fig. 3.2. Strain gauges are mounted on the surface of the
rod where it emerges from the rig end member (RE). Four
circuits were used in the course of the testing; two were
designed to give output from tensile load and two from torque
generated in the strand. The duplication of circuits was
considered necessary when the data logger was commissioned
(see section 3.5) so that one output could be fed to the data
logger and the other could be used as a monitor on a digital
display at the site of the rig. In fact, the gauges of one
of the tension circuits were dislodged iﬂ the shock impact
between load cell and rig end member, following the fracture
of a strand under test. In analysing results, only those from
the remaining tension circuit and from the torsion circuit

giving least output due to tension were used. (See section

303.2)'

The configuration and overall dimensions of the load cell
vere largely dictated by the rig layout, in particular the
loading ram bore of just over 2 inch diameter. Nevertheless,
it was possible to follow the recommendations of Pople ( 74 ),
who stated that stress in commercial transducers is limited to
3005 of the yield value, in order to minimize hysteresis. The
recommendations of Virgoe ( 75 ), mainly concerned with

ensuring reasonable life for the transducer, included a limitation
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of 6% side load on rated capacity, which is acceptable in
tensile testing of strand and the fact that loading should not
be transmitted through threads, which had to be disregarded
for reasons of space and rig configuration., This last feature
(threaded connections on each end of the loading rod) may have
contributed to crosstalk in the torsion circuits of the load
cell, when in tension but the calibration procedures (see
section 3.3.2) take full account of this. See Appendix A.l.,
sections A.1l.1 and A.l.2 for details of the‘circuitry used in
the load cell, and Appendix A.6, section A.6.1, for strain

gauges types and application techniques.

3,3,2 Calibration

(i) Tensile Loading

| Screwed and flanged adaptors for tension calibration were
attached to the ends of the load cell rod so that it could be
located in the grips of a 50 tonf Denison testing machine.
Calibration up to 200 kN gave linear output from the tegsion
circuit, with no detectable hysteresis or deviation other than
that due to difficulty in reading the Denison scale. See
Appendix A.l and Fig. 3.3.a. From Table A.1.1.&Fige 3.3.a.,

the slope of the tension/output plot is

dpP
3= = 20 kN/mv | 3.1

P

There was also some output from the torsion circuits when the

load cell was subject to tension. In order to obtain an
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accurate assessment of this output, it was necessary to load
the load cell in the rig itself, using a % in, dia, rod in the
normal place of the strand, since end effects from the Denison
tesf machine, used at the limit of its clearance between grips,
were not constant as load increased. The problem associated
with the lack of precision in manufacture of screwed ends, as
suggested by Virgoe ( 75 ), is a likely reason, since the
loading axis may change, and is not likely to coincide with

the geometric axis. It can be seen fhat even in the test rig,
at low loads, the effect is not linear, but this is probably

due to self weight effect of the loaded rod and the load cell

itself. (See Appendix A.l, Table A.1.2 and Fig. 3.3.b).
However, it would appear that the slope of the linear part of
the grarh of output from the torsion circuit against tension in
the strand (Fig. 3.3.b) constitutes a valid correction factor
for use in the determination of torque generated during strand
tests, From Table A.l.2 and Fig. 3.3.b, the slope of the
tension/output plof can be taken as

dP_ = -0.188 kN/uv 3,2

dVM

except at low loads.

The output from the torque circuits under tensile load is
obviously an undesirable featﬁre in a load cell designed to
measure torque. The problem may be due to screwed ends, as
discussed above, but also due to slight misalignment of strain

gauge axes when they are being attached to the load cell surface.
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The nett effect is to give an equivalent overall gauge misalign-
ment., This effect is greatly increased in a situation, as here,
where maximum strains from the torsion range are very much less

than maximum strains from the ténsion range of tests. See.

Appendix A.l, section A.l.3 for an explanation of this phenomenon.

(ii) Torsion

Screwed adaptors having squared ends vwere attached to the
ends of the load cell rod so that it could be located in the
grips of an Avery torsion testing macnine. Calibration up to
100 Nm gave linear output from the torsion circuit with no
detectable hysteresis or deviation other than that due to dif-
ficulty in reading the Avery scale, See Appendix A.l and Fig.

343eCe

?

From Table 4.3 and Fig. 3.3.c, the slope of the torque/
output plot can be taken as

d}"T

dV?T

-3
= 9,9 x 10 7 Nm/pv 33
, g

There was no detectable output from the tension circuits of
the load cell when it was subjected to torque.

However, from expressions 3.2 and 3.3 above, it is now

rossible to express the generated torque infa strand as

M o= M +0.053P 3.4



.(nm).

“Yorcue

100 [

69

T

20}

0 f 1 s 1 PR | " i N |

0 2000 4000 6000 8000 10000

Eridge Output (pv).

Figure 3.3.,c.load Ce}l Torzior Circuit., Torgue/Eridge output,

Foint: from “able A,1,3.(Aopendix A,1.)



where

and

M

1
4

P

is the actual torque generated in Nm,

is the apparent torque as indicated by

the émplifier output,

is the tension in the strand in k¥.

3.1
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3.4 ’Extrometer"

3.4.1 Design

This device is used for simultaneous measurement of strand
rotation and extension. See Figures 3.4, 3.5 and 3.6. Spéc-

ifications are given below:

I Gauge lengths: 225mm to 600 mm in steps of 95 mm (but

this can be adjusted to suit the application).

IT Extension: 50 mm (equal to half raﬁge of displacement

transducer).
ITI Rotation: linear up to 3200.

IV Strand diameter: 11.5 mm (with changed grip plates this

can be in the range 0 - 15 mm).

Gribs are screwed tight over a rubber shegt of 1 mm thick=-
ness fitted all the way round the strand (see‘Figure 3.4 and 5).
The grip plate housing is mounted in the inner race of a ball
bearing (B) the outer race of which fits into a boss (BS) which

is itself pivoted about a horizontal axis X X2,'perpendicu1ar

2
to the test strand axis., The vertical mombers of the extro-
meter are pivoted about axis X1Xl at the top, which gives a 2:1
displacement ratio to the displacement transducer mounted at
the bottom of the vertical members on the axis X, X

573"
]

t ! 1 ! !
axes X lX 19 X 2X > and X 3X 3 are horizontal axes for the

The

left hand vertical member corresponding to axes X1X1, X2X2

and X3Xs for the right hand member. (See Figure 3.5).

The rotation of the strand at each of the gauge lengths is
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Figure %.6.Extrometer in position showing sprockets
and displacement transducer.
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transmitted through a sprocket (C) (mounted axially on the grip
housing) and a chain of plastic covered wire to another
sprocket (C) mounted on the spindle of a rotary potentiometer
(A), gripped in the boss BS. The potentiometers are connected
electrically such that the voltage output is proportional to

strand rotation over the gauge length (& o=@ 1)-

The whole weight of the extrometer is taken on 4 tension
springs (TS) (see Figure 3.2) suspended from a Dexion support
(D) (see Figure 3.2) resting on the rig's longitudinal bars
(RL) (see Figure 3.2). The extrometer is thus designed to
transmit virtually no loadingvto the strand during the course

of a test.

See Appendix A.2 for details of circuitry used in the

extrometer.

3,4.2 Calibration
(i) Extension

Relative movement of the grips was achieved by use of a
screwed rod of 1 mm pitch, held in one grip while a tapped boss,
attached to a second rod, having suitable collars, was rotated
through a sleeve held in the second grip. Increments of 10° of
rotation of the screw in the boss gave linear displacements of
%E mm and this was calibrated against the output of the dis-
placement transducer, which was led to one channel of the
bridge/amplifier unit. Although the design and manufacture of

the extrometer were such as to minimize slop and play in
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bearings, it had to be expected that a comparatively large
instrument involving two grips, twelve bearings in six pivot
axes and a linear displacement transducer would have some
backlash. In addition to the determination of the relation
between extension and bridge output it was therefore important

to establish the magnitude of this backlash in the system.

Table Ae2+1.4 Appendix 2, gives the calibration over
5.25 mm (5z revolutions of the screw;pitch 1 mm). The slope
of the extension/output relation was determined by least
squares calculation. The backlash is determined by the dif-
ference between the intercepts of the straight line expressions

from each direction (clockwise and anti-clockwise screw

rotation).

From Appendix A.2, A.2,3 and A.2.4 extension in mm is

given by

(0
]

e 2.498 x 1070 Ly + 2.612 3.5

On
]

bEc = 24505 x 1070 L + 2,499 3.6

where LF is the output from the displacement transducer

circuit in volts.,

By difference in intercepts, backlash is 0.1lmm.

) .

From 3.5 and 3.6, the slope of the extension/output plot can be

taken as

a8 2.5 x 1070 mm/v 3.7

dLF=
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(ii) Rotation

Relative rotation was achieved by use of the same screwed
rod described in the extension calibration, but with the
screwed boss locked on the rod. Increments of 50 over 320o
were calibrated against output from the rotary potentiometer
circuit. The slope of tne rotation/output relation was deter-
mined by least squares calculation. The backlash is determined
by the difference between the intercepts of the straight line

expressions from each direction.

From Appendix A.2, AL.2.5 and A.2.6, rotation in degrees

is .given by

Brye =—199.6 Rp + 161.29 3.8

¢DEC =—199.6 Rp + 160.83 3.9

Where RF is the output from the rotary potentiometer

circuit in volts.

By difference in intercepts, backlash is 0.46°.

From 3.8 and 3.9, the slope of the rotation/output plot can

be taken as

%g; = - 200°/v 3.10
Note that the backlash of the extrometer is discussed

further in Chapter 5, sub-secfion 5¢5¢4, and it is concluded

that results on load/extension and load/rotation relations are

not affected.
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3.5 Data Processing

3.5.1 Data Logger

.One of the objectives in the later preliminary tests on
strands (see section 4.5.3) was to adapt an existing data logging
system for use with up to 35 channels.of output from strain
gauges and load cell. The bulky control box and digital
indicator, together with the pﬁnch paper tape and printer tape
units permanently connected to this system (and used regularly
by other workers), was situated some 30 metres from the strand
test rig. It was necessary therefore to develop a switch for
remote triggefing of the control box and to calibrate strain
gauge outputs in order to take account of line losses. Details

of this calibration are given in Appendix A.3.

- 3.5.2 Computation and Graph Plotting

The punched tapes obtained from the data logger for each
load cycle performed in tests on strands were fed into the
Systime PDP1l computer belonging to the Department of Mechanical
Engineering. Suitable programhing enabled conversion of raw
data from strain gauges to values of wire surface strain, using
the calibration figures obtained in Appendix A.3, and output
from load cell circuits was converted to tensile load values
and torque generated in the strand. Bxtrometer readings of
strand extension and rotation were entered manually via the key-
board. After programming in the relevant calibration figures
and suitable scaling of parameters required, the graph plotting
facility attached to the computer was used to obtain plots of .

strand response under load (see figures in Chapter 4 and 5).



CHAPTER 4

PRELIMINARY TESTS

4.1 Summary of Objectives

Before embarking on a comprehensive programme‘of tests in
furtherance of the main ébjectives of the study, as laid down in
Chapter 2, section 2.3, a number of preliminary tests were per-
formed. These served the purpose of commissioning the test rig
and proving all the elements of the test system under actual
loading conditions. The aims of these tests can be itemised as

follows.,

4.1.1 Strand Terminations

Although strand extension and rotation is designed tq be
measured over a pre-determined gauge length intended to be at such
a distance from end terminations that end effects are minimal, the
efficiency with which the strand wires are gripped is still an
important element in the success or otherwise of strand testing.
The study of end effects on stress distribution in and load
sharing between individual wires is facilitated if strain gauges
are attached as close as possible to the end grips. VWire slip in
the socketing medium of the grip under‘load effectively increases
strain gauge distance from the location of the gripping action.
Uncontrolled rotation of the strand in the grip resulting from
excessive elastic distortion in or disintegration of the socketing
medium in the grip can effectively reduce the degree of torsional

restraint intended for a particular test. The experience of
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Durelli and MMachida (29), who had to correct their theory to
allow for 'lost motion' in the grips, is salutary in this
regard. Cone size and wire end preparation required mod-
ification during the course of these preliminary tests. See

Appendix A.4.

4.,1.2 Strain Gauges

The reliability with which the étrain gauges could be
attacked to the surface of the strand wires and the validity of
the outputs from these gauges throughout the tests had to be
established and, in the case of reliability, improved. 1In
addition it‘was necessary to determine the number of gauges
which would be required in the main test programme, in order
that strand preparation time be minimized while ensuring that
essential features of stress distribution in and load sharing
between wires were all examined. Strain gauge types and

application technique are described in Appendix A.6.

£.1.%3 COther Instrumentation and Data Processing

Changes in some items of equipment used and development -
work on others was required as the tests progressed. A des-:
cription and calibration details were given in Chapter 3,
section 3,3, of the data logging system. Other developmentsf

are described in the course of the rest of this chapter.

4.1.,4 Elastic odulus of VWires

The validity of any comparison between experimental



results and the mathematical modelling of strand response
derends, among other things, on the accuracy of the wire
elastic modulus used in the calculations of the modelling.
It was therefore necessary to fetermine this modulus within
reasonable confidence limits. Tests on core wire revealed
a modulus value that was lower than that expected for steel
wire, 4 fuller investigeation was required and this is

reported in A»rendix A.5.

4.3
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462 Strand T

The first sirand to te tested had been made available by
courtesy cf 3British Rones, before the completion of the test
rig described in Chapter 3, section 3.2. It was therefore nec-
essary to use a 5C tonf capacity Denison tensile testing
machine, which limited the strand test length to 527 mm and
dictated the nutside dinensions of the end grips. The 'extro-
neter!, for simultaneous measurement of extension and rotation
over a vre-determined gaure lengthwas also not yet available
and in any case, it was designed for use on a strand subjected
to tensile loading on a horizontal axis. “The current design
cannot be used in a vertical load axis machine of the Denison
tyre. The instrumentation possible for this test was therefore
confined to strain gauges, three of which were attached at about
the middle of the strand, two on one wire at a distance of about
half a lay length from each other and the other on the wire
diametrically opposite the first gauze (Cee inset of Figs 4.1
and 2). The design of end grip had been decided in the light of
the experience gained by Briticsh Ropes Ltd., at Doncaster and
the Fealth and Safcty Ixecutive Hesearch Departments at Sheffield
and Buxton. The termination consists of a steel body with
conical hole and the socketing medium used is the polyester based
resin with silica filling from the Wirelock Co. <ee Dodd's paper
on this subject ( 70 ). The progress in the development of
strand terminations througn the course of this study is given

in Apvendix 4A.4.
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Strand details were as follows: core wire diameter

3,94 mn, helical vire diameter 3.73 mm, lay length 115 mm.

The strand wes loaded and strain readings recorded in
each of 30 loading cycles, with increasing maximum load each
cycle., 4s the load reached 92 kN, on the 27th load cycle,
loud 'cracks! were heard frcm inside one of the end grips.
e noise was heard asain at about the same load during the
28th load cycle. lore cracks were heard on the next two
cycles, taken to 100 kN and the loading then increased until
strand fracture occurred at 1%30.5 kN. 411 wires broke at about
%+ distance from one end and a birdcage effect in the helical
wires occurred at the other end, adjacent to the grip.
Inspection of the end grips revealed that a disc of resin had
broken away from the back of each griv across a plane perpen-
dicular to the strand axis, at the extremity of the bends in
the wires. The resin between hooked ends was broken in small

pieces and the hooks appear to have locked with each other,

effectively jarming the throat of the conical hole.

Otrains measured in first and last loading cycles are

shown in Figs 4.1 and 4,2 respectively.
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4.% 3Strands JI and IIT

The test on strand I showed that two diametrically
opposite wires did not take an equal share of the load and in
an attenpt to eliminate the possibility that the unsymmetrical
distribution of hocked over wires within the socketing medium
contrituted to this inequality of loading, it was decided to
try unbhent wire ends in strand II. The avoidance of resin
breakup and the jamming of hooks in a random manner at the
throat of the conical hole was another objective. The strand
test rig was available at this time and was used for the term-
ination test on strand II. %The terminaticns sustained load as
it was increased up to 4C.5 kN, but all wires then started
slipping through the resin at one end and load fluctuated about
8.1 kN until the wires pulled out completely. Fig. 4.3 shows
the wires at the end of the strand after they have vulled out
of the resin socketing mediun. Remnants of the resin (orange
coloured flakes) and plasticine (used to seal the end during
pouring of the resin mixture) are seen on the wires of the
strand. (See Appendix A.4, section A.4.2 on socketing procedure).
'ig. 4.4 shows part of the truncated cone of resin which was
knocked out of the steel grip body after the tect. The holes

through which the wires were pulled can be clearly seen.

3trand ITI, tested next, consisted of that part of strand
II which includes the end which did not pull out of the term-

ination and a length of strand short enousth to fit in the Denison
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Figure 4.3.Strand II.Wires pulled out of resin.
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Figure 4.4.5trand II.Resin cone after wires pulled out.
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50 tonf testing machine, when the opposite end was socketed.
The new socket included a steel disc with scven holes (See
Avvendix A.4, Fig. 4.4.1.C). The disc made no improvement

on grinping efficiency and the wires vpulled out again at a

lo24 which fluctuated within two or three kN of about 80 kN.
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4.4 Strand IV

2.4.,1 3Strand Preparation

The extrometer, for simultaneous measurement of strand
extension and rotation, was now availsble, It was therefore
rossible to rroceed with the objectives of commissioning equip-
ment and vroving test techniques, as described in section 4.1
of this chapter. The strand tested had a marked initial curve
ature and was from another length having the same specification
as strands I, II and III. ZExtrometer bosses and grip bodies
were threaded onto the strand before the end termination pro-
cedure was instituted, as described in Appendix A.4. For this
strand, wires were bent through 180° to fomm single hooks

within the resin.

Strain gauges were attached to wire surfaces with grids
parallel to wire axes over five lay lengths (pitches) of the
strand, the third of these pitches located at the middle of the
strand ;eee Fig. 4.5 (FoTr gauge types and application tech-

niques see Appendix A.6).

4.4,2 Loading Programme

Table 4.1 gives the maximum load and end condition for each
of the 67 loading cycles to which the strand was subjected. For
fixed end tests, the adaptor was locked in position. (See Fig.
3,2). For free end tests, the adaptor was left free to rotate.
Due to small frictional resistance torgue within the thrust
bearing of the adaptor, it was necessary to turn the adaptor

carefully until output from the torsion circuit showed zero
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Strand IV Loading Promramne

Table 4.1

Cycle lios LaXQNLoad Fl;i:eor Comments
1 20.0 Fixed 18 strain gauges, tension,
2 & 3 24.0 " torque, extension and
4 28.0 " rotation, recorded on pro-
forma, by hand.
5 32.0 " Strain gauges outputs on
6 36.0 " W3l P350A and 2 VISM 10-
7 40.0 " channel bridge and switching
units.
8 44.0 " Other outputs on FYLDE
9 48,0 " bridge/amp. units.
10 & 11 48.0 Free
12 52.0 "
13 52.0 Pixed
14 56.0 "
15 60.0 "
16 64.0 "
17 68.0 "
18 72.0 "
19 65.8 Free
20 11.4 "
21 71.4 "
22 71.6 Fixed
23 70.0 Partially
24 60.0 lestrained
25,26,27,28 72.0 Pixed Extrometer disconnected and
29,30,31 72.0 Free reconnected. Load up to
32 72.0 Fixed previous maximum only, to
check extrometer relia-
bility and reproducibility
of results.
33 76.0 Fixed 16 strain gauges only from
here on.
34 80.0 "
35 84.0 "
36 88.0 "
37 92.0 "
38 96.0 "
39 83.8 Free
40 96.0 Fixed
41 & 42 59.8 "
43 & 44 60.0 " Tension, torque, extension,
45 70.0 " rotation and 6 gauges out-
puts put on FYLDE & U.V.
Recorder.




Strand IV Loading Programme

Table 4.1 (Continued)

Cycle lios haxiNLoad Fl%iieor Comments
46 80.0 Fixed
a7 90.0 "
48,49,50,51,52 96.0 " Cycle 52, 'Crack' heard

in grip.

53 96.70 "

54 10C.7 "

55 106.6 "

56 107.8 "

57 109.9 "

58 59.8 "

59 111.9 "

60 115.8 "

61 107.1 " 'Crack' heard in grip. BRig
drop in tension.

62 104.9 "

63 115.4 "

64 115.9 "

65 122.3 "

66 124.0 " Extrometer disconnected,

67 127.4 " Break, 'Wire No. 1 inside
grip. (Core also? Unconfirmed)

68 105.1 " lMax. load on remaining wires.
Pulled out from grip.
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restraining torque. This output reading for each tension incre-
ment was determined from exvression 3.4 before each test under
free end (zero torque) condition. Tihe outputs from the 18

strain gauges were read on a “‘elwyn Strain Measurement P350A
bridgze unit connected to two ten-chanrel switch and balance
units, us to load cycle 24. wo gauges went down at this

stage and from cycles 3% to 42 only 1€ gauges were monitored,
reduced to 6 from cycle 4% when the outputs from the six gauges
at mid-strand (1.3 to 6.3 at pitch position 3) were connected

to the ¥YLDE bridge amplifier unit, the outnuts of which were
connected to six chanrels of a U.V. Recorder. Strain gauge
readings from the test on strand I (see Tig. 4.2) had shown that
at 96 kN (max. load in cycle 40) the elastic range was now likely
to ve exceeded and it was not reasonable to expect that the
recording by hand would be possible from up to 22 circuits while
a particular load was maintained, since creep would almost
certainly occur. The use of a U.V. recorder would, it was hoped,
overcome this nroblem since a continuous record giving sim-
ultaneous output from all channels would be obtained from the
traces as load was steadily increased. The output from FYLDE
circuits already connected to tension and torque circuits (load
cell) and the extension and rotation circuits (extrometer) were
also cornnected to four channels of the U.V. recorder at this
stage. The extrometer was disconnected after the 66th cycle

and the load then increased until the strand fractured. Fracture
load was 12'(.4 kN, only one helical wire breaking inside one of

the end grips. This wire 'birdcaged' individually to the other
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grip. The strand was still abtle to sustain load and generate
toryue until two wires (core and one other helical) pulled out
from the resin, having straightened out their hooked ends in
the process, Hote that the extrometer was attached to the
strand a2t the start of the loading programme at a holding
tension in the strand of 5 kN, and load was not reduced below

this between load cycles.

(i) Strand Fxtensiors

Fir., 4.6 shows rlots of tensile load against strand extension
for certain selected fived and free end loading cycles. The
oredicticns of Durelli et al. ( 27 ) are also shown for com-
narison., “he strand s+iffness is seen to be significantly less
n the ree end conadition than the fixed end condition. The
oncet of yield, or detectable norn-linearity in the load/extension
~lo%, occurs at a lover loa? in the free ernd case than in the
fixed end care. [Dysterecis in the strand, greater in the free
end tents, vas evident in all cycles. (This is over and above

tne hy

0]

teresis oue to vacklash in the extrometer, as determined

vhen it was calibrated. “ee Arpendix A.2).

(i1) Strand Rotation

Fige 4.7 shows plots of tensile load against strand
rotation for selected load cycles with free ends. The pre-
dictions of Durelli et al. ( 27 ) are seen to be in reasonable

agreement. Strand hysteresis is again in evidence.
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(iii) Torgue Generated

The firet torsion circuit was used for this test. 2
second circuit was attached after this test. fThe results from
tnis second circuit were used in all subsequent tests. The
results from tre first circuit are therefore not shown here,
althcush results from the first did show a linear tension/
torque relation in sll lozd cycles in the fixed end condition,
slistly cteeper than that of the prediction by Durelli et al.

(27).

(iv) Surface Strains on fHelical "ires

Strain differences along the strand are shown in Fig. 4.8
for the fixed end case and Fiz. 4.9 for the free end case.
There are lover mean strains in the free end case than the fixed

¥

end case. Deviations from the mean (and from the Durelli pre-
diction) are greater in the free end case than the fixed end
case, but these Jdeviations reduce with increased load. The
strain variation along the length of each wire cannot be fully
analysed without gauges on tkhem all. It cannot be determined,
therefore, whether these strain variations are due to

redistribution of load sharing between wires as the initially

curved strand straishtened under load.

Fige 4.10 and Fig. 4.11 show that there is unequal load
sharing between wires at strand mid-section, the deviations from
the mean being greater in the free end case than the fixed end

case.
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4.4.4 Conclusions from Strand IV Test

(i) Zquirment erformance and Requirements for the

Next Tect

The extrometer apreared to perform satisfactorily. The
reed for a larzer number of strain gauges highlizshted the
problems of recording, by hand, the results from a large number
of output channels. “he ultra violet recorder did not solve
the probvlens since only 10 channels could be accommodated and
laborious processing of the trace is necessary in such non-
dizital outrmuts., The availability of an existing data logger
with vunch tape and vrinted tape outputs for up to 5C channels
prompted the decision to use this for the next test. Duplicate
tensile and torque circuits on the load cell were thouzht to be
required for monitoring of strand tests at the side of the rig.

]

(See also Crapter 3, section 3.1 and Appendix A.l).

It was clear that more strain cauges were required if stress
distribution along the whole lenzth of strand were to be invest-
izated. To reduce labour in strand preparation and increase
.gauge reliability, it was decided to use strain gruges with leads

already attached. (See Appendix A.6, section A.6.2).

(ii) itesults on Strand 2esvonse to Load

The predictions of Durelli et al., ( 27 ) on extension, torgue
and rotation appeared to agree reasonably closely with the
experimental results., There vwas uncertainty, however, about the
influence of the initial curvature of the strand, particularly
on strain values along the strand. The need in future tests for

very much straizhter test strands was evident.
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4,5 Strand V

2.5.1 3trand Prevaration

my, +
i

his strand vpossessed no initial curvature and was dif-
ferent from all other stranis in this =ztudy in that it was

galvanised and lubricated, TFor the lencth used in this test,

mean dismeters vere 3.73 mn (helical) and 3.91 mn (core), while
. o)

the mean lay length of 91,92 mm, gave a helix angle of 75.4.

Yooked over wires were used in the end grips as described in

Arvendix A.4.

£,5.2 Strain Gaures

In order to obtain more information about surface strains,
39 strain gauges were attached as shown in Fig. 4.12. The type
shown in Fi;. A4.6.2(i) (with leads attached) vere used, including
3 sets of 3 gauges mounted parallel to each other as shown in

T

Piz. 4.6.2(i1). (For application details see Appendix A.6).

4.5.,3 Instrumentation

The data lozger system incorporated into the testing system
has the control and indicator unit some 30 metres from the test
rig. Signal loss over this lenath of lead was calibrated and
details are ziver in Appendix 4.3. A trigger for thé control
unit was develoved for remote operation by switch from the side
of the rig. The data logger is connected to punch tape and
rrinted paper tape outputs, and when both are operational the
switch speed is two circuits per second. For loading beyond

yield, the printed paper tape was disconnected, and switching
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speed is thereby increased to about 10 circuits per second.
Strain gauges for duplicate torque and tension circuits were
attached to the load cell rod for the purpose of monitoring
loading durins tests. (See Chapter 3, section 3.3.1). The
second of the tension circuits was subsequently accidentally
destroyed and the results from the second torsion circuit only
were used in the main test programme (Chapter 5) and in com-

rarison with computed predictions (Chapter 7).

funched tape output from the data logger has been fed into
the devartmental computer and the graph plotting accessory used
to proauce load/extension, load/torque, load/rotation and load/

strain plots.

4.5.4 Loading Frogramme

Table 4.2 gives the maximum load and end condition for
each of the 25 loading cycles to which the strand was subjscted.
The strand began to pull out of the end zrip at that end where
ctrain gauges vere adjacent to the grip in the 17th cycle. In
the next cvcle, a 'crack' was heard within this grip and the
load Aropped suddenly. The strand pulled out completely after
this and it was necessary to fit the end grip again. During
this process, which involved the bending into hooks of the
individual wires for a second time, nine strain gauges became
unserviceable. Aftef the 25th load cycle, taken to a maximum
load of 95.3 kN, the extfometer was disconnected, Load was

then increaced until the strand broke at a locad of 99.4 kN.



Strand V Loadinge Frogramme

Cycle | Vax., Load Fixed Comments
Hos kN or
Free
1 & 2 20 Fixed 39 strain gauges, duplicate torque
3 52.4 " and tension circuits to data logger.
4 52.8 " Tension and torque circuits (original),
5 & 6 52.9 " extension and rotation to FYLDE bridge/
amp. unit.
T & 8 44,0 Free
9 & 10 52.8 Fixed
11 & 12 44,0 Free
13 & 14 55.0 Fixed
15 & 16 44,0 Free
17 63.8 Fixed | Slipping of strand in end grip. Strain
sauged end.
18 63.0 Fizxed | 'Crack' heard in end. Load dropped to

47.4 kN.

Strand pulled out of end at fluctuating load 24 kN.
Hooks straightened out and wires pulled through holes in resin,
Yires hooked azain and end grip refitted with new resin.

19
20

21
22
23
24
25

26

20.0
65‘0

84.0
50.3
90.0
92.8
9543

9%.

Fixed

9 strain gauges lost in refitting of
griv.

'Crack' heard in grip but load main-
tained.

“xtrometer discornnected after this load
cycle.
Break in 5 helicals at this load.
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Five helical wires were severed a2t a position just inside the
resin of the end grip adjacent to the strain gauges. 'Bird-
caging' of the broken wires occurred along the strand and ended

some 150 mm from the grip 2t the other end.

4.5.5 Results and Discussion

(i) Ztrand Sxtensions

Fig, 4,13 shows load/extension plots of the three last
loading cycles before the extrometer was removed. Progressive
incresse in permanent non-elastic extensicn is evidernt, as well

as hysteresiz in the strand loading cycle.

(ii) Strand Rotation

Fig, 4,14 shows the load/rotation plot for the cycle No.
22, free end czse. The irregularity of the plot may te due to
variations in interwire slip as the presence and/or effective-
ness of lubricant over the gauge length also varied. (Compare

with Fiz. 4.7 = no lubricant).

(iii) Torque Generated

The torgque generated was found to increase linearly with
tensile load on the strand. The load/torque slope was found to

be greater by 6.5 than that predicted by Durelli et al. ( 27 ).

(iv) Surface Strains on Helical lires (See Table 4.3)

Figs 4.15 and 16 show load/strain plots for load cycle MNo.

5 (fixed end) up to a max. load of 52.9 kN, Strain differences



Lot ////

Figure 4.13. Load/.trand bytenrion, : trand V.
Fixed Endjload Cycles 23%,24 & 25.

951

75

Load {(XxI)

65

55

35

25

151

0 1.25 2.5 3.75 5.0 6.25 7.5

ixtencsion (mr over 600mm gauge lenjth)

Figure 4.14., Load/Strand Rotation., Strand V.
Free knd;Load Cycle 22.
50t

45

401

~_ Durclli et al (27)

A i 1 A l

2‘0r 300 40°¢ Sloc

6& 70¢ 80° G

Rotation (desrees over 600mm gauge length)




ssh Pitch Position 6:all helical wires, »
Fixed EndilLoad Cycle 5, Wire Fos. 365 1 42

Ps
-

50}

450

404

Load (kN)

35k

ot ,x’,ﬁf
See also Table 4.3, 25 -

20}

15

10

1 2 1 . 1 A A A 1.
- 1500 2000 2500 3000 - 3500
Micro;truin

Figure 4.16, Load/Wire Surface Strain.Strand Ve

59 All pitch positions:Wire No,4, :
- Fixed Endiload Cycle 5, Pitch posns. 3245786 1 ¢

Load (kN)

cee also Table 4.3.

o 1 A 1

1 4 1 4 1 1
1000 1500 2000 2500 3000 3500

Microstrain



4.16

between wires (Fig. 4.15) and strain differences along a single
wire (Fig. 4.16) are evident. These differences reduce at
higher loads (see Table 4.3 for Cycle 25) in the fixed end
condition. Differences in the free end condition are larger

and nercentage differences are often of little significance as
strain values are negative for some wires and pitch vositions.
In ¥ig, 4.17, the rlot from load cycle 25, the penultimate
loading, becomes non-linear at higher loads., "The highest strain
is agrain at a point nearest the end grip. Some redistribution
of load sharing along the strand is evident from the fact that
the order, maximum to minimum, of the strains of pitch nositions
~ere different at the higher loading (Fig. 4.17) from the lower
loading (Fig. 4.16). Fig. 4.18 shows surface strain on two dia-
metrically opposite nelical wires at strand mid-position.
"hereas strain ranges for individual load cycles do not vary
sreatly, the cumulative effect of load cycling is clearly seen.
(There is a strain difference of about 500u€ at the start of
the last cycle, assuming a common datum only 3 cycles previously).
Fig. 4.19 shows that a much greater variation in strains between
wires is present under loading with free ends. The strain plot
at vitch position © (near end grip) is not shown. At maximum

load, this strain is negative. {(Jee Table 4.3).

4.5.6 Conclusions from Strand V Test

(1) Zquivment Performance

The extrometer and load cell performed satisfactorily. The

data logger and grarh plotting facility also proved themselves



Surface Strain Variations - Strand V

Table 4.3
Load M Load Mean Strain Wax. Variation
o Hax. Loa find Conditions tire Mo. itch Positi et Y from MNean
Cycle Mo, o nd Condition ire No.(s) Pitch Position(s) (2) sigain ¥
5 52,9 Fixed 645,4,3,2,1 6 3314 + 6.2, = 5.7
(Gee Fisures 52.9 Tixed 6,5,4,3,2,1 i 3289 +13,  =25,3
4.15 Aand
4.16) 52,9 Fixed 1 8,7,6,5,443,2,1 3488 + 4.6, = 4.7
1 B 3376 -3 *
52,9 Fixed 4 8y7:6,59445,2,1 3419 + 4dody = 3.7
g B 2656 + 6.9 *
22 50.3 Free 69549443,2,1 6 430 +53, =57
(fee Tigure 5043 Free 1 8y7+6555455352,1 452 +43, =55
4.19) 1 = 427 95 (comp.)*
50,3 Free 4 By74645,4,3,2,1 544 +124, -114
4 E -266 49 (comp)*
25 95,3 Fixed 6,5,4,3,2,1 6 8440 + 8.4, - 6
(renultimate’
95,3 Fixed 1 8,7,645,443,2,1 8289 + 1.8, - 2.4
. . 1 B -33.7, *
(“ee Tigure
4'1{> 95.3% Fixed 4 89'(1615,493,291 8249 + 1.4, =~ 2.5
4 B + 6,3 *

Conitinued on next page




Surface Strain Variations - Strand V

Table 4.3 (Continued)

* This figure is variation from mean of strain in all other eight pitch positions on the same wire.

(#) This is the mean of the strain increments above the initial holding load of 3 kN (approx.).
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suitable for use in a comprehensive test orosrarne,

The fact that cnd grivs again rroved unsatisfactory rprompted
the design modification resulting in complete 3600 bending of
each wire within the resin. (Zee Appendix A.4). 4 'bollard!
mechanism is thus emnloyed to comvlement the initial adhesion

between resin and wires.

Strain gauges apvecared to have been reliably attached to
wire surfaces. “he output from the gauges mounted in threes,
with axes varallel, thouzh not aralysed in detail, appeared con-
sistent and this configuration was considered satisfactory for

use in the main test programme.

(ii) 2esults on Strand Resvonse to Jo=d

Strand extension, rotation and torque generated appeared to
agree reasonably with Jurelli et al. ( 27 ), though departure
from a linear load/extension relation at higher loads was

evident.

Conclusions from sirain measurements are probably the most
significant., Variations in load sharing between wires is very
much greater in the case of free ond tests than fixed end tests,
as in strand IV, Variations are greatest adjacent to end grips.
Strain differences, in the fixed end condition, between wires at
a particular strand cross-section are greater than the differences
along the strand in a particular wire, if the end position (L)

is not considered.
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STCAND TESTS: NAIN PROGRAIME

5.1 3trand Details

The vreliminary tests described in Chapter 4 served to
rrove some of the test equipment, notably the 'extrometer', and
test techniques as well as providing an opportunity to develop
other equivrent. It was now possible to proceed with the major
objectives of this study, as defined in Chapter 2, sections 2.2
and 2.3. A number of seven wire strands having core and helical
viires of the same diameter as strands I, II, III and IV in the
prelininary tests, and a ranze of helix angles, were made avail-
able by courtesy of British Ropes. The strands were all formed
in the same stranding machine from seven reels of wire that were
unchanged throughout. In order to eliminate strand curvature,
each 2 metre length was cut between strander capstan and the
take-up reel, as soon as it was produced. Traction to the take-
up reel was maintained by a smaller strand wound round the take-
up reel which was clamped to the end of the new strand as soon
as the previous strand was cut free and unclanved from it. Four
lengths of 2 metres were stranded for each of 10 nominal lay
lengths, as determined by the fitting of a gear wheel which
governed relative rotation of capstan and the helical wire
supply reels about their axes. After each gear (strand lay)
change, a length of about 13 netres was stranded and discarded,
in order to ensure that test len:ths consisted of strand the

geometry of which was free from any irregularities due to the



transition.

Five of these strands were selected for carefully instru-

mented tests.

Details are given in Table 5.1,

The strand

lays were measured over lengths of about 1900 mm and were

found to be within 1.1" of the nominal figures, except for

strand V1 which was 4.1¢: less than the nominal lay.

Only in

the case of strand V1 was the difference considered large

enough to warrant comparison of exverimental results with

theory of both nominal and measured strand geometries.

()

Yominal and Measured Strand Geometry
Table 5.1
Nominal Measured
o Core Helical *ire
Otﬁand dia. dia. odulys
Vo,
;;y Angle ;Zy Angle i i kN/mm
VI 82.04 | 73.630 | 78.66 | 72.97°
VIII 97.79 76.16O 96.69 76.01
X 110.49 77.700 111.41 (7.80 3.94 3.73 197.9
IX 123.19 78.93 123.58 78.97o
VII 149.86 80.87 148.27 80.7T17

* “ee Appendix A.5 for delernination of Vire lLlodulus.

The crade of wire in these strands is 180 kgf/mm2 minimum

breaking load, to BS2763.
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5.2 Strand Frepsration

5.2.1 Terminstions

In the light of experience gained during the nreliminary
tests, it was decided that efficient gripping of the individual
wires would be best achieved if each were bent through a complete
360° circular arc. This was done by using hand wrenches and the
loops, of about 25 mm to 40 mm diameter, orientated in such a
way 8s to minimize interference between wires when confined in
the hollow conical grip. The wires were trimmed off at the end
of each loop so that tliey would not emerze beyond the end of the
grip, or above resin level when poured. The 'wirelock' polyester
resin based socketing medium was poured into the socket of each
end in turn, care being taxen, by use of a spirit level, that the
flange of the grip wes horizontal and the free surface of the
resin was therefore flush with the flange after vouring. The
loops ensured that a bollard type of mechanism was involved in
the gripping of the wires, as well as the adhesive and, when
developed, the radial gripping forces similar to those present

in the extrusion process. (See also Appendix A.4).

5.2.2 Strain Gauges

Tests on strands IV and V showed thrt differences in strain
between wires at the end, near a grip, and for comparison, at
nid-strand, are of particular interest. The strain differences
along a particular wire are not as great as the differences

between wires (with the exception of the extreme end position
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near the grip) and it therefore seemed unnecessary to affix
gauges at more than the one mid-strand pitch position. Table
5.2 shows the strain gauge distribution and type for each
strand. lote that gauges having grid axes perpendicular to

wire axis were used in this test programme, in addition to the
csauzes mounted with grid axes parallel to wire axis. Strain
sauge types and application techniques are described in Appendix

A.6.



Strain Cauges: Tvrne and Distribution

Tavle 5,2
. e Strand “trand ! Itrand Strand Strand
Crameer ga V1 [£>5oPS SR A I S (<
D og=73.6° | x =16.2 | o=77-7° | y=78.9° | x =BC.9
i
1 ~ E11P RF11F | E11F E11P E11P |
2 I El24a* E124 E124 E124 . El2Aa l
3 B124b 13X E131/4 Bl3w/4  El2Ab
4 B124c* E21P - E21P E21P El2Ac g
5 E13P F224 E224 E224 T13P ;
6 Yl4ha E31F E31P E31P El4ha ,
7 Bl4ib £324 E324 E324 E144b ;
8 Eldic B41F E41P E4LP El4Ac i
9 521P E424A K424 E424 E21P ;
10 B224 BA3Y B437/4 B437/4 5224 |
11 E31P B51P B51P* E51P E31p
12 E324 E524 5524 514 E32A
13 B41P E6LP L61P T61P E41P
14 E424 EA24 £624 1624 E42A
15 L51P M11X M11P M11P ES51P
16 E524 11124a l124a M124a E524
17 W61F M12Ab ¥124b 1124b E61P
18 1624 Ml2ac Ml24c 12Ac F624
19 114 M13P M13w/4 13X M11A
20 M13P M2A M24 M2A M12P
21 124 M35 M34 N34 1724
22 134 HAA 1744 44 134
23 17414 M54 154 1154 MA4A
24 17424 164 M6A M6BA M54
25 M54 - - - 16A
26 1764 - - - -
Code: Type and Location.
Z: End (near grip). 1st number (1+6): 'ire Number.

I».'f H

X:

a,b,c: Axial gauges, 3 parallel on same wire.
This strain gauge unserviceable throughout.

*

Mid-strand.

2nd

Perpendicular to wire axis.
Axial (parallel) to wire

axis.

Parallel to strand axis.
w/4:450 to wire axis.

number (1+4): Position - order from
end (1 nearest end).
2,344 at distances 5,10,16

1,

23 mm from end.
See A.6.2 (i)
See A.6.2 (1ii)

See A.6.2 (ii)
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5.3 Instrumentation

5¢3%3.1 Load Cell
Tension circuit Jo. 1, torsion circuit fo. 2 and torsion
circuit Fe. 1 (recults rot uzed) were conrected to three
chanrels of the ¥PYLUL bridge/amplifier unit and output read
from the digital display at esch load increment. See Chapter
3, section 3.%.2 and Apnendix 4.1 for circuits and calibration.
{Tension circuit ilo. 2 was connected to the data logger until

this circuit became uncerviceable fcllowinz the fracture of

o

5.3.2 Lxtrometer

Lxtension and rotation outputs over the 600 mm gauge
length were cornected to two cnanvels of the FYLDE bridge/
amnlifier unit and ouioput read from the dizital display at each
load increment. See Chapter 3, section %.4.2. and Appendix A.2

for circuits and calibration.

5.%.3 Strain Gauge Outputs

Strain gauges were cornected to the data logger. Sece
Chapter 3, section 3.5.1 and Apvendix 4.3 for output corrections

due to line loss between bridge units and switching control/

indicator unit.
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5.4 Loading Prosramme

The preliminary tests showed that there were significant
differences in strand response to load, particularly the slope
of the load/extersion plots, between tests having fixed and
free (zero torque) end conditions. In addition, they showed
thet non-linearity in the load/extension plot starts occurring
nt lower loads in the free end case. (Jee Fig. 4.6). This nay
be due to the earlier attainment of yileld stress levels, part-
icularly at interwire surfaces, and/or the effect of the
creater rate of change in helix angle. 1In any event, the
design of a programne of loading cycles in which both fixed and
free end tests had to aprear, recuired some consideration being
ziven to the effect of a test with one end condition on strand
performance in a test with a2 different end condition performed
afterwvards., It was therefore decided to confine tests with the

free end condition to loading below 45 kN.

It seemed at this stage that further examination of the
offect of end condition on strand response would be of interest,
particularly if tests could be performed in which there was
quantifiable partial torsional restraint of the ends. This
croved possible since the relation between strand tension and
torque generated can be determined from fixed end tests, if they
are performed first, and by using calibration expression 3.4,
the required output from the torsion circuit at a particular

tension and fractional torsional restraint can be determined.

Loading programmes for each strand are shown in Table 53,



Strand Loading Programme

Table 5.3
Load Cycle: Strand Number and Helix Angle
Max, End
Lz;d Condition VI VII] X IX VIT
13.6° 76,2 7. 78,9 80.9
20 Fixed 101, 102 201, 202 301, 302 401, 402 511, 512, 513%
50 Fixed 103, 104 203, 204 303, 304 403, 404 504, 505
N4 Free %(105,6,7,8):109 205, 206 305, 306 405, 406 $(506),507,508
44 + Fixed 112 207 307 407 511
44 £ Fixed 110 208 308 408 509
44 = Fixed 111 209 209 409 510
50 Fixed 113, 114 21C, 211 310, 511 410, 411 512
60 Fixed - - - 513%
70 Fixed - - - 514
80 Fizad 115, 116 212 312 412 515
85 Fixed 117 - - 516
90 Fixed 118 213 313 41% 517
a5 Fived 119 - - - 518
100 Fix2d - 214 314 414 519
102 Fived 120 - - - -
105 Fixed - - - - 520
106 Fixed - 215 315 415 -
110 Pixed 121 216 316 {416 521
EXTROMISTER DISCONY.CTED
To 3
Fracture " 122,123,124 217 317,318,319 417, 418 522
Load
in kN " 137.C kN 139.6 kN 145.4 kN 136.7 kN 137.9 kN




Table 5,3 - Strand Loading Programme (Continued)

* TFor strand VI, four tests performed in error at unknown torsional restraint.

¥ For strand VII, one test performed " " " " "

Vinimum holding load of 3 kN at start of each load cycle, for strand VI; 4ki for strands VII, VIII, IX & X.
Wote that loading cycles are numbered 101, 102 ..... for helix angle of 73.60, 201 ... [or helix angle

76.2°%, ... and 501 ... 522 for helix angle 80.9°.
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The fact that these programmes are not identical indicates
that there was a degree of development work necessary, even in
this main test programme. The technique for tests under
fractional torsional restraint (strands VI and VII) needed
verfectin;. In addition, caution was exercised in the way that
maximum load was increased cycle by cycle, in strands numbers
VI and VII, since the 5600 wire loops in end grips were being
tried for the first time. However, by the time that strands
VIII, IX and X were tested, identical progzrammes were vpossible.
Differences in the number of cycles required to fracture the
strand, after disconnecting the extrometer, arose because of
attempts to pnotograrh strand fracture with a high speed
camera, and the inherent trirsgering problems involved. (See

section 5.5.2).
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5.5 Results

5.5.1 Breaking Loads and Tvpes of Fracture

The breaking load of wire rope or strand is of major
interest to manufacturer and ucer. Tezt procedures to deter-
mine this value are well developed and it is always quoted in
catalogues and specifications. For this reason, the determin-
ation of bwreaking load for these particular strands was not
considered a top priority for this study. However, the vélues

are given here, in Table 5.4, together with details of type of

fracture.

The main features of the fracture are also shown in Fig.
5.1, 5.2 and 5.3. Ductile 'cuv and cone' fractures are evident
in all wires (see Fig. 5.1.a and Fig. 5.3.a). In the
longer of the lengths of strand remaining after the fracture,
the core wire can be seen to protrude from the helicals (Figs
5.1l.a and 5.3.a) and 'birdcaging' is evident adjacent to the
crip (Fig. 5.1.b). Except for strand VII, in waich only a
single wire broke, the nature of the break is as shown in Fig.
5.1. The 'birdcaging' at the grip end of the longer remaining
lensth of strand is snown in Fig. 5.2 for the other four
strands. The Fig. 5.% shows details of strand X, which also is
the subject of the high speed photographs described in the next
section. Fig. 5.3.a shows tne 'cup and cone' wire breaks while
Fig. 5.3.b shows details of the end grips. On the left, resin
still embedded in the hollow conical grip body exhibits slight

crazing. On the right, resin has been pushed out of the grip



Breaking Loads and Types of I'racture

Table 5.4
!
13 o~ Tneo 1L C,':) 5
Strand No. Helix Angle Breal(c;?j Load ¢ Dexéairom Fracture Description ?
“ (See also Figs 4.1 to 4.5) !
Fl
VI 73.60 137.0 -1.6 All wires severed about %~of strand length ]
from grip. !'Birdcaging' about 70 mm from ;
both ends., Larszest 'birdcage! (50 mm dia.)
in longer length of broken strand.
VIIT 76.2O 139.6 +0,2 All wires severed about 220 mm from end
oprosite load cell. Double 'birdcage!
covering full wire lay length at load cell
end.
X 77.70 145.4 +4.4 All wires severed zbout 190 mm from load
cell end., Double 'birdcage'! at oprosite end,
IX 78.9O 136.7 -1.9 All wires severed about 160 mm from load cell
end. Double 'birdcage'! at opposite end.
VII 80.9° 137.9 -1.0 One helical wire broken at end grip. Snaked
loose from remaining wires over whole length.
Formed a 'single wire birdcage'.

Mean breaking load: 139.3 kN



Figure 5.1, Strand VI after break,

(a) At break.

(b) At grips.



Figure 5,2, "Birdcaging" at strand end after break,

Strand VIII

Strand X'
(o< =TTT%)

Strand IX

Strand VII



Figure 5.3, Strand X after break,

(a)Strand Ends.

Long end,
("Birdcage"
at grip.)

Short end.

(b)Resin Cones.

Cone
crazing
in resin.

Cone
after
removal
from
grip.




body, after sawing off the strand where it emerged. This cone
is seen to be essentially intact. Cones from the other test
strands appeared similar to Iigs 5.3.a and b except where the
resin at the throat of cones from strand VI had considerably
more damage where the strand emerges from the grip body. The
more complex stress pattern in this region, due to the greater
torque generated in this strand may account for this damage.

See also Chapter 'f, section 7.2.

5.5.2 High Sveed Thotography at Strand Break

The acquisition of a Hadland high speed camera for use in
research on dynamic plasticity, within this Department, prompted
an attemnt to photograph a strand st the instant of fracture and
Just aftervards. It was hoped that information might emerge on
the propagation of 'birdcages' evidenced in the Figs 5.1 and

5.2, which are photographs taken after the tests were completed.

The major problem encountered was the fact that the
instant of strand fracture cannot be predetermined, nor the
position where this fracture will occur. The decision on when
to start filming becomes a matter of judgment, since there is
no warning either acoustic, from 'cracks' in the resin, or
visual, of any sort, that can be used to trigger the camera.
Some trial and error type development work was done during the
fracture of strands VIII and IX, in which a complete film was
wasted and some pictures eventually obtained at the very end of

another film, Camera sveed proved to have been too slow on

that occasion and the complete event occurred in the space of 3
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20

25

30

35

Figure 5.4.Strand Break and "Birdcaging".
Strand X.
147 frames/sec at Zframe.
(8t=1.7mfec.)
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frames.

The Figs 5.4 are obtained from the fracture of strand No.
X. The extrometer was disconnected from the strand after load
cycle TJo. 16, max. lozd 110 kN, and loading cycles to maxima
of 120 kN ard then 126 kN were performed. The rig loading rod
at the end ovposite to the load cell was then screwed tight in
order to allow maximum loading ram travel, if required, and the
load taken up to 125 kN, at which point the camera was prepared.
Loading was then restarted at maximum pumping speed possible
and the camera was trizgered as the load passed 130 kN.
Practure occurred shortly afterwards at 145.4 kN, Camera speed
was 14/ frames/second At % frame exposures, giving a print at
intervals of about 1. msec. Strand fracture is detected in
one print, numbered one, and the other prints are numbered

sequentially from there.

5.5.3 Data Frocessing

Raw data from strain gauges, as recorded from the data
logger on punched tape, together with strand tension, torque
generated, extension and rotation, as recorded from the digital
indicator on the FYLDE bridge/amplifier units, were fed to the
input of the Systime PDP1l computer. Programming required to
produce strain values and other results in suitable units for
presentation in convenient tabular form, or for output to data

files for use in subsequent graph plotting, is shown in the

flowchart Fig. 5.5.
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In order to obtain information about the nature of the
load/extension, load/rotation, load/strain and load/torque
relationships without having to plot out graphs for every load
cycle, a prograrme was devised to look at the data obtained
from the programming described in flowchart Fig. 5.5 and deter-
mine best straight lines over selected ranges of these loading
cyeles, by the method of least squares. See flowchart Fig. 5.6.
For increasing load, starting at 10 kN, the best straight line
for this and the next two points is determined. The deviation
from this best straight line of the experimental value at 10 kN
is determined next and then the deviations from the third point
and every point between this and the maximum load point for the
loading cycle. The process is then repeated for the curve con-
sisting of the 1C kN voint and the next three points and
repeated azain until the line considered takes in all points
from 10 kN up to and including the point before the maximum load
roint. The tabular printout from this programme shows up change
of slove as load incresses and by examining deviation magnitudes
and distributions, the nresence of 'rogue' points (from typing
or punching errors) can be detected, as well as the way that the
experimental results depart from linearity. The shape of the
vlot for the period of decreasing load is also examined. The
first points considered are the middle point and the two below
it for which slope and ceviations =t lowest point and others from
highest of the three up to the maximum load point for the load
cycle. The process is then repeated for the 5 points, consisting

of an increase of one point up and one point down over the curve



Figure 5.5. FLOWCHART:DATA PROCESSING.
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Figure 5.6. FLOWCHART:BEST STRAIGIT LINES,
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previously aralysed. Thereafter, curves covering two points
more than the rrevious curve are considered until the lowest
load point, which is the final point in the load cycle, is

ircluded.

The graph plotting accessory to the computer has been
utilised to obtain plots of load against other parameters.
These plots are another way of presenting the information
already obtained in the tabulated digital form from the pro-
gramming outlined in the flowchart Fig. 5.5 and analysis on

slope and deviation from linearity given in the programming

outlined in the flowchart Fig. 5.6.

5.5.4 Hysteresis ffects from the Exirometer

It should be noted that the extension and rotation data
obtained from the extrometer has not been corrected to take
account of the hysteresis inherent in the extrometer mechanism,
calibration of which is described in Chapter 3 (section 3.2)
and Aprendix A.2. This hysteresis affects the results only
after load reversal in each cycle, Vhen the extrometer mechanism
is fully reversed, extension values should be reduced by 0.11 mm
(183 microstrain) and rotation by 0.46° (1.31 microradians/mm)
over the 60C mm gause length. The calibration tests showed that
reversal of the mechanism was completed within 0.1 mm (166 micro-
strain) of load reversal (extension). See Table A.2.1.a.

There is therefore one short length of the load/extension plot

immediately after load reversal, within a load cycle, snd another,
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at the end of one cycle and the beginning of the next cycle,

over wnich the chape of the plot is uncertain, (3Zee Fig. 5¢7)

Hoviever, it can be seen that over most of the unloading section
of the load cycle, the slones of the corrected and uncorrected
curves are ;dential. The corresponding areas of slope
uncertainty for the 1oad/rotation tlots cannot be determined
fropp the calibration tests. The magnitude of the error can be
xauzed, however, when it is ceen that with a hysteresis of
0.46°, this constitutes only 3.2 of the 14.37°, which is the
enmallest overall rotstion for any of the cycles in the tect
prozraurc, excluding those subjected to the fully fixed end

condition. (Cycle nio. 10, % fixed for strand VII).

In fact, none of the slorves from the unlosding sections of
the load/extension or load/rotation plots are used in the com-
rarison with mathemsatical nmodelling of strand response,. (See
Charter 7, sections 7.4 and 5). The fact that the corrections
have not been avplied in either tabulated or plotted results
does not therefore detract from the validity of the results
nresented. lloreover, determinstion of energy absorption by the
strand, as exhibited by the areas of hysteresis loops in plots
of strand response, has not heen an objective of this study.
(3ince the areas of these loops affected by uncertainty about
the slope of the plot constitute a very small fraction of the
total area of the hysteresis plot, an accurate determination

of these plots could be obtained if required).
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5.5.5 Tabulated Zesults

“ampoles or the tabulated results ottained from the pro-
gramming deccribed in flowch~art Fig. 5.9 are shown in Tables

?).5 to 5.110

Zxtension is tabulated with strand load in Table 5.5.
4fter the strand load (first column) extension is given, for
the current cycle (cecond and third columns) and overall, since
the start of the test on the strand (fourth and fifth columns),
in units of mm (over the 6C0 mm gauge length in the second and
fourth columns) and microstrain (in the third and fifth
columns). Similarly, rotation is tabulated in Table 5.6, the
units being degrees (over the 600 mm gause length in the second
and fourth columns) and microradians per mm length of strand

(in the third and fifth columns).

Surface strains are civen in Tables 5.7 to 5.10. The
strain in each of the six wires at the particular strand section
is shown in columns two to seven against load in column one.

The eighth column gives mean strain. Tables 5.7 and 5.8 give
surface strains parallel to wire axis at mid-lengzth and at
strand end, (near grip) respectively, while Table 5.9 gives
surface strain verpendicular to wire axis at the end (near grip).
The gauges mounted perpendicular to the wire axis are nearer the
grip than the axially mounted gauges. See Table 5.2). Table
5.10 is a sample of the tabulation of overall strains in a part-
icular cycle, idote th-t in this case the surface strains at the

holding load of 4 kN are less, in five of the wires, than they



Table 5,5. Load/Extension. Strand IX,

CYCLEARZ, DAT
L.OAD EXTENSION AXIAL EXTENSION AXIAL
{AXIAL)D (THIS CYCLEY microstrain {OUVERALL) microstrain
LN, M, (this cycle) mm, {oversll)
4 @ @ LB25 41,4447
5 5. 00088E-63 8,33333 .23 56
7 L1228 04,1567 L1475 245,833
10 2465 441,667 W29 483,333
15 LA8%5 8ma, 333 .51 856
20 .71 1183,33 . 735 1225
25 . 895 1491,467 92 1533,33
38 1,185 1841,47 1,13 1883,33
35 1,315 2191,47 1,34 2722%3,33
44 1.52% , 2541 ,87 1.55 2583,33
42 1,615 2691,47 1,64 2733,33
44 1,.86975 2829.17 1.7225 878,83
44 1,79 2983, 33 1,815 3p2=
48 1,.8875 3145,83 1,2125 3i87.5
214 1,925 32601,47 2 3333, 33
48,8 1.79775 32%5,83 A, Buns - TTTERATLE
48 1,98 33@06 2,885 3241,67
47 1.,9825 3384,17 2,8675 3345,83
44 1,95 3254 1,975 3291,47
45 1,985 3175 1.93 3216,57
44 1,84 316a 1,885 3141,47
42 1.7275 2958,33 1.8 3606
A0 1,49 2816,67 1,715 28548,33
35 1,4775 24562.5 1.5825% 25684,17
36 1,265 21688,33 1,29 2156
25 1,875 1791,67 1,1 1833,33
28 L8578 1429,17 .8825 1476,83
i5 .HS75 1895,83 LO825 1137.5
18 4275 212.,5 7/ JA525 754,157
2775 A52.5 . 3025 584,147

o Page )

7
] L1525 254,147 17275 295,833
4 8825 137.5 16875 179,167



Table 5.6, Load/Rotation, Strand X,

CYCLE3@S
1.OAD ROTATION ROTATION ROTATION ROTATION
(AXIAL) (THIS CYCLE) (THIS CYCLtE) (QVERALL) {OVERALL)
kN Ilegrees, Microksds,/nm, ledrees Microlads,/mm,
4 (¢] @ 2,9942 87,8%78
3 1,7744 52,2552 4,7784 137,353
? 5,3892 154,745 8,3834 243,843
i8 11,1774 325,143 14,1718 412,241
15 28,7584 &63,837 23,7524 498,935
29 29,7484 65,113 327345 ?52,211
a4 38,922 1132,2 41,9142 121%,2%
3a 43,7824 14146,7 51,8988 1583.779
35 Sg,2832 15695, 39 61,2774 1782,49
38 64,8715 18483,77 67,8658 1758,87
444 48,2632 1985,7 73,2574 2@872,79
2 72,8556 2694,a81 75,84%8 2183,11
44 26,4448 2223,75 79,441 2314, 85
43 74,85 24177.3 77,8442 2254, 4
42 72,6544 2113%,43 75,4484 2206,583
41 71,2572 2@72. 7Y 74,2514 215%.8%
4a 69,2412 2814 ,73 22,2554 2101,82
38 85, 4568 12684, 41 53,463 1991,514
35 a8, 4738 1759,24 63,473 1844, 34
3@ 58,4738 1448,95 53,493 1556,85
25 46,7184 1184 ,45% 43,7124 1271,58
28 31,1374 Y8%5,758 34,1318 992,854
15 21,5588 L27,0842 24,551 714,164
18 13,1735 383,285 15,1578 478,382
7 7.78441 226,439 18,7784 313,537
5 4,1914 121,929 7.18581 209,827
4 2,5948 75,4797 5,589 162,578



Table 5,7, Load/Strain, Strand VIII.

CYCLED21Y, BAT

AX1AL STRATINS

L.OAD
kN
4

.
5

el
4

1w
15
Zu

25

A
3%
4

i
G

UN HELICALS AT

WIKE 1

microstrain

8

e - v - 7
L‘u‘ 5.?6/'

181,547
S22, 332
S9/.8858
PES, 414
l'1~.83
15 24
18..’..‘./ p
Ji3@, 17
24,13
S474,13
24y7, 88
”619 a8
2743, 04

S5TRAND
WIRE

wmicrostrain

&
Hu, La82
188, 487
Iaz? * Y1
B7s, 351
"'8;’; / /":3
1284,
lé@@.é
1711,81
....J/;‘. ...\\.:-
2307,37
2482 ,25
L6511,15
2737 ,8Y
28467

M1l—

LENGTH,

WIRE 3

microstrain

9]
42,4431
i\JQ’I Sid

’
t:.\s-‘a.l 9 4.."-

641,55
PLY Vo6
1277.,31
144d, 54
1228,86
H43u1,16
2384 ,u45
2516,548
2541 ,09
JFAR 83
2986 ,72

WIRE 4

micrastrein

a8
45,8188
164,885
35S, 82
OSB3
YYE, 680
1523 .92
1649,11
1986,42
A3, s
H487 .8
o8N, 08
2595,44
2824,486
H2YNS a7

WIRE &

micrastrain

&
45,4182
145,78
G99, 493
564, 31
H2E, 87
189%, 4
1139 37

lf .4.
H21é7, 4
LXHL B P
“344,3%
24464, 38
258,54

WIRE &

microstrasin

P
g6, 2779

278,734
13,781
584 ,5%5
124,63
15983,74
131,83
J280,u83
2587 ,35
qA722,20
2849 ,15
L7852 ,04
A1, 98
32481 ,4Y

MEAN
microstra
o
54,3785
177,358
365.276
5/;.2@7
YEHE, @C
1296 .99
141, v5
1751 ,41
2246, 86
L876,28
2E8u,41
S24,858
17E3,62
“8982,71
28ls,u%

T .y
LGJV4¢J

2414, 13
'~.L.¢’-qb‘q
’4?@ 16

1173,1¢
867,721
S/u,2a7
285,776
11?.@”1

15,856/

-4 TIRY

2ell, Ol
734,12
JHHT,H6
Sola,

aa3a,78
“470,81
J3a8d,44
2aieL Y

lave, 1d
1071 ,84
12483,43
86,99

S85,514
343.11L
1 L" -.U...
gy, H182

IR L SRS AP

Jdeag e
2754 ,84
2784,4

L0834 ,75
2E85,83
J2oud,.8s
2343,14
HEBY LY
1wl , 95
1597,53
1284 ,.0%
767,899
&4y, 5463

1n1,73

31,7544
7

LT ad ‘L‘lé

Javu, g1
282,54
2709,v1
L4693 .48
2845, 8l
L2u58,9Y
2441,74
LB, H4
1966, L9
16338,33
1310,9%
796.65Y
671,381
331,548
154, 7dS
34,7895
—21.8174

PO HE
2455, 44
JJVh.?/
HI3LF G
2243,086
Ja2ul 57
dHF A, 64
iv49,564
lagy, 27
L85 62
g, 25
o617
491,843
236, 4u
143,157
i, Y4y 7
29,751

al173,44
31@5.@1
3ui3g, a7
2974,11
pAL~J O BN
J841,22
208,33
Hu79,.41
;.‘..JO 11—
173d,84
1688,594
12/7,31
231,284
JSY 335
325,244
124.744
~48, 7427

2749 .8z
2485, 52
A\:&.l s
2582 ,.47
2488%,5
2356 ,70
LU, B
194y, 42
1uyy, 8%
1281,77
#71,865
661,545
343,493
171,468
45,9854
—27, 6823



Table 5.8, Load/Strain, Strand VIII,

GYOLLid, BAd

AaxXlal STRAING un HELICALS AT StTRANLD BERNU--HEAN UGRIF,

LUAL WIKE 1 Wike 2 Wike 3 WikL 4 WIKE & WirE & ME AN

MO microslrein microustrein MAICTOSLT&Ln microstrsin WMLICTOSCT 8L micrustrsin microstrsin
4 & v @ o & i ' &l

5 44,5285 28,7595 1H,684925 42 ,564381 854 ,3663 S, 4LuY 44,7571
7 zl:.‘J 1vd, 488 a4, §4665 PECR S Y 186,07 251,972 158,587
16 acj 754 S68,.712 i87.,431 21Y,186 329,244 {TT AP A24,451
14 OLY 729 bat, 451 424,444 4éati, 149 YRR 923,111 &l , 4ab
2u ?18.331 o/ .8y 581,248 S, Y HHo,54 1163,45 885,719
25 1154, 4 2hS LAY P35,174 ?WB 74 1176,16 1484,48 1169, 34
34 1451, 52 i575,83 1155 1a25,74 1433, 494 1821,75 14865, 24
A5 1788,1 1H&Y 34 1445, v 148%,453 1767 ,64 214,61 1753,4%
4 2H74, 64 21635,48Y loyi, 85 1784,45 L8945 S840, 845,586

42

iy Ty e
1 '71"_ ¢ ‘—‘t—‘

ey Y rEe
Jﬁgfqdd

1794,74

14.,4,31

D017 . 44

2a67,14

d164,4

316,12

4.4 -JU, &Y 2445 ,86 1872 ,16 1781, 4% A537.44 LrB2,158 22765,14
44 2828 ,6Y9 s 1992, 53 LHP3, 4 2464, 4 2gud, 89 2393.,8
48 28435, 7 ~o4u 85 ddd7 .51 Law1,57 287,35 L788.,59 d5UY .66
o RETIPS sl.,49 218y ,87 2316,61 2/10,27 A123,38 dOLT Y
4% 25T L8 f/lw.32 L155,15 GV § Lo4ql,d97 BH51, 59 2306, 04
48 252%,83 2547,84 ”u?ﬁ.éd 2197 ,59 o9&y .49 2996,54 L5A3,24
47 J457 .35 2586 ,580 Jalt i R o g 2142 ,87 Zoul, vl 2936 ,47 2441,57
485,85 Judd, g0 1¥71.0 JEué, 04 H432,64 L863,84 2388,%1

”'U;. L U-j
1721,5

1919, ﬂ
112,55
Héq.Ull
G4".418

272,714

141.81J
14,8755

"J?,}DIQ_

2451 .4
2401,9
2278,73
187,94
1duq.47
Inbd, @3
1249 .54
W4s, @7
S8y, 844
SAu, 2348
154,563
S0 ,8671

~20, 5T

1716,9%
1866, 58
17582,25
1662,89
14B/.~a
1144,3%
897 .488
542,420
S8L,771
128,946
LFPLT

-5, 5568
-43,6348

284,86
1966,54
1848,55
1729 50
1444,71
1173,18
¥15,356
656,565
467, 568y
155, 68Y
47, 6846
23, BBOK

—4. 7585

~Y. 717

e s =

2293.8

L15%,56

2u323,a7

i675, 81
1375,4%
1676, 84
I73,526

374,908
235,833
1ig,ur9
47,6818

2794,61
d737,18
591,51
74‘J.ﬁ/
117,28
1783,88
1481,77
1134 ,47%
(347 PR L
444,199
u54’867

a0B8%

—’6 //JV

Ja85,62
L136,85
Jydy, a8
1/87,85
14ud, 21
1i28,13
Hal,.54
H46,261
262,47
118,179
ZQ.Z?&F
.a13
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Table 5.10, Load/Strain. Strand VIII.

OVERALL STRAING,
CYCLEEIG.ﬁAT
AXIAL STHAINS ON HELICALS AT STRAND MID-LENGTH,

LOAD WIRE 1 WIRE 2 WIRE 3 WIRE & WIRE S WIRE & MEAN
N microstrein microstrain microstrain microstrzin microstrain micrastrain microstrazin
4 ~-114,844 -22,8879 -15,8713 -58,5873 -4 5852 166,51 -15,.70815
] -463,449 32,7273 24,7717 -12,8%911 ~3, 7457 252,888 38,6767
7 47,4814 157,482 134,887 188,895 ?5,1947 437,344 143,4831
1@ 29a,2572 345,113 314,344 292,511 249,988 488,311 349,575
15 432,258 654,523 &625,759 613,843 518,725 1851,21 456,506
28 792,348 LY ,9467 44,894 546,133 778,484 1487,23 7@a,379
an 1878,8 1251 ,44 1241 ,449 12485,41 1650,21 1758 ,34 1281.28
2@ 141¢,2 1577,8 1592,467 14660,6 1339,79 20898, 44 1463,25
35 1711.,487 1888.2 1712,.99 1921,92 14638,35 2424 ,.467 1921%5.3
40 2816,13 2284 ,55 2235,29 2247,19 1929,85 2753,946 2231,.14
42 2148,689 2334 ,44 2358.18 a237%.89 2852 .,.82 2888,83 23468.,58
44 2248,68 7459,42 2495,11 2587 ,82 2176,83 3815,746 2484,7
36 2385,684 2588,34 256246,82 26346,93 2293.8 3148,45 24613,13
4G 255,63 2714,28 Q752,96 2746%5,85 2413.8 3275,59 2737.92
50 ne29 2844, 0 2884,85 2894,746 2538.,.75 3408,48 2847.061
49 25465,53 2778,74 2818, 41 2832,3 2473,3 3344,65 2881 .39
48 25608, 68 2711.31 2758,97 2743,87 24084 .84 3271 ,462 2734 .12
47 2438, 59 24644,85 24684 ,53 27e6,4 2343,3% 3285,18 2446%9,82
44 374,11 541 ,4 2419.88 24634,95 2279,92 3148,72 2585,35
45 2388,48 512,97 2549,45 25344,54 2213,47 3871,3 2538,77
44 2247 ,19 2449 .5 24854,19 2506,688 2151,99 3607.83 2473.8
42 2114,279 2315,62 235231 23463,22 2824,84 2874,94 2341,87
40 1989 ,35 2187 .67 2223,39 22308,33 19288, 1 2744 ,82 2212,81
35 14674,98 1847,37 1982,88 1902, 688 1598,4° 2422,73 183,32
36 1341.,48 1549,064 1881,76 1574,82 1284,23 2897 .45 1575,15
25 1659,14 1240,62 1248,38 1257,48 95,647 1775,.15 12446,67
28 755,675 234,183 952,028 938,149 713,832 1443,92 9%46.1564
15 456,182 532,786 433,692 612,872 442,298 1897.,82 645,928
18 151,73 322,384 388,415 272,719 184,439 723,944 327,592
7 2,97488 147,765 135,859 946.,19528 53,5514 495,855 155,347
7] -%8,1785 22,8183 15,843 -23.7998 -38,8745 291,564 28,2438
A -1 AR GO 4 E24 L A'Z LT20nN 2 Yo B Za X A b Y T A N a"¥rs M sew esmeusm



5.15

were when loading began,

Bending moments and wire tension, computed from the outputs
of three gauges mounted parallel on the same wire, are given in
Table 5.11. The analysis for this computation is given in

Appendix A.7, together with an assessment of the errors.

A sample of the tabulated results from best straight line
and deviations computation, as outlined in flowchart Fig. 5.6,

is given in Table 5.12.

5.5.6 Comouter Flotting of Results

A selected numbter of the results obtained for all locading
cycles, which were obtained in the tabular form described above,
have been plotted, using the graph plotting facility connected
to the departmental computer. (See Figs. 5.8 to 5.24).

“xtension for fixed, free and partially restrained end conditions
in tests on strand VIII are shown in Fig. 5.8. The extensions in
fixed end tests to higher maximum loads are shown in Fig. $.9.
The extrometer was disconnected after the load cycle to 110 kN

naximum,.

Zotations for free and partially restrained tests on strand
IX are shown in Fig. 5.10. (4s explained in section 5.5.4,
corrections due to hysteresis effects from the extrometer have
not been applied to the tabulated results or the plots in TFigs.

5.8 to 5.10).

The mean of the strains recorded on the six helical wires



Table 5,11, Load/Wire Tension and Bending, Strand VII.
CYCLESTS

STRALINGS FROM 3 PARALLEL OGAUGES ON WIRE No,lj
CUMPLUED BENOING INFORMATION,

STHAIN b S51HAIN © Bua, MOM, BUG, MOM, TENSIUN

L.UAb STRAIN =

UN BTRANU in ir in {3 (31 T

ki microstrain micrastrain MiCTOSLrain M Nm kN
4 e} 6} (€] f {1 @
= ~15, 887y ~-2.%751 32,7261 -, 8314931 LE34H291 L3887 48Y
1t -58,5/47 ~6,9419 A@2, 2485 -,142184 J2AELRS Ja83731
20 311,374 3387 .161 573,198 -, 87445 LAYE174 1,788672
S 72,496 Héa, /446 1282,443 — s BERIE ] JBlava J.@84854
44 1474, 44 1436,684 1848,.53 -,241018 .718191 4,38274
= 2121,245 2u34,98 2847, 5 S oar JALE] . AHAPG S.77235
56 518,958 x445,84 288,158 - 215952 347985 b,452947
G “/7485,11 dAE3y, 91 3t11a,9 - 248741 JAPEV6 7.1593&
o 2877.,51 v, 82 3251,/8 ~, 044504 L BBYEY 7.47113
Y] 3341, 55 2vla, 859 3441, 494 - DRIP4y L2974 2.,824633
Y B, T SHH3, 46 355,29y - HIEURYT L 752474 8,14854
aft JAbH, H 2419,84 789,95 - 2RIHPS L ?8217 a8,.5451
gy CBGshE,. 41 CC N 3P64, 5 R RURCYE 1,84547 83,8949
&4 3494, /5 328,15 3821, w2 0 T =,7114853 1,0055% g,81493
“hH CE KT BLEE, 59 3759 .55 - Yy 1,8885 8,469921
b7 33464 ,44 195,28 34684,17 - 28ATH4 1,88547 8,845v4
3 & A384,54 3135,77 342,468 PPN 1.,885%y 8,42828
& A239,88 e, 3 SGnb,d PP el R 1.,6808893 d,28&635
64 3174,43 Sus, 84 348,78 -, 2B5E24 JIRT B 8.,158%4
63 111,95 Y43 37 3424, 31 R4 bl L AT LI AFAD d4,82680
B KLCE MY JE875 .93 3353,8% —~, A@5E2s L 771545 7.87814
& d914, 84 2,47 .41 339,97 -, 2048554 LH8r3aL F.A1884
By LU, 38 L4354 ,582 2915,61 -, 214624 758531 S.792825
o D282,15 211,245 AT L D - 224G JHUITE 6,23a91
4 1h572,.87 1567, 58 1787 ,35 -, O5768S LS08181 4,871794
a6 937,14 G, 298 1412,1%a L AEESTY 779843 3,41288
2 2P, 474 341,97 855,837 ~ . 3GEDOS LOS8764 2,1385%
168 ~-148, 089 ~&8,5103 352,854 — 337408 LAnEa23 367865
3 ~-3111,867 -28,75%3 178.584 -, 187473 178798 . 351787

147,763 -, 11824 115884 284587

~34,78%5

16,8423




Table 5.12, Load/Extension Slopes--Best Straight Lines. 1

CCYCLE183
EXTENSION SLDPES,

MIN, MAX,  NUMBER SLOPE DEVIATION,DEVIATION, DEVIATIONS ABOVE MAX, LOATD,
LOADI, LOAL, OF ms/kN, (min load) {max load)
kN, kN, FPOINTS -—~ ms, ms, ms.
319°59" 20 3 79.5833 -2,88344 -2,88325 -12,4999 -18,4144 28,8335 11,2582 22,917 17,9147 29,5837--
18 25 4 78,8333 -4,58328 -3,75B12 2,88325 37,8833 29,75 42,9145 39,4185 52,5833 41,583----44
10 38 5 78,9147  -4,144647  ,83313 35,4145 27,833 48,833 37,144 50,1443 58,9993 59,4993..-xxs
18 35 4 79.9286  2,57925 16,865 6,24489 17,2222 11,5315 22,5678 29,3174 27,7935 22,183
18 38 7 80,8576  3,58487  3,43%89 14,3582 8,48942 19,1279 25,4792 23,8975 17,949
18 48 8 88,284 5.55493  9,53447 3,13386 13,3984 19,4971 17,2622 10,8688 | gAD INCREASING.
10 42 9 8B.3245  5,94818 2,23193 12,4145 18,4341 14,1184 9,43423
18 44 88,4614  7,43152 9,24438 14,9883 12,3987 5.44058 %--- -37,B835 34,0582
18 44 88,4862  9,146193 11,5843 8,4272 1,58179
18 48 BA. 4806 18,1367  4,77295 -,421387 £ K- - 62,2495 53,7498
b qwm------ 55,8305
38 48 77.8834 -4,11B6 -4.11157 -1,594531 -18,4121 -47,7791 -91,5088 -172,779 -258,196 -335,28._.3
a5 42 77.7963  -6,13184 -3,446821 -21,7487 -52,3533 -94,8159 178,779 -244,989 -342,785 -341,27%%
28 44 77,7835 -9,09272 -15,843 -44,2498 -98,4199 -172,49 -258,527 -334,23 -334,9% -337,917
15 44 77,4739  -17,4481 -35,8184 -79,9587 -141,5 -247,487 -324,881 -324,1 -327,485
19 47 77,171 -04,8858 -45,4453 -144,883 -232,387 -389,479 -389,383 -313,294
5 A8 76,9455 -59.344 -124,353 -211,432 -288,577 -288,853 -293,295

LOAD DECREASING,
¥- -- =335,27% -339,444

¥%-- - ~-344,02
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are shown for fixed end free end and partially restrained end

o]

ter:

{

ts on strand X at mid-lenzth (Fig. 5.11) and near the grip
(Fig. 5.12) up to maximum loading of 50 kN. For fixed end

tezts at both vositions, uv to strand fracture, see Fig. 5.13.
The strains on all wires are plotted for loading up to 50 kN

in Figs. 5.14 (mid-lenzth) and 5.15 (near end) and up to

110 kN in Figs. 5.16 (mid-lerszth) and 5.17 (near end). lLean
strain for fixed end, free end and rartially restrained end
tests on strand VI are shown, at mid-length (Fig. 5.18 - axial
strains), near end grip (Fig. 5.19 - axial strains) and near end
grip (Fig. 5.20 - perpendicular strains). The strains on all
wires in a free end test are shown in Fig. 5.21 (mid-length,
axial strain), Fig. 5.22 (near end grip, axial strain) and Fig.
5.2% (near end grip, perrendicular strain)., For comparison, the
strains on all wires in a fixed end tect are shown in Fiz. 5.24

(mid-length, axial strains),

5.5.7 Torcue Generated (“anual Flotting)

It was found that the most convenient way of presenting the
results of torgue generated was in manually plotted 1oad/torque
graphs. For each test strand, graphs were plotted for torgue
generated against tensile load on the strand, under test con-
ditions of free and partially restrained ends, as well as for the
fixed end condition, results for the last of these conditions
being taken from the load cycle which followed the free and
partially restrained cycles. As described in section 5.4, the

output from the torsion circuit expected at a particular strand
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tension and a predetermined fraction of torsional restraint, can
pe czlculated using expression 3.4. To correspond with pro-
cedure used in slope determinations for load against other para-
meters, (sce Fig, 5.6), 10 kN is azain used as the starting point
for load/torque plots. (:ee Figs 5.25 to 5.29). The torque/

lo2d ratios (reciprocal slopes) from these plots are given in

f r

Jable 5413, Yote that there is a small reverse torsion (terding
to vnwind the strand) applied in the case of cycle 206 (Fig.
5.26) aad cycle 306 (Pis. 5.27). This is because, when cal-
culating gredetermined output from the load cell, for zero
torsional restraint, outrut from torsion circuit Jo. 1, during
the preceding firxed erd tezt, was used in error. Torsion
circuit YNo. 2, wiich has the lover output under tension loading,
should have been uzed. (Zee sub-section 3.3.1 and ipnendix

4.1)).

Sotation of the strand over the 6C0 mm zauge length was
recorded for the nominally fixed end tests, as well as for the
tests with free and partially resirained ends. dlasticity in
thie resin and rartial breakup At the throat of the strand term-
insation rermits some relative rotation of the strand ends under
the action of the toraue renerated in strand under tensile load.
see sub-sections 5.5.1 and Fi;. 5.3%3.b. This effect is discussed
in Chapter 7, section (.2 and the gzenerated torque compared with

theoretical prredictions.

-

heress fixed end plots are taken up to only 50 kN Figs.

5,25 to 5.29, for comparison with free and partially restrained
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Strand Load/Torque Generated

Reciprocal of slopes from Figs 5,25 to 5,09,

Table 5,13,

Torque Generated Nm/kN

Nominal
End Strand Strand Strand Strand Strand
Condition VI VIII X IX VII
(Cycle (Cycle (Cycle (Cycle (Cycle
No.) No.) No. ) No.) No. )
Fixed 0.86(113)} 0.72(210) | 0.65(310) | 0.58(410) | 0.47(512)
2 Fixed 0.59(111)| 0.54(209) | 0.47(309) | 0.45(409) | 0.36(510)
1 Fixed 0.43(110)| 0.36(208) | 0.29(308) | 0.30(408) | 0.24(509)
1 Fixed 0.22(112)] 0.13(207) | 0.12(307) | 0.14(407) | 0.13(511)
Free 0 (109){-0.03(206) | -0.05(306) | 0 (406) | 0 (508)
L
¢ee Table 5.3. (Loading programtes) for an explanation

NOTE:

of the cycle nurbers.
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eni conditions, Fiz. 5.30 shows loazd/torzue vplotz from loading
in tne fixed end condition, for all strands, taken up to 1CO
kN. This is 10 kN helow the load at which the extromster was
Aisconnected. The tecting to loads z2bove 10C kN had to he
verformed st a speed which 4id not permit accurate written
recording from the digital display output of the FYLDE bridge/
amplifier unit, and torgque results frem higher loads are there-

fore not vnlotted.

5.5.8 Surface Strain Ranges (T'anual Tlotting)

Tabulated results of surface strains at each axial load
for all loading cycles have been obtained in printouts of the
tyre given in Tables 5.7 to 5.10. A measure of the variation
in load sharing between wires can be obtained by consideration
of the strain range per unit load (kN) of the strain parallel
to wire axis at a particular load, defined as the difference
between tne maximum and minimum strains recorded in columns 2
to '{ (wires 1 to 6) divided by the load recorded in colurn 1.
For fixed end tests, these strain ranges are given in Table
5.14 and plotted in Fig. 5.31, at loads of 20 kN to 100 kN in
20 kN increments, for both mid-strand and end positions.
Strain ranges for the current loading cycle (e.g. Tables 5.7
and 5.8) are ~iven as well as for the overall strain (e.g. Table
5.10). Distinction is also made between strain ranges at the
first and second occasion on which a particular load is

attained during the test vrogramne on a particular strand



Strain Panges on Helical Vire Surface.

(Strain/kN:

Fixed ¥nd Tests)

MID STRAND POSITICN

Table 5.14.

Strand VI Strand VIII Strand X Strand IX Strand VII
Strand ~
Load
kN Current Overall Current Overall Current Overall Current Overall Current Overall
Cycle Cycle Cycle Cycle Cycle
u /KN | E/kn }L%/kN JTRCVAS NN TR V2% S INTRWAC B RTR V45 jLE/kN ME /KN /LE/kN
20 1st 37.5 - 24.9 - 26,8 - 22.3 - 37.7 -
20 2nd 29.6 23.7 22.7 27.3 28.6 30.5 22,5 22,5 35.0 37.9
40 1st 35.7 36.3 18.7 21,2 30.6 31,5 23.4 36.1 26.8 28.0
40 2nd 12,2 20.7 18.2 23,2 6.6 10.8 20.8 32.0 20.8 28.8
40 1st 15.4 13.8 16.9 22.9 32.8 42.0 31,1 36.7 12.5 31.2
40 2nd 9.5 8.8 17.9 23.3 33,6 43,2 31.9 37.8 2l.1 31,9
60 1st 8.5 11.3 12,7 16,1 25.6 31.3 32.4 33,7 18.1 25.4
60 2nd 12.3 10.1 11.2 16.8 21.53 32.6 29.6 38,0 17.0 26.5
80 1st 10.2 13.9 10.3 11.5 23.0 25.9 30,9 31.8 16.3 27.8
80 2nd T.4 16.0 8.0 13,1 16.7 26.4 25.9 32.2 13.8 30.1
100 1st 6.4 10.0 7.2 13.5 10.6 21.8 18.8 24.5 12.5 30.2
100 2nd 4.5 16.2 5¢3 15.2 7.0 21.9 14.9 26.4 12,1 31.4




Strain Ranges on Helical Wire Surface. (Strain/kN} Fixed Fnd Tests)

Teble 5.14. (Continued)

END OF STRAND

Strand VI Strand VIII Strand X Strand IX Strand VII
Strand
Load Current Overall Current Overall Current Overall Current Overall Current Overall
kN Cycle Cycle Cycle Cycle Cycle
pE/xn W€/ | €/ | p€/in | p€/in | €k | pE kN | u€/ 1 | € /KN | uE /K
20 1st 121.6 - 38.8 - 106,3 - 80.0 - 78.3 -
20 2nd 110.1 122.7 37.1 39.4 103.3 106.3 79.4 80.6 773 60,2
40 1st 74.7 78.8 28.3% 29.7 65.8 68.7 43.5 45.8 36.8 42.0
40 2nd 63.8 83.8 22,7 33.4 51.2 T7.4 41,3 H2.9 40,2 36.8
40 1st 54.5 84.4 21.8 34.8 47.8 79.3 36.7 55.9 34.5 41,0
40 2nd 5%.9 85.5 21,6 35.1 47.3 80.5 36.1 56.2 30.4 34.9
60 1st 57.8 85.1 33,7 418.3 35.7 57.0 40,2 43,2 24.8 29.1
60 2nd 47.5 94,3 26.5 59.9 28.3% 63.2 36.3 45.3 23,9 29.6
80 1lst 54.8 75.1 23.7 720.3 32,3 48.4 29,3 31.4 15,5 2043
80 2nd 42.3 1742 16,0 31.8 23,3 48,9 26.9 32.8 15,0 20.9
100 1st 31.2 72.1 18.7 35.6 1%.9 40,7 22,5% 27.2% 10,2 18.8
100 2nd 26.1 73.5 13.8 377 11.9 40.5 22.,0% 27.5% 9.6 19.1
Notes: = Overall strain range is same as for current cycle on first loading.

*  Pange at 90 kN, (Logger not trigrered at 100 kN),




Figure 5.31(a).Wire turface Strain Range/Strand Load;Fixed End Tests,
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For free and partially restrained ends, strain ranges at
40 kN load against torsional restraint, as determined from
Table 5,13 are given in Table 5,19 and plotted in Fig. 5.32.
Ls with the fixed end loading, strain ranges are plotted for

nid-lergth and end rositions, distinguishing between ranges

for the current cycle and the overall strain range.



Strain Ranges on Helical Viire urface.

(Strain/kN at 40 kN for All .nd Conditions)

Table 5,15,

MID STRAND POSITION
Strand VI Strand VIII Strand X Strand IX Strand VII
Nominal
c g?i. Current Qverall Current Overall Current Overall Current Overall Current Overall
onaition Cycle Cycle Cycle Cycle chle ,
po/wn € | pe/an e/ | b/ | uE | pE | u€ | pe e | p €/
Fixed 15.4 13.8 16.9 22.9 32.8 42,0 31,1 36.6 22.2 31,2
2 Fx. 11.0 9.2 17.5 24.7 32,53 41,7 33.6 39,7 21.1 30.9
+ Fx. 13,4 10.8 19.2 25.5 30.3 4242 33,6 38.6 20.7 30.4
% x., 11,2 10.1 19.7 26.0 31.2 40,8 35.3 39,7 20.7 31.7
Free 16.6 15.5 20.4 26,7 31.7 39.8 35.8 40,8 20,6 30.8
END OF STRAND
Fixed 72.6 112,.5 21.7 34.8 47.8 79.3 36.1 55.9 34.5 41.0
2 Fx. 69.5 108.6 20,2 35.3 47.2 79.5 34.4 58.1 35.9 44.9
% Fx. 64.9 102.9 21.0 34.9 44.1 81.1 35.0 62.5 36.0 46.6
% Fx, 58.6 99,2 22,0 34,2 46,2 79.8 35.3 T4.1 3444 48.9
Free 58.6 94.5 25.9 33.4 48.0 19.7 33.9 69.4 33.2 49.3
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5.6 Discussion of Hesults

5.6.1 Summary

The next chapter is concerned with mathematical modelling
and the chapter following that is concerned with comparison
hetreen exyerimental resultis and the theoretical predictions on
stran? response. (Chavters 6 and 7). This section is there-
fore cornfined to dizcussion of the results which reveal infor-
mation on strand tehaviour with which it is not appropriate to
commare theoretical vredicticns. Among these are the perform-
ance of end terminations, strain gauges and the load sharing

between wires.

5.6.2 Terminations

"he nerformance of the strand terminations was satisfactory
throughout the test »rozramme. The problems encountered in
preliminary tests, in which wires straightened from 180° hooks
and then pulled out of the resin, or pulled straight out (in the
case of unhooked wires), arpear to have been completely overcome
by the expedient of using wires bent through 5600. The Fig.
5.3,b, shows the resin cones from strand ¥, after strand fracture,
and the general condition of these cones is typical of those from
the other strands. The cones of strand VI (helix angle 73.60)
however, did exhibit more powderinz and cracking at the throat,
just before the point where the strand emerges from the grip body.
At least some of this may have been due to the fact that greater
torque is generated in strands with lower helix angles. This

torque must be restrained in fixed end tests by the termination
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which is thus subjecting the resin to a complex stress pattern

with higher stress levels at higher toraues.

5.6.,3 Strain Gauges

Strain gauge performance was greatly improved for this
rrogramme of tests when compared with that in the preliminary
tests. Cnly three gaupes failed at.the start of the loading
orogramne (E51P on strand X and gauges E2Aa and ¢ on strand
VI) and one other became partly detached at the start of
loading under free end conditions, (1{124aa on strand X). (See
Table 5.2). The use of gauges with leads attached by the man=-

ufacturer was probably the major reason for the improvenment.

A total of five other gauges failed at loads between
120 kN and 130 kN. Iione of the others failed until strand
fracture and i1t riust be assumed thsat the shock wave transmitted
along each wire shakes loose the adhesive in most cases.
However, some of the gauges at mid-strand position did survive

strand fracture.

The loss of the gauge mounted perpendicular to strand axis
was less significant than the loss of the axially mounted
sauges. Stacked gauges of the right configuration, in which
rrids at different angular positions are mounted on top of each
other, were not available for this type of arpplication. The
distance between gauges mounted axial with and perpendicular to
wire axis, particularly near the end of the strand, where changec in

tension, bending and twist make it impossible to relate axial
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and perpendicular strain values on the same wire. See Figs.
5.22 and 5.23. The maximum and minimum strain values in the six
wires for axial strains, 4, 3, 6, 1, 5, 2 were not mirrored in
the perpendicular strains, but were in order 1, 5, 6, 2, 4, 3.

Nor did the ratio of perpendicular to axial strains give a con-

sistent va2lue.

The failure of axial strain gauge (M12Aa) on strand X,
after cycle 304 prevented estimation of wire tension during all

loading under free and partially restrained ends, and for fixed

end loading above 50 kN.

Outputs from gauges mounted at 450 to strand axis and
parallel to strand axis were not examined as useful analysis
and comparison with other outputs is not possible in regions of

rapid change in wire loading along its length.

It is certain that more information on tension in helical
wires would have been useful in this study. The use of the
'three in parallel' gauge configuration and stacked gauges, if
available, would greatly improve the quality of information

obtained from strand testing and this is among the recommendations

for further work in this field.

5.6.4 Breaking Loads and Types of Fracture

The magnitudes of the breaking loads recorded in Table 5.4

are of no particular significance in this study. However, the

fact that there was some consistency about the nature of the
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Cracture reinflorces *the viwr th=i to-ilng rrocedure, part-

{eularly cirant terminstion

Porwunctel;, tne nooition of eltrer of “he axtrometer
rozeas, cfeen in Pirs T.4 st =2houl one juarter and three
3 zornat lenttn frou the sirand end, 4id not coin-
cije wiin tre vosition of zirani brezk, seen at about one t'ifth
sipr=nd loncts from risht termination. These.voszes carnot be
removed alter *he cxirometer is Aisconnected and it can only be
a matter for conjecture as to whether they restrict the move-

ment of strand wires after bresak.

Considering first the left hand and longer end of the
strand after break, there is evidence of wire movement radially
outwards from about mid-strand and increasing up to the left
hand termination from rrint 2 onwards. By print 6, the 'bird-
cage' adjacent to the left hand grip appears to have attained
its maximum diameter and the remainder of the strand length,
to the risht of the tirdecage, has returned to its original
position. ‘The diameter of the 'birdcage! then reduces until
print 12 and thereafter remains at constant diameter. This
finzl configuration is seen more clearly in the still photograph
given in Iig. 5.2, The protruding core wire seen in the right
hand side of =till photosraph, Fiz. 5.3.a, is in evidence

immedintely after fracture in vrint 2 of Pig. 5.4.

In the shorter lencth of broken strand radial cutward
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rnovenent of the wires, initially st the break point and then
moving towards the termin~tion in rrints 3 and 4. Thereafter,
radial inward novement occurs un to orint ‘f, followed by out-
ward movenent which seems to attain a maximum by about print
22. Inward movenent occurs azain and the configuration seen
more clearly in the left hand side of the still photograph

given in Fig. 5.3%.a zvpears to have stabilised at about print

37.

Birdcage propagation has been of peripheral interest in
this study and does not contribute to the main objectives.
However, the hizh speed nrints do reveal some features that
2till pictures taken after fracture do not. In particular,
the transitory appearance, repeated, of a birdcage at the
sroken end of the shorter length of strand was not suspected
hitherto and its precsence could not be easily detected by any
other method. IFurther investigations of birdcage propagation
at both ends of the strand will need higher film speed and
furtner develooment of this technique, including the provision
of cpecial strand tectpieces for this purpose only and there-

fore free from extrometer bosses,

5.6.6 Extension

The load/extensior plots in Fig., 5.8 show clearly the
effect that end condition has on strand axial stiffness, the
free end permitting largest extension and the fixed end least.

Numerical values of stiffness and comparison with strand
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rodelling are given in Chacvter 7, section 7.3.

Zxtension under hisher loads is shown in Fig., 5.9. All
strands exhitit a departure from linearity of the load/

extension plots a2t loads higner than about 50 kN. It is not

possikle to distinguish a yield point as such, particularly as
the effect of increasing helix zngle under load also contributes

to non-linearity.

Permanent extension in the strand is evident as load
cycling is continued to increasing maximum loads, although

strand stiffness ur to about 50 kN appears sensibly constant.

5.6.7 Rotation

The }oad/rotation vlots in Fig. 5.10 show clearly the
effect that ernd condition has on rotation, the free end per-
mitting largest rotation under load. Numerical values and

comparison with strand modelling are given in Chapter 7,

section T.4.

5.6.8 Tension snd 3ending lioments in Wires

e wire tensions at 4C kN strznd load for fixed end,
nartially restrained and free end tests, as recorded in tables
I P, y

of the type shown in Table 5.11, are tabulated in columns 3 to

¢
7 of Table %,16, These results show that for a civen strand

1oad helical wire tension is reduced as end restraint is

reduced. Clearly the core wire takes a proportionately greater

share of the total load on the strand as the strand is allowed



* Strain gauge
unserviceable after
load cycle 304

¥ Load cycle numbers

Tension in Helical Wires at Strand Load of 40 kN - Test Results

Table 5,16,

Wire Tension kN
Nominal End Condition of Strand

Strand Gauge
Number Posn z 1 1
+ 4 2 4
Fixed | piled | Pixed | Fixea | FTe®
VI (73.0°) | 23mm 5.20 | 4.94 | 4.58 | 4.30 | 4.21
(Measured) From
v (73.6°) | End (104)F | (111) | (110) | (112) | (109)
(Nominal)
VvIII (76.2°) | Mia 5.20 5,11 4,95 4.76 4.60
Strand( (203) (209) | (208) | (207) | (206)
X (77.7°) | Mid 5.46 * * * *
Strand| (303) (309) | (308) | (307) | (306)
IX  (78.9°) | Mid 545 | 5.20 | 4.93 | 4.69 | 4.54
Strand| (403) | (409) | (408) | (407) | (406)
VII (80.9°) | 10 mm | 5.15 4.69 | 4.41 4,16 3.94
From
End
VII  (80.9°) {23 mm | 5.58 | 5.41 |5.36 |5.34 |[5.33
From | (505) | (510) | (509) | (511)  (508)
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to rotaté under load.

There are insufficient strain gauges mounted in the !'three
in parallel'! configuration to give a more comprehensive assess-
ment of the individual wire tensions. One problem is that it
is not possible to determihe whether tension in the particular
wire is above or below the mean tension in the six helical
wires. This cannot be ascertained from the outputs of strain
gauges attached to the crowns of the six wires at the strand
cross~-section concerned since nett strain measured includes
strain due to bending of the wire under load. This bending
strain is not necessarily the same for all wires and is likely
to be very different at positions near to the end grip.
Unfortunately firm conclusions on bending moments cannot be
drawn from the tabulated results (e.g.Table 5.11) since an
analysis of the possible errors in Appendix A.7, sections
A.7.2 and A.7.3 shows that large errors can occur due to gauge
misalignment and if there is a change in the position of

neutral axes of bending.

Comparison with theoretical predictions of wire tensions
and bending moments is clearly not worthwhile. However, the
following conclusions can be drawn from examination of test

results.

(1) Helical wires take a lower proportion of the total load

as torsional restraint on the strand is reduced.
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(ii) Helical wires take a lower proportion of the total load

near to strand end grips.

5.6.9 Torque Generated

The load/torque plots in Figs. 5.25 to 5.29 and the
tabulated results from them (Table 5.1%) show that a consistent
degree of torsional restraint was applied throughout each
loading cycle. The comparison of other parameters obtained
under these gquantified degrees of end restraint are compared
in Chapter 7 with strand response predictions from mathematical

modelling in Chapter 6,

The load/torque plots shown in Fig. 5.30 do not reveal
the same departure from linearity at higher strand loads
exhibited in load/extension and load/strain plots. This is to
be expected since strand load and torque generated are linked;
they both relate to the equilibrium of the strand. The
changes in strand geometry under load, notably helix angle
increase and helix radius reduction, are clearly too small to
make a significant difference to the moment of the tangential
component of wire tensions about strand axis, which con-

stitutes the largest contribution to the total torque generated.

5.6.10 Strains and Strain Variations; Load Sharing

Axial strains on the outside surface of a helical wire are
less than the strain on the wire axis, since bending (G') of

the wire about a diametral axis (helix binormal) occurs under
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loading which increases strain at the inside surface and
decreases it on the outside surface. (See Fig. 4.8.1). If it
is assumed that the change in helix geometry is about the

same for each of the six wires, differences in straining rate
with load on the outside surfaces of the wires are due to dif-
ferences in tension only. More rigorous analysis, including
predictions on surface strain, is given in Chapter 6 and com-
parison with the experimental results are made in Chapter 7.
However, some assessment of differences in load sharing
between wires is possible from the results described in

sections 5.5.5,6 and 8 above.

Mean strains in loading cycles under different end con-
ditions are shown for strand X (et= 77.7°) in Figs 5.11 to
5.13 and for strand VI (« = 73.6°) in Figs 5.18 to 5.20.
Strains are seen to be less for a given strand load as
torsional restraint is reduced. For the lower helix angles
these strains are negative (compressive stress) in the free
end case. Reduction in strain is an indication of increase

in bending moment or decrease in tension or both.

Figs 5.14 to 5.17 show that the range of strains, from
maximum to minimum, between wires, is greater near the end
grip than at mid-strand for these fixed end tests, up to
maximum loads of 50 kN (cycle 304) and 110 kN (cycle 316),
strand X. In Figs 5.21 to 5.23 strain ranges are again shown
to be larger for the position near the end of the strand than

in mid-strand for a free end test, on strand VI. A fixed end
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load cycle on the same strand, see Fig. 5.24, shows that at
mid-strand, the strain range is about the same as that in the

free end test, see Fig. 5.21.3both about 70Qp£at 44kH,

A more complete picture of strain ranges is given for
fixed end tests in Fig. 5.31. The range is greater near the
end grip than at mid-strand throughout the loading programme
for all strands. The range reduces when a particular load is
applied for the second time, when the current loading cycle
only is considered. However, the overall strain range is
increased, when the total strain history from the start of the
first loading cycle is considered. Strain ranges are generally
higher for the strands with lower helix angles. Insofar as the
pattern of strain ranges is similar to the pattern of tension
variations between helical wires it is clear that load sharing

between wires is less even near end grips than at mid-strand.

Table 5.1/ has been compiled from the strain printouts of
fixed end tests, samples of which are given in Tables 5.7 and 8.
It shows that the effect of load cycling to ever increasing
maximum load has only a small effect on the redistribution of
load between helical wires. The difference in load sharing
between the wires with maximum and minimum load is completely
unchanged at strand end for strands with the two lowest helix
angles. The 'bedding down' effect of repeated loading appears
therefore to have less to do with the migration of wires to
positions giving more stability in subsequent loading than with

the increased stretching of wires that are in any event taking



Changes in Wire Carrying Maximum and Minimum Strains. Fixed End Tests - Axial Strains

Table 5.1
VI =73,6° VIIT o =76.2° X o, =77.7° IX o, =78.9° VIT o =80,9°
Li%d This Cycle{Overall This Cycle |Overall This Cycle|Overall This Cycle |Overall This Cycle|Overall
20
30 G C
40 C ®)
50 C - AN A
g 40 i [e) Q
£ 50 -
@ 60 * 8) _ N
g 70 - -
80 o) |0
90 A -lO O _
100 x - O
110 Ao 0 /ANl [e) © Q
110+ Jl % A llo

Continued on next page




Changes in Wire Carrying Maximum and Minimum Strains.

Fixed End Tests - Axial Strains

Table 5.17 (Continued)

Load
kN

VI o, =73,6°

VIIT o =76,2° X o =77.7° IX o, =

This Cycle |Overall

This Cycle |Overall This Cycle|Overall || This Cycle

Overall

VII gb =8

0.9°

This Cycle

X

Overall

END - NEAR GRIP

AN

VA

20

30

40

50

>
>

40

50

60
70

op| b

80

90
100

o

Xt %) wf ¥

110

|

>

KEY:

110+

O Minimum strain - wire change
/\ Maximum strain - wire change

A different wire bears max. strain for current cycle than for overall strain.

i.e. Since max. load of previous cycle, a different wire
min, (or max.) strain.

A different wire bears min. strain for current cycle than for overall strain.

now bears

Note: For strand X, the changes in wire bearing maximum strain at strand end for loads 40 kN, 50 kN, 60 kN, 80 kN
and 90kN involves two wires only, (Nos 1 and 5), whose strain values differ by less than 4QME.
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the higher loads throughout the loading programme.

For free end tests and those with partially restrained
ends, Fig. 5.32 gives an overall picture of strain ranges.
Although the pattern is less clear than for fixed end tests,
it can be seen that the ranges are greater near strand end
than at mid-strand. The overall strain range is, again,
generally greater than that when the current cycle only is
considered. Conclusions on the relation between load sharing
and torsional\restraint are not easy to draw from Fig. 5.32
above. In fact, load sharing is less even with reduced tor-
sional restraint for all strands since, as shown in Chapter 7,
section 7.5 (Table (.4), strains are reduced considerably, as
torsional restraint is reduced, and ranges thus become a very

much higher proportion of the mean.

Reports of relevance from other workers includes the
uneven load sharing between wires found by Wiek ( 47, 48, 49,
50 ) in his work on stranded ropes. This is not surprising in
the light of the findings of this current study reported above;
it seems that this phenomenon cannot be eliminated in even the
simplest strand and uneven load sharing between wires is also
reported by Durelli et al. ( 28 ), Hansom ( 34 ) and Paolini
and Bazzaro ( 43 ). Sharp ( 8 ) reported different load/
extension characteristics in the second and subsequent loadings
of a wire rope. In strand tgsting, by contrast, it has been
found that whereas surface strains on individual wires sre dif-

ferent in the second loading of the strand, the overall load/
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extension characteristics vary little. The 'bedding in' of
ropes, reported by Sharp ( 8 ) would appear to be a physical
migration of individual wires to a more stable configuration,
whereas repeated loading of strands only stretches further the

wires which are already bearing maximum load.

The quantitative assessment of surface strains and com-
parison with theoretical predictions is dealt with in Chapter

7, sections 7.5 and .6.



CHAPTER 6

MATHENMATICAL MCDELLING OF STRAND RESPONSE TO LOAD

6.1 Introduction

Costello et al. ( 16, 17. 18 ) have considered the six
wire strand and by treating the individual wires of the strand
as thin rods subjected to tension, bending, twisting and
bearing loads (where they have line contact with each other),
after Love ( 26 ), expressions have been obtained for extension,
rotation and torque generated in the strand under axial tensile
load. Costello and Phillips ( 18 ) take account of wire extension
in the compatibility equations and the treatment from this part-
icular paper is given in Appendix 8. Machida and Durelli ( 27 )
have developed approximate expressions for the response to load
of seven wire strand. The basis of their treatment is given in

Appendix 9.

The work of Costello and Thillips ( 18 ) and Machida and
Durelli ( 27 ) has been extended to take account of the relative
movement between core and helicals under load in the case of
10@& interwire slip, under frictionless conditions, in section
6.2. Interwire friction is considered in section 6.3 and
expressions obtained for the friction forcebending in helical
wires and torsion in core and helicals, in conditions of no

slip between core and helicals. Slip is introduced in section

6.4 and modified expressions obtained for bending and torsion in

wires.
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Section 6.5 considers the Poisson effect in wires of
tension and the flattening effect due to pressure between
helicals and core. The Costello and Phillips ( 18 ) treatment
of six wire strand is modified to take account of the presence

of the core under these conditions.

End effects are considered in section 6.6. A method for
mathematical modelling of wire behaviour is outlined for the

transition lengths of strand near the end grips.

Computing method for obtaining predicted strand response
is described in section 6.7. The predictions on strand response
from the approximate expressions of Machida and Durelli ( 27 )
are used in the computation as the first approximation for each
of the strand geometries tested in the main experimental pro-

gramme, described in Chapter 5.

Reference is made throughout sections 6.2, 6.3 and 6.4 to
the Figures 6.1, 6.2, 6.3, 6.4 and 6.5, which illustrate
different aspects of the forces acting on and displscement of

core and helical wires.
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6.2 Zero Friction Between Wires

One assumption made by both Costello et al. ( 16, 17, 18 )
and Machida and Durelli ( 27 ) is that friction effects between
wires in a strand are small enough to be neglected. As axial
loading on the strand is increased, the helicals are free to
rotate about their own axes, due to torque H, and to bend about
their neutral axes of cross-section, (the binormal of the helix)
due to bending moment G', as shovn in Fig. 6.1.

Neither Costello et al., ( 16, 17, 18 ) nor Machida and Durelli
( 27 ) take account of end effects. Their analysis implies
that there must be an instantaneous change from the geometry of
the loaded strand (with helix angle<xl and helix radius rl) to
that of the unloaded strand (with helix angle o, and radius ro)
at the point where the strand enters the grip or termination.
The reaction in the grip thus balances torsion H and bending
moment G!' in each helical and the expressions for torque
generated in the strand contains a contribution from H and G'.

(See second and third terms of expression A.8.19 in Appendix

A.8).

Another way of regarding the end effect is to assume that
changes in strand geometry occur over transitional lengths at
the ends of the strand, adjacent to the grips. These changes
in geometry, which must involve bending in the plane of the
principal normal of the helical wire centre line, thus changing
helix angle fromd; to &« over this length, result in a

reduction of relative motion between core and helicals. As the
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wires enter the cnd grip, relative notion btetween them is zero.

The basis of the assunntion about transitional lengths from the

Cosztello and Durelli treatments is illustrated in Fig. 6.4.8 and
b, Nue to symmetry only half the strand is considered. The

rotation of the helical about its om axis,® increases from

HTHN
zero at mid-strand to a maximum at distance LT from the strand
grip, and then reduces to zero at the grip itself. Core
rotation is zero throughout. A similar pattern is seen for the
increase in dimension of the line of contact on the helical
wire, which increases from zero at mid-strand to a naximum at
distance LT from the strand grip, and then reduces to zero at

the grip itself. Core extension is unchanged, Over the strand

length LL (where LL = L/2 - LT)’ rotation of a helical wire is

given by
Oy =% g/ (34/2) 6.1

From simple torsion theory, the tangential component of linear

displacenent is given by

d, H(1+y)L
§ - _2_5__i9_l: and
M hen W]
IiN'Is 2Ihh
displacement per unit length is ziven by
4, H(1+v)
t

$ HIN = i 6.2

ZIhE .

Similarly, from simple bending theory, the axial component per

unit length is civen by

n 6.3

(see also Figure 6,5.a.)
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6.3 Friction with Zero Slip

The contributions of H and G' to the overall torque gen-
erated in a strand under axial load are given in the second
and third terms of expression A.8.19, (Appendix A.8), in the
trcatment of Costello et al. ( 16, 17, 18 ). The treatment of
Durelli et al. ( 27 ) also contains a contribution to overall
torque from the bending and torsion of helical wires. (See
expressions A.9.25 and A.9.32 in Appendix A.9). The effect of
friction is now considered over that part of the strand which
is at sufficient distance from the end grips to avoid end
effects. (Length L; in Fig. 6.4). It is postulated that
frictional resistance from the core wire prevents some of the
rotation and bending of helical wires about their own axes
which would have occurred in the absence of friction. The con-
tribution to overall torque generated in the strand, referred
to above, is therefore transmitted to the end grips partly by
the helicals and partly by the core wire., Relative rotation

between core and helicals thus occurs as illustrated in Fig.

6‘2.

Rotation of the core is in the opposite sense to that of
the helical wire., Extension of the core and increase in the
dimension of the line of contact of the helical are seen to be
both positive. The rotation of the helical eH‘I‘F and core eCTF
about their own axes are shown in Fig, 6.4.c for the length

from mid-strand to end grip, while Fig. 6.4.d shows the

corresponding changes in dimension in the axial direction for
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each wire. The components in axial and tangential directions
of the rate of displacement along the strand of both wires is
shown in Fig. 6.5.c. The components of friction force per unit
length acting on each wire are shown in Fig, 6.5.d. It can be
seen that the force acting on the helical wire is such as to
reduce the displacements which occur in the absence of friction
(c.f. Fig. 6.5.a) whereas the equal and opposite force acting
on the core acts such as to produce the rotation and extension

already shown in Figs 6.2 and 6.4.c and d.

The general equations of equilibrium of a thin rod sub-
jected to tension, bending, twisting and bearing loads are given
by Costello and Phillips ( 18 ), see Appendix A.8, equations

A.8.3 to A.8.8. The effect of friction force only is now con-

sidered for each wire.

The core wire can be considered as a special case of a
. o s .
helix wheretxo = 90~ and the general equilibrium equations can

be simplified as follows. Due to symmetry of the loading from

the six helicals,

X=Y=O, K=K=O, N=N =0 6.4

Y-k=kK =0 and G =C=0 6.5

From equations A.8.3 to A.8.8 and 6.4 and 6.5
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t
dN/ds, = 0, dN/ds, = O, dG/dsy = 0, dG /dsC =0 6.6
and ar/dsy + 2 = 0, dE/ds, + B =0 6.7

Hote that for unit length of helical wire, the corresponding
length of core wire over which interwire friction acts is

lsinx Axial force and torque acting per unit length of core

are therefore given by

1
aT/dsg = 6(F ,p)/sine 6.8

and a8/ds, 6(F ypp) (4,/2)/sine 6.9

Friction force acting on the core per unit length of core is

given by
0.5
t 1 2 ' 2 .
F = 6(F car * F orp ) /sinex 6.10

For the helical wires, general equilibrium equations from
equations A.8.3 to A.8.8 can be simplified. The force acting
along the line of contact between core and helical is regarded

t

as applying a bending moment K and a torque § per unit length

of the wire, and these are the only external loads on the wire.

It follows that
X = Y = 2 = 0 and K = 0 6.11

Strand geometry changes due to friction only are very small
compared with those caused by the tensile loading of the strand
1
overall, Terms containing curvature and twist changes (k and

1) can therefore be omitted and the remaining equations are
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t !
aG fds + K =0, dH/ds + H = O 6,12

Bending moment and torque acting per unit length of helical

wire are therefore given by

ac' /ds

F'p(dp/2) 6.13

and dH/ds

i}

1
F ypp(d,/2) 6.14

Friction force acting on the helical wire per unit length is

given by

, , 0.5
F = (FIHAFQ +F HTF2) 6.15

5]
|

This force is equal and opposite to the force acting on the core
wire per unit length of helical wire, which from 6.10 and 6.15

is given by

0.5
t _ ] 2 1 2
Fo = (F car * ¥ oorp ) 6.16

Equations of equilibrium can now be established and, with

reference to Fig. 6.5.d are given by

{ 1

1
oTF F grpSine - F HARCOS* 6.17

]

] ] ]
F CAF = F HTFCOS X + F HAFsino< 6.18

Equations linking displacement of core and helical wires can
also be established and, with reference to Fig. 6.5.c,are

given by
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& crp = OF gop/Sy 6.19
8" cap = 6F cp/5, 6.20
§' r = @y - F'HAF)/S3 6.21
8 yrp = (F oy - F'HTF)/S4 6.22

Where S1 and S2 are the torsional and the axial tensile stiff-

nesses of the core wire; S3 and 84 are the bending and torsional

t 1
stiffnesses of the helical wire. Forces F and F H

HAN re

TN &
those required to prevent any change in bending and torsion

respectively of the helical wire and are given by

. 8/ye) o E/(a,/2)

=s———— and F = — 6.23
HAN Ly, HTN L

F

Stiffnesses are given by

Sy = EI./ (1+7)sinoa(dc/2)2 6.24
S, = BA /sine 6.25
85 = EI,/ (dh/2)2 6.26
S, = EIL/ (1+9)(dh/2)2 6.27

Manipulation of equations 6.17 to 6.27 yield expressions
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! A A
! H G 2 1
P - G - ) E)/6EE - ) 6.29
HAF S4A2 SBAI dh A2 Al
and ! H ! ‘
F = - 6F 6.2
HTF (S4Zdh725 Harh1)/64; 2
where
A = sinxcosx(1/S; - 1/5,) 6.30
A, = (sink/S, + cos%\/S + 1/6S,) 6.31
2 1 2 4 .
A = (cos%c/S + sin%</S + 1/6S;) 6.32
3 1 2 3 ‘

Resultant friction force per unit length of helical is given by
1 ! 2 2
Fps= (F wmr * F gop ) 6.33
The restraining effect of the core on the helical wires due
to friction between them can be quantified in terms of restraining

ratios Zl for bending moment and 22 for torsion, defined as

follows

= LF p(a,/2)/6" 6.34

[
I

and Zy = LiF yop(d,/2)/8 6.35

N
|

]
Actual bending moment G A and actual torque HA to which the

helical wire is subjected under loading of the strand are therefore

given by
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)6' 6.36

[op]
]

(1 - 29

and H, = (1 - z2)H 6.37

' 1
Note that G , is less than G and H, is less than H, due to the

restraining effect of friction from the core.
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6.4 Friction with Some Slip

If the friction force is insufficient to maintain contact
between points on core and helical which were in contact before
loading started, then slip will occur. The helical wire is
less restrained by friction force from the core and displace-

ments are therefore greater, giving
1 ! 1 !
§ HAS ” 8 mp and $ HTS 5 HTF 6.38

The reduced friction force transmitted from helical wire to core

results in smaller displacements of the core, giving
1 1 ! 1
& cas< Ocap @nd 8 opg< O gop 6.3

(See Figs 6.5.e and f)

The final distance apart of these points originally in contact

is now given by
' 1 1
(See Figs 6.3 and 6.5.¢)

'
The force per unit length of helical wire, F S is less
1
than F F as determined in section 6.3, equation 6.33 and is

given by

! 2 ! 2

!
where F S is the force acting on the helical wire per unit

length of helical wire and
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1 B ] ' O 5
By = (Fopgf + Fug?) 6.42

!
where F X in the opposite sense, is the force acting on the

core wire, per unit length of helical wire. (See Fig. 6.5.).

]
Let Fg C;F p where Cg is some fraction, CS‘<-1.

! 1 1 0.5
Then F ¢ Cy(F gppe + F HAF2) 6.43

Manipulation of expressions 6.19 to 6.35 and substitution in

6.40 yields an expression for slip distance

55' 2 (M
= 7T \b - M 6044
o Oy - M)
2 0.5
1-CoZ 1-Co 2, 2
where M, = (G 2(——§§-l) + Hz(-—EF—g) ) 6.45
5 4

1y 1-0q 2 1-z, 2 0*?

and M, = C5(6 “(5—= L)+ (———)) 6.46
3

Slip occurs between core and helical wire when
Fq> mX 6.47
where X is the contact force per unit length of helical wire.

In the case of the 6 wire strand considered by Costello et al.

(17, 18), X is the resultant of the two contact forces from the

two adjacent helical wires. (See Fig, 6.6). For 7 wire strands,

manufacture is such that, ideally, contact is between helicals



Figure 6.6, Contact Forces.,
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and core only, and not between helicals and other helicals.

In this case C = X and X is numerically equal to X derived by

Costello for the six wire strand.

The expression developed by Costello and Phillips ( 18 )
for contact force X, (Appendix A.8, expression A.8.17) must be
modified to take account of the reduced bending moment and
torque in the helicals, when friction between core and helicals

is considered. Bending moment GA from 6.36 and torque HA from

6.37 are substituted, and contact force is then given by
X=H ' ' 2 ' 6.48

If the coefficient of kinematic friction is known, the
onset of slip for a strand of a particular geometry can be pre-
dicted. Slip distance can also be estimated, Note that these

predictions ignore the effect of wire flattening at contact due

to interwire pressure.
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6.5 Poisson Effects and Wire Flattening

This section extends the work of Costello and Phillips
( 18 ) on six wire strand to consider a seven wire strand. In
addition, account is taken of Poisson effects in the wires under

tension and the flattening on wires due to interwire pressure.

Contact force per unit length on a helical wire is given

in 6.48. When the six helical wires and one core wire are

]
P or F 3

(friction) can be regarded as internal forces in the strand.

1
placed together, contact forces X (normal) and F

The load taken by the core is now added to that taken by the
helicals and the Costello and Phillips expressions for axial

load and moment, from A.8.18 and A.8.19 amended to give

jav)
1

1
6(Tsink; + N cos«y) + Tg 6.49
! !
M = 6(Hsin«) + G cosxy + Tricosx; - N rysink;) + Mg 6.50

where T, and M, are the tensile load and axial twisting moment

respectively taken by the core, which are given by

Te = AEE 6.51
My = Jg/2(1+y) 6.52

The expressions linking strand axial strain (equal to
core strain £ ) helical wire strain (), strand rotation (&),
helix radii (r, and r;) and helix angles (¢, and ) developed

by Costello and Fhillips ( 18 ) for six wire strand also hold

for seven wire strand.
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From A.8.21 and A.8.22

€ = (1+§)sin°kl/sind~o -1 ‘ 6.53
and D= (ro(1+€)/rlfano<~1 - l/tanab)2“¢anab 6.54

Poisson effect on individual wires is now taken into

account.
The reduction in helical wire radius is given by
S, = (4,/2)98 6.55

and the reduction in core wire radius by

Oo= (a,/2)5 6.56

Helix radius when strand is under load is therefore given by

r) = (d(1-E) + 4,(1-53))/2 6.57

The helix radius is reduced further if wire flattening is

taken into account. Expression 6.49 can be modified to include

a flattening term.

-
|

= (4c(1=8) + 9, (1-98))/2 - §, 6.58

where 6 £(X)

In the computation, section 6.7, empirical relations based
on the experimental work of Hamlet ( 76 ) are substituted for

6x in evaluating the predictions for final helix radius from 6.58.
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After flattening, the wires are no longer of circular
cross-section and, in the case of helical wires, are also
unsymmetrical. However, it is assumed that response to
tension bending and torsion remain unchanged after flattening

since the magnitude of these dimension changes is so small.



6.18

6,6 Ind Effects

6.6.1 A Descriptive Treatment

The aralysis in section 6.3 considers the interaction
between core and helicals, due to friction, over that part of
the strand which is sufficiently distant from the end grip to
be unaftected by the changes in strand geometry which occur at
the ends of a strand under load. If the whole length of the
strand is now considered, including those sections embedded in
the socketing medium of the end grips, it is possible to
postulate a mechanism in which the core undergoes changes in
the rate of angular displacement along its length, even in the
case of fixed end loading. Fig. 6.4 illustrates the relative
motion between core and helicals that can occur. Of critical
importance is the transition length (LT) of strand adjacent to
each grip. The next section outlines a mathematical model which

attempts to analyse wire behaviour in this area.

6.6.,2 Analytical Preliminaries to Solution by Numerical
Ifethods

If the grip socketing medium is considered rigid, the
geometry of the strand in the unloaded state is maintained within
the grip length. Since the wires at the end of the strand are
embedded in the socketing medium under conditions of zero axial
load, there is no contact force between wires, and this condition
of zero contact force then constitutes an end condition of the
transition length adjacent to the end grip when the strand is now

subjected to load. Over the transitional length LT’ strand
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geometry changes from that of the unloaded state to that of the
loaded state as determined in the analysis in section 6.3.
Contact force between helicals and core therefore increases

from zero at the grip end to maximum at disfance LT' Friction
force from the helicals, which arises due to the change in twist
and bending of the helicals, also rises from zero at grip end,
where strand geometry is unchanged under load, to that established
in the analysis at distance LT' Assumotions have been made about
relative motion between core and helical wires over this length
(see Fig. 6.4). However, more detailed analysis of the manner
in which strand geometry, load sharing between wires and stress
distribution within wires changes over the transition length
could start with the equations of Costello et al. ( 16, 17, 18 )y
for a thin rod. See A.8.3 to A.8.8.

Contact force from the core is given by X, from 6.48.

There are no other external forces along the wire . Y = 0.

1
There are no external bending moments along the wire .. K=K = 0.

Over the transition length, the helix angle changes from X where
it is embedded in the socketing medium, too(l, at distance LT from

the end of the grip.

Fig. 6. shows a helical wire over the transition length LT of the
strand as unwrapped onto a flat plane. Over an elemental wire
length of 5s, helix angle changes 8«. If curvature over this

lensth,8s, is 1/k, then in the limit

k = d=/ds 6.59
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Now bending moment in this plane is given by Costello and

Fhillips ( 18 ) A.8.9 as

G = A(k - k) 6.60

where ko is initial curvature, equal to zero inside grip, and

A= EIh 6.61
From 6,59 and 6.60

G = Adw/ds 6.62
Differentiating L g/, 2 6.63

If each elemental length is regarded as part of a helix,
each element having a pro;ressively different geometry from that
of the adjacent element, the analysis developed in section 6.3,
which considers friction force without slip, or that developed
in section 6.4, which considers slip with friction, can be applied.
The general equilibrium equations for a thin rod as postulated by
Costello and Phillips ( 18 ), see Appendix A.8, A.8.3 to A.8.8,

can be modified to apply to this transition length of strand LT'

dN dw ) '
3= ds - NY +Tk + X =0 6.64
an'a d
[ ol
d«ds Tt =0 6.65

dT d« ! 14
Geds - Wk N FZ 420 6.66

[nN]
1]
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2 1 1

A2 L' s Rk - = 0 6.67
2 H H

ds
aG'

H dx dot d« _
= d_S--HHE+AdsT+N =0 6.68
dH
_H dx de 'od« _ , (9
— T -1 Tk + 0 F B 0 b.

The external force parallel to the wire axis, per unit length of

the helical wire is given by
1
Z=F mp (4,/2) Cg 6.70
and the external torque is given by
' 1
B =T yop (4/2) Cg 6.7

where Cg can vary from 1, with no slip to zero with 1004 slip.

L] 1
F HAF and F HrF °An be expressed in terms of the helix

angle « and wire diameters (see expressions 6.28 to 6.37) since
1
G'A (G ) and Hy (H) are themselves expressed in terms of final

(loaded) and original (unloaded) helix angles.

Equation 6.69 can therefore be expressed in terms of three

variables &, Cq and d«/ds.

The end conditions for the transition length LT are given at
d«

grip <£=«*o, rr i 0, CS = 0, and at distance LT from the grip,
det
o(:O(l, a—S = O, CS> Oo

Numerical methods are required to solve this and/or other
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equations among the equilibrium equations 6.64 to 6.69, in an
attempt to determine strand geometry, load sharing between
wires and stress distribution over this transitional length,

As indicated in the title to this section, the above constitute
only the preliminaries to such an investigation. Its contin-

uation is among those items suggested as worthy of future study.
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6.7 Computation

6.f.1 Introduction

A first attempt involved programming in BASIC computing
language on a Systime PDP1l computer belonging to the Mechan-
ical Engineering Department. However, it soon became obvious
that the degree of precision inherent in BASIC and the capacity
of the computer were inadequate for the task. For the practical
strand geometries considered - those tested in the programme
described in Chapter 5 - the differences in strand response
between the predictions of Durelli and the computed predictions
were eventually found to be as much as 4.3’ for extension, at
about 35 of breaking load, (see table 6.1). But the strand
geometry differences were no more than 0.02° on helix angle and
0.005 mm on helix radius. For the larger helix angles and
lower loads these differences were much less. For accurate
execution of the iterative computing processes, discrimination
of these geometry parameters had to be many orders of magnitude
less than these differences. The use of FORTRAN with double
precision was therefore found to be necessary. The problem of
computer capacity limitation was overcome by using the

University's VAX computer.

6.7.2 First Approximations

For a seven wire strand of known initial geometry and
material, response under axial load can be calculated according

to Machida and Durelli ( 27 ) as a first approximation. The

basis of their treatment is given in'Appendix A.9.
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Expressions used in the computation are given below.

In the fixed end case, for the strand,

axial strain £

F/A 6.72

torque generated M

fi

FC/A 6.73

In the free end case, for the strand
axial strain € = FD/(AD-BC) 6.74

Rotation & = F2nC/(AD-BC) 6.15

6.7.3 Other Expressions Required in Computation

From 6,49 and 6,50 axial load on strand is given by

PO =Pl + P2 + P3 + P4 + P5 + P6 6.(6
where Pl = TC )
P2 = 6T Ay /sing
P3 = M /r;tan« 6.77
P4 = -M/rltanol1
PS5 = 6sinle/r1tan«1
and P6 = 6cosu1G'/rltanxl |
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and axial moment on strand is given by

M=Yl+Y2+7Y3+7Y4+7Y5+ Y6 6.78
where Yl = - Prltano\1 |
Y2 =T rltano(l
Y3 = 6% EAyr)/cosuy 6.79
Y4 = M,
Y5 = 6sin«1H
and Y6 = 6cos%1G'

From 6.53, 6.54 and 6.57

LHS = RHS  where
LHS = E(?(dc+dhsindo/sino§1) + rotanoco/tano(l)
6.80
and RES = 7 (l-tanx /tan« ) - dh(sino(o/sina(,l -1)

The expressions 6.53, 6.54 and 6.57 are also used individually.
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6.7.4 Vire Flattening

Hamlet ( 76 ) conducted some tests in which he pressed
together two solid steel cylinders of identical diameter. The
axes of the cylinders were fixed for each test at an angular
displacement relative to each other which varied from 900 to
zero (i.e. parallel axes). The last of these approximates
closest to the case of a helical wire in contact with the core
of a strand in that there is line contact rather than point
contact before load is applied, although the line is a helix
and not straight. Hamlet's results indicate an approximately
bilinear relation between normal load and the flattening of the
cylinder over the relevant load range, the first line, at low
loads, exhibiting low stiffness and, after a short transition,
the second line is much steeper as stiffness increases by
almost an order of magnitude. Hamlet's work is not claimed as
anything more than a preliminary study on the flattening effect
of contact load and the diameter of cylinders tested was nearly
twice that of the diameter of wire in the strands tested, as
described in Chapter 5. (Hamlet's rods 6.35 mm; strand wire
3,94 mm core and 3.73 mm helical). However, since it seemed
worthwhile making some estimate of the effect of wire flattening
on strand response, the stiffness figures from Hamlet's work
were inserted in the programming where appropriate. The

flattening term in §6,58can be given as
Sy = ¥/s, 6.81

where X is the contact force per unit length (kN/mm) and 8)( is
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the stiffness (kN/mmz). The values of stiffness, from Hamlet,

used in the computation were

I N
(veparste Sy = 1.25 kN/rnm2
coizputation on
. trend response or 6.82
ves performed for 2
eachi value cf S, Sx = 12.5 kN /mm
A L ]

Lquation 6.58 is used in the computation, instead of ¢,57 when

wire flattening is taken into account.

6.7.5 Fixed End Case (See Flowchart, Fig. 6.8)

Details of strand dimensions («, d_ and dh), material
constants (¥ and E), strand loading (P) and,if required, wire
flattening stiffness (Sy) and restraining factors (Z1 and Z2)
are supplied in II. After preliminary calculations on strand
geometry, first approximations on axial straing, (6.72)
torque generated M (6,73) and helix angle under load & (6.54)
are determined in III. Since helix radius under load Ty has
not been calculated at this stage, r, is assumed to equal T, in
6.54. On entering loop IV to XV, axial strain § from III, first
time, or from XVb, subsequently, are used to calculate *q
(6.54),8 (6.53) and vy (6.57) in IV. Lines V and VI set up the
loop VII to XI in which a range of helix angles greater than.&l
from IV are examined, in increments of 10-9 radians with a view
to satisfying strand geometry for this axial strain. In VII,g
is determined from 6.53, T from 6.57 or 6.58, depending on

whether or not wire flattening is considered, and 6.80 is used

in the second line (LHS = RHS etc.). Loop VIIT to IX is designed
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to retain the strand geometry G(l and rl) which give minimum
rotation - which should be zerc - and this geometry is used in
¥II to determine § from 6.53. The axial load PO is calculated
from 6.76, in XIII, using M from III in the fourth term of 6.76.
(The use of the Durelli approximation for M at this stage is
justified in the last paragraph of this section). If friction
between wires is not considered, G' and H are substituted in
6.76. If friction is considered G' from 6.36 and H

A A

are substituted in 6.76. If flattening is considered, contact

from 6.37

force X from A.8.17 (no friction) or from 6.48 (friction) is
used in 6.81 to determine &y which is then used in 6.58 to
determine r, before substitution in 6.76. Uhere the load cal-
culated, PO, is different from the required load, P, by more
than 0.05 kN, as determined in XIV, the Durelli approximation
is used to determine extension (6.72) for a higher load and the

process repeated in loop IV to XV until the strand geometry under

load matches the required load.

The use of I from the Durelli and Machida approximation in
the determination of axial load PO in XIII can be justified as
follows. Of the parameters involved in strand response, torque
generated (1) changes least when the more accurate analysis is

complete since most of this torque comes from the tangential

component of force in the helical wires. Helix angle difference

(.007°) and helix radius change (0.001 mm) under 10 kN load have

an effect of less than 0.01 Nm on the restraining torque M.

(Typically, restraining torque is about 8.9 Nm for a 10 kN axial
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load for strand VI). The value for restraining torque is
determined for the final strand geometry in XVI from (6.78).

Printout gives the Durelli and Machida results as well as those

computed as above, for comparison.

6.7.6 Free End Case (See Flowchart Fig. 6.9)

Details of strand dimensions, («, d, and dh), material
constants (Y and E), strand loading (P) and, if required, wire
flattening stiffness (SX) and restraining factors (Z1 and 22) are
supplied in II. After preliminary calculations on strand geometry,
first approximation on strand rotation g, (6.75) is calculated in
III. Axial strain (6.74), helix angle under load ety (from 6.54
but assuming ry = r_ at this stage), helical wire strain g (6.53)
and helix radius Ty (from 6,57 if flattening is not considered and
6.58 if it is considered) are determined in IV. Helix angle « ; is
then calculated again (6.54) using helix radius ry Jjust calculated.
Helical wire strain is calculated in V and the loop V to VI
pursued until the change in § < 1077. Restraining torque M is
then checked in VII, from (6.78), the fifth and sixth terms of
which include H and G' respectively if interwire friction is
neglected, or H, and G'A from (6.36) and (6.37) respectively if
friction is taken into account. Restraining torque M should be
zero in the free end case and helix angle«xl is increased in VIIIa,
in loop V to VIII until M< 0.001 Nm. Applied load PO is checked

in IX from 6.76 for the strand geometry under load which has just

been computed. If this differs from the original (required) load
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by more than 0.2 x 10'6 kN, loop IV to X is computed again
with a different starting load. If applied load is within
this limit, rotation from 6.54 is calculated in XI and printout

given for comparison of these results with those of the Machida

and Durelli predictions.
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6.8 Computation: Results and Discussion

6.8.1 Results (See tables 6.1, to 6.7)

The programmes, described in sections 6.7.5 and 6.7.6 and
flowcharts Figs 6.8 and 6.9, were used to predict strand
response for strands having the same geometries as those of
the five strands tested in the programme described in Chapter
5. For each strand both fixed and free end cases were ex;mined
and, for each end condition, both the frictionless (100% slip)
and no slip condition, each with and without wire flattening,
were considered. Flattening effect was examined for wire
flattening stiffness values of both 12.51di/mm2 and 1.25 kN/hm2
of wire. Twelve sets of results were thus obtained for each
strand geometry, as seen in the tables 6.1 and 6.2. Load
increments are 10 kN up to a maximum of 40 kN, this being the

maximum load applied to the strands under end conditions of

partial and zero (free end) torsional restraint, in the tests

described in Chapter 5.

The following sections of this chapter discuss the results
from these computations. Comparison between computed

predictions and experimental results is dealt with fully in

Chapter 7.

As shown in Chapter 5, sections 5.1 and table 5.1, the
helix angle of strand VI was found to be different from the
nominal value by more than ¢%. The computed predictions for a

strand with helix angle 72.97°, as measured are given in tables

6.5 to 6,7,
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$.8.,2 TFixed ind Case

(i) Extension (See table 6.1 and 6.5)
Axial stiffness 1s predicted to be effectively constant,

increasing by no more than 0,02%, This is a decrease of 0.02%

in compliance (}LE/kﬁ) as tabulated, over the load range
considered,

For the frictionless condition, predictions greater than those
of Durelli range from about 1.32¢) at the helix angle of 80.870
to within £ 0,02 of 4.67% at the helix angle of 72.970. If
friction is taken into account excess over the Durelli pre-
dictions is reduced to about 1.30%. at helix angle of 80.87o and
to 4.5%5 at helix angle 72.970. The effect of wire flattening

on extension is predicted to be in no case greater than 0,02%. ,

(i.e.The difference between the figure for "o flattening" and
that for a flattening factor "SX=1.25", at any given load and

for either the "100%. slip" or the "no slip" condition, does not
exceed 0.02%.)"

(ii) Restraining Torque (See table 6.3 and 6.6)

For the reasons given in section 6.7.5, predictions on
the magnitude of the restraining torque can be expected to vary
very little from those of lMachida and Durelli., Tables 6.2.a
and 6.4.a are a check that the differences are small and
negative. The increased helix angle and reduced helix radius
of the strand under load give a reduced tancential force com-
ponent and moment arm. The maximum reduction of 0.125% is

negligible vhen comparison is to be made with experimental

results.
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6.8.3 Free End Case

(i) Extension (See table 6.2 and 6.5.b)

Extension and helix angle changes under load are greater
in the free end case than the fixed end case. Computed pre=-
dictions on extension are in all cases less than those of
Machida and Durelli ( 27 ). The difference between computed
predictions and those of llachida and Durelli increases for all
strands as load is increased, but in no case exceeds 1.0/ for
the load range considered. (Maximum is 0.98% at 40 kN load for
A = 76.16O in the no slip case when wire flattening is neglected).
Greater differences are predicted for the non-slip case than for
the frictionless (100 slip) case. The effect of wire
flattening is greater in the free end case than the fixed end
case, but is still not greater than 0.13% (~0.74 to -0.87 in

ot = 72,97° for 40 kN load, see table 6.5.b).

(ii) Rotation (See table 6.4 and 6.7)

Computed predictions in all cases exceed those of Machida
and Durelli ( 27 ) but never by more than 1.1% and it is only at
low loads (10 kN) for the two strands with initial helix angles
of 78.930 and 80.87o that the excess over the Durelli pre-
dictions is greater than 0.6%. Within the small overall dif-

ferences, the effects of friction and flattening are negligible

for the range of loads considered.



TABLE 6.1 COMFUTED STRAND EXTEJYSIONS: FIXED END CASE

Table shows percentage difference from
prediction of Machida and Durelli ( 27 )

Axial Load (kN) 10 20 30 40
[o]
, = T3.63 *M. & D, €= T2.16pE /KN
) No flattening +4.31 +4.31 +4.31 +4.30
w Sy = 12.5 +4.31 +4.31 +4.31 +4,30
g Sy = 1.25 +4.31 +4430 +4.30 +4.29
i No flattening +4.25 +4.24 +4.24 +4.23
~ Sy = 12.5 +4.25 +4.24 +4.,24 +4.23
2 SX = 1.25 +4.24 +4.2% +4,22 +4 .22
= 76.16° *M. & D. £ = 70,02, /KN
E No flattening +3.,06 +3,06 +3.05 +3.05
0 SX = 1205 +3006 +3.05 +3005 +3‘O4
B | s, = 1.2 +3.04 | +3.04 | +3.04 | +3.04
—
5 No flattening +3,01 +3,01 +3,01 +3,00
- Sy = 12.5 +3.01 +3,01 +3.,01 +3.00
2 SX = 1l.25 +3,01 +3,00 +3,00 +3,00




Table 6.1 (continued)

Axial Load (kN) 10 20 30 40
oy = 17.70° | *M. & D. € = 68.92uE /KN
A |No flattening n‘ +2.41 +2.40 42,40 +2.40
» Sy = 12.5 +2.41 +2.40 +2.40 +2.40
§§ Sy = 1.25 +2.41 +2.,40 +2.,40 +2.39
o No flattening +2.37 +2.37 +2,36 +2.36
- Sy = 12.5 +2.37 +2.37 +2.36 +2.36
2 Sy = 1.25 2,37 +2.37 +2.36 +2.36
oy = 78.93° *M. & D. € = 68.15 € /KN
o No flattening +1.94 +1.94 +1.94 +1.94
@ Sy = 12.5 +1.94 +1.94 +1.94 +1.94
é; Sy = 1.25 +1,94 +1.94 +1.94 +1.93
—
o No flattening +1.91 +1.91 +1.91 +1.91
o Sy = 12.5 +1.91 +1.92 +1,91 +1.91
Z Sy = 1.25 +1.91 +1.91 +1.91 +1.91
g = 80.87° MM & Do €= 67.11,F /KN
oy No flattening +1.33 +1.32 +1.32 +1.31
— Sy = 12.5 +1,33 +1.33% +1.33 +1.32
= Sy = 1.25 +1,31 +1.32 +1.32 +1,31
-t
a No flattening +1.30 +1.3%0 +1.29 +1.29
% Sy = 12.5 +1.30 +1.30 +1.29 +1.29
1

* M. & D. is Machida and Durelli prediction.
Units of wire stiffness (resistance to flattening),sX in.kN/mm2



TABLE 6.2 COMPUTED STRAND EXTENSIONS: FREF END CASE

Table shows percentage difference from
prediction of Machida and Durelli ( 27 )

Axial Load (kN) 10 20 30 40
° T =
oy = 73463 ¥, & D. €= 135.85}£/kN

.ﬁ‘ No flattening *¥ ¥* % -0.25 -0.53%
a Sy = 12.5 *% *% -0,23 -0.52
E? SX = 1,25 *% *% -0.13 -0.42
~

No flattening -0,07 -0,35 -0.63 -0.9
A | Sy =125 -0,05 | -0.34 | -0.62 -0.89.
u S = 1025 %% -0023 "0051 -0'79
o X

do = T6416° M. & D, €= 118,06 yf /KN

& No flattening *% -0.15 -0.40 -0.65
';; SX = 1205 *% "0014 -0040 -0065
IS Sy = 125 ** -0.08 -0.3% -0.59
(@)
—

No flattening -0.23% -0.48 -0.73 -8.92
o Sy = 12.5 -0.22 | -0.47 | =0.72 | -0.9
C 0.90
@ S, = 1.25 -0.15 -0.40 -0.65 -0.
g X

*¥Fe & D. is Machida and Durelli prediction,
Units of wire stiffness (rericstance to flattening), ©

#*Indicates 0>Yldifference>-0,005

y in kN/mm2



Table 6.2 (Continued)

Axial Load (kN) 10 20 30 40
Ry = 77.70° M. & Do €= 107.99,€ AN
b No flattening, *% -0,22 -0.45 -0.67
r(;; SX = 12.5 ¥* % -0.22 -0044 -0567
S Sy = 1.25 *% -0.17 -0.40 -0.62
(@]
s
o No flattening -0.28 -0.51 -0.73 -0.95
5 Sy = 12.5 -0.28 -0.50 -0.72 -0.94
o Sy = 1.25 -0.23 -0.45 -0.68 -0.90
=
g = 78.93° *M. & Do € = 100.48 pE /KN
b No flattening -0.04 -0.25 -0.45 -0.65
a Sy = 12.5 -0.04 -0.24 -0.45 -0.65
S Sy = 1.25 -0.04 -0.21 -0.42 -0.62
O
—~
No flattening -0.30 =0.50 -0.70 -0.,90
E‘ Sy = 12.5 -0.29 -0.50 -0.69 -0.89
@ S, = 1.2 o - - -0.86
2 X 1 5 —O.( 0.46 0066 O
(o]
o = 80.87 M. & D, €= 89.77}LE/kN
Ay No flattening -0.08 -0.25 -0.41 -0.57
o Sy = 12.5 -0.08 -0.25 -0.41 -0.57
‘§ Sy = 1.25 -0.06 -0.23 -0.5%9 -0.55
—
No flattening -0.28 -0.44 -0,60 -0,76
- Sy = 12.5 -0,28 | =0.44 | -0.60 | =-0.76
2 Sy = 1.25 -0.26 —0.42 -0,58 -0.74
=
* M, & D. is Machida and Durelli prediction 5
Units of wire stiffness (resistance to flattening), S, in k}N/mm

x*Indicates 0>%differencey-0,005 X



TABLE 6.3 COUPUTED STRAND TORGUE GENERATED: FIXED END CASE

Table shows percentage difference from prediction of
Machida and Durelli ( 27 )

Axial Load (k) “ 10 20 50 40

oo = 13:63° M, & D. I = 0.887 Nm/kN

hn No tlattening -0.104 | -0.104 | -0.104 | -0.105

@ Sy = 12.5 -0.104 -0.105 -0.105 -0,105

‘§ Sy = 1.25 -0.104 | -0.104 | -0.105 | -0.105

—

o No flattening -0.106 -0.106 -0.106 -0.106

:;4 Sy = 12.5 -0.106 -0.106 -0.106 -0.106

o Sy = 1.25 -0.106 | -0.106 | -0.106 | -0.106
o = T6.16° *M. & D. M = 0,749 Nm/kN

by No flattening -0.053 | -0.053 | -0.043 | -0.053

@ Sy = 12.5 -0.053 -0.053 | -0.053 -0.053

‘g\ Sy = 1.25 -0.052 | -0.053 | -0.053 | -0.053

—

B No flattening -0.053 -0.054 -0.053 -0,05%

. Sy = 12.5 -0.053 -0.054 | =0.053 | -0.05%

o Sy = 1.25 -0.053% -0.053 | =0.053 -0.053




Table 6.3 (continued)

Axial Load (kN) 10 20 30 40

Ao = 17.70° *M. & Do M = 0.665 Nm/KN

hin No flattening -0.032 | -0.033 | -0.033 | -0.033

= Sy = 12.5 -0.032 -0.035% -0.033 -0.033

S Sy = 1.29 -0.033 | -0.033 | -0.033 | -0.033

=

i No flattening -0.033 | -0.033 | =-0.033 | -0.033

@ Sy = 12.5 -0.033 -0.033 -0.033 -0.033

2 Sy = 1.25 -0.0%33 | -0.033 | -0.033 | -0.033
oo = 18:93° *M. & Do M = 0,598 Nm/kN

o Yo flattening -0.022 -0.011 -0.021 -0.021

a Sy = 12.5 -0.021 -0.021 -0.021 -0.022

B = 1.25 -0.022 | -0.021 | -0.021 | -0.021

=

e No flattening -0,022 0,022 -0,022 -0,022

ﬁ Sy = 12.5 -0.,021 | -0,02?2 -0.022 -0.,022

ke, SX = 1,25 -0,021 -0,022 -0,022 -0.,021
o = 80.87° M. & D. M = 0,493 Nm/kN

E‘ No flattening -0.005 | -0.009 | -0.010 | -0.010

o | 8y =12.5 -0.005 | -0.009 | -0.010 | -0.010

E; Sy = 1.25 -0.005 | -0.010 | -0.010 | -0.010

—~

o No flattening -0,005 -0,010 -0,005 | -0,010

o Sy = 1.25 -0,004 | -0,010| ~0.010 |-0.010

_ i




TABLE 6.4 CONPUTED STRAND ROTATION: FREE END CASE

Table shows percentage difference from
prediction of Machida and Durelli ( 27 )

Axial Load (kN) 10 20 30 40
o = 73.63° *M. & D. g= 68.52 x 10'6 rads/kN /mm

by No flattening +0.078 | +0.056 | +0.125 | +0.115
n | Sy = 12.5 +0.078 +0,056 | +0.112 +0.109
IS Sy = 1.25 +0.081 | +0.059 | +0.133 | +0.113
=

o} No flattening +0,347 +0,208 +0.,121 +0.,124
o Sy = 12.5 +0.359 | +0.196 | +0,120 | +0.109
o Sy = 1.25 +0,081 | +0.224 | +0.126 | +0.114
A | Yo flattening +0.068 | +0.234 | +0.129 | +0.123
w Sy = 12.5 +0,068 +0.245 +0.131 +0.129
g S, = 1.25 +0.069 | +0.221 | +0.140 | +0.120
—

ko No flattening +0.446 | 40,221 | +0.129 |+0.104
= Sy = 12.5 +0.459 | +0.227 | 40,127 |+0.118
2 Sy = 1.25 +0.413 | +0.215 | +0.126 |+0.116:




Table 6.4 (continued)

Axial Load (kX)

10

20

30

40

g = 77.70° *M. & D. gf= 56.07 x 107° rads/kN/mm
A No flattening +0.065 +0,283 +0,164 | +0.137
— Sy = 12.5 +0.065 +04269 +0.142 | +0.132
B 8y = 1.25 +0.066 +0.276 +0.147 | +0.134
=
o Yo flattening || +0.479 |+0.247 [+0.172 |+0.1%6
- Sy = 12.5 +0.554 | +0.270 [+0.155 | +0.116
2 Sy = 1.25 +0.449 | +0.255 |+0.159 | +0.150
=4
&g = 78.93° M. & Do @= 51.59 x 107 rads/kN/mm
& Wo flattening +0.606 +0.344 +0.177 | +0.144
a SX = 12,5 +0.562 +0.343 +0.177 | +0.160
55 Sy = 1.25 +0,560 +04342 +0.180 | +0.145
=
o, No flattening +0,684 +0,305 +0.174 +0.135
;;J Sy = 12.5 +0.578 | +0.3%329 | +0.178 | +0.161
o Sy = 1.25 +0.609 | +0.325 | 40,167 | +0,146
oo = 80.87° *M. & Do g= 43.87 x 107 rads/kN/mm
o No flattening +0.983 +0.512 +0.250 | +0.243
™ Sy = 12.5 +1.038 +0.551 +0.286 | +0.233
‘g Sy = 1.25 +1.071 +0.536 +0.265 | +0.221
o Yo flattening +1.112 | +0.520 40,278 | +0.256
g Sy = 12.5 +1.041 | +0.460 |+0.240 | +0.190
2 Sy = 125 +0.936 | +0.472 {40,239 | +0.217




TABLE 6.5 COMPUTED STRAND EXTENSIONS

(HELIX ANGIE = 72.97°)

(a) FIXED END

Axial Load (kN) 10 20 30 40
Y. & D. E= 72.79ﬂ£/kN
-5 o flattening +4.68 +4.68 +4.67 +4.67
» 5y = 12.5 +4.68 +4.68 +4.67 +4.66
‘%% Sy = 1.25 +4.67 +4.,67 +4.,66 +4.65
—
o YNo flattening +4.61 +4,60 +4,60 +4 .59
~ Sy = 12.5 +4.61 +4.60 +4,60 +4.59
2 SX = 1.25 +4,60 +4 .59 +4.,59 +4.58
(b) FREE END
V. & D. €= 140.69 \£ /XN
E Ho flattening *% *% -0.19 -0.48
w Sy = 12.5 *% *% -0.19 -0.48
‘g Sy = 1.25 *% > -0.19 -0.48
A No flattening -0,01 ~0,30 -0.58 -0.87
;3 Sy = 12.5 *% -0.28 ~0.57 -0.86
2 Sy = 1.25 *% -0,16 -0.45 -0.74




TABLE 6.6 COMPUTED STRAND TORGUE GENERATED (HELIX ANGLE =

72.97°)

(FIXED END)
Axial Load (kX) 10 20 30 40
I\'Io & Do I\"I = 00923 I‘Im/kN

fo N

! No flattening -0.123 -0.123 -0.123 -0,123
@ Sy = 12.5 -0.123 -0.123 -0.123 -0,123
Eg Sy = 1.25 -0.123 -0.123 -0.123 -0.123
o, No flattening || -0,124 | =0.124] =0.124 | -0.125
% Sy = 12.5 -0.124 | =0.125| =0.,124 | =0,125

T4BLE 6.7 COMPUTED STRAND ROTATION (HELIX ANGLE = 72.97°)

(FREE END)
‘Axial Load (kN) 10 20 30 40
M. & D. g'= 70.19 x‘lO-6 rads/kN/mm

Aoy No flattening +0.081 +0.060 +0.119 +0.115
~ Sy = 12.5 +0.081 | +0.060 | +0.121 | +0.115
B | Sy = 1.25 +0.081 | +0.060 | +0.122 | +0.115
=

o No flattening +0.355 | +0.193 | +0.110 | +0.111
. Sy = 12.5 +0,082 | +0.205| +0.119 | +0,118
2 Sy = 1.25 +0.085 | 40,197 | +0.121 +0,112




CHAPTER 7

COMPARISON OF EXPERINEZNTAL RESULTS AND

MATHEMATICAL NMODELLING

7.1 Introduction

In this chapter, the experimental results obtained'from
the main test programme, described in Chapter 5, are compared
with the theoretical predictions on strand response to tensile
load which are obtained from the theories described in
Chapter 6. The response characteristics of torque generated,
strand extension, strand rotation and wire surface strains are
examined in turn. The degree of agreement with test results
of the predictions of Durelli et al. ( 27 ) is compared with
that computed from the theory which, starting with the basis
of the theory on six wire strand, after Costello et al. ( 17,
18, 19), also takes account of a core wire and the effects of
change in helix angle under load, interwire friction, Foisson

effects and wire flattening due to contact pressure.



7.2

7.2 Torque Generated

A description is given in section 5.3.,1 of how the data
was acquired on torque generated in the strand, from load cell
output, and the treatment of results is given in section 5.5.7.
The 1oad/torque plots from the test programme are given in

Figs 5.25 to 5.30 and the 1oad/torque characteristics for each

strand are given in table 5.13.

Theory is developed in sections 6.2 to 6.5 and the com-
putation method described in section 6.7. Fig. 6.8, gives the
flowchart for the computation of predictions of strand response
in the fixed end case and tables 6.3 and 6.6 give the dif-
ference between computed predictions and those of Durelli et al.
( 27 ). As explained also in section 6.8.2(ii), the difference
between the predictions of Durelli and those computed is always
less than 0.13% and for this reason no distinction between them
is made when theoretical and experimental results are compared
in table 7.l. Valid comparison of theory and the experimental
results mug?wpgke“ggcount of the small strand rotation
rgﬁg}}ing‘from elastic deformation of the resin in strand term=-
inations, or even some breakup of the resin at the throat of
the terminations. As reported in Chapter 5, section 5.5.7,
this strand rotation was measured during the nominally fixed end
tests., For the loading cycle which immediately followed the

free and partially restrained loading cycle, the theoretical

prediction for torque generated was corrected as follows:

M= My (1 - o) 7.1



Te3

where MFX is the torque generated in a fixed end loading over
the load range considered (10 kN to 44 kN) and calculated from
Chapter 6 (tables 6.3 and 6.6), Dy and @y, are the measured
rotations during the period of increasing load for the nominally
fixed end and completely free end cycles respectively. Table
7.1 compares experimental values of torque generated with
uncorrected (fixed end) and corrected values predicted for the
strand geometries concerned, including both nominal and
measured configurations for strand VI. Note that no rotation
was measured during cycle 310 for strand X. The comparatively
large rotations recorded during the loading of strands VI and
VII, cycles 113 and 512 respectively, are probably due to
deterioration of the resin, particularly at the throat of the
end grip, caused during the greater number of free end and
partially restrained loading cycles to which these strands were

subjected. (See loading programme in table 5.3).

The tabulated results show that predictions overestimate

the torque generated by an amount which increases as initial

strand helix angle reduces.

These and other comparisons of theory and experiment are

discussed further in section 7.6.



TABIE 7.1 TORGUE GENERAT:D: COMPARISON OF THECORY AND EXPxRIMENT

Torque Torque Rotation Corrected Experimental
Strand Generated Generated Measured Torgue pTor ue .
o (Durelli) (Computed) Over 600mm Prediction Nm;kN Difference
er fm /N N/ KN 10KN-50kN N /%N i (1-Mg/py )
Mp Mgy (Cycle No.) Mo EX
(1) (ii) (iii) (iv) (v) (vi) (vii)
VI Measured 0.923 0.922 2.2° 0.899 0.86 -445%
VI Nominal © 0.887 0.886 (113) 0.864 0.86 - 0.5%
VIII (76,2°) 0.749 0.748 0,8° 0.740 0.72 - 2.8%
(210)
X (77.7°) 0.665 0.665 0 0.665 0.65 - 2,3
(310)
X (78.9°9) 0.598 0.598 0.8° 0.591 0.58 -1.9%5
(410)
viI (80.9°) 0,493 0.493 2.0° 0.475 0.47 - 1.1%

(512)
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7.3 Strand Extension

The extrometer was used to measure strand extension
throughout the loading programme and results tabulated, an
example of which is shown in table 5.5. Computer printout on
the analysis of load/extension slope, of the type shown in
table 5.12 and the graph plotting facility of the computer

used to obtain plots of the type shown in Figs 5.8 and 5.9.

Mathematical modelling on strand response in Chapter 6
takes account of interwire friction, Poisson effects, wire
flattening and the effect of increasing helix angle under load.
The differences between these predictions and those from the
simpler theory of Durelli et al. ( 27 ) are given in tables

6.1 and 6.2, at a strand load of 40 kN.

Experimental results are compared with computed pre-
dictions and those of Durelli in table 7,2. The Durelli pre-
diction is calculated in each case from equation A.8.21 and
the computed predictions are explained in Chapter §; an example
of the best straight line analysis by least squares is shown in
table 5.12. Graphs of extension against torsional restraint
are plotted for each strand in Figs /.1 to 7.6. In order to
give valid comparison with the predicted extensions, which are
for a load of 40 kN, the load/extension slope is taken from
table 5.12 (for strand VI) at 40 kN, and from the corresponding

tabulated printouts for other strands at 40 kN. In each case

the slope value is taken at 40 kN in the loading cycle during

which 40 kN load is exceeded for the first time. For strand VI,



TABLE 7.2 STRAND EXTENSIONS, PREDICTED AND EXPERIIENTAL

STRAND LOAD 40 kN

DURELLI PREDICTIONS

COVPUTED PREDICTIONS

TEST RESULTS

Strand T ) 1 Torsi 1 Extension . . . Nogigal
orsiona - . orsionsa 1 OJ7J S$114 S11 Torsiona . n
No. End Restr. Eng7i§°n End Restr. N.F.O - N.g? o End Restr. Ex§§?§§°n Condition
(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi)
VI 73.0° 0.92 72.8 0.92 7642 76.2 76.1 76,1 0.86 80.3 Fixed
(Measured) | *(0.89) *(72,2) *(0.89) *(75.3) | *(75.3) | *(75.2) | *(75.2) 0.59 103.8 2 pix
0.43 108.4 4 Fix
73,6 0.22 119.5 i Fix
(Nominal) 0 140.7 0 140.0 140.2 139.4 139.6 0 134.6 Free
*(135.9) *(135.1) [*(135.3) [ *(134.6) |*(134.8)
VIII 76.2° 0.75 70.0 0.75 72,2 72.1 72.1 72.1 0.72 73.9 Fixed
0.54 83.7 2 Fix
0.35 92.7 % Fix
0.13 108.,2 1 Fix
0 118.1 0 117.3 117.4 116.9 117.0 -0.03 115.2 Free




Table 7.2 (Continued)

DURELLI PREDICTIONS

COMIUTED PPREDICTIONS

TEST RESULTS

Q . N .
Strand Torsional Torsional ICRSE Extension o ST3 Torsional Ogigal
No. End Restr. | Extension | End Restr. T F = 15 T Fo = 7 End Restr, | Extension Condition
Nm/kN pE/un Nm/kN s | fu L JE /i Nm/kN ME /1
(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi)
X 77.7° 0.66 68.9 0.66 70.6 70.6 70.5 70.5 0.65 73.0 Fixed
0.47 82.1 2 Fix
0.29 90.5 1 Fix
0.12 99.0 L Fix
0 108.0 0 107.3 107.3 107.0 107.0 -0.05 107.9 Free
IX 78.9° 0.60 68.2 0.60 69.5 69.5 69.4 69.4 0.58 69.5 Fixed
0.30 81.8 %— Fix
0.14 90.4 I Fix
0 100.5 0 99.8 99.9 99.6 99.6 0 95.8 Free
VII 80.9° 0.49 67.1 0.49 68.0 68.0 68.0 68.0 0.47 67.9 Fixed
0.36 73.1 2 Fix
0.24 17.9 % Pix
0.13 83.4 i Fix
0 89.8 0 89.3 89.3 89.1 89.1 0 88.4 Free

Note that predicted values of torque (columns (ii) and (iv)) and extension (columns (iii), (v), (vi), (vii) and (viii)) for partially

restrained end conditions are pro rata between the fixed and free end values.

No flattening considered.
Flattening is considered.

F.

¥.F. (columns (v) and (vii)).
gcglumns (vi) and (viii)).
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