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Paper

Design of steel cables against free-bending fatigue

qt terminations

Professor M. Raoof, BSc(Eng), MSc, PhD, DIC
Schoo! of Architecture & Civil Engineering, South Bank University

Synopsis

The present paper highlights the significant shortcomings of the
traditional maximum (extreme fibre) stress (or strain) approaches
for design against free-bending fatigue at the fixed ends to axially
preloaded steel spiral strands in various fields of application.

The importance of catering for interwire/interlayer fretting in
any realistic model for design against free-bending fatigue is
emphasised. This is, then, followed by a brief review of the salient
features of a promising theoretical model which takes interwire
fretting into account. An extensive series of theoretical
parametric studies, using a number of realistic spiral strand
constructions covering a wide range of cable (and wire)
diameters and lay angles, has been carried out in order to
develop straightforward design formulations aimed at practising
engineers.

The possible practical limitations of the final results are briefly
discussed. Moreover, a numerical example is presented to
facilitate use of the proposed alternative design procedure. The
present formulations are amenable to simple hand calculations.

Notation
A() is the amplitude of vibration in mode i as a function of time
A is the wire cross - section area = IU;‘,'
D; is the wire diameter in layer i (outer layer: i=1)
d is the strand outer diameter
Es is Young’s modulus for steel
E5.(EDg  is the strand overall bending stiffness
! is the frequency
I is the second moment of area
i is the mode of vibration
K, is the no - slip interlayer shear stiffness
K; =L

T
k =P

2
l is the total cable span
m is the cable mass/unit length
R; is the number of wires in layer i (outer layer: i = 1
4 is the pitch of the helical wire in the outer layer

2
" tang,

R =n-r,
h is the helix radius in the outer layer
T _ is the wire radius in the outer layer
S

is the strand mean axial strain
s is the standard deviation to the fit

s is the estimated standard deviation of fitted 0
T is the constant (mean) axial tension on the strand
L. is the ultimate tensile strength o
U is the interlayer slippage between wires in the vicinity of the
s0- called neutral axis (in plane - section bending terms)
u is the displacement along the helical wire
WX.1) s the deflection function o
* is the trellis contact patch spacing between the outer and
‘ penultimate layers
X is the co- oi'dir):ate along the cable with origin 2t the support
o is the distance of an imposed concentrated load 0n.2 cable from s
Yo isggxggn?i‘gg axhplitude (i.e. amplitude of conductor motion.

" effective bending rigidity

R {,’:amgesmmeommaycrinv
- relative to clamp, masur?dashmmmﬁommLCImp) o S

Ymax. is the free loop amplitude of vibration

a),0, are lay angles in the outer and penultimate layers, respectively

B is the angle through which the cable is bent at the clamp by
vibration

oy is the polar angle at the fixed end where wire axial strain due

to bending is maximum

is the polar angle at the fixed end (always negative)
is the polar angle anywhere along the cable

b

is the nominal angular deflection at the socket =—
x

is the radius of curvature at the fixed end
is the tensile stress at the trailing edge of interlayer trellis
contact patch
of is the fitted (mean) value of &, from the results in theoretical
parametric study
-is the upper bound to ',
=0 -0

=2nf

90

]

0

u is the coefficient of interwire friction
P

o

g€ 9

Introduction
There is surprisingly little information available on fatigue performance of
steel cables in free bending. The majority of published work concentrates
on the influence of pulleys and sheaves as sources of wear and fatigue
damage. This paper is concerned particularly with the bending effects in spiral
strands in the absence of sheaves, fairleads, or other formers, so that the radius
of curvature of strand is not predetermined. )
Free-bending problems are a source of concern, and not mfreqfxem
failures, in structures ranging from suspension and cable-stayed quge
hangers and stays to guyed masts to electromechanical <.:ables. Su?h fatigue
failures invariably occur near partially restrained terminations of various types
and wherever a rapid change in curvature is imposed. -
In the case of cable-stayed bridges, for example, bgcause of th;cu'
flexibility, relatively small mass, very Io“./ structural dampxr}g and steac?xly
increasing moving loads from heavier and hi g?mr-powered vehicles z?nd trains,
these structures are subjected to vibrational stress ﬂucmnom and
reversals: inspection of a large number of cable-stayed bridges arf)qnd the
world has revealed occurrence of cracks aroux}d the anchor joints of
cables'. As discussed by Abdel-Gaffar & Kha}xfa’, most vulnerable‘ o
vibrations due to wind, rain, and traffic, are the high strength cables which
have very low damping ratios in the range 0004 - 9.0413: under such
conditions, the flexural stresses at the relatively ngxd. joints near the anch‘or
heads can be of the same order of magnitude as the hve-l?ad-mduced axial
stresses, of sometimes even greater. Th.ere have been quite a few reported
cases in which cables of cable-stayed bridges had to be re.pla.ced because of
In this context, it is also worth

ion and fatigue problems’. ! . ) W
;c:;(:isc!)ging the well-publicised problems associated with the inclined

Severn Bridge. ) )
ha;iir;x?frmeib:nding of ling cables under an‘appmximatel_y steady axial
load, it is common to introduce 2 mathematically cmvgnxent, consfam
: . (El)eq, for the cable, from which the brzdng’ of

ints of restraint are calculated. The maximum ng
:g::u;ex ?ngilSigzal wires are then found on the basis qf often semi-
empirical formulations of a questionable pamre;: these strains are furf;hg
assumed to govern the stran *s bending fatigue l‘xfe. Ex‘penmer_nal and field
observations, on the other hand, suggest the interwire fretting between

id wires in v: u e

‘;nou?atzga;ﬁ a series of reversed free-bend}ng fatigue tests mtli a:ua!ly
~eloaded spiral strands, Hobbs & Ghavami® reported that the first wire
ariably occurred not at the extreme fibre (in

L

ariouslayersasmeprincipalcauseofwimfrmmms“. Dol
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plane-bending terms), but rather in wires very close to the neutral axis
where the axial strain in the individual wires is very small.

The need for a reexamination of the traditional maximum stress
approach to the free-bending fatigue problem is, therefore apparent and forms
the basis of the present paper. In what follows, much attention will be
devoted to developing a straightforward design method, aimed at
practising engineers, which (as discussed later) takes the effect of interwire
friction and fretting fully into account. This alternative, and still simple,
approach is shown to largely overcome various shortcomings of the
previously available maximum stress theories.

Previous work

Very little research has been performed on the fatigue behaviour of
structural cables in free-bending near terminations. Hobbs & Smith? and
Oplatka & Roth® are among the few researchers who transversely loaded steel
cable specimens under constant tension to produce small amplitude free-
bending near the socketed terminations.

The fatigue tests carried out by Hobbs & Smith’ were on a series of
8.5m-long and 39 mm diameter spiral strands. Two levels of mean axial
tension corresponding to 17 and 34 % of the maximum breaking load with
bending amplitudes up to £1.3° were imposed on the socketed steel strands
whose ends were fixed against rotation. It was reported that wire breakages
invariably occurred in the vicinity of the neutral axis (in plane-section
bending terms) with the initial wire breakages starting in the outer layer and
then proceeding to the second layer, finally leading to ultimate failure of the
strand.

Oplatka & Roth?® carried out a series of fatigue tests on 18 mm diameter
six strand rope at a tension of 20 % of the maximum breaking load with
bending amplitudes of +4.5°. The socket was pinned and could rotate with
the rope flexure while the bending motions were applied through the
socket. Various forms of socket arrangements were tested in order to
minimise the localised damage.

Tilly? reported free-bending fatigue data including 20 tests on five types
of spiral strand and eight tests on two types of wire rope. These axially
preloaded steel cable specimens had a free length between sockets of 2.8 m
and were subjected to bending amplitudes up to +2°. In particular, tests were
stopped when five outer wire fractures were detected by visual inspection,
although later examinations of dismantled cables identified the presence of
some inner wire failures.

In the related field of overhead transmission lines, several measures of
vibration intensity have been employed for developing fatigue curves
through tests in laboratory spans, with limited success. The various
parameters assumed to control free-bending fatigue life may be grouped as
followss:

(a) free loop amplitude of vibration, ymar '**3;

(b) angle through which the conductor is bent at the clamp by vibration,
ﬂ' l4-|6;

(c) bending amplitude (amplitude of conductor relative to clamp, measured
a short distance from the clamp), y,, 17-%;

(d) dynamic strain in an outer-layer wire in the vicinity of the clamp?.2),

From the above parameters, the bending amplitude (c) is the most widely
used parameter® for measurement of vibration of operating lines, partly
because of its convenience for obtaining reliable measurements in the
field. However, all the above approaches suffer from the major drawback
of assuming that there is some idealised strain or stress that can be
calculated from vibration amplitude, and that correlates well enough with
conductor fatigue life to permit its use in establishing a single endurance limit
for a range of conductor sizes. The use of such an idealised stress,
however, lacks a fundamental analytical basis and does suffer from certain
significant shortcomings, as is discussed in the next section,

Critical examination of the previous approaches

"~ Fig 1, shows bending fatigue performance of socketed steel cables (spiral

strands and ropes) as presented by Tilly®: the fatigue life to fifth outer wire
fracture is plotted against the range of angular deflection, A9, where a very
wide degree of scatter is found for cables with different levels of mean axial
load and construction. In view of the rather large degree of scatter, it is not
even possible to realistically define the general trend of the test data, and

" there appears to be a very weak correlation between the range of angular

deflection, A, and free-bending fatigue life.

* Hobbs & Smith’ reported an interesting - series of Iarge~scale free-
bending tests on 39 mm diameter axially preloaded spiral strands: two tests
- were pe;fonr;ed with a mean axial load, T/T,; = 17 %, and four data points

§ 10

‘g 8- a Wire rope
S A .

53 o Spiral strand
Ve 4 Ny

hal =

g g‘ o o o o Oa o o© Aaa

53 °

8 o 24 o o o o 0000

- < A A

o
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c 1 T TS

2 104 10 10 10’

Cycles to failure

Fig 1. Bending fatigue performance of socketed spiral strands and wire ropes
plotted against the range of angular deflection (after Tilly9)

were reported for a mean axial tension, /Ty, = 34 %, where T, = ultimate
breaking load. Based on such limited data, Hobbs & Smith’ attempted to
correlate the calculated moment at the clamped end of the 39 mm cable, M,,
with the free-bending fatigue life to first wire fracture, where it was
assumed that, for their boundary conditions and mode of loading:

M, 0.5
——° __ =1itan@ (K5)" )
(T E1)" ’
where
Els is the assumed constant cable bending stiffness
Ks=T/Tye.

©'is the nominal angular amplitude due to cable flexure at the fixed socket

Hobbs & Smith” were then able to make reasonable predictions for other
values of T and & for the same strand, and rather more tentatively for other
cables of a similar makeup with similar terminations for which no fatigue
data were then available in the public domain. Further free-bending fatigue
test data on 40 and 41 mm diameter spiral strands and a 40 mm diameter
multistrand rope were later reported by Strzemiecki & Hobbs?: these tests
were carried out under conditions nominally identical with the earlier tests
on the 39 mm spiral strand, and the main difference between the two series
of tests was the cable construction details (such as lay angles and wire
diameters in various layers) while keeping the outer diameters nominally
constant. Yet again, Strzemiecki & Hobbs? found the initial outer layer wire
fractures to invariably occur at the neutral axis (in plane-section bending
terms). Fig 2 shows the plots of the non-dimensionalised moment at the
clamped end, M /(T EI})°5, against free-bending fatigue life to first wire
fracture for the 40 and 41 mm diameter spiral strands which should be
compared with the originally proposed plot (based on the test data on
39 mm diameter cable) of Hobbs & Smith’: there appears to be a weak
correlation between M, and free-bending fatigue life where the data points
for different strand constructions are not found to follow a single curve.

K

Design curve proposed in ref. (7}
based on experimentation data
on 39mm 0D spiral strand

-
< .
@ 0 Cable outer Mean axiat
= diameter (mm) load {(MN)
E Tl ® e 0464
= % e a 40 0.488
K]
S. oo
Ky
w
2 0003
)
=z
0.001 ‘ ' . .
104 10° 1° 107 10

Cycles to first outer wire break

Fig 2. Plot of one-dimensionalised moment at the clamped end against free-
bending fatigue life for a number of spiral strand (and one multistrand rope)

' constructions (after refs 5, 7, 22)
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Fig 3. Plot of the maximum (extreme fibre) bending strain against free-
bending fatigue life to second outer wire fracture for a number of spiral
strand constructions

Finally, Fig 3 presents plots of the maximum (extreme fibre) bending strain,
{dw/ds]max. against fatigue life to second outer wire fracture, for the three (39,
40, 41 mm diameter) axially preloaded spiral strands tested by Hobbs and
his associates®2 and also the present author. The calculated values of
{dit/ds),, are based on a recent theoretical model developed by Raoof® whose
predictions have been supported by some carefully conducted and large-scale
free-bending tests on the 39 and 40 mm spiral strands?*? under conditions
nominally identical with those in refs 5, 7, and 22. The parameter
[di/ds] s relates only to the wire axial strain due to bending of the cable
which, as shown by Raoof & Huang?, is (at the fixed end) significantly larger
than the corresponding strains due to bending of the wires about their own
neutral axis which may safely be ignored. Results in Fig 3 strongly suggest
that, although it is possible to draw a single curve to show variations of
[dw/ds],..,, with fatigue life for a given cable under various levels of mean
axial load, very different curves of [dw/dsln v. fatigue life exist for
various spiral strand construction details. In other words, the maximum
wire strain (or stress) is found not to be the underlying c9mrollmg
parameter in free-bending fatigue performance. This highlights the
significant shortcoming of the widely used (traditional) design apProach
adopted by practising engineers: such approaches do not yield a
generalised fatigue curve which applies to any type of steel strand
construction. .

To summarise, the interpretation of the often very expensive and time-
consuming free-bending fatigue test data, even under closely controlled
laboratory conditions, using simple parameters such as range of angular
rotation, maximum moment at the clamp, and maximum calculated (or
measured) wire stress (or strain), is, at its very best, appropriate only for a
specific type of spiral strand construction. As discussed in what follows, in
order to develop a generalised fatigue curve, there is a need for' an
approach that takes the interwire contact forces and slip between wires
fully into account, with emphasis on the fretting fatigue behaviour over the
individual interwire/ interlayer contact patches where wire fractures have
mostly been found to occur.

Design recommendations

Background A
Two cases have been treated, i.e. (i) bending well away from terr.nmaUD“S
and (i) the more difficult problem of bending within the zone of influence
of a termination. In the first case the free field is modelledas a mulnlqyered
form radius of
Curvature is associated with plane-section bending.

For an axially pretensioned strand, it is postulated th: 4 thus
multilayered helical strand may be treated as an orthotropic sheet an pave
variations of cable bending moduli with imposed radius of curvarre, P,‘mder
been determined?". I is shown that the strand effective bending Aigidity

plane-section bending, (ED.q, varies from an upper (no-slip) to tower (full-

at each layer of

u?;g:f;ﬁzgf’ | {and one multistmnd rope} cqmmgﬁ‘om
o T . AR - ’ & ‘

10-15 % for fully bedded-in strands?’2 whose internal structure has fully
stabilised with the passage of time under working conditions®. Such plane-
section behaviour is of relevance to, for example, vortex shedding
conditions where the maximum amplitudes of vibration are of the order of
one cable diameter®. Under such conditions large-scale tests of Raoof?$?
support the plane-section bending assumption. However, for sufficiently small
radii of curvature, interlayer slippage has been shown to occur®* with
very substantial reductions in the effective bending rigidity: this aspect of
the problem is discussed at some length in the theoretical studies of Raoof
& Huang?'.

In case (i) following experimental observations of Raoof** the
pretensioned large diameter spirai strand is modelled as being composed of
a solid core, which undergoes plane-section bending, covered by a single
layer of helical wires?283! with interlayer friction taken fully into account.
For an assumed constant state of curvature near the clamp, results are
obtained for the outer wire axial stresses and for the associated extent of
relative slippage between outer wires and the core. For a strand under free-
bending, the radius of curvature is greatest at the fixed end and is reduced
very rapidly as one moves away from the point of restraint.

The theoretical findings®? which were later supported by experimental
observations®2 throw some light on a rather unexpected observation by
Hobbs & Ghavami’ who found that, under restrained bending fatigue
conditions at the fixed socket, initial wire breaks invariably occurred not at
the “extreme fibre’ (in bending terms) but rather in wires very close to the
neutral axis. Raoof232¢ has shown that slip between various wires in the outer
layer and the inner core in the very near vicinity of the clamp are greatest
near the neutral axis and least at the extreme fibre position. It is deduced that
these larger slips are a more important factor in the initiation of fatigue failures
in axially preloaded spiral strands than the magnitude of the direct stress range
in wires, which are greatest near the extreme fibre positions and least in the
vicinity of the so-called neutral axis. It is, therefore, concluded that
interwire, or rather interlayer, fretting is the most likely cause of wire
breakages and is much more relevant to a discussion of free-bending
fatigue life than the maximum wire stresses near the extreme fibres, as has
traditionally been assumed.

A newly developed alternative®3! (Fig 4) appears much more
promising. Here, the life to the second wire fracture is plotted against a contact
stress-slip parameter, 6xU/x, linking. . o
(1) the trellis contact patch spacing, x, along any individual wire in the outer
layer; .
(2{ the computed interlayer relative displacement, l_/, near the neu!ral axis
at a distance equal to the interlayer contact patch spacing along the wire from
the assumed ideally fixed end; and

Mean axial
oss _lood (M) _
041
39mm 0D strand [‘: 0205
050 41mm QD strand & 0444
40mmODstrand  * 0.488
Q45 - 40mm OD muiti- = 0.3n
2 > strand rope
-]
5 040 4
3
g 035 Coefticient of friction =012
g
a
¥ 030
a .
4
@ 025
G -
[*]
€
S 0201
0.15 -
0.10
I T P T T
10° o wb 5 ¢ 108
Cycies to second wire fracture

ﬁg 4, Plot of the newly proposed

bending fatigue life to second outer wire fracture for a number of spiral s:rand ‘

contact stress-slip parameter against free< o
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A-Line contact within tayers B-Trellis contact between layers

Fig 5. Pattern of interwire/interlayer contact forces in an axially preloaded
spiral strand

(3) the computed maximum tensile stress, G,, at the trailing edge of the
interlayer contact patch between wire in opposite lay, i.e. at the edge of the
so-called ‘trellis’ contact (Fig 5).

It is encouraging that the use of this parameter makes it possible to draw
a single curve of Fig 4 through data for various helical strand construction,
as reported by Hobbs and his associates®’22. The coefficient of friction
assumed for preparing Fig 4 was 0.12, the value found appropriate from the
wide-ranging experimental work on galvanized strands*>®. Results in Fig
4 should prove of value for predicting cable-restrained free-bending
fatigue life.

It is not the intention to repeat the often lengthy theoretical derivation here,
partly because these have been reported fully elsewhere?253!, The primary
purpose of the present paper is to present some simple design office
routines for estimating free-bending fatigue life of realistic (large) and
axially preloaded spiral strands undergoing cyclic loading.

Estimation of the radius of curvature at a fixed end

It is exceedingly rare for suspended cables to have terminations that justify
use of the pinned connection in analysis, even though this is widely
assumed. In fact, it is far more likely that there is local fixity at each end,
the effect of which dies off rapidly (i.e. exponentially) into the cable spanS.
Moreover, it can be shown that the very localised effect of end fixity at one
end of the cable is, for all practical purposes, unaffected by the nature of end
conditions (such as rotational springs or complete restraint against
rotation) at the far end of the member34,

Several analyses of the shape of a vibrating stiff cable, rigidly clamped
atits ends, have been published+5%, The following simplified solution, whose
detailed proof is presented in Ref. 6, takes advantage of several
approximations that introduce errors that are generally small enough to be
neglected.

Fig 6. Standing wave vibration, with rigidly fixed supporting clamp at
the left end of section ‘a’

Very briefly, for a cable vibrating in standing waves as in Fig 6, and with
the supporting clamp fixed, it may be assumed that the region adjacent to
the clamp where the shape of the conductor departs significantly from that
of a sine-shape loop is short compared with the loop length, as indicated by
‘a’ in Fig 6. The curvature, p, of the axially preloaded cable with constant

" mean tension, 7, as it emerges from the clamp is

1 ‘j T
P (ED) 4

-2

_where T is the constant axial tension and (El) is the effective strand
- bending rigidity, and the angle f may be determined from the frequency, f,
‘ and amplitnde of motion of the span, Ypu, i.€. ) . N

p = 2 Wman. N ))
VI
m
where m is the mass/unit length. Thus the cable curvature at the clamp, p,
becomes

1=2,,\/ B s, )
p (ED gy

A simple (design office type) method for estimating the effective bending
stiffness, (EDqgp, of axially preloaded spiral strands undergoing plane-
section bending, which has been backed by large-scale experimental work,
is reported by Raoof'® and will not be repeated here because of space
limitations.

It is also, perhaps, worth mentioning the closed form solution of Irvine®,
who used perturbation methods to show that, in the case of a taut and
axially preloaded cable with constant tension, 7, when the parameter
a2=[{(ED)./TP]<<1, the solution for the ith mode of vibration is

. Er 172
W(x’,t)=A,-(tsin$»+A,~(t)(i7:)(( Tl);f ) {e—-gl——cosina_

(1—§)la—l+(l—cosi7r)3;—} el (8)
where

A,{t) is the amplitude of vibration

! is the length of the cable

x' is the coordinate along the cable with x’ = 0 at one end and
x' =l at the other termination

t is the time,

W(x'1) is the lateral deflection function with natural frequencies, @
, 12

wi=£(1) v (6)°
I\m

Note that, in eqn. (5), the expression in large brackets is influenced only in
small regions near each end — the flexural boundary layer: these are of
length ol = ((ED.«/T)\?, approximately. At ends x’ = 0 and/or x' = [, a
simple manipulation of eqn. (5) gives

EWED )| im| — " @
dx? ‘ TIX(E) 5 o

The maximum radius of curvature corresponding to A1) = Yuax. then
becomes

1 iy r 172

13

— D TAX ... (8
P [(El)eﬁ) ®

Note that eqn. (8), could, alternatively, be obtained from eqns. (4) and (6)
with @ = 27f. Finally, in certain applications such as in the case of tethers
to tension leg platforms, the axial force in the vertical cables varies along
the cable because of significant weight of these very long members in deep
water applications. Closed form solutions for estimating the maximum
radius of curvature at the upper and lower terminations, including the
effect of rotational springs at the supports, are presented by Oran who has
also used a perturbation method.

Calculation of contact stress-slip parameter

In the following, much attention will be devoted to the results from an
extensive series of theoretical parametric studies covering the full practical
range of spiral strand (and wire) diameters and fay angles under a wide range
f’f cable mean axial strains, 0.0005 < S’ < 0.0045, with this range divided
into nine. equally spaced values. Details of some representative strand
constructions used in the parametric study are given elsewhere* and, for the
present purposes, Table 1 gives a summary of the most important
geometrical -properties of most of the cables used in this theoretical
exercise. Using such data, it has been found possible to propose the
following simple method for estimating reasonable values of the contact stress-
slip parameter for any spoiral strand construction which should prove of

sufficient accuracy for design purposes without any need for lengthy
calculations. . . ‘

- The Structural Engineer/Volume 71/No 10/18 May 1993 _
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5 TABLE 1 - Relevant construction details for some of the multilayered
| spiral strands used in the theoretical parametric study 8, =0~ _g e (12)
dfa(:::tdcr oy n D, [+ 53 s D, while
(degrees) . (mm) (degrees) (mm) x
d(mm) e=—(|e‘,|-?) .. (13)

' 1191 12 3.25 -11.42 6 2

16 |+ 325 with®

39 +17.74 30 3.54 -16.45 24 354

0 | +1807 | 54 | 208 -1807 | 48 | 208 g =_m—l[lxl (éE_s)] 19)

ra veen
s | 41245 | 24 | 457 196 | 18 | 457 ¢ \Va
st | +1283 | 36 | 401 -12.63 30 | 401 where .
6, is always negative
52 +20.93 42 3.38 -20.93 36 3.38 A is the wire cross-section area in the outer layer
Es is Young’s modulus for steel

6 +13.99 3 500 1401 ® 00 K. is the interlayer shear stiffness

127 +18.01 54 6.55 -18.01 48 6.55 ¢ is as defined previously

184 +18.01 74 710 -18.01 68 7.10 2

[
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Fig 7. Pattern of interlayer trellis contact patches

_ Taking the simple one first, the values of trellis contact patch spacing, X,
1s given by 2 Fig 7:
y= 28(n = n,)cosay N ()]
ny sin(ay —ap)

n is the helix radius in the outer layer

Tu is the wire diameter in the outer layer

@;and @, are the lay angles in the first (outer) and second layets,
respectively with right hand lay being + ve .

m denotes the number of wires in the second (penultimate) layer

The magnitude of the interlayer relative displacement, U, at polar angle 6
at the ideally fixed end is given by

U=U (sinb-sind,) ... (10)
- where
r-Xa-n) e (1D
pc
" with o

kis the pitch of the helix, p, divided by 2 where p = 2/tant
=lay angle in the outer layer : S
riis the helix radius in the outer layer whose wire radiusis v
Pis the radius of curvature at the fixed end
: c= V((rl ~r )+ kZ)

 which the helix first crosses the extreme fibre position of the bent cylinder
-{cable) with the parameter 6, denoting the polar angle at whi
section starts® (Fig 8), The magnitude of 6, s given by: = -
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 The parameter, 6, is the polar aﬁgle of the helix measured from the poiot at

.ch thC!OIOldal N 3 S;.‘is the sn-and mean axial S@

Fig 8. Geomelry of a helical wire in a cable bend 1o a constant radius of
curvature (after ref. 43)

a1 results have shown that the magnitude of K is, for all
practical purposes, controlled primarily by.the angle bethen the Oﬁeﬁ
counterlaid wires in the two outer and_ penultimate layers, ¥ ; a -'az,(and
level of cable mean’ axial strain, S. with other parametcarsse?c as m\:x;e ;:a]
cable) diameter having a relatively small effect. B on re

parametric studies, the following equation gives the best fit to the

Extensive numeric

theoretical predictions: |
03179 )
K __0,00283+0.000109y +0.0977(S3) -
s o : \ C L 2Py <4,
' 0<S; <0004
" E is Young’s modulus forsteel < .

y=o - o, (in degfees)

yeinantd Yonaisloguses
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Fig 9. Comparison of the predicted (theoretical) values of K./ES with the
corresponding values obtained from eqn. (15)

The standard deviation in the regression analysis was s = 0.001051 with a
correlation coefficient R = 93%. A t-test was also carried out which
confirmed the statistical significance of the association between K,/E5 and
the two parameters ¥ and S,". The parametric study led to a total number of
95 data points which were then used for the regression analysis. Fig 9
shows the plot of predicted (theoretical) values of K/E; against the
corresponding fitted values as obtained from eqn. (15): the deviations from
45° line is not very significant and particularly in view of the weak
dependence of 65 on the exact value of K, a reasonable estimate of K;,
is all that is needed for obtaining a very reasonable estimate of g7 ,

Finally, a total of 95 points, based on the theoretical parametric study, were
used in the regression analysis, leading to the following fitted equation
which defines variation of o, with the ¢ able overall axial strain, Sy’, and the
total angle between counterlaid wires in the outer and penultimate layers,
v,

f ,\0.317
oL =-124+4.41y+2069(5}) ... (16)
X

22° <y < 42°,

0<S; <0.0045
where

of is the mean of the data points relating to the value of the tensile
stress at the trailing edge of the interlayer contact patch between
wires in opposite lay (i.e. at the edge of the so-called “trellis” contact)

¥ = oy~ 0O (in degrees)

S is the strand mean axial strain.

‘ . The standard deviation in the regression analysis was s = 40.96 with a

correlation coefficient R = 83.5 %. A t-test was also carried out which
confirmed the statistical significance of the association between 6f and the
two parameters yand ') Fig 10 shows the plot of predicted (theoretical values
of ¢, against the corresponding fitted values as obtained from eqn. (16): there
appears to be some scatter about the 45° line which is believed to be partly
due to the neglect of other parameters such as cable (and wire) diameter.
However, it must be pointed out at once that, in the theoretical
formulations of o,, this parameter is assumed to be proportional to the
coefficient of interwire friction, 4. The value of 11 used in the parametric studies
was assumed to be 0.12. However, as discussed elsewhere3™, even for a given
strand, the coefficient of friction is likely to change during the working

. lifespan of the element because of the very significant effects of interwire
" - abrasion and fretting plus changes in the state of commercially available
... blocking lubricants. In other words, the value of the assumed coefficient of
friction remains rather difficult to reliably control or, indeed, predict,
. although it may reasonably be assumed to remain between certain bounds. -
Jn view of such practical limitations, there is little point in trying to
-develop more elaborate and potentially more complicated means of
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Fig 10. Comparison of the predicted (theoretical) values of G, with the
corresponding values obtained from eqn. (16)

predicting the theoretical value of o, with the effect of other (less
significant) parameters, such as cable (and wire) diameter, into account. The
scatter in the data present in Fig 10 is certainly not more than the observed
scatter in the measurements of the coefficient of friction in various steel cables.
With the above comments in mind, a more realistic and conservative method
is to use an upper bound approach with, say a 95 % confidence limit for
obtaining reasonable estimates of o, for design purposes.
An upper bound estimate of ¢, may simply be obtained from the
following equation?:
aﬁ:a{n\l(s'zﬂz) D
where, for a 95 % confidence limit to the present number of 95 samples,
1=1.99. In eqn. (17), o5 is the upper bound to ©,, whose fitted mean as
calculated from eqn. (16) is, o, is the standard deviation of the fit, and s' is
the estimated standard deviation of fitted &,. For the present data, s = 40.96,
and 5°=7.12 and, in view of the large population for the present data which
cover a very wide range of construction details, these same values of s and
5" may, in general, be used for any type of spiral strand construction detail.
Finally, with the values of parameters, ©,, U, and x determined, the
contact stress-slip parameter, o,U/x, may be calculated; this when used in
conjunction with the plot in Fig 4, gives a reasonably conservative estimate
of free-bending fatigue life to the second outer wire fracture. Tt must be noted
that the use of experimental fatigue data to second wire fracture
corresponds to approximately 5 % of wire fractures in the outer layer of spiral
strands used for obtaining the plot in Fig 4. This approach, although by no
means universally accepted, is believed to be more reasonable than the
alternative method of presentin g fatigue data to, say, first outer wire
fracture: in the latter case, the accidental defects may, in certain cases, have
some influence on the results, effectively somewhat masking the more
relevant effect of underlying fretting fatigue mechanism. Nevertheless, it must
be pointed out that, as shown by Hobbs & Smith’, the difference between
free-bending fatigue life to first or second outer wire fractures is, for all
practical purposes, generally not very significant. Of more importance is the
reserve of strength in a cable after the first few outer wire fractures:
experimental data’? suggest that there is a very substantial difference
between fatigue life to first (or second) outer layer wire fracture and spiral
strand total faiture which may have very significant design implications,

effectively providing a very desirable factor of safety against total
collapse, :

Numerical example

Assume a 39 mm spiral strand with geometrical details given in Table 2,

having a length 1 = 10 m, and under a mean axial load, T = 0.30 MN,

undergoing lateral vibrations in the first mode with a maximum amplitude

of vibration, Y., = 39mm (i.e. one cable diameter). With (ED&"% =1.279
X 10 N/mm? (as calculated by the simple method given by Raoof®), eqn.
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TABLE 2 - Strand make-up for the 39 mm OD strand (ultimate tensile strength

© =1BMN)
Number Wire
Layer of wires dirt:t)ilon diameter Lag angle
) D(mm) o (degrees)
1 30 RH 3.54 17.74
2 24 LH 3.54 1645
3 i8 LH 354 15.93
4 12 RH 354 1490
5 7 RH 354 15.42
King 1 - 5.05 —_

¢ (8) gives p=16.85 m. Fromeqn. (9), x=7.14 mm. For a strand axial Young’s

modulus Espgp, = 149 400 N/mm? (based on the net steel area), S =
0002098 which, from eqn. (16), gives 6= 319.7 N/mm?, with the
corresponding upper bound solution from eqn. (17), o2 = 402.4 N/mm®.

. Assuming, Young’s modulus for steel, Es = 200 000 N/mm?, eqn. (15)
- gives Ko = 2931 N/mm? which, when used in eqns. (14), (12) and (13), -

' respectively, gives 8 =—24.20°, 6, =114.20°, and 8=—107.11°. Using

. eqn.(11), U'=0.0504 which, when fed into eqn. (10) with appropriate values

. of @and 8, gives U = 0.00220 mm.

Using the so-obtained values of x, 0%, and U, the contact stress-slip

" parameter 6 U/x = 402.4 x 0.00220/7.14 = 0.124. From Fig 4, fatigue life

to second wire fracture is 3.70 x 10¢ cycles.

For 2 mass/unit length, m = 7.42 kg/m, eqn. (6) gives @=63.14 or f=10.05
Hz. In other words, the cable will experience its second outer layer wire
fracture after 102.27 h of continuous lateral vibration. Indeed, as pointed out
by Hobbs & Smith” and also Abdel-Gaffar & Khalifa?, this is a very
darming characteristic feature of steel cables which can undergo lateral
cyclic movements for a number of reasons, depending on the type of
application,

Conclusion

Practical limitations of the traditional methods for design against free-
bfmfhng fatigue of axially preloaded steel spiral strands fixed at their ends
3831135t rotation have been critically addressed. It is concluded that the
Previous approaches invariably suffer from significant shortcomings. This
Situation has subsequently been improved by proposing a new (altemnative)
approach which takes fully into account the interwire/interlayer fretting
b_etWCEn often counterlaid wires of a multilayered spiral strand. This is in

~ direct contrast to the previously used (traditional) maximum bending stress
- #pproaches which invariably ignore the very important effect of interwire

fretting, despite the widely reported experimental and field observations which
have frequently identified interwire fretting as the primary mechanism
responsible for individual wire fractures at the fixed ends.

Based on the newly proposed theoretical model, the present paper
Teports results from an extensive series of parametric studies on a number
of realistic strand constructions with widely different cable (and wire)

+ - Qiameters and lay angles. Using results from this theoretical exercise, it has

been found possible to propose a rather straightforward method for design
against free-bending fatigue, aimed at practising engineers.

~..-Possible practical fimitations of the present simple method are critically

; cussed. Moreover, 2 numerical example is provided which should
Acilitate the use of the proposed formulations. S
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Continued from page 170

The span tables for rafters, purlins, ceiling joists and binders do not
assist the expert, are a danger to the untrained, and should therefore be deleted
from the Building Regulations.

This leaves inclined purlins supporting sheeting, where the span tables give
no guidance as to how the purlins are prevented from falling over, and
joists for floors and flat roofs, both of which can be rapidly designed by hand.
Again, the tables are abused by the untrained. A typical case is domestic floors
where the separate joists are selected from the tables and no attempt is
made to justify multiple joists carrying internal walls and trimmer beams
around staircases.

Revising the span tables with extra notes setting down their limitations
will not stop the errors and abuses; what is needed is to limit structural design
activities to those trained to undertake them. The only way for this to be
achieved is for the span tables to be deleted from the Building Regulations
and replaced by a requirement that design of timber roofs is made the
responsibility of a structural engineer. The trussed rafter Code already
requires that the design of trussed rafters and trussed rafter roofs ‘should be
entrusted to chartered civil or structural engineers, or other suitably
qualified persons experienced in timber engineering.’” This requirement
would be enforced by the building control system requiring justification of
all structural designs in timber in the same way that they are required for
steel and concrete.

Conclusions

The recently revised Building Regulation tables of sizes of timber floor, ceiling
and roof members in single-family houses are an update of designs used for
many years. The derivation of the tables makes unjustified assumptions about
the strength of the joints and, as a consequence, very large numbers of
roofs show movements very much greater than is permitted by timber
engineering Codes. To prevent continuation of this substandard
performance, it is recommended that Appendix A be deleted from
Approved Document A of the Building Regulations and replaced by a
requirement that the design of all timber roofs should be entrusted to
chartered civil or structural engineers, or other suitably qualified persons
experienced in timber engineering. This requirement would bring the
design of site-cut roofs in line with the requirements for the trussed rafter
industry and those for other structural materials.
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