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AxiAL FATIGUE OF MULTILAYERED STRANDS
By Mohammed Raoof’

ABSTRACT: Previously reported orthotropic sheet theory is used for obtaining es-
timates of interwire/interlayer contact stresses throughout realistic pretensioned
multilayered structural strands. These data are used in conjunction with axial fa-
tigue data on single wires to develop a theoretical model that predicts axial fatigue
life of strands (under constant amplitude cyclic loading) from first principles. The
theoretical interlayer slippage over the individual points of contact between Cross-
laid layers is addressed, which takes interwire friction into account. The match
between the theoretical predictions and experimental fatigue data is very encour-
aging. Numerical examples suggest that cable axial fatigue life depends on the
type of strand construction. The level of mean axial Joad appears to have a modest
effect on the cable stress range versus fatigue life (S-N) curves. For a given wire
material, the endurance limit is found to increase with increasing level of mean
axial load, becoming practically constant for mean axial loads greater than 40%
of the cable maximum breaking load. Different types of cable construction are
found to possess significantly different levels of endurance limit.

TRobuCTION

The safety of the many deep-water platform concepts is, among other con-
siderations, strongly dependent on the reliability of the anchoring systems,
which should have a high level of integrity and whose costs of installation
gg replacement are very high. Since the mid-1970s there has been a sig-
H‘C,am increase in the sizes of steel strand being considered by the offshore
ol industry: 127-mm-diameter spiral strands were used for the catenary
$Wﬂngs of the (Exxon) Lena Guyed Tower and 137-mm-diameter strands
mmployed on the (Woodside) North Rankin A platform.
be sty y of the factors affecting the service life of large-diameter cables could
Sﬂ'andgl ed much more economically and quickly by using smaller-scale model
trapo] (or wires), provided only that the results so obtained could be ex-
this ated to those for the prototype size with sufficient confidence. To do
ﬁgu,ea S;qund understanding of the fundamental factors influencing cable fa-
aste p:o ormance is necessary. The work reported here may be regarded as
of C}i wards this goal. The interested reader may also refer to.th.c work
. -uen et al. (1988), who employed dimensional analysis with similar ob-

Ves in mind.
1988:)56% of recent publications (Hobbs and Racof 1982; Raoof and Hobbs

n d'e:n1 analytical model backed by large-scale experimental results has
wim/ime;(’PCd, which, unlike previously published theories, takes inter-
ccount Inayer contact forces and their associated relative displacex.nents into
life of Siran what follows, the model will be extended to predict axial fatigue

Ponent wire(:s away from end terminations using fatigue data on single com-

On CoL
ﬁ%sme, Leissa (1959), Starkey and Cress (1959), Bert and
on sé}’sczi}’i“g Is(mlct. Engrg. Dept., South Bank Polytech., Wandsworth Rd.,

ch. . & VN,
b wﬁnmblscussmn open until March 1, 1991. To extend the closing date one month,
for this pa’“luest must be filed with the ASCE Manager of Journals. The manuscript
i PeT was submitted for review and possible publication on August 17, 1989.
October, 19‘5‘0‘”“ of the Journal of Engineering Mechanics, Vol. 116, No. 10,
Paer N, g0 CASCE, ISSN 0733-9399/90/0010-2083/$1.00 + $.15 per page.
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Stein (1962), and Philli
. s ) illips et al. (198
:’n.'c',“’ ire contact stresses. All o(f theos)ehtz;l;ve attemped theoretical studies of
rictional effects and no attempt eoretical works ignored interwire
of interwire contact stresses aiga:xmad.e el e e srcblaoed vl
Chiu (1988), who addressed the malpc;m_nental data. Recently, Knapp id
strands, developed -d atigue problem of electromechanical
mcntal‘d ped a promising theoretical model backed by fati i
ata. Their model ignored interwire/inter] tion and diphc.
ment and was devel terlayer friction and displace-
helical wiree Non: 0¥etg for at; electromechanical strand with two layers of
! . of these references takes into account the distributi
interlayer cle i i ount the disrbuion of
stmnd.z: £l nch forces into hoop and radial components in the multilayered
S a recent general review of the state of wire-rope research the
lntlcrcstf:d reader may refer to the survey by Chaplin and Potts (1988).'
o nbg.xs paper, the pr;vious}y reported orthotropic sheet theory will be used
lo btain estimates of interwire /interlayer contact forces and their associated
relative dxspla;ements in multilayered helical strands. Using such data, the
interwire maximum Heftzian stress will be calculated, which, in conjunction
with fatigue data on single wires, provides estimates of cable fatigue e
under cyclx'c axial l9adi_ng. The theory also casts some light on the relevance
of. cross-wire (melhs) 'mterlayer movements (and hence fretting) 10
axial fatigue life prediction. Such interwire movements have been found
1990b) to be the principal cause of individual wire failures in the case of
the free-bending fatigue performance of helical strands in the vicinity of end

terminations with some degree of fixity.

ORTHOTROPIC SHEET THEORY

n given elsewhere (Hobbs and Raoof
ill not be repeated here due to Spx*
limitations. Only a few of its salient features that are of direct relevance 10
the present paper will be briefly discussed, and a summary of som® of it
directly relevant final formulations will be presented for complett:ncssuéﬂmd
In essence, the individual layers of wires in a multilaye! an
as a series of partly self-prestressed cylindrical orthotropic sheets W e
linear elastic properties are averaged to form an equivalent Conn!:::m- )
analysis is developed for a strand with its ends aﬁ;:ldlziglrg: ge cab!’C e

is based on the main assumption that with zero
. . , for a cout
wires in each layer ach other. Therefore, fora == =

are just touching €
construction, the stiffness in the circumferex}ﬁal (hoop) direction ;f:d o i
are in line contact) is much greater than 10 . con;;mbm
key property that is used to set up @ series of ponlinear WM
tions to obtain the normal forces over the various con
the structurc.

with this information to hand, the comp ances overes ,
given type and size can te ’ ransfor-

in wire strain. From the properties ¢
i tes of axial an i
to & der uni clic loading €38 50

Background
Full details of

1982; Raoof and H

the theory have bee
obbs 1988a) and w

mations 219 ding h steresis und
whose correspon g ny
. -1988a, b)- . o0 cOnEEE
estimated (Raoof and Hobbs 19 o caleulating the line<C
are uncertainties in h o
ed e e cable because of the random irregulantic®

It is recogniz




fit of the wires within the strand. The variations are a function of the method
of manufacture and life history of the strand. Carefully conducted large-scale
experiments (Raoof 1990a) have demonstrated that because of the very grad-
ual nature of interwire/interlayer fretting, cables may need (depending on
their construction) a lengthy period of working-in for their internal structure
to become reasonably stabilized. In this period cable hysteresis (which is
largely controlled by line contact of wires in the same layer) was found to
change in a very complex way. In long-term applications, however, fully
bedded-in cables assume a reasonably stable internal structure, with the wires
in the same layer touching each other (Raoof 1990a). Calculation of pitch
circle radii for the individual layers in long-term applications may, therefore,
be based on the assumption that wires in line contact are just touching each
other. Because of interwire/interlayer abrasion and local contact deforma-
tions, measurements of cable outer diameter (Hobbs and Raoof 1982) con-
firm that the simple adding up of individual wire diameters will not give a
reasonable figure for pitch circle radii in the individual layers and (the rather
significant) degree of bedding-in at the interlayer trellis points of contact
must be taken into account. The orthotropic sheet theory has been developed
for large-diameter and multilayererd spiral strands (Raoof and Hobbs 1988b),
for which it can be theoretically shown (Raoof and Hobbs 1988a) that es-
timates of interwire/ interlayer contact forces are fairly insensitive to the ex- :
&t value assumed for the pitch circle radii of the individual layers and a
feasonable estimate is all that is required. e
S_"“Plc charts for obtaining reliable estimates of strand axial stiffness and

‘anous kinematic parameters (such as wire strains and movements) have °
b_tcn developed in Raoof and Hobbs (1988a) and the relevant information
directly applicable to our present purposes will be briefly summarized.

Theory
ml&“’m (cyclic) loading regimes, the tangential stiffness has been shown
H bbrelatcd to the magnitude of load perturbation about the mean axial load
‘h‘.) s and Raoof 1982). The stiffness is larger for small load disturbances,
ich are unable to initiate full interwire slip, than those for large distur-
€3, which induce full slip between the wires in various layers. A wide
fange Of results for elastic moduli are available for strands as a result of
iy livery checks and bedding-in by the manufacturers: these results are
anably “full-slip” moduli in the present terminology because of the large
tar (b involved. Parametric studies have shown (Raoof and Hobbs 1988a)
! the full-slip axial stiffness of strands with both ends fixed against ro-

Btion can be predicted for any construction as a function of a simple pa-
Rmeter, H, where

N
™
b= zfcos‘u,- ............................................... 1)
i} r

W . .
"'m N = the total number of layers; and a, = the lay angle in layer {
et steel area is A,,, where

o (DN
Ao = ’ﬂ-(;') SEC @y ettt e e e e Q)

where D o= s . . .
D, = wire diameter; and #, = number of wires, with
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the Th . .
terr 1he full-slip strand axial stiffness, Egu.ap, is then found from

Eﬁlﬂ-&h t
OR E ¥ = ~0.26442 ~ 2.0046H + 6.5T35H* = 3.3068H’ ....ooooee @
Bas
thrc E = .

F » = steel Young's modulus. ) o strd
19¢ The axial strain, S,, in the individual layers with lay angle a, due
lim 2xial strain, S}, is given by
the s, , 0
d"; 5; = 1= 0.00255a + 0.0002150% = 0.0000271a". . ocoeoee
asi where o is 1
line in degrecs. ) . .« related to @ BY
ana 1D change in the lay angle, do, in various layers & r
is t da e 6
wir E’. = 0.0203¢ ~ 0.000576a% + 0.00003950 . ovrrrees"
con "'
ar where a is in de d da is in radians. praioed 108
ke)  Egs. 4-6 are tﬁ:j—sox'cr polynomials fitted into ‘;‘_ﬁ res;i?e: the P’"‘wl
10! parametric studics on the orthotropic sheet model T 2{ dual trels PO
mi range of 0 < o < 25°. The interwire rotation qv:;dﬂ; +1is
giv of contact, Fig. 1, between neighboring layers / @
in‘ w=da;"dui*l.. et
ma ) - . mﬁg/
wh WIETe da is positive for right-hand lay. jtude of I
est . Full details of 3 simple method for CalC“la;maIgl ;h;alﬁ;gll:aded a7

! helical qpeomiact forces in various IR flopey)

(i.‘ hc"cal Stra_nd are givcn in Raoof and Ho
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Trellis-Contact Torsional Movements

In their study of the axial fatigue problem, Knapp and Chiu (1988) ne-
glected the relative motions between wire layers. The present orthotropic
sheet model gives the magnitude of trellis interlayer movements, which, for
sections away from terminations, is in the form of pure rotation over inter-
layer points of contact. Note that plane sections in the free field (away from
end effects) remain plane during cable axial deformation.

In the general field of contact stress theory, torsional contact of nonspher-
ical bodies has been investigated by several authors, including Cattaneo (1955)
and Pacelli (1956). The latter author constructed an exact solution for the
general case of contact between two nonspherical bodies under an initially
applied normal load, on which is superimposed a monotonically increasing
torsional loading on the contact patch.

For an elliptical contact patch carrying a constant normal load, P, and a
monotonically increasing torque, M, the torque causes the spread of an an-
nular region of slip from the outer edge of the contact towards the center of
the patch, until adhesion is completely lost and gross sliding takes place. At

?;; S%T;St‘—t of gross sliding the maximum torque, My, is given by Cattaneo
as

3f 'Pa Y
M, = _
32 (1 B) ........................................... 8
where ' = coefficient of friction; and
y=— MB@ ~ b)) + 26B\b° — Bad) 9
Zn[T‘BlB (a2 - b2 7 _ PR R ( a)
2 ) + §B, + B))(B,b” — Bya')]
8= By — b)) + 2£(B,b* — B.a?)
MBET - B TR (9b)
By(a” = V) + £B; + BB — Bra)]
where
B=—T L
NG 5y FE© —FK@] 90)
_ mb ’
8= Eo g KO —E@]. oot 9d)
and
1
M=—_ ... Ye)
R R
S —. C9)
Zmp(x + )T e
A
and p are Lame’s constants of an elastic material, where
A= vE,
(TF UL gy " or o mmee e ©g)
E,
R
L 4 g """ e e e e (9h)




FERRLZ2MNCe R YV

B a

REeE—TMNORrRsSsRRR

=

=~

RO O s e

=00

E-I-}

where g and b = semimajor and semiminor axes of the contact patch (Raoof
1990b); and K(e) and E(e) = complete elliptic integrals of the first and sec-
ond kind, respectively (Jahnke and Emde 1945) with argument e given by

b\ "
e= (1 - ;) ................................................ (10

For the partial slip regime, the semimajor and semiminor axes of the no
slip part of the contact patch, a* and b*, are related to the induced angular
rotation, o, by (Pacelli 1956) .

’

w= —-{—P LG R 3 () (1a)
bR

where

For the no-slip case (i.e., the initia] tangent to M-versus-w plot), Cattanco
(1955) gives

2
M = = maby ~ Bl

Egs. 11a—c only give the relationship between the parameter 6 and
tation, w, with the normal force on the contact patch remaining constaot
With an axial Ioad perturbation on the strand, the oscillating component of
the hormal force, P, will have some influence on the magnitude of the =
sulting . The writer has not traced a full analysis of this situation. More:
over, presently available literature in the general field of contact does W;
offer solutions for cycling loading. Nevertheless, at least for small le\{cls°
fange to mean ratio of strand axial load, Eqgs. 8—12 may be used to g:veaf
KLea of the extent of the spread of the partial slip annulus (i.c., the @ /e

1. Use Egs. 1-4 1o obtain an estimate of strand axial stiffness. .
) 2. For an assumed level of mean axial load, calculate the strand axial stra:s'
Si. and hence the corresponding axial wire strains, S,, in individual 13y
throughout the cable (Eq. 5). -
tac3t'b’:tl:: meé:lnll \::lue of the normal force on the individual trellis P"inRt:;ffczd
een e layers may be i iven in
Hobbs (19882, Y be obtained by the method gi : »
4. Use the method in Racof (1990b) to find the size (a and b) of the ¥
Patches under the mean trellis normal loads,

. on
5. For each assumed leve] of cable axial Ioad perturbation SuPenmPOSCd
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TABLE 1. 1 x 92 Wire Strand, 39-mm Outer Diameter, Uitimate Tenslile Strength
=1.23 MN

Number Lay angle | Pitch circle
of wires Wire diameter a radius
Layer (n) Lay direction D (mm) (degrees) (mm)
U] () ) 4 5 (6)
1 30 Right hand 3.54 17.74 17.73
2 24 Left hand 3.54 16.45 14.10
3 18 Left hand 3.54 15.93 10.57
4 12 Right hand 3.54 14.90 7.04
5 7 Right hand 3.54 15.42 4.19
King 1 — 5.05 — —

the mean, calculate the corresponding cable axial strain perturbation and then
use Egs. 6 and 7 to find the magnitude of the rotation, w, over the individual
trellis points of contact.
! 6. Ussz Egs. 8-10, which give the magnitude of the maximum trellis point
orque, M., .

;l. Solve Egs. 11a—c to give estimates of the extent of partial slip regime [i.e., .
(@/a) = (b*/b) values].

ResuLTs For INTERLAYER SUPPAGE

Table 1 gives construction details for a realistic multilayered 39-mm-di- .

ameter strand with a maximum breaking load of 1.23 MN. Fig. 2 shows
vanations of a*/a of the individual trellis points of interlayer contact as a
f“{‘cmm of cable axial load perturbation for two different levels of mean
:"g‘] load: The 39-mm specimen is of a torque-balanced construction with

ubtle variations of lay angle and direction in its various layers. Layers 1
m‘: 12 are of opposite lay and hence undergo substantially higher levels of
N "d?)'er.rotanon than, for example, layers 2 and 3, which are of the same
Wl};i hlrtzctxon. The assumed value of the coefficient of friction f "is 0.12,
anchahas been found to be a realistic figure in long-term applications (Hobbs

Fio 0f 1982; Raoof and Hobbs 1988b). .

. 8. 2 illustrates that for the practical range of axial load perturbations,
ve Sp{eaq of the partial slip zone over the trellis points of comac.t is not
ch'umgmﬁcant. Indeed, it is demonstrated that gross sliding is‘unhkely to
servati On the other hand, theoretical results (backed by experimental ob-

e lin(ms) strongly suggest (Racof and Hobbs 1982) that gross sliding over
IOWerlc contacts between various wires in any given layer start at much
Strand evels of range to mean ratio of axial load. The principal source of

OWCVOVCHH hysteresis is therefore the interwire line-contact slippage.
term; €, experimental observations suggest that wire breakages (away from
.1 ~nations) are predominantly located over the trellis contact points. This

is bejj .
Can}?::seved to be a result of high levels of stress concentration at these lo-

Conacr STREsSES

Thu;f_ﬁmipal stresses @,(z), a3(z), and os(z) directly under the center of
1S contact patches at a depth z below the surface may be computed
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FIG. 2. Contact Patch Partial Slip In Various Layers of 39-mm Specimen

u.Sing the closed-form solutions of Thomas and Hoersh (1930) as suma
rized by Knap_p and Chiu (1988).
The Von-Mises effective stress may then be computed from

2
o) = { [9) = 0@ + [ox(2) ~ 0y + [oy(e) — m@lz}” ....... )
2

For a given mean axial load and contact patch, the maximum value Of'oal(JZ)
occurs at distance Zmax from the surface, which may be found numericey
by, for xample, a three-point search. ith the

Fig. 3 shows the variations of the maximum Von Mises stress with ! g
level of mean axig] load (expressed as a percentage of maximum brea;(l;l
load) for three rather different strand constructions with 16.4, 3% a:f o
Doiiameter (Tables 1-3). The 16,4 s s pos only two layers 8

: Posite lay over 4 king wire, while the 39-mm and 51-mm strands ar¢ <"

posed of five layers of ase of 0F

- i i c
Wires over the central core, which, in the
latter Strand, consig; of ,

r 3l
a series of equal lay wires. Apart from mefogf,;ositf
y layers 3 and 4 of these two strands are ©

. ver,
; cause plastic flow in the wire material. Howe Jastic
P(;l“n,tc;d oy oY Archard (1957), although it is reasonable to assu{nefgr sur-
or the first few loading cycles, it is unrealistic to assume this fatigue
; term 12

i of i for long-
Studies. The contact patch, contacts, as is the case

3
s may flow plastically at first, but they MU
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- Patch between layers 1and2

——~~ Patch between layers 3andé

’/39 Strand outer diameter (mm)
-

%0

Mean axial load { percentage of maximum breaking load)

FIG. 3. Pattern of Maximum Von Mises Contact Stress for Varlous Strand Con-

structions

P

TABLE 2. 1 x 19 Wire Strand, 16.4-mm Outer Diameter, Ultimate Tenslle Strength :

=0.234 MN
————
Number Lay angle | Pitch circle
of wires Wire diameter a radius r
Layer (n) Lay direction D (mm) (degrees) {mm)
0] @ ) ) () (6)
; 12 Right hand 3.25 11.91 6.41
) 6 Left hand 3.25 11.42 3.30
King 1 — 3.504 — —
:A::-SE I:'N 1 X 139 Wire Strand, 51-mm Outer Diameter, Ultimate Tensile Strength
=
Number Lay angle Pitch circle
La of wires Wire diameter a radius r
(}')e’ (n) Lay direction D (mm) (degrees) (mm)
01 @ @) ) (5) ©
; 36 Right hand 4.01 12.83 23.59
3 30 Left hand 4.01 12.63 19.65
4 24 Left hand 4.01 12.35 15.72
s 18 Right hand 4.01 11.94 11.79
Core 12 Right hand 4.01 11.14 7.89
Core 6 — 2.31 7.74 —
Core 6 — 3.00 6.71 —
Cone 6 — 2.84 4.05 —
= ! — 3.00 — —
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a steady state in which the load is supported elastically. The estimates of
stress concentration factors based on linear elastic behavior are believed iy
be on the conservative side.

STRESS CONCENTRATION Factor

Eq. 5 gives the nominal axial strain in each wire, §,, under a mean cable
axial strain, S}, which may be used to obtain the nominal wire axial stress
6’ = E,§,. Using Eq. 13 for the effective maximum Von Mises contact stress
at depth Z, &7, the stress concentration factor is defined as

=1
Um
K =

o

Since K, varies with the applied tension, it is assumed that its value at the
mean tension can be used for the entire load range.

FATIGUE ANnaLyYsis

Single-Wire F. atigue

Extensive experimental studies of individual wire fatigue have been ca
ried out by many investigators, and the effects of parameters such as carbol
content, method of manufacture (c.g., heat treatment and the percentage w
duction in wire diameter), surface condition, and surface coatings OD.E{:
fatigue life have been widely reported (e.g., Bahke 1980a, b). The aval .
fatigue data generally exhibit a very large degree of scatter even for apf
ently very similar materials and types of tests (Birkenmaier 1980). )

For steel wires the fatigue stress-number of cycles plot (S-N C“'Y?’n‘;'f
sesses an endurance limit §*, below which no damage occurs. Tfaf““"wsg
the magnitude of §’ is compared to the ultimate wire stress, Su: fang“:imm
on single galvanized wires suggest (Thorpe et al. 1985) the appro it S
value of §' = 0.27 Sue- The reduced magnitude of the endurance hm:i’si;;
which takes interwire contact and fretting plus surface conditions a0
effects, etc., into account may be defined as

S, = K,K,S§'

......
.........................................

i 1988)-
where X, = surface finish factor; and K, = (1/K,) (Knapp and Chiu 1989

The fatigue life, N,, of galvanized wires under pure axial tension may
be reasonably defined by

Nt R
where
L. @
Cl = e log 0 344 Su]x .................. (l
2.24 S, CTTTtrrrereeeeaeei.

C2=10g0.344 5,, + 2.13 og 2344 Sux

.......
.............

€

. g With
Egs. 16a-¢ Tepresent the S-N curve for hot-dipped galvamz?dg;,ﬁshig'

Su = 1,840 N/mm? (Thorpe et a1, 1985). Using a Goodman diz
: 2092




ley 1977), the equivalent fatigue stress, Sy, for finite fatigue life may be
found from

0, Op

e o S an
s/ s,m

where o, and o,, = the alternating and mean components, respectively, of
the nominal wire axial stresses whose value is given by

L 18(1)
5 (

, _ Ot Oy (185)

L] 2 ----------------------------------------------

where o7,,, and o7, = the nominal wire axial stresses occurring at the max-
imum and minimum values of superimposed cyclic cable axial load, T
and T, Eqgs. 16a-c are valid for fatigue lives of up to N = 107 cycles
(endurance limit). For N, > 107, the S-N curve possesses a knee whose
corresponding endurance stress is S, .

FATiGuE AnaLys:s: ResuLTts

Fig. 4 compares the theoretical predictions with experimental fatigue re- -
sults on the 51-mm-diameter specimen (with construction details given in i
T?ble 3). The criterion for fatigue initiation has been the occurrence of first
wire failure in the outer layer. With epoxy resin end terminations, all the

3
51 .D.

b mm 0.0 Strand

h-]

8 x  Theory
o

£ o Experiment
H

5

ENf

£

x

o

s

5 Ka=05

&

&

§3F

2

"

§

-

K

*

-1

s

£

8

ot { ¢ 1 —_—
105 106 o
- Life fo first wire fracture cycles

Ag, 4

- Comparison of Theory and Experimental Fatigue Data for 51-mm Strand

2093




39mm 00 Strand x  Theory

®  Experiment

K=035

~

Cable axial stress range (% of maximum breaking load }

‘o

1$ ) \ 1
the' L 105 06 v

tes. Life to first wire fracture, cycles

oy F1G- 5. Comparison of Theory and Experimental Fatigue Data for 39-mm Strand

B: "
Lok
15 _
lir 3
thh g
. -
di: ]
: 30p- 0554 0403, 022 0-147= Cable mean axial load (MN)
O '\
lir g
an S
is 2y
' s F 39mm 0.0 Strand
w1 g %=05
ca ]
&
a g
]
fie = w0 5
[
th 3
S
8l
o L , N S
m 1068 v
W Life to first wire frachure, cycles N
es FG. 6.

Eﬂeqmvmmuvqaom«nuwmonsmﬂ"‘”g"'m




b x  39mm OO Strand
e 164mm 0.0. Strand

© Simm OD.Strand

~

Endurance limit { % of maximum breaking load}

) / St = 1660 Nin?
.L Ka = 050

2 1 i L 1 I >
0 2 30 40 50

Y

Mean axial load (percentage of maximum
breaking load }

FIG. 7. Comparison of Endurance Limit for Varlous Strand Constructions and
Levels of Mean Axlal Load

“ ‘ .
&
s
-3
]
o
£
E = (able outer diameter
P 1 Mean axial load = % MBL
g Ky=05
£ Sy =1640 Nimm?
,  E
o
® b
3
<
]
£
5
g 1wp
b4
[~
) 3
S
5 ] 1 -
0
18 10/

life to first wire fracture,cycles

G,
. $ g Comparison ot Fatigue Life to First Outer Layer Wire Fracture for Various
Constructions

2095




Stei
inte
fric
of i

stra
mel
mel
heli
inte
stra
inte

to ¢
rel:

40p

First failure atcontact
patch between layers

— 12

——— 34
EL] SIRN —_— 243
\\ —— s
\
N outer layerz 1

2o 39mm GD. Strand
Mean axial load = 0-431 MN [ 35%MBL )
Kq= 05

-

(=
T
’

’

Cable axial stress range (% of maximum breaking load }

105 106 107

Life to first wire fracture, cycles

FIG. 9. Comparison of Fatigue Life of First Inner and Outer Wire Fractures fof
33-mm Strand

wire failures occurred away from the ends (in the free field). A fairly 51&-
1cant degree of scatter was found in the experimental data, which may <
covered by the empirical surface finish factor K, in the range 0.5 = K.N-/
1.0.2 The ultimate tensile strength of the wire material is Su = 1,640 "
mm®. Fig. 5 compares the fatigue life to the first outer wire fracture ¥
theory for the 39-mm specimen whose end terminations were Zinc- oo
sockets (Hobbs and Ghavami 1982). The reported wire fractures on (e o
m) specimens were invariably located at the mouth of the socket, ¥ .
acted as a stress rajser, Even with KX, = 0.5, the theory gives an uppearn
bound solution (as expected). Fig. 6 shows the effect of the level of ¢
axial load on the cable SN curve. Even for a given level of meas t de-
load, reported cable experimental fatigue data often exhibit a Si_gmﬁf:an able
gree of scatter, which may easily mask these secondary variations 12 ©
S-N curves under various levels of mean axial load. nds 08
From Fig. 7, the endurance limit (for a given wire material) depeis.

. : as
the type of construction, and, for a given cable, increases with incre

f
level of meap axial tension g i e
- roaching a constant value at arou!
maximum cable-breaking loacIl,p s o b Offshm

imu - This is of particular importan
applications, where the small-amplitude forl;es are the ones with the b ghest

life toaro © . fore, it is concluded that small-amplitsde/}%
€ testing is necessary for these applications.
The effect of strand construction on fatigue life to first outer-
ure in th; free field is shown in Fig. 8
gc‘;m tx}x:atigal for all three 9-mm ST
dely v the first wire failure is likely to oceur fnside the 39- et
;Nxdely used fatigue damage criteria bag,ed on the number of visual x(xom
ayer) wire failures may thus be unconservative and particular attentio
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be paid to alternative methods of nondestructive inspection capable of de-
tecting inner wire failures.

SuMmARY AND CONCLUSIONS

Previously reported orthotropic sheet theory has been used to obtain es-
timates of interwire contact stresses in realistic pretensioned multilayered
structural strands. Using these data with axial fatigue data on single wires,
estimates of strand fatigue life to first wire fracture under uniform cyclic
axial loading have been obtained. The theory also casts some light on the
relevance of cross-wire (trellis) interlayer movements (and hence fretting) to
strand axial fatigue (and hysteretic) performance. The theoretical predictions
for some large-diameter strands have been reasonably supported by experi-
mental fatigue data. The theory throws some light on the influence of the
level of mean axial load and type of strand construction on strand fatigue
[{erformance in long-term applications. For a given wire material, endurance
}lmxt is found to increase with increasing levels of mean axial load, becom-
Ing practically constant for mean axial loads greater than 40% of cable max-
imum breaking load. Various cable constructions are also likely to exhibit
significantly different levels of endurance limit.
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APPENDIX 1. Nortation

The following symbols are used in this paper:

Ayi = net steel area in layer i;
Ar = ) Ay;
a4,b = semimajor, semiminor axes; N
a*p* = semimajor, semiminor axes of no-slip P
contact patch;
B,B, = constants in Cattaneo’s problem;
D = wire diameter;
By = full-slip axial cable modulus;
E, = Young’s modulus for steel;
e = [1 — (bZ/aZ)]l/Z;
f" = coefficient of friction;
Ilga = surface finish factor;
» = 1/K,;
K(e),E(e),K(k'),E(k') = C({mplete elliptic integrals of first and s
ind;
KI; = stress concentration factor;
= (b/ay, b
K = modulus of elliptical integral = VI
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torque on contact patch;

maximum torque on contact patch;

number of layers;

number of cycles to fatigue failure;

number of wires in layer i;

normal load on trellis contact patch;

wire axial strain;

cable axial strain;

endurance stress for bare wire;

wire endurance stress under interwire contact;
equivalent fatigue stress range;

wire ultimate strength;

maximum and minimum cable tension;

lay angle in layer i;

change in lay angle (radians);

constants in Cattaneo’s problem;

Poisson’s ratio;

principal stresses;

mean wire nominal axial stress;

wire nominal stress range;

mean wire nominal stress;

Von Mises contact stress; .
maximum Von Mises contact stress; p
maximum and minimum nominal wire stresses; ..
and N
trellis contact angular rotation.




