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Cyclic Bending Characteristics of Sheathed Spiral Strands
in Deep Water Applications

Mohammed Raoof and Yu Ping Huang .
School of Architecture and Civil Engineering, South Bank University, London, United Kingdom

ABSTRACT

Straightforward design formulations are given for determining some nonlinear free-bending characteristics of axially
preloaded and large-diameter sheathed spiral strands experiencing high external hydrostatic pressure in, for example, deep
water floating platform applications. The proposed simple formulations provide means of estimating bounding solutions to
strand plane-section bending stiffness, (EI)eff, and hysteresis plus associated critical imposed radii of curvature for any
assumed level of external hydrostatic pressure. The practical limitations of the theoretical formulations are discussed in
some detail in the light of recent experimental findings in related areas.

INTRODUCTION

Fairly recently, the cable manufacturers have offered high-den-
sity and supposedly impermeable polythene sheaths for corrosion
protection of large-diameter spiral strands in very deep water
applications. Under such conditions, the clench forces caused by
the hydrostatic water pressure may become significant compared
with the clench forces inside the cable caused by the mean axial
load in, say, a guyed tower platform application.

Such external pressures on a sealed multilayered spiral strand
will tend to suppress the relative slippage of wires in the cable by
increasing the frictional forces between them. A higher strand
axial (Raoof, 1989a) and torsional (Raoof, 1990a, 1990b) stiffness
will then follow. Moreover, such external pressures may also lead
to significant reductions in the axial and restrained bending
fatigue life of sheathed spiral strands (Raoof, 1990, 1991a, 1991b,
1992d).

The basis of the free-bending theoretical model for both
sheathed and unsheathed and axially preloaded spiral strands has
already been reported in some detail elsewhere (Raoof and
Huang, 1992a, 1992¢) where related work by others has also been
cited. As discussed by Raoof (1990a), due to the presence of sig-
nificant frictional forces between the individual helical wires in a
strand, for large enough radii of curvature, initiation of interwire
slippage can be totally suppressed and the whole strand effective-
ly behaves as a solid rod (with allowance given for the presence
of gaps between the wires). Such conditions are referred to as the
no-slip (elastic) case. With decreasing curvature, wires in line-
contact in various layers (Fig. 1) will gradually undergo frictional
transition from no-slip to full-slip condition (and beyond) with an
associated decrease in the effective overall strand plane-section
effective bending stiffness under cyclic loading accompanied by
significant variations in overall hysteresis. The case when all the
wires in line-contact have experienced full slippage is, on the
other hand, referred to as the full-slip case.

Previous work by others has largely ignored the presence of
interwire friction (e.g., Nowak, 1974; Costello and Butson, 1982),
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Fig. 1 Pattern of interwire/interlayer contact forces in spiral
strands

although some encouraging progress has been made by
Lutchansky (1969), Huang (1978), Leclair {1989), Lanteigne
(1985) and Feld et al. (1991) to include the effect of interwire
friction in their analytical models. A comprehensive review of
the frictionless theories is presented by Costello (1990). In view
of space limitations, there is little point in attempting a compre-
hensive literature survey here, particularly when others (Bridge,
1992) have made such surveys very recently. It is, perhaps, warth
noting that to the authors’ knowledge, none of the published
papers, apart from those by the first author, have examined (either
theoretically or experimentally) the influence of external hydro-
static pressure on various overall characteristics of sheathed
cables.

Apart from a brief description of the salient features of the the-
ory, there is little point in repeating here the often lengthy theoret-
ical derivations or extensive large-scale and carefully conducted
experimental work on unsheathed strands, particularly in view of
space limitations, and the fact that they have been covered fully
elsewhere. Instead, much attention will be devoted (o presenting
rather straightforward methods for obtaining reliable estimates of
various strand free-bending characteristic parameters. These
include the no-slip and full-slip plane-section bending stitfnesses
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Parameters Range of parameters of orthotropy may be transferred by the usual rules to the direc-
cable diameter, d (mm) 16.4<d <184 tion corresponding to the strand’s axis.
number of laye;rs N 2<N<ll For an axially preloaded spiral strand undergoing plane-section
number of wires ’in each layer, 1 12<n<74 bending, the compliances under sustained uniform cyclic loading
total number of wires, Ny 16 <Np.< 352 along the principal direction of orthotropy are given by:
lay angle, o (degrees) 115525
wire diameter, D (mm) 236<D<6.55 3 _4 3)

1l
nE
Table | Range of various strand parameters used in study s
8§, =—vS, @

and maximum specific damping ratio, ¥,,,,, under continued uni- s 1 0.1140.591n ED 5)

form cyclic loading and also the associated critical values of the 2 E, ) ’ p

radii of curvature for which such estimates of bending stiffness 2

and hysteresis may be used in design. It must be noted that the S = Sy 1— 4 6)

simple proposed methods are based on a comprehensive series of ® 1-y 24, s

theoretical parametric studies using an extensive range of cable
(and wire) diameters and lay angles, the details of which may be
found elsewhere (Raoof and Huang, 1992b), and whose outcome
in terms of the proposed design methods is briefly presented in
what follows. Table 1 presents the range of parameters covered
in the theoretical parametric study. Full constructional details of
the strands used in the study are presented in Raoof and Huang
(1993a). Such design recommendations will be accompanied by a
critical discussion of possible practical limitations of the theoreti-
cal model, in the light of previously reported experimental find-
ings in related areas.

THEORY

Wire Kinematics Under Plane-Section Bending

Full details of the theoretical parametric study for the axial case
may be found in Raoof (1991c) and Raoof and Huang (1993),
where it is shown that for a spiral strand under a mean axial
strain, 8%, the interwire line-contact tensorial shear strain, Sgp,
with corresponding lay angle, o, may be obtained from:

SL:O. 01960~0,000394 . +0.0000247 &

;
hY

=f(a) os25° (n
where o in Eq. | is expressed in degreeé. Under plane-section
bending, on the other hand, the line-contact slippage, Ay, at a
polar angle, ¢ (with ¢=90°, at the extreme fibre position), in layer
i may thus be obtained from Fig. 1:

Au,=2DS;, (2a)
=205/ f(cr) (20)

or

Ay, =ill"-;£—(—g"—)sin ] ' (20)

where Dy, r; = wire and helix radii in layer i, respectively, and p =
the imposed radius of curvature.

Note that Egs. 1 and 2 take geometrical nonlinearities due to
changes in lay angle and helix radius fully into account.

Strand Plane-Section Bending Stiffness Prediction

As discussed by Raoof and Hobbs (1988b), for a strand with its
ends fixed against rotation, the elastic constants of the individual
orthotropic sheets (layers of wires) along their principal direction

Note that §;; and Sy, are independent of the strand loading while
Sy, (the normal compliance between wires in line-contact) is only
dependent on the magnitude of the normal contact force per unit
length of line-contact, p, as determined by the level of strand
mean axial load. The line-contact shear compliance, S¢¢, depends
on the level of mean axial load by virtue of the term, 4;,,,, given
by:

3upsS,,
A = 7
I max 4 (1 _ V) ( )

where [ is the coefficient of friction, and v denotes Poisson’s
ratio. The other parameter, 4; in Eq. 6 is the magnitude of the
line-contact relative displacement given by Eq. 2 with 4,i= Au;
It is noted that Eq. 6 holds for 4, < 2 4,,,,, with Sg tending to e
at the limit. For larger 4;, S is taken as .

The desired layer axial stiffness, (7j/5"}); in layer i, may thus
be obtained by the transformations given elsewhere (Racof and
Hobbs, 1988b), where T'| is the component of normal stress in the
layer along the strand axis whose corresponding axial strain is §';.

The total bending moment on the strand is:

M=3u, | (8)
E,
- ( 1)e/7 (Sb)
P .

where M; is the contribution from layer i with a total of N layers
in the strand with the outer layer being denoted by i = 1. M; is
given by:

=] Zap ()
P
where
. DY D\ |sin* ¢
Bi_J.o iy Ry B e (10)
and

(T
g
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Note that E';,ffis a function of the polar angle ¢. In the above, r; is
the helix radius in layer i whose associated wire diameter is D;
and the strand is assumed to undergo reversed cyclic bending to a
constant radius of curvature, £p.

Plane Section Bending Hysteresis

Full details of the theoretical model are given elsewhere (Raoof
and Huang, 1992a, 1992¢) and there is little point in repeating the
formulations here. Very briefly, in a multilayered strand, the
energy dissipation per unit length of layer i, AE,, is given by:

# A Eij

AE;=Y,

S cosey,

(12)

where AE;; is the dissipated energy per unit length of line-contact
between wires j and j + 1 in layer i.

Total strand hysteresis, AU, per unit length of spiral strand with
a total of N layers is:

AU=Y Y = (13)

Summing all over layers, with n wires in layer i
The energy input per cycle per unit length of strand, on the
other hand, is:

v (14)
2p
The specific damping, V¥, is then defined as:
AU
=== 15
v= (15)

Note that specific damping is amplitude-dependent and all of
the above formulations apply to the case of reversed cyclic free
bending of axially preloaded spiral strands experiencing plane-
section bending throughout the bending cycle. However, the
plane-section bending assumption is only a reasonable one for
large radii of curvature (Raoof, 1989b) in, for example, certain
applications such as vortex-shedding instabilities where the maxi-
mum amplitudes of vibration are of the order of one strand diame-
ter. Raoof and Huang (1992a) investigated the possibility of
planc-sections not remaining plane for small radii of curvature,
where interlayer slippage can take place with rather drastic reduc-
tions in the effective bending stiffness, (ED)yy when compared
with that based on the plane-section bending assumption.

DESIGN RECOMMENDATIONS

Bending Stiffness

Fig. 2a presents variations of the effective bending stiffness,
(EDg, of an axially preloaded sheathed 102-mm 0.D. spiral
strand with the imposed radius of curvature, p, and various levels
of water depth (representing external hydrostatic pressurc) assum-
ing a coefficient of friction u = 0.12 (Raoof, 1990c). The
assumed level of mean axial load on the strand undergoing
reversed cyclic bending is 2.3MN, corresponding to a mean axial
strain, £,= 0.00235. Similar plots for a mean axial tension of
4,6MN are presented in Fig. 2b.

Results in Figs. 2a and b show that strand (ED).p with plane-
section bending assumption, varies between upper (no-slip) and

NE 1 plane-section bending

£ g0

z T interlayer slippage present
=
2

3

3 u=0.12

& Eg = 200 KN/mm?2

§'y = 000235
T T I T 1T T T T T T T T T T VI >
0.001 0.01 A 1
1T 1,

<

E ——— plane-section hending

¥ 8.0+

z < === interlayer slippage present
&
)

=

a3

3

ol

A000
7.04
400 1600 = external water dopth {m)
LR RS n=012

o £ = 200 KNimm2

604 €= 0.00474

LB e 1111 MR B e 4 L AL B N LA T T T >
0.001 LX) 3

T m
y (m b

Fig. 2 Variation of effective bending stiffness, (ED) 4 in a 102-
mm O.D. sheathed spiral strand with imposed radius of curva-
ture and various levels of water depth: (a) mean axial load =23
MN; (b) mean axial load = 4.6 MN

lower (full-slip) bounds, with the external pressure having some
influence on the nature of transition between the two bounds. The
no-slip limit of (ED)y is, for all practical purposes, very nearly
independent of the magnitude of external pressure and level of
mean axial load. It then follows that the simple design recom-
mendations of Raoof (1989b) for spiral strands operating in the
absence of hydrostatic pressure may also be used to obtain very
reasonable estimates of no-slip and full-slip bounds to (ED .z with
minimal effort.

For either the no-slip or full-slip line-contact of wires, the over-
all bending rigidity is expressed in the form E,g, where

£512)

if d is the strand outer diameter and 7/4 caters for the presence
of gaps within the wires. Then E ris a weighted mean of the
layer stiffnesses:

Egp=Y AE (n
where

I,
A=t (18)
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with 20
I 4 4 sl ~
.=~ —(2r+D,) —={2r,-D. ~ 0 = water depth
A5 Z oy -@i-ny] s e
3
s or
and &
sl 500
I, =2 I, (20) 1000
i ‘\'\“\ M
1500 v +
In the above, r; is the theoretical helix radius for the layer i, calcu- 0 — : . . L
lated by Phillips and Costello (1973). %00 500 s 2(5330.5 , 3500 4500

D

where D; is the wire diameter, and »; denotes the number of wires
in layer i whose lay angle is ¢,

For the full-slip case, £; in Eq. 17 may then be calculated from
Raoof and Huang (1992b).

fill—stip
E’—;j——=— 0.26442-2.004046 4, +6.5735 H} -3.3068H;
0.70<sH,<1.0 (22)
where £, is Young's modulus for steel and H; is given by:
H,-=C()S4 Q; (23)

Tumning to the no-slip case, the following fitted polynomial pro-
vides simple means of finding the corresponding no-slip E g in
Eq. 17: )

I7=3.998-7.916k,+7.238k* -2.321&>

0.355k <1.0 : (24)
where
Einu-xlip

]—; = Eiﬁd!—xlip (25)
and

Sfudt~stip
k=5

E (26)

Calculation of Eaﬂl is, therefore, as follows:

(i) For any given spiral strand construction, calculate H; (Eq.
23) for each individual layer i whose lay angle is o

(ii) Using Eq. 22, evaluate the full-slip orthotropic E-values for
individual layers /. The corresponding no-slip E-value for indi-
vidual Jayers { may be obtained from Egs. 24~26.

(iii) Egs. 21, 19, 18 and 17, respectively, may then be used to
obtain the strand’s overall effective E-value, Eyp.

Fig. 3 presents the threshold (critical) radius of curvature, Prarins
at which (E1),y is 1-5% higher than the plane-section full-slip

Fig. 3 Variation of p,,,/d for which (ED o EDgigp.stip = 102%, as
a function of strand mean axial strain, S';, and various levels of
water depth (representing external hydrostatic pressure), for any
type of sheathed spiral strand construction

cage, for a wide range of strand mean axial loads and levels of
hydrostatic pressure on a sealed spiral strand (Raoof and Huang,
1992b): It is shown that, in general, p,,,;,/d ratio for any type of
strand construction with outer diameter, 4, is a function solely of
strand mean axial strain, §'. Results in Fig. 3 correspond to any
type of strand construction whose associated bending stiffness for
a given, §'y, is about 102% of the full-slip (EDy The equation
describing each individual curve in Fig. 3 is of the form:

%:AI +B,(8)+C,(S)’ @n

where the individual coefficients A}, B|, and C; may be obtained
from Table 2. Intermediate values of p,,,/d for other levels of
water depth may be obtained by interpolation.

Fig. 4, on the other hand, presents the variations of the radius of
curvature, py,,,, at which the plane-section bending stiffness devi-
ates slightly from the no-slip value, for a wide range of strand
mean axial loads and levels of hydrostatic water pressure on a
sheathed spiral strand. In general, results show that the ratio
Pmay/d is a function of strand mean axial strain, §'|, and for a
given §', decreases with increasing levels of external water
depth. Results in Figs. 3 and 4 may be used for any type of strand
construction. Plots in Fig. 4 correspond to cases when the bend-
ing stiffness for a given §'y, is about 99% of the no-slip value.

The equation describing each individual curve in Fig. 4 is of
the form:

Bos— 4, +B,(5)+6,(5)"+ D, (5 @

where the individual coefficients A,, B,, C,, and D, may be
obtained from Table 3. Intermediate cases may be estimated by
interpolation.

Water depth Ay B, C
(m) (x10%) (x10% x107)
0 24.125 —8413.3 8602
500 7.310 ~1759.5 1.823
1000 4,518 —1044.00 1.285
1500 3.552 —797.42 0.905

Table 2 Values of parameters Ay, By, and C; in Eq. 27, for vari-
ous levels of water depth
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- 0 = water depth
- AT (m)

0 ) .

500 1500 2500 3500 4500
. 5

S, (x10 )

Fig. 4 Variation of py,,/d at which (El),y deviates slightly from
no-slip condition, as function of strand mean axial strain, ', and
various levels of water depth (representing external hydrostatic
pressure), for any type of sheathed spiral strand construction

Water de[h A2 B2 C2 D2
() (x10% x10% | 108 | 10'h
0 33457 | -15510 20.070 | -1.792
500 7686 | —1880.75 1.955 0
1000 4625 | —-1191.82 1373 0
1500 3354 | ~1041.18 1.428 0

Table 3 Values of the coefficients Ay, By, C, and D, in Eq. 28
for various levels of water depth

FREE-BENDING HYSTERESIS

Fig. 5 gives theoretical values of energy dissipation expressed
as the specific loss, y= AU/U, where AU is the overall energy dis-
sipation per cycle and U is the strain energy of oscillation,as a
function of the radius of curvature, p, where cyclic movements
occur under £p. The plots in Fig. 5 correspond to five cable con-
structions with widely different strand (and wire) diameters and
lay angles. All of the strands are assumed to be subjected to a
mean axial strain, §'; = 0.002867, and zero water depth. Fig. 3
clearly shows the significant influence of the type of spiral strand
construction details on the strand’s free-bending damping charac-
teristics.

As discussed fully eisewhere (Raoof and Huang, 1992b), theo-
retical parametric studies on a wide range of strand constructions
— covering strand axial strains, §';, in the range 0.0006<S")
<0.0045, and water depths ranging from 0 to 1500 m — invari-
ably suggest that the following holds (Fig. 6):

E  _.
wm“ =C{ no=slip 1} (29)

Juli-stip

In the above, W= (AU, 18 the maximum level of spe-
cific damping ratio and the ratio of E no-stip! Epult-stip MY be
obtained as explained previously. Alternatively, Eq. 24 may be
used with the proviso that the parameter, j, used in this equation
now corresponds to the whole strand with:

E )
k| = ﬁz:—:hp (30)

s

where Ejp_qip may be calculated from Eq. 22 with the layer full-
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Fig. 5 Theoretical plots of free-bending specific damping, ¥ =
AU/JU, as function of imposed cyclic changes in radius of curva-
ture, p, for a range of strand constructions - zero water depth

slip stiffness, E;, replaced by the strand overall full-slip stiffness,
Egu1.slip» 200 the parameter H; = cos*oy; replaced by H defined as:

=3 D gogt 31)
_El—cos «,

i=l T

where N is the total number of layers, with i = 1 referring to the
outer layer, 1,; and J, are defined by Egs. 19 and 20, respectively.

The parameter, C, in Eq. 29 may be obtained from Table 4 with
the intermediate values calculated by interpolation. For given

S C water depth
(x10) (m)
1.086 0
1.525 500
600 1.595 1000
1.602 1500
1.204 0
1.624 500
1450 1.650 1000
1.675 1500
1.309 0
1.624 500
2867 1.707 1000
1.763 1500
1.384 0
1.645 500
4300 1.775 1000
1.818 1500

Table 4 Values of parameter C in Eq. 29, for various levels of
strand mean axial strain, S’y, and water depth
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[
E. = 200 kN/ 2 water depth = 1000 meter
0.6 - Pl mm -
S' = 0.002867 E
1 = strand dis,
N K =012 "?‘ (mm)
1 3 —
5 0.4 4 Qu : ;:
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o
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Fig. 6 Relationship between maximum sheathed spiral strand
plane-section free-bending maximum specific damping, Yipar =
(AUU) gy and parameter Epo-stip/Efutt-stip» for various levels of
strand mean axial strain, §';, and water depth - §'; = 0.002867

strand construction details, therefore, Egs. 22, 30 and 31 may be
used to find the parameter k). With k; determined, Eq. 24 gives
an estimate of the E,, g, /Eg).51ip ratio for the whole strand. Eq.
29 with C-value from Table 4 then gives ..

The other parameter of interest is the critical radius of curvature,
P associated with which, specific damping, , is a maximum; Yet
again, theoretical parametric studies reported fully eisewhere
(Raoof and Huang, 1992b) have been used to show that:

Sp.=aa” (32)
0.7
E, = 200 kN/mm u
06+ 5 = 0.002867
L =012

0.5+

0.4 <

S‘l pc (m)

0 H;O 20[0 3(‘)0 400 500
2
Diry (Efunsup/Es)  (mm”)

Fig. 7 Plots of parameter §' p, against parameter Dy ry EBpyy.
stip/Bg), for various levels of water depth and strand mean axial
strain, §'y, for wide range of sheathed spiral strand constructions -
§'1 = 0.002867

Fig. 8 Variation of parameter §',p, as function of strand mean
axial strain, §',, for various strand constructions - water depth =
1000m

where §'; is the mean axial strain and:

w:D,,{fﬁgﬂ] 33)

5

where D is the wire diameter in the outer layer whose helix
radius is ry, and Efur.siip 1s the strand overall full slip E-value
whose magnitude may be obtained as discussed previously. Fig.
7 shows a typical plot of §',p, vs. @ for §'y = 0.002867 and vari-
ous levels of water depth,

The constants @ and m, for given §'y, and water depth, are given
in Table 5. Moreover, parametric studies have shown that the
variation of the term §';p, in Eq. 32 with §', is linear and, there-
fore, for a given, §'y, it is easy to find the critical value of the
radius of curvature, p.: Fig. 8 shows typical plots of ', P vs. 8
for a large number of spiral strands with diameters ranging from
16 to 184 mm and experiencing a water depth of 1000 m.

Degradation of Strand Bending Stiffness due to Interlayer
Slippage

Work by Raoof and Huang (1992a), based on a corrected and
subsequently extended model originally proposed by Lanteigne
(1985), provides means of obtaining a bounding solution for
determining the gradual reduction of strand-bending stiffness with

8 Water depth correlation
coefficient
(x10°%) (m) a m R
0 0.0587 0.3958 0.89
500 0.0115 04710 0.99
600 1000 0.0059 0.4909 0.97
1500 0.0043 0.4661 0.96
0 0.0576 0.3976 0.94
500 0.0183 0.4932 0.99
1450 1000 0.0111 0.5050 0.99
1500 0.0079 0.5032 0.98
0 0.0546 0.4061 0.95
500 0.0254 0.4828 0.99
2867 1000 0.0168 0.5032 0.99
1500 0.0124 0.5106 0.98
0 0.0529 0.4080 0.96
500 0.0288 0.4783 0.99
4300 1000 0.0200 0.5033 0.99
1500 0.0153 0.5141 0.99

Table 5 Values of parameters a and m in Eq. 32, for various lev-
els of strand mean axial strains, S’ 1> and water depth.
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Fig. 9 Variations in flexural rigidity, (ED,q of 102-mm O.D.
sheathed spiral strand as function of applied curvature and exter-
nal water depth: (2) mean axial load = 2.3MN; (b) mean axial
load = 4.6MN

decreasing levels of radii of curvature.

Figs. 9a and b present the way sheathed spiral strands lose
their bending stiffness, (EN)gp with reductions in the imposed
radius of curvature, p, covering a wide range of water depths.
Results in Fig. 9a relate to a mean axial load of 2.3MN, while
Fig. 9b corresponds to a mean axial load of 46MN. It is shown
that mean axial load and external water depth can have a profound
effect on the magnitude of the radius of curvature at which inter-
layer slippage in a particular location within the sheathed strand
initiates. Results in Figs. 9a and b also identify the range of radii
of curvature, p, over which the plane-section bending assumption
can be applied; deviations from the plane-section bending condi-
tion have been shown by dashed lines in the plots of Figs. 2a and
b. It must however be noted that initiation of interlayer slippage
increases the magnitude of specific damping ratio, y = AU/U, by
increasing AU and, at the same time, causing substantial decreases
in U: The plane-section bending theory is, therefore, believed to
offer a lower bound solution to the value of specific damping for
values of p below which plane sections do not remain plane dur-
ing bending.

DISCUSSION

The experimental validation and applicability of the orthotropic
sheet concept to large (say, more than 19 wire) strands have
already been discussed extensively elsewhere (Raoof and Hobbs,
1988a, 1988b, 1989b, 1990c, 1990d, 1991a, 1991¢). In what fol-
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lows some aspects of the present theory will be discussed in the
light of the previously reported large-scale tests on unsheathed
strands. It must at once be noted that tests on sheathed strands
under high external pressure are very expensive and there is cur-
rently no available test results for such cases, although large-scale
test results in air reported by others (Claren and Diana, 1969)
have been found to provide a very encouraging support for the
present bending model for unsheathed cables (Raoof, Huang,
1993b).

Raoof (1990d) has carried out experiments on a newly manu-
factured 41-mm specimen and has concluded that new strands
may need a very lengthy period of axial bedding-in for their inter-
nal structure to become stable. During this period complex
changes occur in the hysteretic behaviour. The present theory is
capable of estimating cable damping in fully bedded-in strands in
long-term applications. The damping theory is only developed
for continued uniform cyclic loading with the pattern of frictional
forces over line-contact patches fully stabilized. As discussed by
Hobbs and Raoof (1988a) and Raoof (1990d), torsional tests have
indicated that in old and fully bedded-in spiral strands random
loading can increase the observed logarithmic decrement by as
much as a factor of 4. The effectiveness of random loading in
increasing the level of average damping is very much dependent
on the level of mean axial load and age of the strand. In new
strands the effect of random loading is not so pronounced: The
gap between the wires is determined by the manufacturer and, if
large enough, can lead to insignificant levels of within-layer hoop
forces and hence much reduced hysteresis.

Following the axial and torsional cyclic experiments, it may be
assumed that full-slip free-bending stiffness is not so sensitive to
age; neither is this property as sensitive to the size of the gaps
between the wires in the individual layers as has been widely
assumed in previous theoretical studies. No-slip bending stiffness
provides an upper bound prediction which will gradually be
approached as the spiral strand beds in (Raoof, 1990d).

As shown by large-scale experimental work reported by Raoof
and Hobbs (1988a) and Raoof (1990c), for sufficiently small lev-
els of movement the theoretical model for cable hysteresis based
on a loading rate-independent Coulomb friction idealization
breaks down, and the internal damping of the wire material and
the blocking lubricant becomes important. This finding is in
accordance with the results of earlier work by others (Johnson,
1961), working on single contacts between elastic spheres.

The present simple method for maximum free-bending damp-
ing estimation provides the means of optimizing strand construc-
tion details for achieving often desirable increased damping. It is
fortunate that substantial increases in damping may be achieved
within the manufacturers’ current geometrical design limits so
that such variations in geometry may not produce adverse effects
on other strand characteristics such as axial and/or restrained
bending fatigue performance (Raoof, 1991a, 1991b). In general
cable free-bending hysteresis is primarily controlled by the choice
of the lay angle in various layers, with modest increases in the lay
angle leading to significant increases in damping at the cost of
slight decreases in the axial stiffness.

CONCLUSIONS

Based on a series of theoretical parametric studies using a
newly developed free-bending model for axially preloaded and
sheathed spiral strands, it has been possible to present straightfor-
ward formulations for determining some aspects of strand free-
bending characteristics under sustained cyclic bending to a con-
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stant radius of curvature. The new formulations take fully into
account the effect of interwire friction in multilayered and large-
diameter sheathed spiral strands experiencing external hydrostatic
pressure.

It is now possible to obtain with minimal effort reliable esti-
mates of the upper (no-slip) and lower (full-slip) bounds to strand
plane-section bending stiffness. Moreover, straightforward tech-
niques are presented for obtaining the magnitude of the radii of
curvature associated with which such bounding estimates of bend-
ing stiffness may be used in design.

It is shown that cable free-bending hysteresis is largely con-
trolled by the strand construction details, primarily the lay angles in
various layers. Modest increases in the lay angle within manufac-
turers’ current design limits can lead to substantial increases in
cable damping at the cost of slight reductions in the axial stiffness.

Straightforward formulations are also proposed which offer
simple means of predicting the maximum level of specific damp-
ing ratio and the associated (critical) radius of curvature at which
it is operative. Specific damping ratio of sealed strands is shown
to be a function of construction details, level of mean axial load,
imposed radius of curvature, and level of externally applied
hydrostatic pressure.

Finally, practical limitations of the proposed formulations have
been critically discussed in the light of recent experimental find-
ings in related areas.
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