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EFFECT OF HYDROSTATIC
PRESSURE ON STRAND BEHAVIOUR

M. RAOOF  Civil and Structural Engineering Department, South Bank Polytechnic, London

High density, supposedly impermeable, polythene sheaths have been offered by cable manufacturers for corrosion
protection of large diameter spiral strands used in deep water floating production systems.

Using previously reported orthotropic sheet theory, an insight is given into the effect of high external pressure on
various sheathed cable characteristics, which include:

(1) axial stiffness and hysteresis;
(2) torsional stiffness and hysteresis;

(3) free bending fatigue behaviour in the vicinity of end terminations.

1t is shown that such high pressures can sig

nificantly alter the pattern of interwire/interlayer contact forces. Recent

published research has clearly demonstrated the central role such interwire contact pressures play as regards cables’

fatigue life under various modes of loadin;
sheathed cable applications lead to significal

Moreover, such high external forces are s
the relative slippage of wires in the strand an

g. The present theory shows that increases in contact forces in deep water
nt reductions in cable fatigue life.

hown to affect cables’ axial and torsional characteristics by suppressing
d increasing frictional forces between them. A higher cable stiffness will

then follow. This then leads to significant variations in strands’ axial and/or torsional hysteresis which may have a
considerable bearing on the overall dynamics of, for example, a guyed tower platform using sheathed strands.

The significant influence of high external pressures on various cable characteristics have been demonstrated by
numerical examples on a realistic 39 mm outside diameter (OD) multi-layered structural strand. Results are also
presented for the case of zero external pressure relevant to unsealed mooring cables in deep water applications, in
which case the absence of the sheath will permit water migration inside the strand and the cable behaviour is

independent of the level of water depth.

1 INTRODUCTION

The theoretical analysis of a practical multi-layered
strand has been reported elsewhere (1)-(5)f. Axial, tor-
sional, and free bending load cases have all been
-addressed. These analyses have led to predictions of wire
strain, interwire forces and slippage, strand stiffness, and
hysteresis. The match between carefully conducted large-
scale experimental work and theory has been very
encouraging (6) (7).

Essentially, the other studies paid too little attention
to thq effects of interwire contacts on overall strand
behaviour, and rather too much attention to small (six or
seven wire) strands. Accordingly, a substantial effort has
been.put into assessing contact forces and the associated
relat.lve displacements between wires, taking full account
of frictional effects in large (multi-layered) strands.

The 'other novelty in the study is the treatment of the
layers in a strand as a series of pre-stressed orthotropic
sheets (one per layer), Fig. 1. Thus, each layer of wires,
althoqgh discontinuous, has its elastic properties ‘aver-
aged’ in a way familiar in the analysis of stiffened plating
for bridge decks and ship structures. Results from
contact stress theory are used to determine the properties
of the orthotropic sheets, whose principal axes run paral-
lel.and perpendicular to the individual wire axes. The
_chlef advantage of this approach is that its accuracy
Improves as the number of wires in a given layer
Increases, i.e., for practical wire sizes, as the size of strand
grows. This desirable situation may be contrasted with
the decreasing accuracy and increasing complexity as the

The MS. of this paper was received at the Institution on 18 May 1989 and accepted
Jor publication on 21 November 1989
t References are given in the Appendix.
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number of wires increases associated with certain pre-
viously available methods of analysis.

Fairly recently, the cable manufacturers have offered
high density and supposedly impermeable polythene
sheaths for corrosion protection of large diameter cables
in very deep water applications. Under such conditions,
the clench forces due to 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 or communications and power cable appli-
cations.

Such external pressures on a sealed multi-layered
strand will tend to suppress the relative slippage of wires
in the cable by increasing frictional forces between them.
A higher cable stiffness will then follow.

Moreover, high hydrostatic levels lead to significant
variations in cable axial and/or torsional hysteresis and
the pattern of interwire contact forces. The latter can
seriously affect the fatigue performance of the cables in,
for example, restrained free-bending occurrences in the
sea-bed terminations. Under such conditions, interwire
fretting has been identified as the main source of fatigue
failure (2).

In what follows, the theory will be extended to cater
for the effect of hydrostatic pressure on axial and tor-
sional l?ehaviour of spiral strands, with particular atten-
tion paid to variations in the interwire/interlayer contact
forces. No such results have previously been made avail-
able by either theory or experiments.

1.1 Notation

A Layer area, wire area
A Net steel area in layer i
A, Total net steel area of strand cross-section
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Cable axis |

-

A-Line contact within layer

(a)

R/Cos o

n/n

Helical strand

(b)

Orthotropic sheet

B—Trellis contact between
layers

Part of section A—~A

Line of action of normal
contact force from the
adjacent wire

¥,
re

Section B—B for a single
wire showing contact angle 8

X

Fig. 1. Wire arrangement in spiral strands: (a) interwine contact forces, (b) geometry

Gross area of layer i

Semi-axis of the ellipse of contact

Semi-axis of the ellipse of contact, half-width of
the line contact patch

Wire diameter

Young’s modulus

Acceleration due to gravity

Depth of water

Internal torque in layer

Number of wires in layer i

Total normal load on a contact patch i
Circumferential force in a multi-layered strand
Circumferential force in a single-layer strand
Normal load per unit length of line contact
patch

Normal pressure

Cable outer radius

Principal radii of curvature in body i

Helix radius of layer i

Strain component (transformation denoted
by )

Total radial strain in a layer with core removed
Radial strain due to changes of lay angle
Tensorial shear strain

Compliance (transformation denoted by ')
Axial tension in wire ,
Stress component (transformation denoted by )
Maximum stored energy during vibration and
loss per cycle

Interlayer slippage .
Radial force per unit length of wire in a given £
layer

Magnitude of the hydrostatic force from
outside
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Xz Radial clench force transferred from one layer

to another

Radial force in a single layer strand with rigid

core

Radial force in a multi layered strand »

X Spacing between the contact patches along the

outer layer

Spacing of contact points on the convex side of

wires

Lay angle before and after deformation

Constants in the Hertz problem

Tangential displacement at which gross sliding

begins

0 Relative tangential displacement between the
centre lines of two adjacent wires

o, Normal approach of distant points in the Hertz

problem

Axial strain

Cable axial strain

Wire axial strain

Coefficient of friction

Poisson’s ratio

Water density

Direct tensile stress at the trailing edge of

contact patch

Shear stress

Angle between planes with curvatures 1/R; and

1/R, in bodies 1 and 2

¢ Applied twist

x\

R
R

R

>4

AV =TRSO, O

"

.e‘t-l

2 ANALYSIS
2.1 Synopsis of earlier studies

The present paper deals with logical developments of
earlier work (1) (5). Each layer of wires in a multi-layered
strand is treated as a statically indeterminate ortho-
tropic cylinder with a compliant core. Taking a single
layer of wires with a core for a given cable axial strain,
S}, the core is initially removed and the rigid body
motion, S3¢, including contact patch deformations, is
calculated. Replacing the core, and enforcing compat-
ibility of radial movement, the deformations in the hoop
direction and the line contact forces may then be com-
puted as functions of the net radial strain, S, which is
the one used for the orthotropic sheet. Detailed deriva-
tions are given in (1), where it is shown that the kine-
matics of a single layer wire ‘continuum’ may be analysed
using the following equations.

= —(81— 5y 4]
., tan o
=1+ l)tana—l @
S5y = S — S &)
de, = cos a{l + (1 + Shg)? tan? o}}/2 — 1 @
1
Ser = m {tan a1 + S, — de,) — tan &'} 5)
Cos a
=—(1+8))~
Sl COS a/ ( + l) 1 (6)
SI _ S’
Ser =< = 2) Sin (2x') U]
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85 -5 Sy + 5,

Cos (2) + — (8)
Where S, = the axial wire strain, S, = the approach
strain normal to S, between the centres of wires in line
contact, Se¢r = the associated tensorial shear strain,
S, = cable axial strain, S, = the radial contraction of the
layer in the cable’s normal cross-section due to interwire
contact deformations; and d¢, = the incremental change
in axial wire strain once the core is included where the
strain due to the ‘rigid body’ radial movement in the
absence of the rigid core is S5 . a is the original lay angle
and o is the final lay angle. For a cable axial strain S}
equations (1)+8) may be solved as a set of non-linear
simultaneous equations to yield values of S, &, S3¢, S,
S,,and S,.

The change in distance between centres of wires in line
contact, 8,, is then given by

S, =

0,=8S,D )
where D = the wire diameter.

Substituting d,,in

4P(1 —v?) (1 D
=t~ 1

o, E <3 +In b) (10)

with
PD(1 — 2y7]0.5
2= 1.6[—’115—”—’] (11)

gives the normal force per unit length of the contact
patch whose half-width is b. v is Poisson’s ratio of the
wire material, and E is Young’s modulus. Equations (10)
and (11) are results from contact stress theory (8) relating
to the contact of two parallel cylinders under normal
load, P, per unit length of line contact. In a single layer
strand with a rigid core, the interwire line contact force,
Pgc may thus be calculated by setting P = Pgc.

2.2 Radial load transfer in 2 multi-layered strand

Until now, a single layered cylinder with a rigid core has
been considered. If &, v, E, and D are specified, it is then
possible to determine all the deformations and forces in
the membrane for any given cable axial strain S). In
particular, it is possible to obtain the line contact force
between the individual wires in the layer, Pgc and radial
body forces Xy, for different strains S;, where (1)

(12)

In the above T = EAS,, A = (nD?)/4, and r is the helix
radius; i.c., the distance between the centre of individual
wires in the layer to the centre of the cable.

In a multi-layered strand, part of the radial force
exerted on any layer is due to the radial body forces in
that layer, and part is due to the clenching effects of the
outer layers. These effects grow radially inwards and may
be simply described from the outermost layer, layer 1.
Further details can be found in (1).

In the absence of externally applied uniform hydro-
static pressure, the relationship between line contact
forces, Py, and radial forces, X g, in the outer layer of a
multi-layered strand is identical to that between Py, and
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Xy for that layer. However, with the hydrostatic pres-
sure present, X and Xys for layer 1 (and, hence, the
corresponding Pecand Py are no longer the same, and

Xys, = Xpg, + Xy (13)

where Xy, corresponds to the magnitude of the hydro-
static force from the outside, per unit length of the wire in
the outer layer, i.c.

, 2rnRpgh

A= n Cos 2, (14)
where h is the depth of water; R is the cable outer radius;
p is the water density, g acceleration due to gravity, and n
is the number of wires in the outer layer whose lay angle
is 2,. From the plots of Xyc vs Pgc for layer 1 it is then
possible to obtain values of Py, corresponding to Xy,
for any given cable axial strain S7.

For the other (inner) layers, the additional clench force
provided (under a cable axial strain §}) by each wire in
layer i acting on layeri + 1 is given by

Yo = EA, w — 2Py Cos B, (15)

i
where subscript i = the ith layer; and A; = nD?i/4. The
angle f#(9) locates the lines of action of the line contact
force, Pge. Fig. 1(b)

1 tan? (n/2 — n/n)
Cos p = b
os f Sin? 2 {\/‘: M Cos? «
.t =
_\/<tan’ (;; — ;)

x |1+

|
Cot? x Cos® (n/2 — n/n)
x {Cos® a + tan? (n/2 — n/n)}

+ Cos* 1>} (16)

Each wire in layer j =i+ 1 thus experiences a total
radial force

S,; Sin® X;
N = Edy 22 Ty o (17)
r,- .VJ-
where

Xon Cos % (18)

xpoom Cos 1,

where x; = the spacing between the contact patches
along the concave side of layer i, and xj = the spacing of
the contact points on the convex side of the wires in the
layer j.

Using the previously calculated Pge/ Xy data for layer
i + I, it is then possible to find the corresponding values
for Pys and Xy for layer i + 1. The process is then
repeated, moving in another layer each time until the
whole strand has been analysed.

2.3 Calculation of interwire cross-contact pressures
In a realistic helical strand, the outer wires touch the
underlying core at a number of isolated points (contact

78
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Cattesnis O ?\QCE{C/O
AP

e

Wire centre line

Fig. 2. Interlayer contact patches

patches) in a trellis pattern. Figure 2 shows the pattern of
contact patches for a cross-laid construction. In the fol-
lowing, Hertzian normal contact theory is used to
compute the sizes of the contact areas and the distribu-
tion of the normal contact stresses over the individual
contact regions.

The normal load on each of the trellis points of
contact, i, between layers i and j =i + 1 (where i is the
outer layer) is

2np; Cos a,
P. = X.. i o h
! Ri n; Sin (¢ — o) (19)
where
Di
pi=r— B} (20)

The semi-axes of the elliptic boundary area

a; = «(P;Kp Cg)'? (2ta)
b, = B(P;Kp Cg)' (21b)
where
1 Yy
Ce = 2[ E‘ ] (21¢)
and
1.

1/R, + /R, + /R, + /R,

I/R, and 1/R] are the principal curvatures of body 1,
and 1/R, and 1/R), of body 2. R, and R, are the
minimum radii of curvature, while R} and R} are the
maximum radii of curvature. o’ and f’ are constants
whose magnitude is dependent on the parameter 0 (8)
given by

C050=——‘\/{ (1/R, — 1/R)X(1/R, — 1/R%)?

+ 2(1/R, — 1/R,X1/R, — 1/R}) Cos2®} (22)

and @ is the angle between the plane containing curva-
ture 1/R, in body 1 and the plane containing curvature
1/R, in body 2.
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Wy



EFFECT OF HYDROSTATIC PRESSURE ON STRAND BEHAVIOUR

The wires in a strand are of helical shape with curva-
tures, k', equal to Sin? o/r. It then follows that

L — (23a)

Ri=3 % =5 g 2
D r

= - ! = 2 b

Ry 2’ Ry Sin? a, (23b)

where D is the wire diameter, o the helix angle, with
subscripts 1 and 2 denoting the outer and inner layers,
respectively. r is the radius of the cylinder on which the
contact patches between the two layers lie. It is given
with reasonable accuracy by

r=ry — E (24)
where r, is the helix radius of the outer layer.

Knapp and Chiu (10) have recently developed a prom-
ising tension fatigue model for helically armoured cables.
Their proposed model treats cross-wire Hertz contact
stresses as equivalent geometric notches which are then
shown to control the cable axial fatigue life. The agree-
ment between their theoretical model and test results has
been encouraging. Using the above formulations for the
interwire/interlayer contact forces, P, and the size of
trellis contact patches, a and b, one can use their tech-
nique to analyse the case when the sealed cable is sub-
jected to external uniform hydrostatic pressure. For the
present work, it perhaps suffices to mention that the
maximum normal pressure on the elliptic interlayer
contact patch, p, is given by

p

P=73 nab 23
The subsurface state of stress may be found by contact
stress formulas developed by Thomas and Hoerch (11)
who address the general field of normal contact between
non-spherical bodies.

Turning to the question of free bending fatigue close to
the termination, experiments (12) have shown that the
initial wire breaks invariably occur not near the extreme
fibre but close to what would be regarded as the neutral
axis in a rigid rod. This position can be shown, theoreti-
cally and experimentally (13), to be the location where
the slip between the outer and penultimate layers of
wires is largest. Thus interwire or, rather, interlayer fret-
ting is believed to be the most likely cause of wire break-
ages, and to be much more relevant to a discussion of
fatigue life than the maximum wire stress near the
extreme fibres. A newly developed alternative may, there-
fore, be proposed, Fig. 3. Here, the life to 5 per cent outer
wire fracture is shown to be controlled by a parameter
linking:

(1) the computed maximum tensile stress, g, , at the trail-
ing edge of the interlayer contact patch between wires
of opposite lay, i.e., at the edge of the so-called ‘trellis’
contact;

(2) the computed interlayer relative displacement, U,
near the neutral axis at a distance equal to the inter-
layer contact patch spacing along the wire from the
assumed ideally fixed end;

(3) the spacing of the trellis contact patches, x.

JOURNAL OF STRAIN ANALYSIS VOL 25 NO 2 1990 © IMechE 1990

Mean axial load

(MN)
o 0.4
39 mm OD strand
0.55r x  0.205
41 mmODstrand & (0.444
40 mm OD strand (17) » 0,488
0.50¢ 40 mm OD multi-strand ®  (0.311
rope (17)
0.45
&
DK 0.40}F
o
8
2 035t Coetficient of friction g = 0.12
Il
s
&
o
'? 0.30}F
z  02sf
3
£
&)
0.20
0.15F
o
0.10F
i J

L
IOR l()(y
Cycles to second wire fracture

Fig. 3. Free bending fatigue results near termination

Life to 5 per cent of the outer layer wire fracture is a
popular but by no means universally accepted indication
of incipient overall failure.

The stress a,, computed on an elastic basis, has been
chosen in view of its likely role in fatigue crack initiation
in the individual wires; cracks are commonly found at
this location. The value of U near the neutral axis is
taken since the slips are largest there.

It is encouraging that the use of this parameter makes
it possible to draw a single curve through the experimen-
tal data for several realistic multi-laycred strands with
widely different make-up (i.c., the parameter has predic-
tive value). This may be contrasted with the traditional
method of presenting data by plotting the calculated (or
measured) maximum extreme fibre wire stresses against
fatigue life, where a weak correlation was found in that it
was possible to sketch well-separated curves through the
data points of each individual strand make up.

A detailed discussion of the method used for obtaining
the contact stress~slip parameter is outside the scope of
the present paper. For the present purposes it perhaps
suffices to mention that the level of external hydrostatic
pressure on sealed strands will obviously have a signifi-
cant effect on the magnitude of the stress, o, , and, hence,
the magnitude of the contact stress—slip parameter which
controls a cable’s free bending fatigue life. It then follows
that, in deep water guyed tower applications, for

9
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example, sea bed termination design should take hydro-
static pressure into account.

2.4 Torsional stiffness

Once the line contact forces between the wires in each
layer due to the axial pre-load have been found the layer
compliances, s;;, referred to axes 1, 2 of orthotropy paral-
lel and normal to the wire axes, are determined. The
compliance parallel to the wire axis, s,,, is straightfor-
ward, reflecting the ratio between the sheet area and the
wire area

siy = (4/m)E (26)

where E is Young’s modulus for the wire material, while
the coupling term s , is taken as

Syz = —VS§ 27

where v is Poisson’s ratio. The normal and shear compli-
ances, s,, and 54, between the wires (which are regarded
as parallel cylinders in line contact) are obtained from
contact stress theory, and are clearly non-linear in the
contact force P per unit length. The normal compliance
M)is

1 ED
$22= % (0.11 +0.591In —P—> (28)

where D is the wire diameter, while the shear compliance
(1) is

s S -0.5
So6 = 1 i’v (1 'ﬁ) (29)

where 4 is the relative tangential displacement between
the centre lines of the cylinders, and A denotes the
tangential displacement from an undisturbed position at
which rigid body movement (gross sliding) just starts.
The factor of two is needed because, in a cyclic loading,
the tangential displacement starts not from an unstressed
condition, but from one of slip in an opposite sense. The
limiting displacement

3 uP
a=77 (30)

where  is the coefficient of friction. It is noted that equa-
tion (29) holds for & < 24, with s44 tending to oo at the
limit. For larger 6, s¢¢ , is taken as co.

These tangent compliances referred to the wire axes 1,
can be transformed to a set defined in terms of axes 1°, 2/,
parallel and normal to the strand axis. If the angle
between the two sets of axes (the lay angle of the wires) is
o, and cos a, and sin o are denoted by m and n, respec-
tively, the transformed compliances si; are given by (14)

Spy = m*sy, + 2m?n’s;, + n*s,, + min?sgg
Sy2 = min?sy + (m* + n*)sy, + mPnls,,
— mintsgg

—2m3nsy, + 2mn(m* — n¥)s,, + 2mnds,,

’

S16
+ mn(m? — n¥see

s = nsy, + 2mints , + m'sy, + mPn?sgg

She = —2mn’s;, — 2mn(m? — n?)s,, + 2m’ns,,
— mn(m? — n%)s¢q

Ske = 4m?n®s,, — 8m*n%s,, + 4m?n’s,,
+ (mz - n2)2566 (31)

80

The stress increments T; and strain increments s
referred to the strand axes are given by

S1=5uTy +512T2 + 516 T
2 =812 T1+ 55Ty + 55 T
Se =516 T1 + 526 T2 + 566 T6 (32)
It is postulated that, in each layer of wires, the changes
in the axial and hoop strains on applying any torque
increment to the axially pre-loaded strand are zero, i,
that S} and S in the first two of equations (32) are zero.
Using them to eliminate T and T, the tangent shear
flexibility S/T can then be obtained from the third
equation ’
Ss _ 2512 516526 — S22 516 — S115%6
T = Se6
[

' o . (33)
511522 — S13
If Sy and S are zero, the shear strain increment in the
layer, Sg, is simply

s =rd¢ (34

where d¢ is the (applied) twist increment per unit length
and r is the radius of the wire layer under consideration,
and equation (33) can be used to find the corresponding
shear stress increment in the layer, T . Integrating both
sides of equation (34) the total shear strain is the sum of
the increments, or simply r¢. Referred to the wire axes,
the total shear strain is thus r¢ cos 2a, and hence the
tangential displacement between the wires

& = Dr¢ cos 2a (35

where D is again the wire diameter

On the basis of the above development, the following
procedure may be applied for any given axial pre-load;
i.e., initial line contact force set, to build up the relation
between the layer shear stress t and the twist per unit
length ¢ as the sum of a series of twist increments d¢.

(1) Set ©=0=¢. Calculate s,,, 5,5, S22, A, and S

(Equations (26)28), (30), and (34)).

(2) Setp = ¢ + do.

(3) Calculate d (equations (35)) and hence s¢q (equation
(32)).

(4) Transform the compliances (equations (31)).

(5) Calculate the shear stress increment T (equation
(33)), and the total shear stress by z = 7 + Tf.

(6) Return to step (2) as desired.

For any particular twist per unit length, the layer con-
tributes a torque of
M, =14r (36)

to the total torque M on the strand.
The layer area

A=nrD 37

or, in terms of the number of wires, n, in the layer

4
A=-nZD?sec o= nD? sec «
n 4

where the factor 4/n converts the net wire area to the
sheet area, and the factor sec o allows for the

09 ¢
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(approximately) oval cross section of the inclined wires
as seen in a normal cross section through the strand.
The total torque M is, of course, given by

M= M, 9

where there are a total of N layers in the strand.

2.5 Axial stiffness

For a strand with its ends fixed against rotation, the
elastic constants of the individual sheets along their prin-
cipal direction of orthotropy may also be transformed to
the direction corresponding to the strand axis, equation
32).

( The desired axial flexibility of the layer is derived in (5)
and is given by the expression

S T Se TS )
A1 ¢ 2 _ 16 ! + == s/ 40
T S11 + T, S12 Yo S16 T 26 (40)
where it is postulated
T, T,
—~====k, sa 41
T, y @y

k is a function of cable axial strain and for a given S it
is equal to the tangent to the plots of (Pysp) versus
(/4 - ES,); its magnitude is easily obtained by numerical
differentiation.

The compliances along the principal directions of
orthotropy s, 4, 512, S22, and see are given by equations
(26)-(29) with transformation given by equation (31). 6 in
equation (29) is now the line contact displacement per
body which, for a given total perturbation (i.c., range) in
cable axial strain, S, may be obtained using

8 =2D dS4p = 2DB dS; 42)

where B = the constant of proportionality between dS¢r
and dS’.

For all practical purposes, it has been found that, for a
given mean load and various axial load (strain) ranges, k
and s,, may be taken as constants. For a given mean
strain $ and range dS; the degradation of axial stiffness
in each layer (and then for the whole strand) can then be
obtained. Axial stiffness is defined on the basis of the net
steel area exposed in the strand cross section, 4, , where

2

A, =Y A=Y n Sec 1% 43)

The corresponding gross area used for the orthotropic
sheet model, 4, is

4
Agi = ; Ani (44)

2.6 Axial and torsional hysteresis

In both cases, the skew-symmetric load displacement
diagrams for the loading and subsequent unloading
phases of a cyclic movement can be immediately com-
bined to form the hysteresis loop for a given axial pre-
load and cyclic amplitude. The energy dissipation per
cycle, AU/U is given by the area enclosed by the loop. An

JOURNAL OF STRAIN ANALYSIS VOL 25 NO 2 1990 © IMechE 1990

alternative method, based on a treatment of the hyster-
esis on the individual contacts between the wires, is
described elsewhere (15) and yields a check on the calcu-
lations.

3 RESULTS AND DISCUSSION

3.1 Interwire normal contact forces and stresses

Figure 4 gives variations of the line contact forces in
various layers of the 39 mm OD strand (with construc-
tion details given in Table 1 as a function of water depth).
The mean axial load in this case is assumed to be zero.
Figure 5 shows the way the line contact forces Pyg;, in
various layers i (outer layer: i = 1) vary as a function of
cable strain, &, (representing the axial force in the
strand). The 39 mm OD strand is assumed to be sub-
jected to 400 m of external water pressure.

At zero cable axial tension, Pyg is highest in the outer
layer and lowest in the innermost one (i = 5). As the
cable axial force increases, the internal clench forces
grow in magnitude. This in turn increases the level of the
line contact forces in the inner layers at a higher rate
than that in the outer ones — with high enough tension
on the cable, the outer layer will have the lowest Pyg

“among all the other layers in the strand.

Figure 6 shows the variation of two sets (inner and
outer) of trellis contact patch maximum normal contact

5,4 3 2
1500
Layer 1 (i = 1)
(outer)
1000+
E
£
&
i Quater = 1030 kg/m?
3
500 39 mm OD strand
0 1 1 —
0 50 100 150
P s (N/mm)
Fig. 4. Variation of line contact forces with water depth
Table 1. Strand make-up for the 39 mm strand
Nurqbcr Wire Helix
of wires ] La).' diameter  Lay angle  radijus
Layer n direction D{(mm) x(degrees)  r(mm)
1 30 RH 354 17.74 17.73
2 24 LH 3.54 16.54 14.10
3 18 LH 3.54 1593 10.57
4 12 RH 3.54 14.90 7.04
§ 7 RH 3.54 1542 419
King i — 5.05 — —
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Layer1(i=1)
8r . (outer)
7 -
T 6 2
2
X sp
©
o=
5 4
.% Ik
o 400 m water depth
3 2 39 mm OD strand
Quwater = 1030 kg/m3
l -
0 1 i | 1
0 50 100 150 200

Contact force Pyg; (N/mm)

Fig. 5. Variation of line contact forces with axial load for a given water
depth

stresses with cable axial tension and the level of exter-
nally applied hydrostatic water pressure. The outer set is
that between the outer and penultimate cross-laid layers
(layers 1 and 2) while the inner set refers to that between
layers 3 and 4. Obviously the inner contact patches are
subjected to significantly higher levels of stress. A recent-
ly developed model for axial fatigue of structural strands
in the free field (10) provides strong evidence for the
central role such interlayer stresses play in determining
cables’ axial fatigue life. It then follows that, the presence
of high externally applied water pressures in, for
example, deep water platform applications may have a
significant bearing on cables’ life in long terms applica-

Mean axial load
(MN)

39 mm OD strand

Maximum normal stress, p (N/mm?)

Contact patch between layers | and 2
~——— Contact patch between layers 3 and 4
Layer 1: outer layer

3000

Y L

100 200 300 400 500 600 700 300 900 1

i 1 1

Water depth (m)

Fig. 6. Variation of maximum normal trellis patch stresses with cable
tension and water depth
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tions. Moreover, individual wire failures are most likely
to occur near the sea-bed, with obvious practical inspec-
tion problems.

3.2 Torsional stiffness and hysteresis

Figure 7 shows the torque twist relation for the 39 mm
OD strand subjected to a mean axial load of 0.42 MN.
Even in the absence of hydrostatic pressure, the stiffness
of an axially pre-loaded cable subjected to repeated
(cyclic) torque perturbations has been shown (1) to be a
non-linear function of the applied load perturbations.
Two clear limiting cases can be established: for small
load perturbations superimposed on mean load, no
interwire slip occurs, while for large enough dis-
turbances, where fully developed slip takes place, inter-
wire friction becomes negligible compared to force
changes in the wires themselves. The theory is capable of
predicting these bounds and following the variation
between them. From Fig. 7 it is obvious that high exter-
nal water depths can significantly raise the level of tor-
sional stiffness of the cable. Significant variations in
torsional hysteresis with water depth is illustrated in Fig.
8.

The torsional stiffness and hysteresis of spiral strands
and electrical conductors are of practical interest in the
analysis of certain aero/hydrodynamic problems.

3.3 Axial stiffness and hysteresis

Figure 9 shows variations of the cable axial stiffness
(secant modulus) as a function of range of axial load to

0 = water depth (m)

Twist (10 -3 rad/m)
T

39 mm OD strand
Mean axial load = 0.42 MN
u=0.12

1 1 ! 1 1 1 ]
20 40 60 80 100 120 140

Torque in one half of the strand (N—m)
Fig. 7. Cable torque—twist relation for various water depths
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Fig. 8. Variation of strand torsional hysteresis with water depth
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Fig. 9. Variation of strand axial stiffness with water depth
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Fig. 10. Variation of strand axial hysteresis with water depth

the mean, for various water depths. Similar to the tor-
sional case, two limiting cases of no-slip and full-slip may
be identified. The theory is again capable of predicting
these bounds and follows variation between them.

Figure 10 shows the way in which the theoretical fully
bedded-in cable axial hysteresis may vary with water
depth. Increases in the level of external pressure appear
to lead to large variations in the magnitude of range to
mean axial load at which maximum structural damping
takes place. This may have a significant bearing on the
overall structural damping characteristics of the moored
system.

4 CONCLUSIONS

Some new developments of a model capable of analysing
realistic multi-layered strands are presented. An insight
is given into the effect of high external hydrostatic pres-
sure on sheathed cable axial/torsional stiffness, hyster-
esis, and fatigue behaviour.

Using an extended version of previously reported
orthotropic theory, it is shown that high external pres-
sures can significantly influence the pattern of interwire/
interlayer contact forces in sheathed cables.

The theory shows that, in general, external water pres-
sure on a sealed strand used, for example, in a guyed
tower platform application, will tend to suppress the slip-
page of wires in the cable by increasing the frictional
forces between them. This will, then, lead to significant
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variations in the predicted damping behaviour of the
cable under both the axial and torsional modes of
loading. The two limiting cases of no-slip and full-slip
axial tangent moduli are, for all practical purposes, inde-
pendent of the level of external pressure which, neverthe-
less, does influence the transition between the two limits.
Torsional stiffness is found to be very dependent on the
level of water depth for all ranges of twist.

Increasing levels of interwire/interlayer contact
stresses can have a marked effect on a sealed cable’s axial
and free bending fatigue life. In particular, results on a
realistic 39 mm strand demonstrate a substantial
increase in the magnitude of interlayer (trellis) contact
patch stresses with increasing levels of external hydro-
static pressure. Such substantial increases in a sealed
cable’s trellis contact patch stresses can lead to signifi-
cant reductions in cable fatigue life in long term applica-
tions. In particular, much attention must be paid to the
proper design of sea-bed terminations, taking such effects
into account,.
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