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ABSTRACT

A tﬁeory has been deﬁeloped to predict the static responée of é wire
rope with complex cross sections. The solution of the nonlinear equatioﬁs
of equilibrium are linearized and tﬁe results are applied to.a 6 x 19
Seale rope with an indepéndent wire rope core. The linearization permits
a considerable simplificétion inathevtheory so that the results can readily
be applied to other types of cross sections. Expressions are presented for
the stresses in.the'rope and the maximum tensile stress is also determined.
A load deformation curve of a Seale rope is obtained expefimentally and thé

results are compared with the theory.
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INTRODUCTION

Many investigations have apbeared receht;y to deﬁermine the'behavior of
thin rods subjected to various loads. The application of the evolved theories
to those problems associated ﬁith wire rope is discussed in a survey article
(2) wherein the interested reader han find many éppropfiate references. This
present work is an extension of the frlctionless theory, employed by Costello,
Phllllps and Miller (1,3,4,6), to wire ropes with complex cross sectlons.

In the research mentioned above, an exact solution to the nonlihear
equations of equilibripm of a thin helical rod is presented. The 301uti§n is
utilized to determine the true nonlinear behavior of a simple Wire strand
subjected to an axial fofce and an axial twisting moment. In this present
work, the solution is linearized and a theory is obtained which is wvalid for
most cases of practlcal 1nterest. Since the llnearlzation results in a
considerable simplification, the theory can be extended to ropes with complex

cross sections with relative ease.

ANALYSTS

Several of the equations presented below are dérived inb(l,3,4,6) and are
listed here again for completeness. Figure 1 shows the cross section of a
simple strand which consists of a straight center wire, of radius Rl’
surrounded by m, helical wires, of radius R2. ‘ih>is assumed that the
center wire is of sufficient size so as to prevent the m, outer wires from
touching each other. This is usually the case in wire rope design since this

tends to minimize the effect of friction.

If the m, wires, with the elliptical cross sections shown in Fig. 1,

were just touching each other, the radius T, of the helix of these m,

wires is given by the relation (3)




§%.= (1)
2
in which a, = the helix angle of'the outer wires. In the usual case
r, < Rl + R2 so that the outside wires are not touching each other. The
following expression is also valid
. ) | |
tan a, = Zrr, | o (2)

where P, = the pitch of the outer wires. A combination of Eq. 1 and 2
yields the helix radius; Ty s assuming that the outside wires are just
touching each other. 1If r, < Rl + Rz, as determined by'Eq, 1 and 2, then

the actual helical radius is given by

r, = R +R, 4 - (3)

Figure 2 shows the undeformed and deformed configuration of an outer wire.

An analysis of these configurations (4) yields

_ T - h _ sin o,
) g1 - h =@+ €2) sin oy -1 ) (4)
T T o -
_ 2 = _ 2 1 _ 1 y
and , B2 " h (92 - 62) - ?é a-+ gl) tan Eé tan a2 ()

in which gl = the axial strain of the strand and of course the center wire;
h = the original length of the strand; h = the final length of the strand;
EZ = the axial strain of the outer wires; a, = the original helix angle of

the outer wires; 'az = the final helix angle of the outer wires; 82 = the

rotational strain of the outer wires; r, = the original radius of the

helix of the outer wires; ;é = the final radius of the helix of the outer



wires; 92 = the original total angle the outer w1res sweep out in a plane
perpendicular to the axis of the strand and 62 = the final to;al angle the
outer wires sweep out in a plane perpendicular to the axis of the strand. The
angle of twist per unit length of the strand is (91 - 8)/h.

Let | ‘

Aaz =0y —a, << 1 o . | (6)

which is valid for most metalic strands. Hence, sin &é can be written as
sin a, = sin (qz +'Aa2)= sin Gy +-Aa2 cos a, (7)

where higher order terms are neglected. Equation 4 can now be expressed as

Aaz

tan o (8)

g, =&, +
1 2 z

where terms such as (Ez Aaé) are neglected in comparison to the linear terms.

Equation 5, after a similar procedure, becomes

B =_]::£ 1+€2“AG ._-—...lﬁ.» ' . (9)
2 r2 tan az 2 tan az

The radius r,, due to the Poisson's fpatio effect, is given by the expression
r, = Rl(l—-\>€l) + Rz(l -V Ez) ‘ v (10)

where v = Poisson's ratio of the wire material. Now rz/;é can be written as

N _ o By P RyEY) an
r2 Rl + R2 - v(ngl + Rzgz) R1 + R2
since gl and 52 are small compared to unity and hence Eq. 9 becoﬁes
v R
2 = (t]en+oz\)) g2 % -1 Ba, (12)
2 (Rl + Rz)ten a,



The change in curvature, Ax, of the outer wires is given by (1)

2 — 2
) cos o, cos a, 3
R, Ak = —= - '
2 1:2/R.2 ' 1”_2/R2
which when linearized becomes
o2
R2 'V“Rl cos a, . 2 A
R, AK==(R1*_R2) (R1'+R2) tan 1, - 2‘s;n a, cos a, Aaz-ky cos” a, &, | (14)

The angle of twist, per unit length, Ty of the outer wires is given by (1)

X o - sin a2’cos a, ) sin az'cos o, o :(15)
2 2 T,/R, rz“‘z o ,

which when linearized becomes_

1t 2
R2 Y Rl cos O‘Z] -
R2 T2='(—m 1-2 sin o, + ® TR | Aaz + v sin a, cos a, 52 - (16)
: 1 2 1 27 )
The following equations result after a linearization of the expressions in
(4)
R R cos2 a
H _ L 2 . 2 1 2 ; |
3T A+ (R RO 1-2 sin a,+v R TR - ’Aa2+\) sin a, cos a, 52
ER2 1 727 : 172
17)
' R v R 0032 o :
L .1 2 L — - 2 sin o, cos a,| Ao +vcosza £,1(18)
ER23 4 (R +R,) || (R +R,) tan ay - 2 2 2 2 °2
cosza sin o, cos a
N! 1 §
2" H3 r /R2 - = 3 rz/R : (19)
ER ER 2°72 ER 2°72
2 2 2
T
—5 =Tk, . (20)



X ] N sin “2,303 az T cos ,az (21)
Ry gg 2 ry/R, m> TRy ,«
2 2
F = FR, 2 sin o, + -1 '+ R.“E & '(22)
T My B 2 St e, 2 €08 O | TWRy B &y
ER ER : A
2 2
and
. LT : o T ]
M=m2 ER23 H3 sinoc2+-G3cosoc2+-—T-2—7R—2-cos ozz--—N——z—i-z—sin ozz
ER ER : ER 2 ER 2 :
2 2 2 2
T ERl4 ’82
TEaEw t, | (23)

where H = the axial twiéting moment in an outer wire; G' = the bending moment
in an outer wire; N' = the shearing force in an outer wire; X = the contact
force pef unit length acting on the outer wire; F = the total axial force
acting on the strand and M = the total axial twisting moment acting on the
strand.

In general, the total axial force and fhe total axial.momentlfor a rope

can be expressed as follows

AR = Kl e + K2 B 4 (24)
M R
and —3=Kje+K B (25)
ER ‘
where A =3I 7 R_i2 = the metalic cross sectional area of the rope; R = the

outside radius of the rope; Ri = the radius of an individual wire; € = the
axial strain of the rope; Kl’ K2’ K3, and K4 are constants; and B = the

rotational strain of the rope, defined by the equation

B=Rr1 (26)



where 1 1is the angle of twist per unit length of the rope. For example, in

=‘Q;'K3 = 0 and K4 =;ﬂ/4(l‘+V).

The value of the constants in Eq. 24 and 25 can be determined for the given

the case of a straight wire, K11= 1, K2
simple straight strand discusséd above. Let, for example, B =R T =0, and

£, = a given value. Since 62 = (ﬁl + Rz)'r= 0, Eq. 12 can be used to deter-
mine Aaz .- Equations 17, 18, 19, 20, 21, 22 and 23 yield H, G', N', T, X, F
and M. The axial strain of the strand .e = El is givehAby Eq.,8{ 'Since F, M,

€ and B are now known, Eq. 24 and 25 can be used to determine the coﬁstants

K1 and K3. A similar procedure,'where e =-0and B = a given value can‘be used
to determine K, and K.4 {‘ Let for example, m

2 2 1 2
0.028925 in., and p = 1.30 in. In this case the 6 outer wires do not touch each

= 6, R, = 0.03155 in., R

other. Hence r, = 0.060475 in. and a, = 73.7069°, Letting E = 30 x 106 psi

and v = 0.29 and for €, = 0.001 and B =0, the following results:

€ = 0.0011116, F = 558.616 and M = 7.60 in. 1b. and since R = 0.089% in.

2

and A =0.0189 in.”, K = 0.886 and Ky = 0.319. Also when ¢ = 0 and

0.001, B8 = 0.00555, F = 451.716 and M = 14.06 in. 1b. The value of

&y

K2 0.144 and K4 = 0.118.

It is interesting to note that, for B =0, a loéd of 358.6 1b. produces
a stress E e = 33,350 psi in the center wire. Since the equatiohs are linear
a load of, for example, 1000 1b. would produce a stress of 59,700 psi in the
center wire with 8 = 0, Also for the axial load of 558.6 1b. and 8 = 0,
the maximum tensile stress in the outer wires turns out to be 30,000 + 2,600 =
32,600 psi which is the sum of the stresses due to the axial load T and
the bending moment G' in the outér wires. This stress is less than the stress
in the center wire.

Consider now a rope, as shown in Fig. 3, which consists of a center straight

strand (strand 1) and another strand (strand 2) wrapped helically around the



center strand. In this case the previous theory can be extended to
investigate the response of suchva rope.

The bending stiffness of strand 2 will be approximated by a summation of
the bending stiffnesses of eacﬁ wire in the strand, i.e., treating the strand
as an assemblage of helical spring;. This is felt to be a reasonable assump-
tion since friction is neglected. Re;ent experimental investigations tend to
confirm this (5). Hence the bending stiffness AQ*, for strand 2; is given

by the expression (3)

3

* T ER44 ' sin a, T ER34
By =my —5— ) t 3 o (27)
: (2 + v cos a4)
where m, = the number of outer helical wires in strand 2; R4 = the wire
radius of the outer wires in'strand 2; R, = the center wire radius in strand

2; and a, = the helix angle of the outer wires in strand 2.

In the foregoing theory, for the solid wire -strands in strand 1, the
twisting moment and the axial force in the strand wires are defefmined from the
properties of a straight solid wire with an aﬁial strain &2 and an angle of
twist per unit length Ty, i.ey H=m ER24 T2/4(l +vVv) and T=n1 ER22 52 .
Thus if the cross section of the strand in a rope is like that shown in Fig. 1,
the values of €1, and Ty will be used to determine-the axial force and the

twisting moment in the curved strand (3).

Let the helix angle of strand 2 in the rope cross section, shown in Fig. 3,

be az*. As the rope is loaded this helix angle assumes the new value Eé*.
The angle of twist per unit length for strand 2 becomes
sin a, * cos E.* sin o * cos o *
Tz* - 2 — 2 2 _ 2 (28)
r

2 k)



where

. : o
r, =R +2R,+2R +Ry - (29)

and where, due to the Poisson's ratio effect,

o]
|

2 = Rl(l’— v gl) + 2 R2(1 -V gz) + 2 R4(l - v“ga) + Rj(l -V 53)

1

* . .
Ty = V(RE] F 2 RyEy + 2 RE, FRESD o - (30)

where 53 and 54 are the wire strains in wires 3 and 4. Again Eq. 28 can

be linearized.

The following equations can be written down

%
A az '
tan o g
2
* * ) 1+ 53 * 1
32=T1’2 = = *’Auz - x
r, tan a, tan o,
£ . (R\E, + 2 R.E. +2 R,E, + R.E.)
- 3 ——aa v 1°1 272 474 3°3 (32)
» 2 * *
tan o, r, . tan oy
. A u4
.3 = & ton oy (33)
R )
_ *_ (L +v) v 3 _
By = Ryt R 1y = oo 6t 2 i 8o, =
4 (R, + R,)tan” ¢
3 4 4
* *
(R3+-R4) 2 % * Vv sin a, cos ay .
—*‘—;-‘;;—— (1-2 sin 0L2 YA OLZ + r o (ngl+‘2 R2£2+2 R4€4+R3€3)
2 2

(34)
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The following procedure can now be used to determine the response of a
rope with the cross section showﬁ in Fig. 3. Choose a value of e and B,
which are the axial and rotational strain of the rope. Since ¢ = 3% and
B=RoT= (R1 + 2 R2 + 2 R3 + 4 Rﬁ)‘Bz/(Rl + RZ)’ Eq. 8‘and 12 ;an be used
to determine &, and A @, . Equations 31, 32, 33 and 34 can now be

' *
solved for €3, £4, A a, and A a, - ane €3 and 84 (Eq. 34) are known,

3 . ’ ) - %
the total axial force T and the total axial twisting moment H.  in strand
* :
2 can be determined. The bending moment in strand 2, G' , is given by the

expression

G'"=A, Ak, =A - : (35)

which agéin can be linearized. Equations similar to Eq. 22 and 23 can be
written down (3)‘for the total axial force and the total axial twisting
moment acting on the cross section shown in Fig. 3.

The preceeding theory can now be applied to a rope which for.example
consists of three strands. Figure 4 shows such a rope which is a 6 x 19

Seale wire rope with an independent wire rope core.

RESULTS
Consider a 6 x 19 Seale rope, with an IWRC (independent wire rope core),

having the following parameters: Rl = 0.03155 in., R2 = 0.028925 in.,

R3 = 0.027725 in., R4 = 0.025815 in., R5 = 0.05731 in., R6 = (0.02805 in.,
R7 = 0.049928 in., a, = 73.7069°, - a4‘= 81.0664°, ag = 77.7330°,

* % .
ay = 68.7688°, a, = 70.8302° and 4y = 70.2389°. The following results

from an application of the preceeding theory:
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% = 0.8864 ¢ + 0.1436 B o ‘

) . strand 1 = (36)
—3% = 0.3189 ¢ + 0.1182 B
ER
E = 0.9642 ¢ + 0.0853 g
AR | J | | ,
M strand 2 (37)
5= 0.1928 & + 0.0721 B
ER
£ = 0.8295 ¢ - 0.1765 g
AR |
M strand 3 © (38)
—3 =-0.4240 ¢ + 0.1480 B ‘
ER

The minus signs occur in Eq. 38 since strand 3 is left lay. When strand 1 and
2 are placed together to form the independent wire rope core the follow '

results:

% = 0.7984 ¢ + 0.1799 B

M strands 1 and 2 - (39)
—3 = 0.3092 ¢ + 0.0840 B

ER

It is instructive at this point to express the effective modulus of

elasticity Ee' as follows.

E = Kl E (40)

which is the modulus of elasticity of the rope whem B = 0 . 'Strand 1 has
an effective modulus of 0.8864 E and has a helix angle a, = 73.7069°,
while strand 2 has an effective modulus of 0.9642 E with a helix angle of
a, = 81.0664°. When strand 1 and 2 are placed together to form a rope the
effective modulus drops to 0.7984 E. When strands 1, 2 and 3 are placed

together to form the Seale rope the effective modulus becomes 0.704 E.
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If B =0 and ¢ = 0.0015 = g

1° the values of the wire strands are
El = 0.0015, 52 = 0.001349, 53 = 0.001297, £4 = 0.001240,
55 = 0.001286, g6 = 0.001196 and £7 = 0.00106

which is an indication of how the wires strains §ary in the Seale rope. The
total axial force on the Seale rope'assuming modules of elasticity of

30 x 106 with B =0 and e = 0.0015 is 25,040 1b. ‘and the total axial
twisting moment is 2,603 in. 1b. The axial stress in the center wire under
this loading is 45,000 psi. Again the results are linear. The axial rope

= 754 1b., F, = 3153 1b. and

1 2
F3 = 19133 1b., which means that strands 1, 2 and 3 take about 3.27, 13.68

loads, acting on strands 1, 2 and 3, are F

and 83.Q4 per cent respectively of the total axial load. Again this is for
a rope which is not allowed to rotateﬂ

A load deformation curve was obtained experimentally for a 1.306 in.
diameter 6 x 19 Seale IWRC wire rope on a 600,000 1b. testing machine.
The plot of the load as a function of the deformation is shown in Fig. 5. A
45 in. gage length was used and the total croés sectional area of the rope
o Riz) is 0.727 in2. The experimental effective modulus of the rope is
about 18,400,000 psi. while the preceeding theory predicts a effective modulus,

based on E = 29,000,000 psi., of about 0.7 x 29,000,000 = 20,300,000 psi.

SUMMARY AND CONCLUSIONS

A theory is developed that will predict the static response of a wire rope
with complex cross sections such as a 6 x 19 Séale IWRC. The theory consists
of linearizing a previous theory so that the results can be applied, with
relative ease, to ropes with complex cross sections. The results show that,

if the rope is not allowed to rotate, the maximum tensile stress occurs in the
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center wire. In a crude sense, the center wire is surrounded by helical springs.
The actual stress of courserdepénds upon both the axial load ‘and the axial
twisting moment. If the rope, for instance, were subjected only to an axial
twisting moment the maximum_ténsile stress would shift to another wire:
presumably the center wire of one(of the outer strands.

The theory indicates how the effective modulus of a rope decreases as addi-
tional strands are added. 1In the preseﬁt case, Ee = 0}886 E forrthe center
strand, Ee = 0.798 E for the independent wire rope and Ee = 0.704 E for a
Seale IWRC. |

In the case of no rotation, the center wire of the Seale rope experiences
the greatest tensile stress. If the rope however is bent over a sheare, the
maximum tensile stress, depending upon the radius of curvature of the sheave,
may shift to the center wire in one of the outer strands. This is because of
the larger wire’diameter of the center wire in the outer strand as compared
with the center wire in the rope.

The theory predicts an effective modulus larger than the exﬁerimentally
determined value (20,300,000 psi. as compared to 18,400,000 psi.). The
theoretically determined modulus is usually higher than the experimentally
determined one since contact deformation between the wires is neglected. Also
the theory assumes that plane sections in the rope remain.plane which is not the
case if the ends of the ropes are held in zinc sockets. This effect, howeﬁer,
would decrease with an increase in the length of the rope tested.

The coefficient Kl’ K2, K3 and K4 were determined for a 1.306 in.
diameter Seale IWRC. These values are however felt to be valid for any
diameter Seale IWRC since they are dimensionless and if tﬁe'diameter of the
rope were, for examﬁle reduced, a similar reduction would occur in all the

wire diameters and the various pitches of the wires in the rope.
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APPENDIX II - NOTATION

The following symbols are used in this paper:

G' =
¢'" =
H =
h, h =
K,
M =

™
Il

metalic cross sectional area of rope;
bending stiffness of iﬁitially curved strand 2;
modulus of elasticity;
effective modulus of elasticity;
resultant axial force acting on étrand;
bending moment in outer wire;
bending moment in strand 2;
axial twisting moment- in outér wire;
initial and finalvlength, respectively, of strand;
K3, K4 = rope constants;
éxial twisting moment acting on strand;
number of outer wires
shearing force in outer wire;
pitch of outer wires;
radius of rope
radius of center wire;
wire radius of outer wires;
= dinitial and final helix radius, respectively, of outer wires;
axial force in outer wire;
contact force per unit length in outer wire;

= initial and final helix angle, respectively, of outer wires;

ala

initial and final helix angle, repsectively, of strand 2;
rotational rope strain;

rotational strain of outer wires;
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rotational strain of strand 2;

change in helix éngle of 6uter wires;~
change in curvature of outer wires;
axial rope strain;

= initial and final angles, respectively, that the outer wires
sweep out in a plane perpendicular to the axis of the strand;

Poission's ratio

angle of twist per unit length of rope;

angle of twist per unit length of'outer wires;
strain in center wire

axial strain in outer wire
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