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� The beam FE model is very effective in terms of accuracy and computational efficiency.
� Using the beam FE model, a practical procedure for torque balance design is presented.
a r t i c l e i n f o

Article history:
Received 28 February 2016
Received in revised form 6 June 2017
Accepted 10 June 2017

Keywords:
Helically stranded cable
Finite element analysis
Beam finite elements
Beam modeling
Torque balance
a b s t r a c t

In this paper, a method for the effective modeling of helically stranded cables for which multiple beam
finite elements (FE) are used is presented, and a design procedure for the torque balance of the cables
using the beam FE model is proposed. Regarding the beam modeling, the wire-to-wire contacts and
the elastoplastic material behavior are considered. The proposed beam model is advantageous because
the accuracy of the corresponding numerical results is as good as that of the full solid FE model, while
the computational cost is significantly reduced. Using the beam FE model, the mechanical behavior of
helically stranded cables is analyzed under axial and transverse loadings. The numerical results are com-
pared with those of full solid FE models and available experimental results, where accuracy and compu-
tational cost are investigated. This paper also proposes a practical procedure for torque balance design of
helically stranded cables using the proposed beam FE model.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Cables and ropes that consist of helically stranded wires have
been used in a wide range of engineering applications, and the
understanding of their mechanical behavior is a very important
issue for cable designers and manufacturers; however, it is not
easy to formulate accurate predictions regarding the behavior of
these wires because of the corresponding complex geometry and
the internal contacts that exist between the individual wires.
While experimental tests are necessary for the attainment of
accurate predictions (see the previous works by Utting and Jones
[1–3]), laboratory experiments are typically very expensive and
difficult to conduct. The analytical or numerical modeling of cables,
if sufficiently accurate, can replace such costly tests, which are
carried out routinely by cable manufactures, and can lead to a
considerable cost reduction.

Several analytical models [4–10] that enable the prediction of
the mechanical behavior of cables and ropes under various loading
conditions are available. Although these analytical models are
simple and easy to use, the validity of these models is limited for
simple stranded cables under axial loading because of the difficulty
regarding the consideration of the complicated geometry, the
material, and the complex contact behavior among the individual
wires; in particular, wire-to-wire contact behavior is very
complicated.

The finite element analysis has been successfully used to pre-
dict the behavior of cables; in particular, full solid finite element
(FE) models have been developed for which the wire-to-wire con-
tact, the wire yielding, and various loading conditions are consid-
ered (see Refs. [11–17]). The predictive ability of the full solid FE
models regarding the complicated behavior of wires are far more
accurate than those of the analytical models; however, in terms
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of helically stranded cables, this kind of modeling is not trivial. All
of the individual wires must be precisely placed in the FE model
and must be in contact with each other without penetration to
avoid the emergence of numerical instabilities during a nonlinear
solution procedure; furthermore, to accurately capture the geome-
try of the wires and to model the complicated wire-to-wire contact
conditions, very fine meshes that can incur a considerable compu-
tational cost are required.

In the cable design phase, full solid FE models are quite often
the cause of a time delay that may result in losses of opportunity
and profit for a new cable product. To overcome this problem, ana-
lysts have come up with strategies such as the use of coarse mesh,
or even an adjustment of the element size; however, these strate-
gies can be very labor intensive and do not always work, and this
could be why the full solid FE model for analysis of helically
stranded cables is a very good solution but has a limitation in
applying it to cable design. Overcoming this limitation is a major
interest of cable designers and manufacturers. The cable designers
require a tool that is reasonably accurate and simple to use; this is
especially important during the preliminary design stage of a new
cable system. This outstanding need is the motivation of this work.

In this study, we propose a beam FE model for a computation-
ally efficient prediction of the mechanical behavior of helically
stranded cables whereby complicated contacts and the elastoplas-
tic behavior of wires are included; here, the wires are modeled
using beam finite elements, and the wire-to-wire contacts are
modeled using beam-to-beam contacts. Compared to the solid FE
models, the degrees of freedom (DOFs) are significantly reduced,
but the resulting predictive capability is as good as those of the
solid FE models; furthermore, a large modeling effort is saved
because the beam FE model is very effective in terms of both accu-
racy and computational cost.

The torque balance design of cables is very important for the
prevention or minimization of an undesirable twist, which is due
to the coupling between the stretching and the twisting when
cables are axially loaded with tension. The torque balance design
generally requires a large number of torque analyses, and these
must be performed accurately during the preliminary design stage.
The solid FE models are proper in terms of accuracy, but the com-
putational costs are too high; indeed, the solid models have not
been used for the torque balance design of cables in engineering
practice, where the use of the beam FE models can be a practical
solution. In this paper, a design procedure for the achievement of
the torque balance of helically stranded cables is suggested,
whereby the proposed beam FE model is used.

This paper is organized as follows: The basic background theory
of helically stranded cables under axial loading is introduced in
Section 2; the FE models for the prediction of the mechanical
behavior of the cables are presented in Section 3; in Section 4,
the computational cost are investigated, and the accuracies of the
FE models are verified through a comparison of the numerical
results to the analytical and experimental results; a procedure
for the torque balance design of the cables is proposed in Section 5;
and the conclusions are given in Section 6.
2. Basic background theory

In this section, the equations regarding an understanding of
basic cable mechanics under axial loading are provided, and these
are also used for the comparison with numerical results.

In helically stranded cables, the kinematics of axial stretching
and twisting are coupled together, and twisting can therefore occur
under a pure axial loading; in such a case, it can be assumed that
all of the wires in a given layer carry exactly the same loads. Global
cable kinematics are designated by the cable axial strain e and the
cable twist rate dh=h (twist per unit length). The linear elastic
response is governed by the following equation:

FT

MT

� �
¼ Kee

Khe

�
Keh

Khh

� e
dh=h

� �
; ð1Þ

where FT and MT are cable axial force and cable torsion, respec-
tively, and in the stiffness matrix components, the subscripts e
and h denote axial stretch and twisting, respectively.

Fig. 1(a)–(c) shows the geometry of a single-layer helically-
stranded cable and the developed geometry of a helical wire.

The axial strain and shear strain of the cable are given by the
following equation:

e ¼ dh
h
; c ¼ r

dh
h

� �
tana; ð2Þ

where h is cable length, rc is core radius, rw is wire radius, r is wire
centerline radius ðrc þ rwÞ, c is shear strain, h is twist angle (rad),
and a is helix angle. It is assumed that the axial strain is constant
in both the core and the wires, and that the shear strain is constant
in the wires. The shear strain is not induced in the core due to the
axial loading.

In Fig. 1(c), the following relations can be established:

h ¼ l sina; rh ¼ l cosa; ð3Þ
where l is the length of the helical wire in the developed geometry.

It is assumed that the core is rigid radially, the deformation is
small, the material is linear elastic and isotropic, and the slips
between the wires are ignored. The axial strain of the helical wire
ew is then obtained by the following equation:

ew ¼ dl
l
¼ e sin2 aþ c cos2 a: ð4Þ

The equilibrium equations for the resultant forces and moments
can be derived for a general twisted and bent rod [5]. As shown in
Fig. 1(d), s is the arc length along the wire, and Fx, Fy, and Fz are the
forces acting on the wire in the x, y, and z directions, respectively.
Mx and My are the bending moments about the x axis and y axis,
respectively, and Mz is the twisting moment acting on the wire.
jx and jy are the curvatures in the x and y directions, respectively,
and s is the twist per unit length.

Assuming that there is no curvature in the x direction, the
changes of the curvature Djy and the twist Ds can be calculated
by the following equations, respectively:

Djy ¼ � sin 2a
da
r

� �
¼ � sin 2a sina cosaðe� cÞ; ð5Þ

Ds ¼ d
sina cosa

r

� �
¼ cos 2a sina cosaðe� cÞ; ð6Þ

and the final curvature jy and twist s with their initial values jy0

and s0 are given by

jy ¼ jy0 þ Dj ¼ cos2 a
r

� sin 2a sina cosaðe� cÞ; ð7Þ

s ¼ s0 þ Ds ¼ sina cosa
r

þ cos 2a sina cosaðe� cÞ: ð8Þ

From the equilibrium equations,My, Mz, Fy and Fz can be simply
expressed as the following formulas:

My ¼ EIDjy; Mz ¼ GJDs; Fy ¼ Mzjy �Mys; Fz ¼ EAew; ð9Þ
where E is the Young’s modulus of the wire, I is the moment of iner-
tia of the helical wire cross section, J is the polar moment of inertia
of the helical wire cross section, and A is the cross sectional area of
the helical wire.



Fig. 1. Geometry of a helically-stranded cable (1 layer, 1 + 6 structure). (a) Cable geometry, (b) Cross section A-A, (c) Developed geometry of the helical wire, (d) Forces and
moments on a helical wire.
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The resultant external force of cable FT and the moment MT can
be obtained from the following equations, where the core
deformation is additionally considered:

FT ¼ mðFz sinaþ Fy cosaÞ þ EcAc; ð10Þ

MT ¼ mðMz sinaþMy cosaþ Fzr cosa� Fyr sinaÞ þ GcJc; ð11Þ
where m is the total number of wires, and Ec , Ac , Gc , and Jc are the
Young’s modulus, area, shear modulus, and polar moment of inertia
of the core cross section, respectively.

Considering the effects of tension, bending, and twist, Costello
[5] derived the following stiffness components:

Kee ¼m EAsin3aþGJcos2acos4asina
r2

þEIsin2acos3asin2a
r2

" #
þEcAc;

ð12aÞ

Keh ¼m EArsin2acosa�GJcos2acos3asin2a
r

�EIsin2acos2asin3a
r

" #
;

ð12bÞ
Khe ¼m EArsin2acosaþGJcos2asin4acosa
r

�EIsin2acos2asinað1þ sin2aÞ
r

" #
;

ð12cÞ
Khh ¼m EAr2 sinacos2a�GJcos2asin5aþEIsin2acosasin2að1þ sin2aÞ
h i

þGcJc:

ð12dÞ

It is important to note that the derived analytical equations in
Eq. (12) can be used for only the linear elastic range.
3. Finite element models

Three different FE models were studied to simulate the
mechanical behavior of helically stranded cable. We first consid-
ered a model for which 8-node, solid finite elements were used,
and which has typically been used in most of the previous works.
In this study, a beammodel for which 2-node beam finite elements
was used and a mixed FE model that consists of solid and beam
finite elements were both developed.
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In this section, the three FE models are explained in detail
through the modeling of a straight 7-wire helically stranded cable
comprising a central wire that is surrounded by six symmetrical
helical wires, as shown in Fig. 1(a); the geometric and material
properties (bilinear elastoplastic) are given in Table 1. The consid-
ered cable length for modeling is twice the pitch length.

In the FE analysis model, one end-section of the cable is fully
clamped. At the other end, the nodes corresponding to wires and
core are rigidly linked using rigid link elements connected to a
master node located at the cross-section center. Loads are applied
at the master node and then conveyed to the whole section. There-
fore, the end effects can be greatly reduced.

The boundary and loading conditions are presented in Fig. 2
(a) and (b). The left end is clamped and the right end is subjected
to a force; like the experimental tests, both ends are then
restrained against twist for the FE analyses [1,2]. The boundary
conditions at the left end are given as

ux ¼ uy ¼ uz ¼ hx ¼ hy ¼ hz ¼ 0: ð13Þ
Two cases of loading are considered at the right end: axial load-

ing and transverse loading with pre-tension. As shown in Fig. 2(a),
the loading and boundary conditions at the right end for axial load-
ing are

FT ¼ 120kN; ux ¼ uy ¼ 0; uz – 0; hx ¼ hy ¼ hz ¼ 0: ð14Þ
In the case of transverse loading (FB) with pre-tension (FT), as

shown in Fig. 2(b), the loading and boundary conditions at the
right end are

FB ¼ 7kN; FT ¼ 10; 20; 30kN; ux ¼ uy ¼ 0; uz – 0; hx ¼ hy

¼ hz ¼ 0: ð15Þ
Notably, three different pre-tensions, 10kN, 20kN, and 30kN,

are considered.
At this point, it is important to understand the two types of

physical contact that exist in helically stranded cables. First, line-
to-line contacts that occur during deformation exist between the
adjacent parallel wires within the same layer. The second type of
contact occurs when the two wires of adjacent layers cross at an
oblique angle, producing a point-to-point contact. Both types of
contact should be properly modeled to perform the contact condi-
tions accurately; furthermore, the elastoplastic material behavior
needs to be considered for accurate modeling.

In this study, the cable geometry was constructed using the
commercial modeling software CATIA [18], and the commercial
FE software MSC Marc [19] was used for the meshing and the finite
element analysis.

3.1. Full solid finite element model

For the full solid FE model, CATIA was used to obtain the core
geometry through a linear z-axis extrusion, and the core was dis-
cretized by the 8-node solid elements. Each wire was generated
through the extrusion of its cross-section along the helix that cor-
responds to the centroid line of the wire. Each wire (six in the outer
layer) was then separately constructed in the same manner and
positioned around the core, as shown in Fig. 3(a). To accurately
Table 1
Geometric and material properties of the 7-wire helically-stranded cable where RHL deno

Layer
No.

No. of
wires

Helical direction &
angle

Wire diameter
[mm]

Pitch length
[mm]

Core 1 – 3.94 –
1 6 RHL, 72.97� 3.72 78.67
capture the radial contact between the individual wires, a rela-
tively large number (28 elements in this study) of solid elements
were used on the circumference direction to form a fine mesh in
the wire cross-section, as shown in Fig. 3(a).

To obtain a proper FE model with both desired accuracy and
computational efficiency, we performed convergence studies to
investigate the number of pitches to be modeled (model length)
and mesh refinements required along the cable length considering
the cable under axial loading. In this study, the equivalent stress
(Von-Mises stress) at the core center and the maximum equivalent
stress at core were investigated in the half length of the model.
Note that the maximum stress occurs at contact points between
the core and wires, due to both axial stress and transverse contact
stress, as shown in Fig. 4(a). The axial load applied was 100kN. In
Fig. 4(b) and (c), it is observed that the model length of at least
two pitches is required and that the number of elements required
per pitch length is more than 60.

Based on the convergence studies, we used 96,556 solid ele-
ments, 114,368 nodes, and 343,104 DOFs (Degree of Freedoms).
Extra care was taken to ensure that all six of the outer wires were
just in contact with the core. By using the Coulomb friction model
with a friction coefficient of 0.115, the friction-contact conditions
were established between the wires and between the wires and
the core.
3.2. Beam finite element model

The cable was modeled using multiple 2-node Timoshenko
beam finite elements [20–24] that are positioned along the center-
line of the core and each wire, as shown in Fig. 3(b). The cross sec-
tional area is pr2c for the core and pr2w for each wire. The moment of
inertia is pr4c =4 for the core and pr4w=4 for each wire.

To construct a proper beam FE model, we also performed simi-
lar convergence studies to investigate the model length and the
mesh refinement along the cable length. Equivalent stress at core
center in the half length of the cable was considered, as shown
in Fig. 5(a). Fig. 5(b) and (c) shows that the minimummodel length
is two pitches and at least 40 elements per pitch length are
required.

The total numbers of beam elements, nodes, and DOFs were
1099, 1106, and 6636, respectively. Only 1.93% of the DOFs of
the full solid FE model were used.

In this model, it is believed that the beam-to-beam contacts
simulate the behavior of the core-wire contact and the wire-wire
contact. In the beam-to-beam contact, the contact is detected using
the following penetration function:

g ¼ d� ra � rb þ e 6 0; ð16Þ

where d is the minimum distance between the beams, ra and rb are
the radii of the beams (denoted by a and b, respectively), and e is the
change of the beams that is due to the cross-sectional deformation,
as shown in Fig. 6. During the contact-iteration procedure, the con-
tact points between the beam elements can change if the elements
slide with respect to each other; furthermore, the points in contact
can move from one element to another. During such sliding, the cor-
responding friction should be taken into account.
tes ‘‘right hand lay” (see Fig. 1(a)).

Young’s modulus
[GPa]

Plastic modulus
[GPa]

Yield strength
[GPa]

Poisson’s
ratio

188 24.60 1.54 0.3
188 24.60 1.54 0.3



Fig. 2. Boundary and loading conditions for the 7-wire helically-stranded cable. (a) Axial load case (FT: Axial load), (b) Transverse load case (FB: transverse load, FT: pre-
tension).

(b)

(a) 

(c) 

8-node solid element

solid node

2-node beam element
beam node

solid element beam element

Fig. 3. Three FE models for the 7-wire helically-stranded cable. (a) Full solid FE model, (b) Beam FE model, (c) Mixed FE model (solid elements + beam elements).
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3.3. Mixed finite element model

Compared with a full solid FE model, a beam FE model is very
effective in reducing computational cost; however, the advantage
of the former is the attainment of detailed values such as local
stress and the starting point of the yield in the individual wires.
Since yield generally starts from the core, a mixed FE model
wherein the solid elements were used to model the core and the
beam elements were used to model the surrounding wires was
considered for this paper, as shown in Fig. 3(c); then, the advan-
tages of both the solid FE and beam FE models can be obtained.
Of course, in this model, the contact between the solid elements
and the beam elements should be considered. In this model, the
numbers of the solid and beam elements were 11,932 and 942,
respectively, and the number of DOFs was 48,825.
4. Results and discussion

Considering the two loading cases for the 7-wire helically
stranded cable, axial loading and transverse loading, the entire
analysis procedure is static. In the axial loading analysis (Fig. 2
(a)), axial stretch and twisting occur, and the numerical results
were compared to the analytical and experimental results [1,5].
The transverse loading analysis (Fig. 2(b)) was performed to pre-
dict the transverse behavior under different pre-tension levels.
4.1. Axial loading analysis

Fig. 7 presents the axial load-axial strain curves that were
obtained from the use of the three different FE models, and the
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curves were compared to the experimental and analytical results
[1,5]. The predicted results of all of the models are in sound agree-
ment with the experimental results, while the numerical results
are compatible with the analytical results in the linear-elastic
range.

Because the twist is constrained at both ends of the cable, reac-
tion torques occur at the ends during the axial loading. Fig. 8 shows
the axial load-torque curves up to an axial load of 90kN. The results
of the beam FE model closely agree with the experimental results.
Notably, unlike the beam FE model, it is not easy to calculate the
torque of the solid FE and mixed FE models, as the post-
processing that is required is quite complicated.

Fig. 9 shows the equivalent stress (Von-Mises stress) contours
that were obtained with the use of the three FE models when
e = 0.019. All of the wires already yielded (rY = 1540 MPa) and
are in the strain-hardening stage.

The core is subjected to both axial stress and transverse contact
stress that are induced by the continuous pressing of the helical
wires onto the core under the diametrical contraction of the heli-
cally stranded wires; therefore, the maximum stress occurs in
the core under axial loading and, compared to other wires, the core
is reached first at the yield stress and the ultimate stress. The outer
wires bear less stress than the core because of an unwinding, and
this causes an early yielding in the core. The stress plots
show the trend of the stress distributions under axial loading, help-
ing the cable designer find the stress-intensity locations.

4.2. Transverse-loading analysis

One end is clamped and the other is subjected to a transverse
load with pre-tension. The following three different pre-tensions
are considered: 10kN, 20kN, and 30kN. The transverse loading is
applied up to 7kN.

Fig. 10 shows the transverse load-transverse displacement
curves, whereby similar results are obtained with all three of the
FE models. Fig. 11 illustrates the Von-Mises stress contours of each
FE model at a 20kN pre-tension. The stress concentration is located
at the end areas, and all three FE models show similar levels of
stress.

4.3. Influence of friction coefficients

In this study, Coulomb friction model was used with a friction
coefficient of 0.115, which was experimentally obtained [25]. This
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value was also used in the numerical models proposed in Refs.
[14,17]. It is well known that the range of the coefficient is from
0.1 to 0.4 [17,25]. We here verify the influence of the friction coef-
ficient considering five different values, 0.0, 0.05, 0.115, 0.2, and 0.4
in the solid FE model. The axial and transverse loading conditions
were considered in the parametric study.

Fig. 12(a) and (c) shows that the global responses under both
axial and transverse loads are almost the same regardless of fric-
tion coefficients. This observation indicates that the influence of
friction coefficients on the global behavior of the cable is small.
Fig. 12(b) and (d) shows that, as the friction coefficient increases,
the equivalent stresses at core center and the maximum stress
decrease. However, the decrease is not large within the range of
friction coefficients from 0.1 to 0.4.
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4.4. Remarks on computational cost and accuracy

The required computational time for the analysis of the 7-wire
helically stranded cable in both loading cases was measured. A per-
sonal computer (Intel Xeon� CPU E5-1620 V3 @3.5 GHz Dual Core
Processor, RAM 32 GB) was used to perform all of the
computations.

The full solid FE model requires approximately 6 h and 4 h for
the axial loading and transverse loading cases, respectively, while
the beam FE model only requires approximately 17 min and
19 min, respectively. Table 2 shows the computational time
required for each model.

Considering the geometry modeling and the mesh generation,
the cost of the solid FE model is significantly greater than that of
the beam FE model. Computational efficiency is a very important
factor for designers in cable industries; therefore, the beam FE
Fig. 9. Von-Mises stress contours obtained from the three FE models when axial st
model is a very effective for the prediction of the mechanical
behavior of helically-stranded cables in terms of computational
efficiency.

We then compared equivalent stresses calculated using three FE
models for a 7-wire helically stranded cable. The equivalent stress
at core center and the maximum equivalent stress at core were
investigated in the half length of the model as shown in Fig. 4(a).
The stresses were obtained at 100kN axial load and 7kN transverse
load with pre-tension of 10kN.

Table 3 shows the stresses calculated using three FE models.
The levels of stress are similar but, as expected, the stresses calcu-
lated using the solid model are larger than those obtained using
other models. The results indicate that the beam FE model is useful
for predicting the global behaviors of cables, but the solid and
mixed FE models are appropriate for investigating the local behav-
iors of cables such as stress concentrations, local yielding stress,
and detailed contact stress.

While the solid FE model shows detailed local-stress distribu-
tions, the advantage of the beam FE model is a high cost-
efficiency, and the mixed FE model shows detailed stress distribu-
tions in the core with reasonable cost-efficiency. Therefore, cable
designers need to choose an FE model appropriate for the purpose
of the design.
5. Torque balance design of helically stranded cables

During axial loading, the helical wires, which render the cable
flexible, induce a twisting of the stranded cable that can be unde-
sirable in several ways. Cable twisting may loosen some wires and
tighten others depending on the helix directions, so that some of
the layers will be stressed at higher levels and the breaking
strength of the cable could be considerably reduced. Long cables
that are restrained from twisting may develop a large induced tor-
que, whereby slight relaxations of the cable tension (momentary
slack cable) can result in hockling (looping) due to the correspond-
ing instability.

To prevent undesirable cable twisting, external torque needs to
be applied; however, a more favorable solution is the prevention or
minimization of such twisting behavior by properly designing the
(b)

(a)

(c)

rain e = 0.019. (a) Full solid FE model, (b) Beam FE model, (c) Mixed FE model.
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cable layer composition. It is possible to find the ‘‘torque balance
design” that is a suitable geometry between the adjoining layers
of a multilayered stranded cable that yields no twisting and no tor-
que. For torque balance design, dh=h ¼ 0 and MT ¼ 0 in Eq. (1) and
thus Khe in Eqs. (1) and (12c) are equal to zero. Our goal is to find a
layer composition and geometry that result in Khe ¼ 0.

For torque balance design, there are available several analytical
models [26–30], in which dimensionless parameters are adopted.
However, such analytical models are only useful for designing
cables with relatively simple geometry. In this study, the use of
(

(

(

Fig. 11. Von-Mises stress contours obtained from three FE models when pre-tension = 20
FE model.
the beam FE model is proposed for the torque balance design.
The beam FE model can be used for a design of cable with a com-
plicated geometry, while the desirable accuracy and a computa-
tional efficiency are also achieved. Of course, full solid FE model
can be used for torque balance design, but their practical use is
limited due to the excessive computational cost. In the following
sections, a design procedure for which the beam FE model is used
is explained through demonstrations of the torque balance designs
of two layer and three layer cables.
5.1. Two layer cable

To create the torque balance condition in a two layer cable, as
shown in Fig. 13, the torque of layer 1 should be equal and in the
opposite direction to that of layer 2. Here, the helix angles of both
layers are defined as the design parameters; that is, the helix
angles need to be determined for the torque balance, while the
other properties (the geometric and material properties of the
cable, and the boundary conditions including the contacts) are
fixed. This methodology has been widely and effectively used in
common cable design practices.

A two-layer cable consists of 19 helically stranded wires (1 + 6
+ 12). Fig. 13 shows the geometric and boundary conditions, Fig. 14
shows the beam FE model for the prediction of the torque, and
Table 4 presents the geometric and material properties of the
cable. Coulomb friction model with a friction coefficient of 0.115
was used in this model.

Fig. 15 shows the axial load-axial strain curves that were
obtained through the use of the beam FE model, the experiments
[3], and the analytical model [10]. During the investigation of the
loads that correspond to the axial strain of 0.003, the observed
response of the beam FE model is much closer than that of the ana-
lytical model to the experimental results. The differences from the
b)

c)

a)

kN and transverse load = 7kN. (a) Full solid FE model, (b) Beam FE model, (c) Mixed
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Table 2
Computational time required for analyses of the 7-wire helically stranded cable where three different FE models are used.

FE model Number of elements Number of DOFs Computational time [sec]

Axial load Transverse load

Solid model 96,556 [100%] 343,104 [100%] 21,450 [100%] 13,445 [100%]
Beam model 1099 [1.1%] 6636 [1.9%] 999 [4.7%] 1121 [8.3%]
Mixed model 12,874 [13.3%] 48,825 [14.2%] 3193 [14.9%] 1745 [13.0%]

Table 3
Equivalent stresses calculated using three FE models.

FE model Center point [MPa] Maximum point [MPa]

Axial load [100kN] Transverse load [7kN] Axial load [100kN] Transverse load [7kN]

Solid model 1431 162 1434 860
Beam model 1428 159 1428 851
Mixed model 1431 161 1433 858
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Fig. 13. Geometry of the two-layer cable (1 + 6 + 12 structure). a1: helix angle of layer 1, a2: helix angle of layer 2.

(a)

(b)

Fig. 14. Beam FE model of the two layer cable (a) Core and layer 1, (b) Layer 2.

Table 4
Geometric and material properties of the two layer cable.

Layer No. No. of wires Helical direction & angle [a] Wire diameter [mm] Pitch length [mm] Model length [mm] Young’s modulus [GPa] Poisson’s ratio

Core 1 – 3.66 – 334.56 198 0.3
1 6 RHL, 75.37� 3.33 84.11 334.56 198 0.3
2 12 RHL, 75.9� 3.33 167.28 334.56 198 0.3
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experimental results are 20% and 5.7% for the analytical model and
the beam FE model, respectively. Fig. 16 shows that the axial load-
torque curves of the cable are also well predicted through the use
of the beam FE model, whereby the cable produces a net torque of
140 N-m at a working load of 120kN; that is, the torque in this
cable is not balanced.

Regarding torque balance design, a consideration of the stress
limit and the flexural rigidity, in addition to the torque balance,
is also very important; that is, the design stress limit should always
be satisfied. A lower flexural rigidity allows for a more effective
cable handling capability; therefore, the torque balance condition
and design stress limit should be satisfied together, and the flexu-
ral rigidity needs to be minimized.

In a two layer cable, the helix angles a1 and a2 for layer 1 and
layer 2, respectively, are the design parameters.

The torque balance design can be accomplished by using the
following design procedure:

� (Step 1) First, the helix angles are selected. Practically, a limit of
the helical angle a1 needs to be considered, because the wire
has the maximum permissible value of the helical-wire area
in the layer. The cross sections of the helical wires are perpen-
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dicular and are of an elliptical shape. The total surface area of
these cross sections depends on the helical angle and the wire
diameter of the layer. For a given wire diameter, the minimum
helical angles are limited to make the closest fit between the
helical wires and to maximize the surface area of the cross sec-
tions; therefore, the range of a1 is approximately from 70� to
90�. Within this range, six a1 values (72.5�, 75�, 77.5�, 80�,
82.5�, and 85� right-hand lay (RHL)) are selected for the torque
balance design; similarly, in the range from 70� to 90�, five a2

values (72.5�, 75�, 80�, 85�, and 90� left-hand lay (LHL)) are
selected. Note that the angles a1 and a2 are in opposite
directions.

� (Step 2) For the selected a2 and a1 values, torque analyses are
performed using the beam FE model. The a2-torque relation
curve for every a1 value is then plotted to find the zero-
torque points, as shown in Fig. 17. Using the six points, the tor-
que balance curve (the relation between a1 and a2) is plotted, as
shown in Fig. 20.
� (Step 3) The maximum equivalent stress (Von-Mises stress) at
the zero torque points is computed using the beam FE model
and the equivalent-stress curve is also plotted, as shown in
Fig. 20. Note that the maximum equivalent stress is generally
found in the core because the core is subjected to both axial
stress and transverse contact stress induced by the helical wires
continuously pressing on the core.

� (Step 4) Flexural rigidity is a very important factor when han-
dling cable in cable industries, especially in the installation
stage. To compute the flexural rigidity, bending analyses are
performed using the beam model shown in Fig. 18. Several tip
moments with no pre-tension are applied at the right end of
the cable; then, we can fit the centerline of the deformed cable
with a circle fitting. The curvature of the bend radius q can be
calculated through this analysis. The curves of flexural
rigidity-curvature for cables with different helical angle pairs
(at zero torque points) are shown in Fig. 19. It is well known
that, although the flexural rigidity and curvature relation is
nonlinear, a smaller helical angle pair generally produces less
flexural rigidity in the entire range of the curvature [5,31,32].
Based on these results, the flexural rigidity curve for the bend
radius of 0.6 m (cable drum size) is plotted at zero torque
points, as shown in Fig. 20.

� (Step 5) On the equivalent-stress curve, Point ① that corre-
sponds to the design stress limit (924 MPa), which is defined
as 60% of the yield strength (1540 MPa) of the wire, is found.
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To satisfy the design stress limit, the value of a1 should be larger
than 78.85�, as shown in Fig. 20. In the range of a1, the mini-
mum flexural rigidity is obtained at a1 = 78.85�, as shown in
Point ② of Fig. 20. The torque balance point is finally deter-
mined at Point ③, whereby a1 = 78.85� and a2 = 87.41�, satisfy-
ing the design stress limit and minimizing the flexural rigidity.

This proposed design procedure for which the beam FE model is
used is practically very useful for the torque balance design of
helically-stranded cables. Fig. 21 summarizes the flowchart of the
design procedure.

5.2. Three layer cable

We performed the torque balance design of a three layer cable
with 37 wires (1 + 6 + 12 + 18), and its geometry and boundary
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conditions are shown in Fig. 22. Coulomb friction model with a
friction coefficient of 0.115 was used in this model. Fig. 23 shows
the beam FE model that is used, and the geometric and material
properties are given in Table 5. To achieve the torque balance for
the three-layer cable, the sum of the torques that are induced in
the three layers should be equal to zero, as follows:

ðKheÞlayer 1 þ ðKheÞlayer 2 þ ðKheÞlayer 3 ¼ 0: ð17Þ
Fig. 24 shows the axial load-axial strain curves that were

obtained with the use of the beam FE model, the experiments,
and the analytical model. The beam FE model is capable of a sound
prediction of the experimental results [33].
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Fig. 22. Geometry of the three layer cable (1 + 6 + 12 + 18 structure). a1: helix angle of layer 1, a2: helix angle of layer 2, a3: helix angle of layer 3.
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Fig. 23. Beam FE model of the three layer cable (a) Core and layer 1, (b) Layer 2, (c) Layer 3.

Table 5
Geometric and material properties of the three-layer cable where RHL and LHL denote ‘‘right-hand lay” and ‘‘left-hand lay,” respectively.

Layer No. No. of wires Helical direction and angle [a] Wire diameter [mm] Pitch length [mm] Young’s modulus [GPa] Poisson’s ratio

Core 1 – 1.09 – 190 0.3
1 6 RHL, 79.23� 1.00 34.52 190 0.3
2 12 LHL, 79.23� 1.00 67.55 190 0.3
3 18 RHL, 79.23� 1.00 100.58 190 0.3
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By using a design procedure that is similar to that which
has been presented for the two layer cable, the torque balance
points that satisfy the design stress limit and minimize the flex-
ural rigidity can be determined for the three layer cable
model.
First, six a1 values (72.5�, 75�, 77.5�, 80�, 82.5�, and 85� RHL), six
a2 values (72.5�, 75�, 77.5�, 80�, 82.5�, and 85� LHL), and five a3 val-
ues (72.5�, 75�, 80�, 85�, and 90� RHL) are selected for the torque
balance design. The directions of the three helix angles are defined
in Fig. 22(a).
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For the selected a1, a2, and a3 values, 180 cases (six a1 �
six a2 � five a3) of the torque analyses were performed using the
beam FE model. The a3 torque-relation curves are plotted for all
of a1 and a2 values and the zero-torque points were found.
Fig. 25 shows the a3-torque relation curves for the a2 values when
a1 = 85�; similarly, for the other a1 values (72.5�, 75�, 77.5�, 80�,
and 82.5�), the curves are plotted and the torque balance points
were found. Fig. 26 shows the curves of the flexural rigidity-
curvature for the three layer cable with different helix angle pairs
(at zero torque points) when a1 = 85�. It also shows that a smaller
helix angle pair produces less flexural rigidity over the entire range
of curvature.

Using the obtained torque balance points, the torque balance
curves (the relations among a1, a2, and a3) are plotted, as shown
in Fig. 27. On the equivalent stress curves that are also plotted,
0 0.002 0.004 0.006 0.008
Axial Strain

0

10

20

30

40

A
xi

al
 L

oa
d 

[k
N

]

Experiment
Analytical model
Beam model

Fig. 24. Axial load-axial strain curves of the three layer cable.

Torque balance line & 
points (Torque=0) from 
beam model analysis

72 76 80 84 88
Layer 3 [α3, RHL]

-4

0

4

8

12

T
or

qu
e 

[N
-m

]

α2 =85
α2 =82.5
α2 =80
α2 =77.5
α2 =75
α2 =72.5

Fig. 25. Torque balance line and points (torque = 0) when a1 = 85�; red dots: torque
balance points. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

0 1 2 3 4 5
Curvature [m-1]

Bend radius : 0.6 [m]

Fig. 26. Curves of the flexural rigidity-curvature of the three layer cable with
different helical angle pairs (at zero torque points) when a1 = 85�.

72 76 80 84 88

Layer 2 [α2, LHL]

82

84

86

88

90
La

ye
r 

3 
[α

3, 
R

H
L]

600

800

1000

1200

1400

1600

1800

E
qu

iv
al

en
t S

tr
es

s [
M

Pa
]

Design stress limit

α1=72.5
α1=75
α1=77.5
α1=80
α1=82.5
α1=85

α1=72.5

α1=75

α1=77.5

α1=80

α1=82.5

α1=85

A

B

Fig. 27. Determination of the torque balance point; A: torque balance curves, B:
equivalent stress curves, red dots: torque balance points that satisfy the design
stress limit. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
the design-stress limit (924 MPa) can be reached for three a1

values (80�, 82.5�, and 85�), and the corresponding points in the
torque balance curves are point ①, point ②, and point ③. The flex-
ural rigidity obtained at the three points, ①, ②, and ③, are
0.360 N-m2, 0.361 N-m2, and 0.362 N-m2, respectively, and point
① provides the minimum flexural rigidity among the three points.
The torque balance design is finalized at a1 = 85�, a2 = 80.1�, and
a3 = 86.28�.

Based on the design procedure proposed in this study, multilay-
ered helically-stranded cables that comprise four or more layers
can be practically designed for torque balance.

Finally, we note that in engineering practice, two and three-
layer cables have been most widely used and the proposed design
procedure is demonstrated for such cases. However, as the number
of cable layers increases, the design procedure could become very
complicated. Refs. [34,35] suggest a torque balanced arrangement
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of high axial stiffness for the cable design, using an analytical
model derived from parametric study and the structural optimiza-
tion method, for up to five layers. This may be a good solution for
the design of multilayer cables, and the beam FE model proposed
in this paper could be used as an analysis tool for it.

Here, for a more practical approach to perform the torque bal-
ance design of multilayer cables, it may be a better method to
determine only two helical angles, an�1 and an, for n layer cables
using the beam FE model. For an example, in a five layer cable,
the helical angles of the first, second, and third layers (with alter-
nating opposite directions) could be determined within a practi-
cally reasonable range, and then a4 and a5 could be determined
using the torque balance design procedure suggested (as presented
in Fig. 21). It is not a perfect solution for the design of multilayer
cables, but this may be a good practical solution useful in cable
industries.

6. Conclusion

To predict the mechanical behavior of helically stranded cables,
a beam FE model was proposed in this paper. The results that were
obtained with the use of three different FE models (solid FE model,
beam FE model and mixed FE model) were compared with those of
an analytical model and experiments, where the accuracy and
computational cost were also investigated. The solutions produced
by the FE models were closer to the experimental results than
those produced by the analytical model; in particular, the beam
FE model accurately predicted global behavior of the cable as the
solid FE model did. The computational cost of the beam FE model,
however, was significantly less than that of the solid FE model. For
this reason, the beam FE model can be a cost-effective solution for
the design of helically stranded cables. Since many FE analyses
must be performed during the preliminary design stage, the impor-
tance of the effectiveness of the beam FE model is heightened.

A procedure for the torque balance design whereby the beam FE
model is used to design a non-rotating helically stranded cable was
also proposed. In the proposed torque balance design, the helix
angles are first changed using the beam FE model for the perfor-
mance of a number of torque analyses; simultaneously, the stress
and flexural rigidity are calculated, followed by the plotting of
the torque balance, equivalent stress, and flexural rigidity curves.
Lastly, the helix angles of each of the layers that satisfy the design
stress limit and the torque balance are determined, and the flexural
rigidity is minimized. The proposed design procedure provides an
appropriate and rational choice regarding the initial structural
parameters for the preliminary stage of the design of helically
stranded cables. It is likely that the impact of the findings of this
paper will be significant for cable industries.
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