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Abstract

Generic helical strand cables are used in many engineering applications including overhead lines, suspension
bridges and subsea mooring lines. Accurate failure prediction of these cables requires detailed assessment
of the stress concentrations at wire contact points. Finite element models of helical strands typically
discretise wires into 3D solid elements. However, generating a suitably refined mesh capable of capturing
stress concentrations leads to impractically large models. This paper proposes a submodelling procedure as
a computationally efficient method to examine stress concentrations at wire contact points. A global model
is developed first where computational homogenisation is employed to exploit the geometric periodicity of
helical strands. A local finite element model of the critical contact region is subsequently constructed to
determine the contact stresses. The submodel indicates stress concentrations are an order of magnitude
larger than nominal wire axial stresses.
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1 Introduction

Helical strand cables are constructed of a central wire on which several layers of wires are helically
wound, see Fig. 1(a). They are used in various engineering applications due to their high ratio
of axial to flexural stiffness. Failure prediction of these cables relies on examining stress concen-
trations at wire contact points. Constructing finite element models of helical strands capable of
capturing this behaviour is very challenging due to complex geometries, contact non-linearities
and boundary conditions. In [1], the axial and cyclic symmetry of a two-layer strand was utilised
to reduce the computational domain to three individual wires through kinematic boundary con-
ditions. Stress concentrations can be captured accurately, however the boundary conditions are
only valid for axial loading. Computational homogenisation of periodic beam-like structures has
been employed by several authors to analyse cables. This method allows the behaviour of an long,
slender beam-like structure with axial periodicity to be characterised by considering one period
length and analysed using the finite element method. In [2], constraint equations were derived
for the implementation of homogenisation of periodic beams by the finite element method. These
were successfully applied to analyse a single layered helical strand under global tensile strain and
torsional strain. The implementation was further extended to multilayered strands under com-
bined tensile strain and curvature [3]. However, using a mesh suitably refined to capture stress
concentrations leads to impractically large models. The main objective of the present work is to
develop an efficient submodelling approach, to be used in tandem with computational homogeni-
sation, to investigate the stress state at contact points in a helical strand under axisymmetric
loading. The established finite element software ABAQUS 2021 will be used here.

2 Numerical Model

The strand considered in this work consists of two layers of nj helical wires, having radius rj ,
wound onto a central core wire having radius rc. A helical wire i in layer j is defined by Equations
(1)-(3):
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Figure 1: (a) Strand geometry of length L corresponding to half the outer layer helix period, (b)
single strand period in homogenised microscopic coordinate system, (c) strand cross section with
contact force transmission directions indicated, (d) line contact type, (e) trellis contact type. Note
parts (d)-(e) adapted from [3].
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where αj is the lay angle as illustrated in Fig. 1(b), Rj is the layer radius, l is the strand length
and t ∈ [0, 1]. Equation (4) defines the period of each layer. As the homogenised geometry is
being considered here, the period of each layer must be equal such that l = lj = lj+1 = ... = lm
for m layers.

Under tensile loading, helical wires contract radially inducing inter-wire contact forces.
Depending on the geometry of the cable, these forces may be resolved through inter-layer force
transmission, termed radial contact, or intra-layer force transmission, termed circumferential con-
tact, see Fig. 1(c). Circumferential contact forces are transferred between adjacent wires inducing
line contact, see Fig. 1(d). Whereas, radial forces are transferred between crossing wires inducing
trellis contact points, see Fig. 1(e), which will be the focus of the submodel in this study.

Figure 2(a) shows the mesh used for the global model with the axial stress contour plotted.
This is generated by creating a 2D mesh on the planar projection of a given helical wire geometry
in the plane (~y1, ~y2), then extruding this along the helical path defined in Equations (1)-(3). Figure
2(b) shows the mesh used for the submodel with the Von Mises stress contour plotted. This is
generated by sweeping a 2D mesh of the wire cross section along the same helical path. The cable
chosen has the following geometric properties: n1 = 6, n2 = 12, r1 = r2 = 2.590 mm, rc = 2.675
mm, α1 = −8.246°, α2 = 8.180°. The models have the following material properties: E = 210
GPa, ν = 0.3 and µ = 0.3. While the global model possesses material and geometric linearity, the
submodel accounts for geometric and material non-linearity, having additional material properties:
plastic hardening modulus Ep = 24.6 MPa and yield stress σy = 1540 MPa where a bilinear
isotropic strain hardening model is used with a Von Mises stress criterion. Within the cable both
normal and tangential contact forces are present at wire interfaces. Since the global model contains
many individual wire contact interactions the node-to-surface contact discretization is chosen for
its fast computation time. For the submodel, where contact occurs only between 2 individual
wires, the more accurate surface-to-surface discretization is chosen. For both models, the linear
penalty algorithm is chosen for contact resolution since no additional degrees of freedom are added
to the system matrix, thereby minimising computation time.

In the present finite element model, the homogenisation method is implemented in the
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Figure 2: (a) Global model mesh with results for axial stress (Pa), (b) submodel with results for
Von Mises stress (Pa), (c) close-up view of contact point and (d) refined mesh at the contact point.

form of linear constraint equations. These relate degrees of freedom between sets of opposing
nodes on the cable boundaries, denoted ∂Y + and ∂Y −. In the derivation of the constraint equa-
tions, laid out in [2], the helical strand is considered as a slender 3D structure with geometric
heterogeneities repeating periodically along the ~x3 axis. Two geometric parameters describing the
periodicity are first defined (i) the ratio of the axial period l to the cable length L and (ii) the
cable slenderness. These two parameters are assumed to be equal and denoted ε ≈ l

L ≈
d
L for

a cable diameter d. A microscopic scale is then introduced such that ~yi = ~xi/ε. The derivation
is based on the asymptotic expansion method. This comprises searching for the displacement
solution to the initial 3D problem in the form of an expansion in increasing powers of ε [3]. The
macroscopic 3D problem is deconstructed into a series of microscopic 3D problems posed on the
strand axial period. The macroscopic structure is treated as a lower order 1D Navier-Euler-
Bernoulli-Saint-Venant beam problem. The homogenised behaviour is described in Equation (5):
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where N,M1,M2,M3 are the macroscopic axial force, bending moments and torsional moments,
respectively. The terms EE , EF1 , EF1 , ET represent the 1D macroscopic extension, curvatures
about the ~y1, ~y2 axes and the angle of twist about the ~y3 axis. The matrix

[
ahom

]
contains

the 16 homogenised stiffness terms obtained from the solution of the microscopic problem. The
constraint equations derived by [2] used here are given in Equations (6)-(8) where U+

k and U−
k

represent the degrees of freedom, k = 1, 2, 3, of pairs of opposing nodes on the boundaries ∂Y +

and ∂Y −, respectively. A highly refined mesh, shown in Figure 2(d) is used to capture the stress
concentration at the contact region. The submodel analysis is driven entirely from the nodal
displacements obtained from the global model. Global model nodal displacements are interpolated
onto the submodel nodes at the common boundaries. For each wire in the submodel, the nodes
on each of the three cross sections act as driven nodes where global model nodal displacements
will be interpolated. In the present analysis, a tensile strain of EE = 0.1% is applied to the global
model.

3 Submodelling Results

Figure 2(b)-(c) show the stress concentration at the trellis contact point. A smooth distribution
of stress radiating from the contact point is shown. This result is only possible due to highly
refined mesh used in the submodel. Notably, the nominal wire axial stress is approximately
an order of magnitude lower than the peak stress concentration. Figure 3(a) shows the Von
Mises stress varying through the radial contact line for both the submodel and global model. An
as expected stress distribution is shown for the submodel which approaches the contact point
exponentially and peaks just before contact. Local yielding occurs at the very tip of the stress
concentration, which may lead to some stress redistribution at the contact point. The global
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model stress concentration, although similar in magnitude, uses the stress extrapolated from the
integration points to the contacting nodes. Since the contact constraint is applied at a single
node, the contact pressure calculation is unreliable. This leads to inaccurate stresses which highly
depend on the contacting node locations. Figure 3(b) shows the maximum Von Mises stress seen in
both the global and submodel. For both models, the difference between the stress calculated at the
integration point and stress extrapolated to the contacting nodes is presented. The submodel shows
much larger stresses throughout the application of the macroscopic extension. As macroscopic
extension increases, a large deviation is shown between the two calculated stresses for the global
model. This indicates the potential error in the extrapolation of integration point stresses to the
contacting nodes.
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Figure 3: (a) Von Mises stress distribution through the radial contact line and (b) Maximum Von
Mises stress seen in the model

4 Conclusions

The proposed submodelling method has the potential to provide an efficient way to increase the
accuracy of helical strand cable modelling. Contact between the coarse meshes used in typical
FE models may provide unreliable resutls. The use of submodelling shows the stress state at
trellis contact points in helical strand cables may be a factor of 2 higher than previous modelling
methods proposed in [3] suggest. The computational homogenisation technique implemented here
is effective in reducing the computational domain. However, this method is limited to cables with
common periods between layers.
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