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Mechanical analysis of a type of wire rope subjected to tension
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aCollege of Civil Engineering and Architecture, Zhejiang University, Hangzhou, People’s Republic of China; bDepartment of Maritime and Transport
Technology, Delft University of Technology, Delft, Netherlands

ABSTRACT
Wire ropes are widely observed in many industries such as marine engineering and civil engineering, as a
type of structure that can bear huge axial force. There are various kinds of wire ropes in practical
engineering, corresponding to different usage scenarios. This paper focuses on 6 × 36SW + 1WR with a
diameter of 16 mm. The axial mechanical properties of the wire rope are investigated by experimental,
theoretical, and numerical methods. The stress–strain curve and ultimate strength of the steel wire rope
obtained in the test are compared with the corresponding results from the finite element simulation. The
comparison demonstrates the accuracy and reliability of the finite element model. In addition, a series of
parametric studies are conducted to investigate the influence of pitch length and friction coefficient, etc.
The purpose of this paper is to propose an accurate and efficient finite element model for the
mechanical analysis of wire ropes.
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1. Introduction

Steel wire rope is used in many projects, such as elevators, suspen-
sion bridges, ships, and ocean mooring engineering (Costello 1997;
Feyrer 2015). The research shows that steel wire rope has a great
ability to bear axial force and deformation with high stability. In
addition, the steel wire rope is different from other structures,
such as steel bars. The steel wire rope is composed of several
elements. Generally, the core and strands are composed of multiple
thin ropes, and then the strand rope is wound around the core
(Figure 1), which provides the advantage of not breaking suddenly.
Therefore, they can fulfil the task despite breaking one component
or more. This is very important to ensure that the wire rope is tough
and, in a sense, it is tolerable to take the form of broken wires or
strands (Asmaa et al. 2014; Mouradi et al. 2018). The mechanical
properties of ropes vary with different diameters, and tests are
often conducted to compare (Utting and Jones 1985; Boroška
et al. 2014; Jong 2015).

In the past decades, to characterise the mechanical behaviour of
in-service steel wire rope, researchers have accurately simulated the
complex geometric structure of spiral steel wire rope strands and
ropes, developed geometric parameter equations, and further
achieved geometric modelling, which can generate the geometry
model of single-layer or multi-layer ropes and multi-strand ropes
(Xiang et al. 2015; Orzłowska 2018). These existing geometric
models fully consider the single helix structure of the single wire
in the stranded strand and the double helix structure of the single
wire in the wound strand. The mathematical expression of the
single helix and double helix adopts the form of a parameter
equation with variable input parameters to determine the centre
lines of right or left strands and the centre lines of langs or regular
structures of any round steel wire rope. Researchers (Stanova et al.
2011a) derived the specific form of the parameter equation. Then by
comparing the experimental data with the theoretical data, the
three-dimensional geometric model of multi-layer strands and the
finite element analysis results are verified. The obtained results
confirm the correctness of the derived parameter equation and
the importance of the established finite element model in math-
ematics and physics (Stanova et al. 2011b).

To monitor the evolution of wire rope damage and reliably
determine the service conditions, an experimental study was con-
ducted to track the evolution process of 19 × 7 damage of non-
rotating wire rope, and determine its different stages and the critical
life fraction indicating the sudden failure of wire rope (Mouradi
et al. 2018). The researchers established an analytical model to esti-
mate the reliability and damage of steel wire rope from the
reliability of steel wire rope components. In addition, the influence
of friction effect on the mechanical behaviour of layered spiral
structure wire rope (typical 7 × 7) was conducted. The internal
forces of ropes with friction, such as tension and torque, were com-
pared with those without friction. The results show that the internal
force of the rope with friction is generally more significant than that
of the rope without friction (Gnanavel et al. 2010; Argatov 2011; Liu
et al. 2019).

From the current research, most of the papers do not study 6 ×
36SW + IWR wire rope by experiment, theory, and numerical
simulation. In addition, most of the studies only considered par-
ameters such as the surface wear of steel wire rope, yet many
other factors were not considered. Therefore, based on the rich
experience of experiment and finite element simulation, this
paper conducts an investigation, theory, and numerical simulation
for specific steel wire rope to obtain the axial mechanical properties.
The stress–strain curve and ultimate strength of the steel wire rope
obtained in the test are compared with the corresponding results of
the finite element simulation. The comparison results prove the
accuracy and reliability of the finite element model. Then a series
of parametric studies were carried out to study the effects of pitch
length, friction coefficient, and structure. Finally, an accurate and
efficient finite element model is proposed for the mechanical analy-
sis of steel wire rope.

2. Experiment

2.1. Dimensions and properties

The experimental samples are 16 mm diameter 6 × 36SW + IWR
steel wire rope with a metallic core and crossed to the right (Figure
2). The helix structure of the wires and the strands is a vital
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characteristic of wire rope, as will be explained in detail later. The
two main reasons this helix structure is used are an increase in
bending flexibility and creating bundle coherence. This does, how-
ever come at the cost of axial strength and axial stiffness. With such
a character, this rope is rugged and widely used in industry, mainly
for lifting applications. It is spiral wound by 6 strands around a
straight steel wire. The parameters were obtained with the uncoiling
steel wire rope. The sample #1 is shown in Figure 3. The studied
wire rope’s main geometric and mechanical properties are shown
in Table 1.

As mentioned earlier, our study aims to analyse the axial mechan-
ical properties of 36SW+ IWR wire rope. Therefore, the final five
results are analysed and compared through the breaking tensile
test of 5 steel wire ropes. The test samples are prepared with a length
of 800 mm. The terminal connects a sample’s end to the machine jaw
to prevent sliding between the assembly lines or machine jaws. This
operation also allows the specimen to be fixed so that the load is
applied as axially as possible. WE-60 hydraulic universal material
testing machine (Figure 4(a)) is used for static tensile test, and
2 mm/min of deformation corresponding to displacement is applied.
The temperature is 20°C, and the humidity is 62%. The computer
allows digital determination of the force and displacement during
the experiment before fracturing. Figure 4(b) shows the assembly
used for the tensile test. In addition, YYU-10/50 electronic extens-
ometer (Figure 4(c)) is used to measure the sample, with a nominal
accuracy of 0.001 mm. Four same positions are marked on five steel
wire ropes. The diameter, lay angle, and lay length at each position
are measured. The average value of each parameter is taken as the
final result. Table 2 represents the final primary data.

2.2. Experiment results

Five steel wire ropes are tested. When the deformation reaches
5 mm, the extensometer is withdrawn. The yield load and breaking
load of each steel wire rope are recorded. Before each steel wire rope
is tested, the clamping position of the clamp is not exactly the same,
so the gauge extension is different, and the error is controlled by
5%. The elastic modulus and elongation of each steel wire rope
can be calculated by computer. The damage to each steel wire
rope is also recorded. The steel wire ropes after the test are
shown in Figure 5. Table 3 shows the corresponding test results
of five steel wire ropes.

The section of each steel wire rope is calculated by weighing
method, and the corresponding yield strength and tensile strength
are calculated according to the stress formula. At the same time, the
strain measured by the extensometer before deformation of 5 mm is
calculated by formula (2.1), and the strain after deformation of
5 mm is calculated by formula (2.2). Finally, a curve is made
according to the obtained stress strain.

1 = D

500
(1)

1 = 1%+ u− u1%
L1

(2)

Where 1 is the strain, D is the deformation determined by the
extensometer, u is the deformation, u1% is the deformation when
D = 5 mm, and L1 is the Gauge elongation. All Stress–Strain curves
are obtained through the following process:

(1) Sorting out the recording data of 5 ropes in the experiment,
including load, deformation, and deformation determined by
extensometer.

(2) Using formulas 2.1 and 2.2 to calculate the strain.

Figure 1. Components of wire rope.

Figure 2. Right lay.

Figure 3. Experimental sample #1.

Table 1. Main features of the experimental rope.

Geometric and mechanical properties Data
Diameter (mm) D = 16mm
Construction 6 × 36SW + IWR
Nature and direction of the wiring Ordinary lay on the right

Right wiring in the inner layer
Left wiring in the outer layer

Core nature Metallic
The surface quality of the wires Galvanized steel
Minimum breaking strength 189kN
Mass per unit length (kg/m) 1.004 kg/m
Young modulus of the wire (MPa) E = 105,000MPa
Poisson’s ratio v = 0.25

2 Y. MA ET AL.



(3) Obtaining the stress at different strains with the equation: s =
P/A, in which s refers to stress, P refers to load, and A refers to
the cross-sectional area of the rope. According to the actual
diameter determination of core and wire, A is calculated out
106.37mm2, 104.06mm2, 105.24 mm2 when lay angle equals
to 17°, 19°, 18°respectively.

(4) All samples have almost 300–400 data points, with the premise
that ignoring useless points. The stress–strain curve can be
drawn using these points, which are enough to ensure accuracy.

It is true that the stress is not zero under the condition of no
strain, and this phenomenon does not conform to the mechanical
laws. After investigating, the reason why this happened is that

there existed a low load before the experiment started. Therefore,
to eliminate the error, data points which include the deformation
less than 0.1 mm are filtered out. Stress–strain curves are plotted
in a graph, see Figure 6.

It can be seen that there exists an inflexion point when strain
reaches 1%, which reflects that a total different formula is used to
calculate strain as deformation exceeds 5 mm. Also It can be
found that 5 ropes have similar maximum stress after the ultimate
strain occurs. Different shapes and colours represent different ropes
and an average curve after fitting is drawn in order to make com-
parison with 5 curves of 5 ropes and a curve obtained from
simulation.

3. Theoretical analysis

3.1. Basic assumption

The theory of this paper is based on the assumption that each wire
is represented as a supported beam, and the entire section is
described as an independent beam (Jong 2015).

(1) Each wire behaves as a Euler-Bernoulli beam. This is the basis
of the thin rod model.

Figure 4. (a) Experimental machine. (b) Tensile experiment. (c) Electronic extensometer.

Table 2. Basic information of ropes.

Sample
Diameter
(mm)

Total length
(mm)

Valid length
(mm)

Lay angle
(°)

Lay length
(mm)

#1 15.9 800 600 73 111
#2 16.4 801 602 71 110
#3 16.6 797 600 71 111
#4 16.5 803 596 72 111
#5 16.6 798 599 73 111

Figure 5. Damage condition of 5 samples: (a)∼(e) respectively sample#1∼#5.

SHIPS AND OFFSHORE STRUCTURES 3



(2) The behaviour of the material is bilinear with some plastic
deformation. Plastic deformation needs to be considered to
simulate the failure of metal wires.

(3) There is no contact between wires in the same layer.
(4) Ignore the ellipse of the rope.
(5) According to Feyrer theory (Feyrer 2015), the change of laying

angle has little effect on bending stress.
(6) According to (Papailiou 1995), the friction behaviour is

bilinear.
(7) No friction after reaching the transitional curvature.
(8) Elastoplastic constitutive model is adopted, using fracture fail-

ure defined by the flexible damage model

4.1. Calculation formula

When a steel wire rope is tensioned for the first time, all the steel
wire ropes are slightly sunken, and the steel wire rope bears a
large extension with a deficient force. This highly nonlinear
effect is usually eliminated by applying pressure to the rope before
actual use. Once the rope sinks and tightens again, the central line
will bear the maximum tension. The single line and double helix
will expand less than the centre line because they are at an angle
with the centre of mass, so there will be lower stress than the
centre wire rope. This means the central wire is the first to
yield and the last to fail in the axially loaded wire rope. The
axial stress of straight-strand steel wire can be calculated accord-
ing to formula 3.1.

st = cos2akEk∑
i cos

3aiEiAi
F (3)

For the whole wire rope, the expression is extended to for-
mula 3.2.

st = cos2akEk∑
i (cos

3ai)
∑

ij (cos
3aij)EijAij

F (4)

st is the stress in a wire parallel to the wire,ais the lay angle of the
wire or strand respectively, F is the external axial force, E is the
modulus of elasticity, and A is the cross-sectional area of a wire;
Subscript k refers to a specific wire, subscript l refers to a specific
strand, subscript i refers to all wires in a layer, subscript j refers
to all strands in a wire rope.

A table is listed including all calculated stress of 5 ropes by using
two theoretical formulas, with breaking tensile load 189kN (see
Table 4).

It can be found that the maximum calculated tensile stress
occurs in the centre wire of core and the minimum calculated ten-
sile stress occurs in the strand wire of strands. Also the phenom-
enon that the stress in the strand wire of core equals to the stress
in the centre wire of strands suits to the theory in this article. More-
over, with increasing lay angle, the stress has bigger maximum ten-
sile stress, which draws forth the parametric study on lay angle.

For the wire rope with Poisson’s coefficient of 0.3, the lateral
shrinkage has little effect on the internal stress of the wire rope.
The pressure difference is 2% to 3%. For other materials, such as
fibre rope core, it can lead to more significant differences.

5. Finite element simulation

The finite element simulation of wire rope is very complex,
especially for multi-strand wire rope. The model in this paper is
directly established in ABAQUS, with a length of 150 mm and a
lay length of 110 mm. This paper assumes that the elastic modulus
of metal wire material is E = 105,000 MPa and the density is ρ =
5000 kg/m3, Poisson’s ratio v = 0.25. The wire is made of uniform,
isotropic and linear elastic material. Only the elastic region of
multi-layer chain behaviour is considered. The finite element type
is designated as solids. Each node has 3 degrees of freedom. To
reduce integration, the mesh generation is controlled by an hour-
glass. Hourglass mode is a non-physical zero energy deformation
mode that generates zero strain and stress. The mesh for each
line is generated independently. The element type used for model-
ling is C3D8R, a hexahedral reduced integral element of 8 nodes.
For reduced integral element, it needs to be divided into fine
grids to overcome the hourglass problem. Allowing for the calculat-
ing accuracy and efficiency of solution, the grid size of this model is
determined as 1mm, and the local picture of grid in detail is taken as
Figure 7.

The type of surface-to-surface contact is defined as between the
surfaces of a single adjacent wire. The general contact algorithm in
ABAQUS/explicit is used for contact, and the contact pair is auto-
matically generated. The created normal behaviour contact attri-
bute is hard to contact, and penetration behaviour is not allowed
between contact pairs. The tangent behaviour contact attribute is

Table 3. Test results.

Sample

Yield
strength
(kN)

Tensile
strength
(kN)

Gauge
elongation

(mm)

Elastic
module
(105 MPa)

Damage
condition

#1 142.1 186.6 623 1.075 Intermediate
failure

#2 133.0 184.0 602 1.075 Upper-end
failure

#3 147.5 182.8 600 1.135 Lower end
failure

#4 146.6 183.7 590 1.015 Lower end
failure

#5 140.2 184.3 595 1.110 Lower end
failure

Figure 6. Stress–strain curve of 5 wire ropes.

Table 4. Calculated maximum tensile stress of 5 ropes.

Sample
Tensile

strength (kN)
Lay

angle (°)

Core (MPa) Strands (MPa)

Centre
wire

Strand
wire

Centre
wire

Strand
wire

#1 186.6 17 1912.59 1829.02 1371.77 1311.83
#2 184.0 19 1970.43 1863.08 1397.31 1321.19
#3 182.8 19 1957.58 1850.93 1388.2 1312.72
#4 183.7 18 1923.34 1829.2 1371.9 1304.75
#5 184.3 17 1889.02 1806.48 1354.86 1295.66

4 Y. MA ET AL.



friction contact based on the penalty friction formula, and the fric-
tion coefficient is a fixed value set to 0.2.

Set the sections at both ends of the wire rope as a set, and con-
centrate them at the centre point to set constraints (Figure 8(a)). All
numerical analyses of the axial behaviour of the chain are carried
out with one end clamped (displacement disabled) and the other
end applied with a force (longitudinal axial displacement). Axial
force can be used to both ends of the cable, preventing rotation
or rotating freely. Because the laboratory test is carried out under
the condition of a fixed end, the axial rotation of the end of the
steel strand is restrained in the numerical study. Shrinkage of the
steel wire section (and strand section) is considered. According to
the given boundary conditions, the nodes’ degrees of freedom at
both ends of the steel strand finite element model are determined.
The boundary conditions of clamped end strands are shown in
Figure 8(b). Then, apply a load with a displacement of 20 mm to
the end whose displacement is not limited.

Through simulation, it can be observed that the wire rope breaks
at the upper part of the middle part (Figure 9(a)), which is very

close to the actual failure situation. Also, the distribution of the ten-
sile stress of the rope is corresponding to the theory.

6. Comparison and discussion

In the beginning, the rope has a process of tension, which creates
some unnecessary data points for simulation. The material model
of wire rope simulates the damage characteristics of materials
after entering the plastic stage through the ductile damage model.
After considering the damage effect, the strength and stiffness of
the damaged part of the material both show a downward trend
until failure, which can simulate the process of tensile fracture of
steel wire.

Therefore, the state when the rope starts to stretch elastically is
regarded as the initial state, and the data points before this initial
state are all omitted. The stress–strain curve comparison between
the test and the finite element steel wire rope (Figure 10) can be
obtained. It can be seen that two curves fitted well, with the error
about 4%.

Figure 7. Grid model.

Figure 8. (a) Boundary conditions of clamped end strands. (b) Cross-section of rope.
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When testing the straight wire rope, it was found that the break-
ing load was slightly higher than the MBL given by the manufac-
turer. This seems reasonable because the manufacturer may
include some additional safety measures to ensure that accidents
do not occur. Not all wire ropes fail at the socket. The resin connec-
tion between the wire rope and the socket is stronger than the wire
rope itself. At about 90% of the breaking load, the sound of wire
breaking can be heard. No wire is broken, indicating that the
wire inside the wire rope is broken. This matches with the general
steel wire rope theory. The wire with a single helix or smaller helix
angle is the first to break. Once the core fails, the rest of the wire
rope will fail almost instantaneously. Redistribution between
wires of outer strands is not possible. This is consistent with the
small plastic deformation capacity of the material.

7. Parametric studies

Many parameters affect the mechanical properties of steel wire
rope. It is of great engineering significance to study the parameters
of steel wire rope. It can observe the changes of mechanical proper-
ties under different parameters and consider the cost, service life,
and other factors to optimise the design. The effects of various par-
ameters (pitch length and friction coefficient) on the tensile mech-
anical properties of steel wire rope are analysed by FEM.

7.1. Pitch length

With the increase of lay distance, the breaking force of steel wire
rope is increasing as a whole; When the lay distance is less than
90 mm, the breaking force of steel wire rope increases greatly,
and the fluctuation range is large; When the lay distance is 90-
130 mm, the breaking force of steel wire rope increases slightly,
and the fluctuation range is small; When the lay distance exceeds
130 mm, the breaking force of the steel wire rope tends to increase,
and the fluctuation range is large. The larger the lay distance, the
greater the breaking force, and the larger the fluctuation range of
the breaking force, which indicates that the mechanical property
stability of the steel wire rope is poor. This is because the strength
loss during the deformation of the steel wire during the twisting
process is slight, and the corresponding breaking force is more pro-
minent, but the looseness and fatigue resistance of the steel wire
rope will be poor. The larger the lay distance, the smaller the
twist deformation of the single wire in the twisting process of the
steel wire rope, and the greater the elastic resilience. If this elastic
resilience is not eliminated, the fatigue resistance of the steel wire
rope will be reduced, and the service life will be shortened. There-
fore, the lay distance should not be too large.

The lay distance greatly influences the comprehensive properties
of the steel wire rope, and themechanical properties play a significant
role in the stability of the overall structure of the steel wire rope. The
lay distance should not be too large or too small. A suitable small lay
distance can reduce the bending stress of steel wire rope during fati-
gue tests and meet the requirements of mechanical properties.

7.2. Friction coefficient

In axially loaded ropes, the effect of friction is considered to be
minor, especially when the outer cable is not in contact. In this
case, the cross-section of the strand can be rotated about an axis pas-
sing through the centreline of the cable. In the case of a rope with a
fibre core, the section cannot rotate freely about an axis passing

Figure 9. (a)Distribution of the tensile stress of the rope and breaking. (b) Distribution of tensile stress of the rope in cross-section.

Figure 10. Comparison between experiment and FEM.

Table 5. Comparison of different lay length and friction coefficient.

Lay length Friction coefficient Yield strength (kN) Tensile strength (kN)
70 0.2 100.0 140.6
90 114.6 168.5
110 141.2 189.7
130 144.6 199.0
150 140.8 210.9
110 0.1 141.2 186.6

0.15 141.2 188.5
0.2 141.2 189.7
0.25 141.2 190.5
0.3 141.2 191.0

6 Y. MA ET AL.



through the centreline of the rope, so friction has some effect. In the
process of bending and stretching of steel wire rope with indepen-
dent steel wire rope core, similarly, since the steel wire rope core
tends to prevent the contact between strands, the outer strand
tends to only contactwith independent steel wire rope, and its behav-
iour is a bit like a simple strand. It can be observed that the change in
friction coefficient has little influence on breaking tensile force.

The total load due to bending is considered to be small compared
to the case of axial loading. Themaximum force generated by friction
is related to the axial force in the steel wire rope. As the spiral struc-
ture stretches, it grabs the lower layers and creates forces in the radial
direction between them. A more clear comparison is demonstrated
in Table 5 and Figure 11, which demonstrates the data support.

8. Conclusions

In this paper, the mechanical behaviour of steel wire rope under
tension is studied by experiment, theory, and finite element
method. The prototype test with five samples has been verified by
analysis and finite element method. The theoretical approach is
used to calculate to understand the mechanical properties of the
rope as a whole. The above three methods are mutually verified
and have good accuracy and reliability.

The lay distance greatly influences the comprehensive properties
of the steel wire rope, and the mechanical properties play a vital role
in the stability of the overall structure of the steel wire rope. The lay
distance should not be too large or too small. A suitable small lay
distance can reduce the bending stress of steel wire rope during fati-
gue tests and meet the requirements of mechanical properties.

In axially loaded ropes, the effect of friction is considered to be
minor, especially when the outer cable is not in contact. In this case,
the cross-section of the strand can be rotated about an axis passing
through the centreline of the cable. In the case of a rope with a fibre
core, the section cannot rotate freely about an axis passing through
the centreline of the rope, so friction has some effect.

Based on the study of rich experience of experiment and finite
element simulation, this paper carries out an experiment, theory
and numerical simulation for specific steel wire rope to obtain the
axial mechanical properties. The stress–strain curve and ultimate
strength of the steel wire rope obtained in the test are compared
with the corresponding results of the finite element simulation.
The comparison results prove the accuracy and reliability of the
finite element model. Then a series of parametric studies were car-
ried out to study the effects of pitch length, friction coefficient, and
structure. Finally, an accurate and efficient finite element model is
proposed for the mechanical analysis of steel wire rope.
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