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ABSTRACT

This paper describes a newly-developed damage-based fatigue life model for the long-
term reliability assessment of drawn steel wires and wire ropes. The methodology is based
on the computed local stress field in the critical trellis contact zone of a stranded wire
rope by FE simulations and the estimated fretting damage of the drawn wire material. A
case study using a single strand (1x7) steel wire rope with 5.43 mm-dia. drawn wires is
employed to demonstrate the damage-based fatigue life prediction procedures. Under
applied tensile loading with peak stress corresponding to 50%MBL (ZP = 145 kN, R =
0.1), the von Mises stress cycles in-phase and with an identical stress ratio to the applied
axial load. The damage initiation life at the trellis contact along the core wire is No = 673
cycles with an additional 589 load cycles to reach the first separation of the material point.
The threshold load cycle for the fretting fatigue damage is predicted to be 12.3%MBL.
An improved data set of the damage model parameters of the drawn steel wires is
indispensable in achieving an accurate and validated life prediction model.

Keywords: Drawn steel wires; fatigue damage; finite element simulation; reliability
assessment; wire ropes.

INTRODUCTION

Steel wire ropes commonly found in critical applications such as mooring systems for
FPSO in the deep sea, bridge tension elements for suspended and stayed structures, and
lifting cranes, demand high reliability. In addition, wire ropes are associated with the high
cost of installation and are very costly and difficult to replace [1]. These wire ropes are
subjected to complex loading systems, including combinations of tension, torsion and
bending along with that induced by the self-weight of the component in question. Often,
the operating loads are transient or cyclical in nature, occurring over a typical design life
of up to 20 years. In offshore applications, wire ropes are also subjected to the corrosive
sea environment. The reliability of wire rope is dictated by the failure of a finite number
of critical drawn wires through their interaction with neighbouring elements. In addition,
the complex interaction of loading types, load ratios and local variables, including contact
pressure, friction condition and wear behaviour, require extensive test data on the range
of wire rope designs to support the current phenomenological-based reliability prediction
approach. Several fatigue life estimation models based on the Weibull statistical
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distribution, modified Wohler curve and specified endurance function have been
reviewed for applications in steel alloys [2, 3]. An integrated continuum mechanics model
with a genetic algorithm was examined for the multiaxial fatigue response of steel
samples [4-7]. Alternately, in this paper, a mechanism-based fatigue life model is
proposed for the long-term reliability assessment of wire ropes. Such an approach should
encompass both the mechanics of the deformation of wire ropes and the mechanisms of
failure of drawn steel wires.

The current design practice for mooring lines accounts for the static offset and
resulting tension of the lines. Failures due to the tensile load that exceed the maximum
breaking load (MBL) of the wire rope and material fatigue are considered. The mechanics
of the wire ropes under tensile loading has been well researched [8]. In the latter, the
fatigue design of wire ropes considers both the high-cycle fatigue of the stranded wires
and the inherent fretting effects [9-12]. The much-needed fatigue-life data (S-N curves)
for the wire ropes are based on data taken from available standards such as DNV OS-
E301 (DNV, 2004) and the available literature [1, 13-16]. However, the reported fatigue
strength of these wire ropes is relatively low at (Sim / S) = 0.150.3[17]. In addition,
most of the available fatigue-life data for the wire ropes are generated from tests at zero-
depth (in-air environment). In this respect, extensive axial fatigue-life test data on
sheathed steel spiral strands have been established [1]. The work also quantifies the
effects of external hydrostatic pressure, representing the deep-water loading condition, on
the fatigue performance of the sheathed wire ropes. The load spectral analysis is
performed on measured wave data from a given location and environment. The Miner’s
fatigue life summation rule is used to estimate the fatigue life of the wire ropes [18].
Classical fatigue analysis based on the equivalent nominal stress ranges with the
Goodman and/or Gerber approach is employed for interpolation or extrapolation of
fatigue behaviour with the axial mean stress effect [13, 14, 19-23]. This classical method
is a phenomenological approach based on the mean load over the net section area of the
wire rope. Since the fatigue failure of a wire rope is the result of the cumulative failures
of the drawn wires in the strands, the failure of individual wires under fatigue stressing
and fretting fatigue should be considered. The criterion for fatigue failure of the wire rope
is often based on the occurrence of an unacceptable number of wire breaks. In this respect,
numerous research works on the fatigue properties of drawn steel wires have been
published [24-26]. The mechanism of fretting fatigue in spiral stranded wires has also
received much attention [27, 28]. Microstructural changes derived from the drawing
operation and their mechanisms in improving the toughness of wires were addressed [29,
30]. The various damage and failure mechanisms of the stranded wires, namely ductile
failure, fretting fatigue, wear and corrosion-induced damage have been identified. It was
observed that fatigue cracks initiate from the surface non-metallic inclusions, surface
oxides or surface defects of the drawn wires [25]. The propagation of such surface cracks
was predicted using finite element (FE) simulations [31]. The correlation between the
fatigue properties of the wires such as fatigue limit and fatigue threshold, and defect sizes
and shapes has already been established [32, 33]. Such measured data could be utilized
to develop a local-approach fatigue life prediction model for wire ropes.

Considering that fatigue crack initiation is a localized material failure event, a
damage mechanics-based approach is appropriate to consider while predicting the
deformation and fatigue failure processes of the steel wire ropes [34]. Following this
approach, the deformation of the drawn steel wires is adequately described using the
classical elasto-plasticity constitutive model. In wire rope analysis, the current state of
stresses and strains is established using FE simulations for a given wire rope design,
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applying loading and boundary conditions. The geometric model generation of the wire
ropes for a given design specification has been described [8, 35]. Material damage could
be quantified using a damage model formulated for the ductile and/or fatigue failure of
materials [36-38]. Stress calculations should account for damage-induced elastic modulus
degradation due to accumulated fatigue cycles. The calculated region of the separated
material points represents the stress-free crack surfaces that propagate with the applied
load cycles. This paper discusses damage mechanics-based methodology for the
reliability assessment of steel wire ropes under loading conditions such that the fretting
fatigue damage mechanism is dominant. The response of the fatigue damage model is
quantified for the axial fatigue of a single strand (1x7) steel wire rope. The characteristic
internal fields of stresses and displacements are established using FE simulations of the
single strand steel wire rope under tension-tension fatigue loading.

Theoretical Review d Damage Model

The loss of stiffness and integrity of a material attributed to the presence of microcracks
can be quantified by a macroscopic damage parameter, D [34]. Damage of a material
refers to the progressive or sudden deterioration of its mechanical strength due to loading,
or thermal or chemical effects. Damage can originate from multiple causes, including
debonding of atoms, nucleation, or growth and coalescence of microcracks and
microcavitities. The history of inelastic deformation may then be defined by the evolution
of this internal variable that depends on the expected value of the micro-defect density.
Such microcracks and/or microvoids can be modelled by a continuous variable at the
microscale, although the damage process is discontinuous in nature [38]. In a one-
dimensional case, the damage is assumed to be homogeneous and isotropically distributed
in the representative volume element (RVE) of the drawn wires in the stranded wire rope.
The damage parameter is defined by scaling the damaged area Ap by the total cross
sectional area A of the RVE such that:

A
b=— 1)

The damage parameter is continuous and represents the failure of microdefects
over the mesoscale volume element. The value of the scalar damage variable D is bounded
by 0O D1, where D = 0 represents the undamaged state while rupture (or separation of
the material point) occurs at the value of D = 1. Following damage initiation, the effective
stress tensor {S} can be represented by:

{5}= % @)

where {s} is the Cauchy stress tensor.

The prediction of rupture (separation of the material point) requires coupling
between plastic flow and damage at the constitutive level. In steel wire rope applications,
the dominant damage mechanisms are ductile failure, fretting fatigue, fretting wear and
corrosion fatigue. This paper discusses the methodology for damage and failure
assessment of wire rope materials under high-cycle fretting fatigue conditions.
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High-Cycle Fatigue Damage Model

In high-cycle fatigue where the amplitude of the loading is low, the amplitude of the
plastic strain is relatively small or negligible at the mesoscale when compared to the
elastic strain amplitude. Drawn steel wires are assumed to behave in a quasi-brittle
manner at the mesoscale, with localized damage growth occurring at the microscale.
Thus, the material is modelled as a damageable microinclusion embedded in an elastic
mesoelement, as illustrated in Figure 1. While the mesoscale matrix is elastic, the
microscale inclusion experiences elastic, plastic and damage. In addition, it is assumed
that the inclusion is subjected to the same strain state (or strain rate) as the mesoscale
matrix.

&=¢ MESOSCALE MATRIX
Elastic

’ < E.oy.04.0,

MICROSCALE INCLUSION
Elastic-plastic and damage,

uo_
Lo'=0

;
S.p,.D,

Figure 1. Representative volume element (RVE) for the two-scale model (adapted from

[38]).

Based on the kinetic damage law for the inclusion, and considering the relatively
large plastic strain compared to the elastic component of a microvolume 7 the evolution
of damage is expressed as [39]:

_Y”
—E#m @)

The superscript mrefers to quantities for the microelement and Sis a material damage
parameter. It is desirable to express the damage strain energy release rate Y” and the
accumulated plastic strain rate F” as functions of the macroscopic quantities such as
strain e and stress s. The plastic strain rate B” of the elastic-perfectly plastic
microvolume is equal to the equivalent strain rate of the elastic mesoscale matrix, i.e.

#”’z\/gafqﬂ“ =\/§ﬁfaf =&, The effect of stress triaxiality on the evolution of

damage is expressed through a factor function of the hydrostatic-to-equivalent stress

asmQ . . .
899—5'778 in defining the damage strain energy release rate Y™as [39]:
(; eq =+
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The elastic properties E and 77 are the elastic modulus and Poisson’s ratio of the
material, respectively. Since the damaged inclusion is assumed to be perfectly plastic, we

have s [ = (1- D)s [, where sis the plastic threshold limit. Considering pure elasticity

at the mesoscale leadsto s, = (1- D)sH , the hydrostatic stress. It is further approximated
that =0 if Seq <S5, the fatigue limit of the material. Thus, Eqg. (3) can be written as:
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where p, is the damage strain threshold. It is noted that a one-dimension (1-D) stress

state at the mesoscale accounts for a 3-D stress state at the microscale due to the mismatch
of Poisson’s ratio and the plastic contraction coefficient at the microscale. Thus, for 1-D
at the mesoscale, the damage equivalent effective stress term assumes the value of the

plastic threshold limit 5" is taken to be equal to the fatigue limit of the material, s, thus:

_s L
< Tas and égq—|é[f—E (6)

Equation (5) can then be written as:

2

_ S e2 1. S
- 2E? SeS(1 #n)+ 3(1 2/7)%—:

The influence of mean stress is such that the stress amplitude that induces a certain
number of cycles to failure decreases as the mean stress increases. In addition, the damage
rate concerns only positive stress and an integration over one cycle gives the damage per
cycle as:
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where s,, denotes the maximum stress in the cycle. The evolution of the damage for the
initial conditions (N = N, ; D =0) is obtained as:
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It is worth noting that Young’s modulus of the material E shall degrade with
accumulated load cycles. The number of cycles No needed for eq to reach the damage
threshold pp is given by:

= Po =EpD: EpD_ (10)
2De 2Ds 4(5M - s)
-5
with the damage strain threshold, p, =———5, s, is the yield stress of the material and
S¢- -
SY

S is the cyclic mean stress.

The number of cycles to rupture for the material point Nr is reached when the
damage variable reaches a critical level, D=Dc:

Ne =N+ = (1)
25 gg(l+n)(s -5 )+—1' 2’7(53 - 53)6j
f f
E’Sg3 . 9s2 * 0
The evolution of damage can also be expressed in a simpler way:
D =D, N- N, 12)
NR - No

METHODS AND MATERIALS

Drawn Wire Material and Experimental Procedure
The steel wire rope considered in the case study is a single strand (1x7) wire rope
construction. The geometry of the wire rope is illustrated in Figure 2, along with the
design parameters. The core wire is straight. The chemical composition of the drawn
wires is (in wt.%) 0.83C, 0.91Sj, 0.717Mn, 0.0124P, 0.0031S and 0.015Cu, with the
remaining being Fe. The preferred orientation of the grains along the drawing direction
is prominent. Such microstructure results in the wires having superior strength in the axial
direction.

The resulting true stress-plastic strain curve of the drawn steel wire is shown in
Figure 3(a). The modulus of elasticity is determined at 202 GPa and the initial yield
strength is 1.690 GPa. The true fracture strength is sr = 2.164 GPa, with the
corresponding true plastic strain at fracture e&x= 6.78%. Although brittle-like behaviour
associated with extensive hardening of the drawn wire is apparent on the fracture surface,
the ductile fracture feature as signified by dimples is displayed at the microscopic level,
as shown in the fractograph in Figure 3(b). Limited necking of the tensile wire specimen
at fracture is also observed. The drawn steel wires behave as a quasi-brittle material,
which thus renders the fatigue damage model as described above appropriate for
predicting the fretting fatigue behaviour of the steel wire rope.
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Figure 2. Geometry and geometrical properties of a (1x7) wire rope.
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Figure 3. (a) True stress-plastic strain curve and (b) microscopic ductile fracture
feature of drawn steel wire.

Fatigue life tests were performed on the drawn steel wires at the load ratio of
minimum-to-maximum load R =0.1 and loading frequency of 30 Hz. The gage length of
the specimen is 100 mm. The drawn wires are tested in the as-received condition. The
resulting fatigue strength-life (S-N) curve is shown in Figure 4 (circle symbols). The solid
line representing the published fatigue life of 0.9 mm eutectoid steel wires is
superimposed onto the plot for comparative purposes. The effect of size (wire diameter)
on fatigue life is consistent; a larger diameter results in a relatively shorter fatigue life for
the wires. This is postulated by the greater number of manufacturing defects or
microcracks inherent in a larger volume of the material within the gage section. The
fatigue strength of the drawn steel wires is determined at 305 MPa (N=3.5x10° cycles,

R=0.1).
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Figure 4. Fatigue strength-life (S-N) curve of the drawn steel wires, R =0.1.

Finite Element Simulation

Finite element (FE) simulations of the single strand (1x7) wire rope were performed for
the axial fatigue loading to establish the internal stress fields. A total length of 330 mm
of the wire rope is modelled (Figure 2). This should account for a full pitch length of 230
mm in the central length region, while the remaining lengths at both end regions are used
to apply the loading and boundary conditions. One end of the wire rope is fixed in both
translational (Ux=Uy=U,=0) and rotational (UR=URy=UR;=0) displacements, while the
other free end is subjected to an applied axial load, but without rotation (UR,=0). An axial
fatigue load consisting of the load amplitude P = 145 kN and load ratio R = 0.1 is
applied. The maximum load magnitude is 50% of the maximum breaking load (i.e.
50%MBL) of the wire rope. The contact condition of the wires is prescribed to follow
Coulomb’s law with an assumed coefficient of friction cof= 0.5, considering the surface
roughness of the drawn wires. Based on the outcome of the mesh convergence study, the
single strand (1 x 7) wire rope geometry is discretized into 203208 continuum 8-node
elements.

RESULTS AND DISCUSSION

Distribution of the Maxi mum Principal Stress

A typical distribution of the maximum principal stress in the wire rope material
corresponding to the peak applied load cycle is shown in Figure 5(a). The computed
highest magnitude of 1.27 GPa at the localized end region of the wire rope model is due
to the applied boundary conditions, and thus should not be considered in the fatigue
analysis. In this single strand wire rope under tension-tension loading cycles, the core
wire is the most critically stressed as it has the shortest length within the pitch distance of
the wire rope. With the prescribed iso-strain end condition, the core wire experiences the
greatest displacement. Each material point in each drawn wire of the wire rope
experiences a different stress amplitude but at the same stress ratio of R=0.1. In addition,
the surrounding wires stretch around, inducing the contact pressure at selected locations
during the tensile stressing. The highest magnitude of the maximum principal stress,
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occurring in the trellis contact region of the core wire, however, is about 83% of the yield
strength level of the drawn wires at 1.690 GPa, as shown in Figure 5(b). Thus, high cycle
fatigue analysis is appropriate. It is also noted that the maximum principal stress
magnitude is comparable to the equivalent (von Mises) stress.
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(Avg: 75%)

SMAX/Yield
(Avg: 75%)
+1.270e+03
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+6.381e-01
+6.18%¢-01
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Figure 5. Maximum principal stress distribution (a) in the wire rope and across the
critical section with the highest contact pressure; (b) Similar normalized distribution
in the core wire.

Evolution of Internal Variables

The evolution of internal variables, namely the displacement, von Mises stress and
contact pressure at the selected critical location (trellis contact region) in the wire rope
model is compared in Figure 6. The displacement of the free end of the model and the
von Mises stress in the element near the contact region of the wires evolves in-phase with
the applied sinusoidal axial load. A strain rate-dependent effect is not considered in view
of the low frequency loading. The peak von Mises stress in the trellis region is 1.240 GPa
with the stress range of 1.116 GPa. The characteristic evolution and distribution of the
contact pressure is presented in Figure 6 (lower left plot) and Figure 7, respectively. In
the as-received configuration (see Figure 2) there exists spacing between the wires in the
stranded wire rope. As the wire rope is being stretched, the core wire experiences a direct
axial deformation while the other wires begin to straighten and fill-up the available gaps.
The contact pressure correspondingly increases initially. The observed kink in the contact
pressure evolution curve at 140 MPa is associated with the set-in condition of the drawn
wires in the wire rope. The subsequent evolution characteristic of the contact pressure
follows the sinusoidal load input. A similar kink is observed on the curve in the elastic
unloading part of the load cycle.
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Figure 6. Evolution of free end displacement, and von Mises stress and contact pressure
in the trellis contact region during a typical applied sinusoidal load cycle.
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Figure 7. Distribution of contact pressure (CPRESS) and von Mises stress along the
core wire of the single strand (1x7) wire rope.

Fretting Fatigue Damage

The regular spacing of the trellis contact locations along the core wire is dependent on the
wire rope design parameters (lay angle) as illustrated in Figure 7. The small relative
displacement across the contact area with such high contact pressure causes the fretting
fatigue of the wires. A small lay angle will result in a line “long” contact between the
layer and core wires that subsequently causes fretting wear failure of the wire rope. The
fretting fatigue damage is localized in the trellis contact region where the induced contact
pressure of the stranded wires is significant. The variation of the calculated number of
cycles for the damage initiation No with the stress amplitude, based on Eqg. (10), is shown
in Figure 8. Equation (10) shows the damage initiation life to be independent of the mean
stress. The calculated damage initiation life in the case study considered is No = 673
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cycles, corresponding to Os = 1116 MPa (maximum stress is 50%MBL of the steel wire
rope). The initiation life is prolonged at lower stress ranges. Since the fatigue damage of
the microinclusion is considered to initiate for the stress level above the fatigue limit of

the mesoscale material s, = 305 MPa, the threshold stress range for the damage initiation

is calculated at Dsi = 274.5 MPa. This corresponds to 12.3%MBL of the wire rope. At
this applied load amplitude (with R =0.1), the damage initiation life is predicted at No =
2737 cycles, as indicated in the figure. The material properties and damage model
parameters used in the calculations are summarized in Table 1.

1200
Ac=1116 MPa 20
40
800
g _
> S
o R
< 20
400 Ao, = 274.5 MPa
10
0 0
0 1000 2000 3000 4000

No
Figure 8. A variation of the damage initiation life No (cycles) with the stress range.

Table 1. Damage model parameters for the drawn steel wires.

Parameter Symbol Value
Elastic modulus E (GPa) 202
Yield strength s, (MPa) 1690
Tensile strength S, (MPa) 2164
Poisson’s ratio n 0.28
Fatigue limit S (MPa) 305
Damage parameter S(MPa) 6
Critical damage Dc 0.8

Once damage has initiated at the critical material point in the core wire, the
evolution of the damage for the continuing load cycles is calculated according to Eq. (9).
The fatigue damage evolution characteristic for two different localized stress ranges is
compared in Figure 9. The critical damage parameter value is taken as Dc = 0.80 based
on limited experimental data [39]. The calculated number of cycles to rupture or
separation of the material point for the case study is Nr = 1262 cycles. This corresponds
to the fatigue crack initiation life of the core wire in the single strand (1x7) wire rope at
the applied load range [OP= 145 kN, R=0.1 (50%MBL). Damage evolves at a much
slower rate for the threshold stress range to damage initiation (Dsw = 274.5 MPa) as
indicated in the lower slope of the line.
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Figure 9. Fatigue damage evolution rates at different stress ranges (R=0.1).

Figure 10. Fatigue log-life plot for the wire rope subjected to P = 145 kN, R =0.1.
The log-life contour of the cross section corresponds to the critical plane. The core
wire log-life plot is shown on the right.
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The calculations, thus far, have been performed to identify the first critical
material point in the core wire to experience the onset of damage and the subsequent
damage evolution to rupture. Once the “microcrack” has initiated, the load initially
carried by the core wire is shed to the neighbouring wires. This results in material damage
acceleration, particularly for the material elements in the vicinity of the microcrack. The
additional load cycles propagate the region of damaged and separated material points
across the section of the core wire. A region with the collection of separated material
points could be viewed as a traction-free structural fatigue crack. The reliability of the
wire rope should be established based on the accumulated damaged volume within a pitch
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length. In a wire rope construction containing multiple strands of drawn wires, the fatigue
life of the wire rope is dictated by the allowable maximum number of fractured wires.

Prediction of the fatigue life of the wire rope based on the classical high-cycle
fatigue analysis is performed for comparative purpose. Identical geometry (Figure 2),
loading conditions (P = 145 kN, R =0.1) and S-N curve (Figure 4) to the case study are
employed. Recall that the S-N curve represents the fatigue life of the drawn steel wire
specimen for each applied maximum stress level (R = 0.1), assuming that the fatigue
crack propagation stage to fracture is relatively short compared to the crack initiation life.
The resulting FE-calculated elastic stresses is reproduced (Figure 5 to 7). The non-
uniform stress field in the drawn wires of the wire rope results in the log-life contour plot
as shown in Figure 10. The fatigue life of the critical core wire is conservatively
interpreted based on the shortest life of Ni = 10%2 cycles (or 15850 cycles) for the material
point in the vicinity of the trellis contact region where the highest contact pressure acts.
The analysis does not identify neither the fatigue crack initiation life, nor the crack
propagation behaviour of the drawn wire. The fracture process of subsequent wires could
not be adequately quantified.

CONCLUSIONS

A life prediction methodology for steel wire ropes under fretting fatigue loading
conditions has been proposed. The approach employs the cyclic damage-based model
accounting for the mean stress effect. The response of the model is examined using the
FE simulation of a single strand (1x7) steel wire rope subjected to cyclic axial load (ZP
= 145 kN, R =0.1). The results show that:
- The von Mises stress cycles in-phase and with an identical stress ratio as the
applied axial load.
- The peak of the threshold stress range corresponds to 12.3% MBL of the wire
rope.
- The critical material point at the trellis contact in the core wire experiences the
first damage initiation event and separation at 673 and 1262 cycles, respectively.
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