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ABSTRACT

Wire rope slings are commonly used lifting tools in all sorts of engineering applications. Usually, slings are
either loaded axially or they are bent around a load bearing element such as a shackle or pipe. In the latter
case, the combination of bending and axial loading introduces additional stresses within the wire rope that
cause a reduction in capacity. In the offshore industry, this reduction is currently taken into account using a
safety factor recommended by standardization societies such as DNVGL and IMCA. However, the expression
to derive this factor solely depends on the rope’s curvature around the bend. Given that steel wire ropes can
come in many different geometric configurations and their behavior is nonlinear, it is questionable to assume
that this reduction is only based on a single parameter. Consequently, the main research question of this
thesis is:

How does the wire rope capacity reduction due to forced bending recommended by DNVGL and IMCA
standards compare to analytical and experimental results obtained for wire ropes of different sizes and
configurations?

The approach to answering this question starts with a literature study, creating a predictive analytical model
and then performing experiments for validation. Findings from the literature study uncover the main
parameters affecting wire rope behavior such as lay angles, wire diameters and stress-strain relations. With
these insights, an analytical model is created to predict the reduction in capacity of steel wire ropes subjected
to forced bending. The model analyzes individual wire behavior and then applies a failure criterion to
determine when the entire rope cross-section would fail. Finally, small and full-scale experiments are
conducted that test different rope configurations (6x25F-IWRC & 6x36WS-IWRC) with different rope sizes
(020 mm & @77 mm).

Knowledge gained from the literature study, the analytical model and the experiments was combined to
come up with conclusions pertaining to the main research question. It was found that rope configurations,
specifically wire to rope diameter ratios, played a vital role in the capacity reduction of steel wire rope slings.
Additionally, results indicate that the capacity of slings increases with higher lay angles. The results also
indicated that expressions recommended by the standards are not conservative enough for certain curvature
ranges and ropes. Building on the research question, several observations pertaining to rope ovalization and
consistency of failure location raised ideas for further investigation.
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1 n 0 INTRODUCTION

Lifting tools play a pivotal part in a vast amount of engineering applications. Perhaps one of the most popular
lifting tools is the rope. This invention has found its roots in early civilizations and has been continually
evolving even to this day. The reason a rope is considered so useful is mainly due to a combination of its
load carrying capacity and bending flexibility. This allows it to be used in applications such as cranes, slings,
bridges, overhead conductor lines and more.

In the offshore industry, steel wire rope slings are often used to carry out lifting operations. A sling is a steel
wire rope with a relatively short length and specific end terminations on each side. An example of a sling
with Flemish eye end terminations is shown in Figure 1.1.

SLING BODY \ EYE
L= ;

Figure 1.1 - Typical sling made using a Flemish eye termination (FERPS).

Slings are commonly used as supplementary tools in lifting operations. For instance, Figure 1.2a shows how
several slings can be combined to keep a container level as it is being lifted. Alternatively, Figure 1.2b displays
a sling body being bent around a shackle. Each scenario imposes loads on the steel wire rope differently and
consequently causes it to react differently.

(a) (b)
Figure 1.2 - Lifting examples of slings in (a) tension and (b) combined tension and bending.
Without going into too much detail, this chapter focuses on introducing the basics of steel wire ropes. First,

a brief history streamlines their evolution and introduces their present-day form. Then, the details of how
steel wire ropes are made, and their specific configuration or geometry is explained while highlighting some



1.1 Steel wire rope

key characteristics. Next, the main research question of this thesis is explained followed by a definition of
the research goals and the approach that was taken. Finally, an outline of each chapter contained in this
thesis is provided.

1.1 STEEL WIRE ROPE

Once dissected, it becomes evident that steel wire ropes are complex tools. To begin understanding how
they work, a brief history is presented showcasing the progression of how steel wire ropes developed to their
modern-day forms. Then, the components that make up the rope are explained along with the different ways
that they can be combined. Finally, a quick overview of the manufacturing process of steel wire ropes is
provided.

1.1.1 History

Ropes of all shapes and forms have been used for practical applications from the beginning of human
civilization. Sometime during the era of the Ancient Egyptians, the evolution of ropes in its early stages starts
with the use of hairs bonded together. By the time the Middle Ages came around, the development of ropes
had slowed down and was practically unaltered up until the 1600s [1]. Around this time and up until the
1900s is when most of the major technical breakthroughs occurred and gave birth to the wire rope designs
and configurations that are still in use today [2].

The first instance of the modern wire rope came in the form of Albert Ropes, which were used as hoisting
cables in the silver mines of Harz Mountain in Germany. These ropes were handmade by first twisting three
wires around each other to form a strand, and then twisting three or four of those strands around each other
to form a rope. This construction was later improved by Englishmen Andrew Smith and Robert Newall, who
developed the six-strand configuration twisted around a fiber core. The popularity of wire ropes had grown
immensely thanks to the boom of the railroad industry. In the United States, signs of the commonly known
Warrington configuration had begun to take root. John Roebling came up with the idea of using alternating
wire diameters to better fill the void space in between the layers. With this insight, several other inventors
branched off and made their own alterations of what they thought was the ideal configuration. Over time,
rope types developed in such a way where each had its own advantages and disadvantages and was used
based on a specific application. Today, this has become evident as there are many different configurations
built for applications in humerous industries.

1.1.2 Configuration

The configuration of a wire rope is perhaps what best exemplifies its main advantage as a lifting tool. First,
consider a typical chain-link rope. Here, almost no redundancy exists because the failure of one chain link
causes the entire system to fail. On the other hand, observing the cross-section of a steel wire rope shows
that its makeup consists of multiple load bearing components. Consequently, if one wire in a cross-section
fails, the load is quickly redistributed to the remaining wires. Although this phenomenon seems intuitive, it
is important to note that a wire rope exhibits a much more interesting redundancy measure. For instance, a
wire rope can have each one if its wires broken yet still be considered in good working condition. This is
possible because a wire restores its full bearing capacity just millimeters away from the element breaking
point [3]. Therefore, in the case where the wire breaks in a cross-section are sufficiently spread out over the
entire length, the rope can continue to carry its original capacity. This phenomenon can be best described
by Figure 1.3.

(b)

~
)
-

Figure 1.3 - Simplified view along length of steel wire rope showing staggered element breaks (a) and concentrated
element breaks (b).
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In part (a), the rope is considered to be in good condition because each element break is staggered
throughout the length of the rope, which only causes a local reduction in capacity of about 1% [3]. The
remaining wires of the cross-section can easily redistribute the load. In part (b), however, the element breaks
occur at a concentrated area along the rope length. In this case, the close proximity of the breaks causes
the cross-sectional capacity to be significantly reduced and can lead to sudden failure.

The type of geometric configuration of a rope also has a direct link to its behavior. Understanding the
geometry of a steel wire rope begins with its core component, the wire. To achieve higher strength, wires
are bundled together to form a strand. A simple strand consists of a layer of wires that are wrapped around
a core in such a way that they form a single helix. To form a conventional wire rope, strands are then
wrapped helically around a core as shown in Figure 1.4.

CENTER
WIRE
=\ STRAND
v

WIRE

Figure 1.4 - Breakdown of main components that make up a steel wire rope [4].

Taking this into account, it can be deduced that the amount of different ways these elements can be
combined is high. Regardless, the configurations found in Figure 1.5 are the most common ones seen today.
This figure shows the build-up of different types of strands which are ultimately used to classify the
configuration of the entire rope. These strands, which carry the majority of axial loading, are helically
wrapped around a steel or fiber core to form what is considered the steel wire rope. The difference in each
strand configuration is the way in which the layers and size of wires are arranged so as to best fill up the
void space inside the cross-section.

FILLER SEALE WARRINGTON WARRINGTON-
SEALE

Figure 1.5 - Common strand configurations used in steel wire ropes.

Going into more detail, the terminology can be defined using a 6x36WS-IWRC rope as an example. The
naming refers to a rope with 6 outer strands that have 36 individual wires each. WS means the wires in each
strand are arranged in a Warrington-Seale configuration and the IWRC refers to the rope having an
independent wire rope core. Figure 1.6 illustrates the cross-section of this rope configuration as well as a
6x25F-IWRC and labels some of the main geometric terminology. As can be seen, both of these ropes have
an identical IWRC, however, the outer strands are different. Since the 6x36WS has more wires, it can match
the diameter of the 6x25F by using smaller diameter wires. Alternatively, the 6x25F has less wires and less
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layers so it needs larger individual wire diameter size. In the end, both configurations can have the same
strength, but one might be better than the other depending on the specific application.
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Wire Layer 3
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Figure 1.6 - Terminology of geometric properties of steel wire rope configurations.

Another significant geometric property of wire rope is the lay length. Considering a simple strand, this is
defined as the length along the axis of the strand in which a wire completes one full rotation. Figure 1.7
illustrates this parameter (h,,) as well as how it can be derived. Alternatively, it is also common to use the
lay angle («) instead since conversion between the two variables is straightforward.

2ryn

Figure 1.7 - Illustration of the lay length of a wire rope [5].

In addition to the lay length/angle, the lay direction is also of importance. In stranded ropes, there are
several orientations in which the wires and strands can be arranged as shown in Figure 1.8. The symbols “z"
and “s” refer to right and left lay direction of the wires in an outer strand, respectively. Similarly, the symbols
“Z" and “'S” refer to either right or left lay direction of the outer strands in a rope. In langs lay ropes, the lay
direction of both the wires and strands is the same (zZ or sS). Alternatively, in ordinary lay ropes, the wires
and strands are laid in opposite directions (sZ or zS). Another common naming convention is through
abbreviation such as RHOL for right hand ordinary lay or LHOL for left hand ordinary lay.
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Langs Lay Ordinary Lay

Figure 1.8 - Illustration of the four configurations of lay direction for stranded wire ropes [5].

Each configuration causes the rope to exhibit different behavior and therefore has its own advantages and
disadvantages. For instance, ordinary lay ropes are more commonly used because wire breaks usually first
occur on the outer layer. This allows inspectors to more easily check the rope’s condition and apply the
appropriate discard criteria. Alternatively, langs lay ropes are more advantageous in applications where a
high constant tension is maintained or in multi-layer spooling.

1.1.3 Manufacturing

Figure 1.9 below provides an overview of the main stages of the manufacturing process starting with the
raw steel material and ending with the complete wire rope.

Wire rod Surface Treatment 1st Drawing
Sxemg— SR ~ I.I
Stranding 2nd Drawing Patenting

!
gz — (@

Closing Wire Rope

Figure 1.9 - Overview of manufacturing process of steel wire ropes [6].

The manufacturing process of steel wires begins with first cold-rolling or drawing steel rods. Most commonly,
these rods are made of high-strength non-alloy carbon steel with a high carbon content (0.35-0.95%). A
surface treatment may be applied to thoroughly clean and remove any unwanted dirt and debris before the
next stage. Then, the rods are subjected to a patenting process in preparation for the drawing stage. In the
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patenting process, the rods are first heated to a temperature of about 900°C, then placed in a lead bath to
abruptly reduce to a temperature of 500°C [5]. Finally, they are taken out and cooled to room temperature
as shown in Figure 1.10.
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Figure 1.10 - Temperature variation of typical patenting process for steel rods [5].

The result from patenting modifies the structure of the steel rod in such a way that it becomes more favorable
for the drawing process. During drawing, the cross section of the rod is reduced by pulling it through what
is known as a drawing die (Figure 1.11). Additionally, this reduction in diameter also adjusts the mechanical
properties by increasing yield and tensile strength. The rod will go through several stages of patenting and
drawing until the final cross section is obtained.

Draw Die

Undrawn Wire
Drawn Wire

Figure 1.11 - Simple illustration of the drawing process where a rod goes through a drawing die.

Afterwards, the individual wires go through another machine so that they can be twisted around each other
to form a strand. This stranding process varies greatly based on the type of wire rope as there can be many
different combinations of wire diameters, lay lengths, and lay directions. Finally, the separate strands are
wrapped around a core (steel or fiber) to form a conventional wire rope.

1.2 PROBLEM DEFINITION

Being that steel wire ropes play such a significant role, it is important to understand their behavior. When
choosing a rope, perhaps the most critical factor is the capacity or how much force it can sustain before
failure. In the industry, a commonly referred to parameter is the minimum breaking load (MBL).

Engineers in the offshore industry use these ropes in many different ways. Take, for instance, two simple
scenarios as shown in Figure 1.12. The first illustrates the most common situation where a rope is subjected
to axial tension due to an applied loading. Here, the loading can directly be related to the capacity of the
rope. In the second scenario, the rope is bent around a load bearing element such as a shackle. Considering
the free-body diagram, each leg of the rope would carry half of the loading imposed by the shackle.

6
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Figure 1.12 - Free body diagrams of two simple loading cases of ropes.

However, when bending the wire rope around a shackle, additional stresses are introduced. Consequently,
this reduces the available capacity that the rope can use to resist the applied loading. For many situations
encountered in the offshore industry, this reduction becomes quite significant and therefore requires proper
accounting.

Currently, this reduction is applied through a safety factor, which is derived from a standard written by
DNVGL. In the standard DNVGL-ST-NOO1 [7], the reduction factor due to bending is calculated according to
Equation (1).

1
Yb,onver = 05 (1)

JD/d

A recent update of a similar standard (IMCA LR 008-2016 [8]) uses the expression given by Equation (2).
The D/d ratio refers to the diameter of the bend over the diameter of the wire rope as illustrated in Figure
1.13.

1
Ybimca = 1_07 Yb,DNVGL (2)

Figure 1.13 - Illustration of D/d ratio.
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Figure 1.14 displays the relationship of the reduction factor based on the D/d ratio. According to both
standards, the reduction factor used in lift calculations should be the governing reduction due to either end
terminations or bending. Hence, there is a range of D/d ratios where the end termination of a certain sling
could govern this reduction rather than the bending. Additionally, the D/d ratios most commonly used in
offshore operations for slings vary between 1.33 to 1.55. Consequently, the D/d ratios of interest have a
narrow range associated with very sharp curvatures.

2271
— DNVGL
= |MCA
Hand spliced
27 - = -=Ferules

Reduction factor

D/d ratio

Figure 1.14 - Reduction factor due to bending suggested by current industry standards.

Generally, this reduction factor decreases as the D/d ratio increases. Moreover, the only variable is the D/d
ratio, which means that this expression can be applied to wire ropes of all sizes and configurations. Being
that wire ropes are complex tools, it is questionable to assume that this simplified expression accurately
describes reality. The behavior of steel wire ropes is notoriously nonlinear, therefore, the extrapolation of
the expression by DNVGL and IMCA to be applicable to all types and sizes of wire ropes requires further
investigation.

1.3 RESEARCH GOALS & APPROACH

The offshore industry is constantly evolving and pushing boundaries resulting in larger diameter wire ropes
required to handle heavier lifts. However, as size increases so does cost. Consequently, knowing the actual
capacity of lifting tools becomes of great importance so as to help avoid unnecessary expenses due to
oversizing or, alternatively, evade unsafe situations due to under-sizing.

As described earlier, there are questionable points that merit the investigation of the current reduction factor
expression’s applicability to all steel wire ropes. The main focus of this thesis is to answer the following
research question:

How does the wire rope capacity reduction due to bending recommended by DNVGL and IMCA standards
compare to analytical and experimental results obtained for wire ropes of different sizes and configurations?
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To answer this question, the approach of this thesis will be split into three main parts consisting of a literature
study, analytical modelling and experiments.

Literature Study

A review of past research and literature will be conducted. The goal of the literature study is to understand
the behavior of steel wire ropes when subjected to different loadcases. This will yield possible
parameters/characteristics of the steel wire rope that should be considered when calculating the reduction
in capacity due to bending.

Analytical Modelling

Building an analytical model that can produce reasonably accurate results is a main goal of this thesis. Careful
considerations when modelling the wire rope will be taken as the many nonlinearities present are difficult to
predict. Hence, appropriate assumptions will need to be applied.

Experiments

The best way to determine the reduction in capacity is to test it in reality. To do so, experiments were
performed at the Delft University of Technology on steel wire rope slings of different sizes and types in similar
load scenarios as illustrated by Figure 1.12. The first test will subject the rope to pure tension and load it
until break to measure its nominal capacity. The second test will apply combined tension and bending. Then,
the results from each test can be compared and the reduction in capacity calculated.

1.4 REPORT OUTLINE

A brief summary of each chapter can be found below.

e Chapter 1 — A brief introduction into steel wire ropes and the problem definition followed by the
research goals and approach.

e Chapter 2 — Literature study of steel wire ropes by summarizing previous research, defining
important characteristics and investigating the specific behavior of wire ropes during bending.

e Chapter 3 — The analytical model created is described and then applied using several case
studies.

e Chapter 4 — A full overview of the experiments conducted including setup, results and
observations for both small and full-scale versions.

e Chapter 5 — Discussion and comparison of results between previous literature, the proposed
analytical model and the experiments conducted.

e Chapter 6 — Overall summary of the main conclusions found in this thesis.

e Chapter 7 — Recommendations concerning further improvements of current model, alternative
studies and suggestions for additional experiments.
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2- 0 BEHAVIOR OF STEEL WIRE ROPE

Steel wire ropes are heavily relied upon in many applications. Consequently, understanding their behavior is
of upmost importance to the engineers who use them. This chapter will focus on shedding light onto the
considerations that must be taken when using steel wire ropes. First, a brief overview of previous research
in cable modelling is presented. Then, the key characteristics which govern the behavior and capacity of
steel wire rope are discussed. Finally, specific theories derived from previous research are examined with the
goal of describing the behavior of steel wire rope under the bending scenario being considered in this thesis.

2.1 PREVIOUS RESEARCH

With the growing popularity of steel wire ropes in the 20™ century also came the interest in their behavior.
The stresses and strains experienced by ropes became important for engineers as the reliance of these tools
became critical in many applications. The 1950s gave birth to some of the first models, which considered
ropes as strings loaded in tension. This was a great simplification as many of the rope’s inherent properties
such as bending and torsional stiffness were ignored. With time, researchers improved on these assumptions
and new modelling methods were proposed that offered a much more realistic representation. Spak et al [9]
provides an extensive review of the past research conducted on steel wire rope modelling. Overall, the
different models can be categorized into the following distinct categories,

String/beam models,
Thin-rod models,
Semi-continuous models and
Finite element models.

PN

Figure 2.1 provides a representative timeline of how each model has evolved with highlights of some key
literature works. These works will be briefly elaborated, but it is important to note that there has been
extensive research conducted beyond what is discussed here.

LEGEND

String/Beam Models

Thin-rod Models Jolicoeur et al
Semi-continuous Models Papailiou (1995) —— (1996) l

FEA Models _
Jolicoeur et al. Hong et al. Imrak et al.

(1991) 7] (2005) [ (2010)

1950 1967 1984 2000 2016

Costello (1976) —

— Hruska (1951) — Lutchansky (1967) — Lantaigne (1985) Zhang et al. (2016) —

| Velinsky et al.
(1984)

| Raocof & Hobbs
(1984)

Figure 2.1 - Timeline showing development of various steel wire rope models.

2.1.1 String/beam models

The string models were the first attempts at trying to analytically capture the behavior of wire ropes. As
mentioned, most of these basically considered the rope as a bundle of individual wires modelled as strings
loaded in tension. This approach ignored the bending and torsion rigidity of the wires and is commonly
referred to as a fiber response. Some of the main contributors to these types of models included Hruska [10]
and Lanteigne [11]. This model incorporated numerous simplifications, but perhaps the most significant was
the omission of bending and torsional stiffness. The general equation of motion used for this method is

11
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mw —Tw" = 0. (3)

where m is rope mass, w is displacement and T is axial tensile force. To improve on some of these
simplifications, beam models were introduced. This approach considered the wires to act as a bundle of
individual beams rather than strings. Consequently, bending and torsional stiffness properties could now be
incorporated into the beam elements. Lutchansky [12] was one noteworthy author who helped develop this
approach. General equations of motion for the beam models are

pA + EIw"™" —Tw" = 0 )
and
pAW — KGA(W" —v") = f(x,0), EIv" + KGA(W' —v) =0 )

where p is cable material density, A is cross-sectional area, w is displacement, EI is bending stiffness, T is
axial tensile force, v is rotation of beam centerline due to shear and bending, K is shear coefficient and G is
bending moment in bi-normal direction. These equations incorporate the Euler-Bernoulli or Timoshenko beam
assumption, respectively.

Overall, these methods were a simplistic first approach to modelling steel wire rope behavior. All of these
studies were focused on simple strands loaded axially by tension. Jolicoeur and Cardou [13] performed
experiments on simple, straight strands to validate the accuracy of these models and discovered that the
fiber response assumption of the wires yielded a good correlation with the results. However, the complex
geometry of ropes requires considerations of inherent properties neglected here.

2.1.2 Thin-rod models

The development of thin-rod models was a direct result of the need for incorporating more of a wire rope’s
inherent properties. This began with the work of Costello and Philips [14] who developed a model based on
the nonlinear equations of equilibrium of thin helical rods first derived by Love [15]. Figure 2.2 shows the
internal loads produced by the twist and curvature of a rod. Summing these internal forces translates to
force and moment equations which can then be used in conjunction with stiffness matrices to calculate the
axial and torsional response. Some key assumptions were that the bending stiffness was composed of each
individual wire bending around its own neutral axis, thus assuming a frictionless rope.

K'l

K

Y
x,/

Figure 2.2 - Internal forces produced by a helical rod loaded in tension [16].

%2

Velinsky [17] and Velinsky et al [18] extended this model by incorporating multi-strand rope construction.
The methodology was to first calculate the response of a simple straight strand loaded axially. Then, the
response of a wound strand was approximated by considering it as a single outside wire wrapped around a
core (like in a simple strand). This basically assumed the mechanical relations computed for a straight strand
can be applied to the wound strand.

12



2.0 Behavior of steel wire rope

These pioneering thin-rod models presented a breakthrough in wire rope research. Bending and torsion
stiffness was better incorporated and the varying behavior due to different cable geometries was captured.
When considering ropes loaded axially, the correlation with experimental results was quite good. However,
in certain applications like transmission conductor lines, the simplification of a frictionless rope was not
accurate enough. To overcome this, Papailiou [19] added friction into the thin-rod model by introducing a
nonlinear stick-slip regime based on the bending curvature of a rope. This was later improved by Hong et al.
[20] who concluded that the theoretical minimum bending stiffness is never reached and is actually governed
by the coefficient of friction between wires.

The complexity of modern thin-rod model equations allows them to incorporate a significant amount of detail.
This can include friction, interwire/intrawire contact, change in lay angle, etc. However, it has been shown
that some of these considerations have a relatively small effect on the global behavior of the rope.
Regardless, it is important to know when and which assumptions can be applied depending on the specific
application and use of a steel wire rope.

2.1.3 Semi-continuous models

The semi-continuous model was another approach to cable modelling that attempted to simplify the idea of
the thin-rod model. Created by Raoof and Hobbs [21], this model transformed each layer of wires in a strand
into an orthotropic, hollow cylinder. This cylinder has properties that try to match the corresponding wire
layer, ultimately mimicking that layer’s behavior within the rope. The idea behind this model is illustrated in
Figure 2.3.

Figure 2.3 - Illustrative summary of semi-continuous modelling approach of strands.

This simplification presents an interesting way to model wire ropes. Using contact mechanics combined with
material elastic properties, equations were derived that aimed to predict the behavior of these orthotropic
cylinders under different loadings. Unlike thin-rod models, which use a specific method to calculate cable
response, the semi-continuous model allows the analysis of constitutive equations using several methods
[9]. Ultimately, it helped to greatly simplify the calculations necessary to predict the cable’s behavior
analytically.

Jolicoeur and Cardou [22] also contributed to the semi-continuous model through some modifications.
Instead of considering the layers as thin orthotropic sheets, they assumed a higher thickness so the sheets
can be modelled as cylinders. However, this assumption was proven to be significant only for seven wire
strands while being negligible for strands containing large numbers of wires such as in ACSR conductors
[22]. The authors differentiate their work based on new theoretical expressions they have introduced that
allow for a better analysis of the bending behavior of strands by considering the range of possible bending
stiffness values.

The semi-continuous models developed showed an alternative way of predicting rope behavior. Results of
this model compared to other analytical models and experiments of strands showed good correlation when
considering tension and torsional loading [22]. Furthermore, a study was done which concluded that thin
rod models were more reliable for helical cable analysis that involved small diameter cables with fewer
strands while semi-continuous models showed much better correlation with large diameter strands having
nineteen or more wires [23]. Nevertheless, semi-continuous theories focused on spiral cables which consisted
of single helixes whereas the ropes of interest in this thesis are stranded and contain more complex
geometry.
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2.1.4 Finite element models

Naturally, finite element analysis (FEA) was eventually applied to predicting the behavior of steel wire ropes.
FEA offers a very different approach to the models previously discussed because its computations are
numerical rather than analytical. Consequently, this yields huge advantages for FE wire rope models since
they require much less simplifications and can therefore incorporate many effects neglected by analytical
models. This can include core-wire contact, wire-wire contact within each layer, friction, exact geometry,
local contact deformation and more. However, this comes at a great cost as the more complex the FE model
is, the more computational time and power necessary to find a solution.

Starting with the 1990s, there have been several studies that have utilized FEA with varying model
complexities in the past two decades. Most studies were aimed at reconstructing the behavior of simple
strands subjected to axial loading. A model created by Jiang et al. [24] focused on analyzing the complex
wire-wire and wire-core contact and concluded both were influential for the specific configuration tested.
Imrak and Erdonmez [25] were the first to create a FE model that takes into account the double helical
configuration of stranded ropes. Their model correlated well to the elastic region of analytical models and
the overall behavior found from experimental results. Naturally, to model such a complex geometry a sacrifice
was made in terms of rope length. This poses some questions such as whether the helical contraction is
properly accounted and to what extent boundary conditions influence the results.

FE models that try to predict bending behavior are even more computationally expensive. The balance
between complexity, model length and incorporating contact interaction effects are vital to producing realistic
results. A fairly recent study by Zhang & Ostoja-Starzewski [26] investigated the bending stiffness of a simple
strand using a FE model. They applied different levels of contact interaction and compared the results with
past analytical research. An interesting conclusion was that incorporating certain contact interactions yielded
more accurate results only for certain lay angles. For instance, as the lay angle increases, wire-wire contact
starts to have more of a significant influence and should not be neglected.

Overall, FE models have the greatest potential in accurately predicting wire rope behavior. As has been seen
in the past, computational power has greatly increased over time allowing for more and more complex FE
models to be created. If this trend continues, FE models have the potential to become robust enough to
incorporate all nonlinearities and very accurately predict wire rope behavior.

2.2 GLOBAL CHARACTERISTICS

Past research has provided many great insights into the behavior of steel wire ropes. It is important to also
reflect on some of the key characteristics that govern this behavior. Perhaps the most significant parameter
to digest is the effect of the helical structure, which gifts a rope its unique properties. Furthermore, the
material behavior of wires and ropes is observed through their distinctive stress-strain relationships. Since
capacity is a major point of interest in this thesis, the most common failure mechanisms are also highlighted.

2.2.1 Helical structure

The helical structure of a wire rope is where the ingenuity of this extremely useful tool originates. This
characteristic has two major effects that will be discussed, which are the

e Decrease in bending stiffness and
o Decrease in axial strength/stiffness.

Perhaps the most important characteristic of a wire rope is flexibility. Although rods can also carry axial loads,
ropes are much more widely used because they can be easily bent into a desired shape and are more
lightweight making them a more practical choice in most applications. A rope’s flexibility can be explained by
considering a simple scenario. First, imagine a thick beam subjected to bending, which results in the
exaggerated, deflected shape shown in Figure 2.4a. In Figure 2.4b, the beam is cut into smaller segments
and the same loading is applied. Assuming no friction, the smaller segments exhibit much smaller strains
because they bend around their own neutral axis rather than the central axis.
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Figure 2.4 - Regular beam in bending (a) and bundle of wires in bending (b).

However, because the boundary conditions at both rope ends are usually fixed in most practical applications,
the smaller segments will not be allowed to rotate freely and will therefore act as a beam. To overcome this
problem, the helix is introduced. By forming a helix, each individual wire will be equally in both the tension
and compression zone during bending causing the induced strains to cancel each other as illustrated in Figure
2.5. Essentially, the wire shifts its relative position without experiencing any elongation. This eliminates the
effect of the fixed boundary conditions discussed before. Although neglected here, friction also plays an
important role and will be discussed in a later section.

Q=

Figure 2.5 - Original (dashed) and deformed shape of helical wires subjected to bending. Colors highlight tension and
compression zone.

Another effect that is important to note is the decrease in axial strength and stiffness. This is obviously a
negative characteristic of the helical structure as it reduces the capacity of the wire rope. The reason behind
this reduction is the lay angle influence on the distribution of stresses throughout the layers in a rope. This
phenomenon will also be further elaborated later.

2.2.2 Material behavior

The material behavior of steel wire rope is an important parameter to analyze. Its core component, the wire,
exhibits a stress-strain relationship that typically follows the curve shown in Figure 2.6. This behavior is
somewhat different when compared to structural steel because of the manufacturing process of the wire in
combination with its chemical composition. Nevertheless, the typical characteristics of an elastic-plastic
material can be clearly defined. First, the wire experiences elastic elongation following Hooke’s Law up to its
yield point. Past this point, nonlinear plastic deformation takes place until the ultimate stress of the wire is
reached indicating failure.
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Stress

Strain

Figure 2.6 - Typical stress-strain relationship of individual steel wire.

However, when examining the stress-strain relationship of an entire steel wire rope as shown in Figure 2.7,
notable differences can clearly be defined. Here, the curve can be separated by three distinct regions of

1. [Initial extension,
2. Elastic extension,
3. Plastic extension.

Stress

Strain

Figure 2.7 - Typical stress-strain relationship of steel wire rope.

Initial extension is a nonlinear phenomenon that is most commonly observed when loading a new rope.
During construction of a rope, gaps are created between the individual wires and strands due to imperfect
alignment. Consequently, when the rope is loaded for the first time, the helical structure of the wires
contracts. During this process, the rope’s diameter decreases as the gaps are eliminated while also causing
an extension in the longitudinal direction as the helical lay is lengthened. This elongation continues until
adjacent wires create a sufficiently large bearing area with respect to each other to resist the radial force
imposed by the helical structure. To help reduce this initial extension, wire ropes are pre-stretched by the
manufacturer by loading them up to a certain percentage of their MBL. This allows wires to settle into their
final position so that the initial extension is minimized during actual loading.
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2.0 Behavior of steel wire rope

Once the wires have made sufficient contact with each other, the elastic extension commences. At this stage,
the entire rope elongates in approximate compliance with Hooke’s Law up until the yield limit is reached. It
is important to notice that the slope of this curve is less steep than that of an individual wire indicating that
the rope exhibits a more ductile behavior. This can be explained by the behavior of a helical structure, which
causes the individual wires to elongate differently relative to each other. Moreover, this is also the reason
why the elastic range is not characterized by a typical linear relationship of the stress and strain. A tangent
Young’s modulus can be calculated between two load points chosen within reasonable distance. It is also
important to note that since the slope of this line is affected by the interaction of the helically wrapped wires,
each rope configuration and diameter will exhibit a unique behavior.

Finally, past the yield point, the wire rope experiences permanent, plastic deformation. In this phase, the
relationship between stress and strain becomes evidently nonlinear and accelerates the overall extension of
the rope as loading is applied. As the ultimate strength is approached, individual wires break once they reach
their elongation at rupture forcing the load to redistribute. This process of wire breaking continues until the
cross-sectional area cannot handle any further redistribution of the load at which point the rope fails
suddenly.

2.2.3 Types of failure

As described by Timoshenko, the failure of a material is governed by its resistance to sliding and resistance
to separation [27]. These two mechanisms can be illustrated by Figure 2.8. Separation failure occurs when
a crack propagates along the material perpendicular to the direction of applied loading. In the case of sliding
failure, the cross-sectional area of a material reduces in proportion to the applied loading until fracture. For
ductile materials, the resistance to separation must be greater than the resistance to sliding. This ensures
that the material will elongate up until the reduced cross-sectional area causes the resistance to separation
to become lower than the resistance to sliding. At this point, fracture will occur causing the material to
separate. It is important to also note that the resistance to sliding is a property that can be affected by rate
of loading and temperature [27]. Hence, if a material is loaded suddenly and at a low temperature, the
resistance to sliding may increase so that it surpasses the resistance to separation. This causes the material
to lose its ductility and fail suddenly without much plastic deformation. However, in the context of this thesis,
these effects are considered negligible.
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Figure 2.8 — Separation failure (a) and sliding failure (b).

In the case of wires, failure is achieved by following the appropriate stress-strain diagram corresponding to
the specific material grade. Once the wire is loaded past its yield point, plastic extension occurs up until the
ultimate yield point where fractures transpire, and the material separates. Depending on the material grade,
the total elongation of the wire can vary between 1.5-4% and the ultimate strength can be 105-133% higher
than the specified grade strength [5]. It is interesting to note that although wires are made of steel, they
exhibit a much more brittle behavior. As mentioned previously, this is related to the manufacturing process
the wires go through which causes them to change their mechanical properties. The result is that the wires
have a much higher yield stress, but at the cost of a high reduction in ductility.

Based on previous experience, the main failure modes of individual wires are split into two categories. The
first is called cup-and-cone failure, which is illustrated by Figure 2.9. This type of failure is associated with
overload or necking of wires caused by an axial tensile loading. Necking, which refers to the reduction in
diameter of the cross-section as it elongates, is then followed by small microvoids that appear in the center
of this area. These eventually combine to form a bigger void at which point sudden fracture occurs in the
form of a shear plane angled at 45 degrees. This failure causes the ends of both pieces to resemble a cup
and cone.
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Figure 2.9 - Different stages of axially tensioned material that results in cup-and-cone failure.

The second main failure mode of wires is shear (Figure 2.10). In this case, the fracture plane is not normal
to the cross-section but rather at an angle near 45 degrees. This failure more would occur when an opposing
force like friction acts on a portion of the outer surface of the wire.
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Figure 2.10 - Typical shear failure of material under combined loading.

Depending on the specific use and application of wire ropes, additional failure mechanisms can occur. For
instance, ropes subjected to the harsh offshore environment can be greatly affected by corrosion. This causes
the outside surface of the wires to deteriorate, thus reducing its load-bearing capacity. Through galvanization
and other similar techniques, the damage due to corrosion can be minimalized. However, there are situations
where the severity of the environment can be extreme enough to significantly reduce the lifetime of a rope
if not properly maintained.

Fatigue is normally a governing failure mode for many engineering applications using steel wire ropes.
However, when considering steel wire rope slings, this is not the case. The reason behind this is that current
industry practice considers slings as consumables that are usually used for single operations. Hence, the
number of cycles and fluctuating stresses associated with fatigue are not applicable and the governing failure
mode then becomes the ultimate strength capacity.

2.3 BEHAVIOR UNDER BENDING

Although wire ropes can be used in various applications, the selection of a specific rope is governed by the
loading/stresses it will experience. It is therefore important to understand the stresses a rope will incur based
on the loading applied. In the context of this thesis, the scenario of interest is a sling body bent around a
circular pin.

The helical configuration of the individual wires adds a degree of complexity when identifying the different
stresses in this scenario. To start, consider a simple strand loaded in tension. If examining the response of
the outer wire to the applied loading, the resulting force components are as shown in Figure 2.11. Here, in
addition to the normal force, a radial component is also observed.
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2.0 Behavior of steel wire rope

F, cos o;

Figure 2.11 - Simplified free-body diagram of outer wire due to loading of strand by force (S;) [5].

This radial component arises from the contraction induced by the helical structure of the outer wires. In turn,
this causes a coupling where the axial loading applied to the strand also induces shear, torque and moment.
Expanding on this simple example and taking into consideration the bending scenario of interest, the main
stresses experienced by a steel wire rope can be categorized into:

Axial loading stress;

Bending stress;

Stress due to friction;

Ovalization stress;

Stress due to torsion, moment and shear.

2.3.1 Axial loading stress

If considering a single, straight wire loaded in tension, the resulting stress can simply be found by applying:
F
= - 6
o=~ (6)

Additionally, this equation will hold if several straight wires are bundled together. However, once that bundle
of wires becomes wrapped around a core and forms a helix, a difference in stress can be observed. This can
be explained by cutting a cross-section of the two different scenarios as depicted by Figure 2.12. In Figure
2.123, the stresses throughout the wires are the same because each individual wire cross-section is identical.
However, in a strand, the representative cross-sections of the outer wires exhibit a different shape than the
core as shown in Figure 2.12b.

L~
.

Figure 2.12 — Strand with parallel bundle of wires (a). Simple strand with helical structure (b).

(a)

To translate this effect of the helical structure into resulting normal stresses in each individual wire, Equation
(7) below is used when considering stranded wire ropes. The force in each wire k in strand [ is
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2.3 Behavior under bending
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where g, is lay angle of strand in relation to rope, a,; is lay angle of wire in relation to strand, E is modulus
of elasticity of wire, A is cross-sectional area of wire, z is number of strands/wires, v is Poisson’s ratio and S
is force applied to entire rope.

As can be seen from Equation 7, the lay angle plays an important role in determining the force in each
individual wire. Figure 2.13 shows how the lay angle influences the stresses of a simple strand loaded in
tension. The distribution of stresses between the core wire and the outer wires exhibits a nonlinear
relationship. As the lay angle increases, the effective area of the simple strand decreases due to the change
in area of the outer wires. Consequently, the outer wires can resist less of the applied loading and will
elongate causing an increase in stress in the core wire.
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Figure 2.13 - Effect of Poisson’s ratio on stresses in a simple strand due to lay angle of outer wires.,

It is important to note that often the effect of Poisson’s ratio of both wires and strands is neglected. This
assumption has been investigated by several authors and proven to have minimal error in relation to the
actual stresses. This simplification is also convenient because the Poisson’s ratio for strands differs from the
nominal value for steel, which can be used for the individual wires. Depending on the rope type and
configuration, strands can have a much higher ratio. However, especially for ropes with steel cores, the
influence this has on the resulting stresses is low enough to be considered negligible [5]. Figure 2.13 also
illustrates the deviations in stresses when the Poisson’s ratio is ignored or not. Indeed, the differences in
stresses are small, but do become more pronounced as the lay angle increases. Additionally, it is interesting
to note that neglecting the Poisson’s ratio increases the stresses in the outer wires while decreasing the
stress in the core.
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2.0 Behavior of steel wire rope

2.3.2 Bending stress

Calculating the bending stresses of wires in a rope is not a trivial task. Numerous approaches have been
taken, but the most famous equation is the one proposed by Reuleaux [28], which provides a rough
approximation due to its simplicity. The expression calculates the bending stress of an individual wire as

1)

where § is wire diameter, D is diameter of rope axis bent around sheave and E is modulus of elasticity. The
major criticism of this equation is that it assumes the wire does not have a helical shape. After investigation,
several authors have concluded that the bending stress is both smaller and larger than the Reuleaux stress
depending on the cross-sectional location of the wire. Figure 2.14 shows that although each author’s results
show deviations, the differences are small enough in most cases to conclude that the Reuleaux stress
provides a good overall representation of the bending stress.
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Figure 2.14 - Comparison of bending stress calculations by different authors [29].

Although the results presented are promising and show good correlation, they may not be applicable to all
scenarios. When considering a sling body being bent, rope curvatures reach values that are very high in
comparison to other applications. For instance, if a wire of 1 mm inside a 20 mm rope is bent around a pin
with a D/d ratio of 1, the resulting Reuleaux stress is unrealistically high. A resulting 2.5% strain confirms it
is already within the plastic region. Regardless, this would mean the wire would be on the brink of failure
and cannot carry any more load. Realistically, this is not the case, therefore, the Reuleaux stress assumption
has limitations and may not be precise enough for all applications.

More in-depth attempts at analytically calculating the bending stress have proven to yield more realistic
results. The key to this calculation is related to the curvature of a wire before and after bending. Initially, a
wire inside a straight rope has a prescribed curvature that is dependent on its helical lay angle. During
bending of the rope, this wire curvature changes as wires and strands start displacing relative to each other
(Figure 2.15). To determine the bending stress, the change in curvature of a wire from initial to final position
must be found. Part of the reason this is a complicated calculation is because the initial and final rope
curvature vectors are not parallel. Additionally, most wires have a double helical arrangement when
considering a stranded rope, which is commonly used.

Figure 2.15 - Displacement of helical wires during bending [19].
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2.3 Behavior under bending

As mentioned, the initial curvature of the wires in a stranded rope must first be determined so that a baseline
for comparison can be established for calculating the bending stresses. For a single helix strand wrapped
around a straight core, the classical expression used by most researchers is

1 _ sin? B

Po Ts

(9)

where p, is initial radius of curvature, g is lay angle of strand and r; is winding radius of strand in rope.
Equation (9) provides a simple formula for calculating the initial curvature that is solely based on the lay
angle in combination with winding radius. To better understand this relationship, Figure 2.16 describes how
the initial curvature of the outer wires of a spiral rope are affected by these two parameters. As expected,
the initial curvature increases as the lay angle increases. Additionally, the winding radius is also plotted for
three different distances as a function of the diameter of the core wire. In this spiral rope example, the
diameters of wires in all layers is assumed to be the same (1 mm). Here, a more interesting observation can
be made which shows that the lay angle has less of an influence on the initial curvature as the distance to
the center of the strand is increased.
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Figure 2.16 - Initial curvature of outer wires in a spiral rope based on lay angle and winding radius.

Once a wire rope is bent around a sheave or pin, the wires assume a new curvature, which generates bending
stresses in the wires. To come up with this new curvature, another classical derivation is made which
considers the space curve of a single helix bent around a circular curve. This derivation was worked out by
Wiek [30]