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It is a great pleasure for me to write this preface for the book of Dr Dagang Wang,
who has made a substantial contribution to the knowledge of fretting fatigue, fretting
wear phenomena and their applications to steel wires during the last few years.

The topic of this book is dynamics and fretting damage of steel wire rope and deals
with the different aspects required to analyze and predict damage in steel wires. The
analysis of fretting fatigue and fretting wear is quit complex because it requires
knowledge of several theories, such as Contact Mechanics, Continuum Damage
Mechanics, Fracture Mechanics and Tribology. The contact between the two bodies is
studied using Contact Mechanics, fretting fatigue leads to crack initiation, studied by
Continuum Damage Mechanics, followed by crack propagation, studied by Fracture
Mechanics, and fretting wear is studied by Tribology. Therefore, special considerations
should be exercised in the experimental as well as in the numerical techniques used for
this kind of problems. Moreover, when considering the application to steel wire ropes
used in mining the dynamics of the system and the inertia forces play a very important
role in the loading conditions acting between the steel wires.

In his book, Dr Dagang Wang considers all these complex aspects in analyzing
damage in steel wires, namely dynamics, fretting fatigue crack initiation, fretting
fatigue crack propagation, fretting wear and the interaction between these different
phenomena. Regarding dynamic analysis, he investigates the effect of hoisting
parameters, such as maximum speed , acceleration and deceleration and terminal mass,
on the tensile force in the rope at the sheave tangent point during different stages of the
lifting cycle. The link between dynamics and fretting fatigue is established by Dr Wang
through mathematical expressions that relate fretting fatigue parameters of wires to
tensile force in the rope during lifting cycle. He further presents the effects of hoisting
parameters on fretting fatigue of the steel wires.

Moreover, Dr Wang uses Finite Element Analysis to model the contact between the
steel wires assuming both elastic and elasto — plastic material behaviors. He provides
details about contact stress analysis of straight and spiral strands and studies the effect of
different parameters on the stress distributions. Furthermore, comparisons bhetween the
results obtained using linear elastic material properties and those obtained using elasto —
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plastic material properties are presented and discussed.

Dr Wang presents also a study of fretting wear of wires, its interaction with fatigue
fracture at contact surface and its effect on rope failure. The effects of crossing angle
and contact load on contact width and pressure are investigated using Hertzian contact
theory and Archard's wear model. To determine fretting damage experimentally, he
develops a homemade wire f{retting fatigue apparatus that can record fretling parameters,
such as tangential force between contacting wires and relative displacement amplitude.
Some interesting results are found using this apparatus.

Dr Wang further reports his research concerned with fretting fatigue crack initiation
and crackpropagation, and lifetime prediction using both experimental and numerical
techniques. Valuable results on crack initiation on the contact surface of tensile wire
and lifetime estimation are reported.

To conclude, I highly recommend this book to all researchers involved with fretting

fatigue, fretting wear and their applications to steel wires.

Prof. dr. ir. Magd Abdel Wahab
Professor of Applied Mechanics
Ghent University, Belgium

06/06/2015
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This book addresses the problem of fretting fatigue in mine ropes. Fretting fatigue
is one of most complex types of problems that may threat the structural integrity of
mechanical components. The term fretting is associated to relative displacements of low
amplitude between points on a contact interface. While fretting between the contact
surfaces provokes some level of material loss and a localized stress concentration, which
will encourage crack initiation, a remote fatigue load may drive this crack to dangerous
lengths eventually leading to complete failure of the component. The occurrence of
fretting fatigue in wire ropes involves an additional level of complexity due to their
complicated geometry and because of the enormous challenge involved in estimating the
appropriate loading in the critical crack initiation zones. As the failure of a rope can
cause great economic losses and impose serious safety risks for mine workers | it must be
avoided by all means. In this setting, this book constitutes a key reference for engineers
and scientists interested in the design and maintenance of these mechanical elements
against fretting fatigue. The book brings together an important set of research work
produced by Professor Wang in this subject in the last 8 years. He has published a
significant amount of scientific papers on the modeling, testing and numerical simulation
of the fretting fatigue problem in wire hopes in some of the most prestigious journals
available. This work was now possible to be presented in a greater level of detail.

In summary, the book describes a methodology to correlate mine hoisting
parameters with stress history, fretting wear evolution, and fretting fatigue life
estimation of steel wires. Hoisting dynamicsand numerical simulations are essential
points in the analysis, which were also properly addressed. Most of the case studies were
conducted considering a 6 x 19 + IWS rope. More specifically, the book is organized as
follows. Load — carrying conditions of hoisting rope at the sheave tangent point at the
start and end of a lifting cycle were calculated. Afterwards, the oreticalrelation
shipsbetween rope tensionsand fretting fatigue parameters, and corresponding Simulink
simulation models were established. Moreover, the stresses and deformations of 6 x 19 +
IWS rope and the three — layered strand under axial extension were explored employing
the finite element method. Then contact widths and maximum contact pressure between

wires, and evolutions of fretting wear depths of wires crossed at different angles during
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fretting wear were explored. Meanwhile, the fretting fatigue behavior of steel wires in
low cycle fatigue was investigated employing a homemade fretting fatigue test apparatus.
Finally, the crack initiation and the stress distribution of wires without damage and with
wear gaps were investigated using the finite element method. A correlation between
fatigue lives of wires and fretting parameters was established. To conclude, I highly
recommend this book to all researchers and engineers involved with hoisting dynamics,

fretting wear, fretting fatigueand their applications to steel wire rope.

Prof. José Alexander Araiijo

Professor of Engineering Mechanics

University of Brasilia

Brasilia, 29th of May 2015
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Abstract

Abstract

Fretting wear and fretting fatigue occurs among neighboring strands andamong
contacting wires in hoisting rope during lifting in coal mine, which accelerates the
fatigue fracture of steel wires, thereby reduces the endurance strength of the rope, and
thus affects the rope reliability and production safety in coal mine. Therefore, studies on
fretting damage behavior and fretting fatigue life estimation of steel wires are significant
to prolong the rope service life and to enhance the rope reliability.

6 x 19 + IWS rope is taken as the objective of study in this thesis. Load — carrying
conditions of hoisting rope at the sheave tangent point at the start and end of a lifting
cycle are explored by static analysis. Simulink simulation models are built based on
dynamic models of the rope tension during the lifting cycle. The roles of maximum
hoisting velocity, hoisting acceleration ( deceleration ), and terminal load on peak
tensions and tension amplitudes of the rope during the lifting cycle are investigated.
Simulation results show that overall ranges of the rope tension vary from 2102. 1 ~
18762.1 N and from 191.1 ~ 16851. 1 N at the start and end of the lifting cycle,
respectively. During lifting, overall ranges of maximum peak tension, maximum tension
amplitude, minimum peak tension and minimum tension amplitude are 9793. 3 ~
19896.9 N, 176 ~4817.6 N, 1240 ~19821.3 N, and 39.5 ~2366 N, respectively.

Mathematical relationships between tensions and tension amplitudes of the rope and
fretting fatigue parameters of steel wires, and corresponding Simulink simulation models
are established employing the rope theory and contact mechanics. The effects of hoisting
parameters on fretting fatigue parameters during the whole lifting cycle are discussed.
Simulation results show overall ranges of various fretting fatigue parameters almost all
present the expanding or upward expanding trends with increasing hoisting parameters
during the whole lifting cycle. Overall ranges of wire tension, contact load and relative
displacement between wires change from 1.5 ~175.6 N, from 0.2 ~452.1 N and from
0.2 ~99.6 um, respectively.

The stresses and deformations of 6 x 19 + IWS rope are explored employing the
finite element method. Detailed analysis of the three — layered strand under axial
extension is carried out using concise boundary conditions and sub — modeling
technique. Effects of friction of coefficient and material model on stress distributions and
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radial deformations are analyzed. The results show that stresses along wire surfaces and
wire deformations both present distributions of quadratic curves. Various stresses on the
cross — section of rope in the axially middle location all exhibit symmetric distributions.
The stresses on cross — sections of the straight strand and spiral strand both decrease
along the radially outward direction, respectively. Neighboring spiral strands exhibit the
largest difference in deformations of contacting wires. Variations of coefficient of friction,
material model and strand axial extension strain all cause distinct stress levels of various
wires, abrupt changes of stress near contact zones of contacting wires of adjacent wire
layers, and radial deformations.

Three — dimensional Hertzian contact theory is introduced to investigate the effects
of crossing angle and contact load on the contact widths and maximum contact pressure.
The evolution of fretting wear depth of wires crossed at different angles during fretting
wear and the correlation model between fretting wear depth and fretting parameters are
established. The results demonstrate that different crossing angles and contact loads both
cause distinct contact widths and maximum contact pressure. Experimental values of
wear depths of steel wires crossed at angles of 90° and 18° in tests with different fretting
parameters show good agreement with corresponding predicted values, which validates
the fretting wear evolution model.

The roles of fretting amplitude , strain amplitude and contact load on fretting fatigue
behaviors of steel wires in low cycle fatigue are investigated employing the homemade
fretting fatigue test apparatus. The results show that different fretting fatigue parameters
induces distinct coefficients of friction, fretting regimes, wear mechanisms, fretting
fatigue lives, crack initiation and propagation characteristics during the fretting fatigue
tests. Those elements of fretting fatigue behaviors interact with each other.

Fretting fatigue behaviors of perpendicularly crossed steel wires without damage and
with wear gaps are studied using finite element method. The effects of fretting fatigue
parameters on fretting regimes and stress distributions on contact surfaces are explored.
Multiaxial fatigue criteria are employed to investigate roles of fretting parameters on
crack initiation characteristics on the tensile wire surface during the initial fretting
stage. The linear elastic fracture mechanics and method for a power function curve fitting
are used to establish quantitative relationships between fretting fatigue lives of tensile
wire and cyclic stress, contact load and fretting amplitude, respectively. The results
show that different fretting fatigue parameters induce distinct fretting regimes, stress
distributions and abrupt changes of stresses near trailing edges in two cases. Crack
initiation on the contact surface of tensile wire becomes more difficult and easier with
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increasing contact load and increasing fretting amplitude, respectively. Predicted fatigue
lives are in good agreement with experimental values, which validates the theoretical

model.
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