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A new approach to the assessment of the fatigue life

of typical steel ropes

The issue of the future prediction of the technical condition of ropes during their opera-
tion is a very important issue related to the safety of use and operation of the devices.
Steel wire ropes, as load bearing elements, are subject to degradation through various
forms of wear during operation. Variable loads cause a complex state of stress in the
wires, which translates into different tensile, twisting and surface pressures between
the wires. Ropes are also exposed to difficult working conditions, e.g. corrosive environ-
ment, fatigue wear, which consequently leads to a weakening of their functional proper-
ties. Ropes, as responsible elements, require an accurate and at the same time simple
way of predicting their failure-free operation in a simple and unambiguous manner.

This article concerns a new approach to determining the fatigue life of steel ropes. The
issue of safety related to steel ropes has been a difficult and ambiguous issue for many
years to determine without knowing the fatigue life of the object. The paper discusses

experimental and practical methods for determining the fatigue life of steel ropes.
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1. INTRODUCTION

In the last dozen or so years, we have observed
a constant increase in the quality of artistry in steel
rope operation. This manifests itself in an increasing
operating time even in the most difficult conditions,
such as mine shafts. This applies to all typical applica-
tions of steel ropes, especially ropes used in deep
mining, basic open-pit mining machines and various
types of overhead crane rope systems. At the same
time, the largest rope manufacturers offer new struc-
tures characterized by greater fatigue life. These new
structures are usually multi-layer ropes with many
strands of relatively thin wires with high tensile
strength. In multi-layer ropes of some companies, e.g.
Wireco, Teufelberger Arcelor Mittal, additional plas-
tic inserts are used, which reduce the pressure values
between the wires. Very often, these strands are made
using the compacting process. This technology in-
volves partial crushing of previously made strands

with linear contact. The basic methods of compacting
strands are presented in the text. With the advent of
new steel rope designs, their wear characteristics
have also changed. The most common cause of the
wear of steel ropes is fatigue of the steel from which
the wires are made, manifested by their cracks. Mod-
ern designs use high strength, small diameter wires,
often 2160 MPa or more. This also increases the fa-
tigue life of the wires. Combined with the reduction of
contact stresses, such ropes work longer, but without
the occurrence of wear factors such as fatigue scrap.
This longer operation also means that such ropes, es-
pecially in humid environments in mining shaft
hoists, are subject to a faster corrosion process.
Ropes working in drum hoists are also subject to
abrasive wear, manifested by massive cross-sectional
losses mainly on the surface of the wires. In the classic
operation of steel ropes, fatigue life is commonly
used. This concept is explained in more detail later in
the article. This parameter is descriptive but allows
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for comparison of rope structures in terms of the
length of working time. However, it is impossible to
determine the safe length of this rope operating time
for specific conditions. The determinism of the steel
rope wear process is also compounded by statistical
uncertainty. In the operation of steel ropes, it is com-
mon practice to examine their technical condition
(wear level) using various methods. Visual VT non-
destructive testing and magnetic MRT testing are
commonly used. The results of these tests are used to
determine the type and level of wear of a given rope.
This wear is understood as a loss of the load-bearing
cross-section of the rope, which consequently leads to
the weakening of the rope, i.e., its ability to carry
loads. The value of this indicator results directly from
the degree of wear, but it is difficult to determine
quantitatively using non-destructive methods. The
only way is to test the strength of the laid ropes and
extrapolate their results to similar cases. The next
chapter presents sample results of a statistical meth-
od for determining rope weakening based on the ac-
tual level of its wear. It turns out that for most types
(fatigue, corrosion, abrasion) and forms (internal and
external damage, symmetrically and asymmetrically
located) of physical wear, the weakening of the rope
is generally underestimated about the size of the loss
of the rope’s load-bearing cross-section. Therefore, it
requires an estimate of the value by the researcher
based on the results of magnetic or visual tests. This
means that the appraiser must be equipped with ap-
propriate knowledge. The authors of this article pro-
pose a new approach to assessing the operational du-
rability of ropes. This new approach is a holistic
(comprehensive) way of interpreting all operational
elements that characterize the operation of a given
rope. It is mainly about the accuracy and repeatability
of wear assessment methods, translating these results
into actual rope weakening and considering the un-
certainty of estimating these indicators, meaning that
the expert must be equipped with the appropriate
knowledge. This is to ensure that the rope is with-
drawn safely and remains with a sufficient reserve of
operating time. Most regulations regarding the laying
down of steel ropes deal with this problem briefly,
and the laying criteria are specified point-wise. As an
example, the authors give the regulations regarding
ropes working in mining shaft hoists in force in Po-
land and South Africa. This comparative analysis
shows that the criteria applicable in Poland for stor-

ing mining hoisting ropes in the final phase of their
operation allow for a situation in which these ropes
may significantly exceed the limit value. This is due to
an underestimate of the attenuation based on the con-
sumption estimate and a failure to consider the sto-
chastic uncertainty of this estimate. The new proposed
approach is mainly intended to prevent such a situa-
tion. Perhaps in some cases it would be necessary to
revise the criteria for laying down steel ropes in min-
ing shaft hoists in deep mining.

2. MAITENANCE PROPERTIES OF
STEEL WIRE ROPES MADE
WITH COMPACT STRANDS

The Polish mining industry is managed on a busi-
ness basis which means maximizing profit and mini-
mizing labor. This observation also applies to the
steel ropes used in mining shaft hoists. The primary
goal is the safety of their operation by applicable reg-
ulations with the longest possible operating life. Multi-
layer ropes with complex structures are increasingly
used, including ropes with compacted strands, i.e.,
ropes with a longer service life than traditional ones.
This generally reduces costs. In the mining industry in
Poland, such ropes have been used in several dozen
installations over the last dozen years. Not only do
these ropes last longer, but their wear processes, es-
pecially fatigue, are different than those of the typi-
cal, popular triangle-strand ropes used previously,
hence the attention that the authors of this publica-
tion devote to these ropes. They discuss some opera-
tional features of ropes made of compacted strands in
more detail. To date, there has been no comprehen-
sive research determining the impact of the structure
of these ropes on their strength parameters, reliabili-
ty, durability, and especially on the possibility of de-
termining the condition during operation using the
commonly used visual VT and magnetic MRT methods.

Against this background, monograph [1] and arti-
cle [2] stood out, but they are only studies of single
application cases. The basic feature that distinguishes
the structures of these ropes about those used so far
is the occurrence of surface contacts between cooper-
ating wires in strands made with linear contact be-
tween the wires and then plastically deformed using
various methods. Steel ropes made of compacted
strands are more expensive to produce than equiva-
lent ropes with strands with linear contact between
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wires. As a result of plastic deformation, strands are
made of wires with linear contact in subsequent lay-
ers, creating surface contact between the deformed
wires. This state is achieved by introducing significant
technological changes that increase production costs
in the strand production process. Several technolo-
gies are used in this process. Generally, they involve
mechanical compression of the strand with linear
contact between the wires in the radial direction,
which causes their plastic deformation. As a result of
the compacting process, the cross-section of the wires
in the strand is permanently deformed. This results in
a decrease in the strand’s diameter, but its metallic
cross-section remains the same. The wires forming
the strand change their cross-section from a round
one and contact each other through surface contacts.
This reduces the surface stress of the wires in the
strands. For example, two technologies for making
compacted strands (rolling and the so-called corking)
are shown in Figure 1 in the upper part of the draw-
ing. In contrast, the lower part of the drawing shows
two, most often compacted, types of strands with lin-
ear contact between wires. These are 1+6 strands and
the Seale (14+9+9) construction.

1x7 1x7K 1x198 1x195K

Fig. 1. Two examples of technologies for compacting

strands with linear contact between wires: a) strand

rolling method [3]; b) knitting method; c¢), d) examples
of compacting 6x7 and 6x19S strands [2, 4]

The strands shown in the drawing are made with a
maximum deformation of 100%. This means that all
the wires in the strand are deformed so much that
there is no free space between them.

The strand deformation obtained in any compact-
ing technology is usually 6-30% and is determined
by equation (1). This compression is calculated as
a percentage change in the cross-section of the circle
described on the strand as a result of compacting
Sy [mmz] -8 [mmz]) to the change that this cross-

section would achieve if the strand were completely

closed (S, [mm?] - S min [mm?])
7= So—Sk .100% (1)
0 ~ “min
where:

Sy — cross-section of the circle described on the
strand [mmz],
S, — cross-section of the strand after compacting
[mm?],
Sminp — Mminimum cross-section of the strand that
can be obtained after compacting until the
strand is completely closed [mm?].

The greatest deformation occurs in the wires of the
outer layers of the strand and decreases gradually in
the wires located deeper and deeper, as they get clos-
er to the core wire of the strand. This is also present-
ed in finite element models of the compaction pro-
cess, where the radial distribution of stress increases
in compaction processes is visible [5]. In most ropes
with compacted strands available on the market, the
compression applied plastically only deforms the out-
er wires of the strands.

When the entire wire rope is subjected to crushing,
the resulting rope is called a corrugated rope [6]. The
compaction process reduces the diameter of the strands
and the ropes made of them, an increase in the fill fac-
tor of the strand cross-section and thus in the finished
rope, and a smoother external surface compared to
ropes with conventional strands. This, in turn, im-
proves the coefficient of friction between the rope
and the drum or pulley. The rope’s resistance to cor-
rosion also increases. Moreover, due to the limitation
of free space between the wires, surface contact im-
proves the distribution of stresses on the cooperating
surfaces. Working on the pulley, the steel wire rope is
often bent, which causes higher loads at the contact
between the wires, leading to slippage and, conse-
quently, abrasive wear and material fatigue [7]. An
example cross-section of a compacted rope is shown
in Figure 2 [8]. It is a supporting rope marked by the
manufacturer as ,,NRHD24CS” with external strands
and a wire arrangement (1+6). The inner layer of the
rope uses Seale strands in a (1+8+8) arrangement.
This rope is characterized by high resistance to com-
pression and abrasion when wound on multi-layer drums
and is resistant to corrosion. Such ropes are also resis-
tant to ovalization of the cross-section on the drum. In
this construction, the strands in the layers are rolled
in the opposite direction, the smooth surface of the
compacted strands reduces contact stresses.
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The crush size is not specified in the materials
available from manufacturers and the data sheets.
The compacting technology was not specified, and
these two factors, production technology and crush-
ing, have a fundamental impact on the durability
of working steel ropes made using this technology.
Omitting such an important parameter as crushing
capacity for individual types of strands does not pro-
vide those examining and interpreting the results of
e.g. magnetic tests with any additional information on
how fatigue scraps may be distributed in the rope
cross-section. Compared to equivalent ropes with nor-
mal strand construction, compacted ropes have less
twist, lower stiffness and are more corrosion resis-
tant. These features are desirable in drum winches of
all types, but it does not necessarily increase fatigue
life for shaft conditions. While examining these ropes,
interpreting magnetic test results is also a problem.
This is because damage occurs mainly at the contact
of strand layers, and the lengths of the gaps between
the ends of the cracked wires are about 1 mm, which
poses a severe challenge to magnetic detection [9, 10].
An additional problem is the nature of fatigue itself.
Another problem is the nature of fatigue wear itself
and we will return to this issue later in the article.

Fig. 2. Cross-section of the “NRHD24CS”
type track rope [8]

3. DURABILITY OF STEEL WIRE ROPES

The fatigue durability in machine operation is in-
tuitively obvious. However, it is quite difficult to de-
fine because it requires many detailed parameters re-
garding a given element: material and manufacturing
technology, operating conditions and environment,
nature of loads, etc. Defining the concept of durabili-
ty for steel ropes is even more difficult. Below are
some examples of definitions of this concept used in
practice.

The classic definition of fatigue durability of steel
ropes is the operating time, or the number of cycles,
worked by a steel rope under specified conditions un-
til it reaches destruction or a specified level of wear [11].
In practice, the strength definition of fatigue durabil-
ity is more often used. This is the steel rope’s operat-
ing time (working resource), determined by the num-
ber of operating cycles or operating time until its
complete destruction, achievable in specific environ-
mental conditions with variable loads.

Theoretically, having data on the fatigue life of
a steel rope should solve the basic operational prob-
lem: when to replace the rope with a new one. The
answer to this statement is that before this deadline
(or after a certain number of cycles have been com-
pleted). This means that is very difficult to obtain any
knowledge about this value.

There are several ways to determine the fatigue life
of steel ropes, with the most important presented below.

The maintenance method uses spreadsheets of the
number of wire breaks as a function of time [12].

The laboratory method uses fatigue machines to
perform fatigue life tests in controlled conditions. It
is possible to experimentally determine the relation-
ship between the number of visible wire cracks and
the remaining strength of the rope [13]. Such re-
search is expensive and time-consuming. They usually
concern a small sample of ropes and do not consider
specific shaft conditions. An example of such re-
search is shown in Figure 3 [3]. The graphs show rope
wear, expressed in the number of fatigue scraps, as
a function of the number of cycles worked. The blue
graph shows the wear curve of a rope with a diameter
of 50 mm and a 6x36WS construction. The red graph
shows the wear curve of an equivalent rope with a di-
ameter of 50 mm made of compacted strands of
6x36WSK construction. Although there is no data on
the amount of crushing and the compaction method,
the charts show the typical course of wear of ropes
with compacted strands about ropes with ordinary
strands. The fatigue wear process of ropes with com-
pacted strands takes place so that for approximately
2/3 of the ropes’ operating time, the wires practically
do not break. Fatigue accumulates in the wire materi-
al invisibly and fatigue cracking of wires begins after
this phase, but is usually violent, often characterized
as ,,explosive”. The reason for this form of rope wear
over time is well described by computer models of
rope fatigue wear described below. This also means
that the person examining the rope over a long period
has no information that the fatigue wear process is
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taking place. Moreover, in compacted strands, the
wires do not spread over long distances when they
break, and the gaps between the ends do not exceed
1 mm. If the magnetic method is used to assess the level
of wear, such damage is very poorly visible in the sig-
nal of LD type inductive sensors.

Number of wire breaks in ropes 50 6x36Ws and 50 6x36WSK
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Fig. 3. Example of fatigue life tests for steel ropes of the
same design made of plain round strands (blue)
and partially compacted strands (red) [3]

Methods of mathematical approximation of the
rope wear a time series describing this process using
various techniques and then extrapolating the deter-
mined function. Among other ARIMA-type processes,
econometric methods such as the harmonic weights or
exponential smoothing method are used [4, 14].

Figure 4 presents the results of fatigue life tests as
a specific rope level of wear [14]. This approach was
proposed for the first time in diagnosing steel ropes
in mining shaft hoists.

This innovation combines three concepts: fatigue
life, operational wear and weakening caused by a de-
crease in the breaking force of the rope. The charts
were prepared based on the results obtained during
fatigue testing of ropes. The degree of wear was de-
termined based on the so-called signal of the integrated
MDS defectograph [15, 16]. The lower curve shows
a rapid non-linear decline in fatigue life with wear
level. Unfortunately, there is no data on the type of
rope tested, the tests themselves, the assessment er-
ror, and the method of determining durability. The
graph shows that rope wear, which corresponds to
a weakening estimated at 25%, is accompanied by a de-
crease in fatigue life of over 90%. The graph also
shows that the decrease in fatigue life is very rapid in
the first phase of rope operation, only to slow down
in the final phase. This behavior of steel ropes was
difficult to explain until the development of a method

for computer modeling of the fatigue process of steel
rope wear [17].
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Fig. 4. Decrease in fatigue life and weakening of

the rope as a function of its wear [14]

Fatigue wear modeling involves iterative computer
models based on the Wohler fatigue hypothesis (for
wires) and the Palmgren—Miner (PM) cumulative hy-
pothesis (the principle of adding stresses in individual
wires). Among others, such models have been de-
scribed in monograph [4]. An exemplary result of
such model tests is presented in Figure 5. It presents
two realizations of the change in rope wear, ex-
pressed as the number of fatigue cracks in wires ap-
pearing depending on the number of cycles worked.
In these models, the level of rope wear measured by
the number of fatigue scraps is equivalent to weaken-
ing. The graphs were obtained using a fatigue wear
model of a 34x7 multi-layer rope, made of identical
wires with a wire strength of R, = 1900 MPa, of dif-
ferent quality of workmanship, characterized by a large
spread of loads on individual wires (blue color) and
increased quality of workmanship (red color). These
models well reflect the nature of the wear process,
especially of multi-layer ropes made of compacted
strands. It can be seen in the drawing 5 that this qual-
ity variable significantly extends the operating time of
ropes made in this way compared to ropes of lower
quality. Figure 6 shows the same implementations of
the fatigue wear process, but as a change in fatigue life
as a function of the weakening of these ropes. This cor-
responds to the lower graph in Figure 4. The presented
graphs confirm the thesis presented in this article that
ropes of high quality of workmanship, but with equal
stress values in individual wires, in the first phase of
their operation exhaust the fatigue life resources fast-
er than ropes with a lower quality of work-manship.

Nevertheless, they work longer hours. The irregu-
larities in both graphs result from stochastic dispersion
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of loads on individual wires. They are different in
each calculation cycle, but they are random in terms
of the postulated quality of workmanship. The exper-
imentally determined fatigue strength and wear of
compacted steel ropes and the relationship between
the number of visible wire cracks and the remaining
rope strength are presented in [18]. Fatigue life mod-
eling allows one to obtain this type of information
and other information that other methods do not al-
low, such as the impact of the quality of the rope,
the method of making the wires, the unevenness of the
loads on individual strands etc. The wear curves for
the example in Figures 5 and 6 are presented together
in Figure 7, but as a function of the ropes operating
time (number of cycles). It is also presented as a lin-
ear function of the change in fatigue life for examples
of the same ropes made of high and lower quality.
The linearity of these characteristics results from the
adopted operating time variable as the number of cy-
cles. As seen, model tests can be carried out until the
»rope breaks” due to the achieved weakening, which
is not possible in real conditions, because the ropes
are previously laid down at a weakening level of ap-
proximately 20%. The results obtained by numerical
simulation according to [4] also confirm the observa-
tions that the weakening of the rope at the level of
20% of the rope breaking force is synonymous with
a decrease in fatigue life of even more than 90%. This
is extremely important in the context of the criteria
for laying down mining shaft hoist ropes in force in
Poland. As can be seen in Figure 7, ropes of higher
quality work even many times longer than ropes of
average quality, but when their weakening exceeds
20% (the value of deposition of supporting ropes of
mining shaft hoists according to WUG regulations),
the remaining fatigue life is much lower. This is ex-
tremely important due to the increasing use of ropes
with compacted strands for supporting ropes.

The structure of these ropes favors averaging the
loads transferred to individual wires and strands. As
a result, this leads to better equalization of stresses
between individual wires and strands. This explains
the unusual fatigue wear characteristics of a rope
with compacted strands, shown in Figure 3. Compact-
ing the strands equalizes the transfer of loads, includ-
ing variable loads. The material fatigue of individual
wires accumulates without any externally visible ef-
fect, so after reaching the maximum work resource
described by the Palmgren—Miner hypothesis, it leads
to a fatigue crack in accordance with the Wohler
equation. The stress intensity factor can determine

the growth rate of fatigue cracks according to the Par-
is equation [19]. Compared to ropes made of ordinary
strands, the operating time of compacted ropes is
longer, but more rapid in the last phase.
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The method of calculating fatigue life as a guar-
anteed number of cycles to achieve the deposition cri-
terion involves using a regression equation with pa-
rameters estimated based on testing a specific rope
in laboratory conditions on a fatigue machine. This
method was developed at the Technical University of
Stuttgart [20] and recommended by the rope manu-
facturer CASAR. In general, the method o calcu-
lating the fatigue life of a rope in this way for given
operating conditions is known. Still, the values of nu-
merous coefficients used in the formulas have not
been published.

4. LEVEL OF WEAR AND WEAKNESS
OF STEEL WIRE ROPES

The wearing of steel ropes is an inevitable process
of degradation of their physical, geometrical and op-
erational properties. Wear is caused by fatigue pro-
cesses, corrosion, losses caused by abrasion and loss
of basic geometrical features such as: diameter [mm],
stroke length [mm], longitudinal and transverse stiff-
ness, lubricant properties, core wear. The level of
rope wear is an assessment of this wear based on the
number of visible wire scraps, change in rope diame-
ter [%], change in stroke length [%], elongation [%)],
size of wire cross-section losses due to wire abrasion
[mm?], loss of ferromagnetic cross-section [mm?, %,],
loss of load-bearing cross-section of the rope [mmz, %,),
lubrication condition, core condition, torque, etc.
This assessment is objective when the examiner uses
apparatus methods, e.g. magnetic testing. This assess-
ment may be subjective if the assessor uses only visual
methods and treats magnetic testing only as a tool for
determining the most worn part of the rope. From the
operational point of view, the best measure of the lev-
el of wear is to determine the loss of the load-bearing
cross-section of the rope [mmz, %)]. Such a measure
would lead to determining the weakening of the rope ac-
cording to Equation (2) as a decrease in the rope’s abil-
ity to transfer longitudinal loads due to changes in wear.

F.o-F

AF = Z . 100% (2)

120

Unfortunately, the weakening of the working rope
can only be determined indirectly based on visual
tests (number of broken wires) or magnetic tests
(degree of rope wear determined according to the
PN-92/G-46603 standard). Both methods are not ac-

curate — the visual method is subjective. In addition,
the quantitative relationship between the weakening
and wear, as defined in this way, is regressive and sub-
ject to significant uncertainty. The accuracy of this
relationship depends on the level of rope wear, the
distribution of damage, the design, diameter, type of
wear, and the method of assessing the degree of wear.
Rope wear significantly impacts its weakening, but
there is no clear relationship between these values. It
is, therefore, advisable to determine the relationship
between weakening and wear based on the results of
controlled tests. They should be concerned with the
basic forms of wear in specific applications of steel
ropes. The only rational way is to determine the level
of rope wear for a given value and the corresponding
weakening. It should be noted that rope weakening mea-
sures its ability to transfer longitudinal force. It can
only be precisely determined based on the actual val-
ue. For the final results to make stochastic sense, at
least a dozen such tests for one type of rope and
a given type of damage would have to be performed.
This affects the costs and causes such tests to be per-
formed rarely, and their results are reluctantly pub-
lished. Below are examples of such test results per-
formed in South Africa [21] and statistically developed
by the authors of this article. The results of the tests
carried out in South Africa consisted of breaking en-
tire sections of ropes of different constructions, in which
artificial damage was done by cutting wires in differ-
ent numbers and different configurations. Other re-
sults presented below are tests carried out entirely by
the authors of this article. The tests covered several
different constructions of steel ropes with different
forms of wear. The tests consisted of assessing the level
of wear of ropes using the magnetic method with the
MD120 defectograph per the PN-92/G-46603 stan-
dard and then breaking the wires to determine the
actual weakening of a given section of the rope ac-
cording to Equation (2). Below are examples of re-
sults from such tests.

It should be noted that in the literature on the
problems of assessing the condition of ropes, the au-
thors of this study have yet to encounter such an
approach. Example results of the authors’ tests are
presented in Figures 8-11. They refer to different
construction solutions of ropes used in mining hoists,
mainly drum hoists. The drawings show at the top —
a description, symbol and sketch of the rope cross-
section, and at the bottom, a graph of the regression
relationship: weakening [%] versus wear [%]. In the
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graphs on the vertical axis, the abbreviation LBS
stands for weakening (Loss of Metallic Section) [%],
and the abbreviation LA stands for wear (Loss of
Area) [%]. The graphs also include the equation
of the first-degree linear regression model, and the
value of the linear determination coefficient deter-
mined for this regression model.

Figure 8 shows a linear model of the relationship
between the weakening and wear of a Fishback rope
(a popular rope used and manufactured in South Af-
rica in deep lifts, similar to the rope shown in Figure 2).
The modelled wear of the rope is caused by cut wires
in triangular strands at the interface of the layers. The
damage is evenly distributed across the cross-section
of the rope. This wear model corresponds to this type of
rope’s typical fatigue wear process, mainly manifest-
ed by broken wires occurring at the interface of the
strand layers. The weakening of the rope was deter-
mined based on tests of breaking sections of ropes in
their entirety about a brand-new rope. The slope co-
efficient in this regression model is 1.001, i.e. the level
of rope wear for this case corresponds to weakening.
Due to the scatter of results, there is an uncertainty in
the weakening estimate with a standard deviation of
2%. The dashed lines also show the 95% confidence
interval limits on the graph.

18strand ,Fishback” non-spin d = 44mm
12x10(8/2)/6x29(11/12/6 A)+1x19S
BS = 1550 kN; wire about 2,2mm

.
\

model f(x) = 1.001™x

R-square 0.7566

10+

LBS (%)

o 2 &+ & 8 10 1u
LA [%]

Fig. 8. Relationship between weakening and wear of
steel ropes caused by cut wires at the interface of
strand layers determined on the basis of strength test
results ([21], statistical analysis: authors of
the publication)

Figure 9 shows a linear model of the relationship
between the weakening and wear of a Ribbon rope
(a popular rope used and manufactured in South Af-
rica in deep lifts, similar to the rope shown in Figure 2).
The modelled wear of the rope is caused by cut wires
lying on the surface of the strands’ outer layers. The
damage is evenly distributed around the circumfer-
ence of the rope. The weakening of the rope was de-
termined based on tests of breaking sections of ropes
in their entirety about a brand new rope. The slope
coefficient is 2.41, i.e. the level of weakening of the
rope for this case is, on average, 2.41 times higher
than the wear.

Liny ,Fishback” and ,Ribbon” v ;

9xB/6x29(11/12/6V)+1x195 \

d = 44mm, BS = 1450kN, wire about
2,6mm ~)

20  model f(x) = 2.41*x

R-square 0.83

LBS [%]

6 7 8 9 10

0 1 2 3 4

5
LA [%]

Fig. 9. Relationship between weakening and wear of
steel ropes caused by cut wires on the strand surface
determined on the basis of strength test results
([21], statistical analysis: authors of the publication)

Figure 10 shows a linear model of the relationship
between the weakening and wear of a rope with a tri-
angular strand structure. This popular rope is used in
deep hoists in drum and multi-rope devices with fric-
tion drives. The tested rope operated in a multi-layer
winding system on the drum. It showed only differen-
tiated abrasive wear with abrasions exceeding one-
third of the outer wire diameter over the entire cir-
cumference. Rope wear was determined based on tests
of the entire length of the rope after it was removed
from the device. The tests were performed with an
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MD120 defectograph, interpreting only the signal of
the LMA Hall sensor zeroed about the cross-section
of the non-working rope (a section of the rope from
the vicinity of the driving drum). Rope weakening
was estimated based on tests of whole rope sections,
about a section of the rope from the vicinity of the
drum, which showed no wear. The slope coefficient of
the linear regression model is 1.43, which means that
the rope weakening level for this case is, on average,
1.43 times higher than the wear level. It should be
noted that the low value of the linear determination
coefficient. This means that the rope weakening level
is not only determined by the loss of the metallic
cross-section caused by abrasion but also by the na-
ture of the distribution of this loss in the cross-section
and along the length, which cannot be determined
based on the LMA sensor signal.

Rope TSR
6x36(3-6-12-15)+FC
d = 35mm

10+ model f(x) = 1,43*x

R-square 0.464

LBS [%]

25 3 35 4

0 0.5 1 1.5

2

LA [%]
Fig. 10. Relationship between weakening and wear of
steel wire ropes caused by wire abrasion on the strand

surface (statistical analysis: authors of the publication)

Figure 11 shows a linear model of the relationship
between the weakening and wear of a single-lay rope.
This famous rope is used as a guy rope for tall free-
standing structures or as a cable rope in floating
cranes and primary machines in opencast mining.
The tested rope showed only corrosive wear at the
contact of wire layers. Rope wear was determined

based on tests of the entire length of the rope with an
MD120 defectograph using only an LD inductive sen-
sor and the pulse summation method over a section
of 30 rope diameters. Rope weakening was estimated
based on tests of all wires from different rope sections
about the section showing no wear. The slope coeffi-
cient is 2.14, which means that the rope weakening
level for this case is, on average, 2.14 times higher
than wear.

Spiral ropes 1x61

(3-12-18-24), wire 5mm

d = 30mm and 39mm

cross-section 500 mm? and 700 mm?

20k model f(x) = 2,14*x

R-square 0.88

LBS [%]

LA [%]

Fig. 11. Relationship between weakening and wear of
steel ropes caused by wire abrasion on the strand
surface (statistical analysis: authors of the publication

5. STOCHASTICAL ESTIMATION OF
THE WEAKENING OF
STEEL WIRE ROPES BASED
ON THEIR DETERMINED WEAR LEVEL

The presented examples of relationships between
the value of weakening of steel ropes and their level
of wear indicate a significant influence of the type
(form) of wear and the distribution of damage in the
cross-section of the rope on the relationship between
these relationships and the size of the statistical un-
certainty of determining this relationship. These re-
sults indicate a significant share of the random factor
in the estimated wear and weakening value. This
means that, for example, wear in the form of scrap
wires of the same number but located inside the rope
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and on its surface has a diametrically different effect
on the value of weakening. The same is true for the
form of wear. The same numerically determined wear
caused by corrosion causes a weakening different from
that caused by abrasions or scrap wires. Since the cri-
terion of weakening decides the disqualification of
a rope, the above aspects should be considered by ex-
perts. It is much easier to consider the influence of
randomness, as shown above. This is illustrated in
Figure 12, which is an example of such conclusions, to
not only determine the average weakening level based
on the estimated level of wear, knowing the relation-
ship between wear => and weakening, but also the
probability of underestimating this weakening level.
This example presents a situation in which the expert
assessed, based on his wear tests, the wear of a multi-
layer rope caused by wire scrap lying at the contact of
the layers, e.g. at 20% loss of the load-bearing cross-
section. In the case of hoisting devices used in Poland,
the value of the criterion for laying down lifting ropes
is a 20% decrease in the safety factor, equivalent to
20% weakening. The question remains whether the rope

s

o
w
<)

should be laid down or not. For this case, the weaken-
ing-wear relationship presented in Figure 8 is known
(linear model f(x) = 1.001 - x), i.e. the average weak-
ening equals the determined wear. It remains to consid-
er only the random scatter of these values additionally.
Since the regression equation was determined with an
uncertainty of 2%, because that is the standard devia-
tion, it is possible to determine the probability of un-
derestimating this weakening, i.e. the probability of oc-
currence of weakening greater than 20%. In Figure 12,
this probability is shown by the yellow field and is ex-
actly 50%. At the same time, the chance that the weak-
ening of the rope is less than 20% is less than 50%.

On the other hand, the probability that the actual
level of weakening is 18-22% is about 68%. This fig-
ure also shows that with 95% probability, the weaken-
ing of the rope exceeds 24%, i.e. significantly, by as
much as 4%, the value specified in the regulations.
Since the wear of the rope will only increase, the ex-
pert should decide to replace the rope or extend its
operating time, but additional tests of its technical
condition should inform this.

designated rope weakening (LBS)

\

o ©
N N
(6]
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o
—
o

Breaking Force Distribution (BS) /
Standard Deviation = 2%
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weakening greater
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than the criterion

permissible WG ning of the rape
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Decrease in the breaking force of the entire rope (LBS), %

Fig. 12. lllustration of the stochastic interpretation of rope weakening for a given level of wear

caused by crack damage occurring at the junction of strand layers

6. SUMMARY

1. Model tests of fatigue wear processes of steel ropes
show that the criteria for laying down supporting
ropes of mining shaft hoists used in Poland [WUG
regulations, safety factor decrease by 20%] show
that these ropes have a reserve of fatigue life of
less than 10% at the time of laying down.

2. The criteria for laying down supporting ropes of
mining shaft hoists used in Poland [WUG regula-
tions] compared to others, e.g. used in South Afri-
ca [22, 23], are point-wise and do not take into ac-
count the influence of random factors affecting all

stages of rope making and rope operation. These
factors inevitably lead to statistical uncertainty in
estimating the wear level and, thus, the weakening
value of the working ropes.

3. Model studies of fatigue wear processes of steel
ropes show that one of the critical factors influ-
encing their operating time is the quality of their
artistry, understood as the use of technologies dur-
ing rope production that reduce the spread of
loads on individual wires and strands of the rope.
This observation applies especially to modern
multi-layer ropes, ropes with plastic inserts, and
ropes made of compacted strands.
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Laboratory and operational tests of the weaken-
ing of the supporting ropes of mining shaft hoists
in connection with the nature of wear processes
indicate an underestimation of the level of weak-
ening based on wear tests using visual and mag-
netic methods, especially for corrosion, abrasion
and uneven distribution of wire scraps in the
cross-section of the rope.

. The authors of this article propose carrying out

comprehensive tests of ropes made of compacted
strands after they have been withdrawn from ser-
vice to assess the effectiveness of currently used
wear assessment methods in precisely determin-
ing the actual weakening of these ropes based on
strength tests.
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