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1. Introduction

In contrast to other parts of the machinery which can be laid out with unlimited
fatiguestrength runningwireropesawayshavealimited servicelife. Thereforethey
must be inspected and examined at regular intervals so that they are replaced well
before failure.

Cranedesigners, however, wouldliketo havearough estimation of theservicelife
of the ropes already in the early stages of conceiving the cranes, so that they can, if
necessary, improvethereeving system. Thisisoneof thereasonswhy for many years
Casar have carried out calculationsfor their customersto predict the service life of
wire ropes. This brochure is meant to offer in-depth information on the method of
calculation and to demonstrate the potential and limitations of the forecasting
procedure.

2. Calculating the number of sustainable bending cycles

Even the inventor of the wire rope, Oberbergrat Albert from Clausthal- Zellerfeld,
carried out fatiguetestswithwireropesto comparetheservicelivesof different rope
designs. After him roperesearcherslike Benoit, Woérnle or Mller carried out avast
number of wire rope bending fatiguetests. They examined the effect of the essential
factors of influence on the service life of the rope. Prof. Feyrer from the university
of Stuttgart has summed up their findingsin aformulawhich allows to predict the
service life of wire ropes in reeving systems with sufficient accuracy. The Feyrer
formulareads
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In this formula

indicates the number of bending cycles

the nominal rope diameter in mm

the diameter of the sheavein mm

theropelinepull in N

the length of the most heavily strained rope zone in mm and
Ro the nominal tensile strength of the wire in N/mm?
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So (= 1 N/mm?) and do (= 1 mm) arethe unit line pull and the unit diameter which
make the fractions dimensionless. The factors bo to bs are rope-specific parameters
which must be determined separately in agreat number of bending fatigue testsfor
every single rope design.

For many years Casar have carried out bending fatigue tests on their own- |abel
test devicesin order to determine those parameters for Casar Special Wire Ropes.
Every single test increases the number of data corroborating the predictions of the
service life of arope.

2.1 The average number of bending cycles N

By means of statistical proceduresit is possibleto determine the factorsbo to bs for
different reliabilities of the predictions. For instance, the commonly quoted average
number of bending cyclesN isthe number of bending cycleswhich -under thegiven
circumstances- would be achieved in agreat number of tests asthe average value of
all test results of a certain rope design.

Normally the average number of bending cyclesisthe value which the designer
or operator of acrane is eager to know. Heisinterested in the number of bending
cyclesthat hewill achieve on average. However, he must bear in mind that average
value also indicatesthat in agreat number of testsone half of all the wire ropeswill
exceed that value whereas the other half will not reach it.

That meansthat anumber of bending cyclesdefined asthe averagevalueof agreat
number of tests can under no circumstances be guaranteed for one single wire rope
by therope’ sor the crane’ smanufacturer: Theterm average valueitself impliesthat
half of all ropes do not achieve that value.

2.2. The number of bending cyclesN

There are situations in which it does not suffice to know that the wire rope will
achieve the cal culated number of bending cycles on average. It's rather aquestion
of determining a number of bending cycles which will be achieved with a high
probability by nearly all theropesin operation. However, the statistical spread of the
test results during bending fatigue tests indicates that it is virtually impossible to
predict anumber of bending cycleswhich will be achieved in any case. Thereforea
number of bending cyclesN1oiscal culated whichisachieved by 90 % of all thewire
ropes tested at a probability of 95 %, and only 10 % of all the ropes tested do not
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achieve that value. It is self-evident that the number of bending cycles N1o must
aways be smaller than the average number of bending cycles N.

3. Thedefinition of a bending cycle

A bending cycleis defined as the change from the straight state of the rope into the
bent state and back again into the straight state (symbol <\ ) or as the change

fromthebent stateinto the strai ght state and back againinto the bent state of thesame
direction (symbol /). Whenever arope runs over a sheave the respective rope
zone carriesout acomplete bending cycle (ieachangefromthe straight into the bent
and back again into the straight state); whenever arope runs onto adrum it carries
out half a bending cycle (ie a change from the straight into the bent state).

4. Thedefinition of areverse bending cycle

A reverse bending cycleisdefined asthe change from the bent stateinto the straight
state and again into the bent state, but of the opposite direction (symbol \ )

Astothedefinition of areverse bending cycle not occurringin the sameplanethe
experts' opinionsdiffer widely. In Sheet 1 of DIN 15020, for instance, achangefrom
the bent stateinto the straight state and into abent statein aplane offset by 90° (Fig.
1a) is defined as a simple bending cycle, whereas a change from the bent state into
the straight state and into a bent state in a plane offset by 120° (Fig. 1b) is defined
as areverse bending cycle.

Practice, however, shows that not only the angle between the bending planes
decidesif thedamage of theropeisgreater thaninthe case of asimplebending cycle
but a so the distance between the sheaves which have been arranged under such an
angle. So, with short distances between the sheaves the damage to the wire ropeis
aready considerably greater at an angle of about 90° than with a simple bending
cycle, so that that case should be defined as areverse bending cycle, whereas with
great distances between the sheavesvery often thereishardly any negative effect on
the service life of the rope, even at angles of 120° and more, because the wire rope
canrotate betweenthetwo sheavesrounditsaxisfor exactly that angle, sothat finally
it runs over both sheaves in the same bending direction.

To be on the safe side, contrary to the recommendation of DIN 15020, bending
cycleswith achange of the bending plane of 90° and more should alwaysbe counted
as reverse bending cycles.



Fig. 1. Change of the bending plane by 90° (a) and 120° (b)

5. Servicelife prediction

Theauthor haswrittenacomputer programwhich cal cul ates, based on Prof. Feyrer’s
formula, for aset of given parameters (ropedesign, nominal ropediameter, diameter
of thesheaves, linepull, nominal wiretensilestrength and length of themost heavily
strained rope zone), the sustainable average number of bending cycles N until rope
discard andropebreak aswell asthe number of bending cyclesN10until ropediscard
and rope break which 90 % of all ropes achieve with a 95 % probability.
Example: For a given rope design with a nominal rope diameter of 30 mm, a
sheavediameter of 600 mm, alinepull of 40,000 N, atensilestrength of 1770 N/mm?
and amost heavily strained rope zone of 20,000 mm, the program cal cul ates 400,000
bending cycles until rope discard and 900,000 bending cycles until rope break.
The program also offers graphical illustration of the results as a function of any
of the factors of influence. Fig. 2 shows the illustration of the average number of
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Fig. 2: Number of bending cycles as a function of the nominal rope diameter

bending cycles until rope discard (lower curve) and until rope break (upper curve)
as afunction of the nominal rope diameter.

Fig. 3 shows the number of bending cycles until rope discard (lower curve) and
until rope break (upper curve) asafunction of the sheave diameter. With increasing
sheave diameter the numbers of bending cycles increase overproportionally.

In the present case the wire rope achieves an average number of bending cycles
of 400,000 for asheave diameter of 600 mm. Increasing the sheave diameter by only
25%to 750 mmwill aready doubletherope sservicelife. Fig. 4 showsthe number
of bending cyclesuntil ropediscard (lower curve) and until rope break (upper curve)
as a function of the chosen line pull. The diagram clearly illustrates that with
increasing line pull the numbers of bending cycles decrease overproportionally.
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6. The optimal nominal rope diameter

Whereas the numbers of sustainable bending cycles continuously increase with
increasing sheave diameter (Fig. 3) and continuously decrease with increasing line
pull (Fig. 4), the sustainable numbers of bending cycles at first increase with
increasing nominal rope diameter, but after exceeding a maximum value they
decrease again with the nominal rope diameter still increasing. The nomina rope
diameter for which the numbers of bending cycles achievetheir maximumiscalled
"Optima Nominal Rope Diameter".

I'n our example awire ropewith anominal diameter of 10 mm reachesitsdiscard
state at only 50,000 bending cycles (Fig. 2). Admittedly, this rope with a sheave
diameter of 600 mm operates under a very favourable D/d-ratio of 60, but it is
obviousthat the specific tensile stress under the influence of the chosen line pull of
40,000 N is by far too high for such athin wire rope.

At first the service life increases with increasing nominal rope diameter. A rope
of twicethat diameter, ie 20 mm, reachesits discard state at about 340,000 bending
cycles, which is nearly seven times that number. Of course, the D/d-ratio has been
reduced to 30, but the load bearing cross section of the rope has quadrupled and can
cope with the chosen line pull of 40,000 N much more easily than the rope with the
nominal diameter of 10 mm.

If we double the nominal rope diameter again, we do, however, not gain further
increaseof thenumber of bending cycles: aropewiththenominal diameter of 40mm
and a number of bending cycles of 300,000 until rope discard does not achieve the
same number asaropewith the nominal diameter of 20 mm. It doesnot fail because
of thelinepull - the safety factor isnow 16 timesas high asthe onefor theropewith
adiameter of 10 mm. It fails because the sheave diameter of 600 mm is by far too
small for the nominal rope diameter of 40 mm (D/d = 15).

Evidently theropesshownintheleft part of thegraphfail becausethe specificline
pull istoo high - the bending stressesare small here. In theright part of the graph the
ropes fail because the D/d-ratio is too small - the specific line pull is small here.
Between the two partsthe graph shows a maximum where the sum of the damaging
influences of line pull and bending stresses is minimal. As mentioned above, the
diameter for which the graph shows amaximum is called "Optimal Nominal Rope
Diameter". In Fig. 2 the Optimal Nominal Rope Diameter can be found at about 27
mm. The average number of bending cycles achieved with this nominal rope
diameter is 410,000.



7. The most economical rope diameter

A rope designer should not choose anominal rope diameter greater than the optimal
diameter. He would spend more money on a shorter service life. He should rather
choose a nominal rope diameter dlightly under the optimal one. As our example
(Fig. 2) shows, anomina diameter of 24 mm has nearly the same service lifeasa
nominal diameter of 27 mm. Therope diameter, however, ismorethan 10 % smaller
than the optimal one. Thismeansthat amuch more moderately priced rope achieves
nearly the same number of bending cycles. In addition, the width of the drum can be
reduced considerably.

Asaresult, themost economical nominal ropediameter alwaysliesslightly below
the optimal rope diameter, ie at about 90 %.

8. Theinfluence of the load collective

The number of bending cycles which can be achieved in areeving system depends
on many factors of influence. Under the same conditions a high-quality rope, for
instance, will easily achieve three times the number of bending cycles of asimple
rope design. Similarly, a well-lubricated and regularly relubricated wire rope will
normally achieve a much higher number of bending cycles than an insufficiently
lubricated rope of the same design. Another important factor of influence is, of
course, the crane’ s mode of operation.

When the designer classifiesthe craneinto agroup of mechanism of the standard
heaready decideswhether theropeof hiscranewill enjoy along or only avery short
servicelife, becauseit dependsonthat classification whether thereeving systemwill
lift the same load with athick or athin wire rope and whether that ropewill run over
sheaveswith agreat or asmall D/d-ratio. Ropesin the highest group of mechanism
will achieve approximately 200 times the number of bending cycles compared to
their counterparts from the lowest group of mechanism.

Inthe past it was suggested to state in the standard the expected number of lifting
cyclesof aropeasafunction of the group of mechanism. However, ropesin reeving
systemsof the samegroup of mechanism do not necessarily achievethesameservice
life, not evenif thereeving systemsareidentical. Thereason isthat reeving systems
withinthesamegroup of mechanism canoperatewithvery different|oad collectives.

Fig. 5 showsthe groups of mechanism according to DIN 15020. It isevident that
areeving system with aline pull of, for instance, 100,000 N can be classified into
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group of mechanism 4m if it operates with load collective "light" for more than 16
hoursaday, but alsoif it operates with load collective "medium” for more than 8 to
up to 16 or with load collective "heavy" for more than 4 to up to 8 hours per day.

Class of Symbol Voos | Vo12 | Vo2s | Vos | Vi V2 | V3 | Va Vs
working T
time Averageworking timeper | upto |>0125 | >025 | >0,5 >1 >2 >4 >8 >
day in h, relativeto 1year | 0,125 0,25 0,5 1 2 4 8 16 16
No E:f ogn Explanation Group of mechanism
i Low frequency
1 Light of maximum 1Em 1Em 1Dm 1Cm 1Bm 1Am 2m 3m 4m
load
[
2
8
= Same frequency
© . of small,
'g 2 | Medium| medium and 1Em 1Dm 1Cm 1Bm 1Am 2m 3m 4m 5m
- highest loads
Highest loads

time

Fig. 5: The groups of mechanism according to DIN 15020

Despite their different modes of operation all the three reeving systems are
dimensioned according to the greatest line pull that might occur. This, however, is
the same in all the three cases, resulting in the same minimal rope diameters.
However, the highest line pull, which is, of course, the most negative factor of
influence ontherope sservicelife, occursin the three groups of mechanism at very
different frequencies. Therefore the service life of the ropesin these three reeving
systems will be of very different length, although they are classified in the same
group of mechanism. This phenomenon isinvestigated in the following.

Fig. 6 shows the dimensioning of rope drives for the 9 groups of mechanism of
DIN 15020 for a normal transport and a coefficient h2 = 1.12 for the sheaves.
Deliberately the line pull (100,000 N) was chosen very high in order to keep the
rounding errorsvery small when dimensi oning thenominal ropediameter. Asshown
in Fig. 6 the nominal rope diameters for the 9 groups of mechanism range from
20 mm to 42 mm and the sheave diameters from 250 mm to 1,310 mm.
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Rope design: Stratoplast

Fill factor: 0.608 Line pull [N]: 100,000

Spinning factor: 0.87 Type: normal transport

Tensile strength: 1960 Coefficient h2: 112

Group of mechanism: 1Em 1Dm 1Cm 1Bm 1Am 2m 3m 4m 5m
Layout according to DIN

c-value: 0.063 | 0.067 | 0.071 | 0.075 0.085 | 0.095 | 0.106 | 0.118 | 0.132
Min. rope diameter d min: 19.92 21.19 22.45 23.72 26.88 30.04 33.52 37.31 41.74
Chosen rope diameter: 20 22 23 24 27 31 34 38 42
Coefficient h1 sheave: 11.2 125 14.0 16.0 18.0 20.0 224 25.0 28.0
Min. sheave diameter D min: 250 297 353 426 542 673 841 1045 1310

Fig. 6: Dimensioning of rope drives for the groups of mechanism 1Emto 5m

For al the 9 groups of mechanism the theoretically sustainable average number
of bending cycles of the rope in operation (in our case a Casar Stratoplast) was
determined for the following conditions:

* line pull always maximal

« line pull according to load collective "heavy"
« line pull according to load collective "medium"
* line pull according to load collective "light"

Theline pullsof thethreeload collectives and the frequencies of their occurrence
were chosen according to the numerical examples of DIN 15020 (Fig. 7).

No. Designation Load[ %] |Frequency[ %]

100.00 10.00

1 Light 44.00 40.00

2 16.00 50.00
8

% 100.00 16.67

, 77.30 16.67

S| 2 Medium 54.70 16.67

32,00 50.00

100.00 50.00

3 Heavy 63.00 50.00

Fig. 7: The numerical examples of the load collectives of DIN 15020 forming the
basis of the calculations
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Fig. 8 shows the sustainable number of bending cycles for the wire ropes when
running over sheaveswith the cal cul ated sheave diameters under maximal load until
rope discard and until rope break as well asfor the line pulls according to the load
collectives "heavy", "medium" and "light" (cf. Fig. 7).

Group Only maximum load Load collective "heavy" | Load collective "medium” | Load collective "light"
of mecha-
nism Discard[-] | Break[-] | Discard[-] | Break[-] | Discard[-] | Bresk[-] | Discard[-] | Break[-]
5m 1,029,100 | 2,632,500 | 1,324,300 | 3,407,200 | 3,048,800 | 7,931,000 | 6,110,200 | 16,001,600
4m 440,400 1,065,100 559,300 1,361,700 | 1,254,500 | 3,095,500 | 2,472,700 | 6,154,500
3m 203,400 466,100 255,400 589,600 559,300 1,311,700 | 1,085,000 | 2,571,700
2m 98,700 212,500 122,200 265,300 259,100 573,400 491,600 1,102,400
1Am 49,900 101,700 61,200 126,000 127,200 267,300 237,700 507,100
1Bm 25,500 48,400 30,800 59,200 61,800 121,700 112,700 225,800
1Cm 16,300 28,900 19,400 34,800 37,200 68,700 65,400 123,700
1Dm 11,000 18,400 12,900 21,900 23,700 41,500 40,300 72,600
1Em 7,600 12,000 8,800 14,100 15,700 26,100 26,100 44,800

Fig. 8: Number of bending cycles N until rope discard and until rope break under
maximum load and under the line pulls of the three load collectives

Fig. 9 shows the number of bending cycles of the three load collectives divided
by the number of bending cycles under maximal load, which were set as 100 %.
Fig. 10 shows the calculated values in graphical form. It is obvious that the
relationship is almost perfectly linear.

Which value should be the basis in the standard when calculating the expected
number of hoisting cycles?In group of mechanism 4munder |oad collective"heavy"
our wireropewoul d achieveaservicelifeof approx. 28 % higher than under maximal
load; under load collective "medium" it would achieve nearly threetimesthe service
life and under load collective "light" even nearly six timesthe servicelifel

Even in the lowest group of mechanism 1Em the wire rope would still achieve
double the service life under load collective "medium"”, and under load collective
"light" it even achieves almost four times the service life it would achieve under
maximum load!

Generally speaking, the sustainable numbers of bending cycles increase with
increasing group of mechanism; however, accordingto Fig. 8 awire rope with load
collective "light" in group of mechanism 3m with a number of bending cycles of
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Group Only maximum load Load collective "heavy" | Load collective "medium” | Load collective "light"

of mecha-
nism Discard [%] | Break [%)] | Discard [%] | Break [%)] | Discard [%)] | Break [%] | Discard[%] | Break [%]
5m 100 100 129 129 296 301 594 608
4m 100 100 127 128 285 291 561 578
3m 100 100 126 126 275 281 533 552
2m 100 100 124 125 263 270 498 519
1Am 100 100 123 124 255 263 476 499
1Bm 100 100 121 122 242 251 442 467
1Cm 100 100 119 120 228 238 401 428
1Dm 100 100 117 119 215 226 366 395
1Em 100 100 116 118 207 217 343 373

Fig. 9: Number of bending cyclesN until ropediscardanduntil ropebreakaccording
to Fig. 8, divided by the number of cycles under maximum load

600
500 —

400

300

200

Servicelife[ %]

100

5m 4m 3m 2m 1AM 2Bm 1Bm 1Cm 1Dm 1Em

Group of mechanism| -]

Fig. 10: Number of bending cycles N until rope discard and until rope break of the
load collectives, divided by the number of bending cycles under maximum load

1,085,000 achieves a much higher number of bending cycles than awire rope in
group of mechanism 4m with load collective "heavy" which only manages 559,300
cycles. It is obvious that the number of bending cycles to be expected is not only
dependent on the group of mechanism but also, and rather more so, on the load
collective. That isthe reason why it isnot very sensibleto list the expected number
of hoisting cyclesin a standard without taking into account the load collectives.
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9. The weighting of a reverse bending cycle

Early comparisonsof test resultsof bending fatiguetestswith simple bending cycles
and of bending fatigue tests with reverse bending cycles led to the assumption that
areverse bending cyclewould damage awire rope about twice asmuch asasimple
bending cycle. Thereforein DIN 15020 it was stipulated that one reverse bending
cycle should be counted as two simple bending cycles. Further investigations under
different conditions, however, showed that the damaging influence of the reverse
bending cycles increases with improving conditions, ie the higher the expected
servicelifeof therope, thegreater the damaging effect of thereversebending cycles.
Conseguently, the percental reduction of theservicelife of awirecaused by areverse
bending cycle increases with increasing sheave diameters and with decreasing line
pulls.

According to Feyrer the number of sustainable reverse bending cycles until rope
discard and until rope break can be determined as a function of the sustainable
number of simple bending cycles and the D/d-ratio. The following formulas apply:

Ny = 3635+ Norl e (D7)

N . =9.026. ~0618 (D/d)0424

Together with Casar engineer Dr. Briem the author hasinvestigated thereduction
of the number of bending cycles caused by achange of the bending direction for the
different conditionsof all thegroupsof mechanisminDIN 15020. Thisinvestigation
was based on thereeving systemsindicated in chapter 8. Fig. 8 showsthe number of
simple bending cycles, Fig. 11 the number of reverse bending cycles.

Fig. 12 showstheweighting factorsastherel ation of thenumber of bending cycles
according to Fig. 8 and the reverse bending cycles according to Fig. 11. Asfor load
collective "medium” the weighting factors for the numbers of cycles until rope
discard areshown asabar chart (cf. Fig. 13). Itisevident that areversebending cycle
inthe most heavily strained groups of mechanism 1Em and 1Dm for load collective
"medium"" damagesawireropeabout twiceasmuchasasimplebending cycle. Under
the conditions of group of mechanism 2m the damage caused by thereverse bending
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Group Only maximum load Load collective "heavy" | Load collective "medium” | Load collective "light"

of mecha-
nism Discard [-] Break [-] Discard [-] Break [-] Discard[-] | Break [-] Discard [-] Break [-]
5m 207,500 344,300 245,700 403,800 430,000 680,600 685,600 1,050,200
4m 110,900 187,600 130,200 218,300 224,000 362,700 353,100 554,600
3m 62,500 107,400 72,900 124,200 123,300 203,600 192,300 308,700
2m 36,400 63,000 42,000 72,300 69,500 116,400 106,900 174,300
1Am 21,800 38,200 25,000 43,600 40,900 69,400 62,300 103,200
1Bm 13,100 23,000 14,900 26,000 23,800 40,600 35,600 59,500
1Cm 9,100 15,800 10,200 17,700 15,800 27,000 23,100 38,800
1Dm 6,600 11,400 7,300 12,700 11,000 18,800 15,800 26,600
1Em 4,900 8,300 5,400 9,200 7,900 13,500 11,200 18,800

Fig. 11: Reverse bending cycles until rope discard and until rope break under
maximum load and under the line pulls of the three load collectives

Group Only maximum load Load collective "heavy" | Load collective "medium” | Load collective "light"
of mecha-
nism Discard[-] | Break[-] | Discard[-] | Bresk[-] | Discard[-] | Break[-] | Discard[-] | Break[-]
5m 4.96 7.65 5.39 8.44 7.09 11.65 8.91 15.24
4m 3.97 5.68 4.29 6.24 5.60 8.54 7.00 11.10
3m 325 4.34 351 4.75 4.54 6.44 5.64 8.33
2m 271 3.37 291 3.67 3.73 4.93 4.60 6.32
1Am 2.28 2.66 244 2.89 311 3.85 3.82 4.92
1Bm 1.94 211 2.07 2.28 2.60 3.00 3.17 3.79
1Cm 179 1.83 1.90 197 2.35 255 2.83 3.19
1Dm 167 1.62 176 173 215 221 255 273
1Em 156 144 164 153 1.98 194 2.34 2.38

Fig. 12: Weighting factors for reverse bending cycles

cycleisalready nearly 4 timesasgreat and finally, in group of mechanism 5m about
seven times as great.

Naturaly, the values will vary within certain limits for the different load
collectivesand especially for different ropedesigns, but thefiguresgained may serve
as an indicator for the fact that the traditional way of counting (1 counter reverse
bending cycleequals2 simplebending cycles) doesnot sufficiently takeinto account
the damaging influence of reverse bending cycles. Additionally, from these calcu-
lations one can draw the conclusion that reverse bending cycles should especially be
avoided in rope drives of the higher groups of mechanism.
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Weighting factor for reverse bending cycles [—]
N

1Em 1Dm 1Cm 1Bm 1Am 2m 3m 4m 5m

Fig. 13: Weighting factors for reverse bending cyclesin load collective "medium’

U

Fig. 14: 4lifting hoists
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10. Comparing thewirerope service lives of 4 different hoists

Inthefollowing thewirerope servicelivesof 4 single-part hoistsare compared. The
drumand sheavediametersarethesameinall four hoistsandtheropesareof thesame
design and havethe same nominal diameter. Themode of operation of al four hoists
is also the same.

Inhoist 1 (Fig. 14 a) thewireroperunsimmediately onto the drum. During every
lifting processtherope zoneswhich run onto thedrum carry out half abending cycle.
During every lowering process they carry out another half bending cycle, so that
during every hoisting cycle one bending cycle (1 BC) is carried out (Fig. 15).

Drum
1BC

R

Lifting |[Lowering

Fig. 15: Hoist 1 carries out 1 bending cycle during every hoisting cycles

Inhoist 2 (Fig. 14 b) the most heavily strained rope zone first runs over asheave
where it carries out one complete bending cycle. Then it runs onto the drum and
carriesout another half bending cycle. Whenlowering thel oad the same pieceof rope
carriesout another half bending cyclewhen spooling off the drum and yet one more
bending cycle when running over the sheave, so that all in all 3 bending cycles are
generated during every hoisting cycle (Fig. 16).

Inhoist 3(Fig. 14c) themost heavily strained ropezonefirst runsover two sheaves
and carries out one complete bending cycle on each. Then it runs onto the drum
carrying out another half bending cycle. When lowering the load the same piece of
rope carriesout another half bending cyclewhen spooling off thedrumand twomore
bending cycleswhen running over the sheaves, sothat all inal 5 bending cyclesare
generated during every hoisting cycle (Fig. 17).
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Lowering—

Fig. 16: Hoist 2 carries out 3 bending cycles during every hoisting cycle.

Lifting > Lowering———

Fig. 17: Hoist 3 carries out 5 bending cycles during every hoisting cycle.

Inhoist4 (Fig. 14 d) the sequence of thebending cyclesissimilar tothatinhoist 3.
However, the designer has arranged the drum in away that the rope, when leaving
the second sheaveand running onto thedrum, carriesout acompletereversebending
cycle (RBC).

Consequently, during every hoisting cycle the most heavily strained rope zone
carriesout 3 bending cyclesand 2 reversebending cycles(Fig. 18). Accordingtothe
weighting of the reverse bending cycle (depending on the working conditions
1 reverse bending cycle damages the rope just as much as 2 to 9 bending cycles;
cf. Fig. 12) the most heavily strained rope zone here endures between 7 and 21
bending cycles.

So, depending on the crane design, during every compl ete hoisting cycle (=one
lifting and one lowering process) 1, 3, 5 or 7 to 21 bending cycles are generated.
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Fig. 18: Hoist 4 carries out 7 to 21 bending cycles during every hoisting cycle.
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Fig. 19: The average wire rope service lives of the 4 hoists

Let us now suppose that hoist 1 achieves a service life of 24 months (Fig. 19).
Under the same working conditions hoist 2 would generate three times the number
of bending cycles, which would reduce the service life of the rope to 8 months.
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Hoist 3would generate five times the number of bending cyclesand the servicelife
of theropeisreduced to amere 5 months. Hoist 4 would generate 7 to 21 timesthe
number of bending cycles reducing the rope’ s service life to between 3 1/2 months
and 5 weeks.

It is quite clear that the service life of the rope does not only depend on the D/d-
ratio, thelinepulls, thequality of theropedesign or onthecrane smodeof operation;
the number and arrangement of the sheavesin thereeving system are at least of the
same importance.

11. Assessing the most heavily strained rope zone

Not all zones of arope are subjected to the same number of bending cycles. For
instance, the 3 dead-end turns on the drum are subjected to no bending cycles at all
oncetheropeisinstalled. Other rope zoneswill run onto and of f the drum during the
lifting and lowering process, but apart from that they are not bent over any other
sheaves. Other rope zonesfirst run over several sheaves and onto the drum during
the hoisting processand carry out the samebending cyclesin thereverse order when
the load is being lowered.

2‘;-\
N
)
\J

Fig. 20: Four-part hoist
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After acertain working period thewireropewill most probably not fail along one
of thelessstrained zones; thediscard statewill first bereached withinthat zonewhich
carries out the highest number of bending cycles per hoisting cycle.

Thepositionwherethismost heavily strained ropezonecanbefound doesnot only
depend onthegeometry of theropedrivebut al so onitsmodeof operation. Therefore
itisnot so easy to determine that most heavily strained rope zoneand it isadvisable
to do this with the help of a computer. In the following this procedure is described
using afour-part hoist as a ssimple example (cf. Fig. 20).

State 1 Drum 3 S2 S1
Sheave 1 12] 1BC |12
Sheave 2 1/2 1 bending cycle 12
Sheave 3 12 1 bending cycle 1/2
Drum 1/2 bending cycle
State 2 Drum #‘E#b
- Rope length
E 3.0
S 25
&
Ry | o
'g 15
2 10 | u |
o
& 05 | Most heavily strained rope zone
E 00
4

Fig. 21: Determining the most heavily strained rope zone

Under "State 1" the top section of Fig. 21 showstheropelength of the cranewith
thehook initslowest position. Part of theropeisonthedrum, threefurther zonescan
be found on sheaves S1, S2 and S3 at he beginning of the lifting process.

Under "State 2" the rope length is shown with the hook in its highest position. A
large part of theropelengthisnow onthedrum and again 31argerope zones of equal
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length can be found on sheaves S1, S2 and S3 with a considerably shorter distance
between them. The calculation by the computer to determine the most heavily
strained rope zone takes the following line of procedure:

Therope zone which can befound on the drum during "State 2", but was not there
during "State 1", has obviously been wound onto the drum during thelifting process
and has therefore carried out half abending cycle.

All theropezoneswhichin"State2" canbefound ontheleft of sheave S3, but were
still on the right of sheave S3 in "State 1", obviously ran over sheave 3 during the
lifting processand havetherefore carried out one completebending cycle. Similarly,
the zones which have carried out one bending cycle during the lifting process are
determined for sheave 2 and sheave 1.

All thezoneswhich can befound onsheave3in"State 2", but whichwerenot there
in"State 1", have obviously run onto sheave 3 during thelifting process but have not
leftit. Thereforethey have carried out half abending cycleduring thelifting process.

All the zones which were on sheave 3in "State 1", but are not there any more in
"State 2", have obvioudly left sheave 3 during the lifting process carrying out half a
bending cycle. Thisline of procedurefor calculating the half bending cycleson the
sheavesis applied to sheaves S2 and S1 in an analogous way.

Followingthesecalculationsall bending cyclesalongtheropelength aretotalized
as shown in the lower section of Fig. 21.

When lowering the rope the same procedure occursin reverse order, so that for a
complete hoisting cycle the bending cycles will double compared to the figures
shown in the lower section of Fig. 21.

If there was arope zone which would run over all thethree sheaves and then onto
the drum, the maximum number of bending cyclesduring alifting processwould be
3 1/2 (1 for each sheave an 1/2 for the drum). Asis shown, however, in the upper
section of Fig. 21, thereisno rope zonerunning over all thethree sheaves. The most
heavily strained ropezoneisrather azonerunning over sheaves2 and 3andthenonto
the drum. So the maximum number of cyclesis2 1/2 for thelifting processand 5 for
the compl ete hoisting cycle. The most heavily strained rope zonewhichissubjected
to that number of cyclesis marked in the lower section of Fig. 21. That is the zone
where the wire rope will first reach its discard state, provided there are no other
relevant factors of influence.
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12. The Palmgren-Miner-Rule

The damage accumulation hypothesis by Palmgren and Miner was first developed
to calculate the service lives of ball bearings. Later research found out that the
Palmgren-Miner-Rule can aso be applied to wire ropes. Here it means that the
relative numbers of bending cycles until discard or break of a wire rope (ie the
numbersof cyclesdivided by the sustainable number of bending cycles) alwaysadd
upto 1.

ni _
ZNi—l

In thisformulani is the number of bending cycles under condition i, and Ni the
number of bending cycles sustainable under condition.
Two simpleexamplesmay illustrate the application of the Palmgren-Miner-Rule:

Example 1:

During every lifting process awirerope carries out one bending cycle over asheave
under aline pull of 10 t. During every consecutive lowering process it carries out
another bending cycle under aline pull of 4t.

For aline pull of 10 t the number of cycles until discard is calculated at N1 =
30,000, for alinepull of 4t at N2 =210,000. How many compl ete hoisting cycles (=
1lifting processunder 10t, 1 lowering processunder 4 t) can thewireropecarry out
until it reaches discard state?

Given n1 = n2 = n, the result according to Palmgren-Miner is:

N/30,000 + n/210,000 = 1, and therefore n = 26,250
The number of complete hoisting cycles until reaching discard state is 26,250.
Example 2:

During every hoisting cycle a wire rope runs over 4 sheaves with a diameter of
400 mm and over 2 sheaves with a diameter of 280 mm.
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For a sheave with the diameter of 400 mm the sustainable number of bending
cyclesuntil discard stateis N1= 300,000, for asheave with the diameter of 280 mm
itis N2 = 100,000. How many hoisting cycles can the wire rope carry out until
reaching discard state?

n1 = 4n, n2 = 2n and 4n/300,00 + 2n/100,000 = 1
and therefore n = 30,000
The wire rope can carry out 30,000 hoisting cycles until reaching discard state.
13. Factors of influence which are not taken into account
13.1 Corrosion

It goes without saying that severe corrosion can reduce the servicelife of arunning
rope considerably. Under the influence of corrosion adeviation from the predicted
values must be expected.

13.2 Lubrication

On the one hand the lubricant is supposed to prevent the wire rope from corroding;
on the other hand it is implemented to reduce the friction between the individual
wiresin order to guarantee smoother shifting of the rope elementswhen theropeis
being bent. Insufficient lubrication will probably lead to ashorter servicelife of the
rope.

13.3 Abrasion

As explained above the rope-specific parameters bo to bs were determined during
bending fatigue tests on test machines. Consequently, abrasion to the extent caused
by therelativemotion of theropeel ementsand between thewireropeandthe sheave,
has influenced the values of the parameters. Excessive abrasion, however, which
occursforinstancewhenwireropesareworkingin abrasiveenvironment, canreduce
the service life to under the predicted value.
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13.4 Groove material

The bending fatigue tests for determining the rope-specific parameters are carried
out on steel sheaves. For other groove material s the rope performance can change.

13.5 Shape of the grooves

Ideally the grooves of the sheaves should have adiameter of nominal rope diameter
+6 %t0+8%. Thebendingfatiguetestsfor determining therope-specific parameters
are carried out with a groove diameter of nominal rope diameter +6 %.

If the grooves aretoo tight or too wide, the servicelife of theropewill be reduced
in any case.

Based on |aboratory tests some researchers have published reduction factors for
the rope’' s service life as afunction of the groove measure. The author, however, is
convincedthat in practicethereductionsof therope' sservicelifecaused by incorrect
groove geometry are greater than those determined in the laboratory tests. During a
laboratory test thewirerope can adapt tothegrooveby deforming along the short test
zone to fit the groove. In practice, however, every time the rope travels over the
sheave with the incorrect geometry, a different section of its circumference will
cometo liein the groove, so that a deformation as mentioned aboveisnot possible.

13.6 Fleet angle

When arope runs onto a sheave under afleet angle, it first touchesthe flange of the
sheave and then rollsinto the bottom of the groove. Normally the twist induced into
the wire rope during this process has a negative effect on the rope's service life.
Occasionally reduction factorsfor thewirerope servicelife dependent on the size of
the fleet angle were suggested. But, as above, the author is of the opinion that those
factors, gained exclusively by laboratory tests, do not provide a true picture of
practical operations.

The extent of the rope’ sdamage caused by the twist induced al ong one section does
not only depend on the amount of the twist but also on the length of the rope which
is subjected to taking that twist. For instance, the same twist of 360° isnegligibleif
it can spread along 100 m rope length. It may, however, reduce the service life
considerably, if it isinduced into arope length of only 10 m.

25



13.7 Tension-tension stresses

A wireropedoesnot only fatigue because of bending cyclesrunning over sheaves
or drums, but al so because of repeated changesof linepull. Thereforeevenastanding
rope, which never runs over asheave, asfor instance the suspension rope of acrane
jib, has got alimited service life which normally is, however, several times higher
than the servicelife of the running ropes of the sameinstallation. The cal culation of
the service life of wire ropes strained by fluctuating tension will be dealt within a
separate brochure.

Before and after ropes run over sheaves, in most cases a change of line pull will
occur inthewirerope caused by picking up and putting down theload. Provided the
number of bending cycles per hoisting cycle is great and the damage to the rope
caused by the change of line pull is at |east one magnitude smaller than the damage
caused by the bending cycles, the influence of the change of line pull onthe service
life of arunning wire rope can be neglected.

Let us suppose, for example, that in areeving system the number of sustainable
bending cycles until discard was Na = 100,000 with the rope running over sheaves
inaloaded condition. If during every hoisting cycletheroperunshback over 5 sheaves
and forth over 5 sheaves under load (ieit carries out 10 bending cycles per hoisting
cycle),intermsof figuresit will achieveitsdiscard stateafter 10,000 hoisting cycles,
not taking into account the effect of the change of linepull ontherope’ sservicelife.

During each of those hoisting cyclestheropeis, however, additionally damaged
by the change of line pull from basic level toload level and back to basic level. The
ropecantakethat changeof linepull for exampleNaz = 1 milliontimesuntil reaching
itsdiscard state. According to Palmgren-Miner the damage addsup in thefollowing

way:
1/N = 10/100,000 + 1/100,000
and therefore N = 9,900

It is obvious that the result changes by only 1 % when taking the change of line
pull into account.
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13.8 Recurring motions during automatic oper ation

Increasing the line pull lengthens the wire rope, reducing the line pull shortensiit.
That change of length occurs along the greatest part of the rope length without any
impediment from outside, and the damaging effect of such achange of line pull can
quiteeasily besimulated in fluctuating tension fatiguetests. Those zones of thewire
rope, however, which are just lying on a sheave or on the first winding of the
drumwhenthechangeof linepull occurs, show avery different reaction. Thoseropes
zonescan only lengthen or shortenif they carry out motionsrelativeto their support,
e.g.thegroove. Thesediding motionsareal waysaccompanied by additional stresses
in the wire rope and by wear on the rope’ s surface as well as on the surface of the
sheave or drum.

If the points of loading or unloading always change, the damaging additional
stresseswill spread along theropelength. If, for instance, acertain rope zone comes
tolieon and needsto slip over asheavewith only every twentieth |oading action, the
influence on the service lifeis negligible.

If, however, the rope undergoes the change of line pull awaysin the same zone,
asisthe case in automatic operation, the change of line pull cannot be neglected. In
this case awaysthe same rope zones are subjected to additional stressesand greater
wear. That is one of the reasons why installations with automatic operation and
recurring motions achieve clearly shorter service lives than comparable machines
with random operation.

Fig. 22: A drum sawn in two by the wire rope at the load pickup point
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Fig. 22 shows adrum sawn in two by the wire rope at the load pickup point. Itis
perfectly clear that also the rope was subjected to extreme wear.

Researchinto theinfluence of theadditional damage ontheload pickup point does
exist but, in the author’ s opinion, it has not been verified to an extent which would
justify taking it into account for the calculations.

14. Optimizing the reeving system

The software presented here does not only allow to predict thewireropeservice life
under given conditions, it also makesit possibleto optimizethereeving systemwith
regard to maximum wirerope servicelifeor, if thewirerope servicelifeisgiven, to
minimize costs and/or structural dimensions.

For example, the reeving system in Fig. 14b, consisting of adrum and a sheave,
is supposed to carry out on average 200,000 hoisting cycles until rope discard. The
drum, the gear box and the motor should be as small as possible. AsFig. 16 shows,
per hoisting cycle two bending cycles are carried out on the sheave and one on the
drum. By means of the software one can work out how much the sheave diameter
must beincreased to compensate for the loss of wire rope servicelife caused by the
reduction of thedrumdiameter (Fig. 23). Thefirst cal cul ation determinesthenumber
of bending cycles which the wire rope can carry out on the drum with the given
diameter under the given conditions. Then the Palmgren-Miner formulais applied
to calculate the necessary number of bending cycles on the sheave for achieving the
desired 200,000 hoisting cycles. Finally the sheave diameter required for that
number is calculated.

Drum BC BC Sheave Hoisting
diameter drum sheave diameter cycles

[mm] [-] [-] [mm] [-]
500 600,000 600,000 500 200,000
475 501,600 665,300 515 200,000
450 415,000 720,100 530 200,000
425 339,600 973,100 575 200,000
400 274,600 1,472,400 645 200,000

Fig. 23: The combination of drumand sheave diameter swhich will achieve 200,000
hoisting cycles each
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15. Final remarks

Casar and the author will alwaysbewilling to provide servicelife predictionseither
asahel pfor dimensioning when designing reeving systemsor for eval uating existing
ones. As mentioned several times before, because of the statistical nature of the
predictions and because of the many additional factors of influence on wire rope
service lives the calculated values can under no circumstances be guaranteed.

For calculating awire rope service life the following information is required:

1. Very detailed documentsabout the reeving (sketch and/or design drawings), and
information on the mode of operation
. Therope design (e.g. Casar Stratoplast, regular lay, 1770 N/mm?)
. The nominal rope diameter (e.g. 20 mm)

2
3
4. The sheave diameter (e.g. 500 mm)
5. Thedrum diameter (e.g. 400 mm)
6.

Theline pull (e.g. 20,000 N) or the load collective per line (e.g. 10,000 N
in 60 % of al hoisting cycles, 25,000 N in 40 % of al hoisting cycles)

It goes without saying that all the information submitted for the cal culation will be
treated with the strictest confidence.

Please send any comments or suggestions for improvements to the author of this
brochure.

Dipl.- Ing Roland Verreet

Ingenieurburo fir Fordertechnik
Griunenthaler Str. 40a, D-52072 Aachen
Tel.0241/173147, Fax 0241/1 29 82
e-mail: R.Verreet@t-Online.de

© 1998 PR GmbH Werbeagentur & Verlag, Aachen.

29



ey S
%

EASAXNE

CASAR DRAHTSEILWERK SAAR GMBH

Casarstrasse 1 * D-66459 Kirkele Germany
P.O. Box 187 * D-66454 Kirkel « Germany
Phone: ++ 49-6841 / 8091-0

Phone Sales Dept.:  ++ 49-6841 / 8091-350

Fax Sales Dept.: ++ 49-6841 / 8091-359

E-mail: sales.export@casar.de
http://www.casar.de




