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Tensile Force of Locked Coil Ropes with Broken Profile Wires
Résistance a la traction de cables clos présentant des ruptures de fils

Zugkraft von verschlossenen Seilen mit gebrochenen Profildrahten
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Prof. Dr.

Swiss Fed. Inst. of Technology
Zurich, Switzerland
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his Mech. Eng. degree at the ETH
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SUMMARY

The tests were carried out with five differently locked ropes. Adjacent wires of the same cross-section were severed in
turn. The re-establishing of the tensile force in a severed wire was observed. Among others, the following statements
could be made: The re-establishing of the tensile force in a broken wire remains more or less similar. The practically full
tensile force is reached at a distance of 1.5 to 2.5 lay lengths. If an adjacent wire breaks in the same cross-section of the
rope, the re-establishing length of both wires is double.

RESUME

On a fait des essais sur cinq différents cables clos. Des fils voisins de la méme section du céble ont été perforés I'un
apres l'autre. On a observé la recroissance de la force de traction dans un fil perforé. Entre autre, les constatations sui-
vantes ont pu étre faites: La recroissance de la force de traction dans un fil cassé reste & peu prés la méme. La force
de traction pratiquement compléte est atteinte apres 1,5 a 2,5 pas de céblage. Si un fil voisin dans la méme section du
cable est cassé, la longueur de recroissance dans les fils est double.

ZUSAMMENFASSUNG

An funf verschiedenen, verschlossenen Seilen wurden Versuche durchgefiihrt, indem man benachbarte Drahte im
selben Querschnitt nacheinander durchtrennte. Dabei beobachtete man den Wiederaufbau der Zugkraft im durch-
trennten Draht. Es konnten u.a. die folgenden Feststellungen gemacht werden: Die Zunahme der Zugkraft erfolgt in
einem gebrochenen Einzeldraht jedesmal etwa gleich. Die praktisch volle Zugkraft wird nach 1,5 bis 2,5
Schlaglangen erreicht. Bricht ein Nachbardraht im selben Querschnitt des Seiles, so verdoppelt sich die Aufbaulange
in beiden Drahten.
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1. PROBLEM

Wire breaks only mean a local weakening of a rope. As a rxesult of the
friction with the adjacent wires, the tensile force in the broken wire re-
establishes itself, which means that at a certain distance the wire has

again reached its full carrying force. This distance is called the criti-
cal length {(l..).

The aim of the present investigation was to collect data regarding the
regularity of this force re-establishing also in cases where several adja-
cent wires are broken. This should make it possible to use the number and
distribution of the wire breaks as well as the design data of the struc-
ture in order to calculate the weakening of the rope. This is, of course,
an important but not the only criteria for the evaluation of the further
nsability. The chronological increase of the wire breaks [1), the reason of
the wire breaks, the danger of springing out c¢f the wires from the cover
layer [2], the deformations of the rope, etc., must also be considered.

Theoretical considerations, for example [3],. imply that the tensile force in
the broken wire (8§} increases with the distance from the break spot (1)
after

S§ = k1 (elHkZ - 1)

while ki and k2 are constants which depend on the construction data and M
is the coefficient of the friction acting between the wires.

When determinating the constants and the coefficients of friction, how-
ever, one meets with difficulties and therefore depends on measurements.

2. ROPES TESTED
The tests were carried out on the five ropes mentioned in Table 1.

In order to assess the degree of prestressing (elastic deformation)
displayed by the shaped wires the ropes to be tested were marked out into
sections mesuring about five lay lengths and taken apart. The stress-
relieved wires were then measured as to rope diameter, length of lay and
distortion. The results of these measurements are listed in Tabkle 2.

Rope no. i 2 3 4 5
Diameter 4 (mm) 29.0 39.5 32.5 33.0 23.0
1+5+7+ 1+6+12+ 1+6+12+ (3+3) +9+ 1+4+8+
Construction +13+18 7 +18+21 2 +18+24+ +15421+ +14+423 2
+25 2 +21 2

Length of lay

of outer layer 255 333 272 265 235
A (mm)
Effect .breaking 760 1560 1010 =1050 522

force (kN)

Table 1 Main data of ropes used for tests
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TRB

0123456 7Tmm

Fig.l Type and size of shaped wires used in the five tested ropes

1 2 3 4 5
Rope no.
(AA/N) - 100 +1.0 +1.8 +2.1 +1.9 +1.9
(Ad/d) 100 -7...-14 -11...-14 ~6...~15 -10...-14 -7 -17
qu = 0 untwist untwist untwist untwist
22.29 g8.1¢ 19,20 8.70

Table 2 Degree of elastic deformation (prestressing) of Z-wires
after remcoval from unloaded ropes

(A, = lay length, d = rope diam., ¢ = angle of distortion

3. METHODS OF MEASUREMENT APPLIED

In the tensioned ropes adjacent wires of the same cross-section of the
rope were severed one after the other by means of a carbide tipped drill.
During this process the behaviour of the tensile force in the severed wire
was cbserved.

Two different methods were applied in determinating the tensile force of
the single wires, namely:

3,1 Strain gauges (rope 1}

Strain gauges were glued on the ocuter surface of the shaped wires in their
longitudinal direction. Circuit wiring and information processing took
place in the usual way. The calibration was carried out as follows:

The rope with ends held in cast sockets was put into a tensile testing
machine. After ten variations of the rope tensile force between 2 and 40 %
of the breaking strength the different measuring bridges were set up and
the amplifications were adjusted in such a way that the signals during the
change ¢f the rope tensile force were of an egual size for all the
measuring bridges. This method is based on the assumption that, in case of
central loading of the rope, shaped wire which are intact show the same
stress and its change on all the spots but that the single measuring

chains (strain gauge, amplifier, galvanometer) show deviations from one to
the other.
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v . £ the wire displ e

If sharply defined markings (hairlines) situated across the rope axis are
placed on the surface of the rope, the displacement (V} of the broken wire
can be read from them with an accuracy of 1/10 mm.

Fig,2 The displacement of a broken wire
can be determined by means of the
markings. The picture shows the
displacement of two adjacent broken
wires at a distance of one lay length
from the break spot (test 3, phase b).
Attention shcould be paid to the fact
that the displacement of the two wires
was of egual size although they had
broken one after the other.

Considering the difference of the wire displacement of two adjacent
markings {a and b}, the contraction of the wire on the stretch in question
is

E«:Va"‘Vb
which is proportional to the decrease of the tensile force in the wire.
This means neglecting as a second order effect the fact that, as a result
of the wire breaks, the distance between the markings on the intact wires

also changes. The calibration is carried out by determining the distances
between markings as a function of the tensile force.

Such markings are, of course, also suited for the display of wire breaks

which occur in not observable spots on the cover layer of locked coil
ropes. This applies, for example, toc cast sockets and supporting shoes [4]

4. TESTS CARRIED OUT

The tests were carried out in detail as follows:

Rope no.l

Iest ]lA: The strain gauges were situated at the following distance from
the wire break spot:

- Wire no. "n": 0.1, 0.5, 1, 2, 10, 20 lay lengths
- Wire no, "n + 1": 0.1 lay length
= Wire no. "n + 9%: 180° opposite the break spot of the wire "n".

Between the cast sockets the rope measured 30 lay lengths. The break spot
was at a distance of B lay lengths frem the cast socket.

After the calibration described under 3,1 the rope was, step by step:

a) unloaded S =20
b) loaded S=20.4 - 33 (100 %)
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c} unleoaded (§ = 0.02 - 8Sp):; wire "n" spot~drilled at spot ™"0":
tensile force increased till S = 0,4 - Sp; the spot-drilled wire "n"V
broke at § = 0.17 - Sp.

d), e) and f)
unloaded once (S = 0.02 . S) and again loaded with S = 0.4 - Sp

q) unloaded till § = 0.02 - Sp; subsequently moved {knocked with a
hammer, subjected to the passage of a cross load): tensile force
increased to S = 0.4 - Sg

h) twice unloaded and loaded {according to d)

The results are shown in Fig.3 and 4.

ﬁ? — Fig.3 The tensile force in the
o e wires "n"; "n + 1" and "n + 9v
w00 A PRI during the phases of test 1A. The
- N o e length indication (A) gives the
:b AN B ] distance in lay lengths between the
ool 41 A\ i o measuring point and the break spot
sofl— A\ of the wire "n".

- 7 \ -fu.u

o d. \

s, AY

a b € L - L] L}

Fig.4 Behaviour of the tensile
| force in wire "n" after the
= * breaking of the wire (phase ¢, full

- line) and after six repeated
; - pulsating loads of the rope (phase
© _ h, broken line). It is remarkable
that the pulsating load has changed
the force behaviour only
i negligibly.

[
B8y 2 L] w L1} 2a
Lay fength X

Test 1B: Like test 1A, but with a concentration of the measuring points

near the break spot. The strain gauges were situated:

- on wire "n" at: 0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 5.0, 8.0 lay
lengths

- on wire "n + 9": 180° opposite the break spot of wire "n"

After calibration, step by step,

a}) the rope was unloaded S = 0 and locaded by S = 0.4 - Sg (100 %):

b} the wire "n" was severed at the spot "(Q":

c) the rope tensile force was lowered to § = 0.02 - Sg and again
increased to S = 0.4 - Sgm,

d} the wire "n + 1" was severed at the spot "0";

e} the wire "n + 2" was severed at the spot "0";

£) the wire "n + 3" was severed at the spot “0O“.

The tensile force behaviour of the wires up to phase d was about equal to
that in test 1A. Subsequently it became apparent that in such cases where
several adjacent wires are broken measuring the tensile force by strain
gauge is not possible any more. Besides the tensile force, bending and
torsion of the wire also change. The strains caused in this process cannot
be separated by strain gauge.
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5 ) Fig.5 Test 1B, behaviour of the
100 . tensile force in wire "n" after the
sl | P oA phases b, ¢ and d. It shows that
ROmP 4 ‘ the tensile force in the wire
Top(e ’( itself following the break of the
a0 '7 adjacent wire is fully re-esta-
= blished after 5 lay lengths. In the
iy break plane the circles are in-
3 : dicating the tensile force in wire
; “n + 9" (opposite the break spot)

o after the corresponding test

1 2 3 A s phases.

Lay length 1

Iest 1C: Like test 1A, but the tensile force was measured on both sides of

the break spot. The strain gauges were fixed accordingly:

& On wire "n" on both sides of the break spot at: 0.1, 0,5, 1.0, 2.0 and
4.0 lay lengths.

= On wire "n + 9": 180° opposite the break spot of wire "n".

After calibration, step by step,

a) the rope was unloaded S = 0 and loaded with $S = 0.4 -+ Sp (100 %):

b) the wire "n" was severed at the spot "0":

c) the wire n + 1 was severed at the spot "0". In this process, wire "n-
1" which was damaged during the cutting off of wire "n" also broke.

d) the wire "n + 2" was severed on the spot "0O";

e) the rope tensile force lowered six times to S = 0.02 - Sp and again

increased to § = 0.4 - Sg. This produced practically no tensile force
change in the broken wires.

si Fig.6: Test 1C. The tensile force
= in the cut-off wire "n" is pro-
AN gt I e 7 ceeding symmetrically on the left
[ e . pid and right side of the break spot.
[ A When totally three or four
N [/ it adjacent wires have been cut off
[~ A\ (’ (phase ¢ and d), there is no
‘\\»‘ o -l S symmetry any more. The circles on
-———JYK;”:::NQ;\\j? the break plane are indicating the
7 tensile force in wire "n + 9"
- = = S es o s 1 - (opposite the break spot) after
ke, Skl 4 the corresponding test phases.
Rope no,2

The cross hairlines according to chapter 3.2 were placed on both sides of
the designated break spots at distances of 0.1, 1.0, 2.0, 3.0, 4.0 and 5.0
lay lengths.

Free xope length approx. 800 m.

Rope tensile force = 0.24 - Sg = const.

After calibration, step by step,

a) the wire "n" was severed;

b) the break spot was subjected to the passage of a carriage with six
soft-lined rollers (diameter 80 mm; load 3.0 kN/roller):

c} the wire "n + 1" was severed and the break spots filled with lead;

d} the break spots were subjected to four passages of a carriage as
menticned under b);

e} the break spot was passed over with an engaged track rope brake (see
Fig.8}.
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ﬂ? Fig.7: Rope no.2. Re-establishing
sol—) N\ fill of the tensile force in wire "n" on
sof— 4§ | eAN/ 5 / | voth sides of the break spot: a)
- \ SN AN [/ [ after the break of wire "n"; b)
50 ?*7', NN after the passage of the rope with
& T E \Y *”““2 { rollers and c) after the break of
B NN/ 2R the adjacent wire. The tensile
% \ /7 force behaviour in the wire "n + 1"
= \R\V//4 which broke in phase c (broken
- \ line) differs only negligibly from
L that of wire "n",
'05 -4 -3 -2 -1 0 1 2 3 4 L]

Lay length A

Fig.8: The minimal gap between the
wires and the lead filling shows
that the stress of the two adjacent
broken wires has not been relieved
because of the passage of loaded
rollers (d) and because of a track
rope braking (e). Data of the
braking: Shoe lining material =
multicomponent bronze; shoe length
260 mm; shoe pressure 90 kN.

The cross hairlines according to chapter 3.2 were placed on both sides of
the designated break spot at distances of 0.1, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0 and 7.0 lay lengths.

Free rope length approx. 800 m.
Rope tensile force = 0.30 - S = const,

After calibration, step by step,

a) the wire "n" was severed;

b) the wire "n + 1" was severed;

c) the break spot was subjected to
described under test 2, point b:

d) the wire "n - 1" was severed.

two passages of the carriage, as

iy Fig.9: Rope no.3. Re-establishing

sol—\ {. i /:: of the tensile force in the broken

% \- / / ’__ﬂ wires with increasing distance from

= N \\ =}!~h ¢ the break spot during the different

80 \ Tow | ¢ phases. Again the tensile force

i I W ] U’Aﬂ:; jy behaviour in the adjacent broken

- 74 \ I ’AZJ,“-/=3 wires differs only negligibly from
= AN = 77l =% i n"

" c:§;%‘ \ /,? q%t that of wire "n

‘: AN ’,’)’ dan

4 H L] 7

Lay length 2
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Rope ng.4

Measuring method and markings like rope no.3.
Free rope length approx. 800 m,
Rope tensile force = 0.29 - Sp = const.

After calibration, step by step,
a) the wire "n" was severed;

b} the wire "n + 1" was severed;
c) the wire "n + 2" was severed.

sta Fig.l0: Rope no.4. Re-establishing
T T ] T * of the tensile forece in wire “n®
a ‘(‘\# P 7 with increasing distance from the
2 AR BN AZ f break spot after the cutting off
-— P -/ of wire "n" (a), wire "n + 1" (b)
; \ 1 bl ~7 and wire 'n + 2" (c¢).
24 A R N Y 4 o e
2 ) /4
il N/
’.‘. -5 .. -3 -2 -1 ] ' 2 3 + s 'y
Lay length i
Rope ng,>

Cross hairlines according to chapter 3.2 at 0.1 and after each lay length.
Free rope length approx. 32 lay lengths.

Rope tensile force = 0.2% - Sg = const.

a) wire "n" severed
b) wire "n + 1" severed

100 Fig.ll: Rope no.5. Re-establishing
w » [ e of the tensile force in the broken
V I wire "n" after its cutting off and
® - after the break of the adjacent
ol ) | wire (b). The fact that the tensile
J force is only re-established after
po b —— o 8 lay lengths is due to the irreg-
s0 7 i ular and loose twisting of the
) // i 3 cover layer. From the unloaded rope
N even a single broken Z-wire could
20 ; be easily removed.
I3
v L
LY
v
1 2 3 [} 5 ] 7 L] L]
Ltay langth 1
5. OBSERVATIONS AND CONCLUSICNS

In view of the limited number of findings no generally valid rules can be

formulated. However, within the test conditions the following statements
may be made:

In a broken single wire the re-establishing of the tensile force
occurs more or less in the same way each time if the cover layer has
been firmly twisted. Half of the initial tensile force is reached at a
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distance of 0.5 to 0.8, the practically full tensile force after 1.5
to 2.5 lay lengths.

- If the cover layer is loose, as it was the case with rope 5, the
critical length can amount to a multiple of the above wvalue,

= If an adjacent wire breaks in the same cross-section of the rope,

- the re-establishing behaviour of the tensile force in both broken
wires is the same.

- the critical length is doubled and its scattering also increases.
Again after exclusion of rope no.5 half of the tensile force was
reached after 1 to 4, the full tensile force after 3.5 to 5 lay
lengths.

- A rope with wire breaks behaves similarly to a notched homogenous
tension bar:
- In the wire 1lying near the break spot, the tensile force is
increased superproportionally to the decrease of the cross-section.
- The tensile force is decreased in the wire lying opposite the break
spot.

ﬂﬂ{ Fig.l2: Qualitative behaviour of

- o the re-establishing of tensile

force in the broken wire:

a) expected, neglecting the inter-
nal rigidity of the wire;

b : b} measured,

i 1

critical

- The re-establishing behavicur of the tensile force (S} does not
follow, as expected, an exponential curve (a) but rather a saturation
curve (b) (Fig.l12). This indicates that the re-establishing in the
broken wire is not primarily caused by the friction between the wire
and the core of the rope (which is due to its spiral-shaped wrapping)
but rather by the friction with the adjacent wires caused by the
change of form (torsion and bending) which occurred due to the break
of the not ideally preformed wire. This means that the internal
rigidity of the wire should not be neglected during the theocretical
analysis of the problem,

This change of wire form (torsion and bending) is also the reason why
the tensile force cannot be measured with strain gauges near the break
spot.

- The pulsating bending and tensile stress of the rope but also the
track rope braking do not change the tensile force distribution along
the broken wire in a significant way. This means that no important
increase of the critical length has to be expected during operaticn.

Practical experience seems to confirm these observations. Gaps of wire
breaks have not or have only minimally changed during nine years in
the case of five other track ropes in operation. In a double fix
anchored track rope where the range of stress amounts to 20 % of the
base tensile force a gap grew during these nine years from 20 to 23

mm., These observations should, however, be continued and extended to
other ropes.
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