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ROTATING BENDING FATIGUE TEST MACHINE

Steel wire ropes are widely employed across numerous industries, particularly in
aviation, where they are used in onboard cranes, winches, hoists, mechanical control
systems, and cargo-securing tie-down assemblies. The mechanical performance of
steel wire ropes is governed by the properties of their individual components. Steel
wire is a primary structural element of these ropes. In service, wire ropes are
exposed to cyclic operational loading during cargo lifting, movement, and handling,
as well as additional dynamic loads caused by acceleration. In many cases, they also
operate in unfavorable and aggressive environments. Together, these factors lead to
fatigue, wear, and corrosion, critically influencing the service life and reliability of
wire ropes. This study presents the development of a compact rotating-bending
fatigue testing machine specifically designed to evaluate the fatigue behavior of steel
wires. The base configuration is intended for laboratory testing at dry air; however,
further upgrades will enable testing in aggressive corrosive media, various
surfactants, greases, and corrosion-preventive compounds to investigate adsorption-
induced weakening phenomena, including the Rebinder effect. Analytical stress
calculations based on Reuleaux’s classical approach were validated by finite element
modeling, demonstrating close agreement between the methods. The developed
machine provides an efficient and reliable tool for studying fatigue mechanisms in
steel wire materials under realistic operating conditions.

Key words: rotating bending fatigue test; steel wire; wire rope; fatigue behaviour;
finite element analysis; surfactant environment; Rebinder effect; cyclic loading;
corrosion-fatigue interaction; laboratory testing machine

Introduction. Steel wire ropes are widely used across many fields, including
aviation. In particular, winches and hoists on cargo aircraft rely on wire ropes as
essential components. During service, wire ropes are subjected to wear, corrosion, and
fatigue. The primary modes of fatigue in wire ropes include tension—tension fatigue,
bending-over-sheave fatigue, free-bending fatigue, and torsional fatigue. A
combination of degradation mechanisms—such as simultaneous fatigue and
corrosion—produces a cumulative and particularly hazardous effect.

The complex interaction of mechanical loading and environmental exposure

creates significant challenges for predicting rope service life and assessing
accumulated damage. Therefore, experimental investigation of rope degradation
processes remains highly relevant.

Steel wire ropes (Fig. 1) [1] have a complex hierarchical structure. The smallest
structural element is the individual wire, which may be manufactured from various
metallic materials. Steel wires are produced in multiple grades that differ in strength,
wear resistance, fatigue performance, corrosion resistance, and bending
characteristics. Wires are helically arranged and twisted into strands, which in turn
form the rope. The rope core supports the strands and maintains their relative position
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under tensile and bending loads. Cores may be made of natural fibers, synthetic fibers,
or steel.

CENTER
WIRE

Fig.1- Steel wire rope structure [1]

Steel wire ropes operate for many years under varying mechanical loading
conditions and environmental influences. High reliability requirements for lifting and
hoisting equipment continue to stimulate research into wire-rope behavior under
repeated loading. Excessive bending, twisting, stretching, or vibration results in the
accumulation of fatigue damage and ultimately wire fractures.

The internal stress—strain state of wire ropes is complex. Their helical, multi-
component construction provides multiple load-carrying paths and, in effect, a fail-
safe design with a high degree of redundancy [2]. The helical geometry also induces
radial load components under axial tension. These radial forces produce normal
contact stresses between adjacent wires, generating surface shear and enabling broken
wires to gradually recover their load-sharing capability along the rope length.

Fatigue behavior of wire ropes has been extensively investigated. It has been
shown [3] that rope diameter, mean stress, socket type, lay angle, and rope length
significantly influence fatigue life. Small-diameter ropes behave differently than large-
diameter ones: their S-N curves are more sensitive to stress-range changes, and their
fatigue resistance at 2x10° cycles is generally higher. Typically, fatigue tests are
stopped before complete rope failure. However, the chosen termination criterion—
such as the first wire break, failure of 5% of wires, or total rope fracture—strongly
affects the measured fatigue resistance.

In [4], results of bending-fatigue tests and damage monitoring of steel wire ropes
were reported. Damage was evaluated by counting broken wires, and an attempt was
made to predict rope endurance based on the first two wire breaks. Another study [5]
demonstrated that contact stresses between strands lead to fatigue-prone wear zones.
The influence of pulley material was examined in [6]; wire ropes operating over nylon
pulleys exhibited approximately twice the bending-fatigue life compared with ropes
used with cast-steel pulleys.

Corrosive environments are well known to degrade steel ropes [7]. Moisture
penetrates the rope structure, causing not only external corrosion but also internal
attack of individual wires. In addition to corrosion, certain liquids belonging to
surfactants can influence the plastic-deformation behavior of metals [8]. According to
the Rebinder effect [9], surface-active species adsorbed on the metal surface decrease
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surface energy, facilitating slip-band formation and promoting material weakening
under stress.

Understanding wire-rope performance under the combined action of cyclic
loading and environmental effects requires a step-by-step approach, beginning with
the study of individual wire behavior and failure mechanisms. Numerous testing
devices have been developed for this purpose. In the present work, a new compact
fatigue-testing machine for steel wires is introduced and described.

Compact rotating bending fatigue test machine.

The objective of the design was to develop an inexpensive, compact, and reliable
machine capable of testing wires at maximum cyclic stress levels corresponding to the
expected in-service stresses experienced by steel-rope wires. The proposed machine
satisfies the requirements of [10]. Rotating-bending fatigue testing of small-diameter
solid round wire is achieved by looping a specimen of predetermined length through
an arc of 90° to 180°. The resulting bending stress is defined by the geometry of the
formed loop.

This test method is intended for evaluating wire fatigue behavior within the
linear-elastic strain (stress) regime. However, the obtained results have certain
limitations due to the radial strain gradient inherent in bending. At the same time, this
stress distribution is advantageous for investigating surface-related effects, such as
adsorption phenomena caused by surface-active agents.

A simplified schematic of the developed machine is presented in Fig. 2.

Fig.2. Scheme of the new rotating bending machines for wires testing
In the fig.2: 1 — spindle drive (electric motor); 2 — driving spindle; 3 — driven
spindle; 4 — rotational speed regulator; 5 — rotational speed display; 6 — control panel;
7 — cycles counter; 8 — guides; 9 — specimen (test wire).
Wire stress calculations
Stress in the wire at the bending can be found by simple formula proposed by
Reuleaux in 1865 [11]. He took each wire of the rope as a simple beam in flexure and

by combination of the formula:
M =5I/C

and
M = EI/R

found that the stress in the extreme fiber due to bending was:
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S =Ed/D,

where E — modulus of elasticity;
d— diameter of a single wire;
D — the diameter of the Drum in the Reuleaux formula or diameter of the loop of the
wire in test machine;
C — constant depending on the number of wires in the strand.

General requirements for the steel wire ropes are described in the standards, for
example [12]. For many machines in aviation the two lay steel rope type TK
construction 6 x19 (1+6+12) + 1 x19 (1+6+12) shown in the fig.3 is used.

Fig.3. Steel rope 6 x19 (1+6+12) + 1 x19 (1+6+12)

Let us consider the loading capabilities of cold-drawn non-alloy steel wire for
ropes, manufactured from steel with a modulus of elasticity
E = 199 GPa = 199 000 MPa [13]. Tensile strength grades are shown in table 1[14].
Coating made by zinc or Zn/Al alloy.

The endurance limit of cold-drawn non-alloy steel wire for ropes is in the range
of 40% to 50% of its ultimate tensile strength. Loading regimes must provide
stresses above the fatigue limit.

Table 1
Tensile strength grades and ranges of nominal diameters [14]

Range of nominal diameters, mm

Bright and coated — Class B Coated— Class A
Tensile grade strength, MPa
Class B Zinc or Zn/Al
Class A

1180 0.2t01.80 -
1370 0.2t0 7.00 0.70 to 7.00
1570 0.2 to 7.00 0.70 to 7.00
1770 0.210 6.00 0.70 to 6.20
1960 0.2t0 5.00 0.70to 4.20
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2160 0.2t04.00 -
2260 0.2t0 3.40 -
2360 0.2t02.70 -

For example, if the ultimate tensile strength of the steel wire is approximately
1600 MPa (a common value for high-strength wires), its endurance limit would be in
the range of 640 to 800 MPa.

Stresses for set of fatigue test regimes were calculated (table 2).

Table 2
Stress regimes range for current design

Diameter of the loop 100 150 200 250 300
of the wire in test
machine, D, mm
Diameter of a single 0,5 0,5 0,5 0,5 0,5
wire, d, mm
d/D 0,005 0,00333 0,0025 0,002 0,00166
Maximum stress in 995.0 662.67 4975 398 330.34
wire, MPa
(Conventional
calculations)
Maximum stress in 983,09 655,64 492,1 393,91 323,78
wire, MPa (FEM
calculations)
Difference between 1,2 1,1 1,1 1,0 2,0
Conventional and
FEM calculations, %

The diameter of the wire specimens is taken as 05 mm.

For loop diameters in the range of 100 to 300 mm, the maximum stresses calculated

using the formula are within the range of 330 to 995 MPa.

Table 2 presents the geometric characteristics of the loading scheme and the
corresponding calculated results for the maximum stresses in the loading cycle.
Results of the Finite Elements Analysis are shown in the fig.4.
Comparison of the results of the stress in wire under the rotating bending
calculated by the Reuleaux formula and found with application of Finite Element
Analysis are presented in the table 2.
As it is seen from the table 2, diameters of the wire loop less than 150 mm
provide the loading condition that lead to the failure of the wire specimen due to the

fatigue.

The results obtained using the conventional analytical method and those from the
finite-element stress-strain analysis demonstrate good agreement.
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Fig. 4. Results of the Finite Element Analysis of the wire loaded at the process of test -
distribution of the stress in the wire cross section

Testing in the liquids surrounding

The motivation for studying the influence of various liquids on the fatigue
behavior of wire ropes stems from the assumption that many of these substances
possess surface-active properties, classifying them as surfactants. Surfactants can
affect deformation-induced damage in the surface layer of metals through the
mechanism known as the Rebinder effect [15]. This effect, first identified by Rebinder
in 1928 and subsequently confirmed by numerous researchers, is not a form of
corrosion. Instead, the adsorption of surface-active species facilitates deformation and
fracture by lowering the surface energy of the metal, thereby promoting localized
plastic shear. In many cases, adsorption-driven weakening may exceed the effects of
purely chemical interactions.

Despite decades of study, the influence of surfactants on metal fatigue remains
insufficiently understood. Considering the stringent reliability and durability
requirements for aircraft systems, this phenomenon must be taken into account when
evaluating the long-term performance of steel wire ropes.

The newly developed testing machine enables systematic investigation of the
effects of a wide range of surfactants, including corrosion-preventive compounds
(CPCs), lubricating greases, oils, and operating fluids of aviation systems. According
to long-standing practice dating back to the 1950s, the influence of surface-active
agents can be benchmarked against that of oleic acid.

Oleic acid (cis-9-octadecenoic acid CHs(CH2)7,CH=CH(CH2);COOH) is
monounsaturated fatty acids. It is a colorless viscous liquid with melting point tmei: =
13,4°C for the unstable beta version and tmer= 16,3° C for a stable alpha-modification,
and boiling point twi = 286° C. Oleic acid is a traditional surfactant in the study of the
Rebinder effect [15].

Upgrading of the machine to make it able to conduct fatigue tests at the condition
of the surfactants can be made simply by the installation of the bath with investigated
liquid in such a way that the most loaded part of the wire goes throw the liquid.

Conclusions

The fatigue damage of wire ropes is determined by the behavior of their
individual components, namely the single wires. Testing single wires allows the
identification of fundamental patterns in fatigue performance. For obtaining
preliminary information on the resistance of steel wires to cyclic loading, rotating-
bending tests are considered a reliable and straightforward method.
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A new testing machine for fatigue evaluation of steel wires has been designed and
manufactured. The capability to achieve the required stress levels was confirmed
analytically, while finite element analysis verified the accuracy of stress calculations
obtained by conventional methods. The machine can also be upgraded to perform tests
on wire specimens in liquid environments, including exposure to surfactants.
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M.B. KAPYCKEBHUY, O.M. KAPYCKEBHUY, B.I. KOPYYK, 1.0. TO30OBCHKHUHU
YCTAHOBKA JIUISI BUTIPOBYBAHBb HA BTOMY IIPU OBEPTOBOMY 3I'MHI

B aBiamii crameBi KaHaTH BHKOPHUCTOBYETBCS Y OOPTOBHX KpaHaX, JeOigkax,
NigifOMHHUKaX, CHCTEMaX MEXaHIYHOIO KEepYBaHHSA Ta BaHTaKHO-KPIMWIBHUX IPUCTPOSX.
MexaHiuHi XapaKTEPUCTUKH CTaJeBUX KAaHATIB BH3HAYAIOTHCS BIACTHBOCTSAMHM iX CKIIaJOBUX
enementiB. CrameBuil IpiT € OCHOBHOIO CTPYKTYPHOIO OIWHHUICIO0 KaHaTiB. [lim dac
eKCIUTyaTalil KaHaTH 3a3HAI0Th IMKIIYHOTO HAaBaHTAXXEHHS NPH MiAHoMi, HepeMilleHHi Ta
0o0poOIi BaHTaXiB, a TaKkOoX MJOJATKOBUX JUHAMIYHMX HaBaHTaXEHb, CHPUYMHEHHUX
NPUCKOPEHHSMHU. Y 0araTboX BHIIAJIKaX BOHH IPAIOIOTh B HECHPHUSATIMBUX 1 arpecMBHUX
cepenoBuiax. CyKynHICTh 30BHILIHIX (DaKTOpiB MPHU3BOAUTH O BTOMHM, 3HOLIYBaHHS Ta
KOpO3ii, [0 ICTOTHO BIUIMBA€ HAa CTPOK CIYyXOM Ta HaJAidHICTH KaHaTiB. Y poOOTi
NPEICTaBICHO PO3POOKY KOMIAKTHO! MAalIMHU Ui BUNPOOYBaHb Ha BTOMY IIPH 00EPTOBOMY
3IHHI, MPU3HAYEHOT I TOCIiKCHHS BTOMHOI MOBEIiHKH CTAJICBUX APOTiB. ba3oBuii BapiaHT
YCTaHOBKH IependadyeHuil Ui 1abopaTopHUX BHIPOOYBaHb B CEPENOBHIII IMOBITPS, MPOTE
MoJaNbIlla MOJCpHi3allis 3a0e3MeunTh MOKIMBICTE TECTYBaHHS 3pa3KiB y arpecHBHHUX
KOPO3ifHMX CepeloBHIIAX, pI3HMX IOBEPXHEBO-aKTWBHHX pPEYOBHHAX, MacTWiax 1
AHTHKOPO3IMHUX CHOJYKax JJIs BUBYCHHS afCOpPOIHHO-1HIYKOBAHOTO MOCIA0JICHHS METaly,
30kpeMa edekty PebiHmepa. AHamiTH4YHI PO3paxyHKH HampyXeHb B JAPOTI, BUKOHAaHI Ha
OCHOBI KJIACHYHOT'O MiAXOAYy OyJNM MiATBEpIKEHI METOAOM CKIHYEHHHX eJIEMEHTIB, IO
MOKAa3aJI0 BHCOKY BiJIOBIIHICTh pe3ynbTatiB. Po3pobiena Mamna 3abe3nedye eheKTHBHUI 1
HaJiitHuI 3aci0 JOCHIPKEeHHS] MeXaHi3MiB BTOMH CTaJIEBHX JPOTOBHUX MaTrepialliB B yMOBax,
HaOIIMKEHHX J0 PEeasbHUX eKCIUTyaTalliiHuX.

KuarouoBi cioBa: BUNpoOyBaHHS Ha BTOMHY MIITHICTh ITPH 00EPTOBOMY 3THHI, CTaJeBHHA JPIT,

CTaJIeBHi KaHAT, BTOMHE ITOIIKOKEHHS, METOJ] CKIHIEHHNX €JIEMEHTIB, TIOBEPXHEBO-aKTHBHE
cepezoBuile, edhexr Pebinaepa, MUKITIYHE HABAHTAXKCHHS, BUIIPOOYBaIbHA MAIIHHA.
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