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Introduction. Ensuring the safety of lifting equipment is closely linked to the reliability of steel ropes operating under
variable loads and in aggressive environments. Increased design complexity, higher operational intensity, and larger
machine lifting capacities lead to increased human-made risks and economic losses. Traditional methods, such as static
safety factors and visual inspections, are ineffective in the face of digitalization and increased operational intensity.
According to regulatory authorities, 20% of accidents involving lifting equipment are caused by rope defects, with more
than 5,000 injury incidents recorded annually. The literature describes statistical defect analysis, tribological models of
wire wear that take into account friction and lubricant degradation, and hierarchical modeling of rope as a system.
However, there are still some serious systemic problems: models are not fully integrated into practice, theoretical
knowledge is not always applied in engineering methods, and predictive models do not allow for a comprehensive
analysis of operational factors. To address these issues, the aim of this work is to develop a predictive model for
assessing the reliability of steel ropes at the design stage. This model takes into account regulatory requirements in
order to prevent sudden failures and optimize operations.

Materials and Methods. The study was based on the proposed hierarchical decomposition of rope reliability by
degradation levels, which allowed for the algorithmic implementation of the “weakest link” principle for sequential
systems. The modeling object was a 6x36 WS FC (two lay rope type) steel rope according to GOST 7668—80 used in
gantry crane mechanisms. RD ROSEK 012-97 standards were adapted to the design tasks using a polynomial
approximation method of discrete criteria into continuous limit state functions. To assess reliability at various
hierarchical levels, a combination of Kelvin-Voigt, Archard, and Weller models, as well as the Weibull, Poisson, and
normal distributions, was applied. Mathematical data processing and probability calculations were implemented in MS
Excel and Mathcad. The model was verified by comparing predicted curves with the estimated service life according to
the ISO 16625 methodology for M5 and M6 modes.

Results. Based on the RD ROSEK 012-97 rejection standards, generalized limit states for 6x36 WS FC rope
(GOST 7668) were determined. Analytical functions were derived for the relationship between the permissible number
of breaks, wear, and corrosion, as well as the dependence of cross-sectional area loss on accumulated defects for
M1-M8 modes. A comprehensive predictive reliability model was developed that integrates probabilistic processes of
wire breakage accumulation, wear kinetics, and rheological degradation of the core into a single calculation model.
Discussion. The proposed approach aims to bridge the gap between theoretical knowledge and operational practice, by
considering the synergy of degradation mechanisms. It resolves the contradiction between the parallel development of
defects and the sequential approach (“weakest link model”), using the principle of criticality in any limit state. Unlike
additive methods, this approach incorporates the concept of dynamically dependent parameters. The rheology of the
material alters the contact conditions between wires, accelerating fatigue damage accumulation. Using this approach as
an analytical tool during design ensures high accuracy in predictions. However, due to the heterogeneity of models, it is
necessary to develop a specific criterion for assessing overall error.

Conclusion. The model is designed to be used during the design phase of lifting equipment to predictively assess
reliability and minimize the risk of sudden rope failure in accordance with GOST 7668-80. It takes into account
regulatory requirements and provides a 37% more conservative forecast compared to ISO 16625. Future development
plans include extending the model to other rope design groups and integrating it into engineering practice.
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AHHOTanUs

Beedenue. ObecrieueHne 6e30MaCHOCTH TPY30MObEMHBIX MAIIH TECHO CBSI3aHO C HAJIS)KHOCTHIO CTAIBHBIX KaHATOB,
paboTaroLIMX MO HepeMEHHBIMU Harpy3kaMH M B arpecCUBHBIX cpefiaX. POCT CIOKHOCTH KOHCTPYKIMH, BBICOKAs! WH-
TEHCUBHOCTD AKCILTyaTalliy M YBEIMUCHNE TPY30II0JbEMHOCTH MAIINH IIPUBOIAT K POCTY TEXHOTEHHBIX PUCKOB M 9KO-
HOMHUYECKHM TOTepsiM. TpaguiiioHHbIE METOJbI — CTaTHUECKHE KOI(PQUIIMEHTHI 3araca U BU3yalbHbIH KOHTPOIb —
Hea(h(heKTUBHBI pU IHU(POBHU3ALNH U POCTE WHTEHCHBHOCTH JKCIUTyaTaruu. [1o 1aHHBIM Haq30pHBIX opraHos, 20 %
aBapuil Ha MOJBEMHBIX COOPYKEHHAX BBI3BaHbI Je(heKTaMH KaHATOB, a eXeroqHo ¢ukcupyercs cabiuie 5000 HHIMOEH-
TOB C TPaBMaTH3MOM. B nuTeparype ommcaHbl CTaTUCTHUECKHN aHANN3 A€()EKTOB, TPHOOIOTHUECKHE MOJEIN M3HOCA
MIPOBOJIOK C YYETOM TPEHUS U AETPafallié CMa3Ku, HepapXHUeCKoe MOJICIUPOBaHUE KaHaTa Kak cucTeMbl. OHAKO co-
XPaHSAIOTCSI CePbE3HBIE CUCTEMHBIC MTPOOIEMBI: MOAEH CJIa00 MHTETPUPOBAHBI B IIPAKTHKY, TEOPHUS OT/IEJICHA OT WHKe-
HEPHBIX METOJIOB M MPEAUKTUBHBIE MOJIEIH HE MPEIyCMaTPHUBAIOT KOMIUIEKCHOTO aHAIN3a IWHAMHKH 3KCIITyaTalluoH-
HBIX (akTopoB. [ToaTOMY menbio JaHHOH PabOTHI sSBUIACh pa3pabOTKa MPEIUKTUBHON MOAENIH OLEHKH HaJIC)KHOCTH
CTaJIHOTO KaHaTa Ha 3Tale MPOSKTUPOBAHMS C YIETOM HOPMATHBHBIX TPEOOBAHUH AJIS UCKIIOUEHHS BHE3AITHBIX OTKA-
30B M ONITUMU3ALNH SKCILTYaTaIHH.

Mamepuanvt u memoosl. B 0CHOBe HCClIeIOBaHUS — TPEAJIOKCHHAs HepapXudeckas JTeKOMITO3UIMS HaJJe)KHOCTH Ka-
HaTa [0 YPOBHSAM JeTPajaliiy, NO3BOJIHUBIIAS aJlTOPUTMHU3UPOBATH IPHHIIMIT «CIa00Tr0 3BeHa» IS MOCIIEA0BATEIFHBIX
cucreM. O0beKT MosienupoBanust — cranbHo kaHaT 6x36 JIK-PO nmo 'OCT 7668-80 B cocraBe MeXaHH3MOB MOPTaJIb-
Horo kpaHa. Anantanus HopMm Pl POCOK 012-97 k 3agauamM npoeKTUPOBAHUSA BBIIIOJHEHA METOJOM ITOJIMHOMHUAIBHOMN
anMpoKCUMAIIMHU JUCKPETHBIX KPUTEPHUEB B HENPEPhIBHbIC (DYHKIMU TPEeNIbHBIX COCTOsIHUM. 115l OlleHKn 0e30TKa3Ho-
CTH Ha Pa3IMYHBIX YPOBHSAX HEpapXWH HCIOJB30BaH KomIuiekc mozenelt KemsBuna—@oiirta, Apuapaa, Bemnepa, a
TaKxke pacrnpenenenus BeiOymna, [Tyaccona u HopMmanbHbIi 3aKkoH. Maremaruueckass 00pab0TKa AaHHBIX M pacyeTsl
BEPOSITHOCTHBIX TOKa3aresiel peann3oBansl B cpegax MS Excel n Mathcad. Bepudukarus moaenn nmpoBezeHa cormo-
CTaBJICHHEM IIPOTHO3HBIX KPHUBBIX C pacueTHBIM pecypcoM o Metouke ISO 16625 mis pexxumoB M5 u M6.
Pe3ynomamut uccnedosanusn. Ha ocHoBe HopM OpaxoBku PJI POCOK 012-97 onpeneneHpl 0000mEHHBIE TIPEIeTbHBIC
cocrostaust kanata 6x36 JIK-PO (IOCT 7668). IlonyueHbl aHATUTUISCKHE 3aBUCUMOCTH JIOITyCTHUMOTO YHCJIa OOPHIBOB
OT U3HOCA U KOPPO3HH, & TaKXkKe (QYHKIIMH CBSI3H ITOTEPH IUIOIAAN CEYECHHS C HAKOIICHHBIMH Ae(heKTaMu I PEXKUMOB
M1-M8. Pa3zpaborana KOMIUIEKCHas! IPEIUKTUBHAS MOJEb HA/Ie)KHOCTH, OOBEINHSIONIAas BEPOITHOCTHBIE TPOIECCH
HaKOIUIEHHS OOpPBIBOB MPOBOJIOK, KWHETHUKY M3HOCA M PEOJIOTHUYECKYIO JETPANAINIO CEPACYHUKA B €ANHYIO BBIUYHCIIH-
TEJIbHYIO CXEMY.

Obcyrcoenue. TIpemtosxeHHBIN TOAX0]] COKPAIIAET pa3pbIB MEKIY TEOpHUEH M MPAKTUKOW HKCILTyaTaIlly 3a CUET ydera
CHUHEPTHH MEXaHNU3MOB erpananuu. [IpoTuBopeyre Mex 1y napauieIbHbIM pa3BUTHEM Je(EKTOB U Mocie10BaTeIbHON
«MOJIETBIO CIT1a00T0 3BEHA) Pa3pelICHO Yepe3 MPUHIUI KPUTHIHOCTH KaXXI0TO TPEIEIBHOTO COCTOAHMS. B oTiname ot
aJIUTUBHBIX METOJIOB PEAIM30BaHA KOHIIEMIUS TUHAMUYECKH 3aBUCHMBIX ITapaMeTPOB — PEOJIOTHUECKUE U3MEHEHUS
cepAeYHNKa TPaHC(HOPMHUPYIOT YCIOBHUS KOHTAKTa MPOBOJOK U TEM CaMBIM YCKOPSIOT HAKOIUICHHE YCTaJOCTHBIX I10-
Bpexaennil. [Ipumenenne pa3paboTaHHOTO anmapaTa B MIPOSKTHPOBAHMH MOBBIIIAET TOYHOCTh MPOTrHO3a. B TO *e Bpe-
Msl T€TEPOreHHOCTh HCIOJIBb3YEMbIX MOl JUKTYeT HEOOXOAMMOCTh CO3AaHUsl CIElH(UIECKOro KPUTEPHUs JOCTO-
BEPHOCTH JJISl OLIEHKH CyMMapHOH MOTPEeIIHOCTH.
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3axntouenue. Mopens npeHa3sHauYeHa A1 IPUMEHEHHS Ha dTalle IPOSKTUPOBAHUS IPY30MOIbEMHBIX MAIIUH C LIEBI0
NPEMKTUBHOW OIIEHKH 0€30TKa3HOCTM M MHHHUMH3ALUH PUCKOB BHE3amHBIX OTKa3oB kaHatoB 1o ['OCT 7668-80.
Mozenp mo3BoJIsieT ydecTh HOpMaTHBHBIE TpeOoBaHMs U obOecrieunBaeT Ha 37 % OGosiee KOHCEPBATHBHBIN MPOTHO3 MO
cpaBHeHMIO ¢ ISO 16625. lanpHefinee pa3BUTHE MIPENIIOTaraeT paclpoCTpaHEHNE MOICH Ha IPYTHEe KOHCTPYKTUBHBIC
IpYIIIbI KAHATOB M BHEJPEHNE B MH)KCHEPHYIO IPAKTHKY .

KirodeBble cJIOBa: CTaNbHOW KaHAT, HAJC)KHOCTh, OC30TKA3HOCTh, MPCAUKTHBHAS MOJCIb, HEPaPXUUCCKas
JEKOMITO3HUIINSA, H3HOC M KOPPO3HS, pEOJIOTHUYECKas erpafaus cepAedHuKa

BaarogapHocTH. ABTOp BBIpaXKaeT OJArOJAapHOCTh PEIICH3CHTAM, Ybsl KPHUTHYECKas OICHKA MPEICTaBICHHBIX
MAaTCPUAIIOB M KOHCTPYKTHBHBIC TPEAJIOKCHUS IO HMX COBEPIICHCTBOBAHHIO CIIOCOOCTBOBAIU CYIICCTBEHHOMY
TTOBBIIIICHUIO KA9eCTBA H3JIOKCHHS PE3YIBTaTOB UCCIICIOBAHMS.

Jas umurupoBanus. KotecoB A.A. TIporHo3upoBaHHe HAIEKHOCTH CTaIbHBIX KAHATOB HA JTale MPOCKTHPOBAHHSL
beszonacnocms mexnoeernbix u npupoorsix cucmem. 2026;10(1):32-46. https://doi.org/10.23947/2541-9129-2026-10-1-32-46

Introduction. Steel ropes are critically important load-bearing elements of lifting machines that determine their
safety and operational efficiency. According to Rostechnadzor and global industry research, up to 20% of lifting
accidents are related to critical rope defects. Rope failure can lead to economic losses due to downtime and disruptions
of logistics cycles, as well as man-made consequences. Statistics show that over 5,000 incidents occur annually due to
broken traction and load-bearing elements, with approximately 30% having consequences for human life and health [1].

A steel rope is a complex mechanical and technical system that distributes the load between interconnected elements
that operate in different conditions and are subject to aging, corrosion, wear, and fatigue damage. This makes it difficult
to assess the reliability of the entire system. Existing design methods compensate for uncertainty through significant
safety factors. However, practice shows that this approach does not provide the required reliability for modern high-
power lifting machines with high work intensity —it does not exclude sudden failures and is economically inefficient.
In these conditions, in order to reduce man-made risks and improve operational efficiency, it is necessary to move from
the use of stock coefficients and visual control to predictive design and analytics that provide an estimated level of
reliability based on predictive failure models.

Research on steel ropes reliability has been conducted for decades and covers the stages of design, production and
operation. In 1963, with the support of OITAF and RILEM organizations, the international organization for the study of
rope fatigue, OIPEEC, was established.

Modern development of artificial intelligence and digital vision has significantly advanced the issues of predictive
analytics of steel ropes. The developed methods and automated digital control systems described in the works of
M.N. Khalfin [2, 3], A.A. Korotkov [4,5], A.V.Panfilov[6,7] and A.A.Kulchitskiy [8] are being actively
implemented in operational practice.

An important stage for the development of predictive design is the updating of ISO 16625, which involves
determining the margin coefficient and evaluating fatigue life, taking into account a variety of factors, which marks the
transition from simplified calculations to deep modeling of real-world operating conditions.

The complexity of distribution of mechanical properties and loads between the elements is a determining factor in
the reliability of a steel rope. The multilayer structure of the rope is hierarchical in nature: the internal elements serve as
a support for the external ones. The violation of these supporting links leads to degradation of the rope structure and
changes in the working conditions of its elements. Wahid A. [9, 10] designates this phenomenon as the effect of
“systemic wear” that occurs when core stability is lost.

The basis for the implementation of predictive design is the consideration of the rope as a system. Mouradi H. [11]
proposed a method for predicting durability using majority logic, where the key aspect is the mathematical relationship
between the probability of trouble-free operation and the degree of accumulated damage. Bassir Y. [12] notes that the
analysis of the hierarchical structure makes it possible to transform the failure statistics of the basic elements into an
accurate forecast of the reliability of the entire rope. Xia Y. [13] suggests conducting finite element analysis at three
hierarchical levels: at the micro level — wire contact, at the meso level — the interaction of strands, and at the macro
level — the behavior of the entire rope. This approach takes into account local friction and intermittent sliding during
bending, described in the Han Y. model [14], as well as the loss of cross-sectional area from wear over time, considered
by Salleh S. [15]. Studies by Peng Y. [16] and Xu C. [17] focus on the processes of internal friction and inter-wire wear,
confirming that the degradation rate directly depends on lay parameters and lubrication rate. V.P. Golovin [18]
demonstrates the effectiveness of synthetic thickeners of rope lubricants, and Peng H. [19] emphasizes the need to take
into account the degradation of lubricant properties as a key factor in rope durability. V.Yu. Volokhovsky [20]
examines the effect of thermal cycles on the ropes of metallurgical cranes and suggests a transition from deterministic
calculations to risk assessment as the probability of a random event in which the diagnostic indicator of the rope
exceeds the established rejection level.
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The analysis of modern research shows that, despite the in-depth study of certain aspects of rope operation, the issue
of assessing their reliability as machine elements remains insufficiently studied. The gap between theoretical
degradation models and practical design methods prevents the full realization of the potential of the predictive
approach. As a result, reliability rationing becomes an urgent task, requiring the establishment of quantitative normative
values and the selection of adequate evaluation criteria. There is an objective need to create comprehensive reliability
forecasting models that take into account the design features of the rope, the expected operating conditions and the
requirements of regulatory and technical documentation.

The aim of this research is to develop a model for predicting the reliability of a steel rope, taking into account the
multicomponent structure, operating conditions and requirements of regulatory and technical documentation (using the
example of a two lay rope GOST 7668 as part of gantry crane mechanisms).

Research objectives:

— perform the analysis of the requirements of regulatory and technical documentation and determine the limits of the
steel rope's operability;

— determine boundary values of indicators corresponding to the transition of the system to the limiting state, taking
into account the dominant mechanisms of destruction;

— integrate regulatory criteria into the reliability forecasting model;

— develop a comprehensive mathematical model for reliability assessment.

Materials and Methods. The research was based on the proposed hierarchical decomposition of steel rope
reliability by degradation levels and algorithmization of the “weak link” principle for sequential systems according to
the principles of calculating the probability of trouble-free operation of elements of lifting cranes RTM 24.090.25-76.
The object of the simulation was a two lay steel rope with a diameter of 27 mm. 6x36(1+7+7/7+14)+1 WS FC
according to GOST 7668-80 as part of lifting mechanism of Kirovets gantry crane 16/20 (Fig. 1, Table 1).

T e
|/_\'|{‘_/]:/ \;l/.—..
(A S OF

Fig. 1. Cross section of a steel rope 6x36(1+7+7/7+14) +1 WS FC according to GOST 7668-80:
1 — strand; 2 — wire; 3 — fiber core
Table 1
Scheme of a strand of steel rope 27 mm 6x36 WS FC according to GOST 7668—80

Central 1-st layer 2-nd layer B 3-d layer (outer)

Group of wire
strands

Number, pcs.

Wire diameter, mm 1.70 1.20 1.20 0.90
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Reliability was accepted as an indicator of the failure-free operation of a steel rope in accordance with
GOST R 27.102-2021". The choice of the indicator was due to the unmaintainability of the rope as a separate element
of the lifting machine and the continuous nature of the processes of corrosion of wires and aging (decomposition) of the
core, which could occur regardless of the intensity of operation.

To establish the limits of the working capacity of a steel rope, an analysis of RD ROSEC 012-97? rejection
standards was performed, which took into account defects caused by natural wear and aging of the rope
material (Table 2) and the acceptable number of wire breaks, taking into account the wear rate and the classification
group (operating mode) of the mechanism (Table 3). The analyzed defects were systematized by the nature of
degradation: A — wire breaks, B — wire wear, C — fiber core degradation. Taking into account the discrete nature of
the damage accumulation process, the calculated values of the number of breaks were rounded upward. Critical defects
that occurred instantly, such as creases, kinks, electric arc damage, lightning, fire, etc., were excluded from
consideration.

Table 2

Rejection standards of steel rope 6x36(1+7+7/7+14) +1 WS FC GOST 7668 when operating on lifting cranes according
to RD ROSEK 012-97

Defect designation Defect description Rejection standards Mechanism (cause) of the defect

. . Acceptable number of
Al External wire breaks in 6d breaks is shown in

section Table 3

External wire breaks in 30d Acceptab'le numbe.r of
A2 . breaks is shown in . .
section Table 3 (oxygen, electrochemical, chemical)

Fatigue wear, mechanical wear, corrosion

Local wire breaks
Three or more broken

A3 concentrated on a single rope .
wires
strand
Outer wires diameter Mechanical d ion (
. echanical wear and corrosion (oxygen,
b1 Surface wear of the rope reduction by 40% or v

electrochemical, chemical)
more

Loss of the metal part

Breakages, mechanical wear and corrosion
of the rope cross-

Loss of the metal part of the

B2 rope cross-section (loss of the . oxygen, electrochemical, chemical) of the
P . . ( section by 17.5% or (oxyg . . )
inner section) wires of inner layers
more
Rope diameter . .
. . Mechanical wear, corrosion (oxygen,
B3 Surface wear and corrosion | reduction by 7% or . .
electrochemical, chemical)
more
Reduction of rope diameter as Rope diameter Wear, crumpling, tearing, aging of fibers or
B1 . .
a result of core damage reduction by 10%  |complete destruction (breakage) of the core

Exposure to moisture and low temperatures
Local increase in rope Rope diameter increase| leads to expansion (swelling) of the core.

diameter by 7 % Uneven redistribution of core fibers along
the length (rolling area)

B2

' GOST R 27.102-2021. Dependability in Technics. Dependabiity of Item. Terms and Definitions. (In Russ.) URL:
https://rosgosts.ru/file/gost/21/020/gost r 27.102-2021.pdf (accessed: 20.10.2025)
2 RD ROSEC 012-97. Regulatory Document. Steel Ropes. Control and Rejection  Standards. (In Russ.) URL:
https:/files.stroyinf.ru/Data2/1/4293850/4293850134.pdf (accessed: 20.10.2025)
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Table 3
Number of wire breaks in the presence of which steel ropes of lifting cranes working with steel and cast-iron blocks of
6x36(1+7+7/7+14) +1 WS FC design are rejected according to GOST 7668 in accordance with RD ROSEC 012-97

Number of wire breaks N*
Reduction of wire diameter | Percentage of acceptable Mechanism Cross lay Long lay
as a result of surface wear or| wire breaks depending on | classification (mode)
corrosion, % wear and tear, % group In a section of length
6d 30d 6d 30d
Ml — M4 7 14 4 7
0 100
M5 — M8 14 29 7 14
MI1 - M4 5 11 3 5
10 85
M5 — M8 11 24 5 11
M1 - M4 5 10 3 5
15 75
M5 — M8 10 21 5 10
MI1 — M4 4 9 2 4
20 70
M5 — M8 9 20 4 9
MI1 - M4 4 8 2 4
25 60
M5 — M8 8 17 4 8
M1 - M4 3 7 2 3
30 u 6onee 50
M5 — M8 7 14 3 7

Note: " N — number of wire breaks in the 3rd (outer) layer; d — rope diameter, mm

To synthesize the forecasting model, we decomposed the steel rope's reliability by degradation levels and determined
generalized limiting states for groups A, B, and C (Table 4). We implemented a hierarchical relationship between
degradation levels through a system of dynamically dependent parameters. In this system, the predicted values of wear and
deformation at the current time step acted as variable boundary conditions for evaluating the subsequent states of the
system. The method of calculating losses of metal cross-section was based on a combined consideration of mechanical
wear of wires and atmospheric corrosion. We introduced the parameters of medium aggressiveness into the model as an
additive degradation factor that determined the rate of decrease in wire diameter in the outer layer of the rope.

The methodology for substantiating the generalized limit state for group B was implemented through the calculation
of the total loss of metal section area as a function of surface wear of wires, taking into account the dynamic breakage
threshold N, which determined the point of joint achievement of the limit state according to criteria B1 (wear) and B2
(loss of cross-sectional area) (Fig. 2, 3).

The dynamically changing threshold for the acceptable number of Ny, breaks was determined based on the
approximation of discrete dependencies presented in Table 3 (Fig. 4, 5).

To verify the results, a comparative analysis of the predicted reliability curves with the calculated value of the
median service life for M6 operating mode according to ISO 16625 was applied. Mathematical data processing was
performed using MS Excel 14.0.4760.1000 and Mathcad 14.0.0.163. The dependencies were approximated by a
polynomial function of 3—4 orders of magnitude; the coefficient of determination was in the range 0.9425-0.9998.

Results. During the study, we obtained the dependencies of the total loss of cross-sectional area of the rope metal
part on the amount of surface wear of wires in the outer layer (Fig. 2, 3). Based on the curves obtained, we found that,
considering the contribution of the dynamic number of wire breaks Ny, and formal compliance with regulatory
requirements for wear (Table 2), a critical threshold of 17.5% (defect B2) was achieved with surface wear values less
than 40% (defect B1).
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a) b)
Fig. 2. Dependence of the loss of cross-sectional area of the metal part of the rope on the number of breaks, surface wear or corrosion

of the wires of the 3rd (outer) layer for the classification group (mode) of M1-M4 mechanism: a — cross lay; b — long lay;
1 — in a section with a length of 6d; 2 — in a section with a length of 30d; d — rope diameter

30 25

25 4

20 2 it

15 A X

Loss of the cross-sectional area
of the metal part of the rope, %

Loss of the cross-sectional area
of the metal part of the rope, %
D>
/

0 T T T 0 T T T
0 10 20 30 40 0 10 20 30 40

Surface wear or corrosion of wires of the 3rd Surface wear or corrosion of wires of the 3rd
(outer) layer, % (outer) layer, %

a) b)

Fig. 3. Dependence of the loss of cross-sectional area of the metal part of the rope on the number of breaks, surface wear or corrosion
of the wires of the 3rd (outer) layer for the classification group (mode) of M5-M8 mechanism: a — cross lay; b — long lay;

As a result of hierarchical decomposition of rope reliability by degradation levels, a generalization of regulatory
defects was performed (Tables 2, 3) and a selection of mathematical models for predicting reliability was made. The
formulated generalized criteria for limit states and the corresponding calculation apparatus were systematized and
described in Table 4.
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Table 4

Generalized limiting conditions and models for predicting the reliability of 6x36(1+7+7/7+14)+1
WS FC steel rope by groups of defects according to GOST 7668

Group of
defects

Combined private defects

Generalized limit state of the
group

Reliability assessment model

Al, A2 (distributed
breaks), A3 (local breaks
on strands)

Reaching the threshold number of
Niim breaks, dynamically
dependent on current wear or the
presence of > 3 breaks in one
strand

Inhomogeneous Poisson process
combined with a “weak link”
model (estimates the probability
that a discrete number of breaks
will not exceed the safety
threshold)

B1 (wire wear), B2
(internal cross section),
B3 (nominal diameter)

Reduction of the metal cross-
sectional area below the
acceptable one (17.5%) as a result
of cumulative wear of external
and internal wires

Kinetic model of Archard
degradation with a corrosion
additive (determines the probability
of maintaining the bearing capacity
above a critical level)

C1 (shrinkage or
destruction of the core),
C2 (core swelling)

Nominal diameter of the rope
goes beyond the range [—-10%;
+7%], leading to the loss of radial
support of the strands

Rheological model of Kelvin-Voigt
structure stability (estimates the
probability of non-destruction of
the core and maintenance of the

geometric shape of the rope)

Based on the data in Table 3, analytical dependencies of the acceptable number of N, wire breaks on the degree of
surface wear and corrosion of the outer layer of wires (expressed as a percentage of the nominal diameter of wires) were
obtained, determining the dynamically changing limits of rope operability in the reliability model (Fig. 4, 5).
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Acceptable number of breaks, pcs.
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Outer layer wire wear, %
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Fig. 4. Dependence of the acceptable number of breaks on wear and corrosion of wires of the outer layer for the classification group

(mode) of M1-M4 mechanism for 6x36(1+7+7/7+14) +1 WS FC GOST 7668 rope structure:

1 — long lay at section 6d (R*> = 0.9617); 2 — cross lay in section 6d and long lay in section 30d (R? = 0.9959);
3 — cross lay in section 30d (R? = 0.9866); d — rope diameter
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)

o

Acceptable number of breaks, pcs.

0 5 10 15 20 25 30 35 40
Outer layer wire wear, %
Fig. 5. Dependence of the acceptable number of breaks on wear and corrosion of wires of the outer layer for the classification group

of the mechanism M5-M8 for 6x36(1+7+7/7+14) +1 WS FC GOST 7668 rope structure: 1 — long lay in 6d section (R = 0,9959);
2 — cross lay in section 6d and long lay in section 30d (R? = 0,9617); 3 — cross lay in section 30d (R?> = 0,9425); d — rope diameter

To determine the acceptable number of wire breaks N,(x), we obtained the following expressions for ropes:
— long lay in sections 6d in M1-M4 mode and 30d in M5-M8 mode, as well as cross lay in section 6d in M5-M8 mode:

N (¥) =(-3.0:107%)x* +(2.0-107 ) x* —0.18x +6.94; (1)
— cross lay in sections 64 in M1-M4 mode and 30d in M5-M8 mode, as well as long lay in in section 30d in M1-M4 mod:
Nigw (¥)=(8.0:107) x* =(6.0-107*) x> —0.28x+13.95; 2)
— cross lay in section 30d in M1-M4 mode:
N (¥)=(3.0:10) x* =(1.28-10 ) x* ~ 0.37x+ 28.88; A3)
— long lay in section 6d in M5-M8 mode:
Nijw () =(-4.0-107 ) x* +(4.0-10* ) x* =(8.7-10 ) x? = (2.81-10? ) x +3.99. 4)

Based on reasonable criteria for limiting conditions (Table 4), an algorithm for predictive reliability modeling has
been developed, presented as a flowchart in Figure 6.

Steel rope
Rope strands Fiber core
—> Central wire -
—> 1-st layer of wires — Reliability assessment according
to Group B criteria (shrinkage,
—> 2-nd layer of wires — swelling, core breakage)
—> 3-d layer of wires —
v v y 4
Reliability assessment according to Group A [ __ Reliability assessment according to
criteria (wire breaks) Group B criteria (wear and corrosion)
v v v
Pa(1B) Px(4B) Px(?)

v
Pr(t) = Po(t) Ps(1|B) - Pa(t[B)

Fig. 6. Flowchart of a model for predicting the reliability of a steel rope structure 6x36(1+7+7/7+14) + 1 WS FC
according to GOST 7668
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Description of the model. The following is an analytical description of the reliability assessment models according
to criteria groups C, B, and A according to Table 4 and the flowchart in Figure 6.
I. Reliability assessment in accordance with the limiting condition of group C:

p Bs
Py (t) =exp —[T—j , ®)

B

where 75 — fiber core characteristic resource, h; fg — parameter that determines the intensity of core aging;
Ty = 1 'ln(l— &iim - Ep j,
Jer. q
where kyr. — constant of the core degradation process, h—1; Eg — core elasticity modulus, MPa; ¢ — radial pressure of
the strands, MPa.
Deformation of the core under load at time ¢ according to the Kelvin-Voigt model:

Ep
e(0)=-T|1-¢m |,
Ey
where g — dynamic viscosity of the rope lubricant, MPa-h; t — estimated time, h.

To account for changes in the structural stability of the core when assessing reliability according to the limiting state
of group B, it is proposed to determine the coefficient of wear intensification in case of structural instability of the core:

KCTp. =1+ ﬁ >
Elim
where &im — maximum acceptable deformation.
II. Reliability assessment in accordance with the limiting condition of group B:
kA .AO _E AAZ (l)
Py (1)=® [ ] , (6)

D[ Ads ()]

where k4 — coefficient of acceptable loss of metal section of the rope; 4o— nominal cross-sectional area of the metal

part of the rope, mm?* AAy — cumulative loss of the cross-sectional area of wires of outer and inner layers, mm?;
E[AAy] and D[AAy] — mathematical expectation and variance of a random value of cumulative loss of cross-sectional
area of the metal part of the rope.

The mathematical expectation of the cumulative loss of cross-sectional area of the metal part of the rope is
determined by the expression:

E[ A5 ()] = E[ Aueus (6) ]+ E[ Ay (¢) ]

where Adgpuen () and AAguyr (f) — cumulative loss of cross-sectional area of outer and inner wires at time ¢.
AABHeLu. (t) = Zm—lem. ! fAA (E[hm-rem. (t):l) and AAm—lyT. (t) = ZBHyT. ! fAA (E[hBHyT, (t)]) ’
where Zyuenm. and Zyuyr. — number of wires in outer and inner layers; faa(%(¢)) — function that determines the area loss
depending on the amount of wear A(%).
Mathematical expectations of the amount of wear on outer and inner wires are determined by the Archard model of
wear kinetics with a corrosion additive:

E(hBHCLLL (t)) = (%'KCTQ + UKOij.t and E(hBHyT. (Z)) = (Kf .KCTPA *Oon. S+ UkopA)'t 5

where K, — coefficient of wear rate (depends on the conditions of friction and lubrication); p — average contact
pressure in the “wire — block groove” pair, MPa; v — average relative sliding speed of the rope in the groove, mm/h;
Urop. — average corrosion rate for a specific category of medium, mm/h; H — hardness of the wire material, MPa;
Ky— coefficient of fretting wear of wires (determined from reference data); Kcrp. — coefficient of wear intensification
with structural instability of the core; owu. — contact stress between the wires inside the strand, MPa; 6 — amplitude of
wire slippage during bending, mm; /guen (f) — amount of wear on the outer wires, mm; /Aguyr(f) — amount of wear on
the inner wires, mm; ¢t — estimated time, h.

The average corrosion rate for a specific category of medium is proposed to be determined according to
GOST ISO 9226°.

3 GOST ISO 9226 — 2022. Corrosion of Metals and Alloys. Corrosivity of Atmospheres. Determinationof Corrosion Rate of Standard Specimens for
the Evaluation of Corrosivity, IDT). (In Russ.)
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The dispersion of the cumulative cross-sectional area losses of the metal part of the rope is determined by the
expression:

D[ Ads (1) ] = D[ Ayueus (1) ]+ D[ Auuyr. (£) ]+ 20V[ Ay (1), Aueyr. (£) ]-

Accordingly, the expression includes variances of the random value of the loss of the cross-sectional area of the
outer and inner wires:

D[ My (1)]= (E[ My (1)]-Vowew ) a0d D[ My (1)]= (E[ Adyuye (1) ] Ve )

where vgiem, — coefficient of variation of loss of the cross-sectional area of outer wires; Veayr. — coefficient of variation
of loss of the cross-sectional area of inner wires.
As well as the covariance matrix:

cov[ A, (1) Ay (1)] = D[ Ay, (1)]- D[ My (1)

where p — correlation coefficient.
III. Reliability assessment in accordance with the limiting condition of group A. The model assumes the use of
Poisson distribution, where the intensity of defects is modeled by Weibull's law and increases with wear:

Nijm—1 k ~A(t) 2 Mnp
3 (A0 ¢ .e_m)[“itm(o] | -

P, (t)=
A() k! n 2n, 2

k=0 np np

where N, — safety threshold for the number of breaks (decreasing with wear); kK — accumulated number of breaks over
time; A(t) — mathematical expectation of the number of breaks at time #; 7, — number of strands;  — estimated time, h.

To take into account the predicted wear when estimating the probability of trouble-free operation under limiting
conditions of group B, you should determine A(¢) using function fa4(A(?)) (see part II), and the maximum number of
breaks N, using dependencies 1 — 4, assuming x = 100 (4o — A(%)) / Ao.

The frequency of breaks, considering the accumulation of fatigue damage:

B
M) :[ndo))J ’

where 4 — shape parameter that determines the wear rate; n(A4(t)) — scale parameter that determines the resource, h.
The scale parameter defines the following dependency:

n(A(t))=no(%)Jm»

where m — indicator of sensitivity of the characteristic resource to overstress (indicator of the angle of inclination of the
fatigue curve); no — characteristic resource of the new rope with nominal cross-section Ao, h; 4o — nominal cross-
sectional area of the steel rope wire without wear, mm?; A(f) — cross-sectional area of the steel rope wire at time 7, mm?.

The scale parameter assumes that the equivalent stress in the wire section increases as the wire cross-sectional area
decreases:

where S — equivalent load on the wire, N.
It should be noted that this model uses the dependence of the resource on the cross-sectional area, which
corresponds to the Weller model:
S N o = CONSE .

Since stresses o(f) are inversely proportional to cross-sectional area of wire A(f), the following expression can be

1 m
(Zj N ko = CONSE.

In this case, indicator of the inclination angle of fatigue curve m in this model is equivalent to the indicator of the
slope of the fatigue curve of the wire material.

derived:

NL[PIKJ'IOB
No=—" >
W-ng - k I3
where Nuyaos — number of cycles before cracks appear, @ — frequency of operation — the number of work cycles per

hour, #!; ns — number of blocks; k; — multiplicity of work per cycle.
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To predict the number of cycles before the appearance of cracks Nyuos, it i proposed to use the empirical formula
of Professor K. Feirer:

LgN s = bo +(bl +by ~lg§)~(lg%—0.4l-lg1§50j+b2 ~lg§,

where D/d — ratio of the diameter of the carriage rollers to the diameter of the rope. S — rope tension, N;
Ro — marking group of wire strength, N/mm?; by, b1, b,, b3 — empirical constants that take into account lay density and
the shape of wires (b = 2.634; by = 4.375; b, =—1.72; b3 =—-0.4).

According to the proposed model, the predicted rope failure is a consequence of the parallel development of several
degradation mechanisms. Despite the fact that the processes of wear, corrosion and fatigue occur simultaneously in the
rope, the principle of sequential connection of the system elements is embedded in the structure of the model. The
model assumes that the system's performance stops when any of the three established failure criteria is reached — the
“weak link model”. The mutual influence of degradation processes in the proposed model is realized through dependent
parameters and coefficients. Therefore, the overall reliability of a steel rope is determined by the probability of trouble-
free operation of a sequential system with dynamically dependent parameters:

Ry ()= P (t)- Py (¢|B)- Pa(1[B), )
where Pg(f) — probability of failure free operation within a given time interval ¢ according to the criteria of group C;
Pxs(#[B) — probability of failure free operation within a given time interval ¢ according to the criteria of group B, taking
into account the coefficient obtained based on the forecast of the model of group C; Pa(#|b) — probability of failure free
operation within a specified time interval ¢ according to the criteria of group A, taking into account the forecast of the
dependent parameters of models of Group B.

Example of calculation and verification of the model. As an example, the calculation of the probability of
trouble-free operation of a steel rope was performed during operation as part of the lifting mechanism of the Kirovets
gantry crane 16/20 (operating mode group M6). The calculated parameters of the rope and operating modes are
presented in Table 5. Based on the calculation results, a graph of the dependence of the probability of trouble-free
operation on time is shown in Figure 7.

For verification, the graph shows the calculated value of the median service life of a steel rope according to
ISO 16625 — Twme = 3200 hours for a given operating mode M6.

Table 5
Initial data for assessing the reliability of a steel rope
Probability of f ailure Parameter designation Value Unit of measurement
free operation
Pe 3 -
q 68 MPa
Pa() ns 0.36 MPjh
keer. 0.0004 h
Eg 110 MPa
Elim 0.25
) 0.05 -
H 5100 MPa
Gxon. 850 MPa
Py (tB) ky 5.0-1077 -
ko 4.1-10°% -
ka 0.175 —
p 7.0 MPa
Veap. 0.15 -
Pa 4 —
Mo 3200 h
P2 (4B) Ao 283.79 mm?
m 6 -
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Fig. 7. Comparison of the predictive reliability assessment of a steel rope of 6x36 WS FC GOST 7668-80 construction with the
calculated values of the median resource according to ISO 16625: 1 — assessment of reliability according to the criteria
of group A — dependence Pa(#b); 2 — assessment of reliability according to the criteria of group B — dependence Ps(¢B);
3 — assessment of reliability according to the criteria of group C — dependence Pg(f); 4 — probability of failure of the rope Rk();
Tme — life of the steel rope in the M6 mode, h

Discussion. The analysis of the results shows that the proposed set of models consistently bridges the gap between
the theoretical assessment of reliability and operational documentation regulations. A key feature of the proposed
interpretation of failures is the consideration of the synergetic interaction of several degradation mechanisms that form
an integral picture of wear and damage. When modeling rope survivability, the central methodological issue is the
contradiction between the physical nature of the processes and the mathematical scheme used. Within the framework of
the proposed concept, the predicted rope failure is interpreted as the result of the parallel development of several
degradation mechanisms — wear, corrosion and fatigue — despite the fact that the mathematical model purposefully
includes the principle of sequential connection of elements (“weak link model”). Such a statement is justified by the fact
that achieving any of the limiting criteria leads to a loss of performance of the system as a whole.

An essential feature of the model is the realization of the mutual influence of degradation processes through a
system of dependent parameters and coefficients. Rheological degradation of the core and wear kinetics change the
stress-strain state of wires, thereby modifying the rate of accumulation of fatigue damage and the redistribution of local
loads. As a result, the overall reliability of the rope is determined by the probability of failure-free operation of a
sequential system with dynamically dependent parameters, which provides higher forecast accuracy compared to
additive approaches that ignore interprocess communications.

Unlike common studies, where degradation factors are treated as independent variables, this paper implements the
concept of dynamic parameter dependence, reflecting the actual connectivity of mechanisms. The applicability of the
developed apparatus as an analytical tool for design calculations of rope reliability in order to prevent critical defects
and optimize design solutions is shown. At the same time, the heterogeneity of the apparatus used complicates the
assessment of the total error by standard methods, which necessitates the development of a special reliability criterion
that takes into account the particular errors of each component of the model and their possible correlation.

Conclusion. In the course of the research, we developed a comprehensive predictive mathematical model for steel
rope reliability, which describes the combined effects of wire breaks, wear, atmospheric corrosion, and core rheological
degradation. The hierarchical decomposition of rope reliability allows us to justify the calculation scheme with
interdependent parameters and take into account synergistic effects of degradation, reducing the risk of sudden failure.
The proposed calculation apparatus incorporates regulatory requirements into the forecasting process. Verification
confirmed the consistency of predicted reliability curves with calculated values of median resource according to
ISO 16625. At the same time, estimated median resource turned out to be 37% more conservative compared to
traditional methods. The scope of applicability is limited to the assessment of the reliability of double lay ropes with an
organic core according to GOST 7668—80 at the design stage and assumes the availability of statistical parameters of
degradation models, as well as data on the strength and load of rope elements. Further research will focus on the
development and experimental verification of models for ropes of different design groups, taking into account the
specifics of operation, and their application in engineering practice for the reasonable selection of parameters and
optimization of maintenance regulations.
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