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I'YMOTPOCOBOI'O TAI'OBO-TPAHCIIOPTYBAJIBHOI'O OPI'AHA

Purpose. Development and justification of a method of analytical determination of a stress-strain
state of a flat rubber-cable tractive-transporting element with breakages of continuity of cable groups
in different cross-sections.

Methodology of research is in development of a mathematical model of interaction of tractive-
transporting element parts considering breakages of groups of random cables, construction of analyt-
ical solutions for determining dependencies of force distribution between cables and shear stresses in
an elastic shell of a tractive-transporting element with random locations of breakages of cable groups
in different cross-sections.

Findings. A model of a flat rubber-cable tractive-transporting element with random locations of
breakages of cable groups in different cross-sections is developed. Expressions that allow determin-
ing a stress-strain state of a flat rubber-cable tractive-transporting element of a hoisting and transport-
ing machine with random locations of breakages of cable groups in different cross-sections are ob-
tained analytically in a closed form. Strength conditions are formulated.

Scientific novelty is in establishment of dependencies of interaction of disturbance fields of a
stress-strain state of a rubber-cable tractive-transporting element with breakages of continuity of ran-
dom cable groups in different cross-sections. It is established that disturbance fields caused by break-
ages of adjacent cables overlap when the breakages are located in one cross-section and there are less
than three whole cables located between the broken cables. Disturbance fields also overlap when the
same cable or the adjacent cable is broken in both cross-sections and the distance between cross-
sections of breakage does not exceed the value, which depends on the design of a flat rubber-cable
tractive-transporting element and mechanical properties of its components.

Practical significance. The obtained algorithms and strength conditions allow determining a
stress-strain state and preventing the breakage of the entire flat rubber-cable tractive-transporting el-
ement with breakages of cable groups in different cross-sections. These cross-sections can be: cross-
section of the edge of a butt joint, where cables have breakages of continuity; cross-section, which
includes the edge of an area of partial restoration of a tractive ability of the element, lost due to
breakage of a cable; cross-section of cable or cable group breakage during operation. A possibility of
establishing a stress-strain state and the strength conditions of a tractive-transporting element under
such conditions allows reasonable determination of a possibility of its further operation in a hoisting
and transporting machine.

Keywords: hoisting and transporting machine, flat rubber-cable tractive-transporting element,
mathematical model, boundary conditions, stress-strain state, cable base continuity breakage, calcu-
lation method, strength conditions.
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Introduction. Lifting and transporting equipment takes a special place in indus-
trial production. The feature is that it provides transportation of materials between tech-
nological operations and is associated with increased emergency risk. At the same time,
breakage of a reinforcement system of tractive-transporting elements (belts, ropes) of
lifting and transporting machines is especially dangerous. Such breakage is realized
due to local loss of strength by a specific cable (which carries maximum load), and
cable breakage leads to loss of strength and breakage of other cables and, ultimately,
to the breakage of a tractive-transporting element of the machine as a whole. Restora-
tion of tractive-transporting elements is more cost-effective than their replacement.
Restoration of the belt reinforcement system is performed by replacing parts of cables
[1]. As a result, there can be several breakages of continuity of cables (ropes) in a belt.
Since a breakage of even one cable leads to a decrease in tractive capacity of a belt and
a possibility of emergency breakage, determination of its tractive capacity is an urgent
scientific and technical problem.

State of issue and research problem statement. The influence of cable break-
ages on strength of rubber-cable belts and ropes has been considered by many scientists
[2-5]. The case of determining a stress-strain state of a belt with breakages of continu-
ity of groups of cables in different cross-sections of the belt was not considered and the
method of its determination has not been developed. The article aims to develop such
a method.

The relative position of several breakages of cables affects the maximum loading
forces of cables and shear stress of rubber among them, provided that the zones of
stress disturbances caused by breakages overlap. The overlapping of disturbance zones
depends on distances between breakages, both in belt (rope) length and in width, and
on the number of cables in a belt (rope). There are different types of belts that are used
In the industry. This requires determining the stress-strain state in a general form.

Paper results. Consider the following case for a rope of limited length. Rope
cables are broken in two cross-sections: x = 0, x = L. These cross-sections divide the
rope into three parts. Assign numbers 1-3 to the parts. Forms of solutions for equilib-
rium equations of cables have the same forms for each of these parts. Values in the
solutions [3] are denoted by an additional index p. Its value is equal to the part number.

M -1 Brx B _
pi,=EF Zl(Am’pe mX — By, € A )ﬁmcos(ym(l—O,S))+ap, (1)
m=
o Pmx ~Bmx i apX
Ui p= Y (Am,pe m” 4+ By L€~ )cos(ym(|—0,5))+E F+bp’ (2)
m=1

where u, p are axial displacement and internal cable loading; i is cable number in a
rope; Am . Bm . @5, b, are unknown coefficients; E, F are reduced modulus of

elasticity and a cross-section area of a rope cable; G is shear modulus of a shell mate-
rial; kg is coefficient of influence of shape of elastic material layer on its rigidity;
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G kgb
E F(t—d)
Assume that conditions for connecting the rope ends are given and considered by
the values of coefficients Ay 1, B3, &, by, az. Consider the cables, which are a

part of set yq as broken cables in the cross-section x = 0. Broken cables in cross-sec-
tion X =L are cables which are a part of set y| . The presence of breakages at the

boundaries of a belt requires the following conditions of their deformation compatibil-
ity.

Lm = ﬂ%; M is the amount of cables in a rope; Sy, = \/2 (1—-cos up) -

When x=0
Ui iz y

uil:{ui,;’iUz,i ((icjtl)’ ©

Pi1= P2, (4)

and when (icx) pi1=0. (5)
When x =L

ui2={ s (ic-Z;(L) , (6)

“ luigtUsi (iex)
Pi2=Pi3. (7)
and when (icx) pa=0, pi3=0, (8)

where Uy (i< xg), Usj (i < x.) are unknown displacements that physically cor-

respond to the gaps formed between the ends of cables in a cross-section of a rupture
of their continuity.

The stated problem is linear. It allows using the superposition principle. Let's use
this. Determine the stress-strain state of a belt as a state that occurs during the sequen-
tial breakages of individual cables. First in the cross-section x = 0, then in the cross-
section x = L. This sequence allows forming an analytical algorithm for determining a
stress-strain state of a belt with random breakages.

Define the unknown displacement by a function of differences in displacements
of cables of adjacent parts. Define the function on the axis of cable numbers of a given
interval from one to M. According to (3) the following is obtained

Ug kg [ ML .
Uip—Uip=2 > —=L > cos(sm(ky—0,5))cos(um(i-0,5))+1]. (9)
kicxo m=1

Consider (2), the value of cross-sectional coordinate (x = 0). Introduce the nota-
tion of a number of a broken cable, which is under consideration, in the notation of the
unknown coefficients. From expression (9) the following is obtained
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An1+Bmi—An2-Bm2=2 2 Mlcos(ﬂm(kl 0,5)), (10)
kicxo
by=b - X (11)
ez M

Note that values b2(k1)’ by determine a displacement of a part as a rigid body.

Assume b =0,
Substitute (1) into condition (4), obtain the following
An1—Bm1—Am2+Bm1=0, (12)
a1 =ay (13)
The joint solution of (10) and (12) allows determining
U2k
An2=Ana= L —cos(sm(k—05)), (14)
ki< x0
U2 iy
Bni=Bm2+ > cos( um (kg —0,5)). (15)
ki=x0

Substitute the value By, 1 from (15) into condition (5). Obtain the following

M1 Ua p
Y | Ani-Bm2+ X —2-cos(up(k —0.5)) |y cos( (kK ~0,5))=———.(k < 70), (16)
m=1 kicxo M EF

where P is an average external load on one belt (rope) cable.
From expression (16) there is a system of equations

)
2 If/l (,Um(kl_o’S)),Bm =
= _E—PF - Z (Am,l —Bm,2 +)ﬂm Cos(ﬂm (k- 0’5))
m=1

The solution of the system allows determining the unknown gaps formed between
the broken cables in the cross-section x = 0.

Considering the results, the distribution of internal forces among the cables and
their displacements in the second part of the belt from (1) and (2)
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Ui2 = 21 ki< o +
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EF = M

According to the boundary condition (6) by analogy with (9) obtain the following

Usq | M1 i
Uip—Uiz=2 > T{ 3 cos(ym(ql—O,S))cos(ym(l—0,5))+1},(q1c;(|_). (20)
hen m=1

From where

Uok 2L —2fmL
Am—kz - C08(tm (k= 0.5))+ By 54 8 Pt — A gy ~Bmge Mt =
1<X0

(21)
Uggq M:1
=2 ¥ — - > cos( (g —0,5)),
gy MeTMT m=1
U
PL_ 3 2,k1_3.3L+b3:1. (22)
EF ke 10 M EF

From the condition (7)

U

—2mL 2,k _

An 3 — B e 2Pmb - Am—k D L cos( i (kg —0,5)) |+ By & 2/t =0, (23)
1<X0

a3=a2=P. (24)

The joint solution of (21), (23) and (22), (24) lead to determining the unknown
constants

Bnz= ¥ — 1 X 008(tin(0q—05))+Bp, (25)
QL m=1
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Ug Uz k
Anz=Ani- X — i Xcos(un (0 -05)) |- X —Lcos(uy(k ~0,5)).(26)
Meﬁm k M

hexL 1C20

z U2,k1 + z U3,q1
by = kicxo XL . (27)

M

Substitute (26) into the loading force expression of the third part (1). From con-

dition (8) there is a system of equations for determining the unknowns in the cross-
section x =L

M -1 _ Usq
> cos(um(i-05)) X Tﬂm cos( 4 (0~ 0,5)) =
m=1 M<xo
| %fm c0s(4m (1 -05)), (J<21) i}

The values of gaps between the ends of cables obtained by solving a system (28)
of linear algebraic equations provide a possibility to determine a distribution of internal
loading forces and displacements of cables from expressions (18), (19).

Analysis of the results indicates the following. The disturbance of a stress state of
a rubber-cable belt (rope), caused by breakages of groups of cables in two cross-sec-
tions, is local. Disturbance fields for breakages of adjacent cables overlap, when:
breakages are located in one cross-section and there are less than three whole cables
between broken cables; and when the same cable or the adjacent cable is broken in both
cross-sections, and the distance between cross-sections of breakages does not exceed
the value, which depends on a belt design and mechanical properties of its components.
For the carrying and tractive rope type RCB-3150 the specified distance between cross-
sections reaches two meters. Extreme internal loading forces and mutual displacement
of cables take place in cross-sections x = 0 and x = L. The conditions of strength are
written in the following forms

M-1

[P]>EF mzﬂ(Am’zeﬁmX - Bmlze_ﬁmx)ﬂm cos( um (i—0,5))+P, 29)
X=0Alc ygvX=LAicy;
G M —1 (Am,pe'BmX-I-Bm,pe_'Bmx)x
[Fl2—g _ . ’ (30)
m=1 x‘(cos(ym(l—0,5))—cos(/¢m(|il—O,S)))‘

X=0Alc ygvXx=Laicy,
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where [P], [r] are loads of cables and shear stresses of rubber located between the belt

cables, which are permissible from the conditions of safe operation.

Conclusion. Using the known dependencies of distribution of internal loading
forces and displacements of cables, an algorithm for determining a stress-strain state
of a rubber-cable belt (rope) with breakages of groups of cables in different cross-sec-
tions is developed. A dependency of mutual influence of breakages of groups of cables
In various cross-sections is analytically established.

It is established that the disturbance fields caused by breakages of adjacent cables
overlap, when: breakages are located in one cross-section and there are less than three
whole cables between broken cables; and when the same cable or the adjacent cable is
broken in both cross-sections, and the distance between cross-sections of breakages
does not exceed the value, which depends on a belt design and mechanical properties
of its components.

The usage of known dependencies constructed by the methods of mechanics of
composite materials and the analytical algorithm for determining a stress-strain state
indicate a rather high level of reliability of the results.

The developed algorithm allows determining conditions of strength, compliance
with which increases usage safety of rubber-cable belts and ropes and prevents emer-
gencies with lifting and transporting machines.
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AHOTALIA
Meta. Po3po6ka Ta o0rpyHTYBaHHSI METOIY aHAJIITHYHOTO BU3HAYCHHS HAIIPY>KEHO-1e(hOPMOBAHOTO
CTaHy IIOCKOTO T'yMOTPOCOBOTO TATOBO-TPAHCIOPTYBAJIBHOTO OpraHa 3 YIIKO/DKCHHSMH (pO3pH-
BaMH HETEPEPBHOCTI) IPYI TPOCIB Y Pi3HUX Tepepizax.

MeToauka g0CTaiIzKeHHsl TIOJIATae B PO3pOOIl MAaTEMaTHIHOI MOJIENI B3a€MO/II1 YaCTUH TATOBO-TPa-
HCIIOPTYBAJILHOTO OPTaHa 3 ypaxyBaHHSIM YIIKOJKEHHs TPYIl JOBUTLHUX TPOCIB, MOOYAOBI aHATITH-
YHUX pIIIEeHb JUIsl BU3HAYEHHS 3aKOHOMIPHOCTEH PO3MOAUTY CHJI IMOMDK TPOCAaMH Ta HaIpy>KCHb
3CYBY B €JIACTUYHIN OOOJIOHIII TATOBO-TPAHCIIOPTYBAIBHOTO OpraHa 3 JOBUILHUM PO3TallyBaHHSIM
PO3pPHUBIB TPYI TPOCIB y PI3HUX Mepepizax.
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PesyabTaTu gociaixkenns. Po3po0ieHo MOenb II0OCKOTO TyMOTPOCOBOTO TATOBO-TPAHCIOPTYBa-
JHHOTO OpraHa 3 JOBUIBHHM PO3TallyBaHHSIM YIIKO/DKEHB TPYIl TPOCIB Y pi3HUX HOro mepepizax.
AHaTITUYHUM OUIIXOM B 3aMKHEHil (opmi oTpuMaHi BUpasH, 110 J03BOJSIOTH BU3HAYATH HArpy-
KEHO-TIe(OPMOBAHUI CTaH IJIOCKOTO TYMOTPOCOBOTO TATOBO-TPAHCIOPTYBAJILHOTO OpraHa Miaio-
MHO-TPAaHCIIOPTHOI MAaIlIMHU 3 JIOBUIBHUM PO3TalllyBaHHSM YIIKOJDKEHb TPYI TPOCIB y Pi3HUX HOTO
nepepizax. ChopMyTbOBaHO YMOBH MIITHOCTI.

HaykoBa HOBH3HA MOJIATa€ y BCTAHOBJICHHI 3aKOHOMIPHOCTEW B3aeMOJii MOJIB 30ypeHb HAIpy-
KEHO-TIE(OPMOBAHOTO CTaHy TYMOTPOCOBOT'O TATOBO-TPAHCIIOPTYBAIBHOTO OPraHa 3 PO3pUBAMH He-
MEPEPBHOCTI JOBUTLHUX TPYI TPOCIB y pi3HUX Tepepizax. BecraHoBneHo, mo mosis 30ypeHb, 3yMOB-
JIeH1 po3pUBaMH OJIMDKHIX TPOCIB HAKJIaalOThCS, KON PO3PUBH PO3TAIIOBaHI B OJTHOMY Tepepisi Ta
MOMIXK YIIKOJDKEHUMH TPOCAMH PO3TAIIOBAHO LIUJIMX TPOCIB MEHIIE, HIX TPH, Ta KOJIU B 000X Tepe-
pi3ax oJIuH 1 TOM caMuii Tpoc ab0 CyCiHIN 3 HUM YIITKO/DKEHHUH, a BIJICTaHh TOMDXK IIepepizaMu YIIKO-
JDKEHb HE TICPEBUIIY€E BEITMYHHH, 10 3aJCKUThH Bl KOHCTPYKIIil TUIOCKOTO T'YMOTPOCOBOTO TSTOBO-
TPAHCIOPTYBAIBHOTO OpPraHa Ta MEXaHIYHHUX BJIACTHBOCTEH HOTO CKIIAJIOBHX.

IpakTnune 3naveHnsi. OTpUMaHi aATOPUTMH Ta YMOBH MIITHOCTI JJO3BOJISIFOTh BU3HAYATH HAIIPY-
XKEHO-1ePOPMOBAHMIA CTaH Ta YIIEPESIHKYBATH PYHHYBAHHS IJIOCKOTO TYMOTPOCOBOTO TSATOBO-TPaHC-
MOPTYBaJIBHOTO OpraHa 3 po3puBaMH Pyl TPOCIB y pi3HUX nepepizax. Takumu nepepizaMmu MOKYTh
OyTH: TIepepi3 Kpar CTHKOBOTO 3 €IHAHHS, ¢ TPOCH MAIOTh PO3PUBU HETEPEPBHOCTI; Tepepi3, 10
SIKOTO BXOJIUTh Kpail TUISHKH YaCTKOBOT'O BIJHOBJICHHS TATOBOI CIIPOMOXHOCTI OpraHa, BTpaueHoi
BHACJIIJIOK PYWHYBaHHS TPOCa; Mepepi3 po3puBy Tpoca abo rpyIu TPOCIB B MPOIECi SKCIUTyaTaIlii.
BcraHOBIICHHS HAIIPYKEHO-E(OPMOBAHOTO CTaHY Ta YMOB MIIIHOCTI TSTOBO-TPAHCIIOPTYBAIBLHOTO
Oprasa 3a TaKuX yMOB J03BOJISIFOTH OOIPYHTOBAHO BU3HAYATH MOKIIMBICTH HOTO MOJATBIIOT €KCILTY-
aTarii Ha MiIHOMHO-TPAHCIIOPTHIN MaIlIuHI.

Knrwuosi cnoea: nioviomno-mpancnopmua Mawuna, NiOCKUl 2yMompocosuii TAroBo-TpaHCIIOpTY-
BaJIbHUI OPraH, MamemamuiyHa Mooes, 2PAHUYHI YMOBU, HANPYICEHO-0ePOPMOBAHUL CMAH, PO3PUE
HenepepeHOCmi Mpoco8oi 0CHOBU, MEMOO POIPAXYHKY, YMOBU MIYHOCMI.

AHHOTAIUA
Heab. Pa3paborka 1 000CHOBaHME METO/1a AaHATUTUYECKOIO ONpeAeNeHUs] HANPSKEHHO-Ie(POopMU-
POBAHHOI'O COCTOSIHUSA IUIOCKOTO PE3UHOTPOCOBOTO TATOBO-TPAHCIIOPTUPYIOIIErO OpraHa C IMoBpe-
KJIEHUAMHU (pa3pblBaMU HETIPEPHIBHOCTH ) TPYII TPOCOB B PA3IUYHBIX CEUCHHSIX.

MeToamnka ucciae0BaHUA 3aKII0YaeTCs B pa3paboTke MaTeMaTUYeCKOW MO/ B3auMOJIeHCTBUS
4acTeH TArOBO-TPAHCIIOPTUPYIOIIETO OPraHa ¢ y4€TOM MOBPEKIECHUS IPYIII IPOU3BOJIBHBIX TPOCOB,
[IOCTPOCHUH AHAIMTUYECKUX PEIICHUN I ONpPEACIICHUs 3aKOHOMEPHOCTEHW pacHpeiesIeHUs CUII
MEX/1y TPOCaMU M HaIpsHDKEHUM CABHUTa B 3JJACTUYHOM 000JI0UKE TATOBO-TPAHCIIOPTHUPYIOIIETO Op-
raHa C IPOU3BOJIBHBIM PACIIOJI0KEHUEM Pa3phIBOB I'PYIIII TPOCOB B PA3JINYHBIX CEYCHUSX.

Pe3yabTaTsl HccaenoBanus. Pazpaborana MoJens MIOCKOTO pe3WHOTPOCOBOTO TATOBO-TPAHCIIOP-
THPYIOLIETO OpraHa C MPOU3BOJIBHBIM PACIOJI0KEHUEM MOBPEKIACHUN TPy TPOCOB B PA3IHYHBIX
ero ceyeHMsIX. AHATUTUYECKUM IyTEM B 3aMKHYTOH (hopMe MOJyYeHbI BBIPaKEHUs, TTO3BOJISIONINE
OIIPENIENIATh HAPSXKEHHO-1€(OPMHUPOBAHHOE COCTOSHUE TNIOCKOT0 PE3UHOTPOCOBOTO TATOBO-TPAHC-
IIOPTUPYIOLIEro OpraHa IMoJbEMHO-TPAHCIIOPTHOW MAIIUHBI C IIPOU3BOJIBHBIM PACIIOIOKEHUEM I10-
BPEXJIEHUH TPYII TPOCOB B pa3NUUHbIX ero ceueHUusX. CHopMynnpoBaHbl yCIOBHS POUYHOCTH.
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Hay4yHass HOBH3HA 3aKJII04AETCS B YCTAHOBJICHUM 3aKOHOMEPHOCTEN B3aMMOJEUCTBUS I10JIEN BO3-
MYILEHUH HaNpsKeHHO-e(OPMUPOBAHHOI'O COCTOSHUS PE3UHOTPOCOBOTO TATOBO-TPAHCIIOPTHPYIO-
LIEr0 OpPraHa ¢ pa3pblBaMU HEIPEPBIBHOCTHU IIPOU3BOJIBHBIX TPYII TPOCOB B PA3JIMYHBIX CCUCHMSX.
VY cTaHOBIIEHO, YTO OJI1 BO3MYILEHUH, 00YCIOBIEHHBIE pa3pblBaMK OJMD>KHUX TPOCOB, HAKJIaIbIBa-
I0TCs1, KOTJ1a Pa3pbIBbl PACIIONIOKEHBI B OJJTHOM CEUYECHHUH U MEK]ly TIOBPEKICHHBIMU TPOCAMHU PaCIIO-
JIOKEHO MEHee TPeX LIEJIbIX TPOCOB, M KOI1a B 000MX CEYEHUAX OMH M TOT K€ TPOC WJIN COCEIHUH ¢
HUM IIOBPEXKJIEH, 4 PACCTOSHUE MEXKIY CEYCHUSMHU IOBPEKICHUN HE IPEBBIIACT BEJIMYUHBI, 3aBU-
CAIIEH OT KOHCTPYKIMH IUIOCKOTO PE3MHOTPOCOBOIO TATOBO-TPAHCIIOPTUPYIOILErO OPraHa U Mexa-
HUYECKHUX CBOMCTB €ro COCTaBISAIOIIHUX.

IMpakTuyeckoe 3Ha4yenue [{oaydeHHbIE AITOPUTMBI U YCIIOBHUS IPOYHOCTH MMO3BOJISIOT ONPEIEIATh
HaIpsHKEHHO-1e(OPMUPOBAHHOE COCTOSTHUE M MPEIYyNPEKIaTh Pa3pylIeHUEe MII0CKOTO PE3UHOTPO-
COBOI'0 TSITOBO-TPAHCHOPTUPYIOUIETO OpraHa ¢ pa3pblBAMU IPYIII TPOCOB B PA3JIMYHBIX CEYEHUSX.
Takumu ce4eHUSIMU MOTYT OBITh: CEYEHHUE KPasi CTHIKOBOT'O COSTMHEHHUSI, TJIe TPOCHI UMEIOT Pa3PhIBbI
HENPEPBIBHOCTH; CEYEHUE, B KOTOPOE BXOJUT Kpail y4acTKa YaCTUYHOTO BOCCTAHOBJIEHUS TATOBOM
CIIOCOOHOCTH OpraHa, yTpaueHHOW B pe3yJbTaTe pa3pylLIeHHs TPOCa; CEYCHHE pa3pbiBa Tpoca WU
TPYIIIIBI TPOCOB B MPOIIECCE IKCIUTyaTalluu. Y CTaHOBJICHUE HANIPSX)KEHHO -1 OPMHUPOBAHHOT'O COCTO-
SIHUSI U YCJIIOBUI ITPOYHOCTH TATOBO-TPAHCHOPTUPYIOUIETO OpraHa Mpy TaKUX YCIOBUSX MMO3BOJISIIOT
000CHOBAaHHO OIPENCIIATH BO3MOKHOCTD €T0 JAIBHEHUINEH dKCIUTyaTallui Ha IO TbEMHO-TPAHCTIOPT-
HOM MaIluHe.

Knioueswvie cnosa: noovemMHo-mpaHcnopmuas MawuHa, nioCKuLl pe3uHompoco8blii ma2o80- MPaHC-
NOPMUPYIOWULL OP2AH, MAMEMAMUYECKAsl MOOeNb, CPAHUYHbIE YCI08USl, HANPANCEHHO-0edhopMuUpo-
8aHHOE COCMOsAHUE, PA3PbLE HENPEPLIBHOCMU MPOCOBOL OCHOBbL, MEMOO paciemad, yCl108Us NPOYHO-
cmu.

174



