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STRESS-STRAIN STATE OF RUBBER-CABLE TRACTIVE ELEMENT
OF TUBULAR SHAPE

Purpose. Establishment of dependencies of the stress-strain state of a rubber-cable rope on its mechanical param-
eters and geometric parameters of a part where a flat rope gets a tubular shape considering the influence of a cable base
breakage.

Methodology. Construction of analytic models of interaction of cables within a rubber-cable rope as a composite
structure, created from parallel cables regularly placed in one plane that interact through a layer of rubber, using the
methods of mechanics of composite materials. Obtaining analytical dependencies in closed form for establishing the
parameters of a stress-strain state of a rope in a part where it gets a tubular shape, which allows determining upper and
lower boundaries of stresses in cables and in a rubber layer of a rope. Mathematical formulation of the process is based
on the principles of mechanics of layered structures with hard and soft layers.

Findings. Two mathematical models were developed and investigated, which allows defining the boundaries of a
stress-strain state of a flat rubber-cable rope which gets a spatial shape of a cylinder. Obtained results allow predicting
running abilities of a rope with a high level of reliability including brakeages of its reinforcing cables.

Originality. Analytical dependencies for boundary values of rigidity characteristics of a rubber inter-cable layer
were obtained and solved, which allows determining basic characteristics of a stress-strain state of the rope, which gets
a shape of a pipe within the limited length including the case of a cable base breakage.

Practical value. The possibility to determine the boundaries of a stress-strain state of a rope, prediction of its stress
state in case of cable breakage during operation, allows reasonable choosing of the parameters of lifting and transport-
ing machines, on which the rope gets a tubular shape. This increases the level of their operation safety and contributes
to solving the problem of ecological compatibility of underwater oil extraction by removing the oil from the area of the
well damage directly through the rope cavity, which gets a cylinder shape and which has a massive oil-receiving unit
attached.
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lifting and transporting machine

Introduction. Designs of modern machines, equipment
and mechanisms of mining [1—4], transport [5, 6] and
technology engineering [7—9] are being continuously de-
veloped and improved in the direction of increasing the
productivity, reliability, strength and energy efficiency.

Flat rubber-cable belts (RCB) and ropes (RCR) are
widely used in mining and metallurgic engineering [ 10,
11]. In particular, ropes in special conveyors are shaped
into a spatial tube [12]. A rope of tubular shape is sug-
gested to be used in mineral extraction systems [13, 14]
that use an airlift [15, 16] to protect the water environ-
ment from oil leakage during its underwater extraction
[17, 18]. Introduction of technical solutions, connected
with the usage of belts and ropes, which get a tubular
shape, is constrained by the lack of methods for deter-
mining their stress state, including the case of cable
breakage.

State of question and statement of research problem.
To simplify the report of the subject, the belt and the
rope will hence be called ‘the rope’ for convenience.
Giving a flat rope tubular shape is accompanied by an
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uneven distribution of forces between its cables. An un-
even distribution of forces leads to the curvature of flat
cross-sections of the rope and the occurrence of shear
stress in its shell. The breakage of the rubber shell is not
just dangerous because of a lost connection between the
cables. It can also lead to aggressive water leakage to
cables, their corrosion and breakage.

The structure of the cable, as a system of twisted
wires, leads to a twisting moment of the rope. Distribu-
tion of forces in a cross-section of the rope impacts the
strength, twisting equilibrium and operation safety of
rubber-cable ropes. It depends on the parameters of the
rope (belt) and the part where it gets a spatial shape. The
establishment of quantitative characteristics of the
stress-strain state (SSS) of a rubber-cable rope during its
spatial deformation under the action of external load is
an actual scientific and technical problem. The solution of
it will allow reasonable selection of parameters of the
transitional part and the entire rope, ensure its strength
and operation safety. The application of tubular-shaped
ropes will contribute to solving the actual problem of
ecological compatibility of underwater mineral extrac-
tion, including oil extraction.
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The flat rubber-cable rope consists of a cable system
that is put in an elastic shell and arranged parallel in
one plane. The shell can be made of rubber or other
elastomer. The shell material will hence be called ‘the
rubber’. It protects the cables from the influence of ex-
ternal environment, the interaction with the material
being transported and elements of the machine it is in-
stalled on. The issue of a stress-strain state of a flat rope
in the part where a flat rope gets a tubular shape was
investigated in the paper [19]. There are no guidelines
for calculating a rope and limits of their application.
Papers [10, 11] are devoted to the issue of a stress state
of a flat rubber-cable rope with cable breakage. The
stress-strain state of a flat rope as a composite structure
with soft and hard layers was considered there. The
hard layers take tensile forces, the soft only take a shear
stress.

Presentation of main research. Rubber-cable rope
with a part where it gets a tubular shape is depicted in
Fig. 1.

Cables have a significant tensile rigidity compared to
rubber. The rubber provides constructive integrity and
mechanical interaction of the tractive element system. It
creates a continuous body of the rope.

The interaction of cables is determined by normal
and tangential stresses in rubber layers, as in elements of
composite material. The first appear in the presence of
relative displacement of cables in the planes normal to
them. Tangential stresses appear due to a mutual shift of
cables along their axes. The stresses depend on displace-
ments of cables and rigidity of rubber layers.

The problem of determining the stresses in a rubber-
cable rope in a part where it gets a tubular shape is geo-
metrically nonlinear. It is related to the determination of
a mechanism of mutual deformation of all elements of
the rope, including rubber layers, as components of a
composite structure. In order to simplify the problem,
determine not the stress-strain state, but the boundaries
of possible values of stresses that may occur in the ele-
ments of the rope by giving it a tubular shape.

The boundaries of these values are determined by
the shape that the rope cables get. In the cross-section of
the rope running on (off) the drum and behind it the
centers of cables are located along straight lines. The

X

Fig. 1. Rope with a part of tubular shape:
1 — a flat part of a rope; 2 — a part of a rope interaction
with a drum; 3 — a part where a flat rope gets a tubular
shape; 4 — a part of a tubular-shaped rope

ISSN 2071-2227, Naukovyi Visnyk NHU, 2018, N2 2

cable placement spacing is constant. The rubber located
between the cables does not deform in a plane of the
rope. The centers of cables are located on concentric
circles in the cross-sections of completion of giving a cy-
lindrical shape and the following cross-sections. The
rubber between the cables is deformed along a circle arc.
The angular spacing of cable placement is constant.

Significant changes in a distance between the cables
in cross-sections of the rope occur in the part between
the part of giving the cross-section of the rope a circular
shape and the part of running-on (off) the drum. In this
transitional part the cables get curvilinear shape. There is
a compression stress in the rubber located between the
cables. The rigidity of rubber in such compression affects
the displacement of cables in a cross-section of the rope,
curvature and internal forces of their tension respective-
ly. Boundaries of a stressed state can be determined by
considering two cases, taking the rigidity of the rubber
between the cables in compression by the cables infinite-
ly large and infinitely small.

Consider the case where the distances between the
centers of adjacent cables remain unchanged in the
cross-sections normal to axis of the rope. That is, the
compression rigidity of rubber layers is considered infi-
nitely large.

As indicated above, in a cross-section of running on
the drum and behind it the cables are located along a
straight line. Number the cables +1, £2, £3,..., £ M/2.
Perform the displacement of cables in a cross-section of
completion of a part of giving a cylindrical shape, in a
plane normal to the axis of the rope. Turn the centers of
cables numbered i # £1 around the first by the angles

a= i%. The centers of cables numbered i = +2 are lo-

cated along the circle with a radius

M
2n’

Repeat the turns around the next cable centers by the
same angles. Provide the placement of all the cable cen-
ters along the circle (Fig. 2).

The displacements of ends of discrete cables occur in
in circle arcs. For infinitely small cable placement spac-
ing it occurs along evolvents. The distance between
them is constant. It is equal to the cable placement spac-
ing. Trace normal cylindrical surfaces through the
movement trajectories of cable centers. Choose the

R

Fig. 2. The diagram of the cable displacement in the part
of completion of giving a cylindrical shape to the rope
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height of surfaces equal to the length of a part of com-
pletion of giving a cylindrical shape to the rope — L.
Pairs of points are located on the formed surfaces that
correspond to coordinates of placement of cable centers at
the boundaries of a part of completion of giving a cylindri-
cal shape to the rope. Trace geodesic curves between the
points — curves of minimum length. Note that minimum
lengths of deformed cables correspond to the minimum
work of their deformation. Unfold the formed cylinders
with the geodesic lines. Involutes of these lines are straight
lines. Write lengths of the lines in the following form

. 2
L= {%t 1(1’-])} + 2.

j=1

Relative elongations of cables do not depend on co-
ordinate x

2
i—1
{%t (i—j)} +2-L
M =
11 = 7 SN
Consider the symmetry of rope deformation. Ex-

pand relative elongations in Fourier series in cosines

M-l M-1M-1
1 Z €14 +2z Z €14 cos(;,tm (k—O.S))x
fi=—| & m=1 k=1 ,
xcos(um (i—O.S))
where W, =%.

The rope length significantly exceeds the length of
the part of interaction with a drum. Neglect it. Consider
a rope consisting of two infinitely long segments. There
is a part between them where a flat rope gets a tubular
shape that has a length L. As shown above, relative elon-
gations of cables are constant along the axis of the rope.
Accordingly, the deformation of the rope occurs sym-
metrically respectively to the middle of the part where
its cross-section changes the shape. Place the beginning
of the x-axis in the middle of the specified part.

Deformed, and respectively, stressed state of the rope
has two planes of symmetry. This allows determining the
state of the fourth part of a rope. This rope part has a part
where a rope gets a tubular shape. Give it the number 1,
and give the adjacent number 2. These numbers are used to
indicate the parameters related to respective parts. Formu-
late boundary conditions for the accepted physical model

=0 =0;
X 5 ul,l 5 (2)

X —> oo, Uy 1=Uyp=...= U, Pz,::P,

and the conditions of joint deformation of rope parts

x=L/2; wi=u; pri=pas (3)

where P is the average force of tension of cables — a part
of an external load, that affects one cable.

Considering the generally accepted assumptions
concerning the character of deformation of rubber-ca-
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ble rope components as a composite material with sig-
nificantly different moduli of elasticity of its components
[19] and boundary conditions (2), accept the following
forms of solutions

M- e ) Px
ul,i:%Am(eBm —e )cos(um(l—O.S))+ﬁ, )

A, (eﬁmx +e P )Bm +

xcos(pm (i—O.S))+ P;

M-1 Px
L= B 7[5,")( j — 05 _, 6
lhy, ; e cos(um (i ))+ iF (6)
P =P —EF]S1 B, e "B, cos(um (i- 0.5)), (7)
m=1

where u;, p; — displacement of a cross-section of cable i
along the rope and its inner force of tension resistance;
M — the amount of cables in a rope; E, F — reduced
modulus of elasticity of cable material and its cross-sec-

tion area; B, = \/2 ibEk; [1-cos(u,,)]; G — rigidity mod-
ulus of elastic (rubber) rope shell material; # — distance
between cables; b — rope thickness; k; — coefficient that
considers the influence of rubber shape between the ca-
bles on the rigidity of their connection; 4,,, B,, — un-
known constants of integration; 1, 2 — part number.

In dependencies (4—7) the components, which in-
clude constants of integration 4,,, B,, reproduce the
mechanism of deviation of deformations and forces
from mean values. Their sums are zero, which is a con-
sequence of the equality of the sum of internal forces
and external load. Find unknown constants using the
conditions of joint deformation of parts (3)

M1
z €1k cos(um (k —0.5))
k=1 .

A, = T ;
M-l
Z €14 cos(um (k —0.5))
Bm _ _ k=l (eBmL/Z e Bl )
MB,,

Calculations of internal forces in cables of the fourth
part of a part where a rope gets a tubular shape for a rope
with parameters matching a rope type RCB-3150 are ex-
ecuted. Fig. 3 shows the graph of a ratio of internal forces
to the average force P=1 kN applied to rope cables. The
ratio of actual stresses in the components of machines is
the coefficient of stress concentration. Analogically, call
the ratio above a coefficient of concentration of forces.
The figure shows that internal forces in cables of the
middle part of the rope are less than average. They are
the smallest in cables with numbers i # + 1, in the cross-
section x = 0. The coefficient of concentration of forces
for the considered case in this point is 0.746. Accord-
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Fig. 3. Asurface that reproduces the character of distribu-
tion of coefficients of concentration of forces distribut-
ed along the x-axis between cables with numbers i

ingly, in the absence of an external load, compressive
forces would occur in them.

Thus, in order to avoid the compression forces of
cables to occur, the external load must not be less than
the compression force of cables with numbers i # £ 1.
That is, the following condition must be fulfilled

k=1

M-1
pars2mr s &5 cos(hn (k0.5 cos(u—”’} (8)
m=1 X(l_e—ﬁmL/2)

According to Fig. 3, internal forces that occur in ca-
bles of a symmetrical part of a rope are decreasing.
Overload coefficient of the extreme cable decreases from
3.582 in a cross-section of symmetry of the spatial de-
formation part to 2.765 at its edge. The decreasing char-
acter is caused by the influence of adjacent parts of a
rope with unchanging cross-section geometry. This is a
consequence of a perturbation locality due to a local de-
formation of rope cables. The manifestation of a local
redistribution of forces in a part, which is their source,
indicates insignificant length of parts of redistribution of
forces. Thus, a deviation of maximum forces from their
mean values does not exceed 5 % in cross-sections with
coordinates x = £3L. The length of a part where a rope
gets a tubular shape is much smaller than its total length.
Accepted assumption about boundless parts of a rope
with unchangeable shape of cross-sections can be con-
sidered acceptable. Obtained results are quite reliable.

Fig. 3 shows that the most loaded are extreme rope
cables. Maximum loads are in the cable M in a cross-
section x = (. It is determined by a dependency

EF 3] “BoL/2
Dra 2272[;8% cos(um(k—O.S))(l—e BuL/ )Jx 9

m=1
xcos(,, (M ~0.5))+ P.
According to Hooke’s law, the intensity of a tangen-

tial force, distributed along the length of a rope, is deter-
mined by a dependency

T, :%kg [-u, ], (1<fij=m-1). (0
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The figure shows the distributed tangential forces
transmitted by the rubber in a part where a rope gets a
tubular shape.

According to calculations, the maximum tangential
distributed forces are not in the extreme rubber layers.

In the process of designing a part where a rope gets a
tubular shape, there are problems of determining geo-
metric parameters of such a part — the diameter of a
formed pipe and a length of a part of its formation. Di-
ameter of a formed tubular shape is determined by the
rope width. In order to obtain the results suitable for
comparison, consider a rope type RCB-3150. The
length of a part where a rope gets a cylinder shape is
10 m. Change only the amount of cables in it from 20 to
200 (from 10 to 100 cables in a half of the rope). Deter-
mine the ratio of the largest to the smallest internal forc-
es of the load of extreme ropes (K,) for a middle part of
a part of rope shape change and in a cross-section on its
boundary. The results are shown in Fig. 4.

The given graphic dependency has its maximum at
75 cables. Growth of number of cables for the consid-
ered case will not lead to a significant decrease in a rela-
tive coefficient (K,). The specified allows determining
the maximum forces in the cross-section, which corre-
sponds to half the length of a transitional part. To apply
the indicated conclusions to other types of ropes, it is
necessary to determine the length of a transitional part
as a value in the expression, m

L=10 sz2szhlE]E ‘
h2E2F2G1b1kG,

In this expression, indexes indicate the attribute of a
rope parameter. For the rope RCB-3150 the index is 1.
Index 2 refers to the rope, for which it is necessary to de-
termine the length at which the results shown in Fig. 5 are
realized. This is the result of dependency of forces and
displacements from the exponent of the product of mag-
nitude of the characteristic index 3,, and coordinate x.

The intensity of the maximum tangential forces dis-
tributed along the rope length significantly increases
with increasing number of cables (Fig. 6).

The analysis shows that as the length of a part where
a rope gets a tubular shape increases, the indicators of
the stress state decrease as curvature and relative defor-
mations of cables decrease. The results obtained above
correspond to the values of the upper boundary of stress.

Fig. 4. Distribution of tangential forces transmitted by the
rubber in a part where a rope gets a tubular shape
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We considered the case of absolute high compres-
sion rigidity of rubber above. Accordingly, we accepted
the condition of constant distances between the centers
of cross-sections of adjacent cables in a rope. In case of
infinitely small compression rigidity of rubber, flexible
cables in a part where a rope gets a tubular shape, re-
main straight. The distances between them decrease,
with exception for the cross-sections of the beginning
and the end of a part where a rope cross-section chang-
es. Adjacent cables receive different elongations, except
for cables located in the middle of a rope. These elonga-
tions are smaller than the elongations in the case above.
Shear rubber rigidity, as in the previous case, will cause
redistribution of forces between the cables. Accordingly,
the relative elongations of cables, their mutual shear will
take smaller possible values.

Projections of axes of cables on a plane normal to the
axis of the rope are shown in Fig. 7 with solid straight
lines.

For comparison, dash lines also show the projections
of cylinders formed by the corresponding equidistant
evolvents and on which cables are located, provided the
constant distances between them. Known lengths of
projections of cables and the length of a part where a

Kr14 I

|
50 100 M

0

Fig. 5. Dependency of a relative coefficient (K,) on the
amount of cables in a rope M

7, kKN/m 40 I

I
0 50

100 M

Fig. 6. Dependency of intensities of maximum tangential
Jorces distributed along the rope length on the number
of cables in it

Fig. 7. Projection of a rope and its axes centers on a
plane, normal to the axis of a rope
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rope gets a tubular shape allow determining the relative
elongations of cables

+12-L

2

i—1 aSE

R? 2 2
a

€4 = . (11)

Relative elongations (11), as well as elongations (1),
increase upon the increase of nominal values of cable
numbers from zero — for cables with numbers i # £ 1.
Boundary conditions (2) determine the conditions of
loading and deformation of ropes in cross-sections x =0,
Xx — oo. They have not changed, as well as a condition of
joint deformation of parts (3). Leave accepted forms of
solutions (4—7) unchanged. Recalculations lead to
forms of rope stress state similar to expressions (8—10).
The only difference is that instead of the relative exten-
sions g ; in the upper-mentioned expressions it is neces-
sary to substitute for ¢, ;. Insignificant difference in de-
pendencies of rope stressed states for extreme cases of
rigidity of rubber layers determines their qualitative co-
incidence. Thus, minimum force concentration coeffi-
cient (in cables numbered i # + 1, in cross-section x = 0)
K =0.821, whereas in the previous case — 0.746. Differ-
ences between the forces and stresses that occur at
boundary rigidity for rubber layers related to maximum
values are 35 and 44 %.

Considering two cases of a deformed state of a rope
with extreme values of rigidity of rubber layers, located
between cables, we can make the following inequality

M-1{ M-1
Z ( Z €1k COS(M,,, (k —0.5))(1_e—ﬁmL/2 )JX
m=1\_k=1
P,~P)M
xcos(uAM—O.S))z%z .

A’g(ﬁgaz’k cos(um(k—O.S))(l—eBm”z)jx

xcos(pm (M —0.5)).

I\

The resulting inequality (12) allows determining the
possible boundaries of values of additional force P,, that
occurs in the most loaded rope cables in a part where a
rope gets a tubular shape.

Shear rigidity of rubber layers depends on a cable
placement spacing in a rope. It infinitely increases with
decreasing of a cable placement spacing to a mini-
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mum, equal to a diameter of cables. In rubber-cable
ropes, provided that the rope weight is minimized,
smaller cable placement spacing is used. The values of
maximum cable tension forces in rubber-cable ropes
are closer to the upper limit. The functional purpose of
conveyor belts is dual. They perform the function of
carrying the transported object on the belt during
movement, and also transfer the traction force. The
latter raises the problem of appropriateness of use of
ropes with increased cable placement spacing. In-
creasing the thickness of a rubber layer between the
cables reduces compressive rigidity of rubber and leads
to a decrease in values of extreme tension forces of
cables.

The condition of constant shape of all cables must be
fulfilled together with a condition of strength. The ful-
fillment of the condition is possible by preventing the
occurrence of compression forces of cables — the fulfill-
ment of condition (8), considering the value of relative
elongation described by dependency (11).

Rope is shaped into a tube via connecting its edges
by special locks. The pulling capacity of a rope, includ-
ing one of tubular shape, is ensured by its design, in par-
ticular the number of cables in it. Rope cable breakage is
possible during operation. Breakage also affects strength
of a rope. Strength loss caused by cable breakage must
be taken into account when allocating a safety margin to
avoid emergency situations.

Determine the stress-strain state of such tubular-
shaped rope with a broken random cable k. Trace a
plane through the axis of this cable and the axis of the
tubular rope. It divides the tubular rope into two sym-
metrical parts. In case when the number of cables M is
not even, the plane will pass in the middle between the
cables, as shown in Fig. 8. Taking this into account,
consider a rope, which consists of an odd number of
cables M. Number the cables from one to M.

Unfold this cut tubular rope. As a result, we have a
stress-strain state of the rope that is symmetrical rela-
tively to the broken cable. Displacements and loads of
cables with numbers 1 and M are the same. Shear stress
in a rubber layer between them is absent. This shows that
the breakage of any single cable leads to an identical
stress state of the rope of tubular shape, relatively to a
location of the cable. This state according to the com-
putable model is characterized by the fact that specifi-
cally the middle cable is always broken. This allows us to
apply a known form of solution for determining the SSS
of a tubular tractive rope with a broken cable

Fig. 8 Cross-section of a tubular-shaped rubber-cable
rope
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(14)
xcos(um (l'—O.S))-f-%,

T, = Gka Z(A e’ + B e ﬁx)
x(cos(um (1+0.5))—cos(um (1—0.5))), (15)
1<i<M-],

1<i<M;

where ¢ — unknown constant.

Consider a rope loaded with an external force P as
infinitely long one with a broken cable in the middle.
Place the start of x-axis in a cross-section of cable
breakage. Given the symmetry, consider a part of the
rope in an interval 0 < x — oo. The condition of sym-
metry indicates that in the cross-section x = 0 there is
no cable displacement except for the broken one. Edg-
es of the broken cable are not loaded. Given the infi-
nite growth of coordinate x, internal resistance forces
of cables and displacements of their cross-sections
cannot grow infinitely. Formulate this as boundary
conditions

(16)

X — 0,  u; —>»const,

aul‘
—- — const.
Oox

The last condition is provided by accepting 4,, = 0.
Consider that dependencies (13—15) are constructed us-
ing cable numbers as a discrete coordinate axis. The
boundary condition (16) has a form of a discontinu-
ous — delta function. Take this into consideration. Cal-
culate unknown constants in the form

B - Pcos(pm(k—O.S)) ;

m M-1 N
MEFZcos(pm(k—O.S)) B,
m=1

P
c= ,

IMEFS cos(u,, (k-0.5))°,
m=1

where P — average internal force in rope cables.
Displacements of cross-sections of cables, internal
forces and tangential stresses that occur in them when a
single cable breaks depend on the number of cables and
the properties of rope components according to expres-
sions (13—15). Figs. 9 and 10 show the dependencies of
maximum values of coefficients of uneven distribution
of forces K and values of distribution intensity of tangen-
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tial forces 7T in layers of rubber, located between cables
on the number of cables in a rope M.

According to graphic dependencies (Figs. 9, 10), the
maximum forces and tangential stresses are significantly
dependent on the number of cables in a rope, if it is less
than ten. This is a consequence of a local influence of a
cable breakage on the stress-strain state of a tubular rope
and the implementation of St. Venant’s principle about
the locality of influence of local load changes or a com-
ponent design.

Consider the redistribution of forces across the width
of a rope, depending on the number of cables in it.
Fig. 11 shows the distribution of forces in a cross-section
of a rope with different number of cables M in case of the
middle cable breakage.

In the figure, the number of cables is conditionally
unchanged and is nineteen. The actual number of cables
which is from two to eighteen was supplemented by con-
ditional cables. Coefficients of forces concentration in
imaginary cables are equal to zero. The figure shows that
the growth of the number of cables in a tubular rope does
not significantly affect the redistribution of forces be-
tween them. The same conclusion can be reached by ex-
amining problems regarding the quantitative part of the
force perceived by adjacent cables from the value of the
force that was perceived by the broken cable before its
breakage. The indicated dependency is shown in Fig. 12.

The graph shows the quantitative dependency of a
force part transmitted by the broken cable before its
breakage from the number of cables in a rope. The mid-
dle cable takes place with an odd number of cables. The
minimum number of cables in a rubber-cable rope is
three. In this case, damage to one cable can lead to an
additional load of only two cables. And just these cables

K I | I

13

Fig. 9. Dependency of maximum values of coefficients of
uneven distribution of forces K on the number of ca-
bles in a rope M

T, N/m

3 —

281 =1

26
o 5 10 15 M

Fig. 10. Dependency of distribution intensity of tangen-
tial forces T in layers of rubber, located between ca-
bles on the number of cables in a rope M
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Fig. 11. Distribution of coefficients of forces concentra-
tion in ropes with M cables in case of the middle cable
breakage
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Fig. 12. Relative load part, perceived by two cables ad-
Jjoining the middle broken one in a rope with M cables

take the load that occurred in the broken cable before its
breakage. Accordingly, if there are only three cables in a
tubular-shaped rope, cables adjacent to the broken one
will take the entire load; coefficient K= 1. As the number
of cables increases, the mentioned proportion decreases
and does not get lower than 0.6.

Established dependencies of maximum values of coef-
ficients of uneven distribution of forces K, tangential forc-
es 7'in layers of rubber, located between the cables on the
number of cables in a rope M, caused by the breakage of
any cable of a flat rubber-cable rope, which gets a tubular
shape, allow taking into account possible cable breakages
during the design of lifting and transporting machines
with a rubber-cable tractive rope of a tubular shape.

The basis of a rubber-cable rope is cables. They are
made of a twisted cable system. This structure of a cable
leads to a distribution of a twisting moment while stretch-
ing throughout cable length. To avoid a twisting moment
in a rope an even number of cables is used. Cables of op-
posite twist directions are arranged alternately in the
rope. The balance of a rope is disturbed due to cable
breakage. The locality of redistribution of forces in case
of cable breakage leads to localization and distributed
rope twisting moment. Assume that a cable twisting mo-
ment is directly proportional to the internal force of its
load with a coefficient of proportionality y. Determine a
value of intensity of an unbalanced moment of a rope in
the cross-section of cable breakage and in the cross-sec-
tion which is remote from it by 0.5 m. Fig. 13 shows de-
pendencies of an unbalanced moment, related to an aver-
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Fig. 13. Relative twisting moment of a rope with M cables

in the cross-section of cable breakage yy,and v, sat a
distance of 0.5 m:
1 — in the cross-section of extreme cable breakage; 2 — in
the cross-section of middle cable breakage; 3 — in the cross-
section at a distance of 0.5 m from the cross-section of ex-
treme cable breakage; 4 — in the cross-section at a distance
of 0.5 m from the cross-section of middle cable breakage

age load force of cables on their number in a rope. The
values of moments are shown for breakage cases of the
extreme cable and the most distant cable from the edge.

The figure shows insignificant dependence of maxi-
mum intensity of rope twisting moment on the location
of a cable in it (when an extreme or a middle cable is
broken) in the breakage cross-section (curves / and 2).
The placement of a broken cable in a rope affects the
length of a part of stress-strain state perturbation more
significantly (curves 3 and 4). Thus, in case of breakage
of a cable that is the farthest from the edges of a rope, the
intensity of the unbalanced moment in a rope system is
close to 10% of its maximum value (curve 4). A similar
indicator is practically twice as large for a case of an ex-
treme cable breakage (curve 3). This feature is fulfilled
because the intensity of distributed twisting moments of
a rope at a distance of 0.5 m is one order of magnitude
lower than their values in a part of cable breakage.

This character of distribution of moments of imbal-
ance of system of cable ropes is caused by the placement
scheme of cables with the opposite twisting direction.
The twist direction determines the direction of twisting
moment. Breakage of the extreme cable leads to a sig-
nificant increase in the internal tensile force of only one
adjacent cable. Non-extreme cable breakage leads to
growth of internal tensile forces of two adjacent cables.
In this case, as shown above, adjacent cables perceive at
least 60 % of a cable load, which it perceived before the
breakage. A similar ratio is accurate in case of extreme
cable breakage. As a result, the breakage of one cable sig-
nificantly increases twisting moments of adjacent cables.

According to a scheme of alternating placement of
cables of the opposite direction the moments of one di-
rection increase substantially (at least by 60 %). It is pos-
sible to decrease the mentioned growth provided the
forces are distributed between the cables of the opposite
direction. This distribution can be arranged in such a way
that, any cable is adjacent to two other cables of the op-
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posite twist direction. This can be ensured by placing ca-
bles in a rope according to a scheme, where two cables of
one direction are alternately placed with pairs of cables of
another twisting direction. Fig. 14 shows the dependen-
cies similar to those shown in Fig. 13, but in a scheme of
alternate placement of cable pairs of one twist direction.
According to Fig. 14, the placement of a broken cable
in a rope more significantly affects the values of maxi-
mum intensity of a rope twisting moment (curves / and
2). At the same time, the maximum values during the
middle cable breakage are almost one third less. In case of
the extreme cable breakage, this indicator reaches 50 %.
Reduction of a twisting moment in the cross-section
of cable breakage is accompanied by an increase in length
of a perturbation part. Thus, in case of extreme cable
breakage, an unbalanced twisting moment at a distance
of 0.5 m from the cross-section of breakage decreased to
0.25y. In case of middle cable breakage, practically,
down to 0.1y which is 2.5 and two times more than in a
previous case. The specified confirms an increase in
length of imbalance occurrence part to rope twisting.
The balancing of cable twisting moments happens
due to the occurrence of additional deformations and
stresses in a rubber of a rope. Reduction of intensities of
maximum twisting moments of a rope leads to a decrease
of stresses in rubber and improvement of its operation
conditions. But keep in mind that in a rope with a scheme
of alternate placement of cable pairs of one twisting di-
rection the number of cables must be a multiple of four.
Conclusion. Determination in analytical form of
boundaries of a stress-strain state of a rope which gets a
tubular shape, that occur including the case of broken
cables, establishment of a mechanism of a rope balance
disturbance to twisting, implementation of the system of
cable placement in a rope as two cables of one twist di-
rection after two cables of an opposite twist direction,
allow reasonable choosing of the parameters of a rope of
lifting and transporting machines, in which a rope gets a
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Fig. 14. Relative twisting moment of a rope with M cables

in the cross-section of cable breakage y,and v, sat a
distance of 0.5 m in a scheme of alternate placement
of cable pairs of one twisting direction:
1 — in the cross-section of extreme cable breakage; 2 — in
the cross-section of middle cable breakage; 3 — in the cross-
section at a distance of 0.5 m from the cross-section of ex-
treme cable breakage; 4 — in the cross-section at a distance
of 0.5 m from the cross-section of middle cable breakage
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cylinder shape. This ensures its operation safety and
contributes to solving the problem of ecological com-
patibility of underwater oil extraction.
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Meta. BcraHoBIeHHS 3a/ieXXHOCTENM HaMpy»KeHO-
neopMOBAHOTO CTaHYy TYMOTPOCOBOTO KaHaTa Bif
IOTO0 MEeXaHIYHUX XapaKTEePUCTUK i TECOMETPUIHUX TTa-
paMeTpiB IIITHKU HaJaHHS TJIOCKOMY KaHaTy LWJIiH-
IPpUIHOI (DOPMHU 3 ypaxXyBaHHSIM BIUIUBY PO3PUBIB TPO-
COBOI OCHOBHU.

Metoauka. [ToOynoBa MmeTogaMmu MeXaHiK1 KOMITO-
3UTHUX MaTepialiB aHaJiTUYHUX MOJeJieil B3aeEMOIil
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TPOCIiB y TYMOTPOCOBOMY KaHaTi SIK KOMITO3UTHIM
CTPYKTYpi, YTBOPEHIil 3 PeryiIsipHO pO3TAIlIOBAaHWX B
OMHili TUIOIIMHI IapajieJIbHUX TPOCIB, 110 B3aEMOIIIOTh
yepes map ryMu. OTpuMaHHS B 3aMKHEHOMY BUTJISIII
AHAIITUYHUX 3aJIeKHOCTEH IJIsI BCTAaHOBJEHHS TMapa-
METpiB HarpyXeHo-1e(OopMOBaHOIO CTaHy KaHaTa Ha
JIISTHII HaJaHHS oMy TpyouaToi ¢popMu, 110 103BO-
JISIIOTh BU3HAYATU BEPXHIO I HUXKHIO MEXY HaIrpyKeHb
y Tpocax i TyMOBOMY IpolIapKy KaHaTa. MateMaTtuy-
HUIl omuc mpoliecy 0a3yeThCs Ha 3acajgaX MEXaHiKu
1IapyBaTUX KOHCTPYKIIN i3 XXOPCTKUMU Ta M’ SIKUMU
IIapaMm.

Pe3syabTaTu. Po3po0iieHi it mochimkeHi ABi MaTemMa-
TUYHI MOJEJli, 1110 J03BOJISIIOTh BU3HAYaTU MEXi Ha-
MPYKeHO-1e(OPMOBAHOIO CTaHy IUIOCKOTO TyMOTPO-
COBOTIO KaHaTa, SKOMY HaJlaHa IIPOCTOpoBa hopMa -
Jninnpy. OTpuMaHi pe3yabTaTy 1al0Th 3MOTY 3 BUCOKHUM
piBHEM JOCTOBIPHOCTI NMPOrHO3yBaTU €KCILTyaTalliiiHi
BJIACTMBOCTI KaHaTa, BKJIOYHO 3 PO3pUBaMM TPOCIB
Oro apMyBaHH4.

HaykoBa HoBu3Ha. [I151 KpaiiHiX 3HaUeHb XapaKTe-
PUCTUK >XKOPCTKOCTI TYMOBOTO MiXTPOCOBOTO IlIapy
OTpUMaHi ¥ pO3B’SI3aHi AHAIITUYHI 3aJIEXKHOCTI, IO
TIO3BOJISTIOTh BU3HAYATHA OCHOBHI XapaKTepUCTUKU Ha-
pyKeHOo-Ie(OpMOBAaHOTO CTaHY KaHaTa, SKOMY Ha
oOMexKeHii MOBXUHI HagaHa Tpyouara ¢hopma, BKIIOU-
HO i1 y pa3i po3puBY TPOCOBOI OCHOBM.

IIpakTyna 3HauMMicTb. MOXJIMBICTD BU3HAYEHHS
MEX HarpykeHo-nechopMOBaHOTO CTaHy KaHaTa, Ipo-
THO3YBaHHSI MOro HampyKEeHOI'o CTaHy B pa3i pO3pUBY
Tpoca y IIpolieci eKCITyaTallil 103BoJIsiE OOIPYHTOBAHO
obupaTu napaMeTpy MiTAOMHO-TPAHCIIOPTHUX Ma-
IIMH, Ha SIKMX KaHaTy Haga€eThcsl Tpyouara popma. Lle
MiIBUIYE PiBeHb OE3MEKU 1X BUKOPUCTAHHS I CIIpUSIE
PO3B’I3aHHIO MPOOJIeMU €KOJOTIYHOCTI BULOOYTKY Ha-
Ty MigBOIHMUM CITIOCOOOM 3a paxyHOK ii BiiBeIeHHSI i3
30HM TIOIIKOMKCHHSI CBEPIJIOBUHU OE3MOCEePEeIHBO
TMOPOXXHMHOIO KaHaTa, SKOMY HajgaHa HWJIiHIpUIHA
(opma, Ta 10 IKOTO IIPUENHAHO MACUBHY Ha(pTOIIPUIi-
MaJIbHY KOHCTPYKILIO.

Kimouosi ciioBa: niockuii eymompocosuii kanam, ne-
pexiona dinaHka KaHama, no3008XCHE HABAHMAICEHHS,
pO3puU6 Mpocoeoi 0CHO8U, HANpyHceHo-0ehopMosanuil
cmaw, nidiOMHO-MPAHCNOPMHA MAUUHA
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Iean. YcraHOBICHNE 3aBUCMOCTEI HATIPSDKEHHO-
ne(OopMUPOBAHHOTO COCTOSTHUS PE3MHOTPOCOBOTO Ka-
HaTa OT €r0 MEXaHMUYECKMX XapaKTEePUCTUK M TeOMe-
TPUUYECKUX TTapaMeTPOB ydyacTKa MPUIAHUS TIOCKOMY
KaHaTy UWIMHAPUIECKON (POPMBI C YIETOM BIIMSIHMS
DPa3pbIBOB TPOCOBOI OCHOBBI.

Mertomuka. [TocTpoeHre MeTonaMyu MeXaHUKU KOM-
MO3UTHBIX MaTepUaOB aHAMTUYECKMX MoJeIeid B3au-
MOJICICTBHSI TPOCOB B PE3MHOTPOCOBOM KaHAaTe KaK KOM-
TTO3UTHOM CTPYKType, 00pa30BaHHOI M3 PETyJIsIPHO pac-
TTOJIOXKEHHBIX B OTHOU TJIOCKOCTH IMapaJUIeIbHBIX TPOCOB,
B3aMMOICUCTBYIOIINX Yepe3 CIIoi pe3uHbl. [1omydyeHne B
3aMKHYTOM BUJIC AaHAJUTHUYCCKUX 3aBUCHUMOCTCH IS
YCTaHOBJICHUST TIapaMeTPOB HaMpssKeHHO-Ie(opMupo-
BaHHOTO COCTOSIHMSI KaHaTa Ha yJacTKe MPUIaHUS eMy
TpyOUaTOii (hOPMBbI, IO3BOJITIOIINX OIIPENEIISITh BEPXHIOIO
W HYDKHIOIO TPAHUILY HANPSDKEHUI B TPOCAX Y PE3UHOBOM
Mpocyolike KaHaTa. MaTtemaTrdeckoe OnvcaHue IpoLec-
ca 6aszupyeTcsl Ha IPUHIMIIAX MEXaHUKHU CIIOMCThIX KOH-
CTPYKIIMI C KECTKUMU ¥ MSITKUMH CJTOSIMU.

PesyabTaTbl. PazpaboTaHbl 1 McclieT0BaHbI 1B Ma-
TeMaTUYeCKNe MOJIEIHN, TO3BOJISIIONINE OIPEaesTh
TPaHUIBI HAIPSKEHHO-Ie(OPMUPOBAHHOTO COCTOSI-
HHUS TUIOCKOTO PE3NMHOTPOCOBOTO KaHaTa, KOTOPOMY
IIpHUIaHa IMIPOoCTpaHCTBeHHAs (hopMa muamHapa. [1omy-
YeHHBIC PEe3YIbTAThI TTO3BOJISIOT C BRICOKOI CTEITEHBIO
JIOCTOBEPHOCTU ITPOTHO3MPOBATh 3KCIUTyaTallMOHHBIC
CBOIICTBa KaHaTa, BKIIFOUUTEJIHBHO C pa3pbIBAMU TPOCOB
€ro apMHUPOBKH.

Hayunas noBu3na. JIy1s1 KpaliHUX 3HAYEHUI Xapak-
TEPUCTUK KECTKOCTU PE3UHOBOTO MEXTPOCOBOTO CJIOST
MOJIYYeHBl W PEIleHbl aHAJTUTUYECKNE 3aBUCUMOCTH,
TTO3BOJISTIONINE OIPEIesIsITh OCHOBHBIE XapaKTepUCTH-
KI HaIpsKeHHO-Ie(OPMUPOBAHHOTO COCTOSTHUS Ka-
HaTa, KOTOPOMY Ha OTpaHMYEHHOW IJIMHE MpumaHa
TpyOuarast hopMa, BKIFOUUTEJIEHO U B CIIydae pa3phiBa
TPOCOBOIT OCHOBBEI.

IIpakTHyeckas 3Ha4MMoCTb. Bo3MOXHOCTH onpee-
JICHUsI TpaHUII HaIPSLKEHHO-Ie(OPMUPOBAHHOTO CO-
CTOSTHUSI KaHaTa, MPOTrHO3MPOBAHUE €TI0 HAMIPSIKEHHO-
IO COCTOSIHMSI B cllyyae paspbiBa Tpoca B IIpoliecce
SKCIIyaTallMi T03BOJISIET OOOCHOBAHHO BHIOUPATh
napaMeTpbl TOAbEMHO-TPAHCIIOPTHBIX MalllH, Ha KO-
TOPBIX KaHATy MpuaaeTcs Tpyobuatas ¢opma. DTo 1o-
BBIIIIAECT YPOBEHb 0€30ITACHOCTH WX MCITOJB30BaHUS U
CMOCOOCTBYET PELIEHUIO TPOOJIEMbl IKOJOTUUHOCTU
J0ObIYY HE(MTU MOABOAHBIM CITOCOOOM 3a CUET €€ OT-
BOIA M3 30HBI ITOBPEXKICHUSI CKBAXWHBI HEIIOCPEI-
CTBEHHO IIOJIOCTBIO KaHaTa, KOTOPOMY IIpHMIaHa IIHN-
JMHApUIecKas popMa, U K KOTOPOMY IIPHCOeTMHEHA
MaccuBHas HedTermprueMHast KOHCTPYKIIMSI.

KiioueBble cioBa: n10ckuil pe3auHompocosslii Kanam,
NepexooHoll y4acmok KaHama, npoooabHAs Ha2pys3Kd,
PAa3pulé MpPoCoB8oil OCHOBbL, HANPSIHCEHHO-0e@OPMUPOBAH -
Hoe cocmosiHue, N00BeMHO-MPAHCNOPMHAS MAWUHA
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