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Abstract

The subject of the study is the patterns of interaction and distribution of forces
between reinforcement elements as fibers of a composite structure of regular struc-
ture, as well as hydrogeodynamic, energy and geometric parameters of disturbed soil
massifs during the restoration of destroyed infrastructure facilities.

The purpose of the work is to simplify and speed up the commissioning of
bridge structures with span structures destroyed as a result of military operations
based on the scientific justification of a single complex technology for their rapid
restoration using composite cable ropes of domestic production.

As an alternative to the complete restoration of destroyed bridges, it is proposed
to use cable-stayed structures in whole or in part. As bridge cables, it is proposed to
use well-known rubber composite ropes, the production of which has been estab-
lished in Ukraine. The reliability of the proposed ropes can be increased by increas-
ing the number of ropes in them.

A model and algorithm for calculating the stress-deformed state of a rubber ca-
ble rope of an arbitrary design has been developed, taking into account the non-
linear deformation of the cables and the presence of a discontinuity of an arbitrarily
located cable. The model was built using the methods of mechanics of composite
materials. It is solved analytically in a closed form.

Key words: post-war infrastructure restoration, cable-stayed bridges, rubber-
cable ropes, composite materials, tower excavator.

Introduction

An important component of sustainable economic development,
especially in mining regions, is a developed infrastructure, in particu-
lar a transport network. Both products for sale and equipment and
materials for production needs are delivered by roads, tunnels and
bridges. Serious damage to the transport infrastructure leads to dis-
ruption of supplies. This becomes the cause of production downtime,
due to which the enterprise bears colossal losses [1-3].

According to Ukravtodor, more than 150 bridges and overpasses
were destroyed because of the war in Ukraine, including in Cher-
nihiv region — 27. In Kharkiv region — 25, in Kyiv region — 24. Traf-
fic has already been restored on 76 bridges. This means that detours
or temporary crossings have been built near the destroyed buildings.
According to the latest estimates, it will take about 4 years to rebuild
the entire destroyed infrastructure of Ukraine. [4]

Bridge crossings are the most important component of the coun-
try's logistics system. The main form of their destruction during mili-
tary operations is the damage to the fabric and the destruction of
overhead structures. The restoration of destroyed bridges is the most
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important and primary task of the state policy to ensure the inde-
pendence and national security of Ukraine.

In addition, a very important issue is the search for domestically
produced materials for the restoration of bridges. This will contribute
to the reduction of costs for the post-war reconstruction of Ukraine,
and at the same time stimulate the development of its own industry,
in particular mining, construction and machine-building.

Analysis of bridge destructions in Ukraine.

After the de-occupation of its territories, the critical infrastructure is being
gradually restored in Ukraine. For this, damaged roads and destroyed bridges
are being restored as a priority. It is easiest and fastest to restore transport
connections through the channels of small rivers.

One of the ways to build a crossing across a small river is to lay
rigid polypropylene pipes of large diameter on the bottom of the
river along the direction of its flow (fig. 1). The top is densely cov-
ered with screening, asphalt is laid. The banks of the river are
strengthened by rock mining mass of a large fraction.

Such a crossing provides the passage of small cars, pedestrian
connection of the shores. Moreover, the constructed crossing does
not impede the flow of the river. However, such a solution is tempo-
rary, and later this crossing will collapse under the influence of pre-
cipitation and groundwater. Intensive movement of such a crossing,
especially heavy-duty vehicles, is impossibl

g

Fig. 1. Constctlon of a crossing over the Inlets River connecting the village of
Zarichne with Arkhangelsky of the Visokopil community [5]
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There is also a solution that involves the rapid construction of a
full-fledged bridge. For this purpose, a detour of the destroyed bridge
with a descent along the river bank is being built (fig. 2). The created
detour is connected by a bridge with smaller supports and a flight, as
it is located below the destroyed bridge, closer to the bottom of the
river.

It is obvious that such a decision is temporary, because there is a
threat of rising water level, as a result of which the bridge may be
flooded. In addition, such a detour is the cause of a dangerous traffic
factor, namely, limited visibility due to the shape of the detour route
and the presence of a destroyed bridge.

SRR

Fig. 2. Temporary bridge across the Siverskyi Donets River (Izyum,
Kharkiv Region) [6]

The cases described above are the most frequent. For them, it is
possible to find a quick temporary solution. However, there is also
the problem of broken long bridges across wide rivers. In the vast
majority of such bridges, one or more spans were destroyed and sup-
ports near one of the banks of the river were damaged (fig. 3). While
part of the bridge on the opposite bank is almost undamaged.

Such destruction, as a rule, is the result of blowing up the bridge
before the retreat of the army that previously controlled it. The de-
struction of the spans of the long bridge requires a complete recon-
struction of the destroyed part of it. The temporary measures de-
scribed above do not work in this case.
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Fig. 3. The destroyed bridge over the Dnipro River.
Frame from the movie “RIK” (“The Year”, 2023) [7]

There are cases when the bridge is completely destroyed. At the
same time, the river is not very wide, but it is not narrow enough to
build a temporary bridge, as shown in the photo (fig. 2) or crossing
(fig. 1). In the Kherson region, the Daryiv Bridge (fig. 4) across the
Ingulets River can be restored in 1-3 months. These works will cost
an average of 60-80 million hryvnias.

Fig. 4. The destroyed Darivskyi road bridge across
the Ingulets River (Kherson Region) [8]

The destruction of very long bridges, such as the Antonivsky
bridge, is possible when the central spans are destroyed (fig. 5). At
the same time, the elimination of such damage is complicated by the
intensity of the river flow in the place of destruction.
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Fig. 5. The ruined Antoniv bridge across the Dnipro River
Frame from the movie “RIK” (“The Year”, 2023) [9]

An analysis of the destruction of bridges caused by hostilities in
Ukraine showed that the vast majority of damaged objects are small
bridges, the restoration of which does not take much time. In addi-
tion, temporary measures are being implemented that allow us to
restore transport connections in critical sections by our own efforts.
Temporary crossings and bridges are located below the destroyed
ones, due to which there is a threat of their flooding.

There are no temporary solutions for the rehabilitation of large
bridges. For their restoration, it is necessary to attract a significant
amount of funds, including international aid. However, such bridges
do not collapse completely. Therefore, the not destroyed part can be
used in the restoration of the bridge.

While for small bridges, a temporary solution is to build a cross-
ing below the destroyed bridge, for large bridges, such a solution can
be the construction of the destroyed sections of the pylon of the ca-
ble-stayed bridge. Since the construction of such bridges requires
imported components, and there are a lot of destroyed objects, it is
necessary to rely on the use of alternative materials of domestic pro-
duction.

Schemes of cable-stayed bridges.

Cable-stayed bridges are called bridges, the main elements of
span structures of which are inclined rectilinear cables that suspend
stiffening beams from pylons (fig. 6).
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Fig. 6. Cable-stayed bridges with one (@) and two (b) pylons

Inclined cables are attached to the pylons and support the stiffness
beam, being elastic supports for it. A special role is played by the
outer cables connecting the top of the pylon with a fixed point. They
prevent the horizontal movement of the top of the pylon under the
action of temporary loads and provide the system with great rigidity
in the vertical plane. The cables work only in tension, the pylons -
mainly in compression, the stiffening beam - in bending and on the
effect of horizontal forces, which are in the cables. The stiffening
beam is supported by cables in many places and works as if on an
elastic basis, it does not have significant bending moments, so it can
have a small height. It can rest on pylons, in which case significant
negative moments arise in the area of what is being supported. To
avoid them, recently they began to abandon the fact that it rests on
the pylons, transferring the weight of the stiffness beam and the tem-
porary load to the pylons only through the cables.

Cable-stayed bridges with reinforced concrete stiffening beams
and pylons began to be used recently. The first of them was built in
Venezuela across the lake. Maracaibo in 1962, the second - across
the harbor of the Dnipro River in Kyiv in 1963 (Fishing cable-stayed
bridge). To date, there are more than 80 cable-stayed reinforced con-
crete bridges in the world, but they have significant prospects for
development. They make it possible to cover spans of more than
1000 m. They are usually erected at the intersection of deep rivers,
sea bays or straits, at the mouth of rivers, where the construction of
supports is difficult. By 1986, in reinforced concrete cable-stayed
bridges, a record span of 440 m will be achieved in a bridge built in

618



1983 in Spain (bridge Los Barrios de Luna). In 2024, the longest
cable-stayed bridge will be Changtai Yangtze River Bridge, 1,176 m
long in Jiangsu, China.

Three cable-stayed bridges have now been opened in Ukraine:
two in Kyiv (South and North), one in Zaporizhzhia New bridge
across the Dnipro. The above-mentioned Rybalsky cable-stayed
bridge was decommissioned in 2009. 1256 m length South bridge
opened in 1990, 816 m length North bridge opened in 1976, 660 m
length New bridge in Zaporizhzhia across the Dnipro opened in
2022. At the beginning of 2022, under the President's program "Big
construction”, the construction of the New Kremenchug bridge over
Dnipro Two reinforced concrete pylons with a total height of 115 m
were built. A concrete plant with a capacity of 160 m*h was built for
construction needs. [10]. This indicates the rapid development of the
bridge construction industry in Ukraine.

The schemes of cable-stayed bridges are distinguished depending
on the number of pylons, the system, and the number of planes of
cables. With one pylon (Fig. 6a), the cables are located asymmetri-
cally relative to it, they are attached to the stiffness beam in the main
span at different angles. This requires different structural solutions of
their fastening nodes, and the presence of small attachment angles
leads to the occurrence of large forces in the cables and a decrease in
the rigidity of the span structure. However, the scheme with one
pylon turns out to be acceptable in urban conditions for architectural
reasons, as it can fit into the ensemble of the terrain and buildings of
the city near the river.

The pylon of the cable-stayed bridge can be tilted to the vertical.
In addition to the architectural effect, it allows to transfer part of the
horizontal force from the cables of the main span to the pylon. In
single-pylon bridges, the end cables can be attached to the founda-
tions. In this case, the stiffening beam rests against one of the foun-
dations, transferring a horizontal force to it.

Cable-stayed bridges with two pylons (Fig. 6b), the outermost ca-
bles of which are fixed to the ends of the stiffening beam, work as
systems with a perceived gap in the stiffening beam. They have
mainly vertical forces transmitted to the pylons from the cables,
since their cables are located symmetrically with respect to the py-
lons. Angles of inclination of the cables are taken at least 30°, so that
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they do not have significant forces and deformations. The stiffness
beam in these bridges can be supported in many points, which is
favorable for its operation.

The distances between the points of attachment of the cables to
the stiffening beam vary widely: from 5-10 to 50-60 m. Depending
on this, the height of the stiffening beam changes. It is usually taken
constant along the entire length.

In cable-stayed bridges, various systems of positioning of cables
are used. Two cable systems are most often used: "bundle" and
"harp". In the "bundle" system (Fig. 7a), the cables converge in the
upper part of the pylon in one horizontal plane. With many them, it
complicates the knot of attaching them to the pylon. In this system,
the ropes have different angles of attachment to the stiffness beam,
the middle ropes are more inclined to it, which helps to reduce the
forces arising in them. With the presence of extreme support cables
in this system, there are no bending moments in the pylons, they
work only in compression. In the "harp" system (Fig. 7b), the cables
are attached to the pylon in several levels and have the same slope to
the stiffness beam. The knots for fastening the cables to the stiffness
beam and to the pylon in it are of the same type. With many cables,
this system allows you to unify the knots of fastening the cables to
the stiffening beam and to the pylon, unify the elements of the stiff-
ening beam and effectively use the possibilities of their industrial
production and construction. However, with one-sided loading of the
main span, the pylon works intensively to bend due to the horizontal
forces in the cables.

- 0G0

4 7
Fig. 7. Schemes of the arrangement of cables in bridges:
a — bundle shape; b — harp

In the cross-section of the span structure, the cables are placed in
one or two planes. In wide bridges, a larger number of their planes is
possible. The number of cable planes and the number of cables in
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one plane have a significant impact on the architectural merits of the
bridge, on the operation and construction of the stiffening beam and
pylons.

Types of cable-stayed bridge pylons.

When placing the cables in two planes, [1-shaped, A-shaped and
two-post pylons are used (Fig. 8a,b,c), the driving part is placed be-
tween them, and the sidewalks are carried on the console beyond the
planes of the cables. When using A-shaped pylons, the cables are placed
in two inclined planes, and when using I1-shaped pylons, they are placed
in two vertical planes. The two planes of the cables make it possible to
disperse and reduce the forces in the stiffening beam and in the cables, to
ensure favorable operating conditions for the stiffening beam when it is
loaded asymmetrically with respect to the longitudinal axis. With two
planes of the cables, the stiffness beam can have a small torsional stiffness
and be made of tile or ribbed elements.

When placing cables in one plane, single-post (Fig. 8d) or A-
shaped (Fig. 8e,f) pylons are used. In this case, single-post pylons
and cables are placed within the width of the dividing strip between
the carriageways of the two directions of traffic. Single-post pylons
require less material and are easier to manufacture, but the node of
their intersection with the stiffening beam is complicated: the pylon
must be passed through the stiffening beam while preserving its bear-
ing capacity in the weakening zone. A-shaped pylons (Fig. 8e,f) are
more difficult to manufacture, but provide free passage of the stiff-
ness beam between its posts and have greater stiffness in the trans-
verse direction.

a b e f

Fig. 8. Constructive forms of pylons in the cross section of
an overpass with two (a—c) and one (d—f) planes of cables:
1 — stiffness beam; 2 - the plane of the cable location
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A stiffening beam with one plane of the cables and its asymmetric
loading works not only for bending, but also for torsion and should
have significant torsional stiffness. The height of the pylons of cable-
stayed bridges is taken on the condition that the angle of inclination
of the furthest cable-stay is at least 30°.

Construction of cable-stayed bridge elements.

The design of the stiffening beams mainly depends on the width of the
carriageway, the number of cable planes, the distance between the points of
fastening of the cables and a little on the size of the main span. When the
number of cables in one plane increases, it becomes possible to make stift-
ening beams even from simple unified elements used in simple beam bridg-
es. With two planes of cables, depending on the width of the carriageway
and the number of cables in one plane, the stiffening beams can be tiled,
ribbed and box-shaped.

Tile stiffeners of cable-stayed pedestrian bridges can be made of
unified hollow tile blocks, if the distance between the points of at-
tachment of the cables does not exceed 15...18 m, and the width of
the carriageway does not exceed 8 m. longitudinal - monolithic
transverse beams. Transverse beams perceive a moment that also
bends, acting in the transverse direction; they are also used to attach
the stiffening plate to the cables.

As the main span increases, the normal force compressing the
stiffening beam increases almost linearly. For its perception, it is
necessary to perform a beam of rigidity with a greater height. If the
distance between the points of fastening of the cables is 15...30 m,
the stiffening beam can be formed from unified I[-beams, connecting
them at the points of fastening of the cables with transverse mono-
lithic beams - diaphragms capable of perceiving the bending moment
in the transverse direction, perceiving the forces from the cables in
an inclined plane and transfer them to the longitudinal beams, com-
ponents of the stiffness beam.

At the same distances between the points of fastening of the ca-
bles, a stiffening beam was used, consisting of two widely spaced I1-
shaped beams, on which the transverse beams of the carriageway are
laid. The extreme beams are placed in the planes of the cables, have
transverse diaphragms to which the cables are attached. This design
of the stiffening beam was first used in the cable-stayed bridge
across the Dnipro harbor in Kyiv.
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When the width of the carriageway is more than 12 m, it is advisable
to use stiffening beams of box section, which have significant torsional
stiffness. With a single-plane cable system, only the box-shaped cross-
section of the stiffening beam can reliably resist bending and twisting.
Box beams have great stiffness during bending and twisting, are equally
well adapted to the perception of both positive and negative moments,
have good aerodynamic parameters, have an attractive appearance, are
convenient for transportation and installation.

Justification of the type of cable-stayed ropes.

Restoration of the destroyed span structures of bridge crossings
requires significant material costs and time, as they must have signif-
icant bending stiffness in terms of strength and stiffness. Cable-
stayed bridges require significantly less rigidity. Depending on the
design of the cable-stayed bridge, ropes of different strength and,
accordingly, different designs should be used. Cable ropes are not
produced in Ukraine, however, the production of composite rubber-
cable ropes for the mining industry has been established.

The practice of use under the influence of mining waters and
abrasive wear has shown their considerable durability. Accordingly,
there is an opportunity to create and manufacture a wide range of
composite multi-layer cable-stayed ropes of different tensile strength
for holding span structures of bridge structures, which requires scien-
tific and technical justification. The use of such approaches in com-
bination with the use of new materials and structures corresponds to
modern world trends, and for Ukraine it is decisive for the strategy of
military, post-war, urban, and industrial construction.

To solve the most important problem of the accelerated restora-
tion of destroyed bridge crossings, the development of scientific and
applied principles for the creation of a complex technology for the
rapid restoration of bridges with destroyed span structures based on
the use of composite multi-layer cable ropes of domestic production
is relevant.

In Ukraine, most of the roads were built more than 50 years ago.
Small and medium-sized bridges on highways are made of prefabri-
cated string concrete diaphragm beams [11-16]. In our opinion, a
promising technology for the restoration of bridges destroyed be-
cause of military operations is restoration by replacing span struc-
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tures of bridges with cable-stayed ones as spatial steel-reinforced
concrete structures [17-21].

One of the problems of implementing such an engineering solu-
tion is the use of the support system of the destroyed bridge and en-
suring its reliability during the life cycle. There are at least two op-
tions for restoring spans of destroyed bridges: with the installation of
a pylon on one of the banks of the river (fig. 9a) or with the location
of a pylon on an artificially created island (fig. 9b).

a) IL
b) ﬂ

Fig. 9. Schemes of restoration of destroyed bridge spans using pylons with their
location on the riverbank (a), on an artificial island (b)

The given scheme can use the existing, restored or reconstructed
supports of the destroyed bridge. Different support systems of a col-
lapsed bridge require different schemes of cable-stayed bridges. The
above allows us to state that the developed structures of cable-stayed
bridges can be adapted to various layout schemes and surviving sup-
ports (their foundations) of destroyed bridges. However, the applica-
tion of such a proposal is associated with a number of problems:

- the production of wire ropes of a significant range of strength
(diameters) requires the involvement of a significant number of sup-
pliers or the construction of facilities with a wide range of production
of ropes of various diameters;

- significant resistance to wind (horizontal) loads, accordingly ad-
ditional deformation of the ropes;

- the reliability of the cable rope can be increased only by increas-
ing its diameter, which leads to an increase in the above-mentioned
drawback;
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- arope of a large diameter has a significant bending stiffness, its
winding is possible only on coils of a large diameter;

- the influence of the environment on the rope requires its special
protection.

In our opinion, a comprehensive solution to these problems is
possible by replacing round cable ropes with flat ones, namely rub-
ber-cable ropes (fig. 10). They use small cables of the same diameter

as the rope.
Fig. 10. Rubber-cable rope

The specified
strength of the rope
can be ensured by the
number of cables in it.
In addition, the pro-
duction of such ropes
has been established
in Ukraine (fig 11).

A rope of a given profile can be formed by gluing single-layer
ropes into several layers directly at the installation site. The parallel
use of ropes in one rope as in a system with parallel connection and
incomplete redundancy allows to ensure the specified durability of
the rope by selecting the number of ropes in the rope.

The presence of rubber between the cables allows the method of
controlling the electrical resistance measured between the ends of the
cables to automatically determine breaks in individual cables during
the life cycle, which increases the reliability of its operation. Studies
on the substantiation of the method of controlling the electrical re-
sistance of the wire rope are being conducted [22-32].

Today, it is necessary to develop and implement a technology in
which to replace the rubber that connects the cables into a single
system with another elastic material suitable for use in conditions of
natural environmental influences on it.

Within the scope of this technology, it is envisaged to glue flat
ropes into a cable rope using portable presses and to give the section
of the cable rope an aerodynamic shape.

Methodology of stress-strain state calculating.

We will accept the following calculation scheme. A system of M
parallel, flexurally rigid elastic rods of length L interacts through an
elastic continuous medium in which tangential stresses arise.
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Fig. 11. Line to produce rubber-cable ropes in Kryvyi Rih

Deformation occurs within the linear law. One cable (M) has a
distance discontinuity [ (0 < [/ < L) from the section of fixing the
cables. The force P acts on the rope [33].

The solution to the problem looks like this [8, 9]

M-1
_ P
w = 3 (AP 4 B P )Cos(/lm(i—O,S))+ﬁ+g, (1)
m—1

where A4,,, B, ¢ — unknown constants; M — number of cables in

the rope; P —tensile strength of the cable; w.=am/M,

Bin :i\/Z((Gka)/(h EF))(1-cos(u,)); b — rope thickness; ¢ —

the step of the arrangement of the cables in the rope; d — cable diam-
eter; G — shear modulus of the rope rubber sheath material; k¢ —
coefficient that takes into account the cross-sectional shape of the
rubber shell; 4 — the minimum distance between adjacent cables of
the rope; E, F — composite modulus of elasticity for tension of the
cable material and their cross-sectional area.

Rope tensile

M-1
pi =EFY (Ame/”mx _B e Pm )ﬂm,k c05 (1 (i=0,5))+ P (2)
m=1
Ropes are attached to structural elements of lifting complexes,
capital structures. The connection conditions depend on the design of
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the connection nodes. We will solve the problem of determining the
stress-strain state in a general way — without specifying the condi-
tions for connecting the ends of the rope. According to the task, the
rope has a break in the continuity of the rope. This makes it impossi-
ble to make decisions (1) and (2) for the rope as a whole. We will
apply separate solutions for two parts of the rope. For the first
0 <x<!and the second / <x < L parts of the rope. We will give them
the numbers 1 and 2. We will indicate the numbers in the lower in-
dex of the value that applies only to the specified part. We will rec-
ord the movement and load of the cables of the second part in the
following forms
M-l

Ml"z = Z (Am’zeﬂmx + Bm,ze_ﬂmx )COS(:um (l — 0,5)) + g—; + &, (3)
m—1
M -1
Pia =EF Y (426" = By e P B, o cos( 10, (i-0.5)) + P. (4)
m=1

The parts of the rope form a single rope of length L. In the section
x=1, the conditions must be fulfilled

Pil = Pi2 (ISiSM)’ )

Pj1=pj2=0. (6)

The size of the gap between the cables in the section of the break

depends on the load on the rope. Let's conditionally accept it equal to

one. The condition for the occurrence of a single gap between the
ends of the damaged cable

0 (i#))
Ui — Uy = , 7
il i,2 {1 (i=j) ( )

where j - cable number with a break in continuity in the section
x=1

We equate the last condition with the J-function. It is given by the
Fourier series on the discrete axis of the numbers of cables of limited
length:

2 1
Ujp —U;n =ﬁcos(ym (i—O,S))+M. (8)

From conditions (5) and (7), we have the following relations:

627



Am,l — Bm’le_zﬁml - Am’z + Bm’ze_zﬂml =0 R (9)

2Bl 2Byl 2 :
A1+ By e B Ay —Byae Bl — Tcos(,um (] —0,5)), (10)
Me"m

1
81—82=M. (11)

After simplifying the expressions (9), (10), we obtain:
. cos(ym (j—O,S))

A=A , (12)
ml = Sm, M Pl

cos i —0,5
By =Byo+ (4 ng ))eﬂml. (13)

Let's assume that there are no displacements of the first part ¢; =
0. Then
1
& o (14)
We consider expressions (9) and (10). Let's write down the value
of the loading force of the jth cable in the section x = /. According to
(6), the internal load force of the cable should be zero. To do this,
multiply the first component of expression (2) by the ratio of the real
value of the gap between the ropes and the one taken in condition
(7). Consider (12), (13):
M -1 Am,2€ mX 4 Cos(ﬂm;l] 0’5)) -
piy=EF ), . '
=1 _ﬁmx_cos(ym(]—O,S)) (15)
m,Ze M

Bk cos(,um (i —0,5))Q+ P,
where:

EF M- Amleﬂml +COS(/um (j—0’5))_
Q=-P|— Z Bl '
M2 Bpae P —cos(u, (7-0.5))) . (16)

B0 (11 (/—0.5)) ]
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Accordingly, in other expressions for the distribution of forces
and movements of cables of the first and second parts, the compo-
nents of the expressions dependent on the number of the cable must
be multiplied by the specified ratio. They determine the tension-
deformed state of a rope with a damaged cable.

Two vectors of unknown constants remain unknown in the ob-
tained solutions. They should be determined from the conditions of
fixing the ends of the rope in the lifting installation or on the capital
structure. These calculations complete the first part of the algorithm
for calculating the stress-strain state of the rubber-cable rope.

Consider the influence of the nonlinear dependence of the modulus
of elasticity on the applied force. Consider the second part of the algo-
rithm. The lack of resistance to deformation of the damaged cable is
accompanied by a redistribution of internal load forces between other
(whole) cables. According to the Saint-Venant principle, a local
change in the shape of a rigid body, as well as the application of a
concentrated force, leads to a local redistribution of forces in an elastic
body - in a rope. The internal load forces of the cables adjacent to the
damaged one increase significantly. The tension in the cables adjacent
to the damaged one is significantly (up to 60-40%) higher than the
average.

It is known that the modulus of elasticity of materials depends on
the load force, when the stresses in the loaded sample exceed a cer-
tain value - the limit of elasticity. Accordingly, the non-linear defor-
mation of ropes with an uneven distribution of forces between the
ropes can be modeled linearly, in which the deformations are consid-
ered unchanged, and the maximum forces are taken as reduced in
proportion to the ratio of the modulus of elasticity, which corre-
sponds to the actual load to its linear value.

The law of decreasing internal load forces of maximally loaded
ropes is given by the product of Fourier series in continuous coordi-
nates on the first and second parts in the intervals 0 <x </ and
[<x <L and in discrete coordinates of cable numbers, limited by
their number. Thus, the model of the deformed state and the obtained
dependencies for the case of linear deformation of the rope (1), (3)
remain unchanged. Ratios (12), (13) obtained from the conditions of
simultaneous deformation remain unchanged. Expression (14) will
depend on the quantity w Tpocis, cables adjacent to the damaged one:
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4
En = —— . 1;
2 M ( )

Expressions of internal load forces of cables (2), (4) are written in
the following forms:

[AM+cos<ﬂm<f—o,s>)]eﬂmx_

M eﬂml
:Hm,k -

pll_EFZ M

m=1

M- i-0,5 _
_[Bm,Z .\ cos(ﬂm(J )) e/z’ml]e Bmx _ "

cos(ym(j—l,S))+ ]

+¢cos(,um(j+0,5))

K
- Z Cy 1 cos (&)
| k=0 !
cos( 4y, (i—0.5))+ P
M1 (Am,Zeﬁmx - Bm,2€7ﬂmx)ﬂm,k -

Pip=EF Y| « whoe N[ cos(1 (7 -15))+ |
m=1| =Y Cy o cos( j . ’
=0 L-1 +¢cos(ym(]+0,5))
-cos(,um (i- 0,5)) +P
(19)

where Cy s, Ci2 - coefficients of the Fourier series, which take into
account the difference between the linear modulus of elasticity of the
cable and the real one, depending on the load; ¢ — the coefficient of
proportionality of the load forces of the (j + 1) cable relative to the
G=1™).

From the condition of equality of forces (5), the condition of
equality between the coefficients must be ensured:

ZCk cos(7k)= ZCkzcos(Lkllj. (20)

k=0
The value of the Q coefficient will change. It will be determined
by the following dependence:
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| M Ay "M+ cos(p,(/-0.5))= | B,
Q=-P MZ_IEF =M By, p¢” P —cos (1, (j-0.5))) M|
o K w(j—15))+ 21)
S g peosgue| V)
I k=0 +¢cos(,um (J +0’5))

. -1
'cos(ym (] —0,5))]

Note that expression (20) is obtained for the general case when not
the outermost cable is damaged. For the damaged extreme (first) cable,

expression (20) lacks an element cos( ,um( Jj —1,5)). In case of dam-

age to the cable number M, the element is missing

¢cos(,um(j+0,5)).

The coefficient Q is determined considering the difference in
force distributions determined for the conditions of linear defor-
mation and taking into account nonlinear deformation. The first
components of the distribution of deformations and forces must be
multiplied by it.

Finally, the calculation algorithm consists in determining the ten-
sion-deformed state of the rope under the conditions of linear defor-
mation of the ropes using expressions (1)-(4), (9), 10, (12-(14), (16).
Determine two unknown constant vectors from the conditions of
connecting the ends of the rope to the structure or elements of the
lifting machine. According to the determined distributions of forces
in the ropes adjacent to the damaged one, choose the laws of force
change. It should compensate for the excess of the calculated (linear-
ly dependent) efforts over the actual ones, determined taking into
account the differences in the values of the linear and non-linear
modulus of elasticity. According to the defined laws, determine the
coefficients of the Fourier series Cyi, Cr2. Substitute the values of
the coefficients into expression (21). Find the value of the coefficient
Q. Multiply by it the first components of the values of the internal
load forces of the cables in expressions (19), (20) and displacements
in expressions (1), (3). To obtain the desired displacements of the
cables and the distribution of forces between them in a rope of a
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given design with a damaged arbitrary cable under the given condi-
tions of connecting the ends of the rope.

Study of the stress-strain state of rubber-cable rope. Consider the
main rope of a lifting machine with M cables and length L. We direct
the x axis along the rope. Its beginning is in the cross-section of the
connection to the machine element - to the pulley. The pulley is tilted
at an angle . The ropes are hinged to it at the cross-section x =0. A
load x = L is attached to the other end. The cross-section of the rope,
located normal to the deformation (load), remains normal to the axis
of the rope and after the load [34].

We will formulate the boundary conditions for the adopted
scheme

x=0, ul':(i—O,S)tl// [—%<i<%]; (22)
x=L, u=0, (23)
where ¢ — the pitch of the cables in the rope.

We write the boundary condition (22) in the form of a Fourier series

M
2t . .
x=0, ul‘:?l// > (j—0.5)cos( s (j—0.5)). (24)
j=1
In the general case, the stressed-strained state of a flat rubber-
cable rope is determined by the following dependencies [4, 5]

M-1 B, x B ) Px
u; = ’Z‘I(Ame m* 4 B e Fm )cos(ym(z—O,S))JrEFM , (29
M-1 P
p; = EF (Ameﬂmx _Bme_ﬂmx )ﬂm COS(,Um (i—0,5))+ﬁ, (26)
m=1

G
7 =—(ui ~uiv1). 27)

where A, B - vectors of proportionality coefficients; P - rope
load force; E, F - combined tensile stiffness and cross-sectional area

of the cable; M - number of cables in the rope; /lm:ﬂ—m§

M

2Gbkg . .
= /Y (1-cos ; b —rope thickness; d, & - the diameter
Pm \/(t—d)EF( Hm) p
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of the cable and the minimum distance between the adjacent cables
of the rope; G, k¢ shear modulus and a coefficient that takes into
account the influence of the shape of the layer of elastic material
located between the cables.

We use boundary conditions (23) and (24). Let's determine the
values of the vectors of proportionality coefficients of expressions
25)-(27

2t 174 M . . ’
By=—r—t 3 (j-05 (70,5
U -03)
Ay, = _Bme_z'BML :

As an example, the stress state indicators of the GTK-3150 type
rubber-cable rope with ten cables, 10 m and 5 m in length, were cal-
culated under the condition y = 0.01 degree. The results are shown in
Fig. 12.

P E L
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i
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:
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N\
X

0

Fig. 12. Distribution graphs: a - internal forces p load of cables by numbers #; b -
the maximum tangential stresses 7 in the rubber layers along the axis of the rope x in
the case of rotation of the pulley in the plane of the rope

In the absence of rotation of the end of the rope in the section
x =0 and rotation of the opposite end x = L, the coefficient vectors
of expressions (4) — (6) are determined by the following dependen-
cies
M

_ 2ty - 5 ’
Bm_MeﬂmL(e_zﬁleij:‘,l(J 0,5)Cos(,um(] 0’5))
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Ap =By, .

The results are asymmetric to the results of the previous case be-
cause the boundary conditions are asymmetric. At the same time, the
linearity of the problem, the given forms of the solutions allow us to
determine the stressed-but-strained state for the cases of the combi-
nation of different schemes of rotation of sections x = 0 and x = L. In
the case of rotation of both edges, after removing asymmetric cases,
we have two schemes. Let's look at them. For this purpose, we will
add additional indices O and L to the designations of the angles of
inclination of the specified sections, respectively. The coefficients
will take on the following values

2t YL + Y0 .
M (I—Bme_zﬁij eﬂmL(e_z'BmL —1]

By, =

™MX

(j—O,S)Cos(ym(j—O,S)),
1

J
Ay =By (e‘zﬁmL + 1) :

Please note that the values of the angles must be substituted tak-
ing into account the sign of the direction of inclination.

For the conditions of the previous example, we considered the
cases of equal rotation of both edges according to the absolute values
of the angles in the same and opposite directions. The results of the
calculations are shown in Fig. 13 and 14.

A comparison of the intervals of the maximum values of the in-
ternal load forces of the ropes and the maximum tangential stresses
in the material of the rope sheath shows that turning the ends of the
rope at equal angles does not affect their values.

Only the amplitude of the change of these values along the length
of the rope decreases. The latter testifies to the effect of rope proper-
ties on the zone of manifestation of localization of disturbances.
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Fig. 13. Distribution graphs: a - internal forces p load of cables by numbers i; b
- maximum tangential stresses 7 in the rubber layers along the axis of the rope x in
the case of equal turns of its ends

Fig. 14. Distribution graphs: a - internal forces p load of cables by numbers i; b -
maximum tangential stresses 7 in the rubber layers along the axis of the rope x in the
case of opposite turns of its ends

A comparison of the dependencies (Fig. 13) and (Fig. 14) shows
that turning the ends of the rope in opposite directions leads to an
increase in the load forces of the cables by almost two times.
Strength also increases with a decrease in the length of the rope. This
is also a manifestation of overlapping zones of two disturbances. Due
to the opposite rotation of the sections in the middle (longitudinal)
part of the rope, tangential stresses are absent and do not depend on
the length of the rope.
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The indicated scheme of bends is the most dangerous from the
point of view of rope strength. Considering equally possible turns in
opposite directions of the cross-sections of connecting ropes, the
strength condition must be ensured for the last case.

According to dependencies (25) — (27), the stress-strain state of
the rubber rope along its own axis changes in proportion to the expo-

nential functions eiﬁ m* _The value of the vector S depends on the
square root of the product of two parameters. The first one depends
on the mechanical properties of the components of the rope and the
geometric parameters of the cross-section of the elastic sheath locat-
ed between adjacent cables. The second is the root of the cosine
function of the number of ropes in the rope. The growth of each lead
to a proportional increase in the lengths of the areas of manifestation
of local disturbances. The first is proportional to the value

2Gbkg
(t—d)EF
tically proportional to the three-fold increase in the number of cables
in the rope.
Separately, we note that for ropes of considerable length, when
the effects of marginal perturbations of stress states are not superim-

posed one by one, the following values of vectors of unknown coef-
ficients can be used:

. The second, as the performed analysis shows, is prac-

M
2. (7=0,5)cos (s (j=0.5)),

J=1

5, =2
M
Ay =0.

Due to the absence of superposition of stress disturbances, the
origin of the coordinate axis can be assumed to be in the cross-
section of each end of the rope.

Extreme stress values are reached in the cross-sections of the rope
connection (x = 0 or x = L) in the outermost cables and in the outer-
most layers of rubber. The known stresses make it possible to deter-
mine the admissibility of using the rope under the specified condi-
tions.
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Consider the case of rotation of the vessel around its own axis by
an angle y. From the point of view of geometry, the axes of the cen-
ters of the cross-sections of the ropes of the section connecting the
rope to the drum or to the vessel are located on passing straight lines.
The latter are in planes normal to the axis of the rope. The angle
between the projections of passing lines on the plane normal to the
axis of the flat rope corresponds to the angle of rotation of the vessel
relative to the drum y. The movement of the generator along the
guide, located at a right angle to it, with its simultaneous rotation
around the guide, forms a straight helicoid. Accordingly, provided
the distance between the axes of the ropes remains unchanged, the
flat rubber-cable rope takes the form of a straight helicoid. Ropes are
in the form of spiral lines. At the same time, the centers of the cable
sections remain on straight lines - the hypothesis of flat sections is
fulfilled, but the cables have a constant length of the rope and a rela-
tive elongation that depends on the location in the rope. The indicat-
ed elongation is proportional to the distance of the rope from the axis
of the rope and the angle of rotation of the vessel and is inversely
proportional to the length of the rope. Absolute elongations related to
the initial dimensions are relative elongations. Known elongations
and Hooke's law make it possible to determine the distribution of
forces between the cables.

Based on the above, we have the expressions of movements and
distribution of forces in the cables of a flat rubber-cable rope con-
nected to the elements of the machine, when the centers of the rope
sections of the rope are located on passing straight lines.

Px

“EFM

2
pi =EF f%_qiﬂf -1]+L
2 L M

Objectively, the most heavily loaded are the outer ropes of the rope.
There are no tangential stresses caused by the shift of the cables along the
axis of the rope.

Supports for pylons.

uj
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It should be noted that the construction of pylons on the banks of the
river bed can lead to landslides and collapses, and as a result, the
destruction of the bridge. To prevent this, it is advisable to use retain-
ing walls. Retaining walls are artificial structures designed to keep
the mountain massif from collapsing. Retaining walls are divided by
purpose, height, component material, angle of inclination of the back
face, principle of operation, and also by the method of construction.

The retaining wall is subjected to various loads, including the
wall's own weight, the pressure of the mining massif, the pressure of
the weight of structures (supports, pylons) located on the supported
massif, the pressure of construction equipment, and the pressure of
water.

It is worth noting that riverbanks are the zone of action of
groundwater. To prevent their negative impact on the wall at its base
from the side of the mountain massif, a drainage system is usually
built. However, this involves additional costs.

At the same time, there are walls of this design that do not require
drainage systems. They consist of mesh gabion products (fig. 15).

un..\ -‘I‘uv—‘

W

Fig. 15. 3x1x0,5 m Box-woven mesh gabion [36]

Gabions are metal containers of various shapes, consisting of a double-
twisted metal mesh, which are filled with stone material. They are de-
signed to create strong, flexible, and permeable massive supporting struc-
tures. The main types of gabions are mattress-tuff and box gabions. When
erecting retaining walls on loose soils, gabions with a reinforcing panel
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are used. In recent years, gabions have gradually supplanted monolithic
supporting structures, gaining in cost and quality [35].

The process of installing a retaining wall is as follows. The gabi-
on is laid out on a hard flat surface, then walls and a diaphragm are
attached to its bottom, which strengthen the structure. Then the walls
and the diaphragm are connected in such a way as to obtain a capaci-
ty in the form of a parallelepiped.

After that, adjacent gabions relate to special stiffening membranes
and reinforcing hooks are installed. Then formwork is installed along
the length of the structure to prevent deformation of the gabions and
filled with stone material, after which all operations are repeated.

Retaining walls made of mesh gabion products are used to hold
soft rocks, fence highways and railway tracks, when erecting bridges
and creating terraces on homesteads, as well as coastal fortifications
of riverbeds. The construction of reinforced concrete structures re-
quires a lot of labor and has a high cost.

In Ukraine, the production of gabions has been established, and
there is also rich experience in the construction of engineering struc-
tures from them (fig. 16).

Fig. 16. Transport tunnel. KyiV Kharkiv — Dov.

nskyi [37]

Formation of an artificial island.

Damaged bridge supports must be converted into pylons. To in-
crease the reliability and bearing capacity of the pylons, as well as to
partially relieve the load on the cables, it is proposed to build artifi-
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cial islands for wide rivers. For this, it is suggested to use a tower
excavator [38-40].

At the beginning of the construction of the artificial bridge, over-
burden rocks are delivered to one of the banks of the river by dump
trucks and stacked with a stable arrangement of the dump embank-
ment, which is characterized by a minimum distance of rock trans-
portation. On an undisturbed stable base, the drive support of the
tower excavator is installed and at a safe distance from it, a receiving
bunker is formed for the accumulation of overburden rocks. At the
same time, the tail support of the same tower excavator is installed
on an intact stable base near the opposite bank of the river. The sup-
ports of the tower excavator are connected by hanging, tail and trac-
tion ropes, which move the scraper (fig. 17.). These ropes are made
of composite material and will be used as cables of this bridge in the

future.
b)

Fig. 17. Scheme of construction of an artificial island with a tower excavator: a —
with the tower located on the riverbank, b — with the towers located on the not dis-
turbed bridge sections

The delivery of rocks is carried out by plunging the bucket scrap-
er under its own weight to the pile of rock in the receiving bunker
and then moving it along the suspension rope to the place of unload-
ing.

Alternatively, to reduce the length of the ropes, the supports of
the tower excavator can be installed on the surviving bridge flights.

This solution allows you to quickly build an artificial island on a
section of the river with an intense current, strengthen it with retain-
ing walls, and then start building a pylon on it. The presence of an
artificial island greatly simplifies and speeds up construction.
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Conclusions.

The possibility of restoring bridges of Ukraine destroyed during
military operations is shown. As an alternative to the restoration of
destroyed bridges, it is proposed to install cable-stayed bridges.
Well-known rubber-cable ropes, the production of which was estab-
lished in Ukraine, were used as cable ropes. The reliability of the
proposed ropes can be increased by increasing the number of ropes
in them.

The existing experience in the construction of cable-stayed bridg-
es, a wide raw material base, as well as the production of necessary
materials allow us to assert the prospects of the direction of post-war
reconstruction of destroyed bridges with the conversion of damaged
supports into pylons. It is proposed to increase the reliability of the
converted pylons and the bearing capacity of the bridge by strength-
ening the sides of the riverbanks with gabion retaining walls or by
constructing an artificial island.

A model and algorithm for calculating the stress-strain state of a
rubber-cable rope of arbitrary design, considering the nonlinear de-
formation of the ropes and the presence of a discontinuity of an arbi-
trarily located rope, has been developed. The model was built using
the methods of the mechanics of composite materials. It is solved
analytically in a closed form. The resulting algorithm can be consid-
ered sufficiently reliable and such that it allows you to reasonably
determine the conditions for the safe use of rubber-cable ropes in
case of damage to an arbitrary rope.

Analytical expressions are constructed in the work, which allow
to determine the quantitative indicators of influence on the stress-
deformed state of the rubber-cable rope of the turns of the cross-
sections of its connection to the elements of the lifting machine and
the rotation of the vessel around its longitudinal axis.

The equal inclination of the cross-sections connecting the ends of
the rope in opposite directions compared to turning in one direction
practically leads to a double increase in the load forces of the cables.
The lengths of the areas of manifestation of local disturbances de-
pend on the square root of the product of two parameters. The first
depends on the mechanical properties of the components of the rope
and the geometric cross-section parameters of the elastic sheath lo-
cated between adjacent cables. The second is the root of the cosine
function of the number of cables in the rope. The growth of each lead
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to a proportional increase in the lengths of the areas of manifestation
of local disturbances. At the same time, the increase is proportional
to the threefold increase in the number of ropes in the rope. Extreme
stress values are reached in the cross-sections of the rope connection
in the outermost ropes and in the outermost layers of rubber. The
rotation of the vessel around the longitudinal axis of the rope is ac-
companied by the acquisition of the shape of the surface of a straight
helicoid by the rope, and helical lines by the cables. The radii of the
helical lines are proportional to the distances to the cables from the
rope axis.
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