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RISK-FORMING DYNAMIC PROCESSES IN UNITS OF MINE HOISTS
OF VERTICAL SHAFTS

Purpose. Estimation of risk-forming processes in operation of hoisting machines in vertical mine shafts.

Methodology. Complex analysis of the results of theoretical research and experimental data of instrumental mea-
surements of parameters of guide geometry, dynamic interaction of lifting vessels with shaft reinforcement, velocity
diagrams of vessels, wear of reinforcement elements and deformation-strength calculations.

Findings. It is shown that dynamic processes in mine hoisting installations in operating and transition modes have
a property of strong interconnectedness and cumulative strengthening of risk-forming phenomena in “lifting vessel —
reinforcement” systems. The cumulative effect can occur when critical processes are interrelated in different units of
a hoisting machine, even under the conditions that parameters of each process do not exceed permissible limits. This
significantly increases the risk of an emergency situation when vessels interact with reinforcement guides under wear
conditions during long operation. The means for reducing the level of risk of spontaneous accidents are provided,
which ensure an increase in operation safety of hoisting complexes.

Originality. In the paper on the basis of complex analysis of electro-mechanical processes in units of hoisting ma-
chines it is shown that the main risk-forming factors are: a non-smooth character of change of ascension velocity during
the cycles of descent/ascension of vessels; load displacement in a vessel; tension imbalance of head ropes of multi-rope
hoists; uneven wear of guides and buntons of reinforcement combined with local curvatures of guide profiles and distur-
bances in parameters of their track. In this case, the emergency dynamic state of the system can occur even when the
parameters of associated processes are within permissible limits established by the current regulatory documentation.

Practical value. Obtained results make it possible to comprehensively assess a technical state of “hoisting ma-
chine — rope — vessel — reinforcement” systems during operation of mine hoists and their expert examination and to
establish objective causes of emergencies and their premises, develop recommendations that prevent exceeding the
permissible risk depending on operating conditions.
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Introduction. Lifting and transporting systems are
the most important link in the chain of mineral extrac-
tion. The economic efficiency of a mining complex as a
whole depends on an uninterrupted and safe operation
of lifting and transporting systems [1, 2]. Designs of
modern machines, equipment and mechanisms of min-
ing [3, 4], transport [5, 6], technology engineering [7, 8]
are being continuously developed and improved in the
direction of increasing the productivity, reliability,
strength and energy efficiency.

Mine hoist is a complex multi-unit electromechani-
cal system. All operating parameters of individual units
are energetically linked in it. A specific form and values
of parameters of operating characteristics of drive mech-
anisms significantly affect the character and safety of the
main operating element of the complex — a mine hoisting
vessel.

Problem formulation. A multi-unit and branching
structure of mine hoists is a source of strong intercon-
nection of energy-mechanical processes in the elements
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of ground and shaft equipment. Increased wear of the
main elements of a hoisting system, violation of design
values and inconsistencies in their operating parameters
that occur during long-term operation in difficult min-
ing conditions cause uncontrollable by traditional meth-
ods and means transition of technical condition of a
hoisting complex into the area of increased influence of
risk-forming factors on its operation safety. Based on
the analysis of theoretical and experimental data, it is
necessary to identify and research the main risk-forming
factors during operation of hoisting machines in condi-
tions of operation intensity increase under conditions of
significant influence of degradation processes of main
and auxiliary units of hoisting equipment.

Research findings. Due to technological and struc-
tural features of hoisting systems risk-forming factors
act simultaneously. Their negative disturbing influence
can be summed up at some point of movement or at
some part of the shaft and then a “cumulative effect”
occurs. As a result, accidental destruction of mechanical
elements of the system can occur spontaneously: rein-
forcement, lifting vessel or rope.
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Five main processes have come to the fore in the
present, which independently and parallel to each other
influence the emergency parameters of “vessel — rein-
forcement” systems and hoisting as a whole. These pro-
cesses can be considered dominant in hoisting opera-
tions, since at the present stage the parametric reso-
nance is practically eliminated due to selection of pa-
rameters of the system at a design stage.

It is traditional that in a working practice of domestic
mining enterprises the area of responsibility of the Chief
Engineer service is a large number of units of mechanical
equipment. Ensuring its smooth operation requires con-
stant attention and a large number of daily repair works.

At the same time, the services of the Chief Surveyor
and the Chief Power Engineer are distant from failure
elimination (unless the failure liquidation does not re-
quire mine surveyors or does not affect the operation of
electrical equipment). Root causes of accidents are often
obvious only at first glance. This is due to the fact that,
when searching for them, the systematic impact and dura-
tion of negative influences are not considered on individ-
ual components of mechanical equipment that occur be-
cause of unfavorable combinations of geometric parame-
ters and/or features of operation of power equipment.

A large curvature of the profile of guides in short sec-
tions (geometric parameter) is the main source of the
percussive-cyclic dynamic influence of vessels on guides
with an increased level of contact loads, premature wear
and tear of guides at local sections of the shaft, and their
bunton clamping elements (mechanical equipment).

When operating a shaft, the presence of sections with
abrupt local curvature of the profile of guides is caused
by complex mining and geological conditions. The cur-
rent norms do not prohibit a significant, but smooth de-
viation of guides from vertical in extended sections dur-
ing operation. Vessel movement safety along curved sec-
tions requires a selection of vessel velocity diagram con-
sistent with a curvature. This is ensured by the appropri-
ate adjustment of the hoist drive system.

An abrupt break in a diagram of a drum angular
speed of a hoisting machine leads to the occurrence of
vertical and horizontal oscillations of the lifting vessel
on a rope and percussions along the guides at local sec-
tions of a shaft, and overloading of head rope cross-sec-
tions. Systematic repetition of such percussions during
different cycles also leads to an accelerated destruction
of the guides and rope wires.

Drum angular speed oscillation of the hoisting ma-
chine creates a cyclic influence on the upper end of the
rope. They excite driven vertical oscillations of the vessel.
Their frequencies can be in a resonance zone. In this case,
over-normative cyclic overload of a suspension device oc-
curs and premature exhaustion of its cyclic endurance
limit. Excessive short-term loosening of a rope tension is
also possible, leading to false triggering of mechanical
parachutes and cage hanging on brake ropes [9, 10].

External influences affecting the safety of the “ves-
sel — reinforcement” system are: maximum operational
vertical vessel acceleration/deceleration; instant accelera-
tion during operation; instant value of the “jerk” (a func-
tion of the first derivative by time of the lifting vessel ac-
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celeration); instant decelerations during emergency brak-
ing; maximum average deceleration during emergency
braking; deviation of guides from a vertical on adjacent
levels of reinforcement; broadening/narrowing of a guide
track; absolute deviations of a thread of guides from a ver-
tical; absolute angle of inclination of a guide in a span be-
tween the levels of reinforcement; absolute angle of rota-
tion of a guide track in a span relatively to a vertical axis.

Processes that are the main sources of increasing the
risk of emergency during the intense operation of “ves-
sel — reinforcement” systems in domestic shafts that op-
erated for 40 to 50 years or more are shown in Fig. 1.

It can be seen that the work of power engineer services
and mine surveyors has a character of auxiliary supply for
operation of the mechanical service of an enterprise.

The results of influence of each of these processes on
operation safety of “vessel — reinforcement” systems are
considered in more detail below. The data given was ob-
tained during the long-term monitoring of shafts by spe-
cialized laboratories of M. S. Polyakov Institute of Geo-
technical Mechanics under NAS of Ukraine and a firm
“AGAT-Dnepr”.

Influence of parameters of a hoisting velocity diagram.
The conducted research shows that the influence of a
shape and parameters of hoisting velocity diagrams
makes a very significant contribution to formation of dy-
namic percussive loads in “vessel — reinforcement” sys-
tems [11]. Operation of a monitoring system of lifting ves-
sel movement in a mine shaft in experimental industrial
conditions confirms the research conducted above [12].

On peak sections of velocity diagrams, vertical jerks
of the upper ends of ropes occur, which excite vertical
and horizontal oscillations of skips with percussions of
hard safety shoes on reinforcement.

Modulation of alternating jerks by a velocity control-
ler is inevitable with manual control, and is considerably
larger than with automatic smooth control. The result of
measurements of contact loads shows that even with a de-
crease in maximum velocity value at a straight section,
alternating velocity modulation causes a multiple in-
crease of dynamic loads on the reinforcement. This
proves that the law of velocity control is one of the most
influential factors of growth of dynamic loads in “ves-
sel — reinforcement” systems and the risk of an emergen-
cy situation in sections with an increased level of wear of
guides and buntons or elements of their mounting.

Fig. 2 shows graphs of vertical accelerations of a cage
and loads on the guides during the passage of intermedi-
ate levels with the velocity diagram. It can be seen that
dynamic loads on the guides increase synchronously
with a cage deceleration/acceleration.

Calculations showed that only by optimizing and
smoothening the velocity diagram it is possible to
achieve nearly two-times decrease in contact loads un-
der the same conditions of vessel movement.

This creates premises for increasing the maximum
hoisting velocity, limited by a criterion of reinforcement
condition and reducing the cycle time while maintain-
ing the required level of safety.

Influence of vessel skew in guides due to imbalance of
rope tension with multi-rope hoisting and a load center of
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Fig. 1. Diagram of influence of units of a hoisting system on emergency parameters of “vessel — reinforcement” systems:

1 — profile of a guide system of a lifting vessel (block 3); 2 — wear of guides and buntons (block 15, block 18); 3 — shape of a dia-
gram of the angular velocity of a hoisting machine in operating mode (in particular, presence of a polyharmonic pulsation of veloc-
ity relatively to a given diagram) and a deceleration law during activation of a safety brake (block 1, block 2); 4 — imbalance of
rope tension caused by deviations of groove radii of a multi-rope hoist and rope elongation (block 6, block 7); 5 — skew of a lifting
vessel caused by a load center of mass displacement from the vessel axis or by the imbalance of rope tension (block 11.1, block 11.2)

Time in a cycle, s

Fig. 2. Graphs of vertical cage accelerations and loads on
the guides during the passage of intermediate levels at
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a speed of 4 m/s:

1 — vertical acceleration m/s?; 2 — contact loads, kN

mass displacement on dynamic loads in the “vessel — rein-
Jforcement” system (Fig. 3). Fig. 4 shows a diagram of the
influence of a load center of mass displacement on the
vessel skew in the guides. Fig. 5 is a diagram of the influ-
ence of the imbalance of tension of ropes on the vessel
skew in the guide track and the reduction of kinematic
gaps in a “shoe-guide” pairs.

When in a skewed state, a vessel moves in a guide track
in a “sliding wedge” mode, colliding by shoes with all ledg-
es at joints of guides and local curvatures in short sections.

Vertical vessel oscillations on the elastic rope excite
synchronous angular vibrations of the vessel in a track
and percussions on the reinforcement. This especially
manifests in a mode of safety braking. On shaft sections
where frequencies of vertical and angular vessel vibra-
tions coincide, a resonant amplification of horizontal
percussions on the guides by rigid sliding shoes occurs.

As an example, a four-rope hoisting machine for a
1400-meter-deep shaft is chosen.

Calculation results of a four-rope hoist in a 1400-me-
ter-deep shaft showed that a strain imbalance, asymmetric
relatively to a skip axis is +/—14 % in the lowest position of
a skip and +/-24 % in the highest causes skip wedging in
the guide track, for any of the currently used roller guides.

Calculation also shows that with an accurately cen-
tered vessel, triggering of an emergency brake causes
minimal percussive loads on the guides. As the eccen-
tricity of a load increases, the loads increase up to a cer-
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Fig. 3. Calculation scheme of influence of a load dis-
placement (and imbalance of rope tension) to vessel
skew in a guide track:

P — rope tension P= Q(1 + W/g), Q — loaded skip weight;
W — vertical skip acceleration, W= A - sin (of); b — loaded
skip center of mass displacement; M — torque, M= P - b

tain maximum value, until a vessel comes to a wedged
state at which the torque of vessel wedging in a track
does not exceed the moment of inertia from center of
mass displacement. With further increase in a load cen-
ter of mass displacement, the loads decrease, since in
this state the shoes deform the reinforcement without
losing contact with it or collision.

Influence of curvature of guide profiles on dynamic
loads in a “vessel — reinforcement” system. It is tradition-
ally considered that with the same value of the maxi-
mum ascension velocity according to the diagram this
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Fig. 4. Graphs of frontal profiles of guides (a) and contact
loads (b) when lifting a skip
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parameter has the greatest influence on the level of hor-
izontal loads on reinforcement. Previous results have
shown that this is not entirely true, although the influ-
ence of profiles is one of the most significant.

Research studies on characteristic profiles of guides
that are used in most mining enterprises of Ukraine
were carried out. The analysis showed that curvatures of
guide profiles in shafts located in a rock shift zone and in
the untouched massif are absolutely of the same level
and are caused exclusively by operational reasons during
40 to 50 years of operation.

Fig. 4 shows combined graphs of frontal profiles of
guides and the maximum contact loads on the rein-
forcement of an ore-lifting shaft.
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Fig. 5. Loading diagram of side buntons of a skip section of the shaft in a frontal plane of guides:

1 — actual maximum loads for all cycles of dynamic tests; 2 — permissible loads with a safety margin of 2.15; 3 — permissible loads
with a safety margin of 1.5; 4 — permissible loads with a safety margin of 1.0; 5 — permissible loads with a safety margin of 2.15 for
a not worn bunton; 6 — permissible loads with a safety margin of 1.0 for a unworn bunton
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It can be seen that during the process of lifting there
is an active shake of a skip in a horizontal plane, while
the maximum loads are applied to areas of intense local
alternating curvatures of guide profiles.

It should be noted that great work done by the enter-
prise for over 10 years for smoothening the guide profiles
in short sections, eliminating areas of increased corro-
sive and mechanical wear and smoothening the velocity
diagrams has made it possible to significantly reduce the
maximum dynamic load level on the reinforcement and
increase a safe value of the maximum skip lift velocity
from 8§ to 11—12 m/s.

Influence of wear of guides and buntons on the emer-
gency parameters of “vessel — reinforcement” systems.

In Fig. 5 in a layout by the reinforcement level num-
bers of the ore-lifting shaft, combined graphs of values
of permissible loads on side buntons of a skip section are
given. When they were built, the actual cross-section
losses were considered. This occurred due to wear
(curves 2—6), with a safety margin by yield strength of
1.0, 1.5, 2.15. Also, graphs of actual operational loads
are shown in the figure (curve 1).

It isseen that in places of quick loss of bearing capacity,
even minor loads of about 20—30 kN may exceed a safe
level. Presented results convincingly prove that the elec-
tromechanical processes in “drive—hoisting machine —
ropes — vessels — reinforcement” systems are strongly in-
terrelated. Small deviations in operating parameters of one
group of operating units of the system cause large devia-
tions in the operation of others. This is also observed in the
values of safety parameters of the main unit of a hoisting
machine — a “vessel — reinforcement” system.

This leads to a conclusion that minimization of the
risk-creating influence of these processes on safety of
hoisting operations lies in the field of maximum use of
high technology within complex automation of produc-
tion monitoring processes and optimal control using
modern microprocessor technology in complex mining
and geological conditions of operation as well as in devel-
opment and application of new designs of the most risky
elements of the scheme — tractive and balancing ropes of
anew type [13, 14] in the existing mine hoists [15].

In Ukraine, realization of this direction is provided by
a number of new means of automation and operation con-
trol of parameters of hoisting machines. These include
software and hardware systems: “AKNK-DNEPR” —
continuous control of rope tension of a multi-rope hoist-
ing machines and “ANKP DNEPR” — continuous con-
trol of dynamic interaction of hoisting vessels with rigid
reinforcement of shafts. Their basic scheme of operation is
shown in Fig. 6. Control over dynamic characteristics and
processes of a wider spectrum are investigated in [16, 17].
Atrticles [18—20] present stability assessment of a mobile
crane handling system based on a developed method with
the use of built mathematical model and the model built in
the integrated CAD/CAE environment.

“ANKP-DNEPR” complex provides: control of dy-
namic interaction of hoisting vessels with rigid rein-
forcement of shafts, localization at a place of ledges at
joints of guides, objective control and estimation of geo-
metrical parameters of profiles of guides of shaft rein-
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forcement. It provides information on operation quality
of roller guides of vessels. Defects can be detected in the
early stages of their development.

“ANKP-DNEPR” complex allows reducing the im-
balance of rope tension during operation significantly,
increasing their life cycle, reducing dynamic perturba-
tions on hoisting vessels and contact loads on the shaft
reinforcement.

An example of complex operation in a mode of mon-
itoring the tension and issuing recommendations for
correcting the radii of the multi-rope pulley grooves and
the lengths of ropes is shown in Fig. 7.

A summary diagram of the operation results of AS
“ANKP” complex is in Fig. 8. The following can be seen
from presented oscillograms:

- “skip — reinforcement” system operates in a mode
of percussive-cyclic interaction of rigid safety shoes with
guides;

- the dynamic load intensity of the system in the frontal
plane is approximately 3—4 times higher than in the lateral
plane, and the intensity parameter “horizontal accelera-
tion” during the descent of an empty skip is approximately
2 times higher than when ascending the loaded one;

- in the area of a shaft around 160—166 m deep when
the empty skip is descending and the loaded skip is as-
cending, the percussion of rigid safety shoes on guides is
systematically realized in a lateral plane of the guides. This
indicates a violation of straightness of guides at joints;
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Fig. 6. Diagram of software and hardware systems for
rope tension control and control of a smooth move-
ment of hoisting vessels
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Fig. 7. The window of the program in a mode of issuing recommendations on groove creation in the rubber lining of a

deflecting pulley from the side of a western skip

- when lifting a loaded skip and lowering it through
the section where a rope transitions to a conical part of
the drive drum, the intensity of dynamic interaction in a
frontal plane increases;

- AS “ANKP” complex provides continuous monitor-
ing of the intensity of dynamic interaction of hoisting ves-
sels with rigid reinforcement of shafts, localization at the
place of ledges at joints of guides. It performs an objective
control and estimation of geometric parameters of guide
profiles of mine shaft reinforcement. It also responds to
any changes in profiles of a guide system, provides infor-
mation on operation quality of roller guides of vessels.
This allows monitoring vertical oscillations of vessels and
dynamic forces in head ropes, allows identifying viola-
tions in the early stages of development of defects;

- when an empty skip is descending, an increase in
dynamic intensity is applied to the beginning section of
deceleration due to an abrupt break of the curve of ve-
locity diagram;

fromal
acceleration

lateral
acceleration

-940 m

skip descent

Movement parameters

0 50 100 150 200 250 300 350

—_—1 —2 — 3 — 4
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Fig. 8. Summary diagram of parameters of a skip motion:

1— frontal acceleration, m/s*; 2 — lateral acceleration, m/s’;
3 — coordinates of a vessel, m; 4 — velocity of a vessel, m/s
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- results of continuous monitoring of movement dy-
namics of lifting vessels are displayed in movement dia-
grams in real time, are recorded in the archive and can
be viewed at any time;

- results of continuous monitoring can (and should)
be analyzed every day by people with special training;

- use of continuous monitoring systems for smooth
movement of hoisting vessels allows checking the rein-
forcement of vertical shafts with greater frequency.

On the basis of a controller of a driver of route com-
mands and a speed limiter, “KFPKiOS”, PJSC “Alli-
ance-D” and M. S. Polyakov Institute of Geotechnical
Mechanics of NAS of Ukraine are developing a software
and hardware complex for optimal control of velocity of
hoisting vessels “KOU SHPU—-DNEPR”.

As was shown above, the use of such a system sig-
nificantly reduces dynamic loads on the reinforce-
ment, ropes, hoisting machine, increase the permissi-
ble value of the maximum hoisting velocity, reduces
cycle time, and increases the productivity of hoisting
operation.

Conclusion.

1. Dynamic processes in multi-mass systems of mine
hoisting machines with distributed and focused param-
eters in operational and transitional modes have a prop-
erty of strong interconnection and cumulative strength-
ening of risk-forming phenomena in “hoisting vessels —
reinforcement” systems.

2. The cumulative effect significantly increases the
risk of an emergency situation when the vessels interact
with the reinforcement guides in wear conditions during
long-term operation.

3. Application of means of complex automated mon-
itoring of parameters and optimal control of operation
of power units of a machine allows significant reduction
of the level of dynamic loading and the risk of emergen-
¢y in a shaft equipment of hoisting machines.

69




GEOTECHNICAL AND MINING MECHANICAL ENGINEERING, MACHINE BUILDING

References.
1. Pivnyak, G., Dychkovskyi, R., Smirnov, A. and Che-
rednichenko, Yu., 2013. Some aspects on the software
simulation implementation in thin coal seams mining.
Energy Efficiency Improvement of Geotechnical Systems,
pp. 1-11.
2. Vlasov, S.F., Babenko, V.E., Tymchenko, S.E.,
Kovalenko, V. L. and Kotok, V.A., 2018. Determination
of rational parameters for jet development of gas hydrate
deposits at the bottom of the black sea. ARPN Journal of
Engineering and Applied Sciences, 13(10), pp. 3334—3339.
3. Samusya, V.1., Oksen, Y.I. and Radiuk, M. V., 2013.
Heat pumps for mine water waste heat recovery. In: An-
nual Scientific-Technical Collection — Mining of Mineral
Deposits, pp. 153—157.
4. Kyrychenko, Y., Samusia, V., Kyrychenko, V. and
Goman, O., 2012. Experimental investigation of aero-
elastic and hydroelastic instability parameters of a ma-
rine pipeline. Geomechanical Processes During Under-
ground Mining — Proceedings of the School of Under-
ground Mining, pp. 163—167. Available at: <http://www.
crcnetbase.com/doi/abs/10.1201/b13157-28>  [Acce-
ssed 23 August 2017].
5. Shpachuk,V., Chuprynin, A., Suprun, T. and Gar-
buz, A., 2018. A multifactor analysis of the rail transport
car that passes over a joint unevenness with respect to
the phases ot its motion. Eastern European Journal of En-
terprise  Technologies, 1(7(91)), pp. 55—61. DOI:
10.15587/1729-4061.2018.121584.
6. Taran, I. and Klymenko, I., 2017. Analysis of hydro-
static mechanical transmission efficiency in the process
of wheeled vehicle braking. Transport Problems, 12/ Spe-
cial Edition, pp. 45—56. DOI: 10.20858/tp.2017.12.se.4.
7. Bazhenov, V.A., Gulyar, A.I., Piskunov, S.O. and
Andrievskii, V.P., 2013. Design life assessment of the
blade root of a gas turbine unit under thermomechanical
loading. Strength of Materials, 45(3), pp. 329—339.
8. Franchuk, V. P., Ziborov, K. A., Krivda, V. V. and Fe-
doriachenko, S.0., 2018. Influence of thermophysical
processes on the friction properties of wheel — rail pair
in the contact area. Naukovyi Visnyk Natsionalnoho
Hirnychoho Universytetu, 2, pp. 46—52. DOI: 10.29202/
nvngu,/2018-2/7.
9. Trifanov, G.D., Strelkov, M.A. and Zverev, V. U.,
2015. Methods for minimizing dynamic loads in ropes of
mine hoisting installations, Mining magazine, 8, pp. 92—
95. DOI: 10.17580/gzh.2015.08.19.
10. Trifanov, G.D. and Mikriukov, A. U., 2013. Continu-
ous dynamic control of straight reinforcement of vertical
shafts, Mining equipment and electromechanics, 11, pp. 6—10.
11. Vorobel, S.V., Trifanov, G.D. and Kniazev, A.A.,
2007. Dynamic examination of mine shafts hard rein-
forcement, Problems of complex development of mineral
deposits in Perm region [online], pp. 195—201. Available
at: <http://docplayer.ru/45874443-Dinamicheskoe-ob-
sledovanie-zhestkoy-armirovki-shahtnyh-stvolov.html>
[Accessed 22 November 2017].
12. Trifanov, G. D. and Mikriukov, A. U., 2014. Tests of
control system for smooth movement of lifting vessel in
shaft, Mining equipment and electromechanics, 12,
pp. 16—23.

70

13. Zabolotny, K. and Panchenko, Y., 2010. Definition
of rating loading in spires of multilayer winding of rub-
ber-rope cable. New Techniques and technologies in Min-
ing, pp. 223—229. Available at: <https://www.tay-
lorfrancis.com/books/9780203093351> [Accessed 5
September 2017].

14. Belmas, 1.V., Kolosov, D.L., Kolosov, A.L. and
Onyshchenko, S.V., 2018. Stress-strain state of rubber-
cable tractive element of tubular shape. Naukovyi Visnyk
Natsionalnoho Hirnychoho Universytetu, 2, pp. 60—69.
DOI: 10.29202/nvngu/2018-2/5.

15. Kolosov, D., Bilous, O., Tantsura H. and Onysh-
chenko, S., 2018. Stress-strain state of a flat tractive-
bearing element of a lifting and transporting machine at
operational changes of its parameters. Solid State Phe-
nomena, 277, pp. 188—201.

16. Pukach, P.Ya., Kuzio, I.V., Nytrebych, Z.M. and
I’kiv, V.S., 2018. Asymptotic method for investigating
resonant regimes of nonlinear bending vibrations of elas-
tic shaft. Naukovyi Visnyk Natsionalnoho Hirnychoho Uni-
versytetu, 1, pp. 68—73. DOI: 10.29202/nvngu/ 2018-1/9.
17. Loveikin, V.S. and Romasevych, Yu.O., 2017. Dy-
namic optimization of a mine winder acceleration
mode. Naukovyi Visnyk Natsionalnoho Hirnychoho Uni-
versytetu, 4, pp. 55—61.

18. Kacalak, W., Budniak, Z. and Majewski, M., 2017.
Crane stability assessment method in the operating cy-
cle. Transport Problems, 12/4, pp. 141—151. DOI:
10.20858/tp.2017.12.4.14.

19. Bazhenov, V.A., Gulyar, A.I., Piskunov, S.O., Sa-
kharov, A.S., Shkryl’, A.A. and Maksimyuk, Yu.V.,
2011. Solving linear and nonlinear three-dimensional
problems of fracture mechanics by a semi-analytic finite
element method. Part 1. Theoretical background and a
study of efficiency of fem procedure for solving three-
dimensional problems of fracture mechanics. Strength of
Materials, 43(1), pp. 15—24.

20. Bazhenov, V. A., Gulyar, A.I., Piskunov, S.O., Sa-
kharov, A.S., Shryl’, A.A. and Maksimyuk, Yu.V.,
2011. Solving linear and nonlinear three-dimensional
problems of fracture mechanics by a semi-analytic finite
element method. Part 2. A procedure for computing the
invariant J-integral in FEM discrete models. Strength of
Materials, 43: 122. DOI: 10.1007/s11223-011-9278-9.

PusnkoyTBopiowoyui AMHAMIYHI mponecu
B JIAHKAX INAXTHHUX MiIIIOMHUX YCTAHOBOK
BEPTUKAJILHUX CTBOJIIB

C. P. Invin', B. I. Camycs?, J1.JI. Koaocos?,
1. C. Insina®, C. C. Invina®
1 — IncTuTyT reorexniunoi Mexaniku iMeHi M. C. [TonsikoBa
HAH Ykpaium, M. Ininpo, Ykpaina, e-mail: iljin_sr@ukr.net
2 — Jlep>xaBHUI BUILIMI HaBYaJIbHUI 3aknan ,,HaiioHanb-
HUI ripHu4uii yHiBepcuteT”, M. JIHinpo, YkpaiHa, e-mail:
vsamusya@gmail.com; evolyuta@gmail.com

Merta. OLiHKa pU3MKOYTBOPIOIOUMX TIPOLIECIB MPU
poOOTi MiNIIOMHUX YCTAHOBOK Y BEPTUKAJbHUX CTBO-
Jlax II1axT.

Metoauka. KoMmiekcHU aHai3 pe3y/ibTaTiB Teo-
PEeTUYHUX IOOCITIIKEHb i €KCIIEPUMEHTAIBHUX TaHUX
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anapaTypHUX BUMiplOBaHb ITapaMeTpPiB TeOMeTpil Ipo-
BiZHUKIB, IMHAMIYHOI B3aEMO/ii MiIIOMHUX MOCYIUH
3 apMyBaHHSIM CTOBOYpIB, HiarpaM IIBUAKOCTI PyXy
TMIOCYIMH, 3HOCY €JIEMEHTIB apMyBaHHS Ta ndedopma-
LiHO-MILIHICHUX PO3paxXyHKiB.

PesyabraTu. ITokasaHo, 110 fMHaMiyHi npolecu B
IIAXTHUX MiAHOMHUX YCTAHOBKAX Y pOOOUMX i TIepexii-
HUX peXMMaxX MaloTh BJIACTHBICTH CWJIbHOTO B3a€EMO-
3B’SI3KY 1 KYMYJISITUBHOTO TTIOCUJICHHST PU3UKOYTBOPIO-
FOUMX SIBHII Y CUCTEMAX ., ITiIIOMHA ITOCYINHA — apMYy-
BaHHA“. KymyngaTtuBHUI edeKT MOxXe BUHUKATU 3a
KPUTUYHOTO B3aEMOBILIMBY ITPOIIECIB Y Pi3HUX JJaHKAX
NigOMHOI YCTAHOBKM HaBITh 32 YMOB, 1110 ITapaMeTpu
KOXHOTO TIPOIIeCy He BUXOASTD 3a MOITyCTUMI IUTIST HbO-
ro Mexi. Lle 3HauHO MiABUIILYE PU3UK aBAPiliHOI CUTY-
allil nmpu B3aEMOJii MOCYAWH i3 MPOBIAHUKAMU apMy-
BaHHSI B YMOBax 3HOCY 3a TPUBaJIOI eKCIutyaraiii. Yka-
3aHi 3ac00M 3i 3HMKEHHS PiBHSI PU3UKY CITOHTAaHHUX
aBapili, 1110 3a0e3MevyIoTh MiABUILEHHS 0e3MeKH poOo-
TH MiIAOMHUX KOMITJIEKCIB.

HaykoBa HoBu3HA. Y po0OOTi Ha 6a3i KOMILIEKCHOTO
aHaJli3y eJeKTPOMEXaHiYHUX MPOILECiB y JaHKax Mia-
MOMHMX YyCTAaHOBOK MOKAa3aHO, 1110 OCHOBHUMU PU3U-
KOYTBOPIOIOUMMHU (haKTOPaMU €: HEIIABHUI XapaKTep
3MIHM IIBUOKOCTI IMiZHOMY T Yac IMKIIB CITYCKY/
nigiioMy TIOCYIWH; 3CyB BaHTaXy B MOCYAMHI; po30a-
JIAaHC HATSITiB TOJJOBHUX KaHAaTiB 0araToOKaHATHUX yCTa-
HOBOK; HEpiBHOMipHHMI 3a TJMOMHOK CTBOJA 3HOC
MPOBITHUKIB 1 PO3CTPiNiB apMyBaHHSI B TOEIHAHHI 3
JIOKAJIbLHUMU BUKPUBJICHHSIMU MPOQiliB MPOBiTHUKIB
i mopylieHb napaMeTpiB ix KoJii. [1pu ibomy aBapiiiHO
HeOe3MevyHnii TMHAMIYHWIA CTaH CUCTEeMU MOXe HacTa-
TH HaBiTh Y TOMY BUITAIKY, KOJU IMapaMeTPH CYIyTHIX
MPOIIECiB 3HAXOIITHCS B IOIMYCTUMMX MeXaxX, BCTa-
HOBJICHHX Hil0Y0I0 HOPMATUBHOIO JOKYMEHTAIIIEIO.

IIpakTuuna 3uaunmictb. OTpuMaHi pe3yJabTaT 0-
3BOJISIIOTH IPU €KCILTyaTaLlil IMiAHOMHIX YCTAHOBOK i 1X
€KCMEPTHOMY OOCTEXEHHI KOMILIEKCHO OLIHIOBATU
TeXHIYHUI CTaH CUCTEM ,,MiglilOMHA MalllMHA — KaHa-
TH — TIOCYOIWHU — apMyBaHHS“ Ta BCTaHOBIIIOBaTHU
00’€KTUBHI NIPUYMHNA BUHUKHEHHS aBapiilHUX CUTya-
il i iX TepeayMOBH, PO3POOUTH pPeKOMEHMALIl, 110
rnonepensiTh MepeBUILIEHHS TOIMyCTUMOIO PU3MKY B 3a-
JIEXKHOCTI Bifl yMOB eKCIUTyaTallii.

Kmouosi ciioBa: waxmua nioiiomna ycmauosxka, apmy-
BAHHS WIAXMHO20 CM0BOYpa, cucmema ,,nOCyOUHa — apmy-
BaHHA" , WAXMHI NPOGIOHUKU, HAMSE WAXMHUX KAHAMIE
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Iens. OueHka prucKOoOpa3yIOLIMX MPOLECCOB MPU
paboTe MOIBEMHBIX YCTAHOBOK B BEPTUKAJIBHBIX CTBO-
JIax 1IaxT.

Metonuka. AHaiM3 pe3yJbTaTOB TEOPETUYECKUX
HCCIIEIOBAHNI 1 9KCITEPUMEHTAIbHBIX TaHHBIX alllla-
paTypHBIX U3MEPEHUI IMapaMeTPOB FeOMETPHUH TTPOBO-
MTHUKOB, TWHAMMYECKOTO B3aMMOICHCTBUSI TOIBEM-
HBIX COCYIOB C apMHPOBKOI CTBOJIOB, TMarpaMM CKO-
POCTH IABIDKEHUSI COCYIOB, U3HOCA 3JIEMEHTOB apMM-
POBKM U AeHOPMaIIMOHHO-IIPOYHOCTHBIX PACUETOB.

PesyabraTel. [TokazaHo, 4To mIMHAMMYECKHE MPO-
11€CChI B IIIAXTHBIX IMTOABbEMHBIX YCTAHOBKAX B paO0OUMX 1
MEePEXOAHBIX PeXMMaxX UMEIOT CBOMCTBO CUJIBLHOM B3a-
WMOCBSI3M U KYMYJIITUBHOTO YCHJIEHUSI pUCKOOOpa3y-
IOLIMX SIBJIGHUI B CUCTEMaX ,,[TIOIBEMHBIN COCY — ap-
MuUpoBKa“. KyMmynaTuBHbBIN 3DhEKT MOXET BO3HUKATD
TIpY KPUTUICCKOM B3aNMOBJIMSTHUM TIPOIIECCOB B pa3-
JINYHBIX 3BEHBSIX MIOABEMHOM YCTAHOBKY JTaXe TIPU yC-
JIOBHH, UTO ITApaMeTPhI KaXKIOTo IIpoIiecca He BRIXOIST
3a JOMYCTUMBIC IS HETO TPaHUIIbI. DTO 3HAUUTEITBHO
MOBBIIIAET PUCK aBAapUMHOM CUTyallMM MPU B3aUMO-
JNEWCTBUU COCYIOB C IMMPOBOIHUKAMU apMUPOBKHU B yC-
JIOBUSIX M3HOCA TPU IJIUTEIbHON IKCIUTyaTalluM. YKa-
3aHHbBIE CPEJICTBA MO CHUXKEHUIO YPOBHSI pUCKa CITIOH-
TaHHBIX aBapuii, oOecreynBaroT MOBbIIEHUE Oe30mac-
HOCTHU pabOTHI TIOABEMHBIX KOMIUIEKCOB.

Hayunas HoBu3Ha. B paboTte Ha 6a3e KOMILJIEKCHOTO
aHaJM3a 3JIEKTPOMEXaHUYECKHUX MPOIIECCOB B 3BEHbSIX
TMOTBEMHBIX YCTAHOBOK TIOKAa3aHO, YTO OCHOBHBIMU
PUCKOOOPa3yIOIIMMHI (haKTOpaMHM SIBJISTFOTCST: HeTUIaB-
HBII XapaKTep N3MEHEHUs CKOPOCTH ITOabeMa BO Bpe-
MsI IIMKJIOB CITyCKa,/TIOMbeMa COCYIO0B; CMEIICHUE IPy-
3a B COCyIe; pa3dajaHC HATSDKEHUS TJIaBHBIX KaHATOB
MHOT'OKAHATHBIX YCTAHOBOK; HEPAaBHOMEPHBIIA T10 TJTy-
OMHe CTBOJIAa U3HOC ITPOBOIHMKOB U PACCTPEIOB apMU-
POBKM B COYETAaHUU C JIOKAJIbHBIMU HCKaXKEHUSIMU
npodueil MPOBOAHUKOB U HApyLIEHUI MapaMeTpoB
ux mytu. [1pu a3TOM aBapuifHO ormacHoe TMHAMUIECKOe
COCTOSTHUE CHCTEMBbl MOXKET HACTYIUTh TaXe B TOM
ciyyae, Koraa rapaMeTphbl COMYTCTBYIOIIMX ITPOIIECCOB
HaAXOOITCS B IOIYCTUMBIX TIpeAeiiaX, YCTAaHOBICHHBIX
JIEWCTBYIOIIEN HOPMATUBHOM JOKYMEHTALIUEN.

IIpakTHueckoe 3HaUYeHne. [1oxydeHHBIC Pe3yabTaThI
MTO3BOJISTIOT TIPU 3KCIUTyaTalluM ITOXBbEMHBIX YCTaHO-
BOK M HUX 3KCIEPTHOM OOCJIEIOBaHUM KOMILJIEKCHO
OLICHUBATh TEXHUYECKOE COCTOSIHUE CUCTEM ,,TTOTbEM-
Hasg MalllMHa — KaHaTbl — COCYAbl — apMUpPOBKA“ U
yCTaHaBIMBaTh OOBEKTUBHBIE MPUUYMHBI BOBHUKHOBE-
HUSI aBapUIAHBIX CUTYallUil U UX TIPEANOChIIKY, pa3pa-
6oTaTh peKOMEHIAIINN, KOTOPbIE TIPEIYIIPEASIT TPEBBI-
IIeHWEe AOMYCTUMOTO PUCKa B 3aBUCMMOCTHU OT YCJIO-
BUU BKCIUTyaTalluu.

KioueBble ciioBa: waxmHuas nodsemHas yCmManogKa,
apmMupos8Ka WaxmHoeo cmeoad, cucmema ,,cocyod — apmi-
POBKa“, waxmHvle NPOBOOHUKU, HAMSICEHUE WIAXMHBIX
KaHamoes
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