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ABSTRACT

Application of digital twin development technology allows to significantly improve safety and reduce operational
costs of complex technical systems. The detailed description of the mine lifting complex elements digital twin
development process is presented. In particular the geotechnical system “roller of the lifting vessel - mine
conductor” digital twin is considered. The developed digital twin allows to determine the moving lifting vessel on
mine conductors contact interaction forces in real time using data from the motion smoothness monitoring
system. The obtained forces values allow us to calculate both the current conductors under the influence of the
moving lifting vessel stress-strain state and the number of cycles “descent-lift” to conductors fatigue wear. A cycle
of experimental studies on contact-mechanical fatigue of the system under consideration was performed. The
contact load was increased stepwise according to the proposed loading scheme until significant values of plastic
deformation, vibration and noise occurred. Modification of the mechanical-mathematical model of contact wear
is performed. The variation of the normal load as a function of the loading cycle is taken into account. The
developed mechanical-mathematical model of multi-cycle digital twin wear is verified by the experimental in-
vestigations and can be refined with a set of statistics of the considered physical object observations.The digital
twin developed makes it possible to provide additional monitoring of the mine shaft steel structures under
various operating conditions state, which makes it possible to rely not only on visual monitoring means. The
proposed technology of mine shaft DT development allows to rapidly make important technical decisions on
controlling the operation of critical elements of the geotechnical system considered (modes of operation, repair
and replacement, etc.). This fact not only minimizes costs, but also ensures safe operation of the geotechnical
system under consideration. The solutions developed were tested and implemented in the practice of one of the
operating mining enterprises and showed their high efficiency.

1. Introduction

the more adequate and close it is to the original. Thus, the ideology of
creating a DT requires the inclusion of information and data from

A digital twin (DT) of some object can be defined as a digital (virtual,
computer) dynamic intellectual model of this object with a large set of
input information and data from various sensors, devices and experts.
Digital twins also comprise a layer of behavioral insights and visuali-
zations derived from data [1]. Put simply, a digital twin is a “virtual
replica” of a physical object, person, or technological or natural process
that can be used to simulate its behavior to better understand “how it
functions in reality, in real life” [2]. It is assumed, that DT reproduces
the form, characteristic features and properties, behavior and state of its
physical prototype (object) according to a set of specified parameters,
properties, criteria. It is obvious that the greater the number of deter-
mining parameters and properties of an object its DT takes into account,
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various sensors, instruments, and experts in the virtual model in addi-
tion to the original information [3]. According to the main goals and
objectives, the DT is required for modeling and computer simulation of
the state and behavior of the physical original under various conditions
of influence on it. For example, in the automotive industry, DTs are
changing how new cars are designed, tested, and built. Automotive
manufacturers use DTs to create a virtual representation of a new car
model, which allows them to optimize the safety and efficiency of each
vehicle without having to invest in multiple costly physical prototypes
[4].

Today, a large number of publications are devoted to the solution of
mechanics applied problems using digital twin technology. Thus,the
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Fig. 1. Scheme of geotechnical system “mine shaft - rock massif”.

CFD problem is solved using hybrid twins: digital and virtual twins [5].
In researches by Liu and Gui the DT technology is applied to solve ro-
botics problems [6,7]. DT technologies together with DEM are applied to
describe the state of the ball bearing [8]. Also, digital twins are used in
the development of power windows design in the study [9]. In addition,
the application of DT technology has been widely used in modeling of
complex multi-element technical systems [10,11].

The mine shaft belongs to the category of particularly critical
geotechnical structures requiring high attention. Ensuring the predict-
able and accident-free operation of mine shafts is critical not only for the
mining company’s employees performing “descents and ascents” guar-
anteed safety, but also for the safe operation of underground structures
and ensuring stable economic parameters of the mining enterprise.

In addition, the mine shaft consists of many elements which are
concrete lining in contact with the surrounding rock massif; tubing
lining; a system of metal structures that provide the motion of lifting
vessels along the shaft; the lifting vessel itself with guide rollers and a
system of lifting ropes (Fig. 1).

Mine lifting complex represent an important element of mining en-
terprise with the underground method of mining. Lifting complexes are
complex engineering and technical structures, the efficiency and safety
of which is generally ensured by the reliable and trouble-free operation
of its individual elements, components and systems. One of the most
critical systems of the mine lifting complex is the lifting vessel complex
with the corresponding additional equipment. Ensuring trouble-free and
optimal operation of a lifting vessel is a complex task that requires
solving a large set of mechanical problems. The complexity of solving
this problem is determined by the fact that the subject of the study is a
multi-element system (the lifting vessel itself, guiding conductors, metal
structures, mine shaft reinforcement, ropes network and many other
element) operating in a multivariate mode. A large number of authors
have been researching this issue for a long time [12-15]. An important
element of the lifting vessel is the contact group “lifting vessel roller —
mine conductors”. Most researchers consider this problem from the
point of view of only theoretical mechanics or the mechanics of a
deformable solid or experimental approaches [16,17].

2. Wear stress analysis of a roller shaft system based on DT

Let’s consider the process of “mine shaft lifting vessel roller — mine
conductor” system digital twin construction by developing specialized
mechanical and mathematical models of considering system behavior as
well as “tuning” the DT through experimental studies of tribological pair
“roller — shaft” contact interaction and wear.

Fig. 2. Rollers and conductors contact node: 1 - lifting vessel rollers;
2- conductor.

As a basic model we consider a finite element model of rollers with a
conductor contact interaction during the motion of a cargo lifting vessel
used for lifting rock and bulk cargoes to the earth surface.

An example of the technical system element under study is presented
in Fig. 2. A system of three rollers (1) located on different sides of the
conductor moves along the conductor. The motion of a lifting vessel in a
mine shaft is most often limited by two or less often by four conductors.

The following contact interaction conditions are taken into account
during the finite element simulation:

Linear contact which assumes the absence of sliding and separation
between contacting bodies surfaces (Bonded type);

Nonlinear contact which assumes the slippage between contacting
bodies (sliding conditions), while the friction coefficient is zero and the
normal pressure takes on a zero value in case of separation (Frictionless
type);

Contact with friction when the tangential stresses arise in the contact
area between bodies upon reaching a limiting value the bodies slide
relative to each other (Frictional type).

The equations of bilinear isotropic theory of elasticity [18] are
accepted as the law of materials behavior. This approach makes it
possible to take into account elastoplastic effects. In the bilinear theory
the elasticity section is described by Young’s modulus and Poisson’s
ratio. The plasticity section is described by yield stress and the yield
surface angle of inclination. The numerical characteristics of the quan-
tities in the contact area of the bodies under consideration are chosen as
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Fig. 3. Graph of the force impact of a lifting vessel on a conductor during one lift.
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Fig. 4. Contact pressure for different contact types, MPa.

follows: yield strength — 250 MPa, yield surface inclination angle —
0 degrees.

To determine the magnitude of the contact load transmitted through
the spring-loaded rollers to the conductors, as well as the position of the
rollers in real time, a developed algorithm is used to calculate the
magnitude of the lifting vessel on the conductors force impact using a
system for monitoring mine lifting vessel motion smoothness [19,20].
Fig. 3 shows a graph of the lifting vessel on the conductor force impact
during 1 lift, obtained from accelerometer readings.

The materials of the DT elements is adopted as follows: conductor —
steel; the roller is steel rubberized on the outside, so average values of
the constants were chosen: E; = 200 GPa, E; = 180MPa are steel and
rubber Young’s modulus respectively. Poisson’s ratio is 0.49 for the
rubber and 0.3 for the steel.

The following characteristic geometric parameters of bodies are used
when constructing a finite element model. Roller outer diameter is 320
mm, inner diameter is 200 mm, roller width is 100 mm. The conductor
has box-shaped cross-section. 200 mm and 164 mm are the outer square
and inner square lengths of the conductor respectively. The length of the
conductor is 6000 mm. The analytical solution used to verify the nu-
merical solutions obtained on the basis of the DT finite element model is
constructed on the basis of the classical Hertz solution [21,22].

Figs. 4, 5 show the pressure distribution in the contact area. In the
case of bodies complete contact stress concentration zones are located
along the edges of the contact surface. The maximum contact pressure is
observed in the center of the contact area and its value increases with
increasing friction coefficient between the interacting bodies in the case
of incomplete contact. This fact corresponds to real contact interaction.
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Fig. 5. Contact pressure for different friction coefficient, MPa.
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Fig. 6. Comparison of the contact patch area as well as the maximum contact pressure depending on the applied load obtained by computer modeling (red) and using

analytical solution (purple).

Fig. 6 shows the contact patch area and maximum contact pressure
calculated using the analytical solution and the results of computer
modelling. The discrepancies in the results of calculating the contact
patch area and the maximum contact pressure according to the analyt-
ical solution and the results of numerical modeling do not exceed 10 %
as follows from the Fig. 6.

The finite element model of contact interaction presented as part of
the development of “lifting vessel roller — mine conductor” system DT
can be used further to assess the durability of mine conductors. Dura-
bility here refers to the fatigue failure of conductors under the influence
of repeatedly variable (cyclic) loads that arise during the lifting vessel
motion.Both the interaction of an individual roller with a conductor and
a system of two rollers are considered when carrying out fatigue anal-
ysis.The problem of studying the contact conditions influence on the
number of cycles until fatigue failure of the structure is solved during
numerical modelling of the DT fatigue wear. The possibility of roller and
conductor interaction both in one plane (contact of one roller with the
conductor) and in two planes (contact of two rollers with the conductor)
is taken into account.

The choice of the from zero loading cycle is caused by the fact that
such a loading cycle allows to avoid negative values of loads (case of the
conductor force impact on the rollers), the occurrence of which is
impossible during the operation of the considered geotechnical system.
During the rollers of the lifting vessel force action on the conductors the
magnitude of the interaction forces varies from zero to the maximum
loading value determined by the results of the monitoring system data
processing [19,20].

The material fatigue properties are usually determined by the tests
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Fig. 7. Graphs of mean stress correction methods equations.

using a symmetrical stress cycle with constant amplitude. In-service
components are rarely subjected to this type of load in practice. On
the other hand conducting tests for different mean stresses or stress ra-
tios can be inefficient and very expensive. There are empirical methods
for the mean stress correction in such a case. The following methods
were considered and analyzed during the research [23]:

Sa .
1—(Smean/Su)’

(b). Gerber method S, = W;

(a). Goodman method S.,, =
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Fig. 8. Distribution of the Nadai-Lode coefficient in the contact zone for the frictional type of contact interaction with the friction coefficient of 0.3: a) — for one

roller; b) - for two rollers.
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Fig. 10. Equivalent stresses when two rollers act on the conductor: a) — frictionless contact type; b) — frictional contact type with the friction coefficient of 0.3.

(c). Soderberg method S.;, = 1(337‘1/3)’
—\Omean /9y

where Sy is the yield strength; S, is the corrected variable stress; Syeqn is
the mean stress; S, is the tensile strength.

Fig. 7 shows a graphical interpretation of the mean stress correction
methods shown above.

In Fig. 7 are used next symbol:o, is alternating stress (stress ampli-
tude), o, is mean stress, Sy, is yield strength, S, is ultimate strength, S, is
stress amplitude after mean stress correction. The dotted line indicates
the beginning of the plasticity zone. The Goodman, Soderberg and
Gerber lines limit the values of the graph below with fatigue failure does
not occur. Failure points lying outside the Goodman, Soderberg and
Gerber lines indicate that fatigue failure will occur at such values ac-
cording to the selected mean stress correction criterion. These methods

Table 1

are used for stress levels correction, allowing the stress cycles to be
compared with the standard S-N curve obtained for a symmetric stress
cycle.

We use the Nadai-Lode coefficient in order to select the type of
stresses by which the fatigue of the structure was assessed [24]:

(02 — 03)

-1 1
(o1 —05) 1

ﬂ =
Nadai-Lode parameter varies in the interval from “-1” to “1” and
characterizes the type of volumetric stress state:
U, € [—1;-0,5] corresponds to the state of generalised tension;
Hs € [—0,5;0,5] corresponds to the state of generalized shear;
4, € [0,5;1] corresponds to the state of generalised compression.
The modelling results show that tensile and shear stresses prevail in
the stress concentration region for both types of contact interaction

Comparison of the cycles number to fatigue failure of a conductor in interaction with one roller.

Contact type Frictionless

Frictionless

Frictional Frictional

Stress component Equivalent stress
Number of cycles 53480 35335

Maximum shear stress

Equivalent stress Maximum shear stress
41495 25406
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Comparison of the cycles number to fatigue failure of a conductor in interaction with two rollers.

Contact type Frictionless Frictionless

Frictional Frictional

Stress component
Number of cycles

Equivalent stress

59176 40631

Maximum shear stress

Maximum shear stress
94902

Equivalent stress
13736

o
S
—_—
®
[e) [e]
_ y Y
®, — — — = — ___l
A
o
[*] [°] =

Fig. 11. Test scheme.

considered (Fig. 8). Therefore, we also choose tangential in addition to
equivalent stresses as stresses for the conductor fatigue assessment.
Figs. 9, 10 show some results of a numerical experiments performed.

As an example, Tables 1 and 2 show the number of cycles to fatigue
failure of a conductor when it interacts with one and two rollers using
the Goodman mean stress correction method respectively.

The results of system under consideration DT wear numerical sim-
ulations allowed us to draw conclusions of applied importance for the
assessment of conductor condition during the mine lifting vessel motion.
Specifically:

(1) When a single roller interacts with the conductor, the following
relationship is observed. When friction is taken into account, the
number of cycles to fatigue failure of the conductor decreases
significantly for any combination of mean stress and stress
component correction methods;

(2) When two rollers interact with the conductor, the number of
cycles to fatigue failure decreases comparing to the number of
cycles values when the conductor interacts with a single roller;

(3) The number of cycles before fatigue cracks occur in the conductor
for the case of contact with friction is greater than for contact
without friction when two rollers impact the conductor. This is
caused by the fact that the zone of stress concentration and, as a
consequence, the area of fatigue crack initiation is the contact
zone of the roller with the conductor in the case of interaction
with a single roller. Therefore, the stress concentration in the
contact zone increases as the friction coefficient increases. At the
same time, the fatigue wear initiation region is outside the con-
tact zone in the case of impact from two rollers. Thus, when the
friction coefficient increases the values of deformations and, as a
consequence, stresses in the zone of their maximum concentra-
tion decrease in the case of contact of a conductor with two
rollers.

3. Analysis of the actual state of the roller shaft system

The system “roller — shaft” was chosen as the basic physical object
describing the considered interaction due to the complexity of the lifting
vessel rollers with mine conductors interaction continuous monitoring,
as well as the duration of the contact wear process.

Contact-mechanical fatigue tests were carried out for the “roller-
shaft” system, made of steel 25CrMnTi (roller) and steel C45 (shaft)
respectively. The properties of 25CrMnTi steel were selected as follows:
endurance limit 6_; = 570MPa, contact fatigue limit p; = 3100 MPa.
Properties of steel C45 were selected as follows: 6_; = 260MPa, py =
1760MPa.

A characteristic feature of this force system is that the strength of the
shaft metal is substantially less than the roller, so that the tests only
reveal residual deformation and damage in the vicinity of the raceway
on the shaft, while the dimensions of the roller remain virtually
undistorted.

The test scheme as well as the test protocol of the investigated system
are shown in Figs. 11 and 12.

The bending force in the experiments Q = 225 N = const corresponds
to a stress amplitude of 6,(225 MPa) < 6_; (260 MPa). The contact load
is varied stepwise according to the loading program shown in Fig. 12.
The contact endurance limit p; = 1760 MPa was exceeded at the III
stage of loading.

During the tests, the roller motion on the shaft entered a non-
stationary regime when it moved from stage VII to stage VIII of con-
tact loading, i.e. after 700 000 test cycles (see arrow 1 in Fig. 12). The
residual radial deformations of the shaft in the unsteady zone are shown
in Fig. 12 by the light dots (750 154 loading cycles, i.e., in the middle of
stage VIII). At stage IX there was a loss of motion stability (see arrow 2 in
Fig. 12). The residual radial deformation of the shaft at loss of motion
stability is shown in Fig. 13 by crosses (851 688 loading cycles, i.e. in the
middle of stage IX). Test discontinued at X stage at = 976 100 load cycles
due to unacceptable vibrations and noise Ny~= 976 100 load cycles due
to unacceptable vibrations and noise. The residual shaft deformations as
a number of cycles function are shown in Fig. 13.

The main features of shaft damage observed by the results of
experimental studies are as follows. Several specific frozen waves of
surface plastic deformations were formed on the contact surface. They
are a set of irregular, semi-barrel -shaped wells. None of the holes are
repeated and each of them has its own different dimensions in all three
directions (radial, axial, circumferential) that differ from the others. The
value of relative plastic deformation (under the conditions of this
experiment) reaches 10 % in radial and 30 % in axial directions.

4. Analysis of wear strain values in roller-shaft systems based on
digital twin

As a part of a physical object with a digital twin interaction the
problem of a conductor under the influence of a constant normal load
multi-cycle contact wear was solved. The effect of partial fretting on the
bodies contact interaction was taken into account [27]. The initial and
final configurations of the roller and conductor contact area in the
considered model problem are shown in Fig. 14.

In the Fig. 14qy is half-width of the entire initial contact zone, c- is
half-width of the stick zone, a,, is the limit half-width of the contact
zone, P is the normal load, Q- is the tangential load.

The analytical solution of the formulated modelling problem was
based on the approach proposed by Argatov [27].
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Fig. 14. Initial and final configurations of the considered contact pair con-
tact area.

The ay is determined by the following formula:

4RP
_ 2
Q=& 2
where E” is effective elastic modulus in the contact area:
—8- 51024 -0-150637 —+—250249 —o— 351700 —a—451314 —a— 550926 —o— 750154 ——851688 | E-l— (1 7U12)E*1 + (1 71122)15'71 3
- 1 2

Fig. 13. Variation of radial residual deformation (um) as a function of the

HereE;, v; are the Young’s modulus and Poisson’s ratio for the cor-
number of loading cycles at 8 points along the shaft diameter [26].

responding material of the two bodies in contact.
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The wear function as a number of cycles function is represented as On the other hand: [27]
follows:
ollows M_%E o ©
W(N) = We(1 —exp(—N/Ny)) @ aN~ fr
where Nj is free parameter to be defined. aw ZKWE ©
The final wear is determined by the formula: aNv~ f o (c-)

_ 7 _cap? (2(a, P a2
Ww_2/wm(x)dx_ - (3(0)1 L) (E) 1 e

The limit half-width of the contact zone a, is obtained from the
equation w,,(a,) = 0 and the dimensionless parameter y is: [28]

Q-
B (6)
Differentiating (4) by the variable “number of cycles”, we obtain::

dw W, N
N TN, P (‘m) 7

r=1-

Omitting a number of transformations presented in [28], we obtain
the expression for Nj:

N; = fW /2K, Eo(c+) (10)

Formula (10) allows us to calculate the amount of wear defined by
the formula (4) as a function of the cycles number.

As an example Figs. 15, 16 show plots of the of the wear value W(N)
on the cycles number dependence for different values of the normal load
under conditions of contact between the roller and the conductor.

Note that using the proposed approach requires modification of the
algorithm to ensure that it can be applied to the experimental conditions
described in this section. For this purpose, it is necessary to modify the
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Fig. 17. Wear depthw(N), mm.

model taking into account multi-cycle contact wear under the influence
of a variable (instead of constant, as in the initial formulation) normal
load specified in accordance with the scheme shown in Fig. 12.

In the practical implementation of the described algorithm for
calculating the amount of wear depending on the number of cycles, the
following value is used

x=v1-Q/fP an

where Q- and P are the tangential and normal loads respectively, f is
friction coefficient [28].

It is easy to notice that this value will have a complex value under the
following condition Q- /fP > 1. Until this value becomes real it is
assumed that the roller-shaft system deforms in the elastic regime and
the fatigue strain values are negligible. This fact is confirmed by
analyzing the axis convergence diagram in Fig. 12. It can be noticed that
the convergence of axes up to VII loading step is almost linear, and from
the end of VII step there is a significant increase in the convergence of
axes with the appearance of “beats” due to the significant accumulation
of fatigue deformations and changes in the contact area geometry shape.

Thus, at each loading stage of the contact wear under partial fretting
conditions problem is solved and the next values are defined:

W(N) = Wy (1 —exp(—N /N;)) is wear value depending on the
number of cycles;

a(N) = a, — (ax —ao)exp(—N /N;) is contact zone half-width;

w(N) = “26(11:) -2+ S PN+ 22 (% —In2 —l(ﬁ)) is wear distribu-

tion depth, [(¢§) =1 - 3Int5+ SIn s

For comparison with the experimental results, the value of the wear
depth corresponding to the shaft radial residual deformation obtained at
eight of its points is of interest (Fig. 13).

The results of concerned problem solution are shown in Fig. 17 for a
given loading history (different colors indicate loading steps starting
from VID):

As can be noticed from Figs. 13 and 17 that there is a certain cor-
relation between the values of fatigue strains observed experimentally
and obtained by model calculations. From a comparison of Figs. 13 and
17, it follows that the experiment radial residual strains of 0.3-0.4 mm,
while the modelling studies give values for radial residual strains of
approximately 0.17 mm. This fact can be explained by the assumption of
fatigue deformations in the roller absence, which was adopted during
the mechanical-mathematical model development. Also, it is worth

noting that the model proposed by Jager [28], which is used in carrying
out DT simulations, does not take into account the impact of tempera-
ture effects which have a significant influence on the stress-strain state
of the system elements during contact interaction tests [25,26].

Thus, the general scheme of the developed mine hoisting complex
elements digital twin work organization can be presented in Fig. 18.

When developing and setting up the DT, the SQL database (con-
taining data coming from system for monitoring mine lifting vessel
motion smoothness) and finite-element software complex Ansys Work-
bench (numerical modeling of the contact interaction of the roller with
the conductor performance) were used. In addition, the computer
algebra system Wolfram Mathematica was actively used to develop an
algorithm for determining the force impact of the roller on the conductor
using data from system for monitoring mine lifting vessel motion
smoothness, as well as in the development of algorithms for calculating
the fatigue wear of the conductor and their verification using data from
field observations).

It is important to note, the input to the DT is dataset on the state of
the mine lilting vessel, all other modules that make up the DT, make
calculations in automatic mode.

5. Conclusions

The article presents a description of the mine lifting complex ele-
ments DT development process. In particular the geotechnical system
“roller of the lifting vessel - mine conductor” DT is considered. The
developed DT allows to determine the moving lifting vessel on mine
conductors contact interaction forces in real time using data from the
motion smoothness monitoring system. The obtained forces values allow
us to calculate both the current conductors under the influence of the
moving lifting vessel stress-strain state and the number of cycles
“descent-lift” to conductors fatigue wear.

There are some conclusions observed from the results of system
under consideration DT wear numerical simulations:

(1) When a single roller interacts with the conductor, the following
relationship is observed. When friction is taken into account, the
number of cycles to fatigue failure of the conductor decreases
significantly for any combination of mean stress and stress
component correction methods;
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Fig. 18. General scheme of the digital twin.

(2) When two rollers interact with the conductor, the number of
cycles to fatigue failure decreases comparing to the number of
cycles values when the conductor interacts with a single roller;
The number of cycles before fatigue cracks occur in the conductor
for the case of contact with friction is greater than for contact
without friction when two rollers impact the conductor. This is
caused by the fact that the zone of stress concentration and, as a
consequence, the area of fatigue crack initiation is the contact
zone of the roller with the conductor in the case of interaction
with a single roller. Therefore, the stress concentration in the
contact zone increases as the friction coefficient increases. At the
same time, the fatigue wear initiation region is outside the con-
tact zone in the case of impact from two rollers. Thus, when the
friction coefficient increases the values of deformations and, as a
consequence, stresses in the zone of their maximum concentra-
tion decrease in the case of contact of a conductor with two
rollers.

(3)

Modification of the mechanical-mathematical model of contact wear
presented by Argatov is performed. The variation of the normal load as a
function of the loading cycle is taken into account. The developed
mechanical-mathematical model of multi-cycle DT wear is verified by
the experimental investigations and can be refined with a set of statistics
of the considered physical object observations.By comparing the fatigue
strain values observed in experimental tests with those calculated from
the model, a certain correlation and discrepancy between the two were
identified. The discrepancy can be attributed to the assumption of
neglecting fatigue deformation of the rollers when establishing the
mechanical mathematical model.

The digital twin developed makes it possible to provide additional
monitoring of the mine shaft steel structures under various operating
conditions state, which makes it possible to rely not only on visual
monitoring means. This fact not only minimizes costs, but also ensures
safe operation of the geotechnical system under consideration. In
addition, the DT of mine lifting complex elements allows performing
computer modelling of lifting vessel motion various scenarios, which
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makes it possible to determine the optimal motion modes with
maximum speed.

The disadvantages of the developed DT include the complexity of its
verification in real “roller of the lifting vessel - mine conductor” system
operational conditions due to the complexity of conductor wear moni-
toring in the process of the mine lifting complex operation.

In the context of further research, it is planned to refine the models
underlying the DT, taking into account different input data, considering
the peculiarities of the mine hoisting complex state monitoring system.
It is also planned to collect mine hoisting statistics and further verifi-
cation of the mine hoisting systems developed DT operation using
intelligent processing of hoisting data using machine learning
techniques.
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