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1. Introduction

The use of suspended monorail diesel locomotives (PDM) as the only vehicle in the coal mining
industry significantly increases the advance of longwall mining at coal mines. However, in the specific
conditions of thin coal seams of the Western Donbass mines the traditional schemes of attaching
the monorail route to the arch suport lead to bending the arches and changes the profile of the SMR
route. Tests [1] showed that when transporting the heavy loads on a deformed monorail route, dynamic
loads occur, which initiate the roof fall [2]. Moreover, in the conditions of intensification of mining
operations, traditional auxiliary transport required the development and implementation of innovative
technical solutions improving the technical condition of the route [3]. The expediency of implementing
such solutions is especially relevant when preparing new mining pillars. This is due to the need of
transporting heavy loads such powered roof supports, shearers, etc. to the assembly chambers and to
the workplaces. In the foreign practice of coal seams development by high-performance mechanized
systems, similar problems are solved by introducing alternative types of auxiliary transport and methods
for determining their technical condition [4]. Suspended monorail with diesel locomatives is currently
one of the most effective types of transport in the coal mining industry. In the specific conditions of
WD mines, transport effectiveness is determined by improvements of technological solutions in the area
of transport-technological system PDM — route fastening — rock mass, hereinafter reffered to as
“PDM-KV-GM”

2. Materials and Methods

It has been experimentally confirmed that the parameters of interaction between the elements of
the technological system PDM-KV-GM are currently poorly investigated [5]. In this regard, the
problems regarding the operational control of the monorail route technical condition and
a determination of their maximum permissible dynamic loads in real conditions of the mine environment
require special observations and theoretical studies.

It is recommended to solve non-traditional technical tasks for the industry by modelling
the conditions of interaction of the elements of the PDM-KV-GM system using the methods of
mathematical analysis of technical systems and the licensed SolidWorks Simulation software.
The gained experience of transporting the heavy loads through extensive networks of workings allowed
to define the tasks related to the special mine studies of the parameters of the new generation SMR in
the specific conditions of WD mines, namely:

— features of monorail route profile changes under the impact of dynamic loads and deformations
— the amount of deflection and the technical condition of the monorail beams;

— the consequences of the negative impact of dynamic loads to the route sections and centers of beams
of a monorail route sections during the transportation of heavy loads.

According to the results of testing the technical condition of the route of the SMR monorail route, it
was established that the main deformations in its profile, deflections in the arch support and the roof fall
of the rock mass are concentrated in the zones of the supporting arches to which the monorail route
section is suspended (Fig. 1). In the zones of intermediate arches, rockfalls were not observed. Thus it
can be stated that during the transportation of heavy loads, the areas of frontal contact of the monorail
route sections are the zones of increased dynamic loads to the arch support and the rock mass. This is
caused primarily by the design features of monorail route sections, the ends of which are beveled to
compensate the longitudinal deformations during the transport operation. The negative factors also
include emergency braking of the railway, which initiate dynamic overloads to the monorail beams,
which are transmitted through suspensions to the suport arch and in the result to the roof rock.
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Fig. 1. Mechanical failure due to dynamic loads and local deformation
of the roof

Currently, the most available methods of analyzing the loads and the resulting deformations of the
route of suspended transport systems in the conditions of their installation in mine workings are the
methods of mathematical and computer modeling using SolidWorks Simulation and Multi Body
System (MBS) software [6].

3. Results

3.1. Problems of interaction among the components of the PDM-KV-GM system

According to the observations of the actual routes of suspended monorails, focusing on the
deformations of the route sections and support arches, and based on the SolidWorks Simulation
software, the interaction of the "PDM-KV-GM" transport system and its strength reserves for typical
operating conditions were determined. It was found that the support arches and the middle sections of
the route are the most susceptible to mechanical damage in a result of dynamic loads (Fig. 1).

The actual data on the conditions of cooperation of the components of the "PDM-KV-GM" transport
system and the results of modelling its technical condition using the SolidWorks Simulation software
allowed to determine the specificity of transportingt the large, heavy loads along the suspended monorail
route and to develop assumptions as to how to reduce the dynamic loads to route sections of the
suspended monorail and arches of the support to increase capacity of the transport and technological
system in specific conditions of mining the coal seam.

Tests of the operating parameters of the suspended rail routes [7, 8] showed that to reduce the
dynamic loads to the fasteners of the route sections, it is necessary to ensure redistribution of dynamic
loads to the adjacent beams of the monorail route during the passage of the rolling stock, so that only
the minimum permissible deflection of the route segments occurs as a result.

In this regard, the method of modelling deformations of the monorail route sections joints under the
impact of heavy loads provides:

- identification of zones of maximum deflection of route segments when transporting heavy loads;

- forecasting possible negative consequences and meyhods to prevent them.
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3.2. Input data for interaction among the components of the PDM-KV-GM system

According to recommendations [1], the tasks were realized in stages.

At the first stage, to determine the technical condition of the track of suspended monorail, a base of
input data is formed, which includes physical and mechanical properties of the steel I-beam in operation,
as well as data characterizing the mine environment has been created.

The most important factors include: deformation of the roof rocks, which lead to a forced spatial
displacement of the monorail route from the assumed position; physical and mechanical properties of
steel monorail sections; mass of heavy loads and their dimensions, which significantly affect the speed
of transportation espcailly at the route turns.

Design, construction and operational documentation of mines [9, 10], monitoring and diagnostics of
the technical condition of the monorail route, as well as the results of testing the deformation
characteristics of the rock mass in the real conditions of the mine environment are the main sources for
the collection of input data.

In accordance with the program and methodology of comprehensive tests, in order to obtain initial
information about the technical condition of the suspended monorail transport system and stresses of its
components, it was necessary to determine the most heavily loaded sections of the monorail track as
well as the real forces acting on them, to establish the compliance of the calculated indicators of the
safety margin of these sections with the normative ones.

According to recommendations [11], spatial changes in the track of suspended monorail roads are
considered taking into account the isotropic properties and physical and mechanical characteristics of
steel monorail beams, which are deformed in all directions equally. In this regard, the deformations of
their material in the process of spatial change of the route of mine suspension roads are analysed
identically, but taking into account the impact of the rock mass behavior.

To generate the initial data on the components of the PDM-KV-GM system operation in real
conditions of the mine environment and to analyse the monorail route, a linear-elastic model of the
I-beam material was adopted, and the parameters of the elastic properties of the material (G) were
described by standard parameters, such as Young's modulus and Poisson's ratio [12]:

E
Sy @
where:
E — Young's modulus,
v — Poisson's ratio.

The formed database enabled assessment of the loads, the impact of which leads to plastic
deformation and destruction of the integrity of the I-beam structure.

In fundamental studies [13, 14], the Huber-Mises-Genki hypothesis of deformation energy is used to
describe the deformation models of a monorail track. Practical calculations and the equivalent stresses
are determined by the following relationship:

1
0j =_'\/(01—02)2+(02—03)2+ (03— 04)2 2
V2
where:
01,02,03,04 — Main values of the stress tensor.

According to (2), the equivalent stresses arising in the linear parts of the I1-beam monorail joint lead
to the transition of the material to the plastic state and at (ai = o) reach the yield point, and at (¢i = o)
the strength limit and can lead to the destruction of the structure.

Thus, this model of plasticity can be successfully used as a criterion for determining the limit states
and failures of 1-beam sections of the SMR monorail joint under different conditions of their operation.
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For the mathematical modeling of the interaction conditions of the PDM-KV-GM system, a section
of the monorail route is represented as a beam of length L, fixed on both sides, and a weight (F) is
applied to it. The deformation energy of the PDM I-beam joint is determined by the following
relationship:

1 dey?
_ 3
6V—2EL(dX) 6x (3)

where:
E — modulus of elasticity;

The potential energy of a curved I-beam is determined by the following expression:

1 1
V:U——qu)zdx 4)
2 0
where:
U - potential energy of deformation;
F - compressive force.

Previous studies [5] established that as a result of the deformations of the rock mass, spatial changes
occur in the mine monorail route, which leads to an increase in dynamic loads in the butt joints of I-beam
beams and the deflection of the monorail route and, as a result decreasing the carrying capacity of the
transport and technological systems.

It should be noted that the interactions among the components of the PDM-KV-GM system is an
understudied problem of mining production and requires special tests to establish the maximum stresses
and deformations in the linear parts of the monorail route and its nodal connections. In this regard, the
further examination of the technical task, which is not traditional for the mining industry, was carried
out comprehensively, through testing the interactions among the components of the PDM-KV-GM
system and their simulation using the SolidWorks Simulation software.

The initial data for modeling the linear deformations of the PDM route under the impact of dynamic
loads arising during the transportation of heavy loads were obtained from the results of testing the
deformations of rock mass and the arch attachment as well as changes in the profile of the monorail
route (Fig. 2).

Measuring station

Fig. 2. Measuring station for recording the deformations of arch fastening
during transportation of heavy loads

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 2, pp. 132-142 -

In the process of modeling, the deformed section of the I-beam was analysed in the SolidWorks
Simulation program using the finite element method (FEM) [15]. The tests consisted in determination
of maximum allowable deflections and stresses in the butt joints of the sections of the track using the
generated CAD models. A similar approach enabled a structural analysis of the behavior of the system
under dynamic loads and predict changes in the technical condition of the beams of the monorail route
in the complex conditions of the mine environment.

The simulated section of the monorail track consists of I-beams 3.0 m long. I-beams are made of
alloy steel without any special coating. The physical and mechanical properties of the I-beam material
included in the generated CAD models are shown in Table 1.

Table 1. Parameters of the alloy steel

Properties Amount Unit
Modulus of elasticity 2.1et+11 N/m?
Shear modulus 7.9¢+10 N/m?
Mass density 7800 kg/m?
Tensile strength limit 8-108 N/m?
Poisson's ratio 0.28
Yield point 590593984 N/m?
Coefficient of thermal expansion 1.1e-0,5
Thermal conductivity 14 W/(m-K)
Specific heat capacity 440 JIkg-K

To simulate the conditions of interaction of the components of PDM-KV-GM technical system in
the CAD environment, the straight line section of the route of the underground monorail, as in Fig. 3,
was assumed.

Fig. 3. Load diagram of a route segment using a traditional transport trolley

3.3. Modeling the technical condition of a monorail using SolidWorks Simulation software

A straight section of the monorail track consists of I-beams with a length of | = 3 m, which are
attached to the arches of the support with chain slings. The route segments are connected to each other
in such a way that the bending moments at the connections are equal to zero. Such a constructive solution
allows to treat each segment of the route as a beam, attached individually, end-to-end, to the arches of
the support.

The tests of the technical condition of the suspended monorails in the mine showed that the areas
most exposed to deformations are the butt joints of the route sections and the central sections of the route.
The tests results were used as the basis for theoretical analyses on the conditions of interaction of
the PDM-KV-GM technical system components during the transport of heavy loads. In order to
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calculate the loads and deformations in the characteristic nodes of the butt joints of the route sections,
they were divided into elementary meshes. The CAD model of dynamic loads in the articulated nodes
of the monorail beams is shown in Fig. 4.

Fig. 4. CAD tetrahedral finite element mesh at route segment junction
developed to analyze stresses and strains

Loads to the central parts of the sections was modelled for the traditional transport trolleys (Fig. 3)
and for a new lifting and transport system, the principle of operation of which is described below.

Using the SolidWorks Simulation software, the maximum deformations in the segments of
the monorail route (Fig. 5) and stresses (Fig. 6) during the transport of a heavy loads were determined.
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Fig. 5. Deflection of the monorail beam when transporting heavy loads in a traditional way
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Fig. 6. Stresses in the beam of the monorail track resulting from the transportation of heavy loads
in a traditional way
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Equivalent stresses at the centers of monorail joint beams (Von Mises stresses) are shown in Fig 6.
The Von Mises stresses obtained from the simulation results are calculated according to the following
formula:

VON = {0.5 [(SX — SY)? + (SX — SZ)? + (SY — SZ)2] + 3 - (TXY? + TXZ2 + TYZ®)}(/2)  (5)
where:

VON - Von Mises stress;
SX - the normal stress along X;
SY the normal stress along Y;;
SZ the normal stress along Z;
TXY - Y-displacement in the YZ plane;
TXZ - displacementalong Z in the YZ plane;
TYZ - displacement along Z in the XZ plane.

VON = {0.5- [(P1 — P2)? + (P1 — P3)? + (P2 — P3)2]}(*/2) (6)
where:
Pl - the first major stress (the largest);
P2 - the second main tension;
P3 - the third main tension.

Based on the obtained equivalent stresses, it was found that the centres of I1-beam chains, where the
stresses reach 413 MN/m? are the most susceptible to fracture.

Based on the analyses of the obtained stresses, it was found that the most susceptible to damage are
the middle fragments of the route section, in which the stresses reach 413 MN/m?2.

In order to reduce the loads during the transport of heavy loads, a technical solution was developed
and an application for a Ukrainian patent was submitted [16]. The idea behind this solution is to
distribute the load over a larger number of route sections, which reduces the deflection of each section
and increases operational reliability during the transport of heavy loads. The diagram of the lifting and
transport system for moving heavy loads (1) consisting of load-carrying trolleys (2), rolling trolleys (3)
and suspensions to the support arches is shown in Fig. 7.

Fig. 7. Diagram of the crane and transport system with the load on the suspended monorail track

The results of simulation of interaction of the components of the lifting and transport system with
the arch support enabled determining the zones of equivalent deformations and indicators of the safety
margin of the monorail sections joints. Fig. 8, 9 show the equivalent stresses and deflection of
a monorail beam during the transportation of heavy loads (M > 4000 kg) using a lifting and transport
system.
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Fig. 8. Equivalent stresses of the beam of the monorail route from transportation of heavy loads
when using the lifting and transport system
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Fig. 9. Deflection of the monorail beam during transportation of large-tonnage cargo using the
lifting and transport system

Based on the results of the simulation of the deflection of the monorail beams, it was found that the
redistribution of loads to the monorail route due to the introduction of a lifting and transport system will
allow safe transportation of heavy loads weighing up to 16 tons in the difficult conditions of the mine
environment. The results of testing the deflection of monorail beams and forecasting their technical
condition using the traditional transportation scheme and with the use of a lifting and transport system
are shown in Fig. 10.
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Fig. 10. Comparative curves of deflection of route sections during the transport of heavy loads by
the traditional and lifting-transport system with load distribution into 2 and 3 route sections

4. Conclusions

Based on the results of modeling the interaction of the system components, the strength reserves of
the suspended monorail route sections were determined for typical operating conditions. It has been
experimentally proven that the most susceptible to dynamic loads and mechanical damage are the butt
connections of the route sections and the middle parts of these sections of the suspended monorail route.

The analysis of the results of the simulation of interaction of system components shows that dynamic
loads appear during the transport of heavy loads, the negative impact of which on the beam route sections
and arch fastening is significantly reduced when using the developed lifting and transport system

The obtained parameters of cooperation of the system components and the results of the assessment
of the technical condition of the connections of the monorail route segments allowed to conclude that in
the real conditions of the mine environment, the designed profile of the suspended monorail track is
a complex transport and technological system, which, under the impact of dynamic loads, continuously
changes its initial state both in vertical and horizontal planes. Based on the results of mathematical and
computer modeling of the PDM-KV-GM transport system, it was found that dynamic loads can be
significantly reduced by distributing them over several segments of the suspended monorail route.

The recommended technical solutions allow to increase the potential reserves and the area of
effective use of suspended monorails in the real conditions of the mine environment and to predict
the permissible loads to the monorail route when moving the heavy loads.
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