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Abstract

The exploitation of mineral resources is inextricably linked with mine
transportation. Various means of transport are used in underground
mines, including suspended monorails, which have been commonly
applied in recent years. Suspended monorails are used to transport
people and materials in horizontal and inclined workings. According
to the regulation of the Minister of Energy in force in Poland, the
documentation of the suspended monorail transportation system must
take into account traction calculations. However, there are no detailed
guidelines regarding calculations confirming the correct selection of
the means of transport for a specific excavation. The regulation of the
Minister of Energy contains only a few general guidelines. Due to the
lack of detailed guidelines, mine employees use various calculations
that are not supported by an appropriate method. Therefore, in
response to the needs of mines, a method for performing static and
dynamic calculations of suspended monorails’ selected traction
parameters has been developed. The method, among others, enables
calculating the permissible transported mass for the given angle of
excavation inclination and the tractive force of the set, as well as
verifying the static and dynamic load for single support frames during
the ride of the suspended monorail in any configuration. The
calculations are carried out for braking with a locomotive and with
emergency braking trolleys. The method was developed at the
Department of Machine Engineering and Transport at AGH
University of Science and Technology in Cracow. The calculation
method in question has been presented and described in this article.
It was implemented in April 2020 in one of the Polish mines and is
successfully applied to carry out calculations for all workings. The
mine uses a specially developed calculation sheet, which is directly
attached to the documentation of the transport system. The
spreadsheet allows for entering data and obtaining results without
interfering with the calculation method. In 2020, the calculation sheet
was applied to prepare calculation documentation for routes in
several workings. The experience of mine employees confirms its
usefulness, and the mining office has no objections to the developed
method.
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Introduction

Mine transportation is an essential element of the mining process in any mining plant. The overhead rail
transportation system was applied relatively late compared to floor transportation. Due to the manner of their
installation, suspended monorails are more demanding. The transportation set moves along a rail suspended on
chains that are attached to the yielding arch support of the roadway, popularly known and marked as L.P. The rails
consist of sections of a certain length. Modern railways have their own Diesel engines or electric drives and are
equipped with all the necessary elements, including trolleys, drives, emergency braking trolleys, engine room,
operator’s cabin, as well as various types of transport beams (Antoniak, 1980).

Various types of transport beams are intended for the transportation of materials, and, with benches installed,
also for the transportation of people. The elements of the set are connected with each other by means of pushing
rods. A transportation set having a specific length, unladen weight, and transported weight loads the LP roadway
support (Blatnicky, 2020). Depending on the specific location, the roadway may be horizontal or sloping. The
resultant load acting on the support in the vertical plane passing through the rail is mainly due to the weight of the
set components and the braking force.

Documentation regarding the suspended monorail transportation system is prepared in accordance with the
Regulation of the Minister of Energy (on detailed requirements for the operation of underground mining plants of
23 November 2016, Journal of Laws of 2017, item 1118 as amended) § 630 point 5. Since the implementation of
the previously cited regulations, the approval of various kinds of documentation related to the transportation
systems has been the responsibility of the Mining Plant Maintenance Manager. Properly prepared documentation
includes, among others: traction calculations, i.e. braking distances and maximum transported useful weights,
taking into account the permissible loads of connecting, load-bearing and securing elements. These calculations
are the biggest problem for mining plant teams that prepare transport documentation. There are no readily available
guidelines for performing calculations necessary to confirm the correct selection of the means of transport, in
particular the ones regarding dynamic loads (including the transportation of people) (Draganova et al., 2020) and
their prediction (Semrdd et al., 2020), and the specialist literature in this area is not large (Figiel and Klackova,
2020). Due to the above-mentioned reasons, the mine initiated cooperation with the Department of Machinery
Engineering and Transport of the AGH University of Science and Technology in Krakow, the purpose of which
was to develop a new calculation method.

Transporation by overhead railways as well as the machines and devices themselves were described in the
literature quite a long time ago (Antoniak, 1980). Numerous scientific articles have been devoted to the
development of mine transportation, suspended monorails or selected aspects of this transportation, such as the
development of Diesel or electric drives (Pieczora, 2008), (Pieczora and Suffner, 2013), (Pieczora and Suffner,
2017). Overhead monorails are a typical example of modular machines that can be easily reconfigured, which
brings measurable benefits (Turygin et al., 2019), (Brahimi et al., 2019), (Alix et al., 2019). Only a few literature
items can be found in the field of static and dynamic loads in suspended monorails. Some of them concern static
and dynamic models and the impact of load on the rails in the case of suspended monorails in underground mining
(Gutarevych, 2012), (Gutarevych, 2014), (Chanda and Besa, 2011). There are also articles on overground
monorails (Lee et al., 2005). However, they contain only selective analyses, and the resulting formulas are not
sufficient to perform the required calculations, especially in light of the regulations in force. There are also studies
on wheel-rail cooperation in terms of dynamics (True, 2009) as well as stresses (Muravey et al., 2019). In one of
the articles, the authors presented the results of FEM research on the impact of driving speed on the support load
and the behaviour of transported people (Tokarczyk and Kania, 2016). In another article, one of the authors also
used FEM calculations to present the impact of selected braking parameters on the transported people (Tokarczyk,
2016). In one of the works, the authors analysed vibrations in the operator’s and passenger’s cabin (Szewerda,
2020). Another publication concerns empirical studies of forces in rail lifting slings and accelerations acting during
the ride and braking of suspended monorails (Tokarczyk et al., 2020). The latest literature also quotes the results
of laboratory tests of the strength of the roadway support elements subjected to the load resulting from the use of
suspended monorails (Pytlik, 2019). However, empirical studies and FEM are not applicable in this case. The most
extensive work dealing with the parameters of suspended monorails in the conditions of Polish underground mines
is the study presenting a proprietary solution of computer-aided selection of monorails (Kuric, 2021). This software
enables configuring the required elements and checking the compliance of parameters, especially in terms of the
required tractive force and total weight as well as the useful weight of the set (Tokarczyk and Dudek, 2020).
Unfortunately, it is not possible to verify the load that the monorail elements transfer to the roadway support or to
check other values related to braking.

A review of the literature in this field and interviews with mine employees have demonstrated that there are
no currently available studies on the calculation of traction parameters in accordance with the regulations in force
in Poland.

The calculation method in question is based on the developed physical and mathematical model of the
transport system with a suspended monorail. When developing the model, the key assumptions were made based
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on an analysis of the technical documentation of machines and devices and the documentation of the transportation
system. Moreover, in order to confirm the assumptions, a community interview was conducted with the employees
responsible for the design and development of galleries (Kuric and Tlach, 2021). The developed method is
consistent with the regulations in force in Poland and allows for calculating all values specified in these regulations.
Based on this method, a calculation sheet was created. The method, along with the calculation sheet, was
implemented in May 2020 in one of the Polish mines and has since been used to prepare calculation documentation
for routes in several workings. The experiences of mine employees confirm its effectiveness, and the mining office
has not raised any objections to it (Botoz et al., 2020).

Description of the transport system in the analysed mine

Depending on whether they are used to transport only people, or also materials, especially longwall support
units, the monorails in the analysed mine have various configurations and are available with 4, 5 or 6 friction
drives, sometimes also with attached gear drives. In addition, 3, 4, 5 or 6 transport beams are used for the
transportation of materials. In the event people are transported, these beams have suspended 8-person benches. A
heavy beam and braking trolleys are used to transport powered support units. In the system transporting powered
support, one heavy beam, also known as a high-load lifting beam, is applied. All driving units are adapted to work
in non-methane and methane underground mining excavations as well as in underground mining excavations
categorised as the class “a”, “b”, or “c” methane explosion hazard. The monorail engines are adapted to work in
underground mine workings categorised as the class “A” or “B” coal dust explosion hazard. The driving units also
meet the requirements of the current standards and regulations applicable to their usage in underground coal mining
plants. Transportation sets of suspended friction monorails move along rails made of profile 1155 according to the
Polish standard or profile I140E according to the DIN standard, with a length of up to 2000 mm. The rails are
suspended from support on joints. Suspended monorails are used for the transportation of both materials and
people. Transportation systems produced by FERRIT (Ferrits.r.o.), SCHARF (SMT Scharf AG) and BECKER-
WARKOP (Becker-Warkop Sp.z 0.0.) are applied (Botoz et al., 2020).

Regulations and requirements in force in Poland

The Regulation of the Minister of Energy on detailed requirements regarding the operation of underground
mining plants of 23 November 2016 (Journal of Laws 2017, item 1118) provides only general requirements to be
met by suspended monorail transportation systems. However, it does not specify how these calculations should be
performed. Based on the analysis of the above-mentioned regulation, together with the appendices, all information
regarding suspended monorails has been collected:

§ 122 point 4.

The maximum resultant force generated by the monorail with cargo and load from other devices with which
a single support arch can be loaded does not exceed 40 kN. The application of higher loads is permissible provided
that calculations are made to confirm that the excavation support stability is maintained.

§ 651. point 1.

The carriage of people by suspended and floor-mounted monorails at speed greater than 2 m/s is prohibited.

Appendix No. 4, points 4.9.8.

Braking trolleys operate automatically after exceeding by 50% the maximum permissible speed specified by
their manufacturer in the operation and maintenance manual, but not more than 1 m/s, and have a static braking
reliability coefficient of not less than 1.5 in relation to the maximum force rolling the transported unit specified in
the documentation of the transportation system.

Appendix No. 4, points 4.9.9.

The self-propelled transportation set is equipped with a safety device to prevent the exceedance of the
permitted speed. This device works automatically, also in the event of a power failure, after exceeding by 50% the
maximum allowable speed of the drive specified by its manufacturer in the operation and maintenance manual,
but not more than 1 m/s, and a static braking reliability coefficient of not less than 1.5 in relation to the maximum
rolling force of the transported unit specified in the transport system documentation. It also ensures braking
deceleration of not less than 1 m/s? and not more than 10 m/s2

Appendix No. 4, points 4.9.19.

Suspended and floor-mounted monorails’ own drives intended for use in sloping headings with an inclination
of not more than 45° have a braking reliability coefficient, determined as the ratio of the maximum braking force
to the maximum tractive force of own drive, of not less than 1.5, and cause that the braking deceleration of the
transportation set is not less than 1 m/s? and not more than 10 m/s?.
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Assumptions for the calculation method

The currently used suspended monorails have an increasing number of hydraulic drives. In the past, the
standard was 4 drives, whereas now 6 drives are applied, sometimes with an additional gear drive. When the
exploitation progresses to deeper levels where the slope of the deposit needs to be taken into account, monorails
have to move along increasingly longer sections of workings with a significant slope. The input data for the project
included the parameters of the transportation systems used, the workings’ inclination, as well as broadly
understood conditions and mining technologies used. It was assumed that this way, a calculation method and a
related IT tool could be created. After the input data has been entered, the IT tool should provide ready results and
compare them with values resulting from the regulations while providing information about the fulfilment or
failure to fulfil the required conditions.

According to the requirements, the study was to concern selected traction calculations of suspended monorails
and the calculations of forces loading individual support arches. The key elements of the method were the
calculations of:

e permissible useful weight,

e admissible monorail load for the given angle of the excavation inclination based on the nomogram.

» the gravitational rolling force of the monorail for the set angle o at a maximum allowable load,

* initial braking velocity at the given angle o, speed limiters response time and speed limits for brake
activation,

e braking energy,

» effective braking force for the entire monorail, taking into account the longitudinal strength of the rails
along the suspended monorail route,

e braking distance for the maximally loaded suspended monorail, for the monorail brakes and for the
monorail equipped with braking trolleys,

e braking deceleration for the maximally loaded suspended monorail,

e braking reliability coefficient,

* dynamic load acting on the support during braking of a loaded suspended monorail that is distributed on
the struts between the support arcs,

e permissible speed of a loaded suspended monorail (in accordance with the operation and maintenance
instructions for the monorail),

* vertical static force generated by the monorail with material acting on a single support frame at the given
inclination of the route and the deviation of the route sling chain from the vertical as well as dynamic force
generated by the braking monorail with material acting on a single support frame.

According to the technology of yielding arch support installation, it is assumed that the support frame is
loaded with the weight of the sling with the chain and the weight of the rail, as well as with the dead load of the
set and the transported weight (material, crew including the operator). Additional equipment for the excavation is
mounted to the frame on which the railway route is not suspended. The developed method took into account only
machines and devices used and transported in the analysed mine.

The legislator does not specify safety factors or a calculation procedure in relation to the given limit value
Ft,ac = 40 kN of the resultant load per single support frame. Therefore, it was assumed that the resultant
computational value, taking into account specific and agreed assumptions, cannot be higher than the provided
value, regardless of the direction and turn. The above-mentioned limit value may be increased to 50 kN in
accordance with the regulation; however, it must be confirmed by calculations.

Calculation method

The method of calculating selected parameters of suspended monorails is based on the developed physical
and mathematical model. The key issue when calculating suspended monorail parameters is to determine the
permissible total or useful load as well as the permissible driving speed of the set for a given tractive force and the
angle of the excavation inclination. Both the load, in the form of mass, and speed are read from the nomograms
provided by the manufacturer. Nomograms, which are created based on formulas describing the aforementioned
relationships, constitute a mathematical model of the physical model of a suspended monorail set moving along a
rail in an excavation with an inclination of 0° + 30°. A nomogram consists of graphs presenting two dependencies:
travel speed versus tractive force (Fig. 1a) and a graph of transported mass as a function of tractive force and the
angle of inclination of the excavation (Fig. 1b). Particular attention should be paid to the description of the graphs
in the catalogue data because, depending on the manufacturer, the nomograms only apply to the useful or total
weight.
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Fig. 1. Sample nomogram of a locomotive with 5 driving units:
a. graph of allowable speed versus tractive force,
b. graph of permissible transported mass versus tractive force and the angle of excavation inclination

The formula of the function describing the correlation between permissible speed and tractive force was
developed using a suitable software for graph digitalising - “Engauge Digitizer” and an approximation software,
for example, “OriginLab Origin Pro”. Based on the analysis of a number of nomograms, it was found that the
exponential function gives the best fit. Fig. 1a shows a sample course as well as the general formula of the function
and coefficients obtained for this particular locomotive as a result of approximation.

The relationship between mass and tractive force, as well as the angle of the excavation inclination, is a
function of two variables. Nomograms enable quick manual reading of the sought values in the function of two
variables. A mathematical model of these relationships was developed so as to replace manual reading. The
analysis of the nomograms of all the monorails used in the analysed mine allowed concluding that these
relationships could be described by a pencil of lines with certain characteristics (Fig. 1b). Using the observed
dependencies, the author derived a formula that enables calculating the permissible transported mass as a function
of tractive force and the angle of excavation inclination. The final formula takes the following form:

Mgy — My
m(FpUC, a) = F —F (Fpuc - Fp) +m, 1
Foylex=00 o 1
0 a, D

where:

m — desired value of the transported mass, [kg],

Fpoc — tractive force of the set [N],

a — excavation inclination angle, [°],

F, — abscissa of the vertex of the pencil, [N],

my, — ordinate of the vertex of the pencil, [kg],

a, — maximum angle for which it is possible to read tractive force and mass, [°],
Fy — tractive force for mass ma,and angle 0°, [N],

Fa, — tractive force for mass macand angle a., [N],

may, — mass for tractive force Fo, and angle a, [kg].

For each monogram, it is enough to determine and read the coordinates of 5 points from the graph (ma., Fo,
Fay, Fp, mp), and after substituting them in formula (1), it is possible to calculate transported mass m for any values
of tractive force F,. and excavation inclination angle a@. The developed general formula greatly facilitates the
selection of a monorail.

The total mass and length of the set are calculated while taking into account the number of repeating elements,
their weight and length. The length of an element is given as the distance between the axes of the fastening bolts,
whereas the trolley spacing, which is needed at the load calculation stage, is given as the distance between the
trolleys’ symmetry axes. All the elements were analysed and summarised based on the technical documentation
of the suspended monorails in the mine in question. All listed elements have a certain length and weight. The
highest total load is generated by transport beams. The components related to the drive and control of the monorail
include:

e  cabin with a trolley (Fig. 2a),
e friction drive (Fig. 2b),
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» gear drive,

e auxiliary unit suspended under a single drive,

e auxiliary unit suspended under two drives (Fig. 2e),
*  machine part (Fig. 2f).

The load is transferred to the rail by trolleys. Apart from these elements, single, duo or trio braking trolleys
are used in sets with heavy beams (Fig. 2c). So-called GHB beams or SLG high-load beams are used to transport
materials, whereas GHB beams are equipped with benches for the transportation of people. Therefore, there are
three configurations for transporting people and materials:

e GHB beams,

*  GHB beams with benches for the transportation of people (Fig. 2d),
*  SLG high-load beam

The elements of suspended monorails are connected with each other by means of rigid pushing rods (Fig. 2g).

A load of monorail components is usually transferred to the rail by one or two trolleys. The exception is the high-
load SLG beam, which has 8 trolleys.

U:EHUEEDUEEEDD Eum
== D m]

Fig. 2. Examples of marking the weight and length of monorail elements together with pushing rods: a. cabin with a trolley, b. friction
drive,
c. trio trolley, d. GHB beam with benches for the transportation of people, e. weight of the auxiliary unit under two drives,
f. machine part, g. example of pushing rods marking

The rail consists of sections of a certain length /;;. The load resulting from individual sets’ dead load and
transported weight is evenly distributed over the trolleys. However, as regards ultimate trolleys, the load resulting
from the pushing rod weight should also be added. The forces generated by subsequent trolleys are transferred
onto the rail. For the purposes of the model, the forces generated by two adjacent trolleys are marked as P; and P-.
The reaction forces in the chains on which the rails hang have been marked as R; and R. The diagram is shown in
Fig. 3. In order to find the maximum load acting on the excavation support, the ride of the monorail over two rail
sections should be analysed, taking into consideration only reaction R». From the point of view of mechanics, the
highest load on chain R; can be calculated by finding the maximum of the function:

Ry = max f (Py, Py, %, L) (2)
where:
R> — vertical component of the reaction sought [N],
P; — vertical component of the first force which loads the rail [N],
P, — vertical component of the second force which loads the rail [N],
X, — position of the trolley in relation to the beginning of the rail, [m],
l,, — spacing of trolleys [m].

In general, the rail is subject to loads from trolleys loaded with different forces P; and P;. According to

formula (2), depending on rail length /., spacing /,, and position of trolleys during the ride of the set, the load, i.e.
reaction R acting on the chain is variable.
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Based on the analysis of the monorails used, all calculation cases have been identified and summarised. There
are five calculation cases for the entire length of the route (Fig. 4, Fig. 5). The first case (WI) concerns a situation
where the spacing of the trolleys is smaller than the rail length (Fig. 4a, b, c), whereas the second case (W2), a
situation in which the spacing is greater than the rail length but not greater than twice the rail length (Fig. 4d, e, f).
The third case (W3) occurs when the spacing of the trolleys is greater than twice the rail length (Fig. 5). The first
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Fig. 3. Diagram for determining the maximum load on the chain
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Fig. 4. Load cases for calculating the net force acting on the chain when the condition
L, <1, is fulfilled: a. condition x, + l,, <l is fulfilled b. condition x, + 1>l is fulfilled c. special cases
1.<l,, <2l d. condition x, + 1, < 2, is fulfilled e. condition x, + 1,,> 2l is fulfilled f. special cases
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lw
P, %:=0 P,V

Fig. 5. Load cases for calculating the net force acting on the chain:
a. the 1,,> 21, condition is fulfilled b. special cases

Four sections of the rail were subjected to analysis, which allowed considering all the load cases. The attempts
to find the highest load on the chain were based on the assumption that it would be at the end of rail II (R>). It was
assumed that no trolley moved along the first rail. Trolleys run on the second rail, which is the most loaded one.
The third and fourth rails take the load during the ride of the set, so the load on the second rail is successively
reduced. The formulas were derived in order to calculate the forces acting on the chain at the ends of the second
rail (R;, R>) during the ride of the transportation set. The resultant force R; is the most important and the largest
value.

The cases were determined analytically, hence 5 different sets of formulas were obtained. It should be
emphasised that these 5 cases can be reduced to 3, as the final formulas in the second sub-case of the first case
(W12) are identical with the formulas of the first sub-case in the second case (W21), i.e. WI2 = W21. Moreover,
the equations W22 and W3 are equivalent.

All the possible cases have been listed below:

* condition WI (Fig. 4 a, b, ¢) — the spacing of the trolleys is not greater than the rail length
(condition I, < [, is fulfilled),
o condition W11 (Fig. 4 a) - both trolleys move along rail II (condition x, + /,, < I;) is
fulfilled — formulas (2) and (3),
o condition W12 (Fig. 4 b) — the first trolley moves along rail II, and the second one along
rail III (condition x, + [,,>[s;) is fulfilled), formulas (4) and (5),
* condition W2 (Fig. 4 d, e, f) - the spacing of the trolleys is greater than the rail length, but not
greater than twice the rail length (condition /<, < 21 is fulfilled),
o condition W21 (Fig. 4 d) - the first trolley moves along rail II and the second one along
rail IIT (condition x, + ,<2l,, is fulfilled), formulas (4) and (5),
o condition W22 (Fig. 4 e) - one trolley moves along rail II and the other along rail IV
(condition x, + [,,> 2Iy; is fulfilled), formulas (6) and (7),
*  condition W3 (Fig. 5) - the spacing of the trolleys is greater than twice the rail length
(condition [,,> 2l is fulfilled), formulas (6) and (7).

Fig. 4c, Fig. 4f and Fig. 5b present special cases, which enable quick verification of the derived formulas’
correctness. For so specified conditions, it is possible to write the following formulas that allow calculating the
values of forces in the chains of rail II as:

*  condition WII:

Pl'xv+P2'x,,+P2'lW

Rl = Pl + P2 - l (2)
Poxy+Pyox,+ Pl
Rz — 1 v 2 v 2 w (3)
lSZ
e conditions W12 and W21:
X
R =P (1 - —") “
lszl
x +x
R2=P1-—”+P2(2—W ”) )
lSZ lSZ

e conditions W22 and W3:
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x'l]

Ry =P (1-72) ©)
xVSZ

R, =P l_ 7

When making calculations, one should find the least favourable case. The spacing of trolleys between adjacent
elements depends on the length of the pushing rods used (Péstor, 2020). Increasing the length of the pushing rod
to a certain value reduces the load acting on a single chain. For example, for the SLG beam, the worst case may
be between its ultimate trolley and the next trolley (middle SLG trolley). However, in the event a relatively short
pushing rod is applied, the worst case may be observed for the ultimate SLG trolley and the trolley of the adjacent
element, for example, a machine part.

It should be noted that the analysis, despite the fact that it was carried out for a horizontal excavation, the
analysis is also correct for a heading inclined at an angle @, which has been presented in Fig. 6. The following
formulas (8) and (9) are simple proof of this statement:

ZF:0=>R1+R2=P1+P2 (8)

0= PO, Ooosk@) - P, [{x, +1,) Ceos{@) +R, 0 Ceoskd ©)
= 0 = _Pl Ilv - I)Z E(xv +lw) +R2 Dsz
From the above relationships, one can derive formulas for reaction forces in which there is no excavation

inclination angle. The inclination angle of the excavation will be taken into account when distributing the force
between the rail and the support.

lszCOS(QL) | lszcos(a)

|
Fig. 6. Diagram of rail load for an inclined excavation

In further calculations, one should use the maximum value of force R», which for the analysed monorail
configuration depends only on the position of the trolley in relation to rail x,. The analysis should be conducted
for the value of position x, ranging from zero to rail length /,;, which allows for obtaining a full curse of the value
of force R, during the monorail ride. The analysis aims to find maximum load R;. The maximum force has been
marked as F, therefore F' = R,. Assigning a lower value results in erroneous results of the support load.

The movement of the set along the rail is associated with resistance to motion. The set’s resistance to motion
always acts along the railway route, irrespective of the excavation inclination angle. Rolling resistance F;; was
taken into account in the calculations. However, their influence was ignored due to the high efficiency of rolling
bearings. Other kinds of resistance to the motion were also ignored. The rolling resistance formula can be written
for the whole set as:

Fyp = RL “Myege + g - cos (@) (10)
k

where:

F,; — force of the set’s resistance to motion, [N],

f— rolling friction coefficient, it is assumed that f= 0.05 mm, [mm],

Rj — outer radius of the trolley pulley, it is assumed that Ry = 50 mm, [mm],

g — gravity acceleration g = 9.81 m/s?, [m/s?].
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mz.s— whole set mass, [kg].

The proposed, simplified model of resistance to motion, taking into account only the rolling friction, can be
freely extended with further components that include, for example, the efficiency of the bearings or dirt on the rail.
Likewise, the values of f and R, should be adapted to the current situation. Resistance to motion has a marginal
impact on the value of the load generated on the support. Fig. 7 shows a diagram of loading the rail with the force
of gravity and resistance to motion and is used to determine the rolling force.

/
/ Mzest'd

Fig. 7. Rail load diagram for determining the rolling force
The formula for the rolling force of the set can be written as:

Fy = Myese - g - sin(a) — Fy, (11)
where:
F, — set’s gravitational rolling force, [N].

The braking force of the set always acts along the railway route, regardless of the excavation inclination angle.
The transportation set is equipped with drives installed on the drives and, sometimes, on cabins, which are used
for braking by the operator. Additionally, the set may be equipped with braking trolleys for an emergency,
automatic braking of the set. In order to distinguish and clearly separate calculations for braking by means of
drives and braking with emergency trolleys, additional symbols in the subscripts are used during the calculations,
for example, “h” for braking with drives and “w” for braking with emergency braking trolleys. In general, the
braking force of the set in the case of braking with drives is:

F, = Fg - ip (12)
where:
F, — breaking force of the set in the case of braking with drives, [N],
Fp — breaking force of a single brake, [N],
ip — number of brakes, [-].
In accordance with the requirements of the regulation, the following condition must be met for each set, both
in the case of braking with drives and with emergency trolleys:

E

>1,5 13
FpocMAX ( )

The longitudinal force, in line with the direction of the railway route, acts on the joints of the rail sections.
The forces acting alongside are the forces due to braking and resistance to motion. The longitudinal force is
assumed to be transferred by the number of joints along the length of the set. Therefore, the following can be
written:

E, + F,
‘252 = z = < Frsamax (14)
757

where:

F; — longitudinal force in a single rail joint, [N],

Fzmax — admissible force in a single rail joint, [N],

l.s; — number of rail joints along the length of the set - value rounded down to the integer value, [-].

The derived formulas enable calculating the load of the rail and, in consequence, the chain load resulting from

the force of gravity, braking and resistance to motion. Due to a slight difference between the load on the chain and
the load on the support, the same larger value is assumed. The difference is only in the weight of the sling and the
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chain (Saga, 2020). It is assumed that the braking force is evenly distributed over each of the chains that are
contained in the transportation set length. Fig. 8 shows a chain load diagram for determining the net force in the
chain and, thus, the resultant force acting on a single frame of the L.P support. The chain is subjected to the trolley’s
gravity load force, braking force and friction force. Due to the low height of the rail in relation to its length and
joined connections of the rails with each other and with the chains, the forces generated by the rail were assumed
to be transferred to the chain without any additional moment of force. Therefore, the resultant force that loads the
chain, and, in consequence, the support, can be written as follows:
Fi=F-cos(B) + % sin(a + ) + (my M) - g < Fauas 1s)
t

where:

F;—net force loading the LP support and the chain, [N],

my — weight of the sling and chain, [kg],

ms, — weight of the rail, [kg],

Fiax — admissible net force loading the £.P support, 40 kN or 50 [kN],

[ — angle of chain deviation from the vertical [°],

Iy — chains along the set length - value rounded up to the total value [-].

Fig. 8. Diagram for determining the resultant load of the chain and support

The resultant force loading the support can be distributed in such a way that the value of the force acting
along the struts between the adjacent arches of the L.P support can be obtained. Fig. 9 shows a diagram for deriving
the formula for the total force in the struts F,... This force must be transferred by a certain number of struts with
an acceptable longitudinal force Fr,.uax. In the analysed case, the permissible longitudinal force of the joint is 170
kN. The angle of support’s deviation from the vertical is half the angle of the excavation inclination, while the
struts are parallel to the axis of the excavation. It was assumed that the entire load would be transferred by two
struts, which is the least favourable but always fulfilled condition. If this value is exceeded, a model for struts load
can be developed, which will enable determining their load depending on the arrangement on the perimeter of the
support.

Therefore, the formula for the total longitudinal load can be written as follows:

E.py = F - sin(a + B) (16)
<2 (17)

lrozMIN =
T0ZMAX

where:
irozmiy — Minimum number of struts, [-],
Fo:max — permissible longitudinal force per one strut, 170 kN.

Additionally, formulas were derived to calculate: resultant braking deceleration, effective braking force, the
velocity of the set at the beginning of braking, braking distance, braking time and braking energy. These values
are also provided in the documentation of the transportation system in the excavation. Fig. 10 shows a diagram
for deriving these quantities.
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Fig. 10. Diagram for deriving selected quantities during braking

The set is treated as one element of mass m1..y, which at the moment when the brakes are applied moves with

velocity v. In the event of braking with emergency trolleys, velocity v at which the brakes are automatically
activated must fulfil two conditions:

v<L50, (18)

m

v < (vm + l—j (19)
S

where:

v — velocity at which emergency brakes are automatically activated, [m/s],
Vmax — Speed limit read from the documentation, [m/s].

The set is located in the excavation at an angle @, so it is affected by gravity and resistance to motion. The
delay due to resistance to motion can be calculated as follows:

Ft‘t‘

Aty =

(20)
mzest
where:

ax — delay of the set due to resistance to motion, [s/m?].
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Delay caused by braking force ay is:
E,

a, = ey

mzest
where:

an — delay of the set due to braking force, [m/s?].

Delay due to braking force for both cases (drive brakes and emergency trolley brakes) must meet the following
condition:

m m (22)
Taking the above into account, the resultant braking deceleration a,, can be calculated as follows:
a, =a,+a; —g-sin(a) (23)
where:
a,, — resultant deceleration of the set, [m/s?].
Therefore, the effective braking force Fris:
Fef = Myest * Aw (24)
where:
Fos— effective braking force, [N].
Due to delay in brake activation ¢, at the beginning of braking the set moves with velocity v,:
(25)

vy, = v, + (g - sin(a) —ag) - L,

where:

v, — velocity at which braking begins, [m/s],

1. — delay in the activation of drive brakes, [s].

Also, due to a delay in brake activation, from the moment the brakes are activated to the moment they start
working, the set will cover a certain distance, and, next, it will begin to slow down until it stops. Therefore, total
braking distance s, is:

(g - sin(a) — ag) - ts n 175

=t 2 2-a, (20)
where:
s, — total braking distance, [m].
Similarly, the total braking time #, is:
v
ty=t, +—— 27)
aW

where:
t, — total braking time, [s].

The end of braking means the stoppage of the set, i.e. reaching the zero velocity at which the set is at zero
height, zero meaning the zero value of potential and kinetic energy.
Therefore, when the brakes start working, the set is at the initial height 4, resulting from the braking distance that
begins with velocity v, and finishes with the stoppage of the set. In such a situation, the set has kinetic energy
related to velocity v, and potential energy related to height 5, at which it is located. Taking the above into account,
total braking energy Ej can be written as follows:

2 .
Mgest " Vp g - sin(a)
E, = 1

" 2 ( T,

(28)

where:

E), — braking energy, [J].

These formulas are applicable only if braking occurs, i.e. the resultant braking deceleration a,, is greater than
zZero:
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E,+ F
a,>0= SAESIES g - sin(a) (29)
mZESf

Using a comprehensive calculation sheet, the presented calculation method enables obtaining all the values
required by regulations. Fig. 11 shows the title page and the summary from the worksheet. These calculations
apply to the excavation at the abandoned longwall No. 123 in the PG Silesia mine (Botoz et al., 2020).

HAMOWANIE WOZKAMI HAMULCOWYMI |
PG SILESIA 2an I
: A i 5 E ‘ ' ' st i wizka Fom 78 [kn]
Obliczenia statyczne i dynamiczne wybranych parametrow T R > 0 WARONER [Foos LoF)
AGH trakcyjnych kolejek podwieszonych w warunkach PG Silesia KimiT Sifa hamowania zestavu wozkami|  Fow 234 |
Kolejka nr 12 - Ferrit 210F-11.6 napedow + HPM TDS boloz@agh.edu p! AGH, KIMIT 2020, v3 -
e g HAMOWANIE WOZKAMI HAMULCOWYMI ]
o Sita wzdluina obcigzajaca ziqeze szyny WARLINEK [F,,.., < Fomn)
masa whasna | dhugosé] | " caem P
o | el faf | el | e icytecnam [k Sia waduina obcigzsjica e sayny]_ Feer 13 [
Kabing 2 we: k 7270 18 2 —
> _ operstor| o 2000 > HAMOWANIE WOZKAMI HAMULCOWYMI |
[l csit ey 0 R 1‘ 2 ‘f o Wypadkowa sila obciaiajaca obudowe, WARUNEK [F < Fos]
'&I_ z o0 [ N Viypadowa sita obcigtajacacbudows | Fw | 35,38 |[]
Jednostia pomocnicza -] 7100 <
- A 2070 [ | -
== A T s ] T e 7 | 5 - HAMOWANIE WOZKAMI HAMULCOWYMI
> Selka nodna 2 & wazkar inp. SL)| _ A(c) Ssoop | 1aa | 1 | 336000 > Sila obciazajaca rozpory
o ob | i X o
E' e e = 5 o o Sits catkowita na kierunku rozpory| P 1508 ] WARUNEK (i, g < 2)
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Fig. 11. Title page and summary of calculations for the excavation in PG Silesia (original language of the calculation sheet) (Botoz et
al., 2020)

Summary

The method for performing static and dynamic calculations of suspended monorails’ selected traction
parameters includes a precise description of the necessary calculations. Based on this method, a calculation sheet
has been developed in which all calculations are performed automatically after entering the exact input data. The
sheet additionally checks and informs about the fulfilment of all the required 19 conditions. If any of the conditions
are not met, the sheet specifies which condition has not been fulfilled and provides the reason.

Persons designing suspended monorail transportation systems face three main problems, i.e. the increasing
tractive force generated by the drives and their greater number as well as the weight of transported machines and
devices with an increasing inclination of workings. It is also important to pay attention to special safety rules when
transporting employees. Until present, performing calculations for several transportation sets moving in the
transport system has been labour-intensive and, additionally, involved the risk of making a mistake. Thanks to the
described method and IT tool, the calculation time has been significantly reduced, and a ready printout
accompanies the documentation with the results of the calculations. Due to the security measures applied in the
spreadsheet, it is only possible to enter input data consistent with the assumed ranges. The remaining part of the
sheet is blocked. This ensures that the calculations are performed according to the same method each time. The
sheet includes the possibility of loading the support frames with force greater than 40 kN. It should be noted that
in most cases, the manufacturers declare that the load capacity of the rail joint is 50 kN. Of course, the permissible
load of the support arches is increased upon consent and under the conditions specified by the Mining Department
Manager. Calculations are carried out for sets equipped only with their own brakes or also with emergency brake
trolleys. The value of the permissible speed depends on whether the set transports materials or people. In the
situation where relevant regulations contain very few provisions, and the specialist literature is scarce, this proven
calculation method with a calculation sheet enables designing suspended monorail transportation systems while
maintaining the required level of safety. One year after implementation, it can be concluded that the method and
the calculation sheet fulfil their function. During the inspection of the transport systems and related documentation
by the mining supervision authorities, no irregularities were found. The method in question indicates only one
proper way of performing calculations. Owing to this, any doubts as to the safe use of the suspended monorail
transport systems are greatly limited. Of course, the method itself does not release its users from the obligations
arising from other regulations and good mining practices, i.e. regular inspection of the route or the technical
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condition of the support, with special regard to the reinforcements used. A practical example of application can be
found in the publication (Botoz et al., 2020).

After making the calculations, an important part of the work is to check whether the equipment being part of
the transport system has been properly selected and meets the requirements resulting from the calculations.
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