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Abstract: The paper propose complex mathematical model for transportation system selection
through the main transportation drifts in underground metal mines. Multi-criteria decision making
methods are used for selection of optimal transportation system during the designing phase.
Beside minimal specific transportation costs, the multi - criteria method includes other criteria,
which are meaningful for transportation system selection.
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Apstrakt: ( radu je predstavljen kompleksan matematicki model za izbor transportnog sistema u
glavnim transportnim prostorijama u rudnicima za metalicne mineralne sirovine sa podzemnom
eksploatacijom.Primenjene su metode za visekriterijumsko odlucivanje za izbor optimalnog
transportnog sistema u fazi proektovanja. (I metodu visekriterijumske analize pored kriterijuma za
minimalne specificne transportne troskove korisceni su i drugi kriterijumi koji su bitni za izbor
transportnog sistema.

kljuéne reci: transportni sistem, specificni transportni troskovi, tehnicko-ekonomska analiza,
visekriterijumsko odlucivanje

1 INTRODUCTION

Main transportation drifts are capital mine workings
which connect hoisting shafts with mineral
processing plants on the surface, or central ore
passes with main  hoisting shafts.  The
transportation of ore through these drifts could be
done by various transportation systems, like rails or
‘truck.

This is way the complex analysis of possible
solutions is necessary in order to select optimal
transportation system. Very often this is time-
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1 AvoD

U rudnicima sa podzemnom eksploatacijom glavne
transportne prostorije su kapitalni rudarski objekti
koji povezuju glavna izvozna okna u jami i objekte za
pripremu mineralnih sirovina na povrsini ili centralne
rudne sipke i glavna izvozna okna. Transport rude
moze da se vrsi sa razlicitim transportnim sistemima,
a najcesce se koristi: lokomotivski, trakasti i
kamionski transport.

lzboru transportnog sistema treba da prethodi
kompleksna analiza mogucih resenja, pri cemu
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consuming work, which need wide spectrum of

knowledge for transportation means and
systems. Additionally criteria accepting in
decision-making process are very difficult task.
Until recently the most used criterion for
decision-making was minimal specific
transportation costs. But the obtaining of

optimal solution of the problem based on this
criterion only is not possible, because the other
elements meaningful for right solutions are not
included.

The paper propose a mathematical model, where
beside technico-economic analysis a multi
criteria analysis is included in selection of
optimal transportation system. Beside the
minimal specific costs, the multi criteria
analysis includes: capital investment costs,
manpower requirements, safety, underground
atmosphere pollution, reliability and automation
possibilities of the system. These complex
analyses of transportations systems provide us
opportunity to select the optimal solution for
given conditions. The methodology proposed is
used for transportation system selection in SASA
mine.

2 METHODOLOGY FOR OPTIMAL
TRANSPORTATION SYSTEM SELECTION

In order to design a transportation system in
main transportation drifts, a general model
development is needed. The general model
structure is presented on the figure that follows.

The figure shows that two types of analyses are
used in transportation system selection (Grujic,
(41):

Techico —economic
Multi — criteria

treba da se razradi veci broj mogucih varijanti. Ovo je
dug i skup proces i zahteva dobro poznavanije sirokog
spektra transportnih sredstava i uredaja. Kao dodatni
problem prilikom izbora transportnog sistema u
glavnim transportnim prostorijama javlja se problem
usvajanja kriterijuma za odlucivanje od strane lica koje
treba da donese odluku. Do sada je najcesce koriscen
kriterjum  minimalnih  specificnih  transportnih
troskova. Medutim, za egzaktno resavanje problema
ovaj kriterijum nije dovoljan jer ne uzima u obzir sve
elemente koji su znacajni za donoSenje pravilne
odluke.

U ovom radu je predlozen matematicki model gde se
pored tehnicko-ekonomske  analize  uvodi i
visekriterijumska analiza za izbor optimalnog
transportnog sistema. Visekriterijumska analiza pored
minimalnih  specifi¢cnih  transportnih  troskova kao
kriterijum za odlucivanje ukljucuje i: visinu ukupnih
investicija, strukturu radne snage, bezbednost
sistema, zagadivanje jamskih prostorija, pouzdanost i

mogucnosti automatizacije transportnog sistema.
Ova kompleksna analiza transportnih  sistema
omogucava izbor optimalnog resenja pri datim

uslovima. Predlozena metodologija je proverena pri
izboru transportnog sistema u uslovima rudnika za
olovo i cink Sasa.

2 METODOLOGIJA IZBORA OPTIMALNOG
TRANSPORTNOG SISTEMA

Za projektovanje transportnog sistema u glavnim
horizontalnim prostorijama neophodno je da se uradi
opsti matematicki model, cija struktura je data na slici
1.

Od gornje slike sleduje da za izbor transportnog
sistema u glavnim rudarskim prostorijama postoje
dve vrste analize (Grujic, [4]):

tehnicko-ekonomska i

visekriterijumska analiza.

General Model

technico - economic
single - criterion

multi - criteria

Figure 1 General model for transportation system selection
slika 1 Struktura opsteg modela za izbor transportnog sistema u glavnim transportnim prostorijama
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Results  obtained with  technico-economic
analysis are used in multi criteria through the
minimal specific transportation costs criterion.
This model gives us possibility toe compare large
number of different options with different
transportation systems or different options within
same transportation system. The paper analyses
electric powered locomotive, battery powered
locomotive and conveyor belt systems. Anyway
the model is open for other systems (like trucks
transportation) to be included.

2.1 Techico —economic analysis

Ability of modern computing machines to store
a large amount of data for transportation
systems give us opportunity to build a model for
optimal transportation system selection. The
data for each transportation mean are
organized according the specific criteria and
arranged in matrices or databases by specific
principles for each parameter. After the data for
each means, systems and objects are collected,
a rationalization process is conducted. After this
an economic parameters of transportation
means are added, organized according the
same criteria. With this, the model is ready for
comparing of transportation systems. The
algorithm of sub model for transportation
system selection with technico- economic
analysis by minimal specific transportation
costs criterion is illustrated on figure 2.

Rezultati koji su dobijeni primenom tehnicko-
-ekonomske analize se koriste u visekriterijumskoj
analizi preko kriterjuma za minimalne specificne
transportne  troskove. Ovaj model omogucava
uporedivanje veceg broja varijanti transportnih
sredstava i to istog i razlicitog vida transportnih
sredstava. (U ovom radu su analizirani: lokomotivski
transportni  sistem sa  trolej lokomotivama,
lokomotivski transportni sistem sa akumulatorskim
lokomotivama i trakasti transportni sistem. Pored ovih
transportnih sistema u model moze da bude ukljuc¢en
i kamionski transportni sistem.

2.1 Tehnicko-ekonomska analiza

Sposobnost savremenih racunarskih sistema da
memoriraju veliku koli¢inu podataka za transportne
sisteme daje mogucnost za formiranje modela za
izbor optimalnog transportnog sistema. Podaci o
svakom transportnom sredstvu se sistematiziraju
prema odredenom kriterijumu i grupsu se tako da se
formiraju matrice podataka ili baze podataka prema
utvrdenim principima za svaki parametar. Posle
sakupljanja podataka za sva transportna sredstva,
uredaje i objekte neophodno je da se pristupi ka
njihovoj racionalizaciji, odnosno utvrdivanju oblasti
gde je njihova primena moguca i realna. Tako
racionaliziranim podacima dodaju se i ekonomski
parametri transportnih sredstava koji su uredeni po
istim kriterijumima. Time je model pripremljen za
funkcionisanje, odnosno za uporedivanje transportnih
sistema. Na slici 2 je prikazan algoritam podmodela
za izbor transportnog sistema sa tehnicko-
ekonomskom analizom prema kriterijumu za
minimalne specificne transportne troskove.

I Input data

'

v v

v

lIA Technico - IIB Technico -
economic economic
analysis analysis
A B

[IC Technico -
economic
analysis

C

'

specific costs

Il | Transportation system
selection by minimal

Figure 2 Sub model algorithm for transportation system selection by technico-economic analysis
slika 2 Algoritam podmodela za izbor transportnog sistema pomocu tehnicko-ekonomske analize
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The previous figure shows the three blocks of the
algorithm:

Input blocks,

Technico - economic analysis block and

Optimal solution selection block.

The detailed description of the blocks follows:

Block I. The common input data for

transportation systems are gathered herein:

Annual ore production, Q(t)
Transportation length, L(m)
of

Average  inclination

drift, o.(°)

Capacity reserve coefficient, k,

transportation

Bulk ore mass, y, (t/m”)

The transportation system lifetime, T (years)
Number of working days per year, z
Number of working shifts per day, n,
Effective working hours per shift, t,
Discount factor, s (%)

Electricity price for 1 kwh, ¢, ($/kWh)

- Total average payments per man, p,
(S/months)
Block [I.  This block calculates specific

transportation costs for different transportation
systems:

e A+Tio+Teg +Tiog + Ty + T

a Si,

(1
Where:

A - annual depreciation costs

T, - investment assurance costs

T. - energy costs

T

T, - spare parts costs

- equipment maintenance costs

to
T, - manpower costs

Schematic view of a model for calculation of
technico economic parameters of a
transportation system is shown on fig. 3.
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Algoritam podmodela sa prethodne slike se sastoji
od tri bloka, a to su:

blok inputa (ulaza),

blok tehnicko-ekonomske analize transportnih
sistema,

blok za izbor optimalnog transportnog sistema.
U daljem tekstu je dat detaljni opis ovih blokova.

Blok . Unose se zajednicki ulazni podaci za
transportne sisteme, i to:

godisnja proizvodnja rude koja se transportuje,
Q, (1),

duzina transporta, L(m),

prose¢an nagib transportne prostorije, o (°);
p(),

koef. neravhomernosti proizvodnje, k;,
zapreminska masa rude u rastresitom stanju, v,
(t/m?),

vek eksploatacije transportnog sistema,
(godini),

T

broj radnih dana u godini, z,

broj radnih smena u danu, n,,

efektivho vreme rada u smeni, t,,

kamatna stopa kredita, s(%),

cena 1kWh elektri¢ne energije, ¢, ($/kWh) i
prosecna bruto plata radnika, p, ($/mesec).

Blok Il. U ovom bloku se vrsi proracun razlicitih
transportnih sistema preko odredivanja njihovih
minimalnih specifi¢nih transportnih troskova:

I A+To+Te +Tio + Tm + T¢

a $h,

(1)

gde je:

A - vrednost godisnjeg iznosa amortizacije,

T., — troskovi investicionog odrzavanja i osiguranje,
T, - troskovi potrosene elektricne energije,

T,, - troskovi tekuceg odrzavanja,

T, - troskovi repromaterijala i

T, - troskovi radne snage.

Svi troskovi se izrazavaju u dolarima godisnje.
Sema modela za proracun tehnicko-ekonomskih
parametara transportnih sistema data je na slici 3.
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| Input Data

: Calculation of capacity and 2 Calculation of capital costs E
l Il number of the units in the v vV ;
! system V! |
| ' !
i Determining the flow | E Calculation of energy costs |
" 1l capabilities of the system b VI E
: ¥ i
E Calculation of installed power | | E Calculation of spare parts X
i \Y, and energy consumption E ‘ VII costs E
: l B i |
.: Calculation of installed power | | E Calculation of manpower :
! v and energy consumption 0! VI costs |
: o |
! b :

Figure 3 Calculation model for technico-ecomomic parameters of transportation systems
slika 3 Model proracuna tehnicko-ekonomskih parametara transportnih sistema

Block 3. In this block specific transportation
costs for different transportation systems are
compared. The transportation system, which has

lowest specific costs, is taken as optimal
solution.
Based on the sub model for technico -

economic analysis a computer program was
developed.

By comparing of specific transportation costs in
underground metal mines a chart for
determination of optimal transportation length
between rail and conveyor belt systems was
developed. The capacities between 500.000 tpy
and transportation length between 500 and
4.000 m' was included (see fig. 4).

Blok llI. U ovom bloku se vréi uporedivanje
specificnih  transportnih  trcskova  transportnih
sistema. Onaj transportni sistem sa najmanjim
specificnim transportnim troskovima je optimalno
reSenje za konkretne uslove.

Na osnovu podmodela za tehnicko-ekonomsku
analizu izraduje se kompjuterski program za izbor
optimalnog transportnog sistema.

Uporedivanjem specifi¢nih transportnih troskova u
uslovima rudnika sa podzemnom eksploatacijom
metalicnih  mineralnih ~ sirovina dosli smo do
dijagrama za odredivanje grani¢ne duzine upotrebe
izmedu lokomotivskog i trakastog transportnog
sistema, za  godisnji transportni kapacitet od
500.000 do 1.000.000 tona rude i transportno
rastojanje od 500 do 4.000 m, koji je dat na slici 4.
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Qg1=500.000 t
Lgr1=2.70km;cgr1=3.96$/t

c,($/t)

L,(km)

0.5 1 1.5 2 2.5

Qg6=1.000.000 t
Lgr6=3.25km;cgr6=2.85%/t

| lok.(Qg1) |
| —e—traki(Qg1) |
| —A -lok.(Qg6) |
| —>— traki(Qg6)

Figure 4 Chart for determination of optimal transportation length
slika 4 Dijagram odredivanja granicne duzine upotrebe transportnog sistema

2.2 Multi - criteria analysis

A multi-criteria analysis has variety of conflicted
criterions for decision making and more alternatives
from which most acceptable alternative is chosen.
Mathematical model of this multi-criteria analysis
could be defined in following manner:

max|f;(x),f2 (X),....... fn (X)] n>2 @)
xeA:{a1,a2, ............ ,an}
Where:

n - Number of decisions criterions
m - Number of alternatives
A — Union of known alternatives

For the transportation system designing in
underground metal mines following criteria could be
accepted as meaningful:

- Specific transportation costs

- Capital investment costs,

- Manpower requirements,

- System safety,

- (Underground atmosphere pollution,

- System reliability and a

- Automation possibilities of the system.

Two multi-criteria decision methods are used:

- Simple Additive Weights
- PROMETHEE
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2.2 Visekriterijumska analiza

Karakteristika visekriterijumskog modela je uvodenje
vise  medusobno  konfliktnih  kriterijuma  za
odlucivanje i vise alternativa za izbor, a bira se
najprihvatljiviia od njih.  Matematicki model
visekritrijumskog odlucivanja moze da se predstavi
na sledeci nacin:

max(fy (x),f2(X),...or, fn ()] =2 | @
xe A=1{a4,a2,..cc00nnn. ,an}
gde su:

n - broj kriteriuma odlucuvanja,
m - broj alternativa za izbor i
A - skup raspolozivih alternativa.

Za projektovanje transportnog sistema u rudnicima
za metalicne mineralne sirovine u podzemnoj
eksploataciji mogu da se prihvate sledeci znacajni
kriterijumi:

- specifi¢ni transportni troskovi,

- veli¢ina ukupnih investicija,

- struktura radne snage,

- bezbednost rada sistema,

- pouzdanost sistema,

- zagadivanje jamskog vazduha i

- mogucnost automatizacije sistema.

d radu su razradene dve metode iz oblasti

visekriterijumske analize, i to:

- metod jednostavnih aditivnih tezina i
- PROMETHEE metoda.





















