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Abstract

This work presents the principle of optimal model truck selection for waste transport at the open pit
Gacko. The analysis was performed for three types of trucks: Belaz 7555, Belaz 75491 and Belaz 75135.
Selection of the optimal model was done using the AHP method from the group of multicriteria decision-
making methods. The work presents the analysis results of the technological procedure of waste
transport at the open pit Gacko and evaluation the most important criteria for an optimal type truck
selection. In selection the important criteria and assessment the degree of their impact, a questionnaire
method was used that was conducted among the mining engineers at the open pits Gacko, Pljevija,
Suplja Stijena and Mining and Metallurgy Institute Bor. Testing and calculations were done for the
truck types and models that have been in long-term use at the open pits. The research pointed out that
the best results, according to a number of criteria, are shown by the trucks with a carrying capacity of
55 tons (Belaz 7555), which are also the smallest carrying capacity that was tested.
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INTRODUCTION

Selection of equipment in the system  automation, application of information tech-
of open pit exploitation is an issue that is  nology and various optimization models.
placed in the center of the study of mining Considering the research on this issue
issues with the basic aim to optimize the  in our country, we can single out the
technical and economic parameters of Study of Selection the Excavation-
system. The most commonly used meth-  Transport-Landfill Equipment in the Se-
ods are the modeling methods, case stud- lective Excavation of Coal Series (Prof.
ies and application of numerous methods  Dr. Vladimir Pavlovi¢, Prof. Dr. Dragan
from the group of multi-criteria decision-  Ignjatovi¢, Faculty of Mining and Geolo-
making in order to optimize the selection gy, Belgrade, 2010) can be singled out.
of mining equipment. This Study has defined the methodology

Selection of equipment is a constantly  and criteria for selection the basic equip-
current task in mining, in accordance with  ment complex in the specific conditions of
the frequent technical and technological the lignite deposits of the Electric Power
improvements in the field of production, Industry of Serbia.
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Among the foreign examples are the
significant results of the project of interna-
tional cooperation between Germany (EU)
and the University of Mining and Technol-
ogy of Mongolia (Deutsch-Mongolische
Hochschule fur Bergbau und Technologie
(GMIT) (DAAD), 2013)), in which the coal
mining system at the open pits in Mongolia.
During the project period, the coal produc-
tion was increased from about 5.5 Mt of
coal to over 30 Mt. The project was imple-
mented under the coordination of Prof. Dr.
Carsten Drebenstedt (Freiberg Technical
University), one of the leading experts in
the field of geotechnics and selection of
mining equipment.

The basic characteristic of technologi-
cal procedures in the open pit exploitation
is its dynamic character, both in terms of
changing the exploitation parameters re-
lated to the variability of workspaces and
variability of the characteristics of the
working environment and surroundings
(urban, meteorological and environmental
conditions). Therefore, the optimization of
selection the equipment at the open pits is
an attempt to achieve the optimal techno-
logical and economic parameters of ex-
ploitation in the longest possible period
and shortest in the service life of equip-
ment being selected. This means that the
optimal parameters can be achieved only
in the total time of analysis and not in
each individual moment. Another im-
portant feature is that the selection of
equipment is made in relation to the most
important technological process, which
refers to the largest amount of mass and
has the largest share in the total costs. On
the example of the open pit Gacko, and
which is characteristic for other open pits,
it is the technological process of waste
transport. In the current century of this

open pit mine, there is a tendency for
equipment to be procured primarily ac-
cording to the available economic possi-
bilities and current offer on the market,
and not in accordance with the long-term
needs and more complex view of this is-
sue. In this work, the aim was to define
one of the possible systemic approaches to
the selection of discontinuous equipment
for waste transport, which would include
the assessment of the most important in-
fluencing factors. This implies both defin-
ing the influencing factors and objectively
assessing the degree of their influence.

The open pit of lignite Gacko-
Centralno polje is characterized by a large
number of sites for overburden and coal
excavation with different materials, dis-
tance from the place of landfilling and
disposal and transport conditions. A con-
tinuous, combined and discontinuous
waste transport system is also in use. As a
key segment for achieving the stable and
reliable coal exploitation, the system of
exploitation in the roof coal zone has been
singled out, where the overburden, layer
and interlayer waste are transported by a
discontinuous equipment. Due to this rea-
son, the subject of optimizing the selection
of trucks is the waste transport from the
roof exploitation zone for a maximum
annual capacity of 1,500,000 m*/year.

The main goal of research in the field
of selection the optimal transport equip-
ment is to determine the possibility of
application and change the existing struc-
ture of complex transport mechanization
for specific working conditions at the
open pit Gacko-Centralno polje. Apart
from this, an important factor in the suc-
cess of entire system is the determination
of conformity of operation the excavation-
loading and transport equipment for di-
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fferent conditions that are expected at this
open pit in a longer period. In order to
realize these two most important goals, it
was previously necessary to determine the
method of objective characterization and
assessment the influence degree of nu-
merous factors that define the techno-
economic indicators of the system.

MATERIAL AND WORKING
METHOD

The open pit Gacko-Centralno polje
provides lignite as a solid fuel for electric-
ity production for the Gacko Thermal
Power Plant. The basic requirements for
the mine are in terms of total quantity,
average quality, stability and reliability of
production. [1] In order to meet these re-
quirements, two coal mining sites have
been developed at the open pit, the Central
and Roof Exploitation Zone, which differ
significantly in terms of exploitation con-
ditions. Lignite production in the Roof
Exploitation Zone is characterized by a
favorable coefficient of overburden, small
depth of exploitation, overburden and
waste of unfavorable physical and me-
chanical characteristics and low quality of
coal. In this zone, the exploitation is car-
ried out with the basic goal of providing a
sufficient amount of lignite for the Ther-
mal Power Plant, which together with coal
of the Central Exploitation Zone will form
a mixture of satisfactory quality. [2] The
excavation and transport of waste from the
roof zone is discontinuous and is currently
carried out by trucks with a capacity of
100 tons, which are the only ones current-
ly available. The current planning and

project documentation envisages the pro-
curement of trucks and other capacities,
but without a detailed consideration of the
working environment conditions, but on
the basis of experiential criteria. [3]

As a rule, transport at the open pits is
the most important technological process
and has the largest share in the cost struc-
ture. Considering transport at the open pits,
the basic characteristic is that it is a matter
of dislocation the large quantities of mate-
rial, striving to shorten the transport routes,
construction the quality roads and selection
the most efficient equipment for given con-
ditions. [4,5,6] Factors that affect the suc-
cess of this technological process are: re-
lief, hydrographic, meteorological, struc-
tural geological and others, often beyond
the possibility of influencing them, but also
those whose management can achieve more
favorable results. A survey method was
used to determine the important influencing
factors as well as to assess the degree of
their influence. The survey was conducted
at the open pits where the long-term use of
discontinuous transport is present, as well
as at the Scientific Institution, among em-
ployees who have been dealing with the
issue of open pit mining for many years.

Engineers from the open pit Gacko,
open pit Potrlica-Pljevlja and open pit
Suplja stijena Pljevlja participated in the
survey. The survey involved 57 engineers
who evaluated the criteria for selection a
rational truck model according to the im-
portance defined by the weighting factor.
Respondents were asked to rate from 1 to
5 the 5 criteria selected from a wider set
shown in Table 2. The survey results are
shown in Table 1.
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Table 1 Survey results

Criterion tfafalafalalaale]2l2]2]2]2 222 222
IRB. 112\31415/61718/910171513|a|s5]6|7|8|o]0|1|2]3|a|5]6|7|8]9
foesgi;"atory 4|5|5|4|5|5|5|5|5|5|5(4|4]4|3|3|5|5|5|5|4|4|4|5|5|5[3]|3]|3
Capitalcosts |5|4|4|5(3[4]4alalalal3]5]2]3]alalalal3]4a]3 34alalal2]s5
Laborcosts |3(3|3[3]4|3]3]3[3]3]alx]3]e]2lz]2]3]4]3]5]1]3]4]3]|3]5]4]4
Road mainte- | 514 |5 |9 1|1|2|2|2|2]2]3|5|2|5|2|2|2]1|1]1]|2|1|2]1]1]1]5]1
nance costs

Coefficient of

compliance

theexcavator |1|2|1|2|2|2|1|1|1|1|1|2|1|5|2|5|3|1|2|2(2(3|2|1|2|2|2|1]|2

and truck
capacity

criterion/R.B|3|3[3[3]3[3]3[3[3]3|4|4a|ala]|ala|a|ala]a|5]5]5]5]5[5]5]5
o|1]2|3|4|5|6|7|8l9|0o|1]2|3|4|5|6|7|8|9]0|1|2|3|4|5|6|7

?(i%‘s“atory 2|5|5|5|2|4|4|4|5|5|5|5|4|4|5|4|5|5|4|4]a|3|4|4|4|5|5]5

Capitalcosts |4(4|3[3(3[3[3]5]4lalala|5]5|a|5]ala]5]3|5]a]5]5]5[a|a]4

Laborcosts |5|2]4l1]sl2]5|3[1]3]2]33]3]3[3]3]3]3]5|3]5]3[3]3[3]3]z

Road mainte- | 31315 |51 4(5]2(1|2(2]3]2]2]|2|1|2[1]1]2]1]|2|2|2|1]2]2]|2]|3

nance costs

Coefficient of

compliance

theexcavator |1]1|1]4|1]2|1]2]3|2]1|2]2|2|2]2|2|2]|2l2]2|2l2]2|2]2]2]2

and truck

capacity

Based on the survey results, the aver-
age weighting factors of criteria as the

arithmetic mean of the survey scores were
calculated and shown in Table 2.

Table 2 Weighting factors of the criteria based on the survey results

. . Coefficient of compliance
Criterion/evaluation Regulatory| Road mainte- | Capital | - Labor between the excavator
costs nance costs costs costs .
and truck capacity
Total number of points
of the weighting factor 241 115 221 170 %
Average weight factor 4.33 2.02 3.98 2.98 1.68

The aim of the survey is to define the
most important influencing factors and to
assign each of the factors an appropriate
weight rating in accordance with the ex-
pected relative impact. These weighting
factors are the most important element in the
process of determining the optimal type of
truck for waste transport in the Roof Exploi-
tation Zone of the open pit Gacko.

To determine an optimal type of truck, a
method from the group of multicriteria deci-
sion-making methods, a subgroup of meth-
ods of analytical hierarchical processes
(AHP method) was chosen. The group of
multicriteria decision-making methods in-
cludes both optimization and non-
optimization methods. [7] These are a wide
range of methods that were often used in
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specific situations and whose common fea-
ture is that they can combine a large number
of, by their nature, diverse criteria. The se-
lection methods from the AHP group are
essentially not optimization methods, but are
often used for the practical needs of selec-
tion the mechanization complexes at the
open pits, in order to select the most favor-
able from the limited set of available pro-
duction units. [8] Due to these properties, it
was used in this case. Each of the methods
from the AHP subgroup contains the
weighting factors and satisfaction factors as
a key element. [9] These factors are related
to the selected criteria and can be of differ-
ent nature, different limits, descriptive or
numerical, etc. There are a number of meth-
ods to reduce weight and satisfaction factors
to a common denominator, but the end re-
sult is always largely related to the magni-
tude of weight and satisfaction factors. [10]
Therefore, the accuracy of results is largely
dependent on objectivity when choosing
these two factors. In this particular case, the
survey method was used in order to ensure
this objectivity as much as possible.
Selection of the optimal truck type was
made in relation to the possible truck types
characteristic for the given capacity,
transport lengths, working environment
characteristics and loading equipment char-
acteristics previously defined from the ca-
pacity conditions and possibility of selective
coal exploitation. Based on the above, the
offered set of truck types has been reduced
to trucks with a carrying capacity of 100, 80

and 55 tons, and which are more often used
at the open pits of similar capacity.

Truck transport calculation

The Talpac software was used to calcu-
late the excavator-truck system. The Talpac
software package is a simulation model of
loading and transport process at the open
pits. This software enables optimization of
the transport fleet, calculation of technical
and economic parameters of equipment
operation, such as a cycle length, capacity,
number of trucks in the system, effective
operating time, etc. In the specific case, this
program was used to determine the parame-
ters in waste transport from an open pit to
an external landfill.

The input data used in calculation are:

- Total possible number of shifts per

year: 1,095 shift/year
- Shift duration: 8h
- Number of working

hours per year: 8,760 h
- Available shift

work time: 55h
- Available working

hours per year: 3,500 hours

The calculation was made for an annual
capacity of 1,500,000 m®. Komatsu PC 1250
bucket hydraulic excavator with a bucket
volume of 6 m® was chosen for a loading
unit, while three truck models of different
capacities were chosen for the transport
equipment, shown in Tables 3 and 4.

Table 3 Characteristics of loading machinery [11]

Komatsu PC 1250
Parameters

Bucket volume (m°) 6 Engine power (kW) | 363

Speed (km/h) 4.2 Speed (rpm) 1800
Digging depth (m) 8.45 | Weight (kg) 75200
'(\l/l\ﬁzrrl]g)o il pressure 12.2 | Length arrow (mm) 7500
Crawler width (mm) 610 Overall length (mm) | 14405
Crawler stand width (mm) | 4110 [ Branch height 4690
Crawler stand length (mm) 5810 | Cabin height 3670
Bucket width (mm) 2200 | Total width 4110
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Table 4 Characteristics of transport mechanization [12,13,14]

Belaz 7555 Belaz 75491 Belaz 75135

375 46 71.2
(Ek’w)“e power 522 630 895
Load capacity (t) 55 80 110
mg\)/(érsrfeenetd(lgrn/h) 5 50 50
Shaking angle (°) 47 46 47
Weight (kg) 41000 72500 100100
Total height (mm) 4610 5350 5900
Total width (mm) 5240 5420 6400
Total length (mm) 8890 10300 11500
Price (€) 400 000 700 000 900 000

Based on the entered data, the hourly ca-
pacities of a truck for the transport route
from the open pit to the external landfill
were calculated and expressed in m*h when
working in conjunction with the loading
machinery. The number of trucks required in

the appropriate period was calculated on the
basis of the total required time of truck en-
gagement for the waste amount from the
open pit and specific transport length. The
truck capacity calculated in the Talpac soft-
ware package is shown in Table 5.

Table 5 Truck capacity calculated in the Talpac software package

Truck model Capacity (m°/h)
Truck Belaz 7555 304.07
Truck Belaz 75491 343.44
Truck Belaz 75135 340.79

Operating costs

The truck capacity served as the basis
for calculation the operating costs given in
Table 6.

The price of operating costs for all types
of analyzed trucks was calculated with the
calculated standards and prices of drive ma-
terial.
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Table 6 Operating costs

Material P'Eiec)es Belaz 7555 | Belaz 75491 | Belaz 75135
Fuel standard (I/cm®) 1 0.287034 0.306709 0.434907
Lubricant standard (kg/cm?®) 5 0.028703 0.030671 0.043491
Oil standard (I/cm?) 25 0.031574 0.033738 0.04784
Tire standard (pcs.) 900 0.000013 0.000013 0.000013
Spare parts standard (kg/cm®) 10 0.01 0.01 0.01
€/m® 0.614685 0.653508 0.88366

Capital costs

pressed as the unit costs per m>. Table 7
shows the investments in transport equip-
ment.

Capital costs are given on the basis of
purchase prices, estimated total lifespan
and estimated capacity, and thus ex

Table 7 Investments in transport equipment - capital costs

Belaz 7555 Belaz 75491 Belaz 75135
Number of trucks 5 4 3
Price of one truck (€) 400,000 700,000 900,000
Total price (€) 2,000,000 2,800,000 2,700,000
€/m® 0.188 0.233 0.226

Labor costs

Labor costs were calculated on the ba-
sis of data on salaries of the Gacko Mine.

The costs for the four-brigade work

Table 8 Labor costs for the four-brigade system

system have been calculated. Table 8
shows the labor costs.

Belaz 7555 | Belaz 75491 | Belaz 75135
Number of trucks 5 4 3
Gross salary 800 800 800
Net salary 1,280 1,280 1,280
Number of shifts 4 4 4
Monthly salary costs 25,600 20,480 15,360
Annual salary costs 307,200 245,760 184,320
€/m® 0.205 0.164 0.123
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Road maintenance costs

Road maintenance costs are calculated
based on the road area determined by the
length of transport and width of transport
means and amounts to:

Road area = road width * road length

Road width = truck width * 2 + 4m

Table 9 Road maintenance costs per m?

The road maintenance costs per m? are
0.5 €, and the price is determined based on
the price list of works on construction and
modernization the roads of the official
public company. [15]. Road maintenance
costs are shown in Table 9.

Belaz 7555 | Belaz 75491 | Belaz 75135
Truck width 5 6 7
Road area 58,838 66,898 72,540
eur/year 29,419 33,449 36,270
Eur/m® 0.0196 0.0223 0.0242

Coefficient of compliance of
loading and transport equipment

Coefficient of compliance of loading
and transport machinery is a measure of
compliance the excavator capacity and
number of trucks in the system, i.e. the ratio

Table 10 Coefficient of compliance

between the optimal and required capacity
of a truck in the system. Table 10 shows the
coefficient of compliance for the truck
models that are the analysis subject.

Belaz 7555 Belaz 75491 Belaz 75135
Coefficient of 0.850 0.699 0.778
compliance
Evaluation and ranking methods of Il Stage:

variant solutions

The assumption is that it is necessary
to decide on one of several variants, in this
case the three shown models of trucks.

There are the following stages that are
necessary to set up a scoring model:

| Stage:

Set a list of criteria to be considered.
Criteria are important factors for evaluat-
ing any decision.

Determine the weight of each criterion
that shows its relative importance:

wi = weight of criterion i
111 Stage:

Determine the measure of each criteri-
on that shows how well each alternative
meets each criterion:

rj = measure for criterion i and deci-
sion j
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IV Stage:

Calculate the value for each decision
alternative:

S; = value for decision alternative j

The equation for calculating the value
of Sj is:

Sj = Y1 wi*rij
V Stage:

The order of selected alternatives from
the highest to the lowest value is at the
same time ranking according to the scor-
ing model for alternative decisions. The
decision is made for an alternative with
the highest number of points and it is rec-
ommended for implementation.

According to this method, selection of a
truck model was made in five stages, with
the first defining a list of criteria, the second
the weighting criterion, the third the satisfac-
tion level measure, the fourth calculating the
value of alternatives for decision making and
the fifth the ranking variants.

TESTING RESULTS

The application of described method
for the specific truck models and fr specif-
ic working conditions led to a definition of
the rank for each of the offered models.
The practical procedure was carried out
through the following stages.

| Stage: List of criteria

Regulatory costs

Capital costs

Labor costs

Road maintenance costs
Coefficient of compliance between
the excavator and truck capacity

Il Stage:

A scale is used to determine the weight,
depending on the importance of criteria, and
in this case, considering the selected list of
criteria, a five-point scale is used:

Importance Weight (w;)
Very important 5
Somewhat important 4
Medium important 3
Somewhat unimportant 2
Very unimportant 1

The weighting factors, shown in Tablel,
represent the result of expert assessment and
as such were used in the further procedure,
where the relative ratio of weight factors for
individual criteria is more important than its
absolute value. Based on the weighting fac-
tors, the used criteria were ranked and their
order is given in Table 11.

Table 11 Decision criteria, importance and weight of criteria

Ord.No. | Criterion Weight
1 Regulatory costs 4.33
2 Capital costs 3.98
3 Labor costs 2.98
4 Road maintenance costs 2.02
5 Coefficient of compliance between excavator and truck capacity 1.68
111 Stage:

Each alternative decision is evaluated
from an aspect of meeting each criterion.

The following levels of satisfaction were
selected for selection a possible variant:
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Satisfaction level Measure (ri) The calculation process must be com-

Extremely high 9 pleted for each combination of alternative
Very high 8 decisions for each criterion. Since there
High 7 are five criteria and three alternatives for
Almost high 6 decision making (5*3 = 15), 15 measures
Medium 5 for alternative decisions are obtained,
Almost low 4 which are given in the following Table 12.
Low 3
Very low 2
Extremely low 1

Table 12 Measures for decision-making alternatives

o Belaz Belaz | Belaz
Criterion 7555 | 75491 | 75135
Regulatory costs 7 5 2
Capital costs 7 3 4
Labor costs 2 5 8
Road maintenance costs 6 5 3
Coefficient_of compliance between excavator and 6 3 4
truck capacity

IV Stage:

It is necessary, according to the given alternative for decision making. Thus, for
weight, to calculate the values of each  example, for alternative 1, its value is:

Sj = i wy*r;; = 4.33*%7 + 3.98*7 + 2.98*2 + 2.02*6 + 1.68*6 = 86.386

Based on the determined values, the  given in Table 13, are obtained.
values of decision-making alternatives,

Table 13 Values of decision-making alternatives

Weight Belaz 7555 Belaz 75491 Belaz 75135

Criterion Measure | Value [Measure | Value | Measure| Value

(wy) (r)  [wirig) | (re) (ria) | (Wi*rig) | (wi*rip)
Regulatory costs 4.33 7 30.333 5 21.667 2 8.667
Capital expenditures 3.98 7 27.877 3 11.947 4 15.930
Labor costs 2.98 2 5.965 5 14,912 8 23.860
Road maintenance costs 2.02 6 12.105 4 10.088 3 6.053
Coefficient of compliance| 1.68 6 10.105 8 5.053 4 6.737
Total value 86.386 63.667 61.246
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V Stage: Ranking

1. Belaz 7555 = 86.386
2. Belaz 75491 = 63.667
3. Belaz 75135 =61.246

DISCUSSION

On the basis of conducted procedure
and ranking of alternatives, a truck model
with the lowest load capacity, the Belaz
7555 model with a load capacity of 55
tons, was chosen as the most favorable.

In the criteria selection and their rank-
ing, on the basis of the obtained average
grade, the order and relative ratio of indi-
vidual criteria is in line with expectations
and coincides with literature data. Most
often, considering a discontinuous transport
at the open pits, the operating costs are sin-
gled out as the most significant and are of-
ten the subject of consideration, given that
the highest savings can be achieved on
them. The capital costs are at the second
place in terms of importance, which is also
common, and their reduction is more often
the subject of economic than technical pa-
rameters. Other criteria show a significantly
lower degree of influence on the final result.

Considering that the standard costs are
highlighted as the most significant, their
verification and improvement was per-
formed with the previous transport costs
monitored at the open pit and difference
from the average realized total costs indi-
cates that the costs obtained by applying the
presented model are realistic.

In the process of optimizing the
transport process at the open pits and in
general in the other technological processes,
there is a constant increase in capacity,
which should result in lower unit costs. This
approach often neglects the specific condi-
tions, and for the case under consideration,
it is primarily the need to apply a selective
coal exploitation in the roof exploitation
zone. The structural assembly of the deposit

in this zone is such that there is a frequent
change of seams and interlayers of coal and
waste of small thicknesses. This limits the
possibility of using the excavation equip-
ment of large dimensions of the working
body. For the specific case, volume of an
excavator bucket of 6m® represents the up-
per limit of application in the conditions of
selective exploitation. This is the result of
practical experience and monitoring the
quality of run-of-mine coal at the open pits
in the region and in the world. This is pre-
cisely the reason why, according to the cri-
terion that had the lowest weight factor, the
coefficient of conformity of loading and
transport equipment, the selected model has
showed the same rank.

CONCLUSION

The methods of multi-criteria decision-
making and optimization are often used in
mining because they allow a number of
different criteria to be compared with each
other and, based on them, to rank or select
the optimal solution. The results of applying
the AHP method in selection the optimal
model of waste transport truck at the open
pit Gacko Centralno polje show similar
results as the determination of the Gacko
mine experts and confirms experiences
from the other open pits in the region.
Therefore, it can be said with a high reliabil-
ity that the applied method is appropriate,
that the ranking determines the optimal
model of a truck and that the considered
criteria are sufficient for its selection. As the
expected result is the choice of one model
from the limited domain of available
transport means, the method itself, although
not intended for that, can be applied as an
optimization. In order for the result to be as
favorable as possible from the user point of
view, it is necessary to expand the domain
of possible results, i.e. to analyze a larger
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number of truck models from different
manufacturers. It is also possible to have a
multidisciplinary approach with experts in
the field of maintenance and automation of
equipment and inclusion the new criteria
and indicators of success in the application
of a particular model in these two aspects.
This is especially important in the case of
the transport process automation, which has
consequences for more efficient, safer work
and increased utilization of available time.
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