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FOREWORD

Afier the consultations with business entities in the field of mining and environmental
protection, faculties and scientific institutes, an initiative for organizing a scientific meeting
on mining and environmental protection was taken in 1996. The Faculty of Mining and
Geology in Belgrade, CENTER FOR ENVIRONMENTAL ENGINEERING, have organized the
First Yugoslav Conference with International participants held from 25 to 27 April 1996. in
Belgrade, Serbia. The second International Symposium was held in Belgrade from 25 to 27
May 1998. The third Symposium was held in Vrdnik from 21 to 23 May 2001. The fourth
International Symposium was held in Vrdnik from 23 to 25 June 2003. Due to the large number
of subjective and objective reasons organization of the symposium was discontinued in 2003.
Fifth International Symposium was held in Vrdnik from 10 to 13 June 2015. The sixth
International Symposium was held in Vrdnik from 21 to 24 June 2017. The seventh
International Symposium was held in Vrdnik from 25 to 28 September 2019. and the eighth
International Conference was held in Soko Banja from 22 to 25 September 2021.

On the basis of the conclusions made at the 8" Conference MEP 2021 and great interest of
domestic and foreign scientific and professional public, the Faculty of Mining and Geology in
Belgrade, in cooperation with co-organizers (Berg Faculty TU Kosice, Slovakia, University of
Ljubljana, Faculty of Natural Sciences and Engineering, Slovenia, Goce Delcev University in
Stip, N. Macedonia, Geological Survey of Slovenia, Ljubljana, Slovenia, University in Banja
Luka, Faculty of Mining, Prijedor, Republic of Srpska, Bosnia & Herzegovina and Association
of Mining and Geology Engineers), shall organize the 9" International Conference Mining and
Environmental Protection — MEP 2023.

The previous Symposium, were very successful and scientist and companies from many
countries gathered to exchange information and research results. The objective of this
Conference is to bring together engineers, scientists and managers working in mining industry,
research organizations and government organizations, on development and application of best
practice in mining industry in the respect of environment protection.

At the Book of Proceedings of 9" International Conference on Mining and Environmental
Protection are 56 Papers. Almost half is from abroad, or their authors is from different
countries. At least 166 authors and co-authors took part in the preparation of these papers.
The papers were reviewed by Reviewers. Only high-quality papers were selected, from two
side, one from the scientific basis and the second from point of view of applicability in resolving
problems at the development of mining.

We are very grateful to the authors of the papers, who contributed to a great extent to the
success of this meeting by having sent enough number of high-quality papers, and thereby
made the work of the reviewers a pleasant one in respect of selecting the best quality papers.
Also, we would like to thank all of the participants in the Conference, as well as the sponsors
who helped and enabled us to hold such a great meeting.

Editor



PROCEEDINGS

9 International Conference MINING AND ENVIRONMENTAL PROTECTION

Editor: prof. dr Ivica Ristovié, Faculty of Mining and Geology, Belgrade
Reviewers:

dr Robert Sajn, Geological Survey of Slovenia, Ljubljana, Slovenia, dr Milan Kragovi¢, Institute of Nuclear
Sciences, Vinca, Serbia, dr Marija Stojmenovié, Institute of Nuclear Sciences, Vinca, Serbia, dr Aleksandar
Cvjetié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Radule ToSovi¢, Faculty of Mining
and Geology, University of Belgrade, Serbia, dr Jasminka Alijagi¢, Geological Survey of Slovenia, Ljubljana,

Slovenia, dr Gorazd Zibret, Geological Survey of Slovenia, Ljubljana, Slovenia, dr Predrag Lazi¢, University of
Belgrade, Faculty of Mining and Geology, Serbia, dr Vieroslav Molnar, BERG Faculty, TU Kosice, Slovakia, dr
Gabriel Fedorko, BERG Faculty, TU Kosice, Slovakia, dr Zoran Despodov, Goce Delcev University Stip, N.

Macedonia, dr Jelena Gulicovski, Institute of Nuclear Sciences, Vinca, Serbia, dr Dragan Radulovié, ITNMS,

Belgrade, Serbia, dr Dejan Ivezié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Zeljko
Vukelic, University of Ljubljana, Faculty on Natural Sciences and Engineering, Ljubljana, Slovenia, dr Goran
Vizintin, University of Ljubljana, Faculty on Natural Sciences and Engineering, Ljubljana, Slovenia, dr Irma
Dervisevié, University of Pristina, Faculty of Technical Sciences, Kosovska Mitrovica, Serbia, dr Marija Zivkovié,

University of Belgrade, Faculty of Mining and Geology, Serbia, dr Vladimir Milisavijevi¢, University of Belgrade,

Faculty of Mining and Geology, Serbia, dr Predrag Jovanci¢, University of Belgrade, Faculty of Mining and
Geology, Serbia, dr Domenico Guida, University of Salerno, Iialy, dr Viadimir Cebasek, University of Belgrade,

Faculty of Mining and Geology, Serbia, dr Jelena Majstorovi¢, University of Belgrade, Faculty of Mining and
Geology, Serbia, dr Milos Tanasijevié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Ranka
Stankovié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Jelena Doki¢, University of Pristina,

Faculty of Technical Sciences, Kosovska Mitrovica, Serbia, dr Ivica Ristovi¢, University of Belgrade, Faculty of
Mining and Geology, Serbia.

Editorial Board: dr Marija Zivkovié, dr Dragana Nisi¢, dr Milanka Negovanovié, dr Ivana
Vasiljevié, dr Danica Sreékovié Batoéanin, dr Biljana Abolmasov, dr Ranka Stankovi¢, Marina
Bukavac, dr Nevenka Derié, and dr Suzana Lutovac.

Publisher: University of Belgrade, Faculty of Mining and Geology, Belgrade, Serbia

For publisher: Prof. dr Biljana Abolmasov, Dean

Technical design: M.Sc. Emilija Siradovié

Printed by: SaTCIP, Vrnjacka Banja, 2023.

Copies: 200

ISBN 978-86-7352-389-7

The publication of this Proceedings approved by the Council of Faculty of Mining and Geology,
University of Belgrade.

All Papers in Proceedings are reviewed.

This Proceedings was published with the financial assistance of the Ministry of Science,
Technological Development and Innovation of Republic of Serbia.



ORGANIZER

UNIVERSITY OF BELGRADE, FACULTY OF MINING AND GEOLOGY, Belgrade
Center for environmental engineering, Mining Department
www.rgf.bg.ac.rs

COORGANIZERS

BERG FACULTY TU KO§ICE, SLOVAKIA
www.fberg.tuke.sk

UNIVERSITY OF LJUBLJANA, FACULTY OF NATURAL SCIENCES AND
ENGINEERING, SLOVENIA
www.ntf.uni-lj.si

GOCE DELCEV UNIVERSITY IN STIP, MACEDONIA
www.ugd.edu.mk

GEOLOGICAL SURVEY OF SLOVENIA, LJUBLJANA, SLOVENIA

WWW.Zge0-ZS.s1

UNIVERSITY OF BANJA LUKA, FACULTY OF MINING ENGINEERING, PRIJEDOR,
REPUBLIC OF SRPSKA, BOSNIA AND HERZEGOVINA
www.rf.unibl.org

ASSOCIATION OF MINING AND GEOLOGY ENGINEERS
https://sirgs.org.rs

SCIENTIFIC COMMITTEE

dr Noam Lior, University of Pennsylvania, USA, dr Jorge Luis Loredo Perez, University of Oviedo, Oviedo,

Spain, dr Srecko Stopic, RWTH Aachen University, Aachen, Germany, dr Adolfo Senatore, University of Salerno,

Fisciano, Italy, dr Domenico Guida, University of Salerno, Fisciano, Italy, dr Michal Cehldr, BERG Faculty, TU
Kosice, Slovakia, dr Andrea Rosovd, BERG Faculty, TU Kosice, Slovakia, dr Daniela Marasova, BERG Faculty,

TU Kosice, Slovakia, dr Gabriel Fedorko, BERG Faculty, TU Kosice, Slovakia, dr Vieroslav Molndr, BERG
Faculty, TU Kosice, Slovakia, dr Marian Sofrako, BERG Faculty, TU Kosice, Slovakia, dr Nikoleta Husakova,

BERG Faculty, TU Kosice, Slovakia, dr Zeljko Vukelic, University of Ljubljana, Faculty on Natural Sciences and
Engineering, Ljubljana, Slovenia, dr. Goran Vizintin, University of Ljubljana, Faculty on Natural Sciences and
Engineering, Ljubljana, Slovenia, dr Janez RoSer, University of Ljubljana, Faculty on Natural Sciences and
Engineering, Ljubljana, Slovenia, dr Damjan Hann, University of Ljubljana, Faculty on Natural Sciences and
Engineering, Ljubljana, Slovenia, dr Robert Sajn, Geological Survey of Slovenia, Ljubljana, Slovenia, dr.

Jasminka Alijagi¢, Geological Survey of Slovenia, Ljubljana, Slovenia, dr Gorazd Zibret, Geological Survey of
Slovenia, Ljubljana, Slovenia, dr Kristina Zuzek Rozman, Institut Jozef Stefan, Lijubljana, Slovenia, dr Gasper
Tavcar, Institut Jozef Stefan, Ljubljana, Slovenia, dr Zoran Despodov, FPTN, Stip, N. Macedonia, dr Dejan

Mirakovski, FPTN, Stip, N. Macedonia, dr Viadimir Malbasi¢, University of Bamja Luka, Faculty of Mining
Engineering, Prijedor, Republic of Srpska, dr Lazar Stojanovié, University of Bamja Luka, Faculty of Mining
Engineering, Prijedor, Republic of Srpska, dr Valentin Nedeff, Faculty of Engineering, University of Bacdu,

Romania, dr Liviu Moldovan, Petru Maior University of Tirgu Mures, Tirgu Mures, Romania, dr Alexandru-

Viorel Pele, University of Oradea, Faculty of Management and Technological Engineering, Romania, dr Nikolae
llias, University of Petrosani, Romania, dr Raycho Illarionov Technical University of Gabrovo, Bulgaria, dr Jiri
Fries, VSB Technical University of Ostrava, Ostrava, Czech Republic, dr Hana Neradilovd, VSLG, Praha,

Prerov, Bratislava, Czech Republic, dr Ieta Dockalikovd, VSLG, Praha, Prerov, Bratislava,



Czech Republic, dr Sibila Borojevic Sostarié, University of Zagreb, Faculty of Mining, Geology and
Petroleum Engineering, Croatia, dr Marta Mileusni¢, University of Zagreb, Faculty of Mining, Geology
and Petroleum Engineering, Croatia, dr Nediljka Gaurina Medimurec, F aculty of Mining, Geology and
Petroleum Engineering, Croatia, dr Karolina Novak Mavar, University of Zagreb, Faculty of Mining,
Geology and Petroleum Engineering, Croatia, dr Vlatko Marusié, TU Osijek, Croatia, dr Tatjana
Stanivuk, Faculty of Maritime Studies, University of Split, Croatia, dr Marija Stoimenovié, Institute of
Nuclear Sciences, Vinca, Belgrade, Serbia, dr Milan Kragovié, Institute of Nuclear Sciences, Vinca,
Belgrade, Serbia, dr Jelena Gulicovski, Institute of Nuclear Sciences, Vinca, Belgrade, Serbia, dr
Miroslav Sokié, ITNMS, Belgrade, Serbia, dr Dragan Radulovié, ITNMS, Belgrade, Serbia, dr Gordana
Stefanovié, University of Nis, Faculty of Mechanical Engineering, Ni§, Serbia, dr Nebojsa Arsic,
Faculty of Technical Sciences, Kosovska Mitrovica, Serbia, dr Srdan Jovié, Faculty of Technical
Sciences, Kosovska Mitrovica, Serbia, dr Gordana Milentijevié, Faculty of Technical Sciences,
Kosovska Mitrovica, Serbia, dr RuZica Bozovié, Faculty of Technical Sciences, Kosovska Mitrovica,
Serbia, dr Milenko Petrovié, Faculty of Technical Sciences, Kosovska Mitrovica, Serbia, dr Ivica
Jakovljevié, Faculty of Technical Sciences, Kosovska Mitrovica, Serbia, dr Irma Dervisevié¢, Faculty of
Technical Sciences, Kosovska Mitrovica, Serbia, dr Natasa Elezovic, Faculty of Technical Sciences,
Kosovska Mitrovica, Serbia,, dr Biliana Abolmasov, University of Belgrade, F aculty of Mining and
Geology, Serbia, dr Aleksandar Milutinovié, University of Belgrade, Faculty of Mining and Geology,
Serbia, dr Radule ToSovié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr
Aleksandar Cvjeti¢, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Zorica
Lazarevié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Vladimir Cebasek,
University of Belgrade, Faculty of Mining and Geology, Serbia, dr Vesna Risti¢-Vakanjac, University
of Belgrade, Faculty of Mining and Geology, Serbia, dr Nikola Lili¢, University of Belgrade, Faculty
of Mining and Geology, Serbia, dr Dragan Ignjatovi¢, University of Belgrade, Faculty of Mining and
Geology, Serbia, dr Predrag Lazié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr
Viadimir Milisavljevi¢, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Tomislav
Subaranovié, University of Belgrade, Faculty of Mining and Geology, Serbia, dr Aleksandra Tomic,
University of Belgrade, Faculty of Mining and Geology, Serbia, dr Ivica Ristovié, University of
Belgrade, Faculty of Mining and Geology, Serbia.

ORGANISING COMMITTEE
President of the organising committee: dr. Ivica Ristovi¢, Belgrade, Serbia

Vice presidents of the organising committee: dr Gabriel F edorko, Kosice, Slovakia, dr Goran Vizintin,
Ljubljana, Slovenia, dr Robert Sajn, Ljubljana, Slovenia, dr Zoran Despodov, Stip, Republic of
Macedonia, dr Vladimir Malbasié, Prijedor, RS, Bosnia and Herzegovina, dr Tomislav Subaranovié,
Belgrade, Serbia.

Organizing committee: dr Nikoleta Husakova, Kodice, Slovakia, dr Jozef Cambal, Slovakia, dr Jan
Feher, Slovakia, dr Damjan Hann, Slovenia, dr Zoran Despodov, Stip, Republic of Macedonia, dr
Natasa Elezovié, Kosovska Mitrovica, Serbia, dr Viadimir Milisavljevié, Belgrade, Serbia, dr Dragana
Nisi¢, Belgrade, Serbia, dr Stevan Denadié, Serbia, dr Krstimir Pantic, Kosovska Mitrovica, Serbia,
MSc Milena Lekié, Belgrade, Serbia, MSc Andrijana Nedeljkovic, Belgrade, Serbia, MSc Neda Nisié,
Belgrade, Serbia, MSc Miodrag Ristovié, Belgrade, Serbia, MSc Uro$ Pantelié, Belgrade, Serbia, MSc
Luka Crnogorac, Belgrade, Serbia, MSc Emilija Siradovié, Belgrade, Serbia, MSc Radmila Lisanin,
Serbia, BSc Ognjen Adamovié, Serbia, BSc Nadezda Petrovié, Lazarevac, Serbia, BSc Nevena
Stojkovié, Serbia, BSc Natalija Pavlovié, Serbia, Nevena Djurdjev, Serbia, Maja Petrovié, Serbia.




Suzana Lutovac, Milo§ Gligori¢, Jelena Majstorovié¢, Luka Crnogorac:

Analysis of a simplified model for determining rock mass oscillation velocity at the Kovilovaca open pit .....

Snezana Savkovic, Jelena Majstorovic:
Theory of decision-making between subjectivity and objectivity in conditions of uncertainty (in mining) ......

Slobodan Kokeri¢, Dejan Dramli¢, Nemanja Stanisavljevié, Zoran Aksentijevi¢, Drazana Tosié,
Jelena Trivan:

Coal mining system in the conditions of the “Soko" Sokobanja black lignite deposit .............................

Dorde Fi¢i, Miljana Milkovi¢, Daniel Radivojevié, Zoran Aksentijevié, Slobodan Kokerié:

Hydrogeological opportunities in the conditions of the coal deposit of mine “Soko* in Sokobanja .......

Aleksandra Tomié:

Impact of mining waste on the environment in the Republic Of SeFbia ..........ooveeereerererereseeseseesreseeon,

Radule ToSovi¢:

The relationship between environmental costs and direct economic effects of valorization of mineral
Gala e R T S O R ORI D TSR e
Natalija Pavlovic, Ivan Jankovic, Tomislav Subaranovic:

Conceptual solution of recultivation for the next 12 years at the dacite open pit mine

Ceramide QUMP NEAY RUARIE ........ivivssiwccnossssmsissummmssersmmmsssosssssiosssssissmosssessemsmmmssiemomees oo 108
Sanja Baji¢, Dragoljub Bajié, Branko Glus¢evié, Radmila Gaéina:

Application of Vikor method in the selection of an optimal solution of excavation “Borska Reka’ ore deposit .....
Radmila Gaéina, Bojan Dimitrijevié, Sanja Baji¢:

Conversion of land areas afier coal mine closure and reclamation

Nevena Stojkovié, Milutin Pordevié:

Calculation of discontinuous transport for transport of mineral raw materials in mine "Grot" ..o
Veljko Savi¢, Vladimir Topalovié, Jelena Nikolié, Srdjan MatijaSevi¢, Marija Djosi¢, SneZana
Zildzovi¢, Snezana Grujié:

Recycling of glass waste into foam glass: a review

Milica Tomovié, Irma DerviSevié¢, Dragan Manojlovié, Jelena Pokié, Marija Janackovié:

The effect of an abandoned asbestos mine on environmental pollution

Miroslav Cantrak, Vasilije Gasié:

Construction waste management in the Republic of Serbia
Irina Kandi¢, Milan Kragovié, Jelena Gulicovski, Katarina Nikoli¢, Neda Nisi¢, Vesna
Karadzi¢, Marija Stojmenovi¢:

Femoval of potentially toxic cyanobacteria by using activated carbons obtained from biowaste ..............c.........
Irina Kandi¢, Milan Kragovié, Jelena Petrovi¢, Peda Janackovié, Milan Gavrilovié, Milo$
Momcilovié¢, Marija Stojmenovié:

Assessment of the risk of consumption of toxic metals through herbal I USTONS e B0 e oo s St

252

267

273

281

286

291




Zorica Lopici¢, Domenico Morabito, Tatjana Sostarié, Jelena Milojkovié, Anja Antanaskovi¢,
Yassine Chafik, Sylvain Bourgerie:

The application of biochar onto soils-benefit for overall enviroNmMeNt ... 295

Katarina Nikolié, Andrijana Vasié, Milan Kragovié, Milena Rosié, Ivona Jankovié-Castvan,
Marija Stojmenovié, Jelena Gulicovski:

Analysis of chemical and structural features of waste vitreous enamel produced
during the heating device manufacturing process 303

Katarina Nikolié¢, Milan Kragovié¢, Marija Stojmenovié, Andrijana Vasi¢, Irina Kandié, Neda
Nisi¢, Jelena Gulicovski:

Activated carbon from almond pits as low-cost material for electrochemical application 308
Neda Nigi¢, Milan Kragovi¢, Jelena Gulicovski, Katarina Nikoli¢, Andrijana Vasié, Milan

Zunié, Marija Stojmenovi¢:

Characterization of innovative high-temperature resistant adhesives with addition of aluminosilicate waste ........ 312
Neda Nigié¢, Milan Kragovié, Milan Zunié, Jelena Gulicovski, Andrijana Vasié, Irina Kandi¢,

Marija Stojmenovié:

Application of a new system of solid ionic conductors based on multi-doped ceria
as electrolytes for it-sofc technology- test in a SINGIE COll ovumrrvrerrsssrsssssscerssssssirransssssassseenes 316

Andrijana Vasi¢, Marija Stojmenovié, Katarina Nikoli¢, Irina Kandié, Jelena Gulicovski,
Miodrag Ristovié, Milan Kragovi¢:

Removal of xanthate from aqueous solutions using modified waste slag as adsorbent 321

Andrijana Vasi¢, Marija Stojmenovi¢, Katarina Nikolié, Neda Nisi¢, Jelena Gulicovski,
Radmila LiSanin, Milan Kragovi¢:

Xanthate removal as a function of pH and the point of zero charge 325

Bojana JaneZi¢, Goran ViZintin:

Review of geothermal potential of low enthalpy resources of pre-neogene aquifers

in the Mura - Zala basin through hydrogeological conceptual model ........ . 329

NataSa Elezovié, Krstimir Panti¢:

Possibilities of introducing environmental management systems (EMS) in SMEs enterprises ................ 335
POSTER SESSION

Daniela Marasov4, DuSan Kubala:

Analysis of the integrating sensors possibility in the conveyor belt of the pipe conveyor, taking into account
its resistance to abrasion

Daniela Marasova, Marek Moravi¢:

Experimental research of the conveyor belts flammability with integrated sensors

Roman Haiji¢ek, Peter Bok3a, Cubomir Ambrisko:

The structure of the application of the knowledge information system for the evaluation of the conveyor
belts quality

Dragan S. Radulovié, Viadimir D. Jovanovié¢, Dejan Todorovié, Branislav Ivosevié, Sonja Miliéevié,
Darko M. Bozovi¢:

Obtaining a filler based on limestone from the deposit "Glavatske kuce" - Kotor, for use in various industrial
branches :



9! International Conference

MINING AND ENVIRONMENTAL PROTECTION
May 2023, Serbia

TESTING OF GRINDING MEDIA PERFORMANCES AT THE
CONDITIONS OF Pb-Zn SMELTING SLAG WET MILLING AND
PREDICTION OF BALLS CONSUMPTION BY ANN-BASED MODELS

Dragan Radulovié', Ivana Jovanovié?, Dejan Todorovi¢!, Vladimir Jovanovié¢', Branislav Ivo3evi¢',
Vesna Conié?
nstitute for Technology of Nuclear and Other Mineral Raw Materials (ITNMS), Serbia
2Mining and Metallurgy Institute, Bor, Serbia
d.radulovic(@itnms.ac.rs

Abstract: This paper describes a part of the experimental procedure for testing the performance of grinding media
(steel balls) during the smelting slag milling, as well as the modeling procedure and model results that predict the
consumption of balls under given experimental conditions. Firstly, the most suitable mineral raw material for
testing the durability of the grinding media was defined. In laboratory conditions, it was determined that it is most
expedient to use slag from the melting process of Pb-Zn concentrate for testing. The coarse moisture content was

determined on the initial slag sample, while the particle size composition and Bond work index were determined on
the crushed slag samples. In accordance with the characteristics of the raw material, the technical-technological
parameters of the system for wet grinding of slag were defined, in which the balls durability test was performed. The
obtained results showed that the consumption of grinding media is about 1 kg/t of slag. Six ANN models, developed
on the basis of experimental results, showed good predictive abilities when it comes to stel balls consumption. As a
result of modeling, high correlation coefficients were obtained, the value of which was about R = 0.99.

Keywords: grinding media consumption, Pb-Zn smelting slag, ANN model

1. INTRODUCTION

Grinding is highly used procedure in Pb-Zn mineral processing for reducing particle size. Generally,
grinding is the most expensive unit operation because of the high consumption of supplies [1]. It is
estimated that approximately between 30% and 50% of overall mining operating costs is related to
grinding [2, 3].

According to Diaz et al. (2018), the most important supplies in wet grinding are water, energy and steel,
both for mill liners and grinding media. Discussing about cost management, they state that water cost can
be minimized through improvements in solid-liquid separation and water recovery, energy cost is heavily
dependent on the countries power supply system, and therefore special attention should be paid to the
management of costs caused by the consumption of liners and grinding media [1].

Various dimensions grinding media are used in ball mills to achieve sufficient particle size reduction and
mineral liberation for downstream separation processes. Particle breakage is attained by the collisions
between the ore and the grinding media. During the interaction of ore and grinding media, a complex
physical and chemical system is formed, causing changes in particle size, pulp chemistry, surface
chemistry, and crystal structure of minerals [4].
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It has been known that the total wear of grinding media in ball mills include mechanisms of impact,
abrasion and corrosion, the latter being predominating in wet grinding, reaching between 10% and 50% of
the overall steel grinding media consumption [1, 5]. Therefore, good grinding media should have high
hardness, fracture toughness, wear resistance and corrosion resistance, but at the same time, it should
have adequate ductility to minimize sudden ruptures and chipping [4].

Grinding media can be classified according to the materials used to manufacture them. The chemical
composition and process conditions during the manufacturing of grinding media determine its
microstructure, which directly affects the grinding media quality. Spherical balls are manufactured using
cast iron, low-alloy and high-alloy carbon steels. Alloy steels are usually made by the addition of alloying
¢lements like chromium, aluminium, manganese, and silica [4].

In this paper studies, balls made of iron alloys with vanadium and niobium, which have high wear
resistance, were used.

According to Aldrich, the consumption of grinding media has been studied extensively in the mineral
process industries, where steel balls and rods are mostly used to reduce rock fragments and ore particles
10 the fine sizes required for mineral liberation and further downstream processing. Apart from a better
understanding of the phenomena involved in the wear of grinding media, many studies were also aimed at
the development of models capable of predicting media consumption based on an understanding of the
mechanisms involved in the process [3].

Part of the research presented in this paper also represents an attempt to develop models that predict the
consumption of the grinding media, based on experimental results. The models are developed using
artificial neural networks (ANN) technique.

ANN's are used for solving complex and nonlinear engineering problems. ANN is a widely used model in
mineral processing applications with the ability to recognize patterns among parameters and predict the
key performance parameters of the processes. A typical ANN comprises a large number of neurons or
nodes, which are connected to each other. The neurons are grouped in layers and connected by weighted
links and bias. The output of each neuron is transferred to the next layer as an input. Finally, the nonlinear
basis function set is used to calculate the outputs of ANN. The model learning is modifying the weights
and biases to minimize the error, taking into account the targets [6].

2. MATERIALS AND METHODS
2.1 Characterization of slag

Ball durability tests were performed on a sample of Pb-Zn slag from the "Smelter — Probistip Veles"
landfill, North Macedonia. The initial sample of slag, size —50.00+0.00 mm, was homogenized and
samples were taken out for determination of coarse moisture. The homogenized sample was then crushed
in two stages to the size of —3.36+0.00 mm. After crushing, the slag sample was homogenized again and a
sample was taken from it using the chess board method to determine the Bond work index. The remaining
part of the slag sample, size —3.36+0.00 mm, was used to test the durability of the balls during wet
erinding, that is, it was the starting point for determining the consumption of the grinding media.

Coarse moisture content was determined on three initial samples of Pb-Zn slag, size —50.00+0.00 mm. All
three samples were dried at room temperature for 24 hours. The obtained result represents the arithmetic
mean of the measured values for each of the three samples. The measurements showed that in the initial
samples of Pb-Zn slag, the coarse moisture content was 0.0924%.

The particle size composition of the crushed sample of Pb-Zn slag with a size of — 3.36+0.00 mm was
determined by sieving on a Tyler series of sieves, using a standard procedure. All oversizes, together with

the undersize of the last sieve, were individually measured, and the results are shown in Figure 1.
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Figure 1. Particle size composition of Pb-Zn smelting slag “Smelter — Probistip Teles”:
blue — undersize curve; pink — incremental curve

It can be seen from Figure 1 that dso of the crushed sample is 730 um, while dso is 380 pm. This sample
was the starting sample for determining the ball mill Bond work index of the slag. The procedure was
carried out according to the standard Bond methodology, and the obtained value was Wi = 28.34 kWh/t.
Given that slag has a high Wi value, it can be concluded that it is a suitable material for testing the
consumption and strength of balls in more difficult grinding conditions than is usual for natural metallic
mineral raw materials [7 —9].

2.2 Grinding media properties

Three identical batches of grinding balls (of the same dimensions and of the same alloy composition) cast
in the Foundry Laboratory TMF — Belgrade were used as grinding media whose durability was tested
under wet grinding conditions. The entire batch of tested balls was cast in accordance with the defined
parameters of the existing grinding media in the pilot plant ball mill of the Center for mineral processing,
ITNMS. In other words, each batch of cast balls was identical to the existing balls that make up the batch
in the pilot plant mill, in terms of their number and dimensions. The balls for these tests were obtained by
alloying iron with vanadium and niobium. The basic characteristics of one batch are given in Table 1.

Table 1. Properties of grinding media

Total number of | Range of ball Grinding media | Grinding media | Grinding media | Ball desity,
balls sizes, mm mass, kg surface, m> volume, dm? g/cm’
301 64—-16.6 87.5 1.56 11.9 7.38

2.3 Experimental conditions

The durability of the balls (their consumption) was tested under the same working conditions and on the
same amount of raw material, so the test results are comparable. Namely, in the Center for mineral
processing, ITNMS, there is a continuous pilot plant for ore flotation. Within this facility, there is a ball
mill with an electromagnetic feeder and a spiral classifier that works in a closed cycle with the mill. These
devices (feeder and spiral classifier) enable continuous feeding of the mill.

Durability testing of grinding media (their consumption) was performed in the described grinding system
under the following experimental conditions:

continuous wet grinding of slag in the pilot plant mill "Denver", with diameter D = 30 cm, length
L =65 cm, volume V =42.41 dm>.

solid phase content in the mill: 70%

volume share of the mill occupied by grinding media: 47%

bulk mass of grinding media: 4.4 t/m?
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e size of input raw material Fgo = 730 um
e size of the finally ground product Pg = 104 pm

Tests were performed through three continuous experiments under the same conditions. The consumption
of grinding media is determined by measuring their mass before and after grinding.

2.4 Artificial neural networks characteristics
For the purposes of developing the ANN process models, 3 input and 1 output variable are chosen during the
selection of the appropriate influential parameters. These input and output variables are shown in Table 2.

Their values are based on experimental data, obtained from the procedure described in previous sections.

Table 2. Input (independent) and output (dependent) parameters

Variable type Variable Label in the model Unit of measurement
Input Grinding media mass MGM kg

Input Grinding media surface SGM cm?

Input Grinding media volume VGM cm?

Output Grinding media consumption per 1 t of slag CGM o/t

In order to gain a better insight into the range and characteristics of the input and output variables, Table
3 presents some of the statistical indicators of the associated data sets.

Table 3. Statistical indicators of the input and output variables

Statistical indicator MGM SGM VGM CGM
MIN 6.449 1379.460 879.560 80.480
MAX 20.077 3470.340 2718.430 246.741
AVERAGE 12.524 2231.717 1701.276 141.290
MEDIAN 10.900 2009.930 1479.700 132.032
STDEV 4415 748.869 599.711 49.632

At the first step, four different models based on the principle of feed-forward backpropagation neural
networks were trained. The ANN models consist of one input layer with three elements (MGM, SGM,
VGM), one hidden layer including desired number of nodes, and the output layer where the CGM value is
calculated. The logsigmoid and purelin functions are implemented as the activation functions in the
hidden layer and the output layer. The optimum NN structure is selected using the “trial and error”
method by adjusting the number of neurons in the hidden layer (10, 20, 50 and 100) in order to achieve
the best model by minimizing the errors. The widely applied Levenberg Marquardt (LM) algorithm is
used for the model training.

At the second step, the most suitable architecture of the network was selected and after that it was trained
with the other two backpropagation algorithms: Bayesian Regularization and Scaled Conjugate Gradient.

The basic characteristics of all six artificial neural networks are shown in Table 4.

Table 4. ANN based models characteristics

Number of neurons e y MSE of

i in the hidden layer Jigy St validation/training | Ke¥ epoch
ANNI1 10 Levenberg Marquardt 5983.55 %
ANN2 20 Levenberg Marquardt 32,77 5
ANN3 50 Levenberg Marquardt 41.92 44
ANN4 100 Levenberg Marquardt 11.56 3
ANNS 20 Bayesian Regularization 68.94 86
ANNG6 20 Scaled Conjugate Gradient 16.81 8

The criteria for choosing the most favorable network architecture were the number of neurons in the
hidden layer and the Mean Square Error (MSE) of validation (best validation performance). The number

173




of neurons in the hidden layer is very important. In addition to complicating the network architecture, too
many neurons in the hidden layers may result in overfitting. Overfitting can be spotted when the error on
training data decreases t0 a small value, but the error on the test/validation data increases to a large value.

Some reasons for overfitting are: small size of training dataset (such as in this case), very noisy dataset
and complex ANN architecture [61. ]

Mathematically, MSE can be defined as:

n

1
MSE = ;Z(x _y)? )

i=1
Where X is the measured value, Y is the predicted value, and n is the number of samples.

Figure 2 shows the best validation/training performance for all 6 models.

mvummm-«,mnmu
ANN3

3

Muan Squared Error {wwe]

%

Mean Squared Error (mse)

Figure 2. Best validation/training performances of ANN models

As can be seen from the Figure 2, ANN1 model shows overfitting. ANN3 model has the higher MSE of
validation than ANN2 model. On the other hand, although ANN4 model showed somewhat better properties
than ANN2 model, it was taken into account that ANN2 model has a simpler architecture, therefore this
architecture (20 neurons in the hidden layer) was adopted for further research. By comparing the performance

of models with the same architecture and different training algorithms, it can be seen that the best performance
is achieved by the Scaled Conjugate Gradient backpropagation algorithm.

3. RESULTS AND DISCUSSION
3.1 Results of the experimental testing
The results of the experimental procedure are shown in Table 5.

Table 5. Experimental testing results of the grinding media consumption

/ 1 batch l 11 batch 111 batch
Average consumption of balls, kg/t of slag 1.01 \ 1.01 0.95
Average consumption of balls per balls ‘
specific surface, g[cmz/t of slag 0062 0.065 0.061

As can be concluded from the results in Table 5, all three batches of balls have a very similar average
consumption per ton of ground raw material. This consumption is relatively low and ranges around 1 kg/t
of Pb-Zn smelting slag.
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3.2 Results of the modeling

The results of ANN models predictive properties are expressed through the one of the most important
criteria — correlation coefficient (R). The correlation coefficient is a statistical measure of the strength of a
linear relationship between two variables (in this case real and predicted values of output). Figure 3 shows
the R values for all six models.

The obtained results show that ANN models have very good predictive properties when it comes to
predicting grinding media consumption under wet slag grinding conditions. The highest correlation
coefficients between actual and predicted values were obtained in the case of ANN3 and ANN4 models,
with R =0.996 and R = 0.994, respectively. ANN2 and ANN6 models also showed very good predictive
capabilities, both with the correlation coefficient of R = 0.993.

The ANNS model has a slightly lower correlation coefficient compared to the previously mentioned
models and the same is R = 0.988. This means that in the considered case there is no significant
difference in the predictive characteristics of the models in relation to the applied training algorithm. The
only model that did not show good predictive properties is the ANNT model with a correlation coefficient
of R =0.664. The assumption is that the number of neurons in the hidden layer is insufficient, and that’s
the reason why overfitting is occurred.
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4. CONCLUSION

On a sample of Pb-Zn slag from the "Smelter — Probistip Veles" landfill, North Macedonia, durability
tests of grinding media were performed. The balls for these tests were obtained by alloying iron with
vanadium and niobium. The experimental procedure was carried out under conditions of wet grinding of
slag, in a pilot plant mill for continuous grinding, with a working volume of approximately 42.5 dm3.
Based on the obtained experimental results, six ANN-based models were developed. By considering the
achieved results of pilot plant tests and modeling, the following can be concluded:

Consumption of grinding media is relatively low, about 1 kg/t per ton of ground material (slag).
ANN models have good predictive properties when it comes to ball consumption in wet slag
grinding conditions.

Most of the obtained correlation coefficients between actual and predicted values of grinding
media consumption are high and above 0.99.

The minimum number of neurons in the hidden layer should be 20, due to the appearance of
overfitting in ANNs with a small number of them. :

Increasing the number of neurons in the hidden layer above 20 does not significantly affect the
modeling outcome.

There is no significant difference in the modeling results when applying different
backpropagation training algorithms — Levenberg Marquardt, Bayesian Regularization and
Scaled Conjugate Gradient. :

Acknowledgment: This paper is part of the investigation according to the research funding agreement
financed by the Ministry of Science, Technological Development and Innovation of the Republic of Serbia
in 2023 under the number 451-03-47/2023-01/200023 and 451-03-47/2023-01/200052.

REFERENCES

1k

Diaz, E. Voisin, L., Kracht, W., Montenegro, V. (2018). Using advanced mineral
characterisation techniques to estimate grinding media consumption at laboratory scale. Minerals
Engineering 121, pp. 180-188.

Moema, J., Papo, M., Slabbert, G., Zimba, J. (2009). Grinding media quality assurance for the
comminution of gold ores. In: Proceeding of the World Gold Conference, pp. 27-33.

Aldrich, C. (2013). Consumption of steel grinding media in mills — a review. Minerals
Engineering 49, pp. 77-91.

Matsanga, N., Nheta, W., Chimwani, N. (2023). Grinding Media in Ball Mills-A Review.
Preprints (www.preprints.org), Posted: 24 April 2023, doi:10.20944/preprints202304.0811.v1.
Azizi, A., Shafaei, S.Z., Noaparast, M., Karamoozian, M. (2015). An investigation of the
corrosive wear of steel balls in grinding of sulphide ores. International Journal of Mining and
Geo-Engineering, Vol.49, No.1, pp.83-91.

Jovanovié, 1., Nakhaei, F., Krzanovi¢, D, Conié, V., UroSevi¢, D. (2022). Comparison of fuzzy
and neural network computing techniques for performance prediction of an industrial copper
flotation circuit. Minerals 2022, 12(12), 1493.

Cali¢, N. (1990). Teorijski osnovi pripreme mineralnih sirovina, Rudarsko-geoloski fakultet
Beograd, Serbia, 496 p. (In Serbian).

Ahmadi, R., Hashemzadehfini, M., Parian, M.A. (2013) Rapid determination of Bond rod-mill
work index by modeling the grinding kinetics. Advanced Powder Technology, Vol. 24, Iss. 1, pp.
441-445.

Bilal, D. (2017). Geometallurgical estimation of comminution indices for porphyry copper deposit
applying mineralogical approach. MSc thesis, Luled University of Technology, Sweden, 89 p.

176



