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Caxerax: L]psenu mym, Kao HycUpoU360g anymMuHujymcke ungyciipuje, ipegciiasoa 3Ha4ajam exonouKku upo-
Onem 3001 c601 Xemujckoi cacifiasa u konuuuxa xoje ce ienepuuty. Osa ciliyguja uciiuiityje moiyhnociu weiose
sanopusayuje kpo3 euuiecitieienu Upoyuec Koju yKmwyuyje pegyxuujy, nyxetrve ca upewuwhasarem pacieopa u
ynipaconuuny ciapej auponusy (USP). Y iipsom kopaxy, upeeru mysmw Uponasu Kpo3 kapoomepmanty pegyKuujy,
WOKOM KOje ce OKCUgu Meiliana pancopmumty y meiianty dasy u wimaxy. Y gpyiom kopaky, wimaxa ce iog-
epiasa nyxcervy Upu pAsUMUTHUM YC08UMA OJHOCHO UpomeHe Upuiliucka, imemilepaiiiype u KoHyeHpayuje
Kucenume, witio omoiyhasa usgeajare muilanujyma y o6auky mMUtanujym okcu-cyadama u gpyiux meiiana.
Ha xpajy, naxon ipeuuwhasara paciiisopa xopuwhervem apeyutiuifiayuje uny consenisi ekcitipaxiyuje yniipa-
coHuuHa ciipej duponusa kopucihiu wuimanujym oxcu-cyngaiti (TiOSO4) 3a cuniiie3y HAHOUPAX08A WUTHAHUTYM
guokcuga (TiO). Osaj uniieipucanu GPUciiyi He camo ga goupuHocu cmarwervy oiiiaga, éeh u ipoussogu
mailepujane 6ucoxe 8pegHOCHAU KOjU UMAJY WUPOKY UPUMEHY Y UHGYCTUPUJU.

K)by‘IHe pnje'm: IPBEHV MYJb, PENYKUWJA, IYKEIBE, YITPACOHNYHA CIIPE] ITMPOJIM3A



C. Cmioiiuh, JI. Kociauh, H. Huxonuh, [I. )Kueowwiuh, M. Pocuh, M. Ilepyuiuh, B. Friedrich, ITpouseogroa HaHoupaxosa muiianujym guokcuga u3 upsenoi myma (7-28)
S. Stopié, D. Kosti¢, N. Nikoli¢, D. Zivoti¢, M. Rosi¢, M. Perusié, B. Friedrich, Production of Titanium Dioxide Nanopowders from Red Mud (7-28)

Abstract: Red mud, byproduct of the aluminum industry, poses a significant environmental problem due to its
chemical composition and the large quantities generated. This study explores the potential for its valorization
through a multi-step process that includes reduction, leaching with acid solution, purification, and ultrasonic
spray pyrolysis (USP). In the first step, red mud undergoes carbothermal reduction, during which metal oxides are
transformed into metal phase and slag. In the second step, the slag is subjected to leaching under various conditions,
including changes in pressure, temperature, and acid concentration, which allows the recovery of titanium in the
form of titanium oxysulfate and other metals. Finally, after purifying the solution using precipitation or solvent
extraction, ultrasonic spray pyrolysis is used to synthesize titanium dioxide (TiO,) nanopowders from titanium
oxysulfate (TiOSOy). This integrated approach not only reduces waste but also produces high-value materials with

broad industrial applications.

Keywords: RED MUD, REDUCTION, LEACHING, ULTRASONIC SPRAY PYROLYSIS

YBO/],

Lpsenn My/b, MHEYCTPUjCKM OTIAJ KOju Ha-
CTaje Kao HyCIIPOM3BOJ, Y IIPOM3BOIY ATyMM-
HMjYMa, IIPeCTaB/ba BE/IMKY €KO/IOIIKY 132308
360r CBOT' BMCOKOT aJIKaJTHOT CajpiKaja ¥ IpU-
CyCTBa TOKCMYHVX MeTaja. TpajuijyoHanHe
MeTOfie yIIpaB/balba OBUM OTIIQZIOM, Ka0 ILITO
Cy ofjIarame y AeloHujaMa Wiy Kopuirherme y
rpaheBMHCKMM MaTepujammma, IOKasane Cy ce
Kao HeJOBO/BHO e(MKacHe U HeNpMKIafiHe 32
IIVIPOKY IPYMjeHy, I0CeOHO Kajla ce pa3Marpa
06MM HeroBe IPOM3BOJE U JYTOPOUHE €KO-
nomike nocnepuue. ITorpe6Ha cy MHOBaTMBHA
pjelersa koja 6u omoryhmna edukacHo mcko-
pUILITaBambe LIPBEHOT MY/ba, Y3 MIHIMAJIaH He-
raTyBaH yTHIaj Ha )KUBOTHY cpefuHy [1].

Pasmarpane cy pasmrumre Mertome 3a obpamy
LPBEHOI MY/ba, /i Cy MHOT€ TEXHUYKU KOM-
IIEKCHe, CKyIIe WIM He TIPY»Kajy 3aJjoBo/baBajyhe
pesynrTare y CMUCITy M3JjBajatba KOPYICHIX Mare-
pujama. Y TOM KOHTEKCTY, MCTpaKUBAmbe yCMje-
PEHO Ha IbETOBY PENYKL]Y, Ty>KEIHe Y IIPUMjeHY
HalpeHNUX TEXHMKA IOIyT YATPACOHNYHE CIIPE]j
mmpormse (USP) Hyzu HoBe MoryhHOCTH. Yrpa-
BO OBaKBa KOMOVHaIIja IIpoljeca Ipy»ka He CaMo
U3/IBajabe K/bYYHNX e/leMeHaTa IOy T TUTaHjy-
Ma, JKe7le3a I alyMIHujyMa, Beh 11 cMarmerme He-
raTMBHOT YTULIaja Ha OKO/MHY (2], [3], [4].

Kap6oTepMirika pefyKiyja je MCTaKHYT IIpoLiec
Y METaTypIyjy 3a U3Bajarbe METajla 3 hIXOBUX
OKCMfIa KOpMCTeNM YI/beHMK Kao pemyKLOHO
cpencro. OBa MeTofa je MoceOHO 3HaYajHA Y pe-
DYKLVIjJ JKENE3HNX OKCHA, LITO je KIbyIHU KOPaK
y IPOU3BOZIbY JKerte3a 1 dennKa. OCHOBHM IIPYH-
I KapOoTepMITIKe pefyKuyje HoApasyMijeBa
VHTepaKLyjy usMeby yrbeHnka, oouaHo y o6mi-

INTRODUCTION

Red mud, an industrial waste generated as a
byproduct in aluminum production, poses a
significant environmental challenge due to its
high alkaline content and the presence of toxic
metals. Traditional methods for managing this
waste, such as landfill disposal or use in con-
struction materials, have proven inadequate
and unsuitable for widespread application, es-
pecially given the scale of its production and
the long-term ecological consequences. Inno-
vative solutions are needed to enable the effi-
cient utilization of red mud with minimal neg-
ative environmental impact [1].

Various methods for red mud processing have
been considered, but many are technically
complex, costly, or fail to deliver satisfactory
results in terms of recovering useful materials.
In this context, research focused on its reduc-
tion, leaching, and the application of advanced
techniques like ultrasonic spray pyrolysis (USP)
offers new possibilities. Such a combination of
processes enables not only the recovery of key
elements like titanium, iron, and aluminum but
also a reduction in the environmental footprint

(2], [3], [4].

Carbothermal reduction is a well-established
process in metallurgy for extracting metals
from their oxides using carbon as a reducing
agent. This method is particularly important
for the reduction of iron oxides, which is a cru-
cial step in the production of iron and steel.
The basic principle of carbothermal reduction
involves the interaction between carbon, usu-
ally in the form of coke or charcoal, and metal
oxides at elevated temperatures, leading to the
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Ky KOKCHOT yI/ba WIV IPBEHOT YI/ba, I META/THOT
OKC/J]a Ha MOBMIIEHNM TeMIleparypama, IITO
moBopu o (opmupama yribeH-MoHoKerza (CO)
wm yrybeH-guokenza (CO,) u metana [5], [6].

Y KOHTEKCTY »Ke/le3HMX OKCHIA, KapOoTepMIryKa
penyKuyja mpBeHCTBeHO Iyba XeMatnt (Fe,Os)
u marHetut (Fe;O.), koju cy HajsacTymbeHuje
xenesHe pyze. [Ipomec ce msBonu y Bucokoj nehmn,
I7lje ce cMjeca >Ke/be3He pyfie, KOKCa M KpedrbaKa
3arpujaBa Ha TemrepaTrype oko 1500°C. Peax-
1Jje ce OfiBMjajy Y HeKOMMKO ¢asa. Y IOoYeTKy ce
XeMaTuT peaykKyje y maraetut [7], [8]:

formation of carbon monoxide (CO) or carbon
dioxide (CO,) and the production of the metal

(5], [6].

In the context of iron oxides, carbothermal
reduction primarily targets hematite (Fe,Os3)
and magnetite (Fe;O,), which are the most
abundant iron ores. The process is carried out
in a blast furnace, where a mixture of iron ore,
coke, and limestone is heated to temperatures
around 1500°C. The reactions occur in several
stages. Initially, hematite is reduced to magne-
tite [7], [8]:

3Fe,01+CO —> 2Fe,0, +CO, (1)

3aTuM MarHeTHT ce peayKyje o Byctuta (FeO)

[7]:

Then, magnetite is reduced to wustite (FeO)

[7]:

Fe,0,+CO —3Fe0+CO, 2)

KonavHO BYCTUT ce pefyKyje JO MeTaIHOT XKe-
pe3a (rBoxkba) [7]:

Finally, wustite is reduced to metallic iron [7]:

FeO+CO— Fe+CO, 3)

OBe peakumje Cy €HIOTEPMHE U 3aXTUjeBajy
3HaYajaH YHOC TOIUIOTe, Koja ce obe3bjehyje
caropmjeBambeM KOKCa Yy IIPUCYCTBY TOIIOT
BaslyXa. YI/b€H-MOHOKCHUJl KOju HacTaje y
OBVM peaklMjama Jijelyje Kao PemyKIMjCcKO
CPeACTBO, AoAaTHO HobospuraBajyhu edukac-
HOCT penyknuje. OBaj HU3 peakiyja je K/by4aH
3a IIPOM3BOJIbY CUPOBOT JKeJbe3a, KOje CafipyKI
YIJbeHUK U Apyre Heunmcrohe M Koju ce Hak-
HaJHO paduHuIIe fa 6u ce fo6uo yemk. Cnu-
YaH MeXaHM3aM je IPUCYTaH U KOJ pefyKuuje
LIPBEHOT MYJba, jep jeé LpBEHU MY/b YITTABHOM
cacrasbeH off >kenne30(III) okcuma, CIMYHO Kao
XKeresHa pyza [9].

EdmkacHocT KapboTepMIriKe pemyKije IpBe-
HOT My/ba 3aBUCH Off HEKOTMKO (paKTOpa, yKIbY-
qyjyhyt peakTMBHOCT M3BOpa YI/beHNKA, TeMIIe-
parypy u mputucak yHyrap nehu, e ¢pusmake
KapaKTepUCTHKe IpBeHOr My/ba. ONTUMaTHN
YCIIOBY MOpajy OuTK Ofp>kaBaHM Kako Ou ce
ocurypanma TOTHYHa pPefyKIija ¥ CMAmbIIOo
dbopMupame HeToXXe/bHIX HYCIPOM3BO/A, MO-
IyT TPOCKa, Koja ce cacToju oy Hedncroha u
tormTesba [10].

These reactions are endothermic and require
a significant heat input, which is supplied by
burning coke in the presence of hot air. The
carbon monoxide produced in these reactions
acts as a reducing agent, further enhancing
the reduction efficiency. This series of reac-
tions is crucial for the production of pig iron,
which contains carbon and other impurities,
and is subsequently refined to produce steel. A
similar mechanism is present in the reduction
of red mud, as red mud is mainly composed of
iron (III) oxide, similar to iron ore [9].

The efficiency of carbothermal reduction of
red mud depends on several factors, including
the reactivity of the carbon source, the tem-
perature and pressure within the furnace, and
the physical characteristics of the red mud. Op-
timal conditions must be maintained to ensure
complete reduction and minimize the forma-
tion of undesirable byproducts, such as slag,
which consists of impurities and fluxes [10].
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Ca TepMopMHaAMMYKe TaykKe IJIEAMINTA, W3-
BOI/BMBOCT OBMX peakumja ofpebyje mpome-
Ha [ubcoBe cnobogHe eHepruje, Koja mocraje
IIOBO/bHMjA Ha BUIIMM Temieparypama. Ku-
HeTyKa Takobhe urpa K/by4Hy ynory, jep audy-
3Mja peaKTaHaTa U NIPOJyKaTa Kpo3 YBPCTE U
pacTombeHe ¢ase MO)XKe YTULATU Ha YKYIHY
6p3uny peakuuje. Crora Cy AM3ajH U paj eleK-
TponyuHe mehm K/byYHM 3a MAaKCUMU3ALV)y
epUKacHOCTM KapOOTePMUYKOT PeLyKIMOHOT
nporeca [9], [11].

MebyTnm, 13a30BU OCTajy y ONTMMU3ALU)U
KapboTepMuuKe pefyKiuje LipBeHor Mysba. To
yK/bydyje YyIpaB/batbe BUCOKOM IIOTPOIIIOM
eHepruje 300r NOBMIIIEHNX TeMIIepaTypa Koje Cy
HoTpebHe, OcUrypaBambe e(PUKACHOT U3/IBajarby
CBUX JJparolljeHN X MeTajia ! Cyo4yaBarbe ca I10-
teHuyjaHuM emucujama CO u CO,. [10], [12].

JIYKEIBE

Jly>xeme je mpoliec Koju ce KOPUCTU Y pasyu-
YUTUM MHAYCTPUjaMa 3a U3JBajarbe KOPUCHUX
KOMIIOHEHTH) M3 YBPCTUX MaTepujajia pacTsa-
pameM y TeuyHoM pacTBapady. OBa Meroza
je moceGHO 3acTyIUbeHa y PYAApCTBY, IAje ce
KOPUCTH 3a U3JIBajambe MeTana u3 pypa. Oc-
HOBHM IPUHIUII YK/bY4yje KOHTAKT YBPCTOT
Marepujaja ¢ pacTBapadyeM KOjU CeIeKTUBHO
pacTBapa >Ke/beHe CacTojKe, OCTaB/bajyhm msa
cebe HeXXe/beHe OCTaTKe.

IIpowec myxemwa MOXe ce U3BOGUTH y pasyn-
YUTUM KOHQUTypannjama, Kao MTO Cy JIyXKerbe
Ha rOMMIN, JTYy>KE€bE y ayTOK/IaBYy 1 MH-CUTY JIy-
JKembe. Y Ty>Kemby Ha TOMIUIN, YCUTEEHA PyZia ce
C/IaKe Ha Be/IVMKe TOMMJIE M HaTalla PaCTBOPOM
3a TyXebe, Koju mpopupyhu kpos rommy pac-
TBapa LbaHe MeTaje. JIy>keme IOf, BUCOKUM
IIPUTUCKOM IIOfIpasyMeBa CTaB/batbe PyJe y ay-
TOKJIaBE VI Pe3epBOape I yparbatbe y paCTBOP
3a JIy>Keme, oMoryhyjyhu mpouec pacrsapama
y KOHTPO/MCAHMjeM OKpyXemwy. VIH-cuty y-
XKeme, YK/bydyje yOpusraBame pacTBOpa Iu-
PEKTHO y PYAHMK IIOfi 3€M/bOM, Ifi€é pacTBapa
MeTajie Ha JINIY MjecTa, KOju Ce IIOTOM ITyMIIajy
Ha NOBpIINHY pagu obpane[13], [14].

Hexommko daxTopa yTide Ha epuKacHOCT ITpo-
Ieca TyXema, yK/bydyjyhu npupopy uBpcror
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From a thermodynamic perspective, the fea-
sibility of these reactions is determined by the
change in Gibbs free energy, which becomes
more favorable at higher temperatures. Kinet-
ics also plays a key role, as the diffusion of re-
actants and products through solid and molten
phases can influence the overall reaction rate.
Therefore, the design and operation of the elec-
tric arc furnace are critical to maximizing the
efficiency of the carbothermal reduction pro-
cess [9], [11].

However, challenges remain in optimizing the
carbothermal reduction of red mud. These in-
clude managing the high energy consumption
due to the elevated temperatures required,
ensuring the efficient recovery of all valuable
metals, and addressing potential emissions of
CO and CO, [10], [12].

LEACHING

Leaching is a process used in various industries
to extract valuable components from solid ma-
terials by dissolving them in a liquid solvent.
This method is especially used in mining,
where it is used to recover metals from ores.
The basic principle involves the contact of solid
material with a solvent that selectively dissolves
the desired components, leaving behind un-
wanted residues.

Leaching can be performed in different con-
figurations, such as heap leaching, autoclave
leaching, and in-situ leaching. In heap leach-
ing, crushed ore is piled into large heaps and
soaked with a leaching solution, which perco-
lates through the heap, dissolving the targeted
metals. High pressure leaching involves placing
the ore in autoclave or tanks and immersing it
in the leaching solution, allowing the dissolu-
tion process to occur in a more controlled envi-
ronment. In-situ leaching involves injecting the
solution directly into an underground mine,
where it dissolves the metals in situ, which are
then pumped to the surface for processing [13],
[14].

Several factors affect the efficiency of the leach-
ing process, including the nature of the solid
material, the type of solvent used, temperature,
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MaTepujana, BPCTY KOPMIUTEHOT pacTBapaya,
temueparypy, pH BpujegnocT u Mujemarme. Ha
IIpMMjep, TeMIIepaTypa MOXKe 3Ha4ajHO yTHUIja-
TV Ha OP3MHY PacTBapamba; BUIIIE TeMIepaType
061yHO noBehaBajy pacTBOP/BMBOCT LM/baHUX
KOMITOHeHT! 1 6p3uny peakuuje [15], [16].

KonTuHyanHo mykerbe IOf, BUCOKUM IPUTH-
CKOM, IIO3HaTO M Kao KAacKaJHO ayTOK/IABHO
Ty>Kerbe, IpPeCTaB/ba HAIPEJHY XUpoMeTa-
NYPIIKY TEXHUKY KOja Cé KOPUCTH 3a U3/Bajaibe
MeTaja U3 Pyfa ¥ KOHIIEHTPaTa IOf MOBMUIIIE-
HUM IPUTUCLMMA U TeMIlepaTypama y MHIY-
cTpuju anymuHujyma. OBa MeTOfia je HapO4MTO
edukacHa Kof TpeTupama pysa, Koje je TeIKo
npepaguTyi KopuihemeM KOHBEHIVIOHATHUX
TEXHMKA JIy>Kea 300T IIPUCYCTBA CIOXKEHMX
MMHEPATHUX CTPYKTypa WM HeuncToha Koje
oMeTajy nsaBajame MeTana [17], [18].

YIITPACOHMYHA CIIPE] IIIPOJIMI3A

Texnuka ynrpassy4sor crpej mupomuse (USP)
YK/bydyje TeHepucame Kambuija nomohy ymr-
PasBy4HMX Tajaca, Hyfehn jegHOCTaBHOCT, MC-
IUVIATUBOCT, KOHTUHYMPAHY OIlepaLyjy, BICOKE
Op3uHe HaHOIIe’a ¥ MOTyhHOCT HOKpuBama
BE/MMKNUX NOBpIINHA. [IponsBeeHe Kampuiie cy
061YHO Mambe o7 20 M Y Be/IVYVHY PV HUCKUM
Op3MHaMa TOKOM KpeTamba, IITO MOXKe M3a3BaTH
norenkohe y ibMIXOBOM YK/Iatbalby 113 FacHe (ase
360r cypapa ca 3augoBuMa peakropa u Mehyco6-
HIX CyJapa, IITO JOBOAM /IO CIajama. JefHa of
3HAYajHMX NIPEIHOCTY TeXHUKE CIIPej MMPO3e
je Beha cTabymHOCT MpeMasa Koje IPOM3BOAM Y
nopehemy ca OHMMa KOju ce HAHOCE Y BaKyyMYy,
Kao I BeHa cBecTpaHocT. [19], [20].

Cnopej nmponusa je HpMIarofbuBa METOAA
32 IPUIIPEMY jESHOCIOJHMX ¥ BUINECTOJHUX
¢uMoBa, 6UI0 la Cy TYCTH MU TIOPO3HI, Ke-
PaMMYKUX NPEMas’a M PasHMUX IIPaXoBa MaTe-
pujana. ITocrojehe Texumke crpej o6pase Mory
ce KIacM(UKOBATU Ha OCHOBY BPCTE M3BOpa
eHepruje Koju ce KOPUCTH 3a peakLujy IoyerT-
HOr pacTBopa. To yK/bydyje LieBHE peakTope
(SP), MeTony caropeBama, peaKTope ca IlaMe-
HOM TIape 1 pacrpumBame y miaMeny. Takobhe
ce MOTy KIacupyKoBaTy peMa MeTO/IM aTOMMI-
3aluje MPeKypcopa, Kao IITO Cy €leKTPOCTa-
TUYKE, Ba3AYIIHUM IIPUTUCKOM I YITpa3By4dHE

pH value, and agitation. For example, tempera-
ture can significantly influence the dissolution
rate; higher temperatures generally increase the
solubility of the target components and the re-
action rate [15], [16].

Continuous high-pressure leaching, also known
as cascade autoclave leaching, is an advanced
hydrometallurgical technique used to extract
metals from ores and concentrates under ele-
vated pressures and temperatures in alumini-
um industry. This method is particularly effec-
tive in treating ores that are difficult to process
using conventional leaching techniques due to
the presence of complex mineral structures or
impurities that hinder metal extraction [17],
[18].

ULTRASONIC SPRAY PYROLYSIS

The ultrasonic spray pyrolysis (USP) technique
involves the generation of droplets using ultra-
sonic waves, offering simplicity, cost-effective-
ness, continuous operation, high deposition
rates, and the ability to cover large surface ar-
eas. The droplets produced are typically small-
er than 20 pm in size at low velocities during
movement, which may cause difficulties in
their removal from the gas phase due to col-
lisions with reactor walls and mutual colli-
sions, leading to coalescence. One significant
advantage of the spray pyrolysis technique is
the greater stability of the coatings it produces
compared to those deposited in a vacuum, as
well as its versatility [19], [20].

Spray pyrolysis is an adaptable method for
preparing single-layer and multilayer films,
whether dense or porous, ceramic coatings,
and various material powders. Existing spray
processing techniques can be classified based
on the type of energy source used for the re-
action of the initial solution. These include
tubular reactors (SP), combustion methods,
steam flame reactors, and flame spray pyrol-
ysis. They can also be classified according to
the precursor atomization method, such as
electrostatic, air pressure, and ultrasonic spray
pyrolysis techniques. If the energy source for
the precursor solution reaction comes from
external sources rather than from the spray

11




C. Cmioiiuh, JI. Kociauh, H. Huxonuh, [I. )Kueowwiuh, M. Pocuh, M. Ilepyuiuh, B. Friedrich, ITpouseogroa HaHoupaxosa muiianujym guokcuga u3 upsenoi myma (7-28)
S. Stopié, D. Kosti¢, N. Nikoli¢, D. Zivoti¢, M. Rosi¢, M. Perusié, B. Friedrich, Production of Titanium Dioxide Nanopowders from Red Mud (7-28)

TeXHMKe CIIpej Imponuse. AKo U3BOpP eHepruje
3a peaKklMjy pacTBOpa IPeKypcopa /I0aasy U3
CIIOJbALIILMX M3BOPA YMECTO U3 CaMoOTr CIIPEja,
MeTOJa je Mame OCeT/blBa Ha ofabpaHe Ipe-
Kypcope U pacTBapaue. Y 3aBUCHOCTU Off, pac-
TBOP/bUBOCTY, BpPCT€ U MCIUVIATUBOCTU pac-
TBOpa IPEKypcopa, KOpPUCTe Ce Pa3IUuUTH
pacTBapaun y Crpej MMponnsy, 0OOMIHO HUTPaA-
TH, XJIOPUIM U alleTaTyl paCTBOPEHM Y BOIEHUM
¥ QJIKOXO/THUM pacTBapayrnma [21].

TexHmke crpej nuponuse ce Takohe mory kia-
cnpUKOBATU HAa OCHOBY THIIA aTOMM3epa KOju
ce Kopucre. Benm4ynHa aepocosa, Koja yTude
Ha KBanuteT unma, o6udHO ce oxpebhyje me-
tooM aroMmmsanuje. ITocroje Tpu riaBHe Me-
TOfle aTOMM3allje: eIeKTPOCTaTUYKA, Bas/yIl-
Ha ¥ y/ITpa3By4yHa. TeXHMKe Koje KOpUCTe OBe
aToMM3€epe Ha3MBajy ce eJIeKTPOCTATUCTUYKOM
CIIpe€j JEeNO3NLINjOM, CIIpej MMPOIN3e y KojuMa
Ce pacTBOp pacmpilyje IOMOhy HpUTHCKA U
YATPa3BY4HOM W1 HOPMAjJHOM CIIp€j IMpO-
mmsoM (USP). YintpasByyna arommsanmja ce
oC/ama Ha eleKTpOMeXaHM4Kyu ypebaj koju
BUOpMpa Ha BUCOKUM (ppeKBeHIIMjaMa 1 MOKe
aTomMm3oBaTu camo IbyTHOBe TeuHOCTM Ca HU-
CKOM BMCKO3HOIINy Koje Impojase IMpeKo BHU-
6pupajyhe nospumze, yspokyjyhu ga ce pac-
TBOp pasbuje y karbuie [22].

Y nopebemy ca ApyruM TexXHMKama [ielo3M-
Iyje TaHKUX (UIMOBA, CIIpej MUPOIM3a UMa
HEKO/IMKO INPefHOCTH, YK/byuyjyhu mpouec y
OTBOpeHOj aTMocdepy, OTBOPEHY PeaKIUjcKy
KOMODY, IIPUIaTOJ/bUBOCT TOKOM JieNo3u1je
U aKohy mocMmarpama Ipolieca AeIosuliyje.
CacraB QuiIMa MOXe ce IpPUIATOJUTH Bapu-
pambeM IOYeTHUX PAcTBOPA, IITO YMHU CIPE]
HMPO/NIN3Y TOTOJHOM 33 IPOU3BOAIY TYCTUX
U TOpPO3HMX (puIMOBa KpoO3 ONTMMU3AL)Y
pasnmuuntux Bapujabmu penosunuje. OBe
IpoMemMBe YK/bY4yjy TeMIIepaTypy Aelo3u-
1uje, cacTaB M KOHIIEHTpalujy IIPeKypcopa,
TeMIlepaTypy IOJjIore, TUI pacTBapaya, Of-
HOC HOCMBOT raca, Op3uHy IPOTOKa pacTBOpa,
yAa/beHOCT u3Mehy MiasHmie 1 moasore, Kao
u Op3uHY IpOTOKa. [JIlaBHAa NPEegHOCT CIpEj
IUPO/IN3E y OfJHOCY Ha IpyTre MEeTOfie Y TacHOj
¢dasu je weHa CIIOCOOHOCT [a CMHTETHIE BU-
II€EKOMITIOHEHTHE YeCTUIle Ca IIPELM3HO JKebe-
HOM CTEXMOMETPMjOM. Y 3aBUCHOCTHU Of TUIIA
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itself, the method is less sensitive to the select-
ed precursors and solvents. Depending on the
solubility, type, and cost-effectiveness of the
precursor solution, various solvents are used
in spray pyrolysis, typically nitrates, chlorides,
and acetates dissolved in water and alcohol
solvents [21].

Spray pyrolysis techniques can also be classi-
fied based on the type of atomizer used. The
size of the aerosol, which affects the film qual-
ity, is typically determined by the atomization
method. There are three main atomization
methods: electrostatic, air, and ultrasonic.
Techniques using these atomizers are known
as electrostatic spray deposition, spray pyrol-
ysis where the solution is sprayed using pres-
sure, and ultrasonic or regular spray pyrolysis
(USP). Ultrasonic atomization relies on an
electromechanical device that vibrates at high
frequencies and can only atomize Newtonian
fluids with low viscosity that pass over the vi-
brating surface, causing the solution to break
into droplets [22].

Compared to other thin-film deposition tech-
niques, spray pyrolysis has several advantages,
including processing in an open atmosphere,
an open reaction chamber, adaptability during
deposition, and the ease of observing the depo-
sition process. The film composition can be ad-
justed by varying the initial solutions, making
spray pyrolysis suitable for producing dense
and porous films through the optimization of
various deposition variables. These variables
include deposition temperature, precursor
composition and concentration, substrate tem-
perature, solvent type, carrier gas ratio, solu-
tion flow rate, the distance between the nozzle
and the substrate, and the gas flow rate. The
main advantage of spray pyrolysis over other
gas-phase methods is its ability to synthesize
multicomponent particles with precisely de-
sired stoichiometry. Depending on the type of
precursor, substrate temperature, and the dis-
tance between the nozzle and the substrate, the
droplets can either deposit without evapora-
tion or completely decompose before reaching
the substrate, resulting in a process similar to
chemical vapor deposition [23].
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IpeKypcopa, TeMIleparype MOfJIore U yhajbe-
HOCTH M3Melhy MIasHuIle 1 OfIOre, KaIUbyLie
ce MOTY WM TanoXuTy 6e3 ucIapaBama WK
Ce TIOTIIYHO PA3JIOXWUTH Ipuje Hero mwTo goby
JI0 TIOi/IOTe, IITO Pe3YITHpA IPOLeCOM CINY-
HUM XeMUjCKOj TacHOj Aeno3unuju. [23].

360r akor KOHCTpoOMCama Mopdooruje
mpaxoBa fgo6ujennx kopuirhewem USP meTo-
Jie ¥ JOCTYITHOCTY jep TMHMX IIpeKypcopa, oBa
TeXHMKa IpefiCTaB/ba CBeCTPaH 1 MohaH ajar
3a CUHTe3y YeCTHIa Ca KOHTPOIMCAHVIM U YHM-
¢dbopmHMM BenmunHaMa. Vima 3HauajaH MOTeH-
LVjaJl 32 IPOU3BO/Y HAHOIIPAXOBa.

Y USP meTopu, moueTH pacTBOP Ce aTOMU3Yyje
Kako 61 ce popmupao aepocon. OBe aepocon-
He KaIUbJLIe ce IIPeHOCe TOMONhy HOCUBOT Taca,
Koju MoXke 6utu penykyjyhm rac, y Bpyhy ko-
MOPY IZie IpoIa3e Kpo3 CyLIehe, KOHTPAKIN]Y,
NpeUMINTALN]y ¥ CUHTepOBame Kako 01 ce
dopmupane chepre dectnie. Beoma kparko
BpeMe 3aJIp>KaBara, 00MYHO HEKOIVIKO CEKyH-
1M, je 06MYHO JOBOJ/BHO fia ce ocurypa popmu-
pame chepHMX HaHOUYecTHLIA [24].

C

Due to the ease of controlling the morpholo-
gy of powders obtained using the USP method
and the availability of inexpensive precursors,
this technique represents a versatile and pow-
erful tool for synthesizing particles with con-
trolled and uniform sizes. It has significant po-
tential for producing nanopowders.

In the USP method, the initial solution is atom-
ized to form an aerosol. These aerosol droplets
are transported by a carrier gas, which can be
a reducing gas, into a hot chamber where they
undergo drying, contraction, precipitation, and
sintering to form spherical particles. A very
short residence time, usually a few seconds, is
typically sufficient to ensure the formation of
spherical nanoparticles [24].
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Cnuxa 1, Illema USP ouipeme: a) Peiynayuja tipotitioxa iaca; 6) yninpassyunu ieHepaitiop; u) uesHa tieh;
g) 6oue 3a caxyimwaree; e) ynas iaca; ¢) usnas iaca [24]

Figure 1, Schematic of USP Equipment: a) Gas flow control; b) Ultrasonic generator; c) Tubular furnace;
d) Collection bottles; ) Gas inlet; f) Gas outlet [24]

Hekonuko crynmja ce dokycupano Ha obpa-
Iy GUHMX IpaxoBa KopucTehy TeXHUKY CIIpej
HUpOJN3e, jep OHAa MOXKe ITPOM3BECTU BUCO-
KO 4YJCTe ¥ HearJioMepyicaHe HaHOYeCTHIe ca
XOMOTE€HUM XeMMjCKUM cacTaBoM. TokoM mo-
CTYIIKa, TTOYETHU IIPEKypCop ce aToMusyje y
KaIUbuIle, Koje ce 3aTUM IIPeHOCe TacoM Kpo3
neh 3a kanyHanyjy. Ca 0BMX KaIUbUIIA pacTa-
pad ucrapaBa, J0/asy O Hpelunuranyuje u

Several studies have focused on processing fine
powders using the spray pyrolysis technique, as
it can produce highly pure and non-agglomer-
ated nanoparticles with homogeneous chemi-
cal composition. During the process, the initial
precursor is atomized into droplets, which are
then transported by gas through a calcination
furnace. The solvent from these droplets evap-
orates, leading to precipitation and drying. The
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cymema. OcyllleHe YecTuIle pearyjy ca BOHO-
HJMKOM I JI0/Ia3! [I0 HaCTaHKa QMHNX YeCcTHIa
TUTAHUjyM MOKcuaa. [25].

VcTpakyuBadn Cy MOKa3asii Ja je KpUTUYIHY T1a-
pamerap y npunpemu GpuHNX, chepHIX YecTuIa
fla ce HpeLMIMTUpaHa cO He fedopMuIle VI
TOIY TOKOM Tpejarba, jep TO MOXKe [JOBECTI 10
dopmupara HUCKOIPOIyCHUX oMoTada. OBaj
npo6reM y3pokyje 3apob/paBare pacTBapada
yHyTap jesrpa Kalubyija, Ito cTeapa Behu npu-
TICAK jep ce pacTBapay He MOXKe JIAKO MCIIAPUTH
u3 omotaya. Kao pesynrar Tora, Ha OMOTauMMa
ce hopMuMpajy MyKOTHHE, LITO TOBOAM /IO CTBA-
pama CeKyH[IApHMX KaIUBMI[A M C/IOM/BEHUX
OMOTaua, ILITO Pe3y/ITHpa YeCTHUI[aMa HelIPaBII-
HoT 00/1MKa. JJOKa3aHo je a BUCOKA pacTBOP/bI-
BOCT COJIY HIje HEOIIXOfHA 3a GOopMupatbe YHI-
($OpMHUX 1 YBPCTHX YecTHLa [26].

Y oBoM pany 6uhe npukasaTu fobujame HaHO-
IpaxoBa TUTaH-OKCU/iAa HAKOH PefyKIiije 0Cy-
ILIEHOT L[PBEHOT My/ba Ca YI/bEHNMKOM, JIy)Kera
II/baKe Ca CYMIIOPHOM KMCE/IVHOM, U YATpa3-
BYLIHOT pacIplinBaimba TUTAHOKCUCYIdaTa y
arMocdepu BOJOHMKA, TIpK deMy mpednirha-
Bale PacTBOpa HAKOH JIy)Kema Libake Hehe
OMTH OMMCaHo.

MATEPUJAJINL 1 METOJIE

KAPBOTEPMMYKA PEAYKLIVJA

IIponec pegykumje ¢ yI/beHUKOM je U3BEMEH Y
enexTpony4yHoj nehu. Tpu kumorpama LpBeHor
Myba cacraBa (Tabena 1.) n 10 g rpadura Ha
100 g upBeHOT My/ba Kao PEAYKLMOHOT areHca
MeIlaHM Cy 1 fofaBann y neh. 360r Bucoke B1-
CKO3HOCTM IlI/baKe HAaKOH pefyKIMje XKele3HNX
OKCMZIa, LI/bAKa je cTBapana neny. Kako 6u ce
CMamIIa BUCKO3HOCT, fofat je CaO kao cpen-
CTBO 3a CHIDKaBame TauKe ToIUbera. Hakon
IIyIberba, 3all04eTa je peaklyja Koja je Tpaja-
na op, 60 MuHyTa, Kako 6u ce omoryhmo ga C
pearyje ca nubakoM. Ha kpajy peakunje, neh
je oTBOpeHa ma 6u ce MeTanHa ¢asa Kebesa
OJIBOjMJIA, OK je II/baKa OCTasa y IOCY/N.
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dried particles react with hydrogen, resulting
in the formation of fine titanium dioxide par-
ticles [25].

Researchers have demonstrated that a critical
parameter in the preparation of fine, spherical
particles is to prevent the precipitated salt from
deforming or melting during heating, as this can
lead to the formation of low-permeability shells.
This issue causes solvent entrapment within
the droplet cores, which creates higher pressure
since the solvent cannot easily evaporate from
the shell. As a result, cracks form on the shells,
leading to the creation of secondary droplets
and broken shells, which result in irregularly
shaped particles. It has been shown that high
salt solubility is not necessary for the formation
of uniform and solid particles [26].

In this work, the production of titanium oxide
nanopowders will be demonstrated after the
reduction of dried red mud with carbon, the
leaching of slag with sulfuric acid, and the ul-
trasonic spraying of titanium oxy-sulfate in a
hydrogen atmosphere. The purification of the
solution after the slag leaching process will not
be described.

MATERIALS AND METHODS

CARBOTHERMAL REDUCTION

The reduction process with carbon was carried
out in an electric arc furnace. Three kilograms
of red mud (composition shown in Table 1)
and 10 g of graphite per 100 g of red mud as
a reducing agent were mixed and added to the
furnace. Due to the high viscosity of the slag af-
ter the reduction of iron oxides, the slag formed
foam. To reduce the viscosity, CaO was added
as a flux to lower the melting point. After load-
ing, the reaction began, lasting 60 minutes, al-
lowing the carbon to react with the slag. At the
end of the reaction, the furnace was opened to
separate the metallic iron phase, while the slag
remained in the container.
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Tabena 1, Cacitias upseHoi myma

Table 1, Composition of Red Mud

Jemumwema Jemumema
% %
Compounds Compounds
Iy6 1000°C
v I/ITa.K.Ha}BeH)eM Ha 81 Ga,0 0.235
Ignition loss at 1000°C }

SiO, 10.38 CuO 0.008
Fe O, 48.29 K0 0.149
Na,0 2.55 TLO, 0.080
TiO, 4.59 MnO 0.155
CaO 8.23 MgO 0.677
ALO, 12.04 NiO 0.044
Ag,0 0.001 PbO 0.018
BaO 0.015 PO, 0.940
Cr,0, 0.134 Zn0O 0.017
S¢,0, 0.012 V.0, 0.125
Co,0, 0.011 SrO 0.073

Y3opuy cy pa3aBojeHV MeXaHMYKM Kopuirhe-
IeM MarHeTHe cenapanuje. [lobujeHn mpous-
Bopu cy aHamusupanu XRD u EDS ananusowm,
kao u SEM ananmmusom. Ha cmunm 2. je mpuka-
3aHa eJIeKTPOJTy4Ha Iteh 3a pefyKuujy LpBeHor
MyJ/ba a) ¥ IPOMU3BOAY pefyKiyje 6).

Samples were separated mechanically using
magnetic separation. The obtained products
were analyzed through XRD and EDS analy-
sis, as well as SEM analysis. Figure 2 shows the
electric arc furnace used for the reduction of
red mud (a) and the reduction products (b).

Cnuxa 2, Enexitiponyuna tieh a) u kapooimiepmanto peqykosanu upeeHu mymw 0)

Figure 2, Electric arc furnace a) and carbothermally reduced red mud b)

JIYJKEILE

ITponec ny>xema OfBMjA0 Ce Y ayTOK/IABY IIOJ,
MOBMILIEHNM IPUTICKOM U TEeMIIEPaTypoM. 3a
TyXeme je KopuimheHa CyMIIOpHa KVCEMHa.
Marepujan 3a mporjec 1yema je IUbaka (pe-

LEACHING

The leaching process took place in an autoclave
under elevated pressure and temperature. Sul-
furic acid was used for leaching. The material
for the leaching process was slag (reduced red
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IyKOBaHNU LpBeHN My/b) JusajH mporeca my-
Kerba TIPMKa3aH je y Tabermn 2.

CBM eKCIepVMEHTH Cy U3BefieHM y naboparo-
pujama IME RWTH. Jly>xeme mbake 06aB/beHO
je y ayroknaBy byun, IlIBajuapcka, Koju je mm-
3ajHMpaH 3a Kuceno myxeme (1.53 L, max mpu-
ticak 200 bar, makc. Temneparypa 270°C), kao
mTo je npukasano Ha Cmunm 3. OBaj excrepu-
MEHTA/IHU CET YK/by4yje TOIIOTHU U3MjerbUBaY
ca TepMOCTaTOM, MUKCep, COHJIe 3a nosehame u
CMaberbe IIPUTUCKA, K0 ¥ MOTYhHOCT y3uMama
y30paka TOKOM pajia. AyTOK/IaB je IOBe3aH ca
pavyyHapOM 1 MOXKe Ce TIOTITYHO KOHTPO/IMCATH
myTeM copTBepa Koju 6elexxy cBe MOofaTKe To-
KOM pajia, a KOju Ce KaCHMje MOTy KOPUCTUTH 3a
o6pany pesynrara. [IpuTicak y oBOM ayTOK/Ia-
By je mpahen nmomohy MaHOMeTpa M JUTMTANI-
HMX ceHsopa. IIpurtucak y cucremy je popmu-
paH nomohy KOMITpMMOBAHOT KyceoHuka (6, 9
bar-a) u mpurncka Bogene nape (ykymso 12-15
bar-a). Xmabemwe ayTokmaBa o6aB/beHO je I1O-
CeOHMM CUCTeMOM 3a XjIahere HaIlpaB/beHNM
y Axeny. bp3una 3arpeBama 6m1a je 10°C/min.
AyTOK/IaB ce MOpa Py4YHO 3aNTMBATU BUjIMIMA
1 TIpe CBaKe oIlepaliyje MOpa Ce M3BPIINTHU TeCT
IPUTHCKA.

mud). The design of the leaching process is
presented in Table 2.

All experiments were conducted in the labo-
ratories of IME RWTH. Leaching of the slag
was performed in a Buchi autoclave, Switzer-
land, designed for acid leaching (1.53 L, max
pressure 200 bar, max temperature 270°C), as
shown in Figure 3. This experimental setup
includes a heat exchanger with a thermostat, a
mixer, pressure increase and decrease probes,
and the ability to take samples during opera-
tion. The autoclave is connected to a computer
and can be fully controlled via software that re-
cords all data during operation, which can later
be used for result processing. The pressure in
this autoclave is monitored by a manometer
and digital sensors. The pressure in the system
was generated by compressed oxygen (6, 9 bars)
and water vapor pressure (a total of 12-15 bars).
The cooling of the autoclave was performed by
a special cooling system made in Aachen. The
heating rate was 10°C/min. The autoclave must
be manually sealed with bolts, and a pressure
test must be performed before each operation.

Cnuka 3, Ayitioknas 3a tipouec nyxeroa

Figure 3, Autoclave for the leaching process

IIporwec myxemwa nparu ¢uarpanyja, Tj. pas-
IBajambe OCTaTaka of pactBopa. PactBop je
ananmsupa nomohy ICP-OES, nox je uBpctu
ocTaTak aHanmsupas momohy EDS u XRD.
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The leaching process is followed by filtration,
i.e., the separation of the residue from the solu-
tion. The solution was analyzed using ICP-
OES, while the solid residue was analyzed us-
ing EDS and XRD.
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100 rpama 1/baKe je JIY>KEHO IOJ, PasauIuTIM
ycnoBuMa npukasanuM y tabemn 2. Illpaka je
IIPETXOJHO MJ/beBEHA M IIPpOCHjaHa IIpuje my-
xema. Kao mro je mpukasano y Tabemu 2, pas-
JIMYNTY ITapaMeTpy Cy TpaheHu 1 oNTUMM30Ba-
HJ KaKo 0¥ ce MOCTUITIN IITO 60/bM pe3ynTaTu
3a JIy>Xere TUTaHujyMa. EXCIIepuMeHT je 3aro-
9eT I10f] aTMOC(EPCKUM TIPUTUCKOM Ca HUCKOM
KOHLIEHTPAIMjOM KMCENMHE ¥ KPATKMM BpeMe-
HOM peaknuje. Y HapeJHNM eKCIIePUMEHTUMA,
ycnoBy ¢y mnpwiarohasanu mnosehameM KoH-
LEeHTpalyje KUCENNHe, MPONY>KemheM BpeMeHa
peakiuje n noehameM IpPUTICKA KICEOHMKA
KaKo 611 ce Mo6osbIITana ePUKaCHOCT Ty)Kemba.

Tabena 2, JusajH eckilepumeHAaiia 3a iyxerve uibake

Table 2, Experimental design for slag leaching

100 grams of slag were leached under various
conditions shown in the Table 2. The slag was
ground and sieved prior to leaching. As shown
in Table 2, different parameters were monitored
and optimized to achieve the best possible re-
sults for titanium leaching. The experiment
began under atmospheric pressure with a low
acid concentration and a short reaction time.
In subsequent experiments, conditions were
adjusted by increasing the acid concentration,
extending the reaction time, and increasing the
oxygen pressure to improve leaching efficiency.

Temmeparypa |IIputucak knceonnka| Konnenrpanuja xucenae | OgHoc TeyHO:YBpcTO| Bpeme
Exc. Br. . . .o . . .

Exp No Temperature | Pressure of oxygen Acid concentration Liquid:solid ratio Time
Xp O (°C) (mol/dm?) (min)

1 150 0 bar 0,5 10:1 30

2 150 6 bar 0,5 10:1 30

3 150 6 bar 2,5 10:1 60

4 150 6 bar 5 10:1 120

5 180 6 bar 5 10:1 120

6 150 9 bar 5 10:1 120

Haxon mpoleca mykema pacTBOp je Ipedn-
mhen kopuirhemeM COMBEHTHE eKCTpaKIyje KO-
je je obaBuma pupma MEAB CHEMIE Technik
GmBH.

YIITPA3BYYHA CIIPE] IIVIPOJIMI3A

YnTpasBy4Ha crpej nmMponmsa ca pefyKIuujoM
BOJJOHMKOM y OBOM C/Iy4ajy C€ KOPUCTU 3a
CMHTe3y IIpaxoBa Ha 06as3) TUTaHA M3 TUTAH-
oxcucyndara (TiOSO,). CBu excrnepumeHTN
cy usBobhenn y maboparopujama VHcTuyTa 3a
MeTanyprujy y Axeny. Merone xopuithene y
OBMM €KCIIEPMMEHTVMA 3a KapaKTepusauujy
y3opaka cy: XRD ananmusa go6ujeHnux ysopa-
Ka, EDS ananmmusa n SEM anammsa. Ha cunm 4.
je mpukasana onpema 3a USP ca pegykumjom
BOJIOHVIKOM.

After the leaching process, the solution was
purified using solvent extraction performed by
MEAB CHEMIE Technik GmBH.

ULTRASONIC SPRAY PYROLYSIS (USP)

Ultrasonic spray pyrolysis with hydrogen re-
duction is used in this case for the synthesis of
titanium-based powders from titanium oxysul-
fate (TiOSO.). All experiments were conducted
in the laboratories of IME-Institute in Aachen.
The methods used in these experiments for
sample characterization include XRD analy-
sis of the obtained samples, EDS analysis, and
SEM analysis. Figure 4 shows the equipment
for USP with hydrogen reduction.
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Cnuxa 4, Oipema 3a USP ca pegykyujom 60goHuxom

Figure 4, USP Equipment with Hydrogen Reduction

3a excriepuMeHTe KOpuiheH je CMHTeTUYKA TH-
TaHMjYM OKCHCY/I(aT ca MOTTAPHOM KOHIIEHTpa-
mijoM op, 1.5 mol/L. ITpahen je yrtuiaj temme-
paType Ipy KOHCTaHTHO]j (dpekBeHIMju of 1,7
MHz, mTo ce Mo>xe BugjeTH y Tabemu 3.

A synthetic titanium oxysulfate solution with a
molar concentration of 1.5 mol/L was used for
the experiments. The effect of temperature was
monitored at a constant frequency of 1.7 MHz,
as shown in Table 3.

Tabena 3, JusajH exciiepumeHatiia

Table 3. Experimental Design

Exc. Bp. Temmeparypa Bp]f[jeMe KOHueHTpagMja ryCTI/-[Ha paCTBo.pa Onnoc I‘aC.OBa
Exp No. Temperature Time Concentration | Density of solution Gas ratio
(°C) (min) (g/D) (g/) H,/ Ar (L/min)
1 700 180 80 1,15 1:1
2 800 180 80 1,15 1:1
3 900 180 80 1,15 1:1
4 1000 180 240 1,39 1:1

IIpBeHM Mysb, II/baKa, YBPCTY OCTATAK U JO-
OujeHM y30pLy HAaHOIPaXoBa TUTAHUjYM M-
OKCHJIa aHA/IM3VMPAHI CY Ha COOHO]j TeMIIepaTy-
P TEXHMKOM peHAIreHCKe udpakifyje X 3paka
kopuctehn Ultima IV Rigaku gudpaxromerap,
onpemmbeH ca CuKal,2 spauemen, Y3 HaIIOH re-
HepaTopa o 40 kV u ctpyjy reneparopa oz 40
mA. Pacrion o 10-100° 260 je kopuiuTeH 3a ce
y30pKe Ipaxa y pe>kuMy KOHTUHYVMPAHOT CKe-
HMPamba, Ca BEIMYNHOM KOpPaKa CKeHMpParba Off
0,02° 1 6p3mHOM CKeHMpama of 1°/min, Kopu-
crehu D/TeX Ultra gerexkrop. CrakieHy Hocad
je kopmnTeH 3a mpunpeMy ysopaka. Copraep
PDXL2 (Bep. 2.8.4.0) je kopuilTeH 3a eBaya-
1mjy dasHor cacraBa U upeHTUGMKanmjy. Cau
HoOVjeHN IPaxoBU CY UJIEHTU(PUKOBAHU KO-
pucrehy ICDD 6a3sy nogaTaka.
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Red mud, slag, solid residue, and obtained ti-
tanium dioxide nanopowders were analyzed
at room temperature using X-ray diffraction
(XRD) techniques. The samples were ana-
lyzed with a Rigaku Ultima IV diffractometer
equipped with CuKal,2 radiation, with a gen-
erator voltage of 40 kV and a generator current
of 40 mA. A range of 10-100° 20 was used for all
powder samples in continuous scanning mode,
with a step size of 0.02° and a scanning speed
of 1°/min, utilizing a D/TeX Ultra detector. A
glass holder was used for sample preparation.
The PDXL2 software (Ver. 2.8.4.0) was used to
evaluate phase composition and identification,
with all obtained powders identified using the
ICDD database.
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Ckennpajyha eneKTpoHCKa MUKpOCKoONuja
(SEM): SEM ananusa je usBeseHa momohy
JSM 7000F ypebaja xomnanuje JEOL (mopen
u3 2006. rogune, JEOL Ltd., Tokno, Jaman).

Eneprerckn [ycriepsyiBHa peHJIT€HCKA CIIEKTPO-
cxorja (EDS): EDX anamsa je msBepeHa Io-
mohy Octane Plus-A cucrema kommanyje Ametek-
EDAX (mopen us 2015. rogune, AMETEK Inc.,
Berwyn, PA, USA) n ana/msupana kopuihemem
codraepa Genesis V 6.53 od Ametek-EDAX-a.

PE3VIITATU M1 JMICKYCUJA

PenykoBanu ysopuu cy MeXaHNYKIM pasfBoje-
HY KopuurtheweM MarHeTHe cemaparuje. ICP-
OES je xopumheH 3a eeMeHTapHY aHamu3y
11/baKe, ITO je IPUKA3aHO Y CIIMLMA 5.

Scanning Electron Microscopy (SEM): SEM
analysis was performed using a JSM 7000F
device from JEOL (model 2006, JEOL Ltd.,
Tokyo, Japan).

Energy Dispersive X-ray Spectroscopy (EDS):
EDX analysis was conducted using the Octane
Plus-A system by Ametek-EDAX (model 2015,
AMETEK Inc., Berwyn, PA, USA) and ana-
lyzed using Genesis V 6.53 software from Am-
etek-EDAX.

RESULTS AND DISCUSSION

The reduced samples were mechanically sepa-
rated using magnetic separation. ICP-OES was
used for the elemental analysis of the slag, as
shown in Figure 5.

Carbothermal reduction

Fe

10
| 5 ul B []
0 [ ]

Ti Si Al Ea

mRed Mud mSlag

Cnuxka 5, Enemeniiiapna ananusa kapOoiiepmanto pegykosame uioae
y tiopeherwy ca upseHum mymem

Figure 5, Elemental Analysis of Carbothermally Reduced Slag
Compared to the Red Mud

OsBa c/mmKa mpukasyje KOHIeHTpaujy (y Mace-
HJM TIPOLIEHTMMA Wt%) PasIM4IuTuX efleMeHa-
Ta—xerpesa (Fe), Tutannjyma (Ti), cummmmjy-
Ma (Si), amymmanjyma (Al) n kammjyma (Ca) y
IIUBAIIY HAKOH KapOoTepMaHe pefyKIje y mo-
pebemy ca moveTHNM KOMMYMHAMA Y I[PBEHOM
MyJby. Bricoka KOHILIeHTpanmja Ka/lyjyMa, Koja
nocTipke rotoBo 30%, ogpakaBa JofaBambe Kajl-
IUjyM OKCHJIa KaO CPEMICTBA 32 TOIbEEhE TOKOM
nporeca. Y mopehemy ¢ OpurnHaIHIM LPBEHNM
My/beM, KOjU je CafipyKao 3aHeMap/buBe KOJu-
YyyHe Ka/lyjyMa, yBobeme KamujyM OKCH7
3HauajHO ToBehaBa HEroBy KOHIIEHTpALMjy Y

This figure shows the concentration (in weight
percent wt%) of various elements—iron (Fe),
titanium (Ti), silicon (Si), aluminum (Al), and
calcium (Ca) in the slag after carbothermal
reduction compared to the initial content in
red mud. The high concentration of calcium,
reaching nearly 30%, reflects the addition of
CaO as a fluxing agent during the process. In
comparison to the original red mud, which
contained negligible amounts of calcium, the
introduction of CaO significantly increases its
concentration in the reduced slag. Aluminum
also shows a higher concentration, slightly
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PpenyKoBaHOj HubaLy. AJTyMMHMjyM Takobe mo-
Kasyje Behy KoHIleHTpauujy, Hemro nsHazg 20%.
KoHueHTpammja xe/be3a cMamyje ce Ha u3Mehy
10% 1 15%, mro yKasyje Ha penyKLujy >Ke/bes-
HYX okcuaa. CHIMIVYM U TUTaHMjyM, 06 TIpu-
CyTHa Y HIDKVM KOHILieHTpanmjama (ucrop 10%),
TIOKa3yjy KakKo Cy oM enieMeHTV1 oborahenn y on-
HOCY Ha [TI0YeTHM LIPBEHY MY/b.
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above 20%. The concentration of iron decreases
to between 10% and 15%, indicating the reduc-
tion of iron oxides. Silicon and titanium, both
present in lower concentrations (below 10%),
demonstrate how these elements are enriched
compared to the initial red mud.
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Cnuxa 6, [Jugpaxinoipamu upeeroi myma u uimake pegykosare Ha 1600 °C
Figure 6, Diffractograms of Red Mud and Slag Reduced at 1600 °C

Pesynratn pennrencke audpaxuyje (XRD) kap-
60TepMaTHO pPETYKOBAHOT IPBEHOT MYy/ba
(cmmxa 6.), KOju je OpUTMHATHO CajpyKaBao
XeMaTuT, 6eMIT, A1aCIOP, WIMEHNT, IEPOBCKUT,
KBapIl 1 Jpyre MUHepase, OTKPUBAjy 3HayajHe
Tpancopmanyje. Y moderky, XRD nmkosn
LIPBEHOI MYy/ba IIOKa3yjy jacHe BpPXOBE KOju
ofiroBapajy oBuM aszama, Ipy 4eMy je XeMaTHUT
IJIaBHA KOMIIOHEHTa 300 BICOKOT Cajp>kaja
xebesa. Pase Koje cafipke alyMUHUjYM,
nomyT 6eMmTa M AMACIOpa, Kao M MMHepanmm
KOjM cafip)Ke TUTAHUjyM, HONYT WIMEHUTA U
IIePOBCKNUTA, JONPMHOCe 00paciy, 3ajefHo C
KBapILOM, KOju je yoOudajeHa cumkaTHa ¢asa.

Hakon kap6oTepMasmHOr IIpoleca pemykiuje,
XRD pesynrarty IpuKasyjy OTIIYHO ApyTaduju
cactaB (asa. XeMaTWUT, DOMUHAHTHM OKCHUJ
JKerbe3a, BUIIE HUje IIPUCYTaH, IITO yKasyje Ha
IETOBY IIOTIIYHY PefyKLMjy. YMeCTO TOra, pe-
IYKIVIOHU TIPOLIeC je J0Beo o hopMupama ise
pasmmunTe Qase: MeTanHe (ase cacTaBbeHe
yrnaBHoM of xernesa (Fe) n nypake. XRD nuko-
BII IIJbaKe OTKPMBAjy IMPUCYCTBO IIEPOBCKUTA,
KOjI je 0CTao TOTOBO HEIPOMEMEH, 33j€HO ca
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The X-ray diffraction (XRD) results of
carbothermally reduced red mud (Figure 6),
which originally contained hematite, boehmite,
diaspore, ilmenite, perovskite, quartz, and other
minerals, reveal significant transformations.
Initially, the XRD peaks of the red mud show
clear peaks corresponding to these phases,
with hematite being the main component due
to its high iron content. Phases containing
aluminum, such as boehmite and diaspore,
as well as titanium-containing minerals, such
as ilmenite and perovskite, contribute to the
pattern, along with quartz, which is a common
silicate phase.

After the carbothermal reduction process, the
XRD results display a completely different
phase composition. Hematite, the dominant
iron oxide, is no longer present, indicating its
complete reduction. Instead, the reduction
process has led to the formation of two differ-
ent phases: a metallic phase mainly composed
of iron (Fe) and slag. The XRD peaks of the
slag reveal the presence of perovskite, which re-
mains almost unchanged, alongside the forma-
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dbopMupameM TeleHWUTa, KaJLujyM-alTyMu-
HMjyM CM/IMKATa KOjU BjepOBaTHO HacTaje M3
MHTepaKIMje IJIMHNIIE Ca CHIMIYjYMOM TOKOM
penykuuje. JlogatHo, IpUCyTaH je Maau y#eo
MarHeTuTa, IITO YKasyje Ha TO Jia Huje CBO >Ke-
J1e30 pefyKOBaHO o MeTasHe (ase.

IlepoBCcKUT OCTaje MPUCYTaH, IITO YKa3yje Ha
TO Ja TUTAaHUjYMOBA jelUibeba He IOfIMje-
XKy TIpoliecy pefyKuuje, JOK I0jaBa TeleHNUTa
ofipaykaBa CIO>KeHe peakiyje usMely pasmmunm-
TUX OKCHJA y LJPBEHOM MYy/by TOKOM IIpolieca
peflyKiluje Ha BUCOKMM TeMIIepaTypama.

Csey cBemy, XRD pesynTatu npukasyjy TpaHc-
(dbopManujy IpBEHOT My/ba U3 CTIOXKEHe Mjella-
BJHE OKCUJIA ¥ CU/IMKATA y CUCTEM Y KOjeM JIo-
MIHMPA METAJTHO Kele30 U LUbaKa, Py 4eMy
Cy IIEPOBCKMIT U TeJICHUT I7IaBHe ase, y3 Marbu
YAMO MarHeTUTA.

y APYroM feny, /baKa 13 OBOT [i€/1a C€ IIOABP-
raBa ce IIpouecy ny>Kema.

JIYJKEILE IIIJBAKE

Ha ¢ 7. mpukasase cy pasmranTe epuKacHo-
CTV Ty>KeHba Y 3aBYCHOCTH Of Pa3IMUUTHX YCTIOBa
eKcIepyMeHaTa fAedyHcaHnx y Taberm 2.

100

tion of gehlenite, a calcium-aluminum silicate
likely formed from the interaction of alumina
with silicon during reduction. Additionally,
a small amount of magnetite is present, indi-
cating that not all iron has been reduced to the
metallic phase.

Perovskite remains present, suggesting that
titanium compounds do not undergo the
reduction process, while the appearance of
gehlenite reflects complex reactions between
various oxides in the red mud during the high-
temperature reduction process.

Overall, the XRD results shows the transfor-
mation of red mud from a complex mixture
of oxides and silicates to a system dominated
by metallic iron and slag, with perovskite and
gehlenite being the main phases, along with a
smaller fraction of magnetite.

In the second part, the slag from this section
undergoes the leaching process.

LEACHING OF SLAG

Figure 7 shows different leaching efficiencies
depending on the various experimental condi-
tions defined in Table 2.
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Cnuxka 7, EdpukacHoctii nyxeroa 3a pasnuquitie apameiipe
(150°C, 6-9bar O,, 0.5-5 mol/l H,SO,)
Figure 7, Leaching Efficiency for different parameters
(150°C, 6-9 bar O,, 0.5-5 mol/l H,SO,)

[ITo ce TmM4e mpBa TpU €KCHEPUMEHTA jaCHO
jé la OBM IapaMeTpy HUCY JOBO/bHU 32 afleK-
BaTHO JIy)Kere TUTaHUjyMOBUX jefumbema. Ca
nosehameM TemIeparype, KoHIeHTpanuja Al
n Fe pacre, ann xonuentpanuja Ti sHavyajHO

Regarding the first three experiments, it is clear
that these parameters are insufficient for ade-
quate leaching of titanium compounds. As the
temperature increases, the concentrations of Al
and Fe rise, but the concentration of Ti signifi-
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omaza. MehyTum, ca nosehamem nputncka kn-
ceoHMKa ca 6 Ha 9 bar-a, gonasu Ko 3HaYajHOr
nosehamwa edukacHocTn myxemwa Ti. Beoma po-
Opu pesynTaTy fOOMjeHU Cy PV NPUTUCKY KN-
ceoHuka of 9 bar-a, rje je epukacHoOCT my>kema
tuTaHujyma 97.5%. To 3Haum fa je mpmTmcax
KICEOHNKA K/bYYHM ITapaMeTap e(dUKaCHOCTU
TyXewa TuTaHujyma. Ilopen turannjyma, edu-
KacHOCT JTy>Kera rBo>kba 1 amymMuHmjyma je ta-
kobe Beoma Brucoka. IlITo ce Tnye cunmuumjyma,
y ClIy4ajy BUCOKe TeMIlepaType, KOHIIeHTpalyje
KJICE/IMHE ¥ BUCOKOT IIPUTHCKA, KONMYMHA W3-
TY>KEHOT CMIMLMjyMa je BpJIO Maja, TaKo Jia
HeMa Ipo6yeMa ca 06pa3oBameM rea.

YJIITPACOHMYHA CIIPE] ITMPOJINI3A

VcrpaxuBanu cy edexTu TemIeparype Ha
pasaM4nTe mapamMeTpe, Kao LITO Cy BeMMYMHA
JecTuila, Moposoruja 1 cactaB HoOMjeHMx
IpaxoBa Ha 06a3y TUTaHa, JOK Cy APYIH Iapa-
METPU OfIp>)KaBaHV KOHCTAHTHUM, IITO je npu-
KasaHo y Tabemn 2.
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cantly decreases. However, with the increase
in oxygen pressure from 6 to 9 bars, there is
a significant increase in the leaching efficien-
cy of Ti. Very good results were obtained at an
oxygen pressure of 9 bars, where the leaching
efficiency of titanium is 97,5%. This indicates
that oxygen pressure is a key parameter for the
leaching efficiency of titanium. In addition to
titanium, the leaching efficiencies of iron and
aluminum are also very high. As for silicon,
under conditions of high temperature, acid
concentration, and high pressure, the amount
of leached silicon is very small, so there are no
issues with gelation.

ULTRASONIC SPRAY PYROLYSIS

The effects of temperature on various param-
eters, such as particle size, morphology, and
composition of the produced titanium-based
powders, were investigated while other pa-
rameters remained constant, as shown in Ta-
ble 2.
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Cnuxa 8, EDS gujaipam 3a wecttiuye gobujere tipu a) 700 °C, b) 800 °C, ¢) 900 °C i d) 1000 °C
Figure 8, EDS Diagram for Particles Obtained at a) 700 °C, b) 800 °C, c) 900 °C, and d) 1000 °C

Ha ocnoBy EDS ananmsa, eBujieHTHO je fa
IPOM3BOAYU HOOMjeHV IO OBMM YCIOBMMA
IpeTe>XXHO cafpxe crexujomerpujcku TiO,.
YTunaj temMneparype Ha IpoLieC CMHTE3E je
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Based on EDS analyses, it is evident that the
products obtained under these conditions pre-
dominantly contain stoichiometric TiO,. The
impact of temperature on the synthesis pro-
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noce6HO 3HayajaH; KaKO TeMIlepaTypa pac-
Te, HONIa3!U [0 3HAYajHOT CMambema caapiaja
cymmopa yHyTap ysopaka. OBO cMameme
CyMIIOpa MOXKE Ce HPUIINCATU HOTIyHUjeM
pasyiaramy U pefyKLUMju NpeKypcopa THUTa-
Hujym okcucyndara (TiOSO4) npm Bumum
TeMIepaTypaMa, IITO yKasyje Ha ImobosblIa-
HY e(UKaCHOCT peaklyje ¥ 4ucTohy mpous-
BemeHor Ti0,.

[Tpuxasann Bpx Ha npubmokHO 1.5 keV y EDS
CHEKTPY MAeHTUUKOBAH je Kao HOcad KOpH-
utheH TOKOM mpunpeMe ysopka. To morspbyje
fila BPX Huje IOBe3aH ca Hedrncrohama yHyTap
CHHTeTM30BAaHOT IIpOuM3BOAa, Beh je NIPORYKT
AQHAIMTIYKOT IIPOLieca.

Iloper EDS ananuse, usBplieHe Cy aHalIu-
3e cKeHupajyhe eneKTpoHCKe MUKpOCKomuje
(SEM), a pesynratu Ccy IpMKa3aHU Ha CIIUIMN
9. 3a pasnmuunte Temneparype. SEM aHanmse
IpY>XXajy fieTa/baH yBUJ Y MOP(OJIONIKe Kapak-
TepucTuKe cuHTeTn3oBaHux TiO, yectuna.
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cess is particularly significant; as the tempera-
ture increases, there is a substantial reduction
in the sulfur content within the samples. This
reduction in sulfur can be attributed to the
more complete decomposition and reduction
of the titanium oxysulfate (TiOSO,) precursor
at higher temperatures, indicating improved
reaction efficiency and purity of the produced
TiO,.

The peak observed at approximately 1.5
keV in the EDS spectrum was identified as a
carrier used during the sample preparation.
This confirms that the peak is not related to
impurities within the synthesized product but
is a product of the analytical process.

In addition to the EDS findings, scanning
electron microscopy (SEM) analyses were
performed, with the results shown in Figure
9 for different temperatures. SEM analyses
provide detailed insight into the morphological
characteristics of the synthesized TiO, particles.
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Cnuxa 9, SEM ananusa y3opaka 3a pasnuvuiiium emiiepaillypama
a) 700 °C, 6) 800 °C, u) 900 °C u g) 1000 °C
Figure 9, SEM Analysis of Samples at Different Temperatures
a) 700 °C, b) 800 °C, ¢) 900 °C, and d) 1000 °C
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Kao 1mTo je moMeHyTO y YBOAY, TeXHUKA Y/IT-
pasByuHor pacnpumsama (USP) je moce6HO
euKacHa y IPOU3BOABY CHPEpUYHNX YeCTH-
na. ¥ oBoj cTyauju, kopuitheH je mpexypcop
TiOSO,4, Koju mpomasyu Kpo3 TepMUUKY [ie-
KOMIIO3MLIMjy Ha IOBUIIEHVM TeMIepaTypa-
Ma y arMocdepu BOJOHMKA, IITO IOBOAM JIO
¢dopMupama HaHOIPAaXOBa TUTAHWUjyM MAMOK-
cupa. AHanM3a pacrofiefie BeM4MHe 4eCTuIa
OTKpMBA jacaH TPeHJ: KaKo ce TeMIlepaTypa
nosehaBa, BemuMHa YeCcTHIA JOCTENHO OIIa-
ma. OBa mocMarpama notBhyje aHamm3sa cke-
H1pajyhe enexkrponcke Mukpockonuje (SEM),
IpUKa3aHa Ha cunu 9, raje ce moTsphyije fa cy
JecTuIie motnyHo chepnyne. [Topey tora gara
CIMKa MIPY’Ka fleTa/baH Iperyes IpevyHnKa ye-
ctuia, npukasyjyhu epukacuoct USP npore-
ca y reHepucamy QUHUX, cHepUYHUX HAHO-
npaxoBa. Kopemanmja msmeby rtemmepaType
Y Be/IMYMHE YeCTUI[A HaITIAIlaBa CIOCOOHOCT
OB€ METOfIe J]a IPOM3BO/Y BYICOKOKBA/UTETHE
HAaHOIIPaXOBe.

36upHo, kombuHOBaHe aHanmu3e EDS n SEM
HaIJIAlIaBajy K/bY4HYy Y/IOTy TeMIeparype y
oppehuBamy Kako KOMIO3MLMOHUX, TaKO U
MOpQOJIOIIKNX CBOjcTaBa HAHOIIpaxa TUTA-
HVjyM JIMOKCU/]a CUHTETM30BAaHOT OBOM METO-
moM. OBa casHama he mocimy>xntu Kkao ocHOBa
3a [ja/by ONTMMM3ALMjy IlapaMeTapa CUHTe3e
Kako 61 ce mocturiy BucokoksammrerHu TiO,
HaHOMaTepujanu npunarohenn cnenupuaHNM
VHYCTPYjCKUM U TeXHOJIOMIKVM IIpYIMEHaMa.

As mentioned in the introduction, the ultra-
sonic spray pyrolysis (USP) technique is par-
ticularly effective in producing spherical par-
ticles. In this study, the TiOSO, precursor was
used, which undergoes thermal decomposition
at elevated temperatures in a hydrogen atmo-
sphere, resulting in the formation of titanium
dioxide nanopowders. Particle size distribution
analysis reveals a clear trend: as the tempera-
ture increases, the particle size consistently de-
creases. This observation is confirmed by the
scanning electron microscopy (SEM) analysis
shown in Figure 9, which verifies that the par-
ticles are completely spherical. Furthermore,
the provided image offers a detailed overview
of the particle diameters, demonstrating the
effectiveness of the USP process in generating
tine, spherical nanopowders. The correlation
between temperature and particle size empha-
sizes the capability of this method to produce
high-quality nanopowders.

Overall, the combined EDS and SEM analy-
ses highlight the crucial role of temperature
in determining both the compositional and
morphological properties of the titanium diox-
ide nanopowders synthesized by this method.
These insights will serve as a foundation for
further optimization of synthesis parameters
to achieve high-quality TiO, nanomaterials tai-
lored for specific industrial and technological
applications.
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Cnuxa 10, Cpegrou ilpeurux yecitiuya y 3a6UCHOCHU 0g emilepaitlype

Figure 10, Average Particle Diameter as a function of temperature
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Haxon pmera/pHe aHanmmse pesynTaTa IpyuKasa-
HUX Ha C/IMIY, OYUITIE[HO je 1a CPeMbY Ipey-
HVK 4YeCTHIja JOC/TeqHO omajja ca nosehamem
TeMIeparype. 3alla>keHo je /ja Ha IOBYIIEHUM
temneparypama of 900°C n 1000°C mpouec
epuxacHo mpousBomu (uHe, YHUPOPMHO
chepHe HAHOYECTHUIIE TUTAHUjYM JVOKCUAA.
OBaj TpeHp cyrepuiile fia BUIIe ITOBMIIEHA
TeMIeparypa IMoAcTide (OopMUpame MABUX
YeCTHIIA, IITO JOBOAM 1O (OpMuparma HaHO-
Ipaxa ca Ho60JbIIAHNM CBOjCTBMMA.

After a detailed analysis of the results presented
in the figure, it is clear that the average particle
diameter consistently decreases with increasing
temperature. It was observed that at elevated
temperatures of 900°C and 1000°C, the process
effectively produces fine, uniformly spheri-
cal titanium dioxide nanoparticles. This trend
suggests that higher temperatures promote the
formation of smaller particles, leading to the
generation of nanopowders with enhanced
properties.
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Cnuxa 11, XRD pesyniniainiu uecitiuya a) 1000 °C, 6) 700 °C
Figure 11, XRD Results of Particles a) 1000 °C, b) 700 °C

Y ysopky Ha Temmeparypu 1000 °C (Cnmxa
11a), mpucyTHe cy 06je dase 1 py T 1 aHaTaC.
[TpucyTHOCT pyTnma ykasyje Ha TO Jja BMIIA
TeMIlepaTypa noacTinde Gopmupame oBe Tep-
MOMHAMMYKY cTabuiHe ¢ase. AHarac, MeTa-
crabuaHa asa TMTAHUjyM AMOKCHAA, TaKobe
OCTaje MPUCYTaH, HITO Cyrepuile Ja YCIOBU
¢daBopusyjy gjenummudHy TpaHchopmanujy y
pyTun 6e3 moTIyHe KOHBep3lje.

In the sample at a temperature of 1000°C (Fig-
ure 11a), both phases, rutile and anatase, are
present. The presence of rutile indicates that
higher temperatures encourage the formation
of this thermodynamically stable phase. Ana-
tase, a metastable phase of titanium dioxide,
also remains present, suggesting that the con-
ditions favor partial transformation to rutile
without complete conversion.
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Hacynpot Tome, XRD o6pasan 3a y3opak ca
temneparypom og 700°C (Cnuka 116), mokasyje
IPUCYCTBO CaMO aHaTac ¢a3e 1 M3BECHOT aMOp-
¢duor Marepujama. OfcycTBO pyTmna 1 IIpu-
CyCTBO aMOp(HOI cafpskaja yKasyjy Ha TO Ja
HIDKA TeMIlepaTypa HHje I0BO/bHA Jia IOfICTAK-
He IOTIYHY KpUCTaMM3auujy u ¢asHy TpaHc-
¢dbopmanyjy koja ce 06MYHO jaB/ba Ha BUIIUM
Temneparypama. AmopdHa uHTepdepeHUUja
Ha XRD cmmum cyrepuile fa caB Marepujan
HMje KPUCTaMM30BaH, IITO MOXKe OUTHU ToCIe-
IMIa HIDKe eHepruje focTynHe Ha 700°C, mTo
TOBOMIM JIO HETIOTIIYHOT CTPYKTYPHOT pa3Boja.

3AK/bYYAK

ITporec kap6oTepManHe pemyKiyuje LPBEHOT
MYyJba JOBEO je 1O 3HaYajHuX IIPOMjeHa Y MUHe-
paTHOM cacTaBy, U Y€MY je JOMIHAHTHY OK-
CIJL >Ke/be3a, XeMaTUT, 610 y MMOTIYHOCTH pe-
IYKOBaH, IITO je pe3ynTupano GopmupameM
MmeTtanHe (paze n mybake. XRD aHanmmsa moka-
3a7a je ma cy raaBHe ¢ase y IUbALM ITOCTase
IIEPOBCKUT U T'€I€HNUT, JOK CY J)K€/bE€3HM OKCUAN
y BEJIUKOj Mepu TpaHC(HOPMICAHU Yy METATHO
xepe30. OBaj Kopak je 610 K/by4aH 3a Jajbu
IpoleC Ipepaje.

Y mporecy nyxkema, HajBuma eduKacHOCT
IOCTUTHYTA je TPV BUCOKOM IIPUTHUCKY KH-
CEeOHNKa, NPV 4YeMy je ePMKACHOCT Iy)Kermba
TuTaHujyma pocturna 97.5%. OBu pesynraTu
yKasyjy ia Cy IPUTUCAK U TeMIepaTypa K/by4-
HJ TapaMeTPU 32 ONTUMMU3ALUjY Ty>KeHba, IOK
Cy HUCKE KOHIIEHTpalije M3/Iy>KeHOT CU/IN-
LMjymMa CIpednsie 1ojaBy rejanuje, mro onak-
1IaBa gaby oOpany.

YnTpasBy4Ha Clipej IMpo/u3a je moKasasa Be-
NIMKY epUKACHOCT y IPON3BOAIBY CPepUIHNX
HAHOIIPAX0Ba TUTAHNUjYM JUOKCHU/IA, Ca jACHOM
KOpenanujoM n3Meby Temmeparype ¥ Benmu-
yyHe 4vecTuna. IIpy BummuM TeMmeparypama
(900°C u 1000°C) mobujeHu cy mpaxoBu ca
AOMMHAaHTHOM PYTU/IHOM (l)aSOM, OK Cy HIKE
TeMIlepaType pe3ylaTupasne IPUCYCTBOM aHa-
tac ¢ase u oppeheHoM KommurHOM amMopdHOr
Martepyjana. SEM aHammsa moTBppuia je ga
Cy HAaHOIIPAXOBY XOMOTeH! U CPepUIHN, LITO
yKasyje Ha yCHEeLTHOCT MeTOfie y CUHTe3! BU-
COKOKBA/INTETHUX HAHOMATepMjaa.
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In contrast, the XRD pattern for the sample
at 700°C (Figure 11b) shows the presence of
only the anatase phase and some amorphous
material. The absence of rutile and the pres-
ence of amorphous content indicate that the
lower temperature is insufficient to promote
complete crystallization and the phase trans-
formation typically occurring at higher tem-
peratures. The amorphous interference in the
XRD image suggests that not all material is
crystallized, which may be due to the lower
energy available at 700°C, leading to incom-
plete structural development.

CONCLUSION

The carbothermal reduction process of red
mud led to significant changes in the mineral
composition, with the dominant iron oxide,
hematite, being completely reduced, resulting
in the formation of a metallic phase and slag.
XRD analysis showed that the main phases
in the slag became perovskite and gehlenite,
while iron oxides were largely transformed into
metallic iron. This step was crucial for further
processing.

In the leaching process, the highest efficiency
was achieved at high oxygen pressure, with
titanium leaching efficiency reaching 97,5%.
These results indicate that pressure and
temperature are key parameters for optimizing
leaching, while low concentrations of leached
silicon prevented the occurrence of gelation,
facilitating further processing.

Ultrasonic spray pyrolysis demonstrated high
efficiency in producing spherical titanium
dioxide nanopowders, with a clear correlation
between temperature and particle size. At
higher temperatures (900°C and 1000°C),
powders with a dominant rutile phase were
obtained, while lower temperatures resulted
in the presence of the anatase phase and a
certain amount of amorphous material. SEM
analysis confirmed that the nanopowders were
homogeneous and spherical, indicating the
success of the method in synthesizing high-
quality nanomaterials.
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OnTumusanyja mapamerapa cBakor Ipolieca,
Ofl pefyKlMje U JIy>Kemwa 10 NUPO/N3e, Urpa
K/bYy4HY Y/IOTY Y IIOCTH3amby BUCOKe edukac-
HOCTM U KBa/lMTeTa Kpajmer npouspopa. Osa
MeTofja He caMo Jja oMoryhasa IOTIIyHY BaJo-
pu3anyjy LpBeHOTr My/ba, Beh ¥Ma U 3HavajaH
IOTEHIMja/l 3a CKanuMpame M MHAYCTPUjCKY
IpuMjeHy, JonpuHocehn Tako cMamemy eKo-
jomkor ontepehema Koje IpBeHN MyJb IIpefi-
CTaBba.
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Caxerak: [Ipoyuasare gumeH3UOHANIHOT Ceverba KameHa 60geHUM MIA30M jegHo je 0g I1aéHUX obnactiu paga
muma 3a xugpomexarnusayujy Kaitiegpe 3a pygapcxy otipemy Ileitipowianu Ynueepsuitieiia. Y pagy cy ipuxa-
3aHA UCTIPANUBAbA CLIpOGegeHa y 1a00pailiopujckom ceuervy mepmepa u gpyiux citieHa Ha 0CHOBY 3aKOHA Koju
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Abstract: The study of dimensional stone cutting using water jets is one of the major fields of activity of the
Hydromechanization team of the Department of Mining Equipment of the University of Petrosani. The paper
presents the researches carried out in laboratory cutting of marble and other rocks in order to derive the laws, which

are governing this process.
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YBO/[]

3a pobujame 6O/BMX MOBpIINMHA 32 CeYerbe, 3a
€IMMMHICAtbe IMHMja CeYeHhba HACTa/INX K/Iacud-
HMM M3MELITabeM, Cajia Ce CBe BUILIIE Pa3Blja He-
KOHBEHIIMOHA/IHA TEXHOJIOTHja CeYerba BOIEHIM
M/Ia30M TIOf], BUCOKMM IPUTUCKOM. Y Topehery
ca K/IAaCMYHUM MeTOofjaMa IyTeM Tlepdopanuje
— IylLiaka WM IMjaMaHTCKMX Kab/oBa, IeKopa-
TUBHE CTEHe IIPeceYeHe METOIOM BOJEHMX MIa3-
HUIIA ¥IMajy IpoLieHaT rospara ofi 70%.

TEOPUJCKA AHAJIM3A TIOJABA
XMAPAYJIMYHOTI CEYEILA CTEHA

Y nwpy yrBphrBama yTuIiaja cBakor BOJEHOT
MJIa3a ¥ IIapaMeTpa CTeHe Ha IIPOolieC ceyuea,

INTRODUCTION

For obtaining some better cutting surfaces, for
elimination the cutting lines created through
classical dislocation, in present it has developed
more and more a unconventional technology,
the cutting with high pressure water jets. In
comparison with the classical methods through
perforation - shooting or with diamond cables,
the decorative rocks cut through water jets
method have a recoverable percent of 70%.

THE TEORETICHAL ANALYZE
OF THE ROCKS HYDRAULIC CUTTING
PHENOMENA

In order to establish the influence of each water
jet and rock parameter on the cutting process
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pasBUjeH je HOBU Mofien [3] Koju MmoKyIIaBa fa
objacHM MHTEepaKuyjy nsmeby mmasa un crene
KoOja ce ceue.

OBaj Mofen mpeaxke CPefCTBO 3a AHAJIN3Y
eUKacHOCTM BOJEHOT MJIa3a y IIPOIeCy ce-
Jema cTeHa. [Tomasy ce of MpeTHOCTaBKe Jja
Ce CHara Mjla3a KOPUCTH 3a cedere Av 3ampe-
MmuHe creHe. CTeHy KapaKTepullle jefMHCTBe-
HJI TapameTap A, OHOCHO OTIIOP CTeHe IIpeMa
mejcTBy Mmasa [3].

IIpema oBOM MoOfIeNy, KOHa4Ha I10j€fHOCTaB/beHa
penaryja 3a ogpebusarme gyouHe mpopesa h je:

{dl (o, + 2o )poﬂ

wad developed a new model [3] which tries to
explain the interaction between the jet and the
rock be cut.

This model proposes a means of analyzing the
efficiency of the water jet in the process of rock
cutting. It starts from the premise that the jet
power is used to cut a Av volume of rock. The
rock is characterized by unique parameter A,
that is the resistance of the rock against the jet
attach [3].

According to this model, the final simplified
relation for the depth of the slit h determination is:

w (1

h=k

e je:

d, — IpevyHNK M/IasHuIle BOZEHOT MM abpa-
3MBHOT MJIa3a;

pO — I[IOYETHM IIPUTHMCAK MJIa3a;

u - 6psuHa moMepama MjIasa y OZHOCY Ha
CTeHy;

p, - rycTuHa abpasusa;

P, — TyCTUHA BOTE.

Y pemanuju (1) Mo>ke ce IPUMETUTH A IPOLIeC
cederba MOYMbe Off IPUTICKA ps [3] koju ce Ha-
3MBa Ipar IPUTUCKA, LITO je TI0JIa3Ha TauKa y
IpOLieCy ceuerna, Kao 1 popMupama Ipopesa.
Ortnop cTeHe IPOTUB [iejcTBA MIa3a A MOXe ce
YTBPAWTHHA OCHOBY jefiHauMHe (2):

A= kd,(p, + po)PE

0
Au®P

-4,
2

where:

d, - the nozzle diameter of the water jet or of
the abrasive one;

p, - the initial pressure of the jet;

u - the speed of the jet displacement against
the rock;

p, - the density of the abrasive;

p, — water density.

In relation (1) it can be noticed that the cutting
process starts from a pressure ps [3] called
threshold pressure, this being the starting point
in cutting process, also the slit formation. The
resistance of the rock against the jet action A
can be identified from the equation (2):

3

2

(h="d

OBa KapaKTepuCTVMKa CTeHe y3uMa y 0063up
IPUPOAY CT€HE U IbEeHy IOPO3HOCT, BeNNINHY
Y30pKa, lbeHe IIYKOTHHE 1 IPOITyCT/bUBOCT UTH.

EKCITEPMMMEHTHM CA MJIA3OBMMA
YJVICTE BOJJE

O6uM ncTpakuBama je 610 fia ce ¢ jegHe cTpa-
He IOKa)Xy Haje(MKaCHMjU OOMNIY MIa3HNIIA
" pe3HMX I7IaBa, 1 ca ipyre CTpaHe Jia ce yTBp-
IM TIPABUJIHO CeYerhe BOfIEeHNM M/Ia3oM ITpeMa
napaMeTpuMa Mla3a U CTeHe.

30

This characteristic of the rock takes into account
the nature of the rock and its porosity, the size
of the sample, its fissures and permeability, etc.

EXPERIMENTS WITH PURE WATER
JETS

The research scope was, on one hand to
evidence the most efficiency nozzle forms and
cutting heads, and the other hand to determine
the legal cutting with water jets according to jet
and rock parameters.
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a. YTuuaj yria MaasHor Hamaja.

[IpBu cer TecToBa MMa 3a LWB Aa IPOyYaBa
YHApHU yTao yTUIjaja BOJIEHOT M/Ia3a Ha Y30paK.
Ycemepnm cMo Mi1a3 Ha y30pKe, Kako BepTUKaI-
He (O = 0), Tako 1 Ha +45° 1 -45° CyIIPOTHO Of
BEPTUKATHOT CMepa.

[TpumeTHO je fja leIOBabe BEPTUKATHOT M/Ia3a
Ha ITOBPIIVHY CTeHe HyIU HajOosbe pesynTare.
l3yserak cy unHMIe CTeHe Koje Beh nMajy my-
KOTHMHE WU pacllell ycMepeH 1of, ofpehennm
yrioMm. IlyTeM mpokcumanyje oBa 3aBYCHOCT je
nedunncana jennaunuom h=h cos®, rze je h;
nybuna mpopesa 3a (O = 0).

6. Yruiaj npurucka miasa.

3a mpoydaBame yTHIaja TPUTUCKA Y IPOLECY
ceyerba YpaJyIn CMO JIOCTa eKCIlepyMeHaTa Ha
y30pLIMMa JIANIopa, LIJbYHKA, MepMepa, TPaHNTa
uty. IIpopesn Koju Cy HanpaB/beHN MIa30M BOJie
IOJ BMUCOKUM IIPUTHCKOM Ha YI/bY, MepMepy,
IIUBYHKY Y TPAHUTY IIPUKA3aHNU Cy Ha CIuIm 6p.
1. bpoj excrieprmeHaTa 6110 je JOBO/BHO BEIMKI
la ce TpUMeTH fia ce, 6e3 063upa Ha IPUPORY
CTeHe Koja ce cede, yOuHa mpopesa nosehasa
MICTOBpeMeHO ca ToBehameM IPUTICKa M/Iasa.
Oso nosehame Huje mHeapHo Beh mapabomy-
HO, J0OujeHy cy By6/bu popesy y abpasuBHUM
¥l XOMOT€HIM CTeHaMa (KaMeHa CUTHEX).

a. The angle of the jet attack influence.

The first set of tests intend to study the attack
angle of water jet effect on the sample. We di-
rected the jet on samples, both perpendicular
(® = 0) and at +45° and -45° against the per-
pendicular direction.

It observed that the perpendicular jet action
on the rock surface offers the best results. Ex-
ception made the rocks which have already
fissures or a cleavage directed after an certain
angle. With approximation this dependence is
defined by the equation h=h cos®, where h, is
the depth of the slit for ®=0.

b. The jet pressure influence.

For study the pressure influence in the cutting
process we made a lot of experiments on marl,
grit stone, marble, granite samples, etc. The slits
created with high pressure water jets on coal,
marble, grit stone and granite are presented in
figure no. 1. The experiments numbers were
enough big for observe that, indifferent of the
cutting rock nature, the slit depth increase at
the same time with jet pressure increase. This
increase is not linear but parabolic, deeper slits
had obtained in abrasive and homogene rocks
(grit stone).

120
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h[ 80
m GO 1—s

20 +

Ml 40 -y = 0,0026x2 + 1,0262% + 15,978 —
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40 60 g0 100 120 140
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Cnuxa 1, 3asucHocii gybure pesarba y 0gHOCY HA HPUITUCAK

Figure 1, Cut depth ratio by pressure

1. YTUIIaj MpeYHnKa MIa3HIIe.

Harmpas/pene Benanae popesa (my6nHa u mm-
pUHA) Cy TIPONOPIVIOHATHE NPEYHNKY MIIasa.
Maxo ce Moxe BepoBaty fia he ce y6mHa mpo-
pe3a mosehaTy Kao ¥ MpeYHNK M/IA3HMUIIE, eKC-
IEPUMEHTU noxassyjy 71a 3a pa3IMInNTE MIPUTICKE

c. The nozzle diameter influence.

The created slit sizes (depth and width) are
proportional with the jet diameter. Although
it can believe that the slit depth will increase
as well as the nozzle diameter increase, the
experiments show that for different jet pressure
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MJIa3a IIOCTOj/ ONTMMAJIaH NPEYHUK MIA3HULIE.
Ha crmim 2 nprkasasa je 3aBICHOCT Ho0MjeHa 3a
Y30paK MepMepa KOju je TeCTUpPaH IPU BYUCOKOM
IIPUTUCKY, 33 KOjU LVIMHAPUYHA MIA3HULA Of
cadpmpa nma ontumyM of 0,8 v 1,0 mm.

there is an optimum nozzle diameter. In figure
no. 2 we presented the dependence resulted
for a marble sample tested at high pressure,
for which the cylindrical nozzle from sapphire
have an optimum at 0,8 or 1,0 mm.
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Cnuxa 2, 3asucHociii ipeunuxa maasHuye u Gpuiiucka

Figure 2, Nozzle diameter ratio by pressure

&. YTuijaj 6psuHe nmoMepama Miasa.

3a cBe BpCTe CTeHa Koje Cy MCIIUTUBAHE, a I10-
ceOHO 3a XOMOTeHe CTeHe, 3aKOH 3aBMCHOCTYU
je u. KoeduuyjeHr o je CKOpo KOHCTaHTaH 3a
pasmMuuTe BpCTe CTeHa.

KoHcTaHTHa 1I0jaBa Ha CBUM BpPCTaMa CTeHa je
Ia ce ca noBehamweM Op3uHe moMepama MIasa
cMamyje 1 JyOuHa npopesa. Mapa, y ciny4ajy y
KOMe ce U3BOjie ByOOKM Ipopesn, mpefiaxe-
Mo Behy 6p3uHy ymecTo HM3a Mamux Op3uHa
HoMepama.

e. YTunaj ygapeHoctn nusmeby minasnuma u crena.

ITopen nmosehama pacrojame usmehy maasunm-
IIa U CTeHa, CMameme ce 1 AyOMHa Impopesa.
OobjaurmeHa je KOHCTaHTHA [10jaBa Jia ce Takohe
1 MTa3 Ha moBehaHoj yzabeHOCTH pacrpuryje
ycrer Tpema ca BasnyxoM. Jly6mHa ceuema ce
IIPBO OfIje[JHOM CMarbyje, a 3aTUM Ce PacTojarbe
nosehasa.

EKCIIEPVIMEHTH CA ABPA3VIBHVIM
MJIASEBVIMA BOJIE

Excriepumentnt pabeHun Ha CBETCKOM HMBOY
y CIenmjannsoBaHoj mabopatopuju cy 6e3
CyMIbe [IOKa3asIn fa ce mepdopaliyja 1 cederbe
CTeHa 1 TBPAMX MaTepujaia BOEHNM MIa30M
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d. The jet displacement speed influence.

For all kind of rocks which were tested and es-
pecially for homogene rocks the dependence
law is u®. The a coefficient is almost constant
for different types of rocks.

The constant phenomena at all kind of rocks
is that as well as the jet displacement speed in-
crease, the slit depth decrease. Although, in the
case in which is executed deep slits, we suggest
more high speed instead of a number of lower
displacement speed.

e. The nozzle - rock distance influence.

As well as the nozzle - rock distance increase
the slit depth decrease. The constant phe-
nomena is explained that as well as the jet
distance increase is dispersed due to the
friction with air. The cutting depth decrease
at first at once, and then as well as the distance
increase lower.

EXPERIMENTS WITH ABRASIVE
WATER JETS

The experiments made on world plan in
specialized laboratory were demonstrated
without doubts that the perforation and
cutting the rocks and hard materials with
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MO)Ke MOOOJBIIATY KOPMILIIEHheM aOpasyBHUX
BOJIEHVX M/Ia3HULIA.

Y 0BUM eKcIlepiMeHTHMa Kao abpas3uBHe de-
CTHUIe KOPUCTMMO KBapI[HY TIeCaK, eIeKTPOKO-
PVMHJIOH, CYUIMLIMjYM KapOuj U rpaHaT mpous-
BefieH y Pymynuju, yrmasHom y CARBOCHIM
S.A. Cluj-Napoca.

Kpeupamu cmo u peannsoBanu ¢puzep ca abpa-
3MBHMM 4YeCTMI[aMa 3a IIpOoydYaBame pe3ama
abpa3MBHOM BOJIOM, KOji ce Ipuarohasa mo-
CTOjerieM Tab0paToOPIjCKOM ITOCTOJbY.

Y cywTnHu, cedeme aOpasMBHUM M/Ia30M
BOJIe je CIMYHO KAo M ceyerbe M/Ia30M 4YICTe
Boge. Majla, IOCTOje HeKe pas/MKe 3a Koje
CMO CMaTpasln Jja je IPUK/Ia/HO IbUXO0BO IIpe]i-
CTaBJbarbe.

a. YTunaj npevyHnKa MIasHuIe pu Kopuinhemy
YUCTOT ¥ abpa3suBHOT BOJEHOT M/Ia3a.

V3 m3BpIIEHNX eKCIIepMMEHaTa ce II0Ka3aso
Jla ce oNTUMasTHM NpedHuK Mnasuuie d kpehe
nsmeby 0,8 1 1 mm, npu yemy je u3yseTak je
YUHUIA CYCIIEH3Mja KpUCTala IPaHaT 3a KOju
je onTMManHy IpevHrK 1,2 mm. YMecTo 3a cBe
BPCTe UCIIUTUBAHNX CTEHA, ONTUMA/IHU TIped-
HIUK M3/Ia3HOT abpasuBHOT M/1asa je d, = 4 mm.

0. YTuiaj KoHIeHTpanuje abpasyBHMX YeCTHUIA Y
IpoIiecy ceverba.

3a cBe BpCcTe abpasMBHUX YECTHIIA TECTUPAIN
CMO KOHCTAaHTY Jja IIOCTOje HeKe OITMMaJHe
KOHI[eHTpaluje 3a Koje je AyOmHa mpopesa
MakcuManHa. Ha mpumep, y xyhuiry 3a ce-
Yyere I'PaHUTa Ca BOJEHUM M/Ia30M y KOMe je
abpasuB cunuiujyM Kapoup, Hajoobe pesyi-
tare (cimmka 6p. 3) FoOmmM cMO 3a KOHIIEHTpa-
nuje ox 0,2 n 1,2 kg/min.

AKo ce MenTaByHa BOJie ¥ aOpa3MBHYIX YeCTH-
11a peannsyje camo y NIpOCTOPMjU 32 MeIllatbe
XM/IDOMOHUTOPA, a He Yy MOBOJHO] Kaju,
IpernopydyeHa KoHIleHTpauuja je mMama (0,8
kg/min). ¥ oBoM nocnenmweM ciaydajy abpa-
3MBHA 4YeCTMI]a He CMe OUTY XUTPOCKOIIHA,
MHaJe ce 3a4ellbyjy IyTeBU KpeTamwa abpa-
3MBHMX YeCTHUIIA y IPOCTOPY 3a Mellakbe X1-
IPOMOHUTOPA.

water jets can be improved through using the
abrasive water jets.

In these experiments we use as abrasive
particles the quartz sand, electrocorindon,
silicon carbide and garnet produced in
Romania, mostly at CARBOCHIM S.A. Cluj
-Napoca.

We created and realized a feeder with abrasive
particles for study the abrasive water cutting,
adaptable to the existing laboratory stand.

In essence, the cutting with abrasive water
jets is similar with the cutting with pure water
jets. Although, there is some differences
for which we considered opportune their
presentation.

a. The water jet and abrasive water jet nozzle
diameter influence.

From the made experiments it has resulted that
the optimum diameter of nozzle d  is contained
between 0,8 and 1 mm, exception made the
garnet for which the optimum diameter is 1,2
mm. In stead for all kind of tested rocks, the
optimum diameter of abrasive jet exit is d, =
4 mm.

b. The abrasive particles concentration influence
in cutting process.

For all kind of abrasive particles we tested
constant that there is some optimum con-
centrations for which the slit depth is maximum.
For example, in granet cutting case with water
jet in which the abrasive is the silicon carbide,
the best results (figure no. 3) we obtained for
concentrations of 0,2 and 1,2 kg/min.

If the water and abrasive particles mixture
is realized only in the mixture room of the
hydromonitor and not in the feeder tub, the
recomanded concentration is smaller (0,8 kg/
min). In this final case the abrasive particle
mustn’'t be hygroscopic, otherwise is obturated
the direction ways of the abrasive particles at
the mixture room of the hydromonitor.
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Cnuxa 3, Yiiuyaj konuyeniipayuje abpazuea Ha gyoury pesaroa

Figure 3, Abrazive concentration influence against cut depth

1. Yrunaj rpanynanuje abpasmBHIX YeCTHUIA.

ToxoM eKcIieprMeHaTa KOPUCTUIN CMO abpa-
3MBHe 4ecTulle ca rpanyranujom on 10 do
600 um (cnmka 6p. 4). A6pasuBHa rpaHya-
IVja yTide ¥ Ha yOMHY Ipope3a U KBaUTeT
noBpuIMHe cedyema. Kopy Behux rpanymanuja
abpa3MBHMX YeCTUIA, CTBOPEHM IIPOPe3N Cy
HIMPU.

c. The abrasive particle granulation influence.

During the experiments we used abrasive
particles with granulation contain between
10 and 600 pm (figure no. 4). The abrasive
granulation influence also the slit depth
and the cutting surfaces quality. At bigger
granulations of abrasive particle, the created
slits are wider.
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Cnuxka 4, Yiauuaj ipanynavyuje abpasusHux uecitiuya Ha gyoury ipopesa

Figure 4, The influence of abrasive particle granulation on the slit depth

Jla 6mucMo cTynujy peanmsoBai, LITO je MO-
ryhe peanHuje, USBPIIN/IN CMO [iBe aHATIM3E:

a. [TpBy npu nputncky og — 100.....200 MPa
6. Ipyry npu nputncky og — 200 .....400 MPa

ca npevyHuKom mnasuuue og 0,12 mm, ogHOC-
HO 0,25 mm. Pacrojame M3Me1')y MasHuIEe U
Marepujaia je 6uiao 13, 18 u 23 mm, 6p3una
nomepama Masa je 6uma ox 0 ;o 66 mm/min.
PeanmsoBanu cy XycTOrpaMu ca ClImke 5, y3 3a-
MaKame Ia C/JIa pe3arba 3aBUCH Of IPeYHUKa
MJIasHUIE, pacTa MaTepujajia, NIPUTUCKA, Ofi-
HOCHO Op31He oMepama Miasa.
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In order to realise a study, as real as possible, we
made two analises:

a. First at a pressure of — 100.....200 MPa
b. The second at a pressure of - 200 .....400 MPa

with the nozzle diameter of 0,12 mm and re-
spectively 0,25 mm. The nozzle-material dis-
tance was 13, 18 si 23 mm, the jet displacement
speed beeing from 0 to 66 mm/min. Were real-
ised the histogrames from Figure 5, observing
that the cutting force depends of nozzle diam-
eter, material growth, pressure and respectivly
the jet displacement speed.
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Cnuka 5, Yiuyaj ilapameiniapa sogenux mnaszesa y ipoyecy pesarba

Figure 5, The influence of the water jets parameters in the cutting process

Ha cmyum 6 cy npukasaHy 3Ha4dajHM hakTOpu
KOjM yTU4y Ha IIPOIeC pe3arba ¥ HapaBHO Ha
CHUJTY JieTloBatba Ha MOBPUIMHY MaTepujaa.

In Figure 6. are presented the significant factors
which influence the cutting process and of
course the acting force on the material surface.

Forta, N
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201
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22
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Cnuka 6, 3HauajHu daxiiiopu Koju yiudy Ha Upoyec pesarva

Figure 6, The significant factors which influence the cutting process

CTATMYKO MOJEJIOBAILE OBPAJIE
MATEPUJAJIA BOOEHOI MJIA3A
ITYTEM DELPHI METOJJA

ITocToju Benuky mpobeM Koju ce jaBba Ipu
pesamy 1M 0Opamy XUAPAYINYHUM MIIA30M,
KOjU CYIUTMHCKM yTM4Y€ Ha IIOKa3aTesbe Iep-
¢dopmancu mpoueca. Iloctoju Bemuku 6poj

STATIC MODELING OF THE WATER JET
MATERIAL PROCESSING THROUGH
THE METHOD OF DELPHI

There is a major problem that arises at cutting
and processing with hydraulic jet, with a
fundamental influence on the performance
indicators of the process. There is a large
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MeTOJa KOje ce MOTY KOPYMCTUTI, a/Ii OHe 3aX-
TeBajy BE/IUKM OOVIM TeCTOBA — eKCIIepUMeHa-
Ta, IPYMIBUBIX 32 OBY BPCTY eKCIIEPUMEHTa.
Ila 61 ce MMao MMHMMYM TeCTOBA Ca MaKCHU-
MYMOM pejieBaHTHMX MHpOpMaIja, MoXe ce
Kopuctut ,Delphi“ meron. ¥V tom morneny
norpebuu cy cnenehn xopann:

- YrBphuBame napamerapa obpasie 1 MHAMKA-
TOpPa Y4MHKa;

- V3papa ynutHmKa;

- CuHresa nHpOpMaIuja 1 Kopenanuja Ipu-
MapHIUX BPEXHOCT;

- YexnmahyBame MMIberma CHENUjannucTa U
HOTBphuBame HIUXOBE CAITTACHOCTH;

- Ipadmuxu npuxas;
- PacnopebuBame paxTopa y rpymne yruuaja;

- Objammeme pesyaTara.

3a cunTtesy nHpopmanuja Kopuurhe je mo-
cebaH mporpam Koju Cy ayTOpM HaIlpaBVIN
y jelHOj BpCcTH MOrogHuX Tabena y popmu —
word sheet Quattro, Excel nunmu Lotus. OBaj
IporpaM ce 3acCHMBA Ha IeHTPall30Bamby
nHpopManmja y jacauM ¢opMama Ha Tpu
HuBoa. IIpBu HMBO MMa IleHTpaNN30BaHE CH-
poBe IoflaTKe I7ie je UCIIUTAaHO 17 mopjaraxa,
0]l KOjUX je 7 eIMMMHUCAHO, 3a JPYTU HUBO
je ocrano camo 10 nogaraka koju cy obpabe-
HI, a y CIy4ajy [a je cIenujanucra 3a aBa
nmapamMeTpa JJao MCTM KOedUIVjeHT OHU ce
IIOHMIITABAjy.

3a tpehmu HuBO m3Bpimhe ce morpebHe Ko-
peKiuje 1 IoTpebHa ONTMMU3aIja, Y3 ONTH-
MaJIHy pacIrofeny IoTpeOHNX KoeduijeHara
Ha oHMX 10 TofaTaka Koju Cy ocTamyu y 6asm
noparaka. Ha taj Hauns he ce ucnynuTn ycnos
Bepudukanuje tekcra FISCHER u kBappara
Hi, ncroBpemeHo 3a cBe ¢dakrope.

Ha ocHoBy oBe TexHOJIOTHWje, Ha Kpajy cy
y3eTe y 063up caMo Tauyke Koje je [amo TUX
10 moparaka oj 17. Ha Taj HaumH cy mpe-
npaB/beHe NpBe Tabene, fla 6M ce Ha Kpajy
o6y nogaun u3 tabena. Metogom [enm-
X! eKCIlepUMeHTa, yTBpheH je yruuaj mope-
CUBMX [TapaMeTapa Ha HeKe IoKasaTesbe Iep-
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number of methods that can be used but they
require a big volume of test — experiments,
appealing to this kind of experiment. In order
to have a minimum of tests with a maximum
of relevant information, the Delphi method can
be used. In these respect the following steps are
required:

— Establishing the processing parameters and
performance indicators;

- Elaborating the questionnaire;

— Synthesis of information and correlation of
primary values;

- Balancing the specialists’ opinions and verifying
their concord;

- Graphical representation;
- Arranging the factors in groups of influence;

- Explaining the results.

In order to synthesize the information it was
used a special program made by the authors in
one of the utilitarian table type — word sheet
Quattro, Excel or Lotus types. This program
is based on centralizing the information in
distinct sheets on three levels. First level
has centralized raw data where 17 data were
questioned, 7 of them were eliminated, for the
second level remained only 10 data, which were
processed and in case that the specialist gave
for two parameters for the same coefficient
these were annulled.

For the third level the necessary corrections
will be made and the optimization required
will be done, optimizing the distribution of
the required coefficients to those 10 data
remained in the database, in this way the
verifying condition of FISCHER text and Hi
square will be fulfilled, simultaneously for all
the factors.

Based on this technology, in the end were
taken in consideration only the points given
by those 10 data from 17. In this way the first
tables were remade, obtaining the data from
the tables in the end. The influence, through
the method of Delphi experiment, of the
adjustable parameters over some performance



Copun Muxau Pagy, O ipouecy pesarwa xamena 6ogom (29-40)
Sorin Mihai Radu, About The Hard Stones Water Jet Cutting Process (29-40)

dbopMaHcK y mpolecy pesama abpasMBHUM
BOJIEHUM MJIa30M.

[TapameTpn ca cruke 7 cy:

— Hasupru nputicak BojeHor M1asa, p, (x,)s

— BpsuHa HanpesioBara BofieHOT M1asa v, (X,);

- [Tpeynux maasHue, dj, (x,)s

— Croma abpasuBHOT IIPOTOKA, (X, );

— OpHoC npevnMKa MIasHule u abpasusa, d /
d, (x,);

- Pactojame nsmeby mmasHuie u Marepujaina,
h, (x);

— [lebmbuna matepujana, g, (X,);

- Bpcra abpasusa, (x,);

— AGpasyBHA CUTHEX Cpelitber IIPEeYHMKa, (X9);

- OpHoc tBpaohe usmehy abpasusHe cpepyHe
1 OKpy>ema obpape, (X, ).

indicators, in abrasive water jet cutting
process, were established.

Parameters from figure 7. are:

- Water jet nominal pressure, o (x,);
— Water jet advance speed v, (xz);

— Nozzle diameter, dj, (x3);

— Abrasive flow rate, (x 4);

— Ratio between the diameters of nozzle and
abrasive, da/dj, (x,);

- Nozzle-material distance, h, (x,);
- Material thickness, g, (x.)s
- Type of abrasive, (xs);

— Abrasive grains medium diameter, (xg);

- Hardness ratio between the abrasive envi-
ronment and the processing environment,

(%,)-

Cnuxa 7, lepunucarve iiapameitiapa obpage abpasueHoi 60geHoi Mnasa

Figure 7, Defining the parameters of abrasive water jet processing

Pesynratu cy pasBpcranu y Tabene u uspady-
HaTU Cy MPOCEYHM Pe3YITaTy KOPUIIIeHheM
EXCEL rab6ene. Y o61uKy MaTpuliie yTHUIRja,
y Tabenmu 1, mpukasaHm cy pesynTtatu obpaje
nojaraka.

The results were sithesized in tabels and the
average scores using an EXCELL spreadsheet
was calculated. Inthe form of influence matrix,
in the table 1, the results of data processing is
presented.
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Tabena 1, IIpoyenitiyanta pegHociii gpaxitiopa y 06pagu abpasusHoi 60geHoi Mnasa

Table 1, Percentage value of factors in abrasive water jet processing

Mixing

bp. ®akrop yTniaja [TpopykrusHocT |Cromna xabamwa|XpamaBoct
No. Factor of influence Productivity Wear rate  |Roughness
1 griys‘:fr?‘; ) 15,4% 9,5% 7,5%
bl i’ 1
» |Bperaabpasisa 5,7% 7,7% 5,7%
Type of abrasive, (x,)
IIpeynnk mnasHuie o o o
3 Nozzle diameter, di‘ (x,) 4% 5.8% 4%
4 A6pa3ynma 3pHA CPEJIEher PUTUCKA 4% 5.9% 8.6%
Abrasive grains medium diameter, (x,)
5 |Ommoc eprohe 3,9% 3,3% 2,9%
Hardness ratio (x,)
Opnnoc n3Mely npeynnka MiasHuIie U IpevYHKa abpasyusa
6 |Ratio between the nozzle diameter and abrasive diameter, 3,7% 3,7% 3%
d/ dj » (x,)
- Bpsmn_a HAIpeIoBamba BOEHOT MJTa3a 3.5% 2.4% 4%
Water jet advance speed v, (x,)
8 CTOHB: poTOKa abpasmsa 3.5% 6.3% 43%
Abrasive flow rate, (x,)
Jy6una npopupama MaTepujana o o o
? Material penetration depth, g, (x7) 3,4% 2,4% 2,6%
10 Vmamenoct M3.Meb.y MJIasHILIe U MaTepujana 3.1% 2.4% 3.1%
Nozzle-material distance, h, (x,)
M
11 Mf}f;‘g’e 2,8% 3,7% 2,8%
12 gﬁ)”s‘:fr‘;a‘; ®) 8,8% 14,3% 15,7%
> i) 1
13 |Bpeta abpasusa 3,9% 5% 4,5%
Type of abrasive, (x,)
IIpeynnk mMnasHuIe o o o
14 Nozzle diameter, di‘ (x,) >% 4.9% 5.7%
15 A6pa3ynma 3pHA CPE/IHber PEUHIKA 6% 4,4% 50
Abrasive grains medium diameter, (x,)
16 |Omoc Tsprohe 3,3% 4,2% 4,1%
Hardness ratio (x,)
Opnnoc n3Mely npeynnka MiasHuIie U IpevYHNKa abpasyusa
17 |Ratio between the nozzle diameter and abrasive diameter, 5,6% 4,2% 4,6%
d/ di , (x,)
18 Bpsmng HaIlpefioBaba BOIEHOT MJIa3a 5.3% 3.9% 3.5%
Water jet advance speed v, (x,)
19 CTong poTOKa abpasmsa 3.4% 3.5% 3.3%
Abrasive flow rate, (x,)
Jy6buna npopupama MaTepujana o o o
20 Material penetration depth, g, (x.) 4% 31% 3%
21 Vmamenoct I/IS.MGT).Y MJIasHILIe ¥ MaTepujana 2.5% 2.6% 2.9%
Nozzle-material distance, h, (x,)
2y |Memame 3,4% 2,6% 2,4%
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Ipadmuxy, yrunaj dakropa je mpmkasaH Ha
cmny 8 u Ha cuuy 9. ITapeto gamjarpamu cy
IpeNCTaB/bEeHN 3a CBAKM VIH/IMKATOP YYMHKA.
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Cnuxa 8, Jujaipamu guctapubyyuje 3nauaja
axitiopa ymuyaja

Figure 8, The distribution of the i mportance
of influence factors

Kao pesynrar oBe aHanmmse, psa yetupu ¢ax-
TOpa 3aAp>KaHa Cy Kao OMTHA, 3a CIpoBefe-
HU IUIAHMPAHM €KCIIEPUMMEHT y LWbY YCIO-
CTaB/baba MOJIe/Ia perpecuje.

3AK/bYYAK

Y 3awpyuky, mako cy nepdopmaHce abpa-
3MBHVX MJIa3eBa CYIEPUOPHIje Of UMCTUX, 3a
eKOHOMIYHY edukacHOCT Kopuirhema abpa-
3MBHUX YeCTI[A MOPAMO aHATM3MPATU CKay
pajiHOT IPUTICKA, KopuurheHe IpevHKe Myas-
HIIIA, pacTojarbe M3Meby M/IasHumIa U CTeHa 1
uckopuirheHy KOHIIEHTpayjy abpasusa.

MasHuIie BUCOKOT IIPUTHCKA, T€HEPATHO, 1
abpasuBHM 1TOCEOHO, 300T IMpeHOIIemha HEKNX
BE/MKNX CHara IpeJiCTaB/bajy PeBOMYIMOHAP-
HJM MHCTPYMEHT 3a eKCIUIOATaIujy U obpamy
JIeKOpaTVBHUX CTeHa U rpabheBMHCKMX MaTte-
pujaa, a MHOTe IPeJHOCTH OBe HOBE TEXHOJIO-
IMje MOKa3yjy IO3UTUBHA OYeKMBarba U Ipu-
MemBMBOCT 3a OyayhHOCT.

Graphically, the factors influence is presented
in figure 8 and in figure 9. The Pareto diagrams
are presented for each performance indicator.

S00% 3§

200% §

— -
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Depth
Precon
1ardness

Productvey
Videar rate

Cnuxa 9, Ilapeitio gujaipamu paxiiopa
ymuyaja
Figure 9. The Pareto diagrams of the factor’s
importance

As a result of this analysis, the first four factor
were retained as important ones, for a conducted
planned experiment in order to establish a
regression model.

CONCLUSION

In conclusion, although the abrasive jets
performances are superior than the pure ones,
for the economical efficiency of using abrasive
particle we must analyze the work pressure
scale, the utilized nozzle diameters, the nozzle
rock distance and the utilized abrasive
concentration.

The high pressure jets, in general, and the
abrasive one especially, due to transmit some
high powers are a revolutionary instrument for
the extraction and processing of the decorative
rocks and building materials, and a lot of
advantages of this new technology let to expect
a certain future.
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Caxxerak: Beliuna tiospuuHcKux Koiiosa yima je suuiegel,eHujckom ipoussogrom u3ekcinoatiucana Hajiio-
somHuje pesepse yima. Cagauirba Gpou3sogrea yima 0geuja ce y 6e0Ma CIOMEHUM Pygapcko — ieonouKUM yco-
suma. Koitosu cy cee gybmu, ipucyilina je eenuxa 060greHoCtli kao u pacnojasarve yina. Kako je esugeniiina
OnU3UHA 6eTUKUX U MHOTOOPOJHUX MatbUX Anu U 6ehiux peuHux HoKoed, enuxa iyciliuHa HACeTLEHOCIU U PA3-
sujeHa UHPPACTIPYKITYPA, OHGA ce MOxe CX6AUITIU ca Kakeum ce tipobnemuma cpehy tpojexitianitiu u py-
gapcka otiepatiiuea. IlocebHa ilaxctoa je HOKNOHeHA Peuiasaryy HeclabUnHOCTAY YHYTPAUHUX 0gRATaNTUTHAG
Koja cy uecifio i1aéHU y3pOK y Heocilisapusary UnaHupaHe guHamuke ipoussogre yima. Pag ce yiipaso ogrocu
Ha tpeiio3Hasatrve jegHoi og moiyhux peuterva Koju moiy gaiiu iloy3gar goupuHoc y peuiesarsy 06ux iipobnema.

K}by‘{}le peum: I[TOBPIIMHCKN KOII, OIJIATAJIMIITE, JAJTOBVMHA, MTHUIINJAJTH/ HACUIL, CTABMJIHOCT

Abstract: Most surface coal mines have excavated the most favoruable coal reserves through decades of production.
Current coal production is taking place in very complex mining-geological conditions. The mines are getting deeper,
there is a lot of dewatering and spalling of the coal. As the proximity of large and numerous smaller and larger
river flows, high population density and developed infrastructure is evident, then it can be understood what kind of
problems planners and mining operatives are facing. Special attention was given to solving the instability of internal
landfills, which are often the main cause of failure to realize the planned dynamics of coal production. The paper is
precisely related to the recognition of one of the possible solutions that can make a reliable contribution to solving
these problems.

Key words: SURFACE MINE, LANDFILL, TAILINGS, INITIAL EMBANKMENT, STABILITY

YBO/] INTRODUCTION

Pynapcku 6acen Komry6apa je Hajsehu Tpons- The Kolubara mining basin is the largest pro-
Bohau yrma y ,,Enexrponpuspenmn Cpouje” n ducer of coal in the “Electric Power Company
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Penry6muuy Cp6uju ca mpou3BOAHOM Off OKO
30 MuIMOHA TOHA YI/ba HA FOAMILEGEM HUBOY.
HepasHu npecTanak pajia HOBPIIMHCKOL KOIIA
ITorwe [T y6p3ao je oTBaparme HOBPIIMHCKIX KO-
noBa [Tope E u PapypeBa n ycrosuo nosehame
npoussopame yrpa Ha 11K Ilome LI u Ilome I.
IIK ITome 1 ce Hamasm y KpajibeM MCTOYHOM
Ielmy Kormybapckor 6aceHa M IpefcTaB/ba Ha-
CTaBaK HajcTapujer MOBPUIMHCKOT Koma [lorba
b. Yayrpamme opgraraymmmure 11K Iorme L nc-
THYe ce Kao noceban mpobiem. Pagu ce o mn-
peM IpoCTOpy Koju ce Ha/masy HajsehnM merrom
Ha HekagauimeM 1K ITome b u genmnmmnyso Ha
1K Ilospe 1. HanpegoBame oTKomaBama 1 Ofi-
Jarama OfiBMja ce mpema 3amapy, mpema IIK
ITome E [2].

of Serbia” and the Republic of Serbia with an
annual production of about 30 million tons of
coal. The recent cessation of open pit mining
Field D hastened the opening of open pit mines
Field E and Radljev and led to an increase in
coal production at Surface mine Field C and
Field G. Surface mine Field C is located in the
extreme eastern part of the Kolubara basin and
is a continuation of the oldest surface mine
Field B. The internal landfill Surface mine Field
C stands out as a special problem. It is a wider
area that is mostly located on the former Sur-
face mine Field B and partially on Surface mine
Field C. The progress of excavation and dispos-
al is taking place towards the west, towards Sur-
face mine Field E [2].
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Cnuxa 1, IIpeinegha xapitia ucitiouroi gena konybapckoi yimorocHoi 6acena [2]

Figure 1, Overview map of the eastern part of the Kolubara coal bearing basin [2]

Tymau: 1 - OrkonHu ¢poHT (OTKpMBKa U yrasm); 2 — Omnaramuire (janouHa); 3 — Peka [Temrran; 4 - ITK
Tome A; 5 - IIK ITome b; 6 — TIK Iome 11; 7 — TIK Tome [I; 8 — IIK Ilome E; 9 - Maniujaman Hacu.
Legend: 1 - Mining front (overburden and coal); 2 — Landfill (tailings); 3 — Pestan River; 4 — Surface mine
Field A; 5 - Surface mine Field B; 6 — Surface mine Field C; 7 - Surface mine Field D;

8 — Surface mine Field E; 9 - Initial embankment.

Ynyrpamme ognaranumre [IK IMome b n ITome
11, orpaHn4eHo je GPOHTOM PyapCKUX pajjoBa
Ha YI/b€HOj €TaXV Ha 3alajy, CEBepHOM 3aB-
PUIHOM KOCHHOM, MICTOYHO JO Kpaja IpOjeK-
TOBAHOI OJIarajuuITa ¥ jy>KHOM TI'PaHMUIOM
HOBPIIMHCKOT Koma. IIpubmwkHe AuMeHsuje
42

The internal landfill of Surface mine Field
B and Field C is limited by the front of the
mining operations on the coal floor to the
west, the northern final slope, to the east to the
end of the designed landfill and the southern
border of the surface mine. The approximate
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opgmaranumTa ¢y 4.500 m gy ceBeposamnap —
jyrouctox u 1.200 m ceBepOMCTOK — jyrosamnaf,.
IIpoceyna BUCMHA OfJIO)KEHE jalIOBUHE j€ OKO
35 m y yeHTpaaHoM fieny ofaaranumTa u 10 m
1o obony [2]. IIpo6nem yHyTpauImer ofara-
JIMIITA je BUIIECTPYK [2]:

- Henpunpem/beHa mofgyuHa ofjIara/mMIiTa 3a
IpeHMpame OIIOKEHNX Maca;

- HecenexktuBno ofyrarame jaHOBI/IHe;

- HepnoBo/bHO ofiBOfI-eHA jaTOBUHA Y GPOH-
Ty HaIlpefj0Bama PyAAPCKUX PafioBa;

- HeeduxacHa 3amrura ojjaraauimTa Of
yTHULaja IOBPUIMHCKUX BOJA BaH M YHY-
Tap Kora.

Omucany mpobmeMu y3poKOBaMM Cy BUCOKY
3aBOILEHOCT oyIaraymmra. HuBo mopsemue
Bofie Ha BeheMm jeny je 6mmsy nospumne. Of-
JIara/INIITa jaJIOBUHE y MCTOYHOM JIeTy KONy-
Oapckor baceHa He pacIioNaXKy JJOBO/bHMUM IIPO-
CTOPOM 3a JIOJAaTHO VHBECTUIVIOHO Ofi/larame
janosune u3 Hoor IIK Ilome E. ITpuctynmo ce
aHa/m3M MoryhHocTy HajBuilewa mnocrojeher
yHyTpammwer oftarajumra Ha IIK Ilome b u
ITorwe 1. Tpebaro je pemty Tpu mpobema:

— CrabwmsoBatu 1ocrojehe opyrarammiTe
(MHUIIVjaTHY HACUII);

- CrabwmsoBary HaJBuILee ocTojeher of-
JaramInTa (HaJBUILIEHe MHNUIVjaTHOT Ha-
cuIa);

- IloBehatn HocuBoCT MocTOjehe mopuMHe
Ol/IaTa/ININTA 33 JOJATHO Ofijarame (Hasl-
BuIee nocrojeher omarammimra).

IIpe cnpoBohema CBUX TEXHOTOLIKMX 3aXBaTa
HOTPeOHO je y MOTHYHOCTU PeIIUTH CBe IIPOo-
O71eMe KOji1 Cy Be3aHU 3a 3aLITUTY KOIIa Of II0-
BPIUMHCKNUX U TIOfI3€MHUX BOJA.

OIIIITN YCIIOBM HA
ITOBPIIMHCKOM KOITY

Hanpeposame pygapckux pagioBa Ha OTKOIIA-
BambYy yI/ba MMa cMep ceBep — jyT. Ha ceBepHOj
CTpaHM KOIla, yra/b MCKINIbaBa BePTUKal-
Ho. HajHioku je y cpepummeM fieNy KoIa 1

dimensions of the landfill are 4,500 m along the
northwest — southeast and 1,200 m northeast —
southwest. The average height of the deposited
tailings is about 35 m in the central part of the
landfill and 10 m along the skirt board [2]. The
problem of the internal landfill is multiple [2]:

- Unprepared floor of the landfill for draining
the disposed masses;

- Non-discriminatory waste disposal;

- Insufficiently drained tailings in front of
mining progress;

- Inefficient protection of the landfill from
the influence of surface water outside and
inside the mine.

The described problems caused a high level of
flooding in the landfill. The groundwater level
is mostly close to the surface. Tailings disposal
sites in the eastern part of the Kolubara basin
do not have sufficient space for additional
investment disposal of tailings from the
new Surface mine Field E. An analysis of
the possibility of overhanging the existing
internal landfill at Surface mine Field B and
Field C was undertaken. Three problems had
to be solved:

— Stabilize the existing landfill (initial em-
bankment);

- Stabilize the raise of the existing landfill
(the raise of the initial embankment);

- Increase the load-bearing capacity of the
existing landfill area for additional disposal
(elevation of the existing landfill).

Before the implementation of all technological
interventions, it is necessary to completely
solve all problems related to the protection of
the mine from surface and underground water.

GENERAL CONDITIONS
AT THE SURFACE MINING

The progress of mining works on the
excavation of coal has a north-south direction.
On the north side of the pit, the coal pinches
out vertically. It is the lowest in the central part
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IIOTOM CTPMO MCK/INMIbaBa Yy CEBEPHOM JeNy.
[TpumeTHA Cy MOKaNMHA KAM3MINTA HA eTaXKa-
Ma. Ha gHy KoIla KOHCTAaTOBaHO je fa ce Boja
YIJIaBHOM aKyMy/IMpa IPaBUTALMjoOM ca OT-
KOITHOT pOHTA U IOfpYYja U3BAH KOIIA, TOK
Mamby [Ie0 [0/a3/ U3 YHYTpallier OfjIara-
mumTa [2]. Kako je opmarannmrre mospummnH-
CKOT KOIIa OKapaKTe€pPMCAaHO Kao 3aBOJAIbEHA
CpeAVHa, O4YMIJTIEAHA OMACHOCT je y Mmoryh-
HOCTY II0jaBe Kam3umta 1 Teyuiura Behux
pasMmepa, WITO OM Ce HEMOBO/BHO OJPA3UIO
Ha OfJIaT/IMLIHY ¥ OTKOIIHY MeXaHM3aLWjy
Ha yrpy. Ilpema TpeHyTHOj cuTyanmju Ha
TepeHy, PaloBM Ha eKCIUIoaTalMju yI/ba Cy Y
OVPEKTHOM KOHTAKTy Ca YHYTpPaIlllbIM OfiJIa-
rajmuTeM. TakBO CTame Y3POKOBAJIO je U3-
Memrtame bTO cucrema Ha yHyTpamme osa-
ramumre IIK ITome II. HacraBak opmmarama
Ha yHyTpammeM ogynaramniuty [1K Ilome b
ITospe I onpaBfaH je TeK HAKOH CIPOBENEHOT
IpelOJOBO/baBatba I U3paje CTabumImsaru-
OHUX ObjekaTa.

of the mine and then it pinches out steeply
in the northern part. Local landslides on the
floors are noticeable. At the bottom of the
mine, it was established that water is mainly
accumulated by gravity from the excavation
front and the area outside the mine, while a
smaller part comes from the internal landfill
[2]. As the surface mine landfill is character-
ized as a waterlogged environment, the ob-
vious danger is the possibility of large-scale
landslides and liquefaction, which would
have an adverse effect on the disposal and
coal mining machinery. According to the
current situation on the ground, the coal
mining works are in direct contact with the
internal landfill. Such a situation caused the
relocation of the BTO system to the internal
parking lot of Surface mine Field D. Contin-
uation of disposal at the internal landfill of
Surface mine Field B and Field C is justified
only after pre-watering and construction of
stabilization facilities.

Cnuxa 2, IIK Iomwe 1] - axymynucana 60ga
¥ HOMUYU ognaianuwina [2]
(crummeno 01.09.2020.)

Figure 2, Surface mine Field C - accumulated
water in the foot of the landfill [2]
(recorded on September 1, 2020)

VNEHTVUOUKAIIMJA HACTAHKA
K/IV3UIITA

[TojaBe HecTaOWIHOCTM BELITAYKV HACTAINX
KOCVHA IIpeCTaB/bajy pe3ynrar mnopemehaja
paBHOTeXe y npupoau. PenraBame oBUX Impo-
6reMa y pyfapcTBy 3axTeBa aHAIM3Yy, MICTpa-
KUBAYKM pajj, u360p, nmpuMeHy u mnpahemwe
MeTOfIO/IOrMje cTabuam3anuje.
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Cnuxa 3, Pyuesu cesepre ipanuue
IIK ITomwe b [2]
(crummeno 01.09.2020.)

Figure 3, Rucevi northern border
Surface mine Field B [2]
(recorded on September 1, 2020)

IDENTIFICATION OF ORIGIN
OF LANDSLIDE

The phenomena of instability of artificially
created slopes are the result of imbalance in
nature. Solving these problems in mining
requires analysis, research work, selection,
application and monitoring of stabilization
methodology.
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IIpomec paga Ha MOBPIIMHCKOM KOIIy Yc-
JIOB/baBa JIa Ce pajHe KOCMHe eTa)ka I 3aBpIl-
He KOCKHe IOBPIIMHCKOT KOIIda KOHCTaHTHO
u3Bofe y mpoMmeHpuBuM ycnosuma [2]. Ko-
CUHe OJi/IOXKeHe ja/IoBJHe HajIase ce y CTabumi-
HOM CTamy (He KIM3ajy ce 1 He oOpylIaBajy)
CBe JIOT/Ie, IOK Y IbJIMa II0OCTOj! 32 TO JOBO/bHA
YHYTpallba Besa [4].

ITosnaBame cBOjcTaBa M cacTaBa TepeHa Ha
KOMe je [OUUIO [0 II0jaBe KIM3UINTA Cy BEOo-
Ma OMTaH YCTOB 3a INpENO3HaBame pasjora
HacTaHKa. Ha 6asm Tux momartaka yTBphyjy
ce epMKacHe CaHAIMOHe Mepe. 3aXTeB je f1a ce
Ofi/IaTa/IMIITe CaHMpPA HajjeQTUHUjUM M Tex-
HOJIOLUKM HAjjefHOCTAaBHUjUM CaHAIVIOHUM
MOCTYNUMMA. Pasmuumty cy yspoum HecTa-
OWJIHOCTM OJyIarajmMiuTa: KOCMHE Cy CTpMe
U BUCOKE, MOAVHA OJIIara/jMIITa MMa HeMo-
BO/bHY HOCHBOCT, BMCOKJ IIODHM HPUTUCLM,
HEJIOBO/bHA OJBOIHEHOCT OTKOIIAHE ja/IOBUHE.
Hapenenn ysponu Mory fia fgenyjy mojefnHad-
HO, a Mory 1 Mehyco6Ho mosesann. Op HaurHa
IUIXOBOT Ie/I0Batba 3aBUCHU 1 M300p CaHAINO-
HUX Mepa.

CaHanyuoHe Mepe ce MOTY IOJENNTU Ha: fipe-
Ha)KHe, IIOTIIOPHE IIPOMEeHe reoMeTplje KOCH-
Ha, IIpMMeHa KOHCTPYKLUja 1 apMupame Tia.
Kapa cy y nuTamy HOBPIIMHCKY KOIIOBYU Y€CTO
ce II0CTaB/bajy TPY K/bY4HA IIMTaba: KOJIMKA Ce
CTaOWIHOCT 3axTeBa, 3a KOjI BPEeMEHCKN IIe-
PMOZ U KOJIMKO je TIpM CTaOMIn3anuju KoCuHe
npuxsarbyBa LeHa! OBa Tpu NNUTama Ipef-
CTaB/bajy OCHOBHM IIPOO/IeM Ha MOBPLIMHCKIM
KOIIOB/MA, a IJXOBO PeEIlaBabe je KOMIIPO-
Muc usMeby curypHocTy, ieHe 1 BpeMeHa.

Hajuemhn nocrymmm 3a caHanyjy wim no6osb-
mame CTAO0OHOCKBOT T/14, @ KOjI YK/bY4yjy pas-
JIMYNTE TEXHOJIOIIKE Mepe KojuMa ce mosehasa
IPONYCT/BUBOCT M/MIN TIO00OOJBIIABAjy YBp-
croha n fedopmanyiona ceojcTsa Ta cy [2]:

- VYrpahuBamwe BepTUKa/HUX [jpeHaKa, LbYH-
YaHU IIUIIOBU VI BEPTUKA/IHE JPEHAXKHE Tpa-
ke (wick — drains) 3a ybp3ame koHcompanyje
Y pajyjalHOM 1 BepTHKalIHOM cMepy. [Tocty-
IaK je ogrosapajyhu kazia je yrtujajHa fyousa
cmabo noceher Tna Benmka (5 m 1o 30 m);

The process of working on an open pit requires
that the working slopes of the floors and the
tinal slopes of the surface mine are constantly
performed in changing conditions [2]. Slopes
of deposited tailings are in a stable state (do not
slide or collapse) as long as there is sufficient
internal connection in them [4].

Knowing the properties and composition of
the terrain on which the landslide occurred is
avery important condition for recognizing the
reason for its occurrence. Effective remedial
measures are determined on the basis of this
data. The request is to rehabilitate the landfill
using the cheapest and technologically sim-
plest remedial procedures. There are various
causes of landfill instability: slopes are steep
and high, the floor of the landfill has insuf-
ficient bearing capacity, high pore pressures,
insufficient drainage of excavated tailings.
The mentioned causes can act individually, or
they can be interconnected. The choice of re-
medial measures also depends on their mode
of action.

Remedial measures can be divided into:
drainage, supporting changes in slope geom-
etry, application of structures and soil rein-
forcement. When it comes to surface mines,
three key questions are often asked: how
much stability is required, for what period
of time, and what is the acceptable price for
slope stabilization? These three issues repre-
sent the basic problem in surface mines, and
solving them is a compromise between safe-
ty, cost and time.

The most common procedures for reha-
bilitating or improving weak-bearing soil,
which include various technological measures
that increase the permeability and/or improve
the strength and deformation properties of
the soil, are [2]:

- Installation of vertical drains, gravel piles
and vertical drainage strips (wick — drains)
to accelerate consolidation in the radial
and vertical direction. The procedure is
appropriate when the effective depth of
weakly bearing soil is large (5 m to 30 m);
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- YrpahuBarme XOpM30HTATHUX APEHAKHUX
pebapa 3a ybp3amwe BepTUKaTHE U XOPU-
30HTa/IHe KOHCONMAAIVje M 3a 1060sb-
IIale OTIIOPHOCTHM CITAOOHOCHBOT CJIOja
Ha cvuname. IlocTynax je oprosapajyhn
Kajia je yTUIlajHa ByOMHa c1aboHOCUBOT
T/Ia Cpa3MepHO MaJia;

- 3aMeHa c1abOHOCKMBOT T/Ia OO/BMM MaTe-
pujanom. IToctynak je oprosapajyhm kama
je yrumajHa aybuHa C1abOHOCKMBOT T/Ia
CpasMepHO MaJla;

- Tlobormiiawe yBpcTohe cmaboHOCUBOT T/Ia
Ipy CMUIABY IMOCTYIIVMA KyOMHCKOT
nIbeKTHpama (jet — grouting mmmosn) mim
IyOMHCKe XeMMjcKe cTabummsanyje (Kped-
Hy mmmosn). Ioctynu ¢y oprosapajyhn
Kajia je yTuiajHa fy6mHa c1aboOHOCHBOT
Ta Benmka (5 m go 30 m);

- Tloborpurabe uyBpcTohe CcrMabOHOCHMBOr TIa
TIOCTYTILVIMA JOf{aTHOT 30Mjarba (I HAMIIKO
KOMIIPUMUPabe, TEIIKO HabMjarbe, TyOMHCKO
BuOpupame). Iloctymuu cy onrosapajyhm y
TIPOIYCHIVM, HEXOMOTEHIM 3€M/BAHVIM Ma-
TepujaMa, Kao IITO Cy CUTHY IleCaK U He-
KOHTPO/IMICAHA BELITAYKA HACKIIAMbA;

— Tlo6omiame yBpcTohe MOBpLIMHE TeMerb-
HOT T/Ia apMVpabeM IIOMohy FeOCUHTEeTHKa;

- Y nocebHuM crydajeBrMa Kaja OIMMCAHNM
IOCTYNIMMa Huje Moryhe ocuryparm xo-
MOT€HO MOOO/blIaEbe CBOjCTBA TEME/bHOT
T/Ia 'y IUVIaHMPpaHMM POKOBMMaA, HACHIIN
MOTY Jia ce Tpajie U Ha cabujeHnM uin 6y-
HIeHVM IINIIOBMMA;

- IlpumeHOM KOMOMHOBaHUX ¥ IOCEOHMX
IIOCTYIIaKa.

CrabunHocT opraranuuita 3a ofpeheny rtex-
HOJIOTMjy pajia Ha OJyIaTamy 3aBMCU IIPBEH-
CTBeHO Off GU3NIKO — MeXaHUYKUX 0COoOu-
Ha ja/JoBMHe (3aMpeMMHCKa Maca, CafipiKaj
B/IaTe, I'PaHY/IOMETPUjCKM CacTaB, KOXe3uja,
YVHyTpallllbe Tpeme, KOHCUCTeHIMja, eJa-
CTUYHOCT M yBpcToha Ha cMUIIame) y mope-
MeheHOM cTamy U mopyHe (TeMe/bHOT T/Ia) Y
HertopeMeheHoM cramy. Kaga mopnza opiara-
aumTa npuMa ontepeherme ofoXKeHMX Maca
He cMe OMTU CKJIOHA K/IM3amby, HAPOYUTO aKO
je HarHyTa y IIpaBIly HalpefoBama OfjIara-
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- Installation of horizontal drainage ribs
to accelerate vertical and horizontal con-
solidation and to improve the shear re-
sistance of the weak-bearing layer. The
procedure is suitable when the effective
depth of weakly bearing soil is relatively
small;

- Replacement of weak-bearing soil with
better material. The procedure is suitable
when the effective depth of weakly bearing
soil is relatively small;

- Improvement of the shear strength of
weak-bearing soil by means of deep injec-
tion (jet grouting piles) or deep chemical
stabilization (lime piles). The procedures
are suitable when the effective depth of
weakly bearing soil is large (5 m to 30 m);

- Improving the strength of weak-bearing
soil by means of additional compaction
(dynamic compaction, heavy compaction,
deep vibration). The procedures are appro-
priate in more permeable, inhomogeneous
soil materials, such as fine sand and uncon-
trolled man-made embankments;

- Improving the strength of the foundation
soil surface by reinforcement with geosyn-
thetics;

- In special cases when it is not possible to
ensure a homogenous improvement of the
properties of the foundation soil within the
planned deadlines, embankments can also
be built on compacted or drilled piles;

- By applying combined and special proce-
dures.

The stability of the landfill for a certain dis-
posal technology depends primarily on the
physical and mechanical properties of the
tailings (bulk mass, moisture content, granu-
lometric composition, cohesion, internal fric-
tion, consistency, elasticity and shear strength)
in a disturbed state and the floor (foundation
soil) in undisturbed state. When the floor of
the landfill receives the load of the deposited
masses, it must not be prone to sliding, espe-
cially if it is inclined in the direction of the ad-
vance of the landfill. The bearing capacity of
the base must be such that it can receive, apart
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mmmra. HocuBocT mopmore mopa OMTM Tak-
Ba Jla puMy, ocuM onrtepehema OII0KEHNX
Maca I cuie Koje CTBapajy AMHAMIYKI IPUTHU-
CaK IIPU HAIIPEJIOBalby PafloBa HA OJJIAramby U
¢dbopmupamy kocuHa [1]. Ha Tepennma rae je
M3paKeHa CeM3MMKa MOTPeOHO je YKbYInUTH 1
OBaj mapamMeTap. Y Ipakcy Cy IpUCyTHA 4ecTa
HOTHUCKVBaWka U Apyru obmun gedopmaryje
nopuHe (yHyTpamme omraramymre [IK dpm-
Ho, Orpanak TE - KO Kocronan).

Omnmita KapaKTepUCTMKA CIIO/bAIIIBIX OfIa-
rajayuiTa HalllMX IIOBPIIMHCKUX KOIIOBA yI/ba,
jecte a Cy MM IIOZ/IOTe IPETEXXHO I/IMHOBITE
VIV aTyBMjasiHe, IpK 4eMy ce gedopMiucame
KOCHMHA ! ICTUCKMBaIbe T/Ia 3 ITOJJ/IOT€ BPIIU
y OONMMKYy BUIIe TajacCHUX y3BuiIema [3].
Onrepehewy maca janoBune Tpeba mopmatu
¥ Macy Ojijlarada Kao ¥ TPAHCIIOPTHMX Cpefi-
CTaBa KOja 13a3MBajy KOHCTaHTHe BuOpanyje
TOKOM paja.

[ToBehamwe HOCMBOCTI MOXe Ce U3BECTH fipe-
HMPambeM Kao ¥ IIPOMEHOM BUCHHE IIOjefHNAX
etaka. CBaka eTaka OfyjlarajmimuTa tpeba ja
Oyne y cramy Aa mpuMmm u Hocu onrtepeheme
BUIINX €Ta)Ka. Y TOM KOHTEKCTY IMOTpebHO je
ucrahu na je mpBa eraxka 10 IOAMHE, TeMelb-
HOT T/7a, Hajpume ontepehena. To 3axresa
PEBACXOJHO AVUCIUIUIMHOBAHO BoDere Tex-
HOJIOIIKOT IIpOIleca Ofi/larama jajioBUHE KOje
omoryhaBa 6p30 36ujame 11 IIaHNpPabe TIOBP-
IIVHE Of/IaTa/IMIITA Pafu OpiKer OTUIIamba aT-
Mocdepckux Bopa [1].

Hajnoso/bHyja BcHA eTaka omoryhyje mMak-
cuMajHo Kopuinherme Ipon3BogHMX MoryhHo-
CTH ojy1arada (BUCHMHY M Harub KocmHe), Koja
IPOUSWIa3N U3 IpopadyHa crabumHocTn. Kop
VICTOT Harmba KOoCMHe NyOMHCKe eTake Ofjjla-
ramumra, nosehameM cafpikaja IIMHOBUTHX
KOMIIOHEHT! BMCUHA OJjIarajymra he ce y
Mam0j Mepy CMABNUTH, a/i caMo fio ofpehene
KPUTUYHE BICHHE, KaJla Ce yTao Haruba Haruio
cMamyije [1].

AHAJIVI3A YCJIOBA CTABMIM3ALVIJE
YHYTPAIIILEL OMJIATAJIVIITA

AHanu3oM YHyTpallliber OfjIarajyiiTa yTBp-
beno je ma cy y HempaBWIHOj CHHK/IMHAIN

from the load of the deposited masses and the
forces that create dynamic pressure during the
progress of the works on the disposal and the
formation of the slope [1]. In terrains where
seismicity is pronounced, it is necessary to
include this parameter. In practice, there are
frequent push-overs and other forms of defor-
mation of the floor (internal landfill Surface
mine Drmno, Branch of TPP - Surface mine
Kostolac).

The general characteristic of the external
landfills of our surface coal mines is that their
substrates are predominantly clayey or alluvi-
al, whereby the deformation of the slope and
the displacement of the soil from the substrate
is done in the form of several wave elevations
[3]. To the load of tailings mass, the mass of
dumpers and transport vehicles that cause
constant vibrations during operation should
be added.

The load capacity can be increased by draining
as well as by changing the height of individu-
al floors. Each floor of the landfill should be
able to receive and bear the load of the higher
floors. In this context, it should be pointed out
that the first floor next to the basement, the
solid foundation, is the most heavily loaded
one. This requires above all disciplined man-
agement of the technological process of tail-
ings disposal, which enables rapid compac-
tion and planning of the landfill surface for
faster stormwater runoff [1].

The most favourable floor height enables
maximum use of the production possibilities
of the stacker (height and slope inclination),
which results from stability calculations. At
the same slope inclination of the deep floor of
the landfill, by increasing the content of clay
components, the height of the landfill will de-
crease to a lesser extent, but only up to a cer-
tain critical height, when the angle of inclina-
tion decreases sharply [1].

ANALYSIS OF INTERNAL LANDFILL
STABILIZATION CONDITIONS

The analysis of the internal landfill found that
the largest loads of dumped tailings are in the
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Hajseha onrepehema opmoxeHe janmoBuHe.
Koncraranuja ce 6asupa Ha IUTONIOTUjU Tepe-
Ha, 3aJIeTaby yI7ba, Kao U [1e0/bIHY OfITIOXKeHe
janmoBmHe. VImajyhm y Bupy sHauaj moryher
KOPI/H.HhGH)a BUCOKOIIPOOYKTBHE MEXaHN-
3anMje KOjoM paclojake IMOBPIIMHCKYU KOII,
HeKa CKpOMHaA CBEeTCKa MCKYCTBa Koja ce Of-
HOCe Ha CTabMIN3alyjy YHy Tpalliiber Ofijlara-
nmmrta, yop3aHy JMHAMUKY M3Bohema pajo-
Ba, NPOLIEHy TPOIIKOBAa M3Tpajme objexara
NIpeNoOBOAIbaBaba M 3alITUTHOI MHULIMjaI-
HOT HaCMIIA, IPOjeKTAaHTH CY Ce ONpeNe/uin
3a KOPUCHUKY IPENo3HaT/bUB 00jeKaT, MHNU-
IVjaTHY HACUII [2].

OCHOBHM MOfie/l NIPOjeKTHOT pellerma 0asnu-
paH je Ha NPMMEHNU Mepa U IIOCTyIIaKa CaHa-
I1je Kako 0¥ ce JOCTUIIN 3aKOHCKY 3aXTeBU
¢daxTopa curypHoct 1 06e3beo HacTaBak
kopuirhewa yHyTpalllmer Ofyjlarajuuita 3a
mopaTHM cmemTaj janosuHe ca IIK Ilome E.
JenHa op MpBMX NMIeja Koja je OBIe pasMaTpa-
Ha je o6e3bemmty cTabwiHOCT mocTojeher
OJUIaTa/INIITA ¥ TPEHYTHMU IIOJIOKAj pafoBa y
opHocy Ha IIK ITome E xako 6u ce Ha Bpeme
OCUTypao HAacTaBaK Ofi/larara M HaJBUIICHE
YHYTpallmber ofjaramumra. IIpojekTHOM 1o-
kymenTanujom 3a [1K Ilome I gedpunncano je
pacTojame (PpoHTa pajjoBa Ha YI/bY Y OGHOCY
Ha HOXIILY OJ/IO)KEHOT Marepujana of 250 m.
Kako 61 ce y 30HI IIPOjeKTOBAaHOT MHMUIIVjaI-
HOT HacUIIa CTBOPWIN YC/IOBU 3a JApPEHUparbe
OJUIOXKEHVX Maca Ha IOAMHU U IIOCTaB/baibe
reoMpexxe 3a nosehame HOCMBOCTH TIO[UHE,
HOTpe6HO je y QYHKIMjU TeOMeXaHNIKe CTa-
OWJIHOCTYM OCTAaBUTH II0Ojac IJIABHOT YIJbEHOT
C7I0ja Ha KOHTAKTy ca NOAMHOM U pacTepe-
TUTU CEBEPHY KOCUHY KOja je jeMHUM [IeI0M
Beh ¢opmmpano xmsumre. HakoH muspage
APpE€Ha)XXHOI' CICTEMA Y IIOAMHN U1 IOCTaB/batba
reoMpexxe, CTBapajy ce YC/IOBU 3a U3LPafmby
VHULIMjaTHOT HaCuIIa.

TEXHOJIOIKN ITOCTYIIAK
CAHAIIMJE

TexHONMONIKY MOCTYIAK OfIarama y QyHKIVjI
dbopMupama MHMIMjaTHOT HACUIIA U HAJIBU-
IIea yHYTpallliber OfjIara/lMIITa, IOfpasy-
MeBa TpPVYMeHy Beh OmMcaHuX aKTMBHOCTU U
pasMaTpaH je ca BMIIIe aclieKaTa. AHaausupa-
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irregular syncline. The finding is based on
the lithology of the terrain, coal deposits,
as well as the thickness of the deposited
tailings. Bearing in mind the importance
of the possible use of highly productive
mechanization at the disposal of an open-pit
mine, some modest world experiences related
to the stabilization of an internal landfill,
the accelerated dynamics of the execution
of works, the estimation of the costs of the
construction of pre-drainage facilities and the
protective initial embankment, the designers
opted for a user-recognizable facility, namely
the initial embankment [2].

The basic model of the project solution is based
on the application of remediation measures
and procedures in order to reach the legal
requirements of the safety factor and ensure the
continuation of the use of the internal disposal
site for additional storage of tailings from
Surface mine Field E. One of the first ideas that
was considered here is to ensure the stability of
the existing landfill and the current position of
the works in relation to Surface mine Field E
in order to ensure the continuation of disposal
and the elevation of the internal landfill in time.
The project documentation for Surface mine
Field C defines the distance of the front of the
coal works in relation to the foot of deposited
material of 250 m. In order to create the
conditions in the area of the projected initial
embankment for draining the deposited masses
on the floor and installing a geogrid to increase
the bearing capacity of the floor, it is necessary
to leave a belt of the main coal seam in contact
with the floor and relieve the northern slope,
which has already formed a landslide. After
construction of the drainage system in the
floor and installation of the geogrid, conditions
are created for the construction of the initial
embankment.

TECHNOLOGICAL PROCEDURE
OF REMEDIATION

The technological procedure of disposal in the
function of forming the initial embankment
and the internal landfill banking, implies the
application of the already described activities
and it has been considered from several aspects.
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Ha je aKTye/lHa CHUTyalyja Ha IOBPIINHCKOM
KOITy, JMHAMUKA eKCIUIoaTalyje, pacloIoX-
BOCT OIIpe€MeE U 1b€HM KOHCTPYKTUBHU IIapaMe-
Tpu, pacnoper, BTO cuctema, mogiora ca xoje
60U ce BPIINJIO Of/Iarame, BPCTa MaTepyjaa off
Kora Oum ce M3rpafmo CcTabummsanuoHn obje-
Kat, feO/pMHa CjI0jeBa. Y3eBLIM y 063up fa he
VHNIIVja/THY HAaCUII TIpeTpieTn Hajpehe omre-
peheme, npenBubeHa je mwerosa usrpagma ofi-
JarameM IIecKa y BUIIIe C/IojeBa off 6 m (HaKOH
cabujama etaxe cy 5 m) . Omnarad Hanpepyje
opnaxxyhu mace ncniper cebe [2].

An analysis was done concerning the current
situation at the surface mine, the dynamics of
mining, the availability of equipment and its
structural parameters, the layout of the BTO
system, the substrate from which the disposal
would be carried out, the type of material from
which the stabilization facility would be built, the
thickness of the layers. Taking into account that
the initial embankment will bear the greatest
load, its construction is planned by placing sand
in multiple layers of 6 m (after compaction, the
levels are 5 m). The delayer advances by delaying
the masses in front of him [2].

250 m

140

Cnuxa 4, [Ipunyuiiujenta wiema citiabunuszayuje ynyimpawioel ognaianumiia [2]

Figure 4, Principle scheme of internal landfill stabilization [2]

Tymau: A - IIK ITose A; E - TIK ITorbe E; 1 — HeoTkomanu yrase; 2 — JIpeHa>kHU cuCTeM;
3 — Haporpapma nHunyjanuor Hacuma; 4 — VIHunujanum Hacu; 5 — Hagsuineme MHUIVjaTHOT HACKIIa;
6 - HeotkomaH yrasp; 7 — IIpeTxopHO Ofl/I0)KeHa janoB1Ha-11ocTojehe ofyrarammiTe;
8 — Hapuiueme noctojeher opyraraamiiTa.

Legend: A - Surface mine Field A; E - Surface mine Field E; 1 - Unmined coal; 2 — Drainage system;
3 - Upgrade of the initial embankment; 4 - Initial embankment; 5 - Elevation of the initial embankment;
6 — Unmined coal; 7 - Previously disposed tailings — existing landfill;
8 — Exceeding the existing landfill.

Ha ocHOBy cmTyanmje Ha TepeHy, YCBOjeHUX
KOHCTPYKTUBHUX ITapaMeTapa U pe3y/Tara re-
OMeXaHMYKVX IpOpadyHa, Ofijlaralbe Ha YHY-
TpPaIlbeM OfiIaTa/INIITY je TpenBubeHo fa ce
BPIIN Yy IPOAYXeTKY VHUIMjaTHOT HaCUIIA ca
HanpeposameM npema IIK Ilome E, nmpopysxa-
BambeM eTaXHUX paBHM Ha k+65 m u k+80 m

[2].

HacraBak opmjarama jajloBMHe Ha YHY-
TpalllbeM ojIaranuiuTy npepnsuben je ¢op-
MIUpambeM BUIIMX eTAXHNUX PaBHM ca KOTaMa:
k+65 m, k+80 m, k+95 m, k+110 m, k+125 m,
k+140 m, k+155 m, k+170 m u k+185 m.

AHanM3a reoMeXaHMYKUX pe3y/nTara IoKasyje
Ia ce Ha/IBUIIEHEeM MHULMjATHOT HacHUIIa U
dbopMupameM eTaka YHYTpallmber Ofjlara-
muurra npema I1K ITose A noctke Beha cra-
6unuocr [2].

Based on the situation on the ground, the
adopted structural parameters and the results
of geomechanical calculations, the disposal at
the internal landfill is planned to be carried
out in the extension of the initial embankment
with the advancement towards Surface mine
Field E, by extending the floor levels to k+65 m
and k+80 m [2].

The continuation of tailings disposal at the
internal landfill is foreseen by the formation of
higher storey planes with elevations: k+65 m,
k+80 m, k+95 m, k+110 m, k+125 m, k+140 m,
k+155 m, k+170 m and k+185 m.

The analysis of the geomechanical results
shows that by raising the initial embankment
and forming the floors of the internal landfill
according to Surface mine Field A, greater
stability is achieved [2].
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Material Name | Color (kN/m3) | (kN/m2 Phi | Water Surface Hu Type Hu
Odlagani materijal . 18 16 7 | Water Surface | Automatically Calculated | 1
Ugalj . 12 100 30 | Water Surface |Automatically Calculated | 1
Glina D 175 0 12 | Water Surface | Automatically Calculated | 1
1435 Pesak O 18 10 |2 None

e o

Cnuxa 5, Qaxitiop culypHociliu HAKOH usipagre uHUUUjanHol Hacutia [2]

Figure 5, Safety factor after the construction of the initial embankment [2]

200Pi-— E @ A —

Cnuxa 6, Texronoiuja ognaiarwa Ha yHyitipauirvem ognaianuwiiy (2]

Figure 6, Disposal technology at an internal landfill [2]

Tymau: A - IIK Tome A; E - ITIK Tore E; 1 - TpenyTHa cutyanuja; 2 — PopMuparme MHUIMjaTHOT HACHUIIA;
3 - Hapsuuerme nHuLMjamHor Hacuma;4 — Hapgsuinere oprarayminTa 1o k+155 m;
5 — Hagsueme omyaraauiira g0 k+185 m
Legend: A - Surface mine Field A; E - Surface mine Field E; 1 — Current situation; 2 - Formation of the
initial embankment; 3 - Elevation of the initial embankment; 4 — Elevation of the landfill up to k+155 m;
5 — Elevation of the landfill up to k+185 m

3AKIbYYAK CONCLUSION

HakoH aHanuse ycioBa Ha TepeHy, YCBOjeHMX After the analysis of the conditions on the
KOHCTPYKTMBHMX MapaMerapa KopuirheHux y ground, the adopted constructive parameters
JIOKYMeHTaluju, feDUHUCAHN CY [pEeHaKHI used in the documentation, the drainage sys-
CHCTeM, TOCTYNIM M3TPAJihe WHULMjATHOT tem, the construction procedures of the initial
HAaCWIIa, HEroBO HANBUIICHE U HaJBUIICHE embankment, its elevation and the elevation
npeTxoHO (GOPMUPAHOT OfIaraanmra. Pe- of the previously formed landfill were defined.
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Hlemba Cy Yy KOHTMHYUTETY IIpoBepaBaHa Te-
OMEXaHWYKUM IIpOpayyHMMa Kako Ou ce
yTBpAWIe TPAHNYHe BYCUHE OfjIarama 1 Ipo-
payyHao cMelITajHM Impocrop. leomexanmuke
aHa/IM3e Cy yTHUIlajle Ha CMep HallpefioBama I
Ha4ylH Ofj/laramba jaJIoBMHCKMX Maca.

Cse HaBefieHO, 06e36ebheme cmobopgHor TIpoO-
cTopa usMeby HEOTKOIAHOT yI/ba M HOXUIIE
OJUIOXKEHVX Maca, IpelofBOfiibaBatmbe, Ojada-
Bame MOJVIHE TeOMPEeXXOM, M3pajja MHUIVjaI-
HOT HACWUIA, HA[BUIICHE MHUIMjaTHOT Ha-
CUIIA U HaBMIIEHE IIPEeTXOJHO GOPMUPAHOT
YHYTpallllbel  OfyIaTa/IMIITa, IPeACTaB/bajy
pemocien; onepanyja Koje Tpeba peanusoBaTu
KaKo O ce OCTBapumia mwerosa cTabummsanyja
U MICITYHUO 3aXTeB 3a OfIaramwe JOJaTHe jasio-
BuHe. Jla/byM HampeoBamweM QpOHTA pajfioBa
Ha JCKOIIaBamy ja/JioBUHE ¥ yI/ba, mpema IIK
ITome E, cTBapajy ce ycnoBu 3a AMCHUIIIMHO-
BaHO IIPOLE[lyPaHO OfjlaTame jaJIOBUHCKUX
Maca GpopMyparmeM HIDKe Ofi/IaTaIiIITHe HIBe-
nete k+65 m, mITo 61 ce MO3UTUBHO OJPA3UTIO
Ha HaCTaBaK Ha/BUIIEHA OJJIOKEHE jaTOBIHE.

YseBIu y 063up, BeMM4MHYy 1 06IMK MOXKe ce
KOHCTATOBATH Jja IIPeIOKeHa CTabmm3aIja
IPEAMETHOT OfI/Tara/ININTa, HaBEIEHUX IMMEH-
3Uja 1 KapaKTepUCTIKa, Hije OVIa IPUCYTHA Y
CBETCKOj IIPaKCIL.

JIMTEPATYPA

[1] Janom K.: IToBpuIMHCKa eKCIUIOaTalMja TUTHU-
Ta, Kwura 2, 1982, 373 cTp.

(2] Munowmesuh [I.: Cryauja crabunmusanyje yHy-
TpallkbyX ofaraauiuTta npocropa Iloma b/11
3a motpebe ommarama orkpuske ca ITK ITome
E, Pymapckn uncruryt beorpap, 2020, 249 cTp.

[3] O6pamosuh P: opmupare nmpefopnaranmiTa
Kao (akTop CTaOMIHOCTM OfjIarajauiiTa Ha
HOBPLIMHCKMM KOIIOBMMA JINTHUTA, Pymapcku
I7MacHUK, bp. 3, 1989, cTp. 5-13.

[4] O6pamosuh P.: Ananusa ycmoBa cTabMIHOCTH
oTara/IMIITa Ha OpACKUM IafuHaMma, Pymap-
CKM ITIACHUK, bp. 4, 1987, cTp. 5-13.

The solutions were continuously checked with
geomechanical calculations in order to deter-
mine the limit heights of disposal and calcu-
late the accommodation space. Geomechanical
analyses influenced the direction of progress
and the method of disposal of tailings masses.

All of the above, the provision of free space be-
tween the unmined coal and the base of the de-
posited masses, pre-drainage, strengthening of
the floor with a geogrid, creation of the initial
embankment, elevation of the initial embank-
ment and elevation of the previously formed
internal landfill, represent the sequence of op-
erations that should be implemented in order
to achieve its stabilization and fulfill the re-
quirement for disposal of additional tailings.
With the further progress of the tailings and
coal excavation front, according to Surface
mine Field E, the conditions have been created
for the disciplined procedural disposal of tail-
ings masses by forming a lower disposal level of
k+65 m, which would have a positive effect on
the extended banking of the deposited tailings.

Taking into account the size and shape, it can be
concluded that the proposed stabilization of the
landfill in question, with the stated dimensions
and characteristics, was not present in world
practice.
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Caxerak: [lospuwrcku kon [lomwe E ce nanasu y ucmounom oeny PB Konybapa y npoodyscemxy Towa 1. 'V nep-
cnekmusu maj kon o6u mpebano oa 6yoe Hocunay npouszsoore yewa y PB Konybapa (12 munuona t/god.). /la 6u ce
3anoueno ca eKCRIoamayujom ye/ba Ha 060M OMKONHOM NO/bY NPEMXOOHO je HEONXOOHO OMKONAMU BeUKe KOTUYUHE
omKpusKe Koje ce Hanaze usHao rweed. Ipocmop npedsulen 3a 0enoHosarse me OmKpusKe je YHympauirbe 00id-
eanuwme Towa b/L. Ha mow oonacamuumy, 2000. 200une douio je 00 NOKpemarsa 6euKe KONUUUHE 00N0NCEHE
Mace u 3apyuiasarba emadica Ha rwemy. M3 moe pazioea Hacmasax 001a2ara OMKpueKe Ha mo oorazanuuime OUo
e onemoeyhen, maxo da cy ce cgu cucmemu Koju ¢y 001a2an OMKPUSKY npedayuiu Ha YHympawrse 001a2anuuime
Homwa /], koje ce npyoca oy cesepre kocurne Toma E. Camum mum, oonaeamuume Ilomwa /] epemerom je doouio
HOBY KOHMYPY YUMe je npemxooHo NAAHUPaHa 2eomempuja 00Ia2atuuima usMerend. Ycieo Henianckoe 001azard
omxonanoe mamepujana Ha oonazanuwme Ilosma [, douwno ce y nosuyujy 0a 6uno Kakeu padosu y 304U ceGepHe Ko-
cune [owa E moey da ce uzsedy jeouno y3 seoma euKy Cmenel pusuKa wmo ou yeposuio 6e30e0Hocm u byocmead
u onpeme. ¥ 06om pady npukazana je ananuza cmadunnocmu cesepre kocune Ilosma E, ysumajyhu npu mome y 063up
ymuyaj ynympauirbee oonazanuwma Iomwa /] na wy.

K}by‘ll-[e peun: ETAJKA, YHYTPAILILE OIJTATAJIMIITE, ®PAKTOP CUT'YPHOCTH, CAHALIMJA

Abstract: The surface mine Field E is located in the eastern part of RB Kolubara in the extension of Field C. In
perspective, that mine should be the carrier of coal production in RB Kolubara (12 million t/year). In order to
begin the exploitation of coal in this mining field, it is first necessary to dig out large amounts of overburden that
are located above it. The space provided for depositing that overburden is the internal disposal site Polja B/C. At
that landfill, in 2006, a large amount of deposited mass was moved and the floors on it were destroyed. For this
reason, the continuation of overburden disposal at that landfill was impossible, so all the systems that disposed of
overburden were transferred to the internal landfill of Field D, which extends along the northern slope of Field E. As
a result, the landlfill of Field D acquired a new contour over time. which changed the previously planned geometry of
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the landfill. Due to the unplanned dumping of excavated material at the Field D land(fill, it has come to a position
that any works in the northern slope of Field E can only be carried out with a very high degree of risk, which would
endanger the safety of both people and equipment. This paper presents an analysis of the stability of the northern

slope of Field E, taking into account the influence of the internal landyfill of Field D on it.

Key words: SLOPES, INTERNAL LANDFILL, THE SAFETY FACTOR, REMEDIATION

YBOJ

Iospmmucku kot ITospe E npefcTas/ba 3aMeH-
cky KarmauuteT 3a Ilome [, ca mimaHumpaHOM
IIPOM3BOAOM YI/ba off 12 Mummona t/god. Ha-
nasu ce y jyroucrounoM sieny Pb Komy6apa, y
npopyxetky [Toma I (Cnnka 1).

INTRODUCTION

The open-pit mine Field E represents a repla-
cement capacity for Field D, with a planned coal
production of 12 million t/year. It is located in
the southeastern part of MB Kolubara, in the
extension of Field C (Figure 1).

KONYBAPCKMW
BACEHN. 5
= 4 &

~,

P

e
Yoo T

I {4 Sapouwesais

Cnuxa 1, Konybapcku yimoHocHu 6acet ca ekcinoailiauyioHuMm iomuma
Figure 1, Kolubara Coal Basin with Mine Fields

Jla 611 ce CTBOPWM/IM YCIIOBU 33 €KCIIOATAIN]y
yrba ca Iloba E HEOnXomHO je OTKOImaTy 3Ha-
JajHe KONMMYMHE OTKPUBKE KOja Ce Hajasy U3-
HaJl YIJb€HOT CI0ja U JEeIIOHOBATU je Ha IIpPO-
crop mpepsubeH 3a To, TayHUje Ha IIPOCTOP
yHyTpaumer ofaranumra [lopa b/11.

Ha Tom opmarammuty je moderkom 2006. ropune
TOLITIO IO IOKpeTarba BeIMKe KOIMYMHE OfJI0XKe-
Hor Matepujaja (oko 80 Mwmona m’) yceq yera
Cy 3aTpIIaHe eTaXe Ha YI/bY, TAKO Jla Cé Ha TOM
IIPOCTOPY HMPEKMHY/IO Ca OTKOIABAEM yI/ba U
OJJIarar-eM Marepujaja a CBU jaJIOBMHCKM CHCTe-
MM Cy USMEINTEHV Ha YHYTPAIlhe Of/Iara/IiIITe
Iorwa [I. Ycnen HelmaHCKOT Ofijlarara MaTepyjaia
Ha TOM OJjIara/IMILITY, TAYHMje Ha jY>KHOj KOCUHI
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In order to create conditions for the coal
mining from Field E, it is necessary to excavate
a significant amount of the overburden located
above the coal seam and deposit it in the area
provided for it, more precisely in the area of the
internal landfil of Field B/C.

At the beginning of 2006, motion of a large
amount of deposited material (about 80 million
m?) occurred at that landfill, as a result of
which the coal floors were buried, so that the
excavation of coal and the disposal of material
in that area was interrupted, and all tailings
systems were moved to the internal landfill
of Field D. Due to the unplanned disposal of
material at that landfill, more precisely on the
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Iorwa [I, cTBOpeHe cy Benmke romMmie Koje Cy 3a-
y3ene npocrop 6ynyhe ceBepHe KocuHe Ilorpa E.
buto kakBu pajioBU [ ce M3BOJE Y TOj 30HM IIPEN;-
CTaB/ba/li OV BEMMKM PUSMK KAaKO 3a JbYACTBO
TaKo U 3a MexaHm3auyjy. VI3 Tor passora je Heo-
IIXO/THO T€e TOMMJIE je[THOM OJIJIOYKEHOT MaTepujajia
HIOHOBO OTKOIIATY ¥ TIpebaITy Ha IPOCTOp ulja
JIOKallija He yrpoyKaBa IIPOM3BOINHI ITPOLIEC.

Y oBOM papy IprKasaHa je aHa/IM3a CTabUIHO-
ctu cesepHe KocuHe Iloma E:

a) 3a thpeHymiHO clliare cesepHe KOCUHe ca
docimojehum ognoxenum mailiepujanom Ha
woj (Cnuka 2);

6) 3a usineq cesepre Kocume o InasHom py-
gapcxom ipojexinty — OL Ilpojexin, 2021.
iogune. (Cnuxa 3).

southern slope of Field D, large piles were created
occupying the area of the future northern slope
of Field E. Any work carried out in that zone
would pose a great risk to both personnel and
machinery. For that reason, it is necessary to dig
up again these piles of once deposited materi-
al and transfer them to an area whose location
does not endanger the production process.

This paper presents an analysis of the stability
of the northern slope of Field E:

a) For the current state of the northern slope
with the existing deposited material on it
(Figure 2);

b) For the appearance of the northern slope
according to the Main Mining Project - OC
Project, 2021. (Figure 3);

GEOLOSKI PROFIL
jug-sever 48750

Cnuxa 2, Tpenyiiino citiarwe cesepe kocune (IIpogpun 48750)
Figure 2, Current state of the northern slope (Profile 48750)

GEOLOSKI PROFIL
jug-sever 48750

uo

Cnuxka 3, ITnanupano ciiiarve cesepre kocume ito Inasnom pygapcxom ipojexiiy (IIpogpun 48750)

Figure 3, Planned condition of the northern slope according to the Main Mining Project (Profile 48750)

AHAJIM3A CTABMJIHOCTN CEBEPHE
KOCVHE

AHamza CTaOWIHOCTU CeBepHe KOCUMHE M M3a-
yyHaBambe (pakropa curypHoctu (Fs) pabena je
npumeHoM codraepckor mnporpama SLIDE 6.0,
Rocscience Inc, uz Mohr-Coulombov kpurepujym
noma. Pesynratu mpopadyHa 3a 06a aHa/m3mpaHa

NORTH SLOPE STABILITY ANALYSIS

An analysis of the stability of the northern slope
and evaluation of the safety factor (Fs) was
performed using the software programme on
SLIDE 6.0, Rocscience Inc., together with the
Mohr-Coulomb criterion of fracture. The results
of the calculation for both analyzed profiles are
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npoduIa MpyKasaHu Cy TaberapHo 1 rpaduKiL
Ionoxaju npoduta (48750 u1 49000), 3a koje cy
pabene aHa/mse, mpukasanmu cy Ha Crnin 4.

presented in tabular and graphical terms. The
profile positions (48750 and 49000), for which the
analyses were performed, are shown in Figure 4.

74 74 74
48000 48500 49000

74 74 74
49500 50000 50000

Cnuxa 4, Cuttiyayuona xkapitia Ilomwa E (ctiare 1.5.2024. iogune)
ca tionoxcajem apoguna 48750 u 49000
Figure 4, Situation map of Field E (as of May 1, 2024)
with profile position 48750 and 49000

a) Ananusa cillabunHOCHiU _cesepHe KOCUHE
(tpenyitino citiare)

Ananusa je pabena 3a IIpodmn 48750 (Cnuka
2) u [Tpodun 49000 (Cnuka 5), Kazia je Koedu-
uujeHt nopHor npurucka r =0.0 mr =0.2.

Bpennoctu ¢akropa curypraoctu (Fs) sa map-
IMja/THe KOCUHe, CYCTeMe KOCUHA U TeHepajIHe
KOCUHe npuKasase cy y Tabemn 1 (3a IIpodmn
48750) u Tabenu 2 (3a [Tpodun 49000).

a) Analysis of the stability of the northern slope

(current state)

An analysis was performed for Profile 48750
(Figure 2) and Profile 49000 (Figure 5), when
the pore pressure coefficientr =0.0and r = 0.2.

Safety factor (Fs) values for partial slopes, slope
systems and general slopes are shown in Table
1 (for Profile 48750) and Table 2 (for Profile
49000).

stanje 1.5.2024. god.

Unutradnje odlagaliste "Polja D"

19

13b

Cnuxa 5, Tpenyiiino citiarwe cesepte xocune (IIpogpun 49000)
Figure 5, Current state of the northern slope (Profile 49000)
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Tabena 1, Bpegnocitiu paxitiopa cuiyprociiu 3a Ilpogun 48750 (itipenyitio citiarve)
Table 1, Safety factor values for Profile 48750 (current state)

Eraxa ITopuu npuTncax
Pore pressure Fs
Floor
(r)
I 0.0 0.79
0.2 /
I 0.0 0.89
0.2 /
. .64
1 0.0 0.6
0.2 /
0.0 1.11
I
M 0.2 0.93
0.0 1.07
M 0.2 0.92
0.0 1.27
VI
0.2 0.95
0.0 1.94
VII
0.2 1.74
CucreM kocmHa | 0.0 1.29
Slope system I 0.2 1.06
Cucrem kocuHa 11 0.0 2.94
Slope system II 0.2 2.42
Ienepanna kocuHa 0.0 2.68
General slope 0.2 2.17

Tabena 2, Bpegrocitiu paxitiopa cuiyprocitiu 3a IIpopun 49000 (tapenyitino citiarve)
Table 2, Safety factor values for Profile 49000 (current state)

Erasa Ilopau mputucak
Pore pressure Fs
Floor
(r,)
| 0.0 0.59
0.2 /
0.0 0.92
11
0.2 /
0.0 0.68
111
0.2 /
0.0 0.68
1
v 0.2 /
0.0 1.22
v 0.2 1.02
0.0 1.18
1
v 0.2 0.98
Cucrem kocuHa | 0.0 1.18
Slope sistem I 0.2 0.97
Cucrem kocuHa 1 0.0 1.71
Slope sistem 11 0.2 1.40
I'eHepanHa kocuHa 0.0 2.30
General slope 0.2 1.69
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7446204008

PROFIL 49000 (trenutno stanjc); sistem kosina I: ru=0.2 / \\

7448864008

7 448564008
R

7.44840+006

S

4918464006 £9186¢+005 4918864006 491964006 4919264006

4919424006 4919664006 491984006 4924006 4920264006 4.9204e+006

Cnuxa 6, Bpegrociti pakitiopa cuiyprocitiu Fs =0.97 3a cucitiem xocuma
(IIpogpurn 49000)

Figure 6, Safety factor value Fs = 0.97 for the slope system
(Profile 49000)

6) Ananusa ciiabunHoCii _cesepHe KocumHe
(citiarve G0 [nasHom pygapcikom tapojexiiy)

Taxobe, ananusa je pabena 3a gBa mpodmua,
[Tpodun 48750 (Cnuka 3) u IIpodun 49000
(Cnuka 7).

[Tpn TOMe, KOepUIMjeHT HOPHOT NPUTKCKA
VIMa JICTe€ BPEJHOCTM KaO IIPU aHaIM3M CTa-
OVJIHOCTM KOCMHA KOJ TPEHYTHOI CTama ce-
BEpHE KOCHHE; ru=0.0 n ru=0.2.

Bpegnoctu dakropa curypuoctu (Fs) 3a
IapiyjasaHe KOCHHe, CUCTeMe KOCUMHA U Te-
HepasiHe KOCKMHe IpukasaHe cy y Tabemn 3
(3a ITpodun 48750) n Tabenu 4 (3a [Ipodun
49000).

slanje 1.5.2024. god

b) Analysis of the stability of the northern slope
(condition according to the Main Mining
Project

Also, an analysis was done for two profiles,
Profile 48750 (Figure 3) and Profile 49000
(Figure 7).

Here, the pore pressure coefficient has the same
values as in the analysis of slope stability in the
current state of the northern slope; r =0.0 and
r =0.2.

Safety factor (Fs) values for partial slopes, slope
systems and general slopes are shown in Table
3 (for Profile 48750) and Table 4 (for Profile
49000).

. 4‘ Mti.nh‘dse "PojaD"

ZAVRSNE KOSINE PK POLJE E PO PROJEKTU

Cnuxa 7, Citiarwe cesepre xocue iio Inasnom pygapckom tipojexiity
(IIpogpun 49000)

Figure 7, Current state of the the northern slope according to the Main Mining Project
(Profile 49000)
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Tabena 3, Bpegnocitiu gpaxitiopa cuiyprociiiu 3a IIpogun 48750 (ciniarve iio Inasrom pygapckom ipojexiiy)

Table 3, Safety factor values for Profile 48750 (state according to the Main Mining Project)

Eraxa ITopun nputucax
Pore pressure Fs
Floor
(r)
I 0.0 0.90
0.2 /
0.0 0.51
11
0.2 /
0.0 0.51
111
0.2 /
0.0 0.51
v
0.2 /
0.0 0.49
A%
0.2 /
0.0 0.92
VI
0.2 /
0.0 0.91
VII
0.2 /
0.0 0.93
VIII
0.2 /
0.0 0.87
X
0.2 /
0.0 0.76
X-XII
0.2 /
0.0 0.78
XIII
0.2 /
Cucrem KocuHa | 0.0 0.90
Slope sistem I 0.2 /
CucteMm KocuHa I1 0.0 2.24
Slope sistem II 0.2 1.85
Ienepanna kocuHa 0.0 1.91
General slope 0.2 1.53

Tabena 4, Bpegrocitiu gpaxitiopa culyprociiu 3a IIpogun 49000 (ciniare iio InasHom pygapckom ipojexitiy)

Table 4, Safety factor values for Profile 49000 (state according to the Main Mining Project)

Eraxa ITopuu npuTtucax
Pore pressure Fs
Floor
(r,)
I 0.0 0.59
0.2 /
0.0 0.40
II
0.2 /
0.0 0.71
111
0.2 /
0.0 0.38
v
0.2 /
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Eraxa ITopuu npurtucax
Pore pressure Fs
Floor
(r)
0.0 0.38
\Y%

0.2 /

0.0 0.45
VI

0.2 /

0.0 1.12
VII
0.2 0.92
0.0 1.13
VIII-XIIT

0.2 0.93
Cucrem xocuna [ 0.0 0.98

Slope sistem I 0.2 /
Cucrem xocuHa I1 0.0 2.70
Slope sistem II 0.2 2.19
TenepanHa KocMHa 0.0 2.04
General slope 0.2 1.76

TA01e008 74400005

7 44304008

| 44890008

7.44880+008

| 74467a4008

Profil 48750 (po projektu): sistem kosina I; ru=0.0

7.4488e+00

4918604006 491874006 491884006 491894006 491964006 4919164006 4919204006

4910484006 4919504006 4919604006 4919764006 4919804006 491994006 49264006

Cnuxa 8, Bpegrociti paxitiopa cuiypHocitiu Fs =0.90 3a cucitiem kocuHa
(IIpogpun 48750)
Figure 8, Safety factor value Fs = 0.90 for the slope system
(Profile 48750)

JOBMJEHM PE3YJIITATU - KOMEHTAP

EBuieHTHO je la ;oOMjeHN pe3ynTaTy aHamm3a
crabunHocTu ceBepHe KocuHe Ilopa E (Tabe-
na 1, Tabena 2, Tabena 3 u Tabena 4) ykasyjy
Ha TO J]Ja HUTY TPEHYTHO CTalbe KOCHHE, HUTU
IpOjeKTOM IpefiBuheHa reomeTpuja Te KOCHU-
He He TapaHTYjy CUTYpaH paj y TOj 30HU KOIIa,
TayHMje KOCMHA MOpa Jja ce IpEeINpojeKTyje y

60

RESULTS OBTAINED - COMMENT

It is evident that the obtained results of the
analysis of stability of the northern slope of
Field E (Table 1, Table 2, Table 3 and Table
4) indicate that neither the current state
of the slope nor the geometry of the slope
provided by the project guarantee safe work
in that mine area, which means that the slope



Bpanxo Ilemposuh, Huxona Anlenxosuh, Yimuuaj ynympauei ognaianuwinia ITx Iomwe [T a ciniabunnoci cesepre xocute Ik Ilowe E y p6 Kony6apa (53-62)
Branko Petrovi¢, Nikola Andelkovi¢, Impact of the Internal Land[fill O.p. Field D on the Stability of the Northern Slope of O.p. Field E in Rb Kolubara (53-62)

CK/Tafly Ca 3aKOHCKM 3aXT€BAHVM BPESHOCTU-
Mma ¢akropa curyproctu (Fs). IToce6no Tpeba
06paTUTV NMaXKIby Ha IapIyjaTHe KOCHHE Koje
y I'maBrOM pymapckom mpojexty Iloma E (OL]
I[Ipojekr, 2021.rogyHe) HICY pasMaTpaHe, LUITO
je mepomyctnBo. Kao mro ce Ha mpoduammMa
MOX€E BUJIETH, €0 OJJIOKEHOr MaTepujaja
(jyxna xocuHa Ilopa JI) ommaran je Ha mpo-
CTOp KOji 3aXBaTa U ceBepHYy Kocuny [loma E
4yMe je mofatHo onrtepehyje u UTeKako yTude
Ha IeHY CTaOMITHOCT.

3AK/bYYAK

[Tospummucku xon ITome E mpepsuben je nma
Oyze Hocmman mpoussofme yrba y Pb Komy-
6apa (12 muamoHa t/god.). [la 6u ce nmokpeny-
Jla TPOM3BO/iba yI/ba Ca OBOT KOIla HEOIXO[-
HO je CTBOPUTM YC/IOBE 3a TO, Tj. CAaHMPaATU
yHyTpaue opnaraimuiute Iloma b/L xoje je
npensuheHO 3a [leIOHOBame OTKPMBKE Koja
ce Hajla3¥ M3HAJ, YIbEHOTI Cjioja M MCTOBpe-
MEHO ypajuTyi CUCTEM OfiBOAMaBama Koju he
I1e0 Taj IIPOCTOP OCTOOOANTY Off U3AHM KOje
ersyCTPajy Ha TOM IIPOCTOpy. 360r pyuiema
yHyTpaumber opnaranuiura IToma B/I1 2006.
TOJIVHE, ja/IOBMHCKM CUCTEMU KOjU CY OfijIara-
7 OTKPUBKY Ha TOM OJIarajIMIITy M3MeLITe-
HJ CY Ha IPOCTOP YHYTPAIIbeT Ojjlara/INIITa
ITospa [I. Ycnen HepanMoHaMHOT ¥ HEIUIAHCKOT
pajia TUX CCTeMa Ha HOBOM OJIaTa/IMIITY, Tj.
y 30HU jyXHe KocuHe Iloma [, ctBOpeHe cy
Be/IKe TOMMJIE OJIJIOKEHOT MaTepujaia Koje
Cy pexpuie u 30Hy ceBepHe KocuHe Iloma E,
4)IMe Cy yIpO3Ie IbeHY CTaOMIHOCT.

Y oBOM pafly MpMKa3aHM Cy pe3yATaTy aHa-
nuse crabuiHOCTHU ceBepHe KocuHe [Tospa E 3a
JiBa CTyd4aja: 3a TPEHYTHO CTambe KOCHUHE I 3a
CTame KOCHHe 110 [/TaBHOM pyapCcKOM IIpojek-
ty. Jobujenu pesynraru (Tabena 1, Tabena 2,
Tabena 3 n Tabena 4) jacHo ykasyjy fa 3a oba
Cllydaja ceBepHa KOCVHA HeMa 3a/J0BO/baBajyhy
CTaOMTHOCT U [1a je HeOIXOfHA HheHa KOpeK-
nyja. [Tpn Tome, mocebHy naxxmy Tpebda obpa-
TUTY Ha IOY3[JAHOCT (M3NYIKO-MEXaHMIKIX
mapaMeTapa Kako MaTepljajia KOjy ce OfjIaxe
TaKo M T/Ia KOje YMHM KOCHHY Y IPUPOZHOM
cramy. JloncTpaxkiBame 1[e/Ior TOT IPOCTOpa
KOITa IIPeICTaB/ba OCHOB 3a OM/I0 KaKBY aKTVB-
HOCT Ha TOM TepeHy. HakoH Tora je HeoIxomgHo

must be redesigned in accordance with the
legally required values of the safety factor
(Fs). Particular attention should be paid to
the partial slopes that were not considered in
the Main Mining Project Field E (OC Project,
2021), which is unacceptable. As can be seen on
the profiles, part of the deposited material (the
southern slope of Field D) was deposited in the
area that also covers the northern slope of Field
E, which further burdens it and greatly affects
its stability.

CONCLUSION

The open pit mine Field E is planned to
be the holder of coal production in MB
Kolubara (12 million t/year). In order to
start the production of coal from this mine,
it is necessary to create conditions for it,
i.e. rehabilitate the internal landfill of Field
B/C, which is intended for depositing the
overburden located above the coal seam, and
at the same time create a drainage system
that will free the entire area from the ground
water that exists in that area. Due to the
demolition of the internal landfill of Field B/C
in 2006, the tailings systems that disposed of
overburden at that landfill were relocated to
the area of the internal landfill of Field D.
Due to irrational and unplanned operation of
those systems at the new landfill, i.e. in the
southern slope zone of Field D, large piles of
deposited material were created, which also
covered the northern slope zone of Field E,
thus endangering its stability.

This paper presents the results of stability
analysis of the northern slope of Field E for
two cases: for the current state of the slope and
for the state of the slope according to the Main
Mining Project. The obtained results (Table 1,
Table 2, Table 3 and Table 4) clearly indicate
that in both cases the northern slope does not
have satisfactory stability and that its correction
is necessary. At the same time, special attention
should be paid to the reliability of the physical
and mechanical parameters of both the material
to be deposited and the soil that makes up the
slope in its natural state. Additional exploration
of the entire area of the mine is the basis for any
activity in that area. After that, it is necessary
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U3PAfNUTU KBAJIMTETHY IIPOjeKTHY BOKyMeHTa-
111y 110 K0joj he ce cBU nymaHMpanu pagoBy Ha
ITomy E ussoputn. EBUIEHTHO je Ja mocToju
I'maBuy pymapckn npojexat Iloma E, anu mero-
Be MambKaBOCTH (IIPOjeKTOM HMje pelIeHo of-
BOJIthaBarbe KOIIa, HUje JlaTa jaCHa TEXHOIOoIuja
OTKOIIaBamba, BEOMa JIOLIE TeOMeXaHNYKe aHa-
nm3e) ynyhyjy Ha mpeTXoHO n3pedeHo.

dakrop Bpeme je BeoMa ONMTaH IIapameTap
KOjU yTH4Y€ Ha YCIEIIHOCT oTBapama Iloma E,
jép CBAaKO IPOJIOHTMPaK-€ KOPEKIMOHNUX Mepa
y OBOM CJIy4ajy MOXKe JOBECTH [0 TpajHe 00y-
cTaBe CBMX pafoBa Ha [lorby E.
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to prepare high-quality project documentation
according to which all planned works on Field
E will be carried out. It is evident that the Main
Mining Project Field E, but its shortcomings
(the project did not solve the drainage of the
mine, no clear excavation technology was
given, very bad geomechanical analyses) point
to what has been the previously stated.

The time factor is a very important parameter
that affects the success of the opening of Field
E, because any prolongation of corrective
measures in this case may lead to permanent
suspension of all works on Field E.
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Caxxerak: Y yumy ogpehusarea iapameiiiapa 3iyuitasaroa geuHUiUBHOI KOHUEHIAPATAA OAKPA U3 JeHUUITa
Bopcka pexa xoju je gobujen iiocitiyiikom gnoitiauuje ypahen je exciiepumenii ianoxerva. Cagpicaj uepcitie pase
Ha ToUeliKy uciuiniusara je usxocuo 30%. Pesynitiaitiu koju cy gobujeru okasanu cy ga ce geuHuitiuHY KoH-
ueninipatii 6axkpa wanoxu go cagpicaja uspcitiol og 55% agexeaitinom opsurom. IIpu 0saxo i060/wHOj 6p3UHU THid-
103 e HEOTIXOGHA je MANa cleuudu1Ha HoBpUIUHA STy UBAUA.

KJI)y‘lHe peun: KOHIEHTPAT BAKPA, CAIPYKA] UBPCTE ®AS3E, TAJIOJKEIBE, 3I'YIIIILABAILE

Abstract: In order to determine the thickening parameters of the definitive copper concentrate from the Borska
Reka deposit, which was obtained by the flotation process, a sedimentation experiment was conducted. The
solids content at the beginning of the test was 30%. The results obtained showed that the definitive copper
concentrate precipitated to a solids content of 55% at an adequate rate. At such a favorable deposition rate, a
small specific surface area of the thickener is necessary.

Key words: COPPER CONCENTRATE, SOLID PHASE CONTENT, DEPOSITION, THICKENING

YBO/[, INTRODUCTION
Jlexxumre «bopcka Peka» je cactaBuu peo Tu- The “Borska Reka” deposit is an integral
MOYKOT MarMaTCKOT KOMITIEKCa 11 HaJsasy ce y part of the Timok Magmatic Complex and is

ceBepo-3aIafHOM 000IHOM Jieny rpazna bopa, located in the north-western peripheral part
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ucrnoy, fonuHe bopcke peke, y cacTaBy aKTHB-
HOT pyfHMKa Jame. JlexxumTe je my>KMHE OKO
1000 m n mmpune oxo 500 m, 3anexxe npema
3amajy IMof yIjaoM of 45° no 55°, carmacHo 3a-
neraiy BOpckmx KOHITIOMepaTa M IIemrdapa,
a og bopcke xmpporepmanHe 30He OfiBaja ra
Bopcku pacepn [1]. Jocapaurmsum MCTpaxu-
BameM je KOHCTAaHTOBAHO Jia pygHo Terno «bop-
CKa peKa» IIpUIAfia TPYIM BPJIO BENMKUX JIe-
KMIITA 4Mja mpoceyHa MohHocT npemasu 300
m [2]. locagaursum ucnnTuBamuMa yTBphe-
HO je ma y nexxnmty «bopcka Pexa» cpepmnu
cappykaj 6akpa usnocu 0,50% Cu, 3mara 0,204
g/t Au, cpebpa 1,62 g/t Ag, monmnbuena 35,89
g/t Mo u cymnopa 7,8% S [3]. Jlexxnmure «bop-
cKka Peka» ce jomr yBek He ekcruloaruiie, ajn
ce cMaTpa Ja Ma 3HadajaH MOTeHIujas 3a Oy-
nyhy nponssopmwy 6axpa [4].

3a nmpodurabunHy excroaranujy ogpebhenor
JIEKUIITA HEOIXOQHO j€ HAjIpe CIPOBECTU
06MMHa MCTpakMBama y3 ofronapajyhy exo-
HOMCKY T1porieny [5]. CxopmHo ToMe, 06aB/beHa
Cy TeXHOJIOLIKA MCINTYUBAaba Ha jesrpuma Oy-
LIOTMHA U3 JIeKNITa «Bopcka peka» y okBupy
Kojux je, uaMmehy ocrasnor, npensubeno ma ce
ofipefie mapaMeTpyu Koju KapakTepuury jedu-
HNUTVBHE Ipou3Bojie GIoTalyjcKe KOHLeHTPpa-
[yje y OCTYILMMA BbUXOBOT OfiBOAbaBama. ¥
CKJTafly ca TMM, U3BpILIeHa Cy aboparopujcka
VICIATVBAaIba Ca CBPXOM yTBphuBama mokasa-
Te/ba IIpolieca 3rylIkaBama Ae(UHUTHBHOT
KOHIIeHTpara 6akpa.

EKCITEPMMMEHTATHM ITOCTYIIAK

KAPAKTEPUM3ALIMJA ITOJIASHOT Y3OPKA

Ysopak KoHIleHTpaTa 6akpa Koju je kopuiheH
y OBOM WCHMTVBamy HOOMjeH je mpema yT-
BpheHoj TeXHO/IOIIKOj IIeMM IPMKA3aHOj Ha
cmiy 1. IIpumeHOM [jaTe TeXHOJOLIKE IIeMe,
KPO3 IIPeTXOJHA UCTINTHUBAbA, HIOCTUTHYTH CY
ONTMMAJIHM Pe3y/ITaTy y MOINefy cajipXKaja u
uckopuirhemwa 6aKpa y KOHL[EHTPATY.
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of the town Bor, beneath the Borska Reka
valley, as a constituent of the active mine Jama.
The deposit is about 1000 m long, about 500
m wide, and inclined towards west at angle of
45° to 55°, in accordance with the inclination
of Bor’s conglomerates and sandstones. It is
separated from the Bor hydrothermal zone
by the Bor fault [1]. The researches so far
have proved that the ore body “Borska Reka”
belongs to a group of very large deposits
whose average thickness exceeds 300 m [2].
Previous studies have shown that “Borska
Reka” deposit contains (on average): 0.50%
Cu, 0.204 g/t Au, 1.62 g/t Ag, 35.89 g/t Mo
and 7.8% S [3]. The “Borska Reka” deposit
has not yet been exploited, but is considered
to have significant potential for future copper
production [4].

Profitable exploitation of a certain mineral
deposit requires extensive previous resear-
ches with appropriate economic assessment
[5]. Accordingly, technological tests were
carried out on exploration drill cores from
the deposit “Borska Reka’, where, among
other things, it was predicted to determine
the parameters that characterize dewatering
properties of final flotation products.
Therefore, laboratory tests were performed
with the purpose of determining the indi-
cators of the final copper concentrate thic-
kening.

EXPERIMENTAL

CHARACTERIZATION OF THEINITIAL SAMPLE

The copper concentrate sample used in this
study was obtained according to the techno-
logical scheme shown in Figure 1. According
to presented technological scheme obtained
by the previous studies, optimal results were
achieved regarding the content and recovery of
copper in the concentrate.
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30 g/t KEX

25 g/t D250 15 g/t 15 g/t

70 % C

30 g/t KEX
25 g/t D250

15/t 15g/

70% C

70 % - 0.075 mm

90 % - 0.075 mm

70 % - 0.075 mm

Cnuxa 1, Texnonowika wema gobujarea KoHyeHmpaiia 6axkpa

Figure 1, Technological scheme of the flotation concentration of copper minerals

bunanc KoHLeHTpaLuje Koju OfroBapa aToM
eKCIIepUMMEHTY IIpyKa3aH je y Tabemn 1.

The obtained results of flotation are shown in
Table 1.

Tat6ena 1, Ociisapenu 6unarc $roimhayujcke KoHyeHmpauje

Table 1, Technological results of the examination

m, % Cu,% | RCu, % S, % RS, % Au, g/t | RAu,% | Ag, g/t | RAg, %

U 100,00 0,485 100,00 6,37 100,00 0,16 100,00 1,63 100,00

J 89,29 0,056 10,31 3,98 55,75 0,05 28,11 0,80 43,95
K, 10,71 4,06 89,69 26,35 44,25 1,07 71,89 8,51 56,05
K, 2,45 16,56 83,77| 29,76 11,46 3,24 50,10 22,78 34,39
M, 8,25 0,35 592 25,33 32,79 0,42 21,79 4,27 21,67
M, 0,79 1,85 3,01 24,53 3,04 0,90 4,47 4,50 2,19
K, 1,66 23,54 80,75 32,25 8,42 4,36 45,63 31,46 32,20
M, 0,25 6,69 3,43 23,99 0,94 2,40 3,76 17,00 2,60
K., 1,41 26,50 77,32 33,70 7,48 4,70 41,87 34,00 29,60

[ycTuHa ucnutuBaHOr y3opka opnpebena je
CTaHJapJHOM MeTOAOM IOMOhy cTakIeHor
NMKHOMeTpa. BpegHoCT rycTrHe neuHUTUB-
HOT KOHIeHTpaTa 6akpa usHocnu 3,80 t/m>.

Opnpebuame rpaHyIOMeTpUjCcKOT cacTaBa Io-
JIa3HOT Y30pKa KOHIIeHTpaTa 6aKpa M3BPIIEHO
je MOKpUM IIpOCejaBarbeM Ha CEPUjy CUTa THUIIA
“IMPACT TEST”, a pe3ynraru Cy IpuKa3aHu y
Tabenn 2 u Ha cauuu 2.

The density of the tested sample was determined
by a standard method using a glass pycnometer.
The density of the final copper concentrate was
3.80 t/m>.

Grain size distribution of the initial copper
concentrate sample was carried out by wet
sieving on the “IMPACT TEST” sieves and the
results are shown in Table 2 and Figure 2.
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Tabena 2, Ipanynomeilipujcku cacitias y30pka geuHutueHOI KOHUeHIlpailia 6axpa

Table 2, Grain size distribution of the final copper concentrate

Krnaca prcrln({r?lf;z)/ Size class m (%) R (%) D (%)
+0,090 4,5 4,50 100,00
-0,090+0,075 7,0 11,50 95,50
-0,075+0,063 2,0 13,50 88,50
-0,063+0,053 4,0 17,50 86,50
-0,053+0,045 6,0 23,50 82,50
-0,045+0,038 4,0 27,50 76,50
-0,038+0,020 17,5 45,00 72,50
-0,020+0,000 55,0 100,00 55,00

100

90

- pai

70

D, %

50 /
40

30 /
20

10

0 . |
0 0,02 0,04

0,06 0,08 0,1

d, mm

Cnuxa 2, Ipanynomeifipujcku caciias y30pka gepuHUiueHol KoHyeHmpaiia 6axkpa

Figure 2, Grain-size distribution of the final copper concentrate

IIpema pesynraTuma npuKa3aHUM Ha CIUINU 2
MOJXKE C€ YOUUTHU 3HAYajHO IPUCYCTBO CUTHUX
K1aca (rcrmog 20 pm) y y30pKy KOHILIEHTpaTa.

OIPELMBAILEITAPAMETAPA3I'VYIIIILABAIHA
JEOVIHUTMBHOI KOHIJEHTPATA BAKPA

Y uwby mcnmutuBama IapaMeTapa 3rylliba-
Bama JIePMHUTUBHOT KOHI[eHTpaTa 6Oakpa,
ypabeH je ommT TanmoXemwa KOHLEHTpara y
MeH3ypu 3ampemune 1000 cm’. Mensypa je
olpeM/beHa MUIMMETAPCKOM TPAaKOM 33 O4M-
66

The results in Figure 2 show a significant
presence of the finest classes (below 20 pm) in
the copper concentrate sample.

DETERMINATION OF THE THICKENING
PARAMETERS OF THE FINAL COPPER
CONCENTRATE

The examination of the parameters of the final
copper concentrate thickening was performed in
thegraduated cylinder of 1000 cm®. The graduated
cylinder was equipped with a millimeter tape
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TaBame BUCUHE POPMUPAHOT CTyOa 3TyCHyTe
nynne. Pagu jacHor youaBama IpaHUIle M3-
MeDy M30MCTpeHOT HMBOA TEYHOCTM U 3TyC-
HyTe ITy/Ie, KopuinheH je eIeKTpUYHU U3BOP
CBET/IOCTI.

ExcniepuMeHT Tajio)Kema YecTUI]a KOHIeH-
TpaTa y MEH3ypU M3BefleH je IIpU IOYEeTHO]
TyCTUHM mynmne og, 1,284 t/m?, ogHOCHO npu
capkajy uBpcte ¢ase o 30%. OBaj cappxaj
4yBpcTe (ase y Iy YCBOjeH je Ha OCHOBY MC-
KyCTaBa U3 MHJYCTPUjCKe IIPAKCe y Pa3IndM-
tuM norounma PTB Bop (mocrpojema 3a ¢io-
TalMjCKy KOHIIeHTpauujy y Benukom Kpuserpy
1 MajnaHIexy).

OunraBame BUCHHe GOPMUPAHOT CTyba 3ryc-
HyTe mysnie (OZHOCHO BUCHHe HUBOA OMCTpe
30He) Y MeH3ypy M3BpLIEHO je y onpeheHnm
BpeMeHCKUM MHTepBanuma. Ha cum 3 a), 6)
¥ 1I) fIaT je mpuKa3 u3Bobhera eKCIepuMeHTa
TAJIOXKeha y PA3MNIUTUM HEPUOAVIMA Of IO-
JeTKa IIpoljeca CeiuMeHTaLyje.

I

a)/a)

6)/b)

for reading the height of thickened pulp. In
order to clearly see the boundary between the
clear level of liquid and the thickened pulp, an
electric light source was used.

The experiment of sedimentation of concen-
trate particles in the graduated cylinder was
carried out at an initial pulp density of 1.284
t/m3, i.e. with a solid phase content of 30 %.
This content of the solid phase in the pulp was
adopted based on the experience of industrial
practice in various plants of MSC Bor (flotation
concentration plants in Veliki Krivelj and
Majdanpek).

The height of the thickened pulp (or the clear
zone height) in the graduated cylinder was
reading at certain time intervals. An overview
of the sedimentation experiment at different
times from the beginning of the sedimentation
process was presented in Figure 3 (a, b and c).

u)/c)

Cnuxa 3, Cegumeniniayuja gepuHuitiueHoi KOHUeHpaia 6axpa y Men3ypu: a) HaKox 12 munyiia manoxeroad;
6) HaxoH 45 muHyiia wanoxervd; u) HakoH 250 MUHyia WanoKera

Figure 3, Sedimentation of final copper concentrate in the graduated cylinder: a) after 12 minutes
of sedimentation; b) after 45 minutes of sedimentation; c) after 250 minutes of sedimentation

PE3YIITATUVICIIMTVBAILA VI JVICKYCUJA

Pesynratu npomeHe BUCHHE 30He OuCTpe Ted-
HOCTH Ca BPEMEHOM, Kao 1 IIPOMeHe BPEefIHO-

RESULTS AND DISCUSSION

Changes in the height of the zone of clear liquid
with time, as well as changes in the volume
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YeCTHUIIA y IIy/INN [IPUKa3aHy cy y Tabemu 3.

IToyeTHa KOHLEHTpaLMja YBPCTUX YECTULIA Y

nynmu (C,) ofpebena je npema obpaciy:

rze je:

_my 3851
1000

0y

m, — Maca y30pKa KOHIIEHTpaTa, g;

V - 3anpemnHa MeH3ype (KOjy YnHM 36up

3alpeMyHa BOJie M KOHIIEHTpaTa), cm>.

Tabena 3, Pesynitiaitiu cegumeniiiayuje 4epcitiux 4eciiuya gedunHutiueHoI KOHUeHTHpAailia 6axkpa

concentration of solid particles in the pulp are
shown in Table 3.

Initial concentration of solid particles in the pulp

(C,) is determined according to the formula:

—=0,385 [—]

where:

m, — mass of the concentrate sample, g;

V - volume of the graduated cylinder (sum

of water and concentrate volumes), cm?®.

Table 3, Results of sedimentation of the final copper concentrate solid particles

. Bucuna cry6a
Pepum 6poj .
Mepemsa BPeMe STyCHyTe ITynne Bucuna 6I/ICTpe' 30He KOHueHTpagM]a
Time Thickened pulp Clear zone height Concentration C/C
Noof ¢ (min) height H._ (mm) C. (t/m’) s
measurement H (mm) ! k
1. 0 335 0 0,385 1,000
2. 0,5 333 2 0,387 1,006
3. 1 330,5 4,5 0,390 1,014
4. 2 324,5 10,5 0,397 1,032
5. 3 318,5 16,5 0,405 1,052
6. 4 312,5 22,5 0,413 1,072
7. 5 307,5 27,5 0,419 1,089
8. 6 302,5 32,5 0,426 1,107
9. 8 293 42 0,440 1,143
10. 10 283,5 51,5 0,455 1,182
11. 15 261,5 73,5 0,493 1,281
12. 20 241 94 0,535 1,390
13. 25 220 115 0,586 1,523
14. 30 200 135 0,645 1,675
15. 40 163 172 0,791 2,055
16. 50 132 203 0,977 2,538
17. 60 115,5 219,5 1,117 2,900
18. 80 108,5 226,5 1,189 3,088
19. 100 105 230 1,228 3,190
20. 150 99 236 1,303 3,384
21. 200 96 239 1,343 3,490
22. 250 94 241 1,372 3,564
23. 300 93,5 241,5 1,379 3,583
24, 400 93 242 1,387 3,602
25. 500 92,8 242,2 1,390 3,610
26. 1200 92,5 242,5 1,394 3,622
27. 2000 92,5 242,5 1,394 3,622
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ITopep Tora, KOHIIEHTpaLMja YBPCTUX YeCTHLIA
(C)) y memy sampemmHe Kojy 3ay3uMa 3TyCHyTa
Iy/IIIa HAKOH BpeMeHa t, ofjpeheHa je Ha OCHOBY
obpacua:

Hy

(jk::(jgji;'

Ize je:
H, - moveTHa BUCHHA IIy/IlIe Y MEH3Y-
py, mm;
H - BucuHa cty6a 3TycHyTe Iy/iie Ha-
KOH BpeMeHa £, mm.

Jla 6u ce yTBpAWIa Cpefiba Op3VHA TalIOXeHa
JyecTHUIIa KOHIeHTpara 6akpa, 3aBUCHOCT n3Meby
BIICHHE OVICTpe 30He I BpeMeHa Ta/IOXKera KOH-
IieHTpara [IpyKa3aHa je rpagudky (cka 4).

2000
1800
1600

=
N B
(= -
o o

1000
800
600
400
200

speme /time, min

In addition, the concentration of solid particles
(C) in the part of the volume taken by the
thickened pulp after time t, is determined on
the basis of the equation:

=

where:
H, - initial height of pulp in the gradu-
ated cylinder, mm;
H - height of column of thickened pulp
after time ¢, mm.

To determine the mean rate of concentrate
particles sedimentation, the dependence be-
tween the clear zone and the concentrate sedi-
mentation time is shown graphically (Figure 4).

]
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Cnuxa 4, CegumeniiayuoHa Kpusa y30pka geduHUtiu6Hol KOHyeHmipaitia baxpa

Figure 4, Sedimentation curve of the final copper concentrate sample

3a oppebuBame Op3uHe Tanoxemwa usabpaxa je
MeTozia ipo¢. Murpodanoa. Y Tauyku mpece-
Ka IPaBNX KOje KapaKTepUIIy 30HYy Ta/lIOXKeHa
¥ 30Hy Komrpecrje (Ha cruiy 4 OBe IpaBe Cy
O3HadeHe 3e/IeHOM 00joM) OYMTaHe Cy OfroBa-
pajyhe BpegHOCTY BUCHHE 6UCTpe 30HE U BpeMe-
Ha TaJI0Kerba KoHLeHTpara. Ha 6a3u oBux moga-
TaKa, Cpefba Op3nHa TanmoXemwa (V) M3HOCH:

CH; 02419

y=—

e je:
H, - BucuHa 6MCTpe 30He OYMTaHA ca
CelMEHTAlMIOHe KpUBe, m;
t, — Bpeme Koje oiroBapa Bucunu H , h.

=02
;o842 0y

The method of prof. Mitrofanov was chosen for
sedimentation rate determination. At the point of
intersection of the straight lines characterizing the
sedimentation and compression zones (in Figure
4 these lines are colored green), the corresponding
values of the clear zone height and concentrate
sedimentation time can be read. On the basis of
this data, the mean sedimentation rate (v) is:

m

where:
H, - height of the clear zone, read from
the sedimentation curve, m;
t, — time corresponding to height H , h.
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Haxon yrBphuBama cpepme Op3nHe TaioxXema,
Moryhe je oppenutu crienndu4Hy HOBPUIMHY
3ryuimaBama (S) Ha OCHOBY M3pasa:

After determining the mean sedimentation
rate, it is possible to define required surface
area for thickening (s) based on the expression:

0,925-0,385 m?

ST CCpv 0,9250,3850,27

rfe je:
C, - 3aBpIIHa KOHI|EHTpAI[Mja YeCTULA
KOHIIEHTpaTa Koja OfroBapa cajpkajy
YBPCTOT Yy 3TYCHYTOj Iynmmu og 55%.
OBaj capprkaj uBpcTor usabpaH je Ha
OCHOBY TIIOflaTaKa M3 MHJYCTpUjCKe
npakce y morounma PTB Bop.

JobujeHn pesynraty ykasyjy Ha TO Ja ce KOH-
LIEHTpaT 06aKpa TajJoXM IIOBO/BHOM OP3MHOM
U ¥IMa PETaTMBHO Majy MOTpeOHy crienydnd-
HY HOBPIIVHY 3IyIIbaBamba IIpK 3alaTUM yC-
nosuMa. Hamme, Kpo3 MHAYCTPUjCKy IPaKCy
y norouuma PTb bop, mpu oBuMm ycinoBuma,
oCTBapMBaHe Cy HelTo Behe BpegHOCTH CIiel]-
nMYHUX MOBPIIVHA 3TYIIbaBama [6].

3AK/bYYAK

3a oppehuBame peneBaHTHMX WMHAMKATOPa
mpolieca 3IyllbaBama KOHIEHTpara Gakpa
pynHor nexunimra Bopcka peka m3BpiueHa cy
VCIUTHBAbA y 1a6OPATOPUjCKUM YCIOBUMA
METOJIOM TajIoXewa y MeH3ypu. KoHieHTpar
6akpa je JOOMjeH ONTUMATHUM TEXHOTOLIKIM
IIPOLIECOM, A AHAM3OM TPAHYIOMETPUjCKOT
cactaBa yTBpHeHO je 3HaUajHO MPUCYCTBO KIIa-
ca ycog 20 pm.

Pesynratn fobujeHn MeTOOM TanoXema Y
MEH3ypM II0Ka3yjy IOBO/bHY Cpefiiby Op3uHY
Tanoxemwa o 0,27 m/h mro 3axTeBa peatus-
HO Majly HOTpeOHy crenudnyHy MOBPUIMHY
3rymmanama off 5,605 m*/t/h. BpegrocTn koje
cy nobujeHe ce offHOCe Ha IyCTUHY y/Ia3He ITyJl-
ne ox 1,284 t/m’ u capipkaj uBpcTe dpase y aryc-
HYTOM IIPOU3BOAY Off 55%.
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nocrojehum npoussoguum cucremuma PBb n
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=5,605 —

where:
C, - final concentration of particles
corresponding to the solid content of
55% in the thickened pulp. This solid
content has been chosen on the basis of
data from industry practice in MSC Bor
plants.

The obtained results indicate that the copper
concentrate is sedimented at a favorable rate
and has a relatively low required surface area
for thickening under the given conditions.
Namely, considering the industrial practice
in MSC Bor plants, somewhat higher values
of surface area for thickening were achieved
under these conditions [6].

CONCLUSION

To determine relevant indicators of the
thickening process of copper concentrate from
the “Borska Reka” deposit, tests were carried
out in laboratory conditions using the gradu-
ated cylinder sedimentation method. The cop-
per concentrate was obtained using an optimal
technological process, and the analysis of the
granulometric composition determined the
significant presence of classes below 20 um.

The results obtained by the graduated cylinder
sedimentation method show a favorable ave-
rage sedimentation rate of 0.27 m/h, which
requires a relatively small required specific
densification surface area of 5.605 m?/t/h.
The values obtained refer to an input pulp
density of 1.284 t/m* and a solids content in
the thickened product of 55%.
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Caxxerak: [Ipojexaiit ,Jagap* je eeh Hexo epeme y uentipy tiasxcroe, He camo y Cpouju, seh u y Espotiu. Mroie
ungopmauje cy wperyiliHo Hello3HATle, WO Y3pOoKyje OpojHe Tioipeuite unitiepipeifiayuje, Kao u usHouleroe y
jasHocili unopmauje xoje Hucy tiposepere. Osaj pag he ce poxycupaitiu Ha tipegrnoie HeXHUUKUX pelderba 3d
flog3eMHU PYGHUK, KOja YKbY®Yjy otléaparee pygruka, upuipemue upocidopuje, meiioge oiikouasarbad, yiiosap
U TPAHCTopTll go HospuiLte, Kao U cée gogaitite uHpopmayuje iiosesare ¢ 06UM HUtbeHUUAMA, KOje Cy Hoilisphe-
He 386AHUMHUM JOKYMeHTHUMA 00jaébeHuM 0g Cllipane UHBECTHUTIOPA UnY OpiaHU3auUja HoBe3aHUX C HUMA.
Osaj pag Hehe o0yxeaifiaiiu HUKAKEY TipoyeHy YIllULAjA HA HUBOTIHY cpequHy U Pokycupahe ce UCKBYHUE0 HA
UHIICetbepPCKa peuletva 3a Uog3eMHU PYGHUK.

Krmbyune peun: TTIOI3EMHA EKCITVIOATALIVJA, TUTUJYM, BOP, ITPOJEKAT ,JATTAP¢

Abstract: Project “Jadar” has been center of attention for some time now, not just in Serbia, but in Europe. A lot
of information is unknown currently, which causes a lot of misinterpretation, as well as some information that
is unverified. This paper will focus on propositions of technical solutions given for an underground mine, which
includes underground opening infrastructure, development work, preparation underground rooms, excavation
method, load and transport method to the surface and all additional information connected to these facts, that
are verified by official documents published by investors or organizations associated with them. This paper will
not include any type of environmental impact assessment and will solely focus on engineering solutions for the
underground mine.

Key words: UNDERGROUND MINING, LITHIUM, BORON, PROJECT , JADAR®

YBO/], INTRODUCTION
[Ipojexatr ,Jamap“ je mmaHmpaH fa ce pea- Project “Jadar” is planned to be realized in
nmmsyje y 3amagHoM peny Cpo6uje, 61msy rpa- western part of Serbia, near city of Loznica.

na JlosHuie. YKynHa IOBpIIMHA MOTpebHa 3a The total area needed for mining activities is
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pyAapcKe aKTMBHOCTU u3HOCU 854,8 XeKTapa,
IITO YK/bydyje MHPPACTPYKTYpy 3a HPUCTYI
PYAHUKY, IOBPILIMHCKE 00jeKTe 1 caM MOofi3eM-
HU pyAHuK. CaMo py[AHO JIeKMIITE je BeoMa
crienuUYIHO, ca eH/IeMCKIIM MIHEPaJIoM jaja-
puToM (LiNaSiBSO7(OH)) Kao HOCHOILIEM OBOT
nexuuTa. Vi3 xemujcke popmyrie MoxKe ce BI-
IeTH Ja je TO MUHepas INTjyMa 1 60pa, Koju
cy 06a BeoMa BpeJjHa y [JaHAIEe BpeMe.

Y pacnopepny, TeXXMIITe MMa MOBPIIVMHY Of, 12
km?, y xojem cy o3HaueHa Tpu HuBOA (C710ja) ca
jamaputoMm. OBe 30He ce cacToje O PyJHNUX Tea
KOja cafipXe jalapuT, Koja Cy C/I0jeBUTO-COYM-
BacTOr 00/INKa, ca fyounama o 250-750 m. [1]

Jle6/byHA PYIHNX Tea pas3nnKyje ce Off jefHor
IO pyTor, anu ce reHepanHo kpehe ox 3,5 o
10 merapa y BummuM ciojeBuma, ca 10 mo 50
MeTapa y HajHIUKEM CJ10jy, KOjU je eKOHOMCKM
MHTEPECAHTaH 3a MICKoNaBame. Komunna nc-
TPaKeHNX OVJIAHCHUX MMHEPATHUX pe3epBU
nsHocu 158647256 ToHa, ca IPOCEYHNM Cafp-
xkajem Li,O - 1,8% u B,O - 14,8%.

[MTPUTTPEMHMN PAJJOBI

IIpoceyHa ropuia NpoN3BOAA PYJHUKA je
1,6 MUIMOHa TOHA, Ca MAaKCUMaTHOM IpOU3-
BOAOM 0Of 1,8 MuamoHa ToHa, mWITO OU 06e-
36eq110 IpousBoAmwYy off 286000 ToHa 60pHE
kucenuHe, 58000 ToHa MUTHjyM-KapOoHaTa U
259000 ToHa HaTpUjyM-cyndara.

C 003mpoM Ha TO, ca NPOCEYHOM [yOMHOM
pyaHor Tena ofi oko 400 m, yCBOjeH je cucremM
Ba OKHa (TPAHCIIOPTHO ¥ BEHTW/IAIMOHO) Kao
HauylH OTBapama pyJHuKa. TpaHCIIOPTHO OKHO
je mybuHe 433,45 m, HOK je BEHTMIAIL[IOHO
okHo y6uHe 380,3 MeTpa. TpaHCIOPTHO OKHO
MMa IpedyHMK off 8,5 m, JOK BEeHTU/IALMOHO
OKHO MMa IIpeyHMK ofi 6,5 m. OBa [1Ba OKHa Ccy
IIOBe3aHa CIIOjHIM XOTHUKOM Koju 00e36ebyje
BeHTUManyjy. OBaj XopgHMK je nyr 182,6 m u
VIMa TIONIPEYHM IIpeceK ca AuMeHsMjama 8x8
m (10x8 m Ha feny rze je nepuonuna). OBo je
NpUKa3aHo Ha cmuu 1.

Kao mTo ce Bujim Ha cmuiy 1, OCHOBHe Tpu-
IpeMHe IPOCTOpHUje Cy HalpaB/beHe Kao IIp-
CTeH OKO PYJHOT Teja, TAKO Ja cé MOIy JIaKo
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854.8 ha, and that includes infrastructure
for approach to the mine, surface objects
for the mine and underground mine itself.
Mine deposit is very specific, with endemic
mineral jadarite (LiNaSiB,O_(OH)) as a main
value of this deposit. It can be seen from
chemical formula that the it is the mineral
of lithium and boron, both very valuable in
today’s time.

In layout, mine deposit has an area of 12 km?,
in which are marked three levels (zones) with
jadarite. These zones are consisted of ore
bodies containing jadarite, which are layered-
lens shaped, with depths of 250-750 m. [1]

Thickness of ore bodies differ from one to the
other, but it is generally around 3.5-10 meters
in higher layers, with 10-50 meters in the
lowest layer, which is economically interesting
for excavation. Quantity of explored balance
mineral reserves is 158647256 tons, with
average content of LiO - 1.8% and B,O -
14.8%.

DEVELOPMENT WORKS

Average annual production of a mine is plan-
ned to be an average 1.6 millions of tons, with
maximal production of 1.8 Mt, which would
provide production of 286000 t of boric acid,
58000 t of lithium-carbonate and 259000
sodium-sulfate.

Taken that into consideration, with average
depth of a ore body at around 400 m, system
of two shafts (haulage and ventilation) is
adopted as an opening method. The haulage
shaft is 433.45 m deep, and ventilation shaft
is 380.3 meters deep. Haulage shaft has a
diameter of 8.5 m, while ventilation shaft has
6.5 m. These two shafts are connected with
snicket gate that secures good ventilation.
This gate is 182.6 meters long and has a cross-
section with dimensions 8x8 m (10x8 m where
the washer is). This can be seen on Figure 1.

As seen from the Figure 1, basic development
rooms are made as a ring around an ore body,
so that they can be easily expanded into mining
panels. Every panel has four development
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2 5 Haulage shaft
Ventilation shaft

Development rooms ] I First direction of development works

Second direction of development works I

Mining panel development

Third direction of development works | [ Fourth direction of development works ] | Fifth direction of development works

Cnuxa 1, Ilnan pygnuxa

Figure 1, Mine plan

npomupuTy y pepupe. CBaky peBUp UMa de-
TUPU pa3BoOjHe IPOCTOpHje, Be Py MOANHY U
B TPV KPOBMHU PYHOT Tefa.

JIBa r/TaBHA HauVMHA OTBapama PYAHNUKA CY paM-
Ia ¥ BepTUKANIHO OKHO. [TpumkoM nsbopa or-
TYMATHOI Ha4yMHA OTBapama, JMCIUIATUBOCT je
r1aBHM (pakTOp ofTydnBama. [lorpe6Ho je mpo-
Hahy HajjeTHHMjM HAYMH 32 OTBaparbe MOA3EM-
HOT JIeKVIITA MYHEPATHIX CUPOBIHA, /N Jia ce
3aioBorbe ofipehenn dakropn. [maBuu pakropu
Koje Tpeba yzeTn y 063up npu usbopy HaumHa
OTBapama Cy KalaluuTeT PyAHNKa ¥ TyOuHa pya-
Hor Terma. O6a dakTopa cy K/byyHa 3a IPOpaYyH
ONTVMMAJTHOT Ha4/HA TPAHCIIOPTA, @ CAMUM TUM
u 3a ofpehnBarme HauMHa oTBapama. [2]

Kaga cy kaMMOHM CPefCTBO OCHOBHOT TpaH-
CIIOpTa, KamauuTeT APAcTUYHO OMaja ca IIo-
BehamweM nyouHe pygHuka (Cnnka 2).

rooms, two next to the footwall and two next to
the hanging wall.

Two main ways of opening a mine are ramp
and vertical shaft. When deciding for optimal
opening method, the economy is the main
decider. It is needed to find the cheapest way
to open an underground ore body (bodies),
but to satisfy some factors. The main factors
that are needed to be taken into consideration
when deciding method of opening an
underground mine is the production of a mine
and the depth of an ore body. Both factors are
crucial to calculate optimal transport method,
and by that to determine the best opening
works. [2]

When the basic transport tools are trucks,
capacity drastically falls with the depth of a
mine (Figure 2).

Trucks load-
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2500 b \
[9)
400 2N
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-=== 30t

- - . 40t
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Cnuxka 2, IIpomena kauayuitiefia KamuoHa ca ipomeHom gyOure
Figure 2, Capacity change with depth change
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Ca cnuke 2 BUAM Ce [a je KalanuTeT TPaHC-
HOpTa KaMMOHMMA 3a JIOKUIITA Ha TyOMHY Of
400 M ymona Mamu y nopebemy ca pygHUM Te-
numa Ha gy6unu o 100 M. Takobe ce npumehyje
fa kamuonu ca Behom HocuBomthy nmajy Behn
RyOVMHCKY TMMUT Ha KOjeM je TPAaHCIIOPT KaMIu-
OHMMa je(dTMHUjU Off TPAHCIOPTHOT CKUII-OK-
Ha. JImKemepcKa IIpaKca reHepaaHo MpuxBaTa
Ia je TPAaHCIOPT KaMMOHMMA KOHKYPEHTaH JIO
my6uHe ox 300 m ¥ TOAMIIIbE IPOU3BOAILE O
300.000 Tona, IITO Cy HUYXKE BPEJFHOCTH Off OHMX
KopyirheHNx y 0BOM IpojeKTy. BaxxHo je mome-
HYTI ¥ MOTYNHOCT OTBapama pyJHIKA PaMIIOM
YKOMMKO C€ KOPUCTM KOHTMHYA/JHO OTKOIa-
Bame (I HeKa Ipyra MeTOfa OTKOIIaBama BU-
COKOT' KallalliTeTa), YuMe je yrnorpeba TpaHc-
MIOPTHUX TPaKa OIpaBJjaHa 3a ayTOMaTHU3alujy
1 yOp3aBame YMTaBOT IpoLjeca.

Jenua cTBap Koja Moxke 6uTH IpobIeMaTHIHA
Cy JMMEeH3Mje CIIOjHOT XOMHMKA KOj! CIIaja jBa
OKHa, KOju ce Hajlasy Ha AyOuHM of oko 380 m
u uMa gumeHnsuje 8x8 merapa. OBe numeH3mje
Cy IIPWINYHO Be/MKe 3a OBy ByOMHY, am ¢ 06-
3MpOM Ha TO JIa HUCY JaTy MOJAaL O cneumbm—
Kalyujy CTEHCKEe Mace, Bepyje ce Jia je mpoueHa
CTabMTHOCTY CTeHa IPaBIIHO ypabeHa.

Haxon saBpuieTka pajjoBa Ha OTBapamwy MU
IPUIIPEMU M YCIIOCTaB/balba MOTPEOHOT BeH-
TUIALMOHOT CUCTeMa IIyTeM IIPO/Ia3HOT XOf-
HIKa, M3BOJIE Ce€ PaJIOBM Ha Pa3BOjy PYyAHOT
tena. IIpBa ¢asa obyxsara usrpajmy mnpo-
CTOpHja 3a HPUCTYI IpU IOAVMHMU, JOK IpY-
ra ¢aza obyxBara M3rpajfily IpOCTOpHUja 3a
HOPUCTYI IIpY KPOBMHU. BMCMHCKa pasimmka
usmeby npocropuja y nmoguuu un npocropuja
Yy KPOBUHM jeJlHaKa je Je6/bMHY PYJHOT Tela,
IITO je BUCHHA peBMpa (cnuke 3 u 4).

Kao mro ce Bupu, pygHO TeNO je MONEBEHO
Ha 7 peupa. Takobe je 3ak/bydeHo fja cy npu-
IIpeMHEe IIPOCTOpUje IIapajie/iHe jefHa .apy-
r0j Ca BUCMHCKOM Pa3jIMKOM KoOja je jegHaka
ne6/pyHY pynHOT Tema. OBaj pasBOjHU CUCTEM
je IO3HaT y pyJapCTBY, Ca CIOJHUM XOJHUILM-
Ma 3a BEHTU/IALV)y, ¥ YIJTABHOM Ceé KOPUCTU Y
€KCIIJIOATAllUj/ yTI/ba METOLOM IIMPOKOT Yera,
KaJla ce TPAHCIIOPT yI/ba 06aB/ba TPAHCHOPT-
HUM Tpakama (cnuka 5). [3, 4]
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From Figure 2, it is seen that capacity of
truck transport for ore bodies at 400 m depth
is twice as lower as for ore bodies at 100 m
depth. It is also noted that trucks with higher
load-bearing have a higher depth limit where
the trucks transport is cheaper than skip shaft.
It is generally accepted as an engineering
practice that truck transport is competitive
up to 300 m depth and annual production of
300000 t, which are lower values than values
used in this project. Also worth mentioning
is the capability of opening a mine with ramp
if the mechanical (continual) excavation is
used (or some other high capacity mining
method), so that usage of conveyor belts is
justified to automate and speed up the whole
process.

The one thing that can be problematic is
dimensions of snicket gate, which is located at
around 380 m of depth and has dimensions of
8x8 meters. These dimensions are quite big for
this depth, but since no information is given
about specification of rock mass, it is trusted
that rock stability assessment is correctly
done.

After opening works are done and required
ventilation system established by snicket gate,
ore body development works are done. The
first phase consists of rooms construction to
access next to the foot wall, while in the second
phase rooms to access next to the hanging
wall are constructed. The height difference
between foot wall rooms and hanging wall
rooms is equal to the thickness of ore body,
which is the height of mining districts (Figures
3 and 4).

As seen, ore body is divided into 7 mining
districts. It is also concluded that development
rooms are parallel to each other with height
difference that is equal to the thickness of ore
body. This development system is familiar in
mining, with connecting gates for ventilation,
and it is used mostly in longwall coal mining,
when the transport of coal is done by conveyor
belts (Figure 5). [3, 4]
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Cnuxa 3, Ilogena nexcumiitia Ha pesupe

Figure 3, Mining districts

Cnuxa 4, Ipuiipemne tpocitiopuje ipu kposunu (iinasa 6oja) u iipu ogumu (upsexa 60ja)

Figure 4, Development rooms next to the foot wall (red) and next to the hanging wall (blue) with mining panel
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Cnuxa 5, Illupoko 4eno u dpuiipemHu pagosu 3a otlikotiasaree yima

Figure 5, Longwall coal mining development
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OxHa cy npegsubena na 6yny mnsrpahena oy-
HeeM 1 MUHUPabeM, TOK he BeHTUIanoHe
Bese (mpeuynmka 3 m) 6utm uspabenu “raise
boring” MeTomoMm, cnuka 6. [5]

Shaft are predicted to be constructed with drill
and blasting technology, while the vertical
ventilation gates (diameter 3 m) will be done
with raise boring method, Figure 6. [5]

Cnuxka 6, M3paga oxna ,Raise boring” meitiogom

Figure 6, Raise boring shaft construction

[TraHnpaHo je fa ce M3pajia XOPU3OHTATHNX U
KOCHX IIPOCTOpHMja Jo 15° BpIIM U MEeXaHN30Ba-
HO U MeTOfioM Oyliera 1 MuHupama. CBe mpo-
cTOpHje ca MOIPEeYHNM IIpecekoM 5x5 m 6uhe
nspabene nmomohy mammue Continuous Bolter
Miner (CBM) (cmmka 7). IIpoctopuje ca MaboM
mpuHoM 6uhe pabene momohy Roaheader-a
WIX MeTOROM Oyllera 1 MuUHMpama. IIpocro-
puje ca BucuroM Behom op 6,2 M 6uhe nsrpabe-
HE METOIOM 6yl.He}ba " MIHHpamwa y HUBOMMA.
[IpenBubena moprpasa ce cacToju Of aHKepa,
JeJINIHe MPEeXXe M TOPKpeT OeTOHa.

Roof bolter

Construction of horizontal and angled rooms
up to 15° is planned to be both mechanized
and drill and blasting. All rooms with cross-
section 5x5 m would be done by Continuous
Bolter Miner (CBM) machine (Figure 7).
[6] Rooms with smaller width would be
constructed with Roaheader or drilling and
blasting. Rooms with height above 6.2 m
would be constructed by drill and blasting in
levels. Predicted support consists of anchors,
steel mesh and guniting.

Sidewall bolter

Cutting drum

Cnuxa 7, CBM mawuna pupme Sandvik
Figure 7, CBM machine of Sandvik company
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METOJE OTKOITABAIbA U
O P)KABAILE PYITHMKA

Kopucrtuhe ce Hexonmmko mMeToma OTKONMaBama,
a I/IMH}IeMeHTaLU/Ija OBIX METOOA 3aBUCHU Off BU-
CUHEe OTKOIIa: METOJ[a €TAXKHOT OTKOIABama Ca
3acumnaBameM (3-8 m), MeToja aHEeTHOT OTKO-
MaBama Ca 3aCUIABABEM Ca HIDKUM OTKOITHO-
ma (8-22 m), MeTo/ja ITaHETHOT OTKOIIaBama ca
3acuITaBarbeM ca BUIINM OTKommMa (22-32 m)
" KOMOMHOBaHA MeTOJIa TTAHETTHOT OTKOTIABatha
ca 3acumaBameM (>34 m). [IpocTopHa npumMena
OBMX MeTOJIa NpMKa3aHa je Ha cramuu 8.

/¢

N

il

EXCAVATION METHODS AND
MAINTAINANCE

Several excavation methods will be used, and the
implementation of these methods depends on
height of a face.: cut and fill (3-8 m), mini bench
stoping (8-22 m), bench stoping (22-32 m) and
combo bench (>34 m). Spatial application of
these methods is shown in Figure 8.

Method
Cut and fill
Mini bench stoping

Color

Bench stoping
Combo bench

Cnuxa 8, IIpoctiiopra lipumena meilioga oikoiasarea

Figure 8, Spatial application of excavation methods

Cmuka Takobe mokasyje fa je pymHO Teo
HajTambe Ha 000[1IMa, IOK Ce mherosa fAeO/puHa
nosehaBa npema cpefuHM PYHOT Tera.

Merofa eTakHOr OTKOIaBara Ca 3acHIIa-
BameM npenBubeHa je 3a JeloBe PyIHOT Tena
4nja je ge6/p1Ha MAaKCMMa/THO 8 m 1 ca MaKCH-
MaJTHOM LIpuHOM 4erna 60 m (cimuka 9).

The figure also shows that the ore body is the
thinnest around the edges, while its thickness
increases towards the middle of ore body.

Cut and fill method is foreseen to be used for
parts of ore body which thickness is maximum
8 m and will have a face with a width of 60 m
(Figure 9).

Barriers

55*,}

Cnuka 9, Meitioga eftiasxcHol 0MiKolla6arba ca 3acuilasarvem

Figure 9, Cut and fill excavation method in this mine
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ITomTo mocTOju MHOTO Bapujalyja OBe METOJE,
KOja je IpMMerbyBa 3a IMPOK CIEKTAp PySHUX
TeJla, ’EeHO ITABHO OTpaHMYeme je IjeHa 3acu-
na (Be3MBHM areHCy, TPAaHCIIOPT, IOCTaB/babe,
meBoBoau utH.). OBe OKOTHOCTM 3HAYe f1a ce
OoBa MeTOfa KOPUCTM Kafia je BPeJHOCT pyje
BIICOKA M KaJja Cce BJMCOK KOe(pMIMjeHT MCKO-
punthema ca MUHMMATHUM OCHPOMAIIEHEM,
TaKO Jla ceé PYAHO TEeIO He MOXKe €KOHOMCKU
OIIpaBJjaHO OTKOIIATM MeTOoJaMa ca 3apylla-
BambeM. [4]

Y 0BOM crydajy, eTaKHO OTKONaBame Ca 3a-
CHIIaBameM IOApasyMeBa fia Cy M3BeleHa [Ba
IPUCTYIIHA XOfJHNUKA C 00e CTpaHe 4ena. JegaH
XOJHMUK je U3BeNeH Y KPOBMHMY, a IPYTU Y TO-
muay. OBa [1Ba XOZHNMKA Cy 3aTMM IIOBe3aHa
pamrom, ynme ce GopMmpa €0 BUCKHE 8 m.
VY3 HampemoBate, MCKOIMAHU MIPOCTOP Ce II0-
IyaBa 3aCUIIOM.

[TanenHO OTKOIABam-€ Ca 3aCUIIABabeM Ce KO-
puctu 3a BucuHe Behe of 8 Merapa, y3 maje
Bapujanuje. IlaBHa useja je mja ce pyfiHO Temo
IIOJIe/IM Ha IIaHesIe, Ca PA3IMYUTUM JUMEeH3Mja-
Ma KOje Cy YCIOB/beHe NMMEH3MjaMa PYyJIHOT
tena (cmuka 10).

Since there are a lot of variations of cut and fill
method, which is a method applicable to a wide
variety of ore bodies, its main restrain is the
cost of fill material (binding agents, transport,
placement, pipelines etc.). These conditions
means that this method is favored when the ore
value is high and the high recovery rate with
minimal dilution can’t be done by stoping ore
caving methods. [4]

In this case, two access drifts were done on both
sides of the face. One drift is done in hanging
wall, and the other in the footwall. These two
drifts are then connected with a ramp which
then forms a face with height of 8 m. With a
progression, excavated space is filled with some
type of filling material.

Bench stoping is a variation of sublevel stoping
method. This method is used with height higher
than 8 meters, with small variations. The main
idea is to divide the ore body into sections, with
different dimensions conditioned by ore body
dimenstions (Figure 10).

TL e e

Cnuxa 10, IlanenHo otmikotiasarwe ca 3acuilasarbem

Figure 10, Cut and fill excavation method in this mine
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YeTrpu XO[HMKA CYy U3BEJEHA Ca BYICMHCKOM
pasnmukoM of 20 m ¥ XOPM3OHTAJIHMM pasMa-
KoM op 50 m. ITanen ce 3arum uckomnasa 610K
10 6710K, ca fuMeH3ujama 6710ka 30x20 m. ITeo
IIaHeJI Ce MCKOIaBa OfjeTHOM, a 3aTUM ce IIO-
ImymaBa MactoM. MunnManuo 14 fgaHa je mo-
TpebHO fa macta ouBpcHe. VIckomaBame ce
06aBjba jIere3acTuM OyIlIeeM U3 FOPIbET TY-
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Four drifts are done with vertical distance of
20 m and horizontal distance of 50 m. The
section is then excavated block by block,
with block dimensions of 30x20 m. The
whole section is excavated at once and then
tilled with paste. Minimal 14 days is the time
needed for paste to harden. The excavation
is done with ring drilling from upper drift.
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Hesa. AHKepY ce KOPUCTE y TOPHUM TYHeIuMa
3a OCUTypambe KpOBa.

ITourro je pedeno ga he fe6/p1 fenoBy pysHOT
Tesla OUTY MCKOTIAaBaHM y TTAaHE/MNMa, KOjJi MOTy
6uTuy Buie of 34 m BUCOKM (MaKCUMaJIHa BU-
C/HA HUje HaBefieHa), MOXe Johu 1o mpobie-
Ma ca crabyiHomhy creHckor MacuBa. Teome-
XaHNYKe KapaKTePUCTUKE CTEHCKE Mace HUCY
06jaB/beHe MIPO] jABHOCTI, a LieJIa IPOCTOpuja
mpuHe 60 m 1 BucuHe 34+ m 6u ocTana 6e3
noTnope (0OCHM aHKepa y KpOBY) MMHIUMYM 14-
28 maHa (KOMMKO je HOTpeOHO fIa IacTa 3achIil
ouspcHe). [Topep Tora, macTa sacum HuKaza He
MOJXX€ IMOIIYHUTU L€y 3alIpeEMIMHY OTKOIAaHMX
cnojesa. Ysehu y 063up oBe ¢akrTope, Mopajy
C€ U3BPpLINTHU OE€TA/bHN U IMMAXK/bMBU IIPpOpavdy-
HJ ¥ IpOLIeHe KaKo Ou ce IpefBu/eIo MOoHa-
IIaF€e CT€Ha y OBYMIM yCJIOBMMA.

YTOBap M TpaHCIOPT Cy IUIAHMpaHM fa ce
00aB/bajy IO[3eMHUM yTOBapyBaYMMa U Ka-
MMOHMMaA Of 4Yela [0 TPAaHCHOPTHOT OKHA
(cknnosa). ITnaHMpaHo je ga CKUIOBM paje
335 gaHa roguime, 20 catn gHeBHO. Pag he ce
06aB/paTi Y 3 cMeHe, ca e(peKTUBHUM pajHUM
BPEMEHOM O OKO 6,5 caTu.

BenTumanuja je ImraHMpaHa Kao BeHTWUIA-
nuja 1o morpebu, ca ubeM Aa ce oxpehenn
(pamHN) menmoBM pPyHHMKA CHaOfejy CBEXNM
(oxmabennm) Basgyxom, momro je xmabeme
HEONIXOAHO [a OM Ce WMCIOUITOBAIN CPIICKU
IPOMNCHU Y HOIVIey MAaKCHMaiHe TeMIlepary-
pe y noaseMHuM pygauiumMa. [Tanenn he nma-
TU BEOMa CIMYaH BEHTU/IALVOHU CUCTEM Kao
pysHuIm yrpa (cnmka 11).

Anchors are used in upper drifts to secure
the roof.

Since it is said that thicker parts of the ore body
will be excavated in sections, which can be
more than 34 m high (maximum height is not
specified), a problem with rock stability may
occur. The exact specification of rock is not
shared with the public, and the whole room
with 60 m width and 34+ m height would be
unsupported (except for roof anchors) for
minimum 14-28 days (how long is needed
for paste to harden). Besides that, paste
can never fill the whole excavated section.
Taken that into consideration, detailed and
careful calculations and estimations must be
done to predict rock behavior under these
circumstances.

Underground loading and transport are
planned to be by underground loaders and
trucks from faces to the haulage shaft (skips).
It is planned that skips work 335 days/year, 20
hours/day. Work would be done in 3 shifts,
with effective work time of around 6.5 hours.

Ventilation is planned to be as ventilation on
demand which has the goal to supply some
(working) parts of an underground mine
with fresh (cooled) air, since the cooling is
necessary to comply with Serbian regulations
in terms of maximum temperature in
underground mines. Sections will have very
similar ventilation system as coal mines
(Figure 11).

Cnuxa 11, Benttiunayuja iaxena

Figure 11, Section ventilation
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BeHTmnanuoHa Bpara ce KOPHCTe 3a yCMepa-
Bame CBeXer Basfyxa. Ilomro je mmaHmpaHO
fla MaKCHMMajHa Ipou3BoOfma Oyme 2046. ro-
AVHe, BeHTMWIANMja 6 Y TOM TpeHyTKy Oma
HajsaxTeBHMja. IImaHmpanm mpoToK Basgyxa
je 500 m®/s, ca 2 r1aBHa BeHTM/IATOPA Ca TIPHU-
TUCKOM-JenpecujoM of 4,2 kPa 1 komOuHOBa-
HOM cHarom ox 2800 kW.

Bpenu mnamomeHyTM fa je IUTaHMPAHO KO-
puiheme NOTIYHO eEKTPUYHMX ITOA3EMHIX
BO3M/Ia, ¢ 003MpoM Ha mpobrieme ca TeMmrre-
paTypaMa y TOM IOApPYYjy, IITO OM y BEINKO]
MepU CMabU/IO 3aXTEBEe BEHTU/IALN]E.

Moo ce pygHuK Ha/masy y IIABHOM IOPYY;Y,
I7Jie je TepeH C BpeMeHa Ha BpeMe IOIUIAB/beH,
OfiBOfibaBambe je Takohe BaKHO TEXHNMYKO IIN-
tae. OCHOBHA KOHIIeNINja je fa ce obe3benn
JIOBO/baH KaIlALIUTET 33 OfBOJbaBabe PyLHIKA
y HajropeM creHapyjy (momnasa). YTBpheHo je
Zia je mpoToK Bope oko 38 1/s. [Imanupano je ga
CUCTEM OffBOJjHhaBatba Oyfie cacTaB/beH Off jefiHe
IJIaBHE ITyMITHe CTaHulIle (ocTaB/beHe y 6/113u-
HJ TPAHCIIOPTHOT OKHA) U 8 060JHUX ITyMIITHUX
cTaHua pacrnopebenux kpos pygHuk. Makcn-
MaJIHU IIPOTOK BOJi€ Y IJITABHOj IIyMIIHOj CTaHU-
1 je 581/s,a 301/s mo 060aHOj cTaHMIM. YKyITHA
OVHAMI4YKa BYCITHA 3a FHaBHy HyMHHy CTaHI/I]_[y
je 450 m, a 156 m 1o o60xHOj cranum. [aBHa
HyMHHa CTaHNIa 1Ma 6 HyMHI/I, JOK CBaKa Hp-
CTE€HaCTa HyMHHa CTaHNLIa MMa 3 HYMHC.

3AK/bYYAK

TexHnyka pelnlera 3a IOI3EMHU PY/IHUK IIPO-
jeKTa ,Jajap“ HUCY MHOTO paslIn4uTa Off TeX-
HUYKUX pelllelba MHOTUX APYIMX IOA3eMHUX
pyAHMKA LIMPOM CBeTa. Y OBOM pajly NC-
TaKHYTH Cy HOTEHIIMjaTHN TPO6IeMH Kao LITO
Cy CTabMTHOCT CTEHCKOT MacuBa 1 AVMMeH3uje
IPOCTOpHja, IPU Y€MY TeOMEeXaHMUYKe Kapak-
TEPUCTHKE CTEHCKE Mace TPEHYTHO HUCY IIO-
3HaTe LIMPOj MHXKEHEPCKOj jaBHOCTH. BaxxHO
je HaIloMeHYTH Jja ce IIPOLieHe He MOTY U3BP-
mnTH 6e3 HeTa/bHUX KapaKTepPUCTUKA CTEHCKe
Mace, TaKo Jla je OBaj 3aK/by4aK 3aCHOBAH He
Ha II03HATVM YMIbeHnIjaMa, Beh Ha MHXemep-
CKOM UcKycTBY. BehnHa noyjaraka 1 unmeHmnIa
0 OBOM IIpOjeKTy Beh je objaB/peHa y HaIpTy
Crynumje o IpolieHM yTUIAja Ha )XMBOTHY Cpe-
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Air-doors are used to direct fresh air. Since the
uniform maximum production is planned to be
in 2046., ventilation demand would be highest
at that point. Air flow is planned to be 500
m3/s, with 2 main ventilators with a pressure-
depresison of 4.2 kPa and combined power of
2800 kW.

It is worth mentioning that fully electrical
underground vehicles are planned to be used,
given the problems with temperatures at that
area, which would immensely lower demands
of ventilation.

Since the mine is located in a floodplain, where
the area has been flooded from time to time,
dewatering is also an important technical
solution. Basic conception is to have enough
capacity to dewater the mine in the worst-
case scenario (flood). It is determined that the
inflow of water is around 38 1/s. The dewatering
system is planned to be made from one main
pump station (located near haulage shaft) and 8
ring pump stations scattered through the mine.
Maximum water flow in main pump station is
581/s and 30 1/s per ring station. Total dynamic
head for main pump station is 450 m and 156
m per ring station. Main pump station has 6
pumps, while every ring pump station has 3
pumps.

CONCLUSION

Technical solutions for underground mine
of project “Jadar” are not that different from
technical solutions of many other underground
mines across the world. In this paper, the
potential problems are highlighted as rock
stability and room dimensions, with the rock
specification currently unknown to the broad
engineering public. It is important to mention
that the evaluations can't be done without
extensive specification of rock mass, so this
conclusion is not based on known facts, just on
engineering experience. The most figures and
facts about this project is already published in
the draft of Environmental impact assessment
[1]. Technical solutions are based on references
given in the said Assessment (f.e. SRK - Early
Access Study, 2011.; Prefeasibility studies A and
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muny [1]. Texunduka pemrema Cy 3aCHOBaHa Ha
pedepennama HaBefieHUM y noMmeHyToj Cry-
muju (amp. SRK - IlpenmmmuapHa crypuja,
2011.; Ipepusubumuru crymuje A u b urn.),
a/my oBe pedepeHlie HICY HOCTYIIHE jaBHOCTIL.

Beoma je BaxxHO Harnmacuty ia je Crynmja o mpo-
L€HM YTUIIAja Ha )KUBOTHY CPEIIHY Y OBOM CTa-
AUjyMy HaI[pT, 06jaB/beH KaKo O ce MOACTaK/Ia
OUCKyCHja, LITO 3HAYM JA TE€XHUYKA pellerba
JlaTa y B0j HIICY KOHa4Ha, Beh camo mpepyior.
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uioctniojeha nutwepatypa: J. Ipiawesuh, Pygapciiiso y Cpbuju, B. Cumuh, Paseoj yimenexoiia u yimapcke tipuspege
y Cpbuju, I1. Josanosuh, Pygapcitieo na ininy Cpouje II/1 u Teonowxu ycnosu itiepena usmehy Ilogsuca u [Jobpe
Cpehe u tiepcilexifiusHu paseoj osux pyguuxa, Pygapcku unciiuiniyini beoipag. Taxohe cmo genom kopucitiunu go-
KymeHiiiauujy Kojom je pactionaiana iopoguua Cuburosuh u Koja go caga Huje 06jaswusana.

Kmyqﬂe peun: ICTOPUJA PYJAPCTBA, IIOA3EMHA EKCIUVIOATALIVIJA, YTAJb, ITPENY3ETHUIITBO

Abstract: This paper was created as a result of the need to point out the difficulties faced by the coal economy
of Serbia, starting from the period of its creation in 1835. Until the moment when many mines with Kama
coal exploitation were closed due to the low price of oil and gas, difficult conditions work and insufficient
research. When writing this paper, the existing literature was mostly used: . Grgasevié, Mining in Serbia, V.
Simié, Development of coal mines and coal industry in Serbia, P. Jovanovié, Mining on the soil of Serbia 1I/1 I
Geological conditions of the terrain between «Podvis» and «Good luck» and prospective development of these
mines, Mining Institute Belgrade. We also partially used the documentation that was available to the Sibinovi¢
family and which has not been published until now.

Key words: HISTORY OF MINING, PIT EXPLOITATION, COAL, ENTREPRENEURSHIP

YBOA INTRODUCTION

[Toxsemuu pynHuk yrmpa JJoopa Cpeha nHamasn The Dobra Sre¢a underground coal mine
cey cemry Bunanm 12 km op KmaskeB1ia, ogHOCHO is located in the village of Vini, 12 km from
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5 km op Proruke 6ame. Ca yTOBapHOM Xeres-
HIYKOM CTAHMUIOM Je3aBa’ Ha mpysm Humr -
I[IpaxoBo, 6110 je moBe3aH Ipyrom pyrom 12,7
km, yckor konocexa mupune 60 cm. Criazia y
pen Behyx nop3eMHNX pygHMKA KaMEHOT yI/ba
y Cpbuju (cmuxa 1). OtBopeH je kpajem XIX
BeKa, Kao 1 BehmHa pygHMKa ca HOf3eMHOM
€KCIIJIOATALIVjOM YI/ba.

Pymuuny yrpa otsapanu cy 3a norpebe Tomo-
muBHuLe y Kparyjesiyy, 6pogoBa Ha HmapHi 1o-
roH Ha [lyHaBy, BOjHMX IapHM30HA, KOBAaYHNUIIA
¥ 3a ToTpebe JOKATHOT CTAaHOBHUINTBA. [lowe-
TaK paga BehmHe pyaHmka onsmjao ce y Beoma
TEIIKNM HNPpUPOOHVM U OPYLITBEHUM YC/IOBI-
Ma. CKpOMHA Ca3Hamba, HEIOCTOjarbe MCKYCHIUX
pynapa, a Hajsehu pobrem, y To BpeMme, je 6110
HEIIOCTOjatbe ITyTHe MHppacTpykType. IlmacMan
yI/ba je 6110 OrpaHNYeH Ha BeOMa Ma/ii IPOCTOP,
a HaIlpeJioBabe PYHNUKA Ce OfBUjajIo CIIOPO, ca
BE/IVIKVIM TPOLIKOBMMaA ¥ IIOBPEMEHVM 3aTBa-
pamlMa y MIIYeKyBamwy 60/bux ycmosa. Kako
je TIpousBozba yI7ba OMTHO MOKPEHY/Ia OCTale
IIpUBpEJIHE IPaHe, TaKO je IMOpacio 1 MHTepe-
coBame JprKaBe fia ¢puHacupa y IyTHY MHPpa-
CTPYKTYPY U PyIHUKE Y IPYKaBHOM B/IACHUIITBY.

Y MecTuMa rme Cy OTBOpEHM PYSHMLM 3aIlo-
Jeo je jemaH HOBYU XMBOT. OTBapane cy amOy-
JIaHTe, IKOJE, MIMHOBY, KOBa4YHUIE, JIOKa/IHA
JKENe3HNUIA, JIMBHUIIE, €IEKTPO — MAalIMHCKe
pafuoHuIie, IpofaBHuIie 1 fApyru objextn. To-
koM IIpBor u JIpyror cBeTCKOr para pymHMUIIN
Cy YHULITaBaHM IITO Of, CTpaHe Helpujaresba
npu Hanywrawy Cpbuje, a Heke je samamnia
¥l MUHMpAJIa Hallla BOjcKa Kako 61 ce mnsberno
cHabzieBambe Hempujate/ba yrbeM. Ilocre [Ipy-
I'Or CBETCKOI' paTa MPUBATHU PYIHULIN Cy KOH-
brcKoBaHM 1 BUMA Hafla/be YIpaB/ba JpyKaBa.
IlojaBa jedrune HadTe M Traca, MsTpajma Be-
JIMKUX MOBPIIMHCKMX KOmHoBa yrba y Cpouju,
HIe3yleceTnX U cefaMaeceTux rogmHa XX BeKa
YTHULIa/M Cy Ha 3aTBapame BEMMKOr Opoja pya-
HIKa Ca TOJ3€MHOM €KCIIIOaTaljoM yrba. V3
VICTUX pasjiora, o 1972. sarBapanu cy 1 pygHu-
IV Y KIba>KeBa4KOM KPpajy. 3aTBOpeHH Cy 1 360r
HepeHTaOVMITHOCTY, jep >Ke/le3HNUIIa, Koja je O1ta
HajBehy KyTall, BiIIe Hije KOPYMCTHU/IA yTa/b Kao
HOTOHCKO ropuso. Meby muma 3aTBOpeH je u
pyAHUK KaMeHor yriba JJo6pa Cpeha.
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Knjazevac, i.e. 5 km from the Rogoska spa.
It was connected with the “Jezava” loading
railway station on the Ni§ — Prahovo by a 12.7
km long railway line, 60 cm wide narrow track.
It is one of the largest underground hard coal
mines in Serbia (Figure 1). It was opened at the
end of the 19th century like most underground
coal mines.

Coal mines were opened for the needs of
the Smeltery in Kragujevac, steam-powered
ships on the Danube, military garrisons,
forge shops and for the needs of the local
population. The beginning of the operation of
most mines took place in very difficult natural
and social conditions. Modest knowledge,
lack of experienced miners, and the biggest
problem, at that time being the lack of road
infrastructure. Coal placement was limited
to a very small area, and mining progress
was slow, with high costs and occasional
closures pending better conditions. As the
production of coal significantly boosted
other industrial branches, so did the state’s
interest in financing road infrastructure and
state-owned mines.

In the places where the mines were opened, a
new life began. Health centres, schools, mills,
forge shops, local railways, foundries, electro-
mechanical workshops, shops and other
facilities were opened. During the First and
Second World Wars, the mines were destroyed
by the enemy when leaving Serbia, and some
were set on fire and blasted by our army in
order to avoid supplying the enemy with coal.
After the Second World War, private mines
were confiscated and are still managed by the
state. The phenomenon of cheap oil and gas,
construction of large surface coal mines in
Serbia in the 1960s and 1970s led to closure
of a large number of underground coal mines.
For the same reasons, until 1972, the mines in
the Knjazevac region were also closed. They
were also closed due to unprofitability, because
the railway, which was the biggest customer,
no longer used coal as fuel. Among them, the
Dobra Sre¢a coal mine was closed.
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Cnuxa 1, Ilonosxaj pygrnuxa xameHol yima
(Ho6pa Cpeha, Ilogsuc u Tpecubaba)

Figure 1, Location of the hard coal mine
(Dobra Sreca, Podvis and Tresibaba)

OCHOBHE I'EOJIOHIKE
KAPAKTEPUCTUKE JTEXXMIITA YTJbA

Y CenonckoM poBy ucroune Cpbuje Hajro3Ha-
TUjJ PYZHUIIY Ca TTOJI3€MHOM €KCIIJIOAaTaljoM
KaMeHOT yI/ba Cy: Pram, Bramxko Ilome, bna-
rosecTy, [lobpa Cpeha, ITogsuc u Tpecubaba.
Hajsehn meby wuma je yrpeHokon Pram ma
3aTuM pynHuk JJoopa Cpeha.

Jle6/pMHA YI/BOHOCHE cepuje M3HOCH y Ipoce-
Ky o 900 m go 1.000 m . I'raBHM yI/beHU CIIO]
ce Hasyasy NpUOIVDKHO y CPeilUHM OBe cepuje
[1]. BpojHM Cy yI/beHU CI0jeBM y caMoj YI7bO-
HOCHOj CepMju. JeIMHO je CUT'YpPHO, Ha OCHO-
By JOCaJjalllibiX IpOy4yaBamba, /la Cé yrab He
jaB/ba y MHOIIEpaMCKMM JIAIlOpLMMa Kao HU Y
»LPBEHUM cojeBuMa“. CBM OCTaIy YIAHOBU
OB€ cepuje cafip>Ke II0 jeflaH, a HeKaJl ¥ 3HaTHO
BUIIE YI/bEHNX C/I0jeBa 6e3 eKOHOMCKe Bpef-
HocT. OHM CY MHTEpeCaHTHUjU NIpU NIpOyYa-
Bamby CeflMEHTAILMIOHNX U KIMMATCKMUX YCIIOo-
Ba KOjI Cy IIOCTOja/I} 3a BpeMe HaCTaHKa yI/ba

[1].

Ca nmpuBpefHOr acnekTa, Ha TepeHy IlogBuca
u Jlo6pe Cpehe, jennHo je o5 €eKOHOMCKOT UH-
Tepeca ITTaBHU YIJbeHM C710j. Iberosa mpoceyna
me6puHa je 2 m o 3 m. ITocToje 3HaTHA JI0-
KaJIHa 3aie6/bamba Koja penase u 20 m, a HUCY

BASIC GEOLOGICAL CHARACTERISTICS
OF COAL DEPOSITS

In the eastern Serbian Senonsko trench the
most famous hard coal underground mines are:
Rtanj, Vlasko Polje, Blagovesti, Dobra Sreca,
Podvis and Tresibaba. The largest among them
is the Rtanj coal mine followed by the Dobra
Sre¢a mine.

The thickness of the coal series is on average
of 900 m to 1,000 m. The main coal seam is
located approximately in the middle of this
series [1]. There are numerous coal seams in the
coal series itself. The only thing that is certain,
based on studies so far, is that coal does not
occur in inoceramus-matrls, nor in “red seams”.
All other members of this series each contain
one, and sometimes considerably more, coal
seams without economic value. They are more
interesting when studying the sedimentation
and climatic conditions that existed during the
formation of coal [1].

From an economic point of view, in the area
of Podvis and Dobra Sreca, the main coal
seam is the only one of economic interest. Its
average thickness is from 2 m to 3 m. There are
significant local thickenings that exceed 20 m,
and completely sterile zones are not rare. All
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peTKe U MOTHYHO cTepuaHe 30He. CBe TO flaje
YI/bY U3PAsUTO COYMBACTY OOMMK [1].

Pynuuk JTo6pa Cpeha y nogunu cBojux yripe-
Ba pacIlofiake pe3epBaMa Y/bHUX LIKPU/balia O
KOjuMa HeMa 3HAYajHMjUX IIOflaTaKa jep HUCY
Oy IpeiMeT ofroBapajyher ucTpaxmBama.

NCTOPUJCKNM ITPVIKA3 PYJHMKA

IIpBu BrmacHMK oBor pypmHuKa 6mo je CreBaH
Cubnnosuh, pohen 1850. HakoH 3aBpiueHa Ba
paspeia OCHOBHe ILIKOJIe, IOCBETHO ce OpaBap-
CKO — KOBauKoM 3aHaty. Mebhy npsuma, je 6uo
KOj/ je CBOj eCHaIl KyIloBaO y MHOCTPAHCTBY.
Ca 30 roguHa je otmyroao y Ilemty, o6unasuo
nemTaHcKe ¢pabprke 1 BUEO YIIOTpeOy KaMeHOT
yrpa. OTypa cy cBa Ierosa paJjo3HaIoCT U yIop-
HOCT yCMepeHe Ka MCTPaXX/Balby IOCTOjama $o-
cutHor ropuBa y 6mmsuau Kmaxesia [2].

HakoH pomacka y KmaxkeBall, yApyXuo ce ca
[IeCETOPULIOM [PYroBa YIOXKMBILY, CBAKO IIO
10 mykara (tajammux 1200 guHapa). Taxo je
OCHOBAHO AKI[IOHAPCKO [APYLITBO IO MMe-
HOM KmakeBauko pyfapcko ApYIITBO ca II0-
CeOHMM HHTepecoBameM 3a (POCHIHM yrasb.
IIpywTBo je 6p3o mpecTano ca pafoM 360r He-
JocTaTaKka (pUHAHCUjCKMX CPEfCTaBa U IIeJio-
KYIIHA fla/ba aKTMBHOCT Ha OTBApamby PyAHUKA
Ilo6pa cpeha cBena ce Ha mpBor BracHuKa Cre-
Bana Cu6bunosuha [2].

IToyeTHn Heycrecu Ha UCTPAKUBAILY TepeHa
HIICY ra 06ecxpabpun 1 oH je 1885. saTpakno
UCK/bYYMBO IIPABO UCTPAXMBAIa M 3aTUM
noBacTuly Ha 20 pygHUX I07ba. YCIIEO je ha
mobuje camo 10 pyJHUX IO/ba Te UCTE TOfVIHE.
Jla/ba merosa MCTpakKuBarba yK/bY4yjy jefHOT
pajHMKa KOjM je paHMje pajguo Ha OTBaparby
pynHuka Bpmika Yyka. V3 meroBy momoh ot-
BOPEH je IIOTKOII ,,3“ ¥ JIOIIJIO Ce 10 C/10ja yI/ba
me6pyHe 8 m. HakoH TOra 0OTBOpEHM Cy IIOTKOII
»1“ 1 IIpecedaH jegaH Mamwy C/I0j YI/ba U MOT-
KOII ,,2“ y my>kuHu off 120 m KOjuM je mpecedeH
C710j yr/ba ge6sprHe of 6 m 1o 7 m. Jlo 1906. 3a-
CTa/M Cy pajioBy 300T OCKY/AMILE Y IPEBO3HUM
CPefiCTBMMA ¥ CKYIIOT IIPEBO3a, NPOM3BOJIba
yr/ba Huje 6una pentrabunna. CreBan Cubu-
HOBMA je MOTPOILINO caB CBOj MMETAK M OCTA0
0e3 cBeykymHe 3apage. OTBapameM pazioBa Ha
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this gives the coal a distinctly lenticular shape

[1].

The Dobra Sre¢a mine has reserves of oil shale
in the floor of its coals, on which there is no
significant data because they were not the
subject of corresponding research.

HISTORICAL DESCRIPTION OF THE MINE

The first owner of this mine was Stevan
Sibinovi¢, born in 1850. After completing two
grades of elementary school, he dedicated
himself to the locksmith and blacksmith trade.
He was among the first to buy his eSnap abroad.
At the age of 30, he travelled to Pest, visited
the Pest factories and saw the use of hard coal.
Hence, all his curiosity and persistence were
directed towards researching the existence of
fossil fuel near Knjazevac [2].

After arriving in KnjaZevac, he teamed up with
ten friends, each investing 10 ducats (1200
dinars at the time). Thus, a joint-stock company
was founded under the name of Knjazevac
mining company with special interest in fossil
coal. The company quickly stopped working
due to lack of financial resources and all further
activities on the opening of the Dobra sreca
mine came down to the first owner, Stevan
Sibinovié [2].

Initial failures in exploring the terrain did
not discourage him, and in 1885 he claimed
the exclusive right to explore and later on the
privilege to own 20 ore fields. He managed
to get only 10 ore fields that same year. His
further research included a worker who used
to work on the opening of the Vrska Cuka
mine. With his help, underground mine “3”
was opened and an 8 m thick coal seam was
reached. After that, edit “1” was opened and
a smaller coal seam was cut, and also edit “2”
being 120 m in length, cutting a coal seam
with a thickness of 6 m to 7 m. Until 1906, the
works stopped due to the lack of transport
means and expensive transport and therefore
coal production was not profitable. Stevan
Sibinovi¢ spent all his assets and was left
with no earnings. With the opening of works
on the Knjazevac - Ni$ railway line in 1906,
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KenesHndkoj npysu Kmaxesan — Hum, 1906.
CTBOPM/IM Cy Ce YC/IOBM 32 HaCTaBaK pajioBa y

PYOHUKY.

Pynuuk je paguo ca npeknanma 36or bankan-
CKIX pPaToBa, CBe o Kpaja 1915. Jlomackom
Hemama y TuMouKy Kpajuny, OHM IpeysuMajy
CBe PyOHMKE VI MTHTEe3UBUPAjy IIpon3Bonmy. Ox
pysHuka [lo6pa Cpeha no Kmaxesua, 1917.
usrpabeH je HOB py>kHU Komocek. IIpen Kpaj
parta, Hemuu cy ynmanuam 1 IOTIYHO YHUIITH-
I PYTHUK.

[Tosajm/peHu Kanuran omoryhmo um je ga 06-
HOBe PY[HMK, OTIIOYE/IN Cy pajjoBe ca IOTKO-
OM ,,4“ ¥ Tako JJOLUIN [0 CJI0ja yI/ba KOju je
omoryhno gapu pasBoj pyAHUKa ca peHTaouI-
HOM IIPOM3BOAHBOM. PyHNK ce 6p30 onopasba
u 1926. cy usrpabenn 6pukeTnpHuIa Kamamnm-
teTa 12 t/h, mpamimrre u cynrapa. CTBopeHu cy
YCTIOBH [ia PYAHUK MOYKE TIOHYAWUTY TPXKUIUTY
Behu acopTuman mpomsBopa: opax, KOBadKM,
CUTHM yTajb U Opuket [2].

conditions were created for continuation of
work in the mine.

The mine worked with interruptions due to
the Balkan wars, until the end of 1915. With
the arrival of the Germans in Timocka Krajina,
all the mines were taken over by them and
production was intensified. From the Dobra
Srec¢a mine to Knjazevac, a new railway track
was built in 1917. Towards the end of the
war, the Germans set fire to it and completely
destroyed the mine.

The borrowed capital enabled them to rebuild
the mine; they started work with the edit “4”
and thus reached the coal seam that enabled
further development of the mine with profitable
production. The mine recovered quickly and in
1926 a briquetting plant with a capacity of 12
t/h, a washing chamber and a drier were built.
Conditions were provided so that the mine could
offer the market a larger range of products: nut-
sized coal, forged, small coal and briquettes [2].

Cnuxka 2, Kononuja ca iipsum ioitikoiiom

M3seo0p: goxymenitiayuja wopoguue Cuburosuh,

Beoipag, 2009.

Figure 2, Colony with the first excavation

Source: documentation of the Sibinovi¢ family, Belgrade,

20009.

Cubunosrhu cy 6111 BIaCHULIM PY[HMUKA CBe
1o 1946/1947. kaa UM je cBa UMOBMHA KOHM-
CKOBaHa I ITpeHeTa y cBOjuHy Apkase Denepa-
tuBHe Haponne Penry6rmke Jyrocnasuje.

MudpacTpykrypa pysHuka fo kpaja [Ipyror
CBETCKOT cacTojama ce of cregehnx Hekper-
HUHA:

Cnuxa 3, Pyguux IJo6pa Cpeha y Bumu,
WNseop: 3asuuajuu mysej, Krwoanesay,

Figure 3, Dobra Sre¢a Mine in Vina,
Source: Native Museum, KnjaZevac

The Sibinovi¢ family were the owners of the
mine until 1946/1947. when all their property
was confiscated and transferred to the state
property of the Federal People’s Republic of
Yugoslavia.

The infrastructure of the mine until the end

of the Second World War consisted of the
following properties:
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- OG6jexty: eMeKTpUYHA ILIEHTpaIa ca Ieo-
KYMIIHUM IIOCTPOjerbeM, Ipa/AITe Ca I0-
CTpOj€beM, PafIOHNILIE, TVBHNIA, MaraliH
KMBOTHMX HAMEPHIUIA, KaHIle/lapyje N3B03-
HOT OKHa, M/IVIH, Pe3epBOap 3a BOJY, U3BO3HA
MAIIIIHA, [IeKapa, MEPHMIITBO, KpedaHa, Ma-
TalVH 32 y/be, TOKIOHNMIA, KYIIATIIO, CTa-
HOB 32 PajIHIKe, KACAITHMIIA Ca ITYILIHULIOM,
kaaHa, aMOy/IaHTa, LITajIa, Iyl 3a AU3a-
JIMLLY UTH.

- Mammse u amatn: 6paBapcka pafuoOHNIIA,
KOBaYKa PafiIOHNI[A, MAIIIMHACKA PA/IVIOHM-
113, eIEKTPUYAPCKA PAVOHMIIA, CTOMAPCKA
PafIOHNIIA, AMATHULA, pa3He MAllHe BaH
TIOTOHa, TIPATHIIITE, jJAMCKY IHBEHTApP, M/IH
3a MJIEBEmbe KUTA, JaneKoBoy, Buna — Kmba-
eBal| 1 Buna — BraroBectu, BO3HM IapK
utnh. [3].

Ha yrmenokony je paguno mpocedno op 500
no 600 papnuka. PagoBuma je pykKoBOAMO
IVMPEKTOp, PYHBAPCKM U €IeKTPOMAIIMHCKA
MHXeep, 1I0CI0Bobha, Mepay, Tpy ITIaBHA U
IIBaHAeCT CMEHCKMX HaJ3opHuka. Behm neo
IPOU3BOJIE je IUIACUPaH IP>KaBHUM JKeJe3-
HuaMma [2].

- Facilities: electrical power station with
complete plant, washing chamber with
plant, workshops, foundry, warehouse
of food provisions, offices of the export
shaft, mill, water tank, export machine,
bakery, surveying, lime-burning factory,
oil warehouse, boiler room, bathroom,
apartments for workers, a butcher’s shop
with a smokehouse, tavern, health care
centre, barn, crane shed, etc.

- Machines and tools: locksmith’s workshop,
blacksmith’s workshop, mechanical work-
shop, electrical workshop, carpentry work-
shop, tool room, various out-of-service
machines, washing facility, pit inventory,
grain grinding mill, power line Vina - Kn-
jazevac and Vina - Blagovesti, car fleet, etc.

[3].

An average of 500 to 600 workers worked at
the coal mine. The works were managed by the
director,a mining and electrical and mechanical
engineer, a foreman, a surveyor, three main and
twelve shift supervisors. Most of the production
was marketed by state railways [2].

Cnuka 4, Pygnuuka xononuja

Figure 4, Mining colony

Hexu o6jektu pynuuka Jobpa Cpeha cy n
maHac cauyBaHu. Ilopopmuna kyha BmacHmka
pynuuka Joopa Cpeha Cnbunosuha carpabe-
Ha 1906. caja je saBMYajHM MYy3€j ONIITHHE
Kwaxxesary (cimka 6).

Ynasy pynuuk JJo6pa Cpeha, Mecto okymmparma

u nopcehamwa pygnapa, BJMXOBUX HOPOAUIIA 1
TypucTa (cnmka 7).
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Cnuka 5, YiosapHa ciianuua kog Byjawesya

Figure 5, Loading station near Vujasevac

Some facilities of the Dobra Sre¢a mine are still
preserved today. The house of the Sibinovi¢
family, who was the owner of the Dobra Sreca
mine, built in 1906, is now the local museum of
the municipality of Knjazevac (Figure 6).

The entrance to the Dobra Sreéa mine, a
gathering and memorial place for miners, their
families and tourists (Figure 7).
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Cnuxa 6, Ilopoguuna kyha Cuburnosuha,
ganac 3asuuajuu mysej y Kroascesuy

Figure 6, The house of the Sibinovi¢ family,
today the local museum in KnjaZevac

PYJAPCKE AKTMBHOCTU

PamoBy Ha oTBapamwy pygHUKa Iounmy 1886.
a mojauy O IpOM3BOAmM IocToje of 1890.
YrpaBo Te rofguHe je npousseneHo 214,5 ToHa
ca LIeHOM of 18 nHapa 1o ToHu. Yrasb je mpo-
TaBaH BOjHOM rapHU3oHy y KmaxkeBny u Kpa-
ryjeBaukoj abpuim opyxja 3a KOBauHMIE.
Japa 6yayhHOCT pymHuKa je 3aBuUCHIa IIpe-
BacXofHO off caobpahajue mHpacTpyKType
U IIPeBO3HMX cpeficTaBa. IloTpebe 3a yrbem
y Kmaxes1y cy 6me Mase, a fy>)Xu IpeBos je
6uo HepeHtabwiaH. Y 1902. mpoussezeHo je
400 TOHa yI/ba IO MOPYLOMHU KHbaXKeBAYKOT
rapHu3oHa, a cregehe 1903. 250 ToHa ca 4eTu-
pu 3anocieHa pagHuka. ¥ 1906. mpoussefieHO
je 340,5 ToHa yripa ca met paguuka. Opn 1907.
no 1910. npomssopmiio ce og 600 Tona go 800
TOHa TofuIIe [2].

Toxom IIpBor cBetckor pata Hemmu cy u3 oor
pynuuka usByknn oko 40.000 Tona yrba. Kako
ce yra/b Morao jfo6po kokcoaty Hemim cy
HaMepaBa/M Jla U3 OBOT PyIHMKa CHab/eBajy
bopckn pyguHuk kokcom. Hakon saBpmieTka
I[IpBor cBeTCKOr para pyAHUK je 6p3o BpaheH
y npousBogmwy u 1919. npoussogu 4.560 ToHa
yrba. Y 1922. mpousseneno je 19.618 ToHa ca
534 papnuka. Op 1923. no 1930. Hema nopara-
Ka 0 pajly pyfgHuKa [2].

bpuketupnnna je mogurnyra 1926. kamaunre-
ta 12 t/h. Op mocTpojema pyfHUK pacHomaxe
ca nmpa/mmiurteM Kamauurera 30 t/h. [Togurayra
je u cymapa 1927. 4uju KamauuTeT HUje IO-
3HaT. bpukernpuuna je 1929. mpoussemna 2.993

Cnuxa 7, Ynas y pygnux [Jo6pa Cpeha
W3seop: ayitiopu paga (crummero 2024.)
Figure 7, Entrance to the Dobra Sre¢a mine
Source: authors of the paper (recorded in 2024)

MINING ACTIVITIES

Work on the opening of the mine began in
1886, and production data exists from 1890.
Actually, that year, 214.5 tons were produced
at a price of 18 dinars per ton. Coal was sold
to the military garrison in Knjazevac and the
Kragujevac weapons factory for blacksmiths.
The further future of the mine depended
primarily on the traffic infrastructure
and means of transport. The need for
coal in Knjazevac was small, and longer
transportation was unprofitable. In 1902, 400
tons of coal were produced on the order of
the Knjazevac garrison, and in 1903, 250 tons
were produced by four employed workers. In
1906, 340.5 tons of coal were produced by five
workers. From 1907 to 1910, 600 tons to 800
tons were produced annually [2].

During the First World War, the Germans
extracted about 40,000 tons of coal from this
mine. Since the coal could be coked well, the
Germans intended to supply the Bor mine with
coke from this mine. After the end of the First
World War, the mine quickly turned back to its
production and in 1919 it produced 4,560 tons
of coal. In 1922, 19,618 tons were produced by
534 workers. From 1923 to 1930, there is no
data on the operation of the mine [2].

The briquetting plant was built in 1926 with
a capacity of 12 t/h. The facilities of the mine
include a washing chamber with a capacity of
30 t/h. A drying chamber was built in 1927,
the capacity of which is unknown. In 1929,
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TOHa OpukeTa 6e3 mofgaBara BE3UBHUX CpeJ- the briquetting plant produced 2,993 tons of
cTaBa. briquettes without adding binders.
Brnarogapehu BenmmkuMm KOMMYMHAMA  VC- Thanks to large quantities of volatile substances,
Iap/bUBMX MaTepyja, yrab u3 pygHuka Jobpa coal from the Dobra Sreca mine was used
Cpeha kopuctno ce 3a mapse kornose. bpuker for steam boilers. Briquettes have been used
je xopuuthen on o6uyHmx nehn fo uenrpan- starting from ordinary stoves to district heating
HOT I'p€jarba U IAPHUX JIOKOMOTHMBA. and steam locomotives.

Tabena 1, IIpoussogrea yima y pygruxy Ho6pa Cpeha og 1890. go 1970.
Table 1, Coal production in the Dobra Sreca mine from 1890 to 1970.

Tomuua IIpoussopmwa Topuna | Ilpoussopmwa | Toguua | [IpoussBogmwa | Toguna | IlpoussBogmwa
Year Production Year Production Year Production Year Production
1890 214 1910 684 1930 41.925 1950 79.159
1891 115 1911 987 1931 73.322 1951 65.639
1892 200% 1912 1.000* 1932 44.068 1952 69.041
1893 291 1913 1.000* 1933 50.000% 1953 55.062
1894 248 1914 800* 1934 55.110 1954 59.701
1895 120 1915 - 1935 59.129 1955 69.000
1896 17 1916 - 1936 55.000* 1956 73.700
1897 21 1917 - 1937 38.162 1957 84.100
1898 62 1918 30.000* 1938 26.321 1958 79.100
1899 165 1919 4.560 1939 35.330 1959 92.400
1900 180* 1920 9.158 1940 22.189 1960 95.100
1901 - 1921 7.206 1941 19.102 1961 84.700
1902 400 1922 19.618 1942 14.944 1962 62.600
1903 250 1923 35.762 1943 20.057 1963 65.500
1904 280% 1924 18.015 1944 9.995 1964 78.400
1905 300 1925 28.610 1945 20.000* 1965 72.600
1906 340 1926 29.275 1946 29.399 1966 44,800
1907 380% 1927 52.500 1947 58.154 1967 37.000
1908 450* 1928 39.665 1948 78.631 1968 61.000
1909 500* 1929 41.283 1949 79.266 1969 59.800

*YKIpydeHe cy IpoleHe y rofMHaMa 6e3 moataka, yKymHo 160.290 ToHa
*Estimates in years without data are included, totaling 160,290 tons

IIpoussopnmba pysHuKa je mpecTtana 1969. Pynuuk je satsopen 1972.
Kpajem 1970. pesepse A+Bb+1] usnocuse cy 8.340.000 Tona.

The mine ceased production in 1969. The mine was closed in 1972.
At the end of 1970, the reserves of A+B+C amounted to 8,340,000 tons.

ITpousseneno y BracHuuITBy nopoaume Cubuuosuh (1890 — 1945), 909.310 rona
[TponsseneHo y BIaCHUINTBY Ap>kaBe (1946 — 1969), 2.276.904 ToHa
YkymnHa nponsBopma pygHuka (1890 - 1969), 3.186.214 Tona

Produced by the Sibinovi¢ family (1890 - 1945), 909,310 tons
State-owned production (1946 — 1969), 2,276,904 tons
Total mine production (1890 - 1969), 3,186,214 tons

Uzeopu: B.Cumuh, Pazeoj yewenokona u yemapcke npuepeoe y Cpouju, cmp.124/125, ma6.19, nepuoo (1890 — 1955)
Sources: V. Simi¢, Development of Coal Mines and Coal Industry in Serbia, pp.124/125, tab.19, period (1890 — 1955)

\/[okymenmayuja, EIIC [Jupexyuja 3a npousgoorwy yema, aymopu, nepuoo (1955 — 1969)
Documentation, EPS Directorate for Coal Production, authors, period (1955 — 1969)
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KBanmuteT yrba je TOKOM BUILEfICLIEHICKE eKC-
IUIOATalMje OCLIMIOBA0. AHA/IM3€ U3 PaHUjer Iie-
puopa nMare cy creiehe BpenHocTn (Tabena 2).

The quality of the coal fluctuated during the
decades of extraction. Analyses from the earlier
period had the following values (Table 2).

Tabena 2, Ananusa yima tipogasana gpmasHUuM #enesHuyama

Table 2, Analysis of coal sold to state railways

Bmara / Moisture Cywmmop / Sulphur Ucmap. | Carop. TOHH(?T.Ha yoh
o Calorific value
% % Marep. | Marep.
Bpcra Ilerreo | Kokc KJ/kg
N Evapor- [ Combu-
yred Ash Coke ation of | stion of
Carop. | Hecarop. 9 9 :
Coal type Ipy6a | Xurpoc. P P o K material | material | Homa Toprba
Rough [ Hygros Combust- | Uncomb- 9 9 Net Gross
8 YBros. ible ustible % % N
Opamactu
Nut-sized 3,2 0,6 5,3 1,1 12,7 63,4 36,0 86,7 28.596 29.571
coal
Kopariin 42 0,7 53 11 142 | 689 | 304 | 851 | 27130 | 27.938
Blacksmith
Curras 3,2 0,7 6,25 041 | 184 | 639 | 316 | 809 | 25757 | 26774
Small
bpuker
onexa 1,3 46 1,2 160 | 605 | 382 | 827 | 26744 | 27737
Briquette
brick
bpuker
Jaje
. 53 4,8 1,1 20,4 63,6 31,1 76,3 24.765 25.686
Briquette
€88
szeop: M. 3gpasxosuh, Yimesu Jyiocnasuje kao iopuso, beoipag,1933. (3a yiam nameren xenesnuyu) II.
Josarnosuh, IIpepaga yima y Kpamesunu Jyiocnasuje, beoipag, 1931. (3a 6puxeiii) / Source: M. Zdravkovic, The
coals of Yugoslavia as fuel, Belgrade, 1933. (for coal intended for railways) P. Jovanovié, Coal processing in the
Kingdom of Yugoslavia, Belgrade, 1931 (for briquettes)

BpemenoM u KBanmTeT yrba je omajgao, 1955.
3abernexeH je cmenehn kBamuTer: nemnena 29,84
%, cymmnopa 8,19 %, ropma TOIIOTHa Moh
22.550 kJ/kg u momwa 21.587 kJ/kg.

3AK/bYYAK

OrBaparme 1 paji pyJHMKA ca MOJ3eMHOM €K-
CIUIOATALMjOM yI/ba OWIM Cy MHTE3VBHU Y
npyroj nonopunn XIX Beka n mouyetkoM XX
Beka. To je Tazia, 3a ocupomaeny Cp6ujy, 61o
HaroBelITaj OXKMB/baBakba IIENIOKYIIHE IbeHe
CKPOMHe IIpUBpefIE.

Pypuux yrma [lobpa Cpeha ponpuneo je
pasBojy mpuspene KmaxeBauke OIIITHHE
y ucroynoj Cp6buju. ¥ moderky je yram 6mo

Over time, the quality of coal also decreased,
and in 1955 the following quality was recorded:
ash 29.84%, sulphur 8.19%, upper calorific
value 22,550 kJ/kg and lower 21,587 kJ/kg.

CONCLUSION

The opening and operation of underground
coal mines were intensive in the second half of
the 19th century and the beginning of the 20th
century. At that time, for impoverished Serbia,
it was a hint of the revival of its entire modest
economy.

The Dobra Sre¢a coal mine contributed to
the economic development of the Knjazevac
municipality in eastern Serbia. In the beginning,
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HaMerweH Tomomueauum y Kparyjesny, rap-
HU30HY y KmakeBIly, KOBauHMIIaMa, PasHUM
ycTaHOBaMa, MoTpebaMa cTaHOBHMIITBA Kiba-
JKE€BAYKOI' PejoHa.

Bpxu 1 oOuMHMjU pasBoj yr/bapcTsa je 610
OTpaHNYeH JIOIIOM Wi HemocrojehoM myrt-
HOM MHQPACTPYKTYPOM, Kao U U3Y3eTHO CJIO-
JKEHOM TeOJIOIIKOM TpahoM Jexumra yripa.
TakBu npo6remMu cy ce 030M/BHO OApPA3UIN U
Ha XMBOTHM BeK U II0C/IOBatbe pyAHuKa JJobpa
Cpeha. Yr/peHOKOIIN Cy YI/TAaBHOM OTBapaHu y
CHPOMAILIHNM U 330CTanuM cpeguHama. Huje
HocTojana pagHndka kiaaca. Hajsehu neo cra-
HOBHMIITBA Cy Omwmm cepaum. IIpBu pymapu
Cy IIOCTajaju, yIpaBo Off HPUYYEHOT CEOCKOT
CTaHOBHMIITBA. Paji py#gHMKa yIThba je 3HAaTHO
HOANIA0 KBA/UTET KMBOTA Y TUM CpefyHaMa.
OtBapaHe cy IIKole, aMOy/lIaHTe, M/IMHOBHU,
CTpyrape, IpBe >Ke/le3HNYKe IpyTe, HACUIIaHN
nyTeBM. Yipaso cy pygHumy Pram u JJobpa
Cpeha npegmadnim y TMM aKTUBHOCTUMA.

ITocne JIpyror cBeTCKOT paTa yClneguo je Beo-
Ma IMHaMI4aH pa3Boj y ceeTy. CBe Behn 3Ha-
4aj [obuja HadTa U rac a MOTUCKYje Ce yrasb.
Pectpykrypupame mHAycTpuje yrba Beh je
3aloyesio y PpasBUjeHMM Jip>KaBaMa CBeTa.
3aTBapajy ce pyJHUIM yIba Ca IOJ3EMHOM
€KCIIJIOATAllMjOM, OTBApajy Ceé BEIMKMU IIOBP-
IIMHCKM KOIIOBM yI/ba Ca Jja/leKo Behmm ka-
HmauuTeTMa U BehoM IpOM3BOAKOM, IIpeB-
CXOJIHO 33 INOJMMPUBambe TEPMOEHEPTETCKUX
KalanuTera.

[MespeceTnx M cemamjeceTUX TOAMHA, IPO-
IIJIOT BeKa, 3aTBapa ce BehuHa pymHNKa yI/ba
ca rmojiseMHOM eKcrtoaTanujom y Cpbuju u To
YIIpaBo y cpenHaMa ca HajpehoM Hesamocre-
nHomhy. Huje ocraBpena Heka fipyra, anrep-
HaTMBHA IIPOVM3BOJA Koja OM HajoMecTuaa
IpOM3BOAY yI/ba. Pymapu pypauka Hobpa
Cpeha o 3aTBapamy pygHMKa Oofy1ase fja paje
y Ipyre aktBHe pynHuke y Cpouju. Ce npert-
XOJHO IIOMEHYTO YC/IOBMJIO jeé CTarHauujy y
pasBojy ommruHe Kmaxesau. Jama cynouna
YI/bapCTBa, OIHOCHO IIOHOBHO OXKMB/baBambe
U pasBoj pymapcTsa y onmtyHy Kmaxkesar je
HeM3BECHa. Y OBOM TPEHYTKY HUje PeajHo Jja
he ce y ckopuje Bpeme mecutu 6110 KakBe IIpo-
MEHE y CMUCITY Ib€TOBOI aKTUBMPaba.
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the coal was intended for the Smeltery in
Kragujevac, the garrison in Knjazevac, forge
facility, various institutions, and the needs of
the population in the Knjazevac region.

Faster and more extensive development of coal
mining was limited by poor or non-existent
road infrastructure, as well as by the extremely
complex geological structure of the coal
deposits. Such problems had a serious impact
on the lifespan and operations of the Dobra
Sre¢a mine. Coal mines were mostly opened
in poor and backward areas. There was no
working class. The majority of the population
were peasants. The first miners came from the
semi-skilled rural population. The operation of
coal mines has significantly raised the quality
of life in those areas. Schools, health care
centres, mills, sawmills, the first railway lines,
and filled roads were opened. Actually the
Rtanj and Dobra Sre¢a mines took the lead in
these activities.

After the Second World War, a very dynamic
development in the world followed. Oil and gas
were gaining more and more importance, and
coal was being suppressed. The restructuring
of the coal industry has already begun in the
developed countries of the world. Underground
coal mines are being closed, large surface coal
mines are being opened with much larger
capacities and higher production, primarily
in order to meet the needs of thermal energy
capacities.

In the 1960s and 1970s, the majority of
underground coal mines in Serbia were
closed, precisely in the areas with the highest
rate of unemployment. No other alternative
production that would replace coal production
has been achieved. The miners of the Dobra
Sreca mine are looking for work in other active
mines in Serbia after the closure of this mine.
All of the aforementioned has caused stagnation
in the development of the municipality of
Knjazevac. Further fate of coal mining, i.e.
the revival and development of mining in the
municipality of KnjaZevac, is uncertain. At
this point, it is not realistic to expect that any
changes will happen in the near future in terms
of its activation.
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Caxerak: Efpukacarn usbop mexanusayuje u paHciopiliHiux cpegciiiasa moxce 3HA4AjHO YIHIUUATHU HA TPogyK-
HiUBHOCII U THpouIKose excinoaimiayuje. Y pagy ce ananuzupajy gee eapujaniiie, kopuuihervem nuHeapHol upo-
ipamuparea ysumajyhu y 063up toy3ganoctil cucitiema, ca yumem cMarberva pouKosa y3 3agosomwetbe gHeBHOT
kadayuimewa. Ium paga je pazsuitiu mogesn Koju MuHumusyje ykyiHe mpoukose GUCKOHIUHYANHOT OMIKOUA-
8awa U tpanciopiia yiea, y3 iowiitiosarve oipanHuverwa Kaayuiieitia u Upou3sogHux 3axiiesa.

Kbequ peun: IVICKOHTMHYAJIHO OTKOITABAIBGE, TPAHCITIOPT, MAIIMHE, IMHEAPHO ITPOI'PAMMPAIBE, TTIOY3JAHOCT
CUCTEMA

Abstract: An efficient choice of machinery and means of transport can significantly affect productivity and
labour costs. This paper analyzes two variants, using linear programming taking into account the reliability of
the system, with the aim of reducing costs while satisfying daily capacity. The aim of this paper is to develop a
model that minimizes the total cost of discontinuous coal mining and transportation, while respecting capacity
constraints and production requirements.

Key words: DISCONTINUOUS EXCAVATION, TRANSPORT, MACHINES, LINEAR PROGRAMMING, SYSTEM RELIABILITY

YBO/[, INTRODUCTION

[IpuBpenHO ApyIITBO 3a U3BOhemwe rpaheBuH- The company for construction works in
CKUX pajioBa Y PyAapcKoj MHPPACTPYKTypu U mining infrastructure and excavation of non-
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ekcrroaranujy Hemerana “Komybapa Ipabe-
BuHap~ u3 JlaszapeBua 6aBM ce IpyXameM
ycnyra u3 obmactu rpaheBuHapcTBa, mpous-
BoflOM acdainra, 6eToHa U CTONMApUje, U3-
HajM/bUBalbeM TPAHCIOPTHUX CPeAcTaBa U
MexaHu3aluje, Ipou3BOfmBOM BOhHUX caj-
HUIIA, eKCIUIoATallMjoM HeMeTana (BaTpo-
CTaJIHO-KepaMI4Ka I7INHA, kKpeurmak kao TT'K
U KapOOHaTHa CHPOBUHA, TPAHONUOPUT Kao
ATK n TTK) n npousBojm»oM Kpeua.

Op nonosuHe 2022. rogune, npexnysehe ,,Ko-
nybapa-IpaheBunap” u3 JlasapeBua aHra-
JKOBAHO je Ha IOC/Ty AMCKOHTMHYa/lTHOT OT-
KOIlaBama yI/ba Ha JIOKanurery ,Ckobam*
Y TPaHCIIOPTY OTKOIAHOT yI/ba 1O ,Jpobu-
nane“ — ,TamHaBa 3amaziHo nospe®. Y mepuo-
Iy ofi monosByHe jyHa 2022. ropyuHe 0 Kpaja
anpuia 2024. rogyHe OTKONAHO je U TpaHC-
noproBaHo 1.425.000 ToHa yrI/ba.

JIOKALINJA, OIITNC PATOBA
N IUDTAHVUPAHUM YYMHAK

Ha cnmunu 1 npukasana je fleoHUIIA IO KOjOj
ce TPaHCIIOPTYje OTKOIaHM yrak. TpaHcopT
OTKOIIAHOT yI/ba BPIIN Ce MaKaJaMCKUM IIy-
TeM (HaCyTUM II/baKOM) 11O PajjM/IAIITY/IIO-
BPLIMHCKOM KOIIy, MpPeXOM acdanTupaHux
JIOKa/HUX IIyTeBa Y OKBUPY IOBPIIMHCKOT
Koma o MarucrtpanHor myrta M22 (E-763)
(»Mbapcka maructpana®), u mame mo ,,lam-
HaBCKe MeT/be’, a 3aTUM PEerMOHATHUM Iy TeM
P145 o mecta uctosapa (Ipobunane). [Tpo-
CevyHa Jy)XVHa TPAaHCIIOPTHE [leOHMIle M3HO-
cu 17 xunomerapa.

ITocao pAMCKOHTMHYaTHOT OTKOIABama MU
TPAHCIIOpTA yI/ba OPTAaHM30BAH je€ Yy jeJjHOj
cMeHM (ca IpepacIofie/IoM paJHOT BpeMeHa)
y Tpajamy of 12 4acoBa, CBaKM JaH y TOHuU-
Hu. PajoBM Ha [IMCKOHTMHYa/lTHOM OTKOIIA-
Bamby U3BOJIe ce 1o YnpomheHoOM pygapcKoM
IPOjeKTy ,,/IMCKOHTUHYaTHO OTKOIaBamba I
TPaHCIIOPTa yI/ba Ha JTOKAIUTETY ,Ckobasm".

HJIaHI/IpaHI/I AHEBHN Yy4YMHAK Ha OTKOIIaBamby

u Tpa"cnopty usHocu 2.000 ToHa yr/ba fHEB-
HO, OTHOCHO OKO 145 m?/h.
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metals of ,,Kolubara Gradevinar® (“Kolubara
Constructor”) from Lazarevac is engaged in
the provision of services in the field of con-
struction, production of asphalt, concrete
and joinery, rental of means of transport and
mechanization, production of fruit seedlings,
extraction of non-metals (refractory ceram-
ic clay, limestone as TGK and carbonate raw
material, granodiorite as AGK and TGK) and
production of lime.

Since mid-2022, the company “Kolubara-
-Gradevinar” has been engaged in the work
of discontinuous coal mining at the “Skobalj”
site and transport of the excavated coal to
“Drobilana” - “Tamnava West Field”. In the
period from mid-June 2022 to the end of
April 2024, 1,425,000 tons of coal were drawn
out and transported.

LOCATION, DESCRIPTION
OF WORKS AND PLANNED EFFECT

Figure 1 shows the section on which the ex-
cavated coal is transported. Transport of ex-
cavated coal will be carried out by macadam
road (filled with slag) on the site/open-pit
mine, along the network of asphalted local
roads within the open-pit mine to the main
road M22 (E-763)(“Ibar Highway”), and fur-
ther to the “Tamnava Interchange”, and then
by regional road R145 to the place of unload-
ing (Drobilane). The average length of the
transport section is 17 kilometers.

The work of discontinuous mining and trans-
port of coal is organized in one shift (with the
redistribution of working hours) for 12 hours,
every day of the year. Works on discontinu-
ous excavation are carried out in accordance
with the Simplified Mining Project “Discon-
tinuous Mining and Transport of Coal at the
“Skobalj” Site.

The planned daily output on excavation and
transport is 2,000 tons of coal per day, or
about 145 m*/h.



Mogen oiimiumusayuje usbopa mexaHusayuje u MPAHCHOPTAHUX CPeGCIIABA HA UPUMEPY GUCKOHTIUHYANHOT 0TKOHABAA U TAPAHCAOPTHA Yifbd
Ha nokanuiteiiiy Ckoban (,Tamnasa 3atiagro Ilomwe") tipumerom nuneapHoi ipoipamuparea u ioysganocimiu cuciiema (97-109)
Model of Optimization of ihe Choice of Machinery and Means of Transport on iihe Example of Discontinuous Coal Mining and Transport at izhe Skobalj Site
(»Tamnava West Field“) by Applying Linear Programming bnd System Reliability (97-109)

\,/ DA Y

Crnuxa 1, IIpukas mapanchiopitite geoHuye 0g Mecitia gUCKOHTUUHYAIHOT OTUKOTLABAA
Yipa go meciia uciiosapa

Figure 1, Presentation of the transport section from the place of discontinuous
coal mining to the place of unloading

ITOJIASHE OCHOBE 3A 1I350P
MAIINHA

HeonxonHo je HarmacuTu, fia je OTKpMBKa Ha
MPOCTOPY Ha KOMe Ce BpIIM AMCKOHTUHYaI-
HO OTKOIIABAIbe yI/ba YK/IOHEHa IIpe JleceTak
TOfIMHA, TAKO Jla jeé caM TEXHOJIOUIKM IPOIeC
OTKOIaBarba M TPAHCIIOPTa yI/ba MOJE/HEH Ha
cnenehe pagHe onepanuje:

— OTKOIIaBambe yI/ba,
- yTOBap y KaMIUOHe,

— TPaHCHOPT yI/ba o [Ipobuane,
— JICTOBAp yI/ba.

360r crenyUYHNX JIOKMUIIHUX YCIOBa, raba-
pUTa MeXaHu3alyje ¥ TPAHCIIOPTHUX CPefCTa-
Ba IIpVIMEHeHe Cy JIBe BapyjaHTe 3a 00aB/bame
HIOC/Ia AVICKOHTMHYATHOT OTKOIIaBama U TPaH-
criopTa yrpa. Y Tabemu 1 far je mpukas msa-
OpaHe MexaHusauuje ¥ TPAHCIIOPTHMX Cpefn-
CTaBa ca KOjuMa ce peannsayje AUCKOHTUHYATHO
OTKOIIaBame ¥ TPAHCIIOPT yI/ba. [IpnkasaHe cy
IBe BapMjaHTe Koje MOTY 3a[JOBO/BUTY IOTpebe
TEeXHOJIOIIKOT Tpolieca (cruKa 2).

STARTING POINTS FOR CHOOSING
A MACHINE

It is necessary to emphasize that the overburden
in the area where the discontinuous coal
mining is carried out was removed about ten
years ago, so that the technological process of
coal mining and transport is divided into the
following work operations:

- coal mining,

- loading into trucks,

- transport of coal to the plant.
- unloading of coal.

Due to the specific reservoir conditions, the
dimensions of the machinery and the means of
transport, two variants were used to perform
the work of discontinuous excavation and
transport of coal. Table 1 provides an overview
of the selected machinery and means of
transport with which continuous mining and
transport of coal is carried out. Two variants
are shown that can meet the needs of the
technological process (Figure 2).
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Tabena 1, IHupu uszbop mexanusayuje u WPAHCUOPIIHUX cpegciiiasa

Table 1 Wider choice of machinery and means of transport

Papna onepanuja
Bapujanta Mammraa Working operation
Variant Machine Vickon YroBap Tpancnopt 1 ucToBap
Excavation Loading Transport and unloading
| barep / Bagger 0 O
Kammon / Truck O
bynposep / Bulldozer ]
2 YroBapusau / Loader O
Kamuon / Track O

BapujanTa 1

l T BapwujanTa 2

Cauxa 2, Ilpukaz mexnonowkoe npoyeca no apujanmama

Figure 2, Presentation of the technological process by variants

C 063upoM Ha rope M3HETO, [Be BapujaHTe
pasMarpama TEXHOJIOIIKOT Mpolleca 3a MINC-
KOHTVMHYa/THO OTKOIIABaIbe 1 TPAHCIIOPT yI/ba
CBOJle Ce Ha [IBAHAECT Bep3Mja PafHUX rpyma
mamnHa (cmka 3 u tabena 2).

In view of the above, the two variants of
considering the technological process for
discontinuous coal mining and transport are
reduced to twelve versions of machine working
groups (Figure 3).

1
o]

Cnuxa 3, Moeyhe eep3uje mexnonowkoe npoyeca

Figure 3, Possible versions of the technological process
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ITOJIASHM ITAPAMETPU

Y HapenHOj Tabemu 2 IpUKa3aHM Cy IOTA3HK
IapaMeTpy MeXaHM3allMje ¥ TPaHCIOPTHUX
cpefcTBa Koja ce KOPUCTH Y TIOC/Ty U Ha OCHOBY
KOjux 61 Tpebaso fa nobujemo (13abepemo) om-
TUMajHy BapujaHTy. [log oBuM mapamerpuma ce
HofipasyMeBajy BpCTa U TUII MaIllMHe, LieHa paj-
HOT CaTa, IOY3/JAHOCTH Y TPAKTUYHU YIMHAK U
IIpey3eTy Cy U3 JOKYMEHTAlMOHOI MaTepujasa
npenyseha ,,Konybapa-Ipabesnnap®

STARTING PARAMETERS

The following table 2 shows the initial parame-
ters of machinery and means of transport used
in the business and on the basis of which we
should obtain (choose) the optimal variant.
These parameters include the type and kind of
machine, price of working hours, reliability and
practical performance which are taken from
the documentation material of the company
«Kolubara-Gradevinar».

Tabena 2, Ilogayu o mexanu3auuju u paHcHOPIHUM CPegCiieuma

Table 2, Data on machinery and means of transport

Yyunak
Performance
i Bpcra mammze | OsHaka Mapka u Tun He}ll—?(,}iillm?;tzam IoyspanocT [m’/h]
) Machine Mark | Brand and type Y Reliability :
[€/h] BapujanTa
Variant
1. 2.
] | 1 [Pynmosep d |Caterpillar CAT D6 100,00 0,9375030 379
Bulldozer
| | 2 |Pynmosep D |Caterpillar CAT D8 135,00 0,9544080 558
Bulldozer
2 | 1 |Parep b  |LiuGong 925E 66,70 0,9548700 | 135
Bagger
2 | 2 [Parep B |Hyundai R290E 70,00 0,9604560 | 146
Bagger
3 | 1 |YToBapusad u  |LiuGong CLG 856 67,50 0,9655170 437
Loader
3 | o |YToBapusal U |XCMAG ZL50GV 76,00 0,9664940 470
Loader
401 ?f;ﬁ”k“"* k  |Iveco Trakker (8x4) 61,00 0,8749970 122 | 12,8
412 ?fi’éﬁo‘* K [Iveco Trakker (4x2) 63,50 0,8964060 | 17,1 | 18,1

JEOVHVICAILE OYHKUMJE M PEHIEILE
(KOHAYHU M350P MAIINHA)

IInpHa QyHKIMja je KOHILENT KOji ce 4ecTo
KOPUCTH y MaTeMaTU4IKOM IIpOrpaMupamy U
OIlepalIOHNM HCTpaXuBamuma. To je Mare-
MaTHYKM M3Pa3 KOju Tpeba ONTMMM30BATH,
OOHOCHO MaKCUMM3NpPpATU MIN MUHVIMNU3VpPpaA-
TI, Y OKBUPY 3a[aTor IpobieMa ONTUMMU3a-
mje. InpHa GyHKIMja 06MYHO 3aBUCH Off jefi-
HOT VI BUIIIE€ IMIPOMEH/BMBUX M MOXXE MMATU
pasmunTe OOMMKe, Y 3aBUCHOCTY Off IPUPOJie
npo6nema. Hekn o7 OCHOBHIX acrieKaTa Iib-

He QyHKIVje Cy:

DEFINING THE FUNCTION AND
SOLUTION (FINAL SELECTION
OF THE MACHINE)

A target function is a concept that is often used
in mathematical programming and operations
research. It is a mathematical expression that
needs to be optimized, that is, maximized
or minimized, within a given optimization
problem. A target function usually depends on
one or more variables and can take different
forms, depending on the nature of the problem.
Some of the basic aspects of the target function
are:
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- neduHMCame pobemMa (KOHKPETHY 1{U/b),
~ IIPOMEH/BUBE,
~ OrpaHMYeba.

[lwpHa QyHKIMja MOXKe Ce HaIMCaTy Kao:

Fmin: Z

i=1, Ny, j=
e cy:
Crsij - 1leHa pajHor cata Mainse [€/h];
P, - mOysjaHOCT MalIMHE;

Up, — npakruyan yunsax Mamuse [m/h];

X, - 6poj MaruHa;
N - 6poj pas3nmMunTMX BpCTa MallMHA Y Ba-
pujanTH k.

YcnoBu orpannyen-a n3paskapajy ce IpeKo jef-
HaylHe:

1n

— definition of the problem (specific objective),
— variable
— restrictions.

The target function can be written as:

Crs,-]- €
P,;-Up i [E]
ST ik

where they are:

Crs, — the cost of working hour of the machine
[€/h];

Pij — the reliability of the machine;
Up, - the practical effect of the machine [m?/h];
Xg — the number of machines;

N - the number of different types of
machines in variant k.

The conditions of restriction are expressed in
terms of the equation:

n;

m3]
Epij'Upij,k'XiZQd Ny Ai=1,N; x5 =20
j=1

e je:

Q, - IHEBHM KaraljuTeTe Ha MCKOHTIHYaTHOM
OTKOIIaBakby 11 TPAHCIIOPTY yI7ba [m*/h].

BAPUMJAHTA 1

IlwpHa dyHKIMja KOjy Tpeba MUHUMUSKUPATH je:

135 146

nF,= X
M 1= 66.7:0.95487

where they are:

Q, - daily capacities for discontinuous coal
mining and transport [m*/h].

VARIANT 1
The target function to be minimized is:

12,2 17,1

+ . —+ . —+ .
70-0,960456 Xp 61-:0,874997 X 63,5-0,896406 Xi

minF;=2,12-X,+2,17-X,+0,229-X;+0,3-Xx

Orpannyema LybHe QyHKIHje Cy:

The limitations of the target function are:

1. 66,70,95487-X,+70-0,960456-X5>145
63,7-Xy+67,2-Xp>145

2. 61-0,874997-X,+63,5-0,896406-X>145
53,4-X,+56,9-X,>145

HlobujeHe BpemHOCTH, pafy MPErIefHOCTI
IpuKasaHe Cy y ,,simplex“ rabemn 3:
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For the sake of clarity, the obtained values are
shown in the “simplex” table 3:
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Tabena 3, Jlobujere spegrocitiu iipomermpusux S;, S, u F

Table 3, Obtained values of variables S,, S, and F

[Tpomen/brBa C1060mHY YIaH
Variable X, X, X, X Free item
S1 129 140 0 0 145
S2 0 0 10,7 15,3 145
F -0,517 -0,499 -8,52 -6,1 0
BAPUJAHTA 2 VARIANT 2

LwpHa dyHKIMja KOjy Tpeba MYUHIMUSHUPATH je:

379

558

The target function to be minimized is:

437

e X+ X+ X+
T = 700-0,937503 9" 135-0.954408 P 67.50.965517 *

470

12,8

17,1

+ . + . _|_ .
760,966494 V" §1:0,874997 %" §3.50,896406 *X
minF y=4,04-X,+4,33-Xp+6,71-X,+6,4-X+0,24-X,+0,3- Xy

Orpanndema unbHe QyHKIUje Cy:

The limitations of the target function are:

1. 100-0,937503-Xy+135-0,954408-X>145
93,8:-X,+129-Xp>145

65,2:-X,+73,5-X>145

67,5:0,965517-X,,+76-0,966494-X,>145

3. 61-0,874997-X;+63,50,896406-X>145
53,4-X,+56,9-X,>145

Ilo6ujeHe BpeHOCTH, Pajiyt PET/IEHOCTH IPH-
KasaHe Cy 'y ,,simplex” Tabemn 4:

For

the sake of clarity, the obtained values are

shown in the “simplex” table 4:

Tabena 4, Jobujere spegrocitiu tipomerpusux Sy, S, Sz u F
Table 4, Obtained values of variables S,, S,, S; and F

i B N N N N
S, 355 533 0 0 0 0 145
S, 0 0 422 454 0 0 145
S, 0 0 0 0 11,2 15,3 145
-0,281 -0,253 -0,16 -0,167 -8,13 -6,1 0

Periterbe nMHEAPHOT MPOrPAMCKOT MpobieMa
U3BPIIEHO je KopuihemeM IPOrpaMcKoOr aja-
Ta Excel Solver:

IIpBu KOpaK, 3a BapujaHTy 1 je yHOC ITojlaTaka
y Excel pagum nmucr:

YHoC koedunmjeHara umwbHe GyHKIMje 1
orpaHmyema y Excel Taberry.

Bpennoctu mweHe QyHKUMje ce yHOCE: y
henujy B3, 135 (Bpennoct 3a X, ), y hennjy

The solution of a linear programming problem
is accomplished using a programming tool
Excel Solver:

The first step, for variant 1, is to enter the data
into an Excel worksheet:

Entering target function coefficients and
constraints into an Excel table.

The values of the target function are entered:
in cell B3,135 (value for Xb), in cell C3,146
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C3, 146 (Bpennoct 3a X,), y hemnjy D3,
12,2 (Bpemuoct 3a X, ) u y hennjy E3, 17,1
(Bpennoct 3a X, ).

BpenHocTn 3a orpaHuueme Ly/bHE (QYHK-
nuje ce yHoce: y henujy B7, 63,7 (BpegHOCT
3a Xb), y henujy C7, 67,2 (Bpennocr3a X,), y
henujy D8, 53,4 (Bpennoct 3a X ) u y henmjy
E3, 56,9 (BpegHOCT 3a XK). Y hennje D7, E7,
B8 n C8 ynocu ce BpenHocT 0 (Hyrna).

YHOC MHMIVja/THUX BPETHOCTH.

Y henuje B4, C4, D4 n E4 yrocu ce 0 (nyna),
uHuumjanae spegHoctn 3a X, X, X, n X, .
Yroc dpopmyrna 3a WbHY QyHKIH]Y.

Y hemmjy F3 yHocm ce dopmyma
=SUMPRODUCT(B3:E3;B$4:E$4).

YHoc popMyria 3a OrpaHuYebe.

Y hemjy F7 yHocu ce ¢opmyna
=SUMPRODUCT(B7:E7;B$4:E$4).

Y hemjy F8 yHocm ce ¢opmyna
=SUMPRODUCT(B8:E8;B$4:E$4).

YHoc ¢opmyna 3a ycBojeHe (KOHadHe)
BPEHOCTH — 3a0KPY>KMBatbe MHNIIV]jaTHIX
BpegHOCTM (Ha 1ipBU Behw, e 6poj).

Y hemnjy B9 yHocm ce dopmyma
=ROUNDUP(B4;0).
Y hemjy C9 yHocm ce ddopmyna
=ROUNDUP(C4;0).

Y hemjy E9 yHocm ce ¢opmyna
=ROUNDUP(E4;0).

(value for XB), in cell D3,12,2 (value for Xk),
and in cell E3,17,1 (value for XK).

The values for the target function constraint
are entered: in cell B7, 63.7 (value for Xb),
in cell C7, 67.2 (value for XB), in cell DS,
53.4 (value for Xk), and in cell E3, 56.9
(value for XK). In cells D7, E7, B8, and C8,
enter the value 0 (zero).

A few initial values.

Cells B4, C4, D4, and E4 contain 0 (zero),
the initial values for Xb, XB, Xk, and XK.

A formula for a target function.

In cell F3, enter the formula =
SUMPRODUCT(B3:E3; B$4:E$4).

A formula for the restriction.

In cell F7, enter the formula =
SUMPRODUCT(B7:E7; B$4:E$4).

In cell F8, enter the formula =
SUMPRODUCT(BS8:E8; B$4:E$4).
Entering formulas for adopted (final) val-
ues — rounding the initial values (to the
first larger, integer).

In cell B9, enter the formula =
ROUNDUP(B4;0).

In cell C9, enter the formula =
ROUNDUP(C4; 0).

In cell B9, the formula = ROUNDUP(E4; 0).

A B D E F
Xp Xy Xk
DyHKUMK]A
_y u, . 0,517 8,52 6,1 0
3 |Function
MHWuMjanHe
BpeaHOCTH 0 0 9,47712
a4 |Initial values
5 -
6 —
OrpaHuyerba
o 129 0 1] 0
7 | Limitations
8 | 0 10,7 15,3 0
YcBOjeHe BpeaHOCTH
Bojene BpeA 0 0 0 0
9 |Taken values

Cnuxka 4, Vsineg pagrot nucitia y Excel-y fiocne yHoca iogaitiaka (3a sapujaniiy 1)

Figure 4, Layout of a worksheet in Excel after data entry (for variant 1)
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- YHoc popmyIie 3a MCIIUCUBabe TaYHE BPeJ-
HOCTM TIOCTIe pelllerha LV/bHE (QYHKIMje 1
YCBOj€HUX BPESHOCTH.

Y hemjy F9 yHocm ce dopmyna
=SUMPRODUCT(B9:E9;B$3:E$3).

Wsrnen Excel pagHOT MMCTa ITOCTIE YHOCA TOfiA-
TaKa OIMCAHOT Y IIPBOM KOpaKy IpMKa3aH je
Ha cnuuu 4.

IOpyrun Kopak, 3a BapMjaHTy 1 je IOKpeTame
nporpamckor anara Excel Solver.

- OrBapame Excel Solver.

Ha xaptuny Data (Podaci) y Excel-y rpynn
Solver xuknyTH Ha Solver'.

- TlocraBmame nmapametapa y Excel Solver.

Kapa ce orBopu kapruia Solver Parameters
y Set Objective: HeoxomHO je M3abpaTu
henujy F3 (henmja ca umpHOM dyHKIIjOM).
Koz onuje To: msabparty gyrme 3a omumjy
Min.¥Y onunju By Changing Variable Cells:
usabparu hemmje ox B4 no E4.

- ,[[onaBaH,e OrpaHmnvemAa.

Kmukuytn Ha pyrme Add. Y xaptunm
Add Constraint, y nposopy Cell Reference:
usabparu hennjy B7, a y nposopy Relation:
usabparu “>=" u Ha Kpajy y nposopy Con-
straint: ynucatn 145 (WiaHMpaHM THEBHU
yumrHak) (cnmka 5). 3aTuM IOHOBO Tpeba
HpUTUCHYTU AyrMe Add pma 6u ce mopma-
N0 #pyro orpanmdeme. Y mposopy Cell
Reference: nzabparu hemnjy C7, a y npo-
30py Relation: usabpatu «>=» 1 Ha Kpajy y
nposopy Constraint: noHOBO ymucaru 145.
C 0063upoM fa Cy yHeTa CBa OrpaHNYerba,
noTpe6Ho je mputrcHyTH fyrme OK, ma 6u
ce Bpatunu y mposop Solver Parameters.

Cell Reference:

SFS7 2| |>=

- Entering a formula to print the exact value
after solving the target function and the ad-
opted values

In cell F9, enter the formula =
SUMPRODUCT(B9:E9; B$3:E$3).

The layout of the Excel worksheet after entering
the data described in the first step is shown in
Figure 4.

The second step, for variant 1, is to run the
Excel Solver programme tool.

- Opening Excel Solver.

On the Data tab in Excel, in the Solver
group, click Solver'.

- Setting parameters in Excel Solver.

When the Solver Parameters tab is opened
in Set Objective: it is necessary to select
cell F3 (the cell with the target function).
To option: Select the button for the Min
option. In the By Changing Variable Cells
option: select cells from B4 to E4.

- Adding restrictions

Click on the Add button. In the Add
Constraint tab, in the Cell Reference: select
cell B7, in the Relation: select “> =" and
finally in the window Constraint:, type 145
(planned daily output) (Figure 5). Then
the Add button should be pressed again to
add another constraint. In the window Cell
Reference: select cell C7, and in the window
Relation: select “> =" and finally in the
Constraint window, type 145 again. Since
all the constraints have been entered, you
need to press the OK button to return to the
Solver Parameters window.

Constraint:

145

2

Add Cancel

Crnuxa 5, Ilpuka3 kapiauue Add Constraint (ynoc ipsoi oipanuuerva Xb y sapujanitiv 1)

Figure 5, Display of the Add Constraint tab (entering the first constraint Xb in variant 1)

1 Axo ce He B KOMaH/a Solver HEOIIXOHO je MHCTAIN-
paru Solver Tako 1to ce opie y Excel Options y rpymy Add-ins.
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- W36op metope paga Solver-a.

Y mposopy Select a Solving method:
usabparu Simplex LP.

Set Objective: SFS3

To: O Max O Min

By Changing Variable Cells:
SBS4:SES4

Subject to the Constraints:

- Choice of Solver’s working method.

In the Select a Solving method window:
select Simplex LP.

>

() Value Of: 0

I

SFS7 »>= 145
SFS8 >= 145

o Add

Change

Delete

Reset All

Load/Save

(] Make Unconstrained Variables Non-Negative

Select a Solving
Method:

Simplex LP

Solving Method

¥ Options

Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP
Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver

problems that are non-smooth.

Help

Solve Close

Cruxa 6, Hzeneo xapmuye Solver Parametars nocie yHoca nooamxka 3a npgy 8apujamunty

Figure 6, Appearance of the Solver Parameters tab after entering data for the first variant

- Tlokpetame Solver-a.

- TIlocne yHoca cBux moparaka (cmmka 6)
HEOIIXOZHO je HpUTUCHYTM Ayrme Solve.
OtBopuhe ce xaptuua Solever Results rae
Tpeba IPOBEpUTH fia /U je M3aOPaHO OKHO
Keep Solver Solution (3amp>xaTu peleme
Solver-a), a 3atum nputncuyt OK.

Hakon yHoca nogataka, Excel Solver he nzpauy-
HATJ ONTVMAaJTHe BPEJHOCTY 3a IIpOMeH/blBe Xb,
XB, Xk nXK, xoje MMHNMM3Yjy IM/bHY DYHKIM]y
Y3 3a/I0BO/beHE JIATUX OTpaHNdera. Pesynratn
he 6wty npukasann y hemmjama B4, C4, D4 n E4,
nok he MuHVMaNTHa BpegHOCT LWbHe (QyHKIMje
6ty npukasana y henuju F3 (cnuka 7).
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- Launch of the Solver.

- After entering all the data (Figure 6), it is
necessary to press the Solve button. The
Solver Results tab will open where you
need to make sure that the Keep Solver
Solution pane is selected, and then press
OK.

After entering the data, Excel Solver calculates
the optimal values for the variables Xb, XB, XKk,
and XK, which minimize the target function
while satisfying the given constraints. The re-
sults will be displayed in cells B4, C4, D4, and
E4, while the minimum value of the target
function will be displayed in cell F3 (Figure 7).
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A | B | C | D | E | F 1
X5 Xg Xy Xy
HHEUM]a
‘_W u, J 0,517 0,499 8,52 6,1 58,327
3 _|Function
MuuunjanHe
BpeaHOCTH 1] 1,03571 0 9,47712
4 | Initial values
6
OrpaHuuerba
N 129 140 0 0 145
7_ Limitations
| 0 0 10,7 15,3 145
YceojeHe BpeaHOCTH
0 2 0 10 61,998
9 |Taken values

Cnuxka 7, Wsineg pagroi nucitia y Excel-y ca gobujenum pewterouma iiocze ipumere
apoipamcxol anaitia Excel Solver (3a sapujaniiy 1)

Figure 7, Layout of a worksheet in Excel with the resulting solutions after applying
the Excel Solver program tool (for variant 1)

Pemteme 3a Bapujanry 1 je: The solution for variant 1 is:

szo; XBZZ,' szo,'XKZIO

€
minF1=62,00—3
m

C 063upoM Ja je MOCTYIAK yHOCA HOJaTaKa 3a Since the data entry procedure for Excel Solver
nporpamcku anat Excel Solver getapHO ommcaH is described in detail in Variant 1, for Variant 2,
y BapujaHTH 1, 3a BapujanTy 2 camo he ce mpuka- only the appearance of the worksheet in Excel
3aTy M3IVIe] pafHor micta y Excel-y mocne mpu- after applying Excel Solver will be displayed
MeHe nporpamckor anara Excel Solver (cmuka 8). (Figure 8).
A | B | c | D | E | F | G | H |
74| Xa Xp Xy Xy X Xk
DyHKUM]a
S 0281 0253 0,16 0,167 813 61 57,9326
3 |Function
MHuumMjanHe
BpEegHOCTH 0 0,27205 0 0,31938 0 9.47712
4 |Initial values
57
67
OrpaHuyerba
A 355 533 145
7 |Limitations
8 | 422 454 145
9| 11,2 15,3 145
YcBOjeHe BpeHOCTH
0 1 0 1 0 10 61,42
10 |Taken values

Cnuxa 8, Vsineg pagroi nucitia y Excel-y ca gobujenum pewerouma iiocne iipumene ipoipamcxoi anaitia Excel
Solver (3a sapujaniiiy 2)
Figure 8, Layout of a worksheet in Excel with the resulting solutions after applying the Excel Solver program tool
(for variant 1)
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Pememe 3a Bapujanty 2 je:

The solution for variant 2 is:

XdZO"XD:];Xu:Oﬁ'XU:];Xk:O;XKZIO

) €
mmF2=61,4ZF

Ha ocHOBY mobujeHyx pelema fom1as3n ce 0
3aK/byuKa Jla BapujaHTa 2 }MMa MUHMMAJHY
BPeJHOCT LybHe (YHKIVje M 3a/jaTUX Orpa-
HIYema:

Fzmin{F],'F2}=F2=6],42

[IpakTiyaH y4MHAaK pajioBa 3a 1M3abpaHy Ba-
pujanty 2 (6ynposep Behu — yropapusau Behn
— KaMMOH Behn) nsHocu:

On the basis of the solutions obtained, it is
concluded that variant 2 has a minimum
value of the target function and the given
constraints:

m3

h

The practical effect of the works for the selected
variant 2 (bulldozer larger - loader larger —
truck larger) is:

nj
U radova=Min Z)q-, PyUpy. k=2t =1-0,9544080-558+1-0,9664940-470+10-0,8964060-18, 1
J=1

3 1’1’13

m
Uy radova=min {535;454;160}=160—>145—

3AK/bYYAK

BapmjanTa 2 je nsabpana jep ¥Ma MUHMMAJHY
BPeHOCT IjybHe QYHKIIMje U 3alaTUX YCIOBa
orpaHndema. Ha 0CHOBY 13abpaHOTL, Ipolietbe-
Ha BPEJHOCT PajjoBa Ha JVICKOHTUHYa/THOM OT-
KOIIaBamby 1 TPAHCIIOPTY yI/ba M3HOCK 61,42 €/
m’. 3a peanusanujy, 6uno 6u nmorpe6bHo Aa ce
aHraxyje jenau (sehu) 6ynnosep, jenan (Behn)
yToBapuBad u fecet (Behux) kammoHa.

Pasnuka y unenu usmeby BapmjanTe 2 u Ba-
pujanTte 1 n3nocnu 0,58 €/m?, ogHocHO 0,944%.
Kop xommumHa o Ha mpuMep MWIMOH Kybuka
yI/ba, pasnuka je 580.000 €.

Kao k/by4HO orpaHmdeme oBOr Mofiena Hamehe
ce HeMOTyhHOCT car/eflaBara CBUX pealHIX yc-
JIOBa Ha TEPEHY U HEMOBO/bHA TAYHOCT YIa3HUX
noyjiataka. Y Cydajy IpoMeHe IapameTapa Mo-
zen 61 maBao Apyraumje pesyntare. HeomxonHo
jé UCIIUTAT HerOBY OCET/bUBOCT Y 3aBUCHOCTH
Of IpOMeEHE CBAKOT Off Pe/leBaHTHIUX ITapaMeTapa
Kako 611 ce IIPOHAIIN OHM KOju MIMajy HajBehn
YTHITAj U KaKo 61 ce MCTMMa IOCBeTH/Ia ITocebHa
MaXEa Y CMUCTY TIaXK/bUBHUjEr OCMaTparba 1 He-
TIeXeHa PeATHNX BPEMHOCTIA.
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CONCLUSION

Variant 2 is chosen because it has a minimum
value of the target function and the given
constraint conditions. Based on the selected, the
estimated value of the works on discontinuous
mining and transport of coal is 61.42 €/m®. To
achieve this, it would be necessary to hire one
(larger) bulldozer, one (larger) loader and ten
(larger) trucks.

The price difference between variant 2 and
variant 1 is 0.58 €/m?, or 0.944%. For example,
one million cubic meters of coal, the difference
is €580,000.

The key limitation of this model is the inability
to perceive all real conditions in the field and
insufficient accuracy of the input data. In case
of changing the parameters, the model would
give different results. It is necessary to examine
its sensitivity depending on the change in each
of the relevant parameters in order to find those
that have the greatest impact and to pay special
attention to them in terms of more careful
observation and recording of real values.
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OnrtumanaH n360p MexaHM3aLuje M TpPaHC-
HNOPTHUX CpeICTaBa 3aBUCU Off CMamberba
TPOULIKOBA Y3 33/[0BO/bEIbe Kallal[UTeTa U 10Y-
37,aHOCTI. Mogiesn IpMKa3aH y 0BOM Pafy, Ipy-
a JoOpy OCHOBY 3a JIOHOIIEeHE OJJIyKe IpK
n360py MexaHM3alyje ¥ TPAHCIIOPTHUX Cpefi-
CTaBa IIpM IVCKOHTUHYATTHOM pajy.
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Caxerak: Y pagy je gaili tipuxas ieonowikux gociiuinyha itioxom 88 loguwirel wipajaroa ieonowKux Uciipa-
scusara. Konybapcku yimocnu 6acen, ca uenttpom y /lasapesuyy, Hanasu ce apubnuxcro 50 km jyxcro og Beo-
ipaga. OcHoBHA MUHEPANHA CUPOBUHA je MeKU MPKU Yyiam — aulnuill. Exciiznoaiiayuja muiHuitia epuiu ce Ha
HEKONIUKO TOBPUIUHCKUX KOT1084d, 0g KOjux cy Heku 3ailovenu ca pagom floueitikom 50-itiux ioguna XX eexa.
Hocunay, pygapckux axitiusrocitiu je pygHux PB ,, Konybapa“. Tpenyitito, ioguuitba ipou3eogrba Ha c6UM aKiti-
sHUM kotiosuma usHocu =30Mt nuinuitia. Omikofiane Konu4uHe TUTHUILAG Kopucilie ce y illepmoeHepieilicKum
kanayuitiediuma — TE ,Hukona Tecna A u B - 3a tipoyec tpoussogre enexitipuute enepiuje. Osaj pygrux
ipegciniasmpa oKoCHUYY pygapcke u enepieiticke tpuepege Cpbuje. Ieonowika ucilipaxcusarba 3aiiouend cy
3HAUIHO ipe otlisaparba Ho8PUUHCKUX KOTI08a, HAgose3yjyhu ce Ha jamcKy ekciinoattiauujy nuiHuina, Koja je y
osom peiuony 3aiiouena kpajem XIX eexa. Caspemera ieonowika ucitipaxusarea ioeesyjy ce ca oveuyuma uc-
wipaxcHoi 6ywerva 1936. iogune. Toxom 8 geueruja ucitipaxcusarba ce u3soge y KOHMUHYUHely, u ipegciioju
aza 0b6umnoi gogaitinoi ucimipaxcroi 6ywera. Og tpsux ioguna paga, Ha dpocitopy og 220 km? usbyuiero je
suute og 7.400 ucitipaxcHux 6ywottiuna u ucitipaxcero je suue og 4.100.000.000 t nuinuitia. Toxom tipoitieknux
32.000 ieonowxux gana ieonozu Konybape cy Heiipekugro Ha céaka 4 gana gogasanu iio jegHy HO8Y UCTHPARHHY
Oywothiuty yKyiiHom QoHgy ieonouike gokymeriayuje.

K)I)y‘ﬂ-[e peun: TEOJIOTUJA, PYIAPCTBO, UICTPAJKMBAIDA, ICTPAJKHO BYIIEILE

Abstract: This paper presents a brief overview of the geological achievements during 88 years period of
continuously geology explorations. These geological explorations of coal span two centuries (the XX and XXI
centuries) and are still ongoing Kolubara Coal Basin, with its center in Lazarevac is located 50 km south of
Belgrade. The basic mineral raw material is soft brown coal - lignite. The exploitation of lignite is carried out
on several surface mines, some of which began to operate in the early 1950s. The carrier of mining activities is
a mine Kolubara Coal Mines (KCM'). Currently, annual production on all active mines is =30Mt lignite. The

1 KCM — Kolubara Coal Mines
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88 foguna ieonowkux uctpaxusanja nuinuta y Kony6apckom YimorocHom 6aceny, Cpbuja - iogure uctpaxcroi 6yuierva (og 1936 go 2024. iogune) (111-127)
88 Years of Geological Exploration of Lignite in the Kolubara Coal Basin, Serbia - Years of Exploration Drilling (Since 1936. up to 2024. Year) (111-127)

entire quantities of lignite dug out are used in Thermal Power Plants ,,Nikola Tesla A & B for the electricity
generation process. As such, this mine is the backbone of the mining and energy industries of Serbia. Geological
exploration began well before the opening of surface mines, building on the underground mining of lignite,
which began in this region at the end of the 19th century. Modern geological exploration is related to the
beginnings of exploratory drilling in 1936, and over the course of 8 decades, exploration has been carried
out continuously. In early 2024, a phase of extensive additional exploratory drilling is forthcoming. Since the
first years of operation, more than 7.400 exploratory boreholes have been drilled in an area of 220 km2; >
4.100.000.000 t of lignite has been explored. Over the past 32.000 geological days, Kolubara geologists have
continuously added one new exploration borehole every 4 days to the total geological fund of documentation.

Key words: GEOLOGY, MINING, EXPLORATION, DRILLING, BOREHOLES

PETMIOHAJIHM ITOJIOKAJ KOJIYBAPCKOTI'
YITbOHOCHOI bACEHA

Jlexxumita nuranta ,Komybapa“ geo cy komy-
Gapckor yr/boHOCHOT OaceHa. IToBpumHa 6a-
ceHa je 220 km* u Hamasu ce 3amagHoj Cpou-
ju, Ha 50 km jyxno oxn Beorpama (Cnuxa 1).
Kony6apcku yrivonocHn 6acen usrpabet je on
MeTaMOp(I)HI/IX, MarmMaTCKux 1" IPBEHCTBEHO
cemMMeHTHIX cTeHa Ilameosonka, Mesosouka
u Kenosouxa.

REGIONAL SETTINGS OF KOLUBARA
COAL BASIN

Kolubara Coal Mines (KCM) are part of Kolubara
Coal Basin. It seats in western Serbia, 50 km
southwest of Belgrade with 220 km? area (Figure
1). Kolubara Coal Basin represent a complex
metamorphic, magmatic and sedimentary litho-
logical suite of Paleozoic (Pz), Mesozoic (Mz) and
Cenozoic (K) age.

Cnuxa 1, IIpeinegna ieoipagcka maiia jyioucitioune Eépoiie ca iosuyujom konybapckoi
yimonocHoi 6acena (6ena iwauxa), 50 km jyxno og Beoipaga

Figure 1, Overview geographic map of southeastern Europe with Kolubara Coal Basin
position (transparent dot), 50 km south of Belgrade

VNCTOPUJAT T'EOJIOIIKNX
VNCTPAJKVIBAIbA

CpennaoMm 30-MX TOOMHA [JBafieCeTOr BeKa
[I0YMIbY CaBpeMeHa TeOJIOlIKa MCTpaK/Bamba
OBOT nofipyyja. IIpBa ncTpaxuBama rodena cy
1936. ropuue Oyiremem 17 OYLIOTIHA, Ca OKO
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HISTORY OF KOLUBARA COAL MINES
GEOLOGY EXPLORATIONS AT THE
BEGINING

During the twentieth century, at mid-30s start
modern geological research in this area. The
first explorations began in 1936 with the drilling
of 17 boreholes, with about 1,600 m of drilling.
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1.600 m 6yurema. byureHo je crapum Trnosuma
MCTPaKHUX rapHUTYpa (cnmKa 2).

It was drilled with old types of exploratory
drilling rigs, so-called shot drilling (Figure 2).

Cnuxa 2, Citiapu iiuti iapHuiiiype 3a UCTHPANCHO Oyulerbe; PYHHO UL MAUUHCKO TIOKpeiliatbe
6ywahux wiuiiku; kapaxidepucitiuuro 3a iepuog ipe I ceeitickoi paitia (www. Wikipedia.com)

Figure 2, Old type of exploratory drilling rig; manual or mechanical starting of
drill rods; characteristic before World War I1 (www. Wikipedia.com)

Hajsehn 6poj 6yuroruna Hamasu ce y pejoHy
cena Bpeonu, Ha NpocTOpy flaHaC IIO3HATOM
Kao nospe [I. HakoH Tux npBux 365 reoIomKmnx
TlaHa, Te0JIo3M CY JIeMMMIYHO CXBAaTWIN MOp-
dororujy yr/peHor cioja, a ia Cy MOIIU, KOM-
HjyTepckyu 6M MOJeNnupanyu IOAVHY YITbEHOT
cnoja (cnuka 3).

The largest number of boreholes are located in
the region of the village of Vreoci, in the area
known today as field D. After those first 365
geological days, geologists partially observed
the morphology of the coal seam, and if they
could, they would have modeled the bottom of
the coal seam on a computer (Figure 3).

Cnuxa 3, Bywotiune us 1936. iogune y aitiapy cena Bpeoyu, ganac ilo3Hailiujem Kao iospuiUHCKY KOl
wIome I 3] mogen iloguHe inasnoi yimeroi cnoja Ha 6a3u ek HeKOTUKO 6YuoTHUHA

Figure 3, Boreholes from 1936. year in the area of the village Vreoci, today better known as the open pit ,,Field D
3D floor model of the main coal seam based on just few drill holes

TUITIOBU BYINA'RMX TAPHUTYPA TTOCJIE
40-tux 1O JAHAC

ITocne Tora, Kao Hu 3a Bpeme JIpyror cBeT-
CKOT paTa, Huje 6uao Oyiewa. [IpBa Hapen-

TYPES OF DRILLING SETS AFTER 40’s AND
UP TO THESE DAYS

After that period, as well as during World War
II, no drilling was done. The first subsequent
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Ha OymoTuHa m3bymieHa je 1945. ropmee, a
HaKOH TOTa Ce CBe BIIIIE 6yu11/mo. Opn 1945,
[0 [aHAaC, TeOJIOIIKa MCTPaKMBalba Ce BpIle
KOHTVHYMPAHO, WUCTPOXHMM OyllemeM ca
jesrpoBameM ca IOBpIIVHE TepeHa. VcTpa-
XMBama Cy Oua ycknaheHa ca pasBojeM HOBp-
IIMHCKUX KOIIOBA, a Y MOjeAMHUM JelleHrjaMa
ce BuIe OyInia UCTOYHA, a IOTOM U 3alajHa
nonosuHa Komy6apckor YrpoHocHor baceHa.
Takobhe, BpemeHOM je y ymorpebu 6mmo cse
BUIIIe CaBpeMeHMX TuIoBa ypebhaja 3a Oymieme
(cnuxe 4-7).

well was drilled in 1945, and after that, more
and more were drilled. Observed up to the
present day, geological research is carried out
continuously, using exploratory drilling with
coring from the surface of the terrain. Research
was coordinated with the development of
surface mines, and in some decades the eastern
and then the western half of the Kolubara coal-
bearing basin was drilled more. Also, over
time, more and more modern types of drilling
rigs were in use (Figures 4-7).

Cnuxa 4, Tuii iapHuitiype 3a UCTpaicHo byulerve Kapaximiepucimiuan
3a iepuog Haxon 11 ceettickoi paitia (www. Wikipedia.com)

Figure 4, Type of exploratory drilling rig typical of
the period after World War 1I (www. Wikipedia.com)

Cnuka 5, Tuii iapHutiiype 3a UCpaicHo Oyuierve KApaKimlepuciiudan
3a tepuog 70/80-iwmux ioguna XX eexa (www. Wikipedia.com)

Figure 5, Type of exploratory drilling rig typical
for the period of the 70s/80s of the 20th century (www. Wikipedia.com)
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Cnuxa 6, Tuii iapHuiilype 3a UCTAPANHO Oyulerve KAPAKTAEPUCTIUYAH 30 Hepuog
90-tmiux ioguna XX eexa (www. Wikipedia.com)
Figure 6, Type of exploratory drilling rig typical
of the 1990s of the 20th century (www. Wikipedia.com)
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Cnuxa 7, Tuii iapruitiype 3a UCipaicHo byuierve Kapaxilepuciiuuan
3a noueitiak XXI sexa (www. Wikipedia.com)
Figure 7, Type of exploratory drilling rig typical of the beginning
of the XXI century (www. Wikipedia.com)

VCTPAJKHO BYIIEILE ITO JEKATAMA BORE DRILLING BY DECADES

Toxom mpoteknux 88 ropmMHa y PYSHUKY At last 88 years at KCM were performed a suite
»Komybapa“ je o6aB/beH HM3 pelpe3eHTaTUB- of representative modern geological explora-
HIX CaBPEMEHMUX TE€OJIOIIKMX MCTpaKMBarba tions with economic geology explorations as

ca pajjloBUMa y LM/bY yTBphuBama KOIU4nHe principle. Surface exploration core drilling,
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M KBaJMTeTa YI/ba, Kao JOMMHAHTHuM. Vc-
TPa)XHO OyIeme BepTMKaTHUX OYIIOTMHA ca
HOBpIIVHE TepeHa (ca KOHTMHYMPAHVM jes-
rpoBarbeM U ca rpeko 7.400 6yIIoTiHa 1 IPeKo
600.000 m ykyIiHe jy)X1He), O11/1a je I/TaBHa TeX-
HIKa MCTpakuBama. VcTpaxkuBama je ClipoBo-
muna Teosnomika cmyx6a pynHUKa, Koja ce Kao
ollepaTMBHA Halasyl Ha aKTMBHMM IIOBPILUNH-
CKMM KOIIOBUMA, &I 11 y CeAMINTY mpenyseha
y JIasapeBlLy, Kao IpOjeKTHA I'e0JIOIIKA IPyIIa.
Hajsnavajun pesynrar je oko 4,1 mumnmjapue
TOHA MCTPAXXEHMX pecypca IMTHUTA Y OpOjHIM
UCTPa’KHUM/€KCIITIOaTallIOHNM II0/bJIMA YI7ba,
y3 JloJlaTHe pecypce HeMeTalMYHUX MMUHepal-
HMX CHMPOBVMHA (KBapLHM IIeCaK, IUbYHaK,
IJIVHE, AMjaToMUT...). [llecT BaXKHUX JIe)XmIIITa
(4mju je Bek eKcIUroaTanyje 3aBplleH) 6MoO je
y eKCIIoaTalyji MOBPIIMHCKMM KOIIOBUMA.
To cy xomoBnu: ,mobe A Koje 3aBpIIWIO paj
KpajeM 50-ux roguHa XX Beka 1 KoII ,,JaMHaBa
— Vcrouno ITome” koje je 3amoyeno pax 1980 y
XX Beky a sappuimio pap y XXI BeKy, OJHOCHO
2004. romuHe; Takobe MOBPIUIVMHCKM KOII/Jie-
xuuire ,Bemku Lp/peHn fenmmuyHo je ot-
KOIIaHO (paBHMYAPCKU Jie0) 1o Kpaja 2016. ro-
IVHe, TOK je Kor/nexuiure ,,ITo/pe B oTkomano
no Kpaja 2017. rogmue. IloBpummHCckM Ko/
nexuire ,,1o/pe [ yrmaBHOM je 0TKOIaHO 10
Kpaja 2023. rogune; Hajsehu n HajsHavdajuuju
HMOBPIIMHCKM KOII/JIeXUIITE JUTHUTA ,llome
I 3aBp1no je cBoj )XMBOTHY Bek 2016. rofHe.
[ToBpummucku kom ,Ilome I'“ je jour yBek y
pany noderkom 2024. roguae. [Togerkom 2017.
rofijiHe IIOYMIbY PpajloBM Ha IIOBPIIMHCKOM
komy ,Ilobe E“ u y ToKy cy pajoBu Ha Koy
»lamHaBa - 3amagHo Ilome“ Ha ToM komy
TEPEHCKI PYAAPCKA pafoBu Cy Y TOKY oz 1990.
roguHe. [Tpeocrana noma (Papmeso, [Tome D)
Cy IUIaHMPaHa 3a JCKOIaBalbhe Yy HapeJHUM
IeKazama.

Ocrana nexuuira (6o/pe pehu pyaHa noma) cy
pacIpocTpameHa 10 1[eJIoM KOITybapcKoM ce-
AVMEHTHOM 6aceHy ca COICTBEHUM CTEIIeHOM
reojIolIKe UcCTpakeHocTu. Ha mpumep, numMamo
JIOKUIITA KOja Cy y paHuUM (ha3aMa IeoIOMKIX
MCTPaXXMBama, a Ca pyre CTpaHe 1 f0OPO uc-
TPa)KeHa JIEXKUIITa KOja Cy y eKCIUIOATalMj.
[Mocnepmwy feduHNLTY €KOHOMUYHOCT KOM-
naHuje. Pesynratu uctpaxusama 611 ce MOI/IN
IpMKasaTy y HEKONMKO acIeKarTa, y IpUpoj-
HUM ¥ eKOHOMCKMM IIapaMeTpuMa.
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with >7,400 boreholes and >600.000 m, was
major exploration method. Mentioned explo-
rations were conducting by the KCM Geology
Survey, which seat on active open pits as oper-
ative department and in enterprise headquar-
ter in Lazarevac, as designing division. By the
way, as summary, we can talk of about 4,1B
tons of explored lignite resources in numerous
exploration/exploitation coalfields, with addi-
tional non-metallic resources (quartz sands,
gravels, clays, diatomites...). Six of important
deposits were under open pit running and
all of them reach its dead end. Deposits ,,ore
Field A at late 50’s of XX century and “Tam-
nava-East Field” which star at 1980 in XX
century and reach dead end at 2004. In XXI
century, are examples. Also, open pit ,Veliki
Crljeni“ in 2016. is partially dug out, only in
its flat area. Another one, open pit ,,Field B is
fully mined out in 2017. Open pit ,,Field C* is
almost dug out at 2023. The largest and most
important surface mining of lignite ,,Field D*
finalized its lifetime at 2016. Open pit ,,Field
G“ is still under partially running at the ear-
ly 2024. In early 2017. opening mining works
start at surface mine ,Field , and full min-
ing operations are undergoing. In open pit
»Tamnava-West Field“ mining operations are
undergoing since 1990 and still is ongoing.
The remaining fields (Radljevo, Field F) are
planned for excavation in next decades.

The other deposits (better to say ore fields) are
widespread all over Kolubara sedimentary ba-
sin with its own level of geological exploration.
We have deposits that are under early phases
of geological exploration, and from the other
side well explored deposits that are under min-
ing operations. The last ones define economy
of the company. The exploration results could
report in a few aspects of view, in naturally and
semi-economic parameters.

For the most part were performed by core
drilling, with vertical boreholes from the sur-
face. Exploration drilling regularly monitored
and other geological works, such as a detailed
geological mapping and sampling of core, hy-
drogeological and geotechnical research/test-
ing, mineralogical and petrographic exami-
nation of coal and accompanying sediments.
Modern detailed geological exploration begins
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Hajsehnm fennom n3BefieHo je Oylierse ca je3rpo-
BambeM, BEPTVUKaTHUM OYIIOTHHAMA ca IOBPIIN-
He TepeHa. VIcTpaxHO Oyleme peflOBHO Ipare
U JIPYTU TeOJIOUIKM PajioBy, Kao ILUTO CYy JeTasb-
HO TeOJIONIKO KapTUpalbe U Y30PKOBaIbe jesrpa,
XIJIPOTEOJIONIKA 1 T€OTEXHIYKA VICTPXKMBaIba/
UCIUTUBAKba, MUHEPAIOIIKa ¥ IeTporpadcka
UCINTUBakba yIba U Iparehmx cemyMeHara.
CaBpeMeHa JieTa/bHa T€OJIONIKA MCTPKMBAIbHA
nouny 1936. 6yierem 17 UCTpaXHUX OyLIO-
TuHa. bymoruHe cy ce yriaBHOM Hajasuie y
aTapy cena Bpeony, Ha IpocTOpy Koju je faHac
MO3HAT KA JIEKMUILTE U HOBPIIMHCKO KOII ,,II0/be
I VictpaxxuBarma Cy HacTaB/beHa JI0 JaHac. Je-
IMHM TpeKup 6mo je TokoM Jpyror cBeTCKOTr
pata, KpajeM 1945. ropute us0ylieHa je Hapen-
Ha 18. 6ymornHa. Toxom oBux 88 ropuna paja,
Y CKJIAJly Ca pa3BoOjeM HayKe U TEXHOJOTHje, IIpY-
MeIbJBaHe Cy pas/iMuuTe MeTOfe NeTa/bHUX re-
OJIOUIKMX MCTpaXMBamba. Ca KaleHJapcKe Tauke
IJIEAMINTA, TeOJIOIKA MICTPKMBama ce Takohe
MOTY IIOfIe/IUTY Ha fielieHuje (cmKa 8).

in 1936. by drilling 17 exploratory holes. The
holes were mostly located in the area of the
village Vreoci, in the area known today as the
deposit and surface mine ,field D Research
has continued to the present day. The only
interruption was during WW 1II, in late
1945. was drilled the next 18th hole. During
these 88 years of work, in accordance with
the development of science and technology,
various methods of detailed geological
research were applied. From a calendar point
of view, geological surveys can also be divided
into decades (Figure 8).
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Cnuxa 8, Ilpeinegru tipukas obuma ucitipaxcroi 6yuerva y Konybapckom Yimoroctom Bacery,
o gexagama, 3a tiepuog 1936-2024.

Figure 8, Outline of exploration drilling in the Kolubara Coal Basin,
by decades, for the period 1936.-2024.

MCTPAJKHO BYHIEIHE Y XX BEKY

W3 npukasa Ha cmy 8 yoyasa ce fia je y ITo4YeT-
HIMM TOf[IHAMAa MCTpaXMBama 0OMM Oyllerma
6o Mam, Ha IpuMep cBera 14.000 m 1o Kpaja

XX CENTURY DRILLING

It can be seen that in the initial years of explo-
ration, the volume of drilling was smaller, for
example only 14.000 m by the end of the 40s of
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40-ux roguHa 20-Tor Beka. Jlo kpaja 70-Tux
rofgyHa 20-TOT Beka OyIIM/IO Ce MHTEH3MBHO
y BeheMm 6pojy mcTpakHUX mojpa. TakosBaHa
»CTapa MIKO/IA“ Teojiora M3Bela je IpPeKo
160.000 m Oymurera y3 cBe mparehe reosorike
pamoBe (KapTupame jesrpa, ompobaBarbe, U3-
pama mokymenrauyje...). Hajsnauajunje cy 80-
Te TopuHe 20 BeKa Kaja je u3bylIeHO peKopf-
HUX 233.000 m Oy1iera 1 Taj Heproy je Ha3BaH
»3/IaTHE TOZIVHE" 3 T€0/IOT1jy Ha OBOM PYIHU-
Ky. Moryio 6u ce pehn 1a Taza HeKaKo u rpecraje
OCHOBHO T€OJIOLIKO MCTPAXXMBame YI/ba Te Ja
Cy C/I0jeBM yI/ba Ae(pUHICAHM KAKO IPOCTOP-
HO, Tako U 1o ny6muu. Beh mouerkom 90-Tux
rofiMHa Ipenasu ce y ¢asy eKCIUIoaTalmo-
HUX (PYBHMYKO-TEONOUIKMX) WCTPaKUBaba
U Taj BUJ, T€OJIOUIKMX MCTPAKMBamba TPaje 10
HaHaIIBKX faHa. Haxanoct pat y 6usmioj Jy-
roc/IaBuju U cakuyje npema Cpbuju ycriopune
Cy puTaM Oy1era ¥ TokoM 90-Tux 136yIInIo ce
KOINKO ce Mor1o, ogHocHOo 40.000 m 6y1neH>a.

MCTPAJKHO BYHIEILE Y XXI BEKY

»ITocme 2000 ymasumo y 21 Bek. VicTpakuBama
cy poxycupaHna Ha IPOCTOP Y AKTUBHUM ITOBP-
IIVHCKUM KOIIOBMMA, @ TO CY TUIIMYHA eKC-
IJI0ATAIIOHA UCTPAXKVBambha Koja Ce U3BOJE Y
by 6osper geduHUCama nyOuHe 1 gebprHe
YIJbeHUX C7I0jeBa, IbMXOBE PAaClI0jeHOCTH M
oppebuBamy kBamurera. Cser ynmasu y III-hy
a Takohe u y IV-Ty TeXHONOIIKY peBOmyLujy.
Y pymunky Komy6apa mosehana maxma ce
nocBehyje XMAPOreonmOUKIM 1 TeOTeXHUYKIM
JCTPaXMBabIMa, UCTPAXMBamb/UMa HeMeTa-
JIMYHUX MMHEPATHUX CUPOBYHA, €KOTOUIKIM
¥ TEXHOJIOIIKMM KapaKTepPUCTUKaMa IMTHATA.
Y npBux 20 roguHa 21-BOT BeKa U30yLIEHO je
oko 93.000 m Oymema y3 npatehe reomomike
pagoBe. Haxon 2020. roguHe mu3BOfme ce
ybp3aHa TeoJIOIIKa MCTPaKMBalba Ca LM/beM
IpUIpeMe KBaTUTEeTHE T€OJIOIIKe TOKYMeHTa-
Iyje 3a paj Ha IPOLIMpPEHY IOBPIIMHCKUX
KOIIOBa U OTBapamy HOBMX. OBU TeOIOLIKI
MICTPa)XXHNU PafioBU CY y TOKY 1 Tpajahe Hapes-
HIUX HeKommko ropuHa. Iloeehan je obum
TabopaTOPMjCKUX MCINUTUBAmA, Oymm ce ca
caBpeMeHMjuM 6Oyurahum rapHutypama. 3a Te
npse Tpu ropyue (2021 -noverak 2024) us-
Oy1eHo je oxo 15.000 m.
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the XX century. The so-called ,,0ld school® of
geologists during 60s and 70s performed over
160.000 m of drilling along with all accompa-
nying geological works (core mapping, test-
ing, documentation preparation...). The most
significant are the 80s of the XX century when
arecord 233.000 m of drilling was drilled and
that period was called the “golden years” for
geology at this mine. It could be said that then
the basic geological exploration of coal some-
how ends and that the coal layers are defined
both spatially and in depth. At the beginning
of the 1990s, the phase of exploitation (min-
ing-geological) research began, and this type
of geological research continues to this day.
Unfortunately, the war in the former Yugo-
slavia and the sanctions against Serbia slowed
down the pace of drilling, and during the 90s,
as much as possible was drilled, that is, 40.000
m of drilling.

XXI CENTURY DRILLING

»Beyond 2000“ we enter the XXI century. The
research is focused on theareainactive surface
mines, it is typical exploitation research that
is carried out in order to better define the
depth and thickness of the coal layers, their
stratification and quality determination. The
world is entering the IIT and IV technological
revolution. In the KCM, increased attention
is paid to hydrogeological and geotechnical
exploration, exploration of non-metallic
mineral raw materials, ecological and
technological characteristics of lignite. In the
tirst 20 years of the XXI century, about 93.000
m of drilling was drilled with accompanying
geological works. After 2020, accelerated
geological exploration is being carried out
with the aim of preparing high-quality
geological documentation for work on the
expansion of surface mines and the opening of
new ones. These geological exploration works
are ongoing and will continue for the next few
years. The scope of laboratory tests has been
increased, drilling is done with better quality
drilling sets. In those first three years (2021 -
early 2024) about 15.000 m were drilled.
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MCTPAJKHO BYHIEILE Y XX M XXI BEKY

Mo>ke ce KOHcTaroBaty fa je mocie 32.000
reo/IoMIKMX faHa u3byueHo 600.000 m, a fja
cy reonosu Konybape nogaBaii 110 jeflHy HOBY
UCTpaXXHy OYIIOTMHY Ha cBaka 4 jmaHa. Tume
ce mosehaBao 06uM (QOH/IOBCKe TreoTolIKe
TOKyMeHTaluje.

IToyeTHn mnepuoj NpUMeHEHNUX [eTA/bHUX
Teo/IOIIKNX MCTpaKuBama 6mo je ox 1936.
1o 1949. ropuue (207 6ymoTtnHa ca 14.500 m
Oymrema (cmmka 9)) u 610 je YBOJHM 3a IIe/o-
KymnHy reoynorujy Konybapckor bacena. Hakon
oBor nepuopa, Pynuuxk nuranra Komy6apa no-
4YIIbe CBOj YCIEIIaH PajiHM BeK.

XX-XXI CENTURY DRILLING

The conclusion is that after 32.000 geological
days, that 600.000 m of drilling was drilled,
and that KCM geologists added one new
exploratory borehole every 4 days. Thus, the
scope of the fund geological documentation
was increasing.

The initial period of detailed geological sur-
veys applied was from 1936 to 1949 and was
most significant for the entire geology of the
Kolubara Basin. After this period the Kolubara
Lignite Mine begins its successful working life.
During this period, 207 holes were drilled with
14.500 m of drilling (Figure 9).
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Cnuxa 9, Konybapcku Yimonocnu bacen ucitipaycne 6ywoitiune 3a tiepuog 1936-1949. - ucitiouru geo,

«

y womuma ,AS B L u ,,[I% y maroj mepu oko jama ,,Kocmaj“ u ,,Asana“; uypre fauxuye — uciiipaicre
Oywoitiune, upHa kpuea nuruja — pexa Konybapa

Figure 9, Kolubara Coal Basin Boreholes from 1936-1949. - Eastern part in the
fields ,, A B, ,,C“and ,,D; partly around the ,,Kosmaj“ and ,, Avala“ UM;
black dots - drill holes, black curved line — Kolubara River

ToxoM OBMX IOYETHUX TO[[MHA, OfIBUja ce je-
IOVMHO IIOJfi3eMHa eKCIlJIoaTallyja, a IOBPILNH-
CKJ KOTIOBM Cy Y a3y pa3Boja/IIpojeKToBamba.
[TogsemHa excrtoaranuja obaspana ce y 12
PYZAapCKMX OKaHa, KaKO y MCTOYHOM TaKO I
y 3amagHoM fieny 6acena. IloTpourma yripa je
Omla CKpOMHa, Kao ¥ HeroBa IPOU3BOJMA.
[Tpsa Tepmoenekrpana y Cpb6uju ,,Komybapa
A", orBopena 1936. ropuHe, y ceny Bemuku
Ipmeny, je 3axreBana 3Ha4YajHUje KONMYMHE
nurHuTa u npaheme werosor kpamurera. OBa
HOTPaXkKiha 3a JIUTHUTOM je, CYIPOTHO IIpeT-
XO/IHMM TOJJHAaMa, HAaMeTHy/la IOYeTaK O3-

During these initial years, only underground
mining takes place, surface mines are in the
development/design stage. Underground ex-
ploitation was carried out in 12 mining shafts,
both in the eastern and western parts of the
basin. Coal consumption was modest, as was
its production. The first thermal power plant
in Serbia, ,,Kolubara A, opened in 1936, in the
village of Veliki Crljeni, required significant
quantities of lignite and monitoring of its qual-
ity. This demand for lignite, contrary to previ-
ous years, forced the beginning of more seri-
ous geological research. After the WW II, very
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OM/bHUjUX TeOJIOMIKMX MCTpaKuBama. [locre
Ipyror cBeTckor para, Beoma 6p30, 1950. ro-
JVHE, OTBOPEH je M IPBYU IOBPLIMHCKM KOII Ha
yrpy y Cpbuju/Jyrocnasuju ,,ITome A”

ITepuop ox 1950. go 1959. rogunHe 3Hay4ajaH je
360r OoTBapame IPBUX MOBPIIMHCKMAX KOIIOBA
murauta y Cpouju (moBpImHCKY Kol ,,ITorpe A*
1950. rogune). TokoM oBe fielieHnje U36yIIeHO
je 545 6ymoruHa ca 44.000 m 6ymema (Cnmka
10). 3amouere cy mpurpeme 3a OTBaparbe joIi
iBa IOBpIIMHCKA Koma — ,,JI“ u , B a oba cy
OTBOpeHa No4eTkoM 60-mx roguHa XX Beka.

quickly, in 1950, the first surface coal mine in
Serbia/Yugoslavia, ,,Field A", was opened.

The period from 1950. to 1959. is significant
for the opening of the first lignite surface mines
in Serbia (open pit ,,Field A in 1950.). During
this decade, 545 boreholes were drilled with
44,000 m of drilling (Figure 10). There were
preparations for opening two additional open
pits ,D“ and ,,B, both in early 60s.
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Cnuxa 10, Kony6apcku Yimonocuu Bacen, ucitipasxcre 6ywotiune 3a tiepuog 1950-1959. - ucitiounu geo y
womuma ,AS B, L“u,,JI% upHe iliaukuye — ucitipaicHe 6yuomiune,
upHa xpusa nunuja — pexa Konybapa
Figure 10, Kolubara Coal Basin drill holes from 1950-1959. - eastern part, in the fields ,, A5 ,B ,C, ,D“ and ,E*
black dots - drill holes, black curved line - Kolubara River

V3y3eTHO 3HayajaH IepHoOj 3a reo/IoUIKa JC-
TpakuBama 610 je usmehy 1960. n 1969. ro-
IVHe, KaJia Cy UCTpaXVBama Takobhe 1o mpau
HyT Ipellla y 3amafHu geo OaceHa (morpa
»PampeBo’ n ,TamHaBa“). Mako cy y ToMm
3allafHoOM Jenny OaceHa Owmte y QyHKIVjK [iBe
aKTVUBHe jaMme yrba (,3BU3fap™ u ,Pammpeso’),
0301/bHA TEOJIOIIKA MCTPaKMBamka Ha TOM
noppyyjy (mospmmHe Bume on 100 km?)
moyena €y TeK Io4eTkoMm 60-ux ropmHa XX
Beka. KommaHuja pasmaTpa oTBapame HOBUX
MOBPUIMHCKMX KOIIOBA U HA TOM INOAPYYjy. Y
OBOM Ilepuony nsbyueHo je 1.269 6ymornHa
ca 84.250 m 6ymema (Cnuka 11). Tokom 70-
TUX TOf[MHA HACTaB/bajy Ce Ieo/IolIKa MUCTpa-
XMBamba Ha IenoM mnpocropy Komybapckor
bacena, y ckopo mnopjegHakoj Mepu Kako y
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An extremely significant period for geological
exploration was between 1960. and 1969., when
the exploration also for the first time moved to
the western part of the basin (the fields ,Radl-
jevo', ,Tamnava“). Although two active under-
ground coal pits ,Zvizdar® and ,Radljevo®)
were in operation in that Western part of the
basin, serious geological research in that area
(area of more than 100 km?) began only at the
beginning of the 60s of XX century. The com-
pany is considering opening new surface mines
in that area as well. During this period, 1.269
boreholes were drilled with 84.250 m of drill-
ing (Figure 11). During the 1970s, geological
explorations continued throughout the Kol-
ubara Coal Basin, almost equally in the eastern
and western parts of the area. Intensive drilling
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VICTOYHOM, TaKO ¥ y 3allafHOM [ely OOIacTi.
VuTeHsuBHO ce 6y1um y 30HU oTBapara bynyher
HOBPIIVHCKOT Koma ,,lamHaBa-Vcrouno Ilome"

is underway in the opening zone of the future
surface mine ,,Tamnava-East Field* That sur-
face mine was opened in 1980.

Taj noBpumHCKH Korl je orBopeH 1980. rofuHe.
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Cnuxka 11, Konybapcku Yimonochu Bacen, ucitipascte 6ywoifiue 3a tiepuog 1960-1969. — ucitiouru geo 6acena,
y womuma 55,105,105 ,ES D ,,['; y 3nauajuoj mepu oxo jama ,Kocmaj“ u ,,Asana’; y saniagrom geny 6acera
senuxu 00um Oywerva y iomuma ,Tamnasa-Vciouro u 3aiiagro tiomwe’; ,,Pagmeso’; upHe auxuye —
ucitipaxcHe Oyuioitiure, upHa kpuea nuxuja — pexa Konybapa
Figure 11, Kolubara Coal Basin, drill holes from 1960-1969. year, the eastern part — in the fields ,,BS ,C*, ,DS; ,,ES
SES G significant around the ,,Kosmaj“ and ,, Avala“ UM; in the western part — in the fields Radljevo, Tamnava
West and East Field (TWE, TEF), t; black dots - drill holes,
black curved line — Kolubara River

HajsHavajHuju mepmop 3a reosoOlIKa MCTpa-
xuBawa y Komybapckom baceny 6mo je of
1980. mo 1989. roguue. Ha ocHoBy o6uma nc-
TpaKuBama HasBaH je u ,,31maTHo JJoba“ reoso-
ruje. Y oBoM Iepuopy usOymeHo je 2.287
OymoTnHa ca 233.000 m (Cnuka 12). Byum
ce y uemoMm 6GaceHy, KoMbuHyjyhn kmacmana
UCTpaKHa OyIlela Be3aHa 3a MCTPAKMBaIbe
AucTpubyLuje yrba ca eKCIUIOATALIOHNM PY-
JapCKO-TeONIOMKNM OyIlermeM Ha aKTUBHUM
HOBPLIMHCKMAM KOIIOBYMA.

Op 1990. o 2024. ropuue Qokyc je 610 Ha
norymhemy Mpexe MCTPaXHUX OYIIOTMHA
¥ OIIEPAaTUBHUM PYHAAPCKO-TEOTOUIKAM JC-
TpaxuBamuma. OO6MM MCTpaXHOT OyIIema
ce mocrermeHo moBehaBa, mpyu uYemy ce
3HavajHa MaXKbha Nokaama nosehawy 6Opoja
71abOpaTOPMjCKMX aHAIN3A Ha YTasb.

IIponuto je 88 roamHa TeONOMIKMX MCTpa-
KMBamwa. [loyeno je pydyHMM — COHQKHUM
rapHUTYpaMa, a y yIoTpebu cy 6uam u [pyru

The most significant period for geological ex-
ploration at the KCM was from 1980 to 1989.
Based on the scope of the research, it was also
called the “golden age” of geology. During
this period, 2.287 boreholes were drilled with
233.000 m of drilling (Figure 12). It is drilled
throughout the basin, combining classic ex-
ploratory drilling related to the exploration of
coal distribution with exploitative mining-geo-
logical drilling in running open pits.

From 1990. to 2024., the focus was on the
densification of the exploration boreholes grid
and operational mine-geological surveys. The
volume of exploratory drilling is gradually
increasing, with considerable attention being
paid to increasing the number of coal tests
taken.

There have been 88 years of geological
exploration past. It began with drilling with a
shotgun, various technological types of drilling
sets were in use, at the beginning of the III
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Cnuxa 12, Kony6apcku Yimornocnu Bacen, ucitipaxcre 6ywotiune 3a tiepuog 1980-1989.— ucitiouru geo 6acena,
y womwuma ,B 15 15 ,ES @ ., ,Benuxu Lpwenu; y 3ailagrom geny 6acena éenuxu o0um 6yuieroa y
iomuma ,Tammnasa-Vctouno u 3aiiagHo tiomwe’; ,Pagmeso®; snauajro 6yuierve y obnacitiu oxo jame ,36u3gap;
UpHe iauKuye - UCpaxcHe 6yuiomiune, upHa kpusa nunuja - pexa Konybapa

Figure 12, Kolubara Coal Basin, holes from 1980-1989. year, the eastern part - in the fields ,,BS ,C* ,D ,E

> »
<

LE .G Veliki Crljeni; in the western part - the fields ,, Tamnava-West“ and ,, Tamnava-East*; ,,Radljevo’; in high
scope around the closed Zvizdar UM; black dots - drill holes, black curved line - Kolubara River

TEXHOJIOIIKY THUIIOBM TapHUTYpa 3a Oylueme. millennium, the third and, sometimes, the
ITouetkoMm Tpeher MmneHujyma y TOKy je fourth world technological revolution were
Tpeha, Ima 4ak 1 4eTBpTa CBETCKA TEXHOJIOMIKA underway, using the most modern drilling
pesonynuja. Kopucre ce HajcaBpeMeHuje sets. In the past 32.000 geological days, 1.1
rapHuType 3a Oymere. Y mporexanx 32.000 billion tons of coal were excavated at the
reonomknx fana Ha Komy6apcku moBpmimH- Kolubara lignite mine, 7.400 exploratory
CKMM KOIIOBMMA je McKomaHo 1,1 munmjap- boreholes were drilled, and every 4 days one

1 | | | _ I 1 |

In 2024. geology explorations
is still running p
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Cnuxa 13, Cee 6ywoitiure u3 tiepuoga 1936/2024. iogure y Konybapckom Yimorocnom baceny; yxyiro 7.400
6ywoitiuna, ogHocro 600.000 m 6ywierba; tinasa kpusa nunuja — pexa Konybapa

Figure 13, Kolubara Coal Basin, all drill holes from 1936. up to early 2024. year; in
total 7.400 boreholes, and 600.000 m of core drilling; blue curved line - Kolubara River
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Iy TOHa yI/ba, u3bymeHno je 7.400 mcTpax-
HNX OYLIOTVHA, @ HA CBakKa 4 [lJaHa YKYIHUM
reoyomknM nogauuma Komybapckor Gacena
IOoJjaBaHa je I jefHa HOBa OYIIOTHHA. Y OBOM
nepuopay usbyieHo je ykymao 600.000 merapa
6ymotnre (Cnuka 13).

IIpocTopHO, uCTpakHe OYIIOTMHE Cy IO-
SUIIMOHMpPaHe Y HajIPOAYKTUBHUjEM [eny
Kony6apckor yrivoHocHOT bacena. Mopdoro-
I'Mja IOAMHE CjI0ja IJIABHOT YITBEHOT C/Ioja
MOXKe Ce caIleflaTy Ca BEeIMKOM TayHourhy
(cnuka 14).

new hole was added to the total geological
database of the Kolubara basin. A total of
600.000 meters of drilling were drilled during
this period (Figure 13).

Spatially, these exploration boreholes are posi-
tioned throughout the most productive part of
the Kolubara Coal Basin. The morphology of
the floor layer of the main coal bed can be seen
with great accuracy (Figure 14).

Cnuxa 14, 3apomupanu 3] tipuxas iiogure inasHoi yimenoi cnoja y Konybapckom yimorocHom 6aceny,
xopusonianta pasmepa 1:6.000, sepiiukanta pasmepa 1:1.000; ypsero — ottikotiana nexcumiitia/koiiosu A,
b, 11, I, Tamuasa-Vcitiouro iome, u ceéepru geo xoia Tamuasa 3atiagHo fiorme, Kao u geo nexcuuiitia Benuku
Lpmenu; senero — kowiosu y pagy E, I, jysnu geo Tamnasa-3aiiagro iiomwe; pose — inanupanu kot Pagmweso;
upeena guiypa neso — nexcuniitie 36usgap

Figure 14, Rotated 3D view of the floor of the main coal seam in the Kolubara coal basin, horizontal scale
1:6,000, vertical scale 1:1,000; red — Dug out beds/mines A, B, C, D, Tamnava-East field and the northern part
of the Tamnava-West field mine, as well as part of the Veliki Crljeni deposit; light green — mines in operation C, E,
G, part of the Tamnava West field mine — south parts; light violet surface mine Radljevo;
red figure bottom left - Zvizdar deposit

KoHayHO, HaKOH CBMX OBMX TOIMHA U OPOjHMX
reoJIOLIKMX IofaTaka (ca Buie o 35.000 moje-
AVHAYHUX /1a00PAaTOPUjCKMX aHAIM3a YI/ba, Ca
npeko 500.000 mojenuHaYHNX Ta00PATOPUJCKUX
Mepemba, 1 OPOjHUM OCTaIM 1a60PaTOPHjCKIM
pesynTaTMa/ofipef6ama); ca reoIoKoM 6a3om
HofjiaTaka o OyIIemy 1 1a60paTOPUjCKIM PesyIl-
TaTMMa; a HAKOH KOMIIjyTePCKOT MOJe/ioBama
MOIY Ce 3HAaTHO IOy3flaHMje MOJe/NoBaT MOp-
(orolIKe KapaKTepUCTHKE VIJbeHVX C/IojeBa

Finally, after all these years and numerous
geological data (more than 35.000 individual
laboratory coal analyses, with over 500.000
individual laboratory assaying, and numerous
other laboratory determinations); with the ge-
ological database of drilling and laboratory;
and after computer modeling, the morpho-
logical characteristics of the coal seams of the
Kolubara Coal Basin can be modeled much
more reliably. The presence of a depression in
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Konyb6apckor yrboHOcHOr 6aceHa. YowaBa ce
HPUCYCTBO Jerpecuje y jyxxHoM pieny Komybap-
CKOT yI7JbOHOCHOT 6aceHa, ca HajyO/buM HIBOOM
nopyHe y ,,nompy O Ha -280 m.n.v., OQHOCHO
Ha 400 m op nospumyHe TepeHa. [loBpunH-
CKM KOIIOBM CYy 3aIloue/Ii Ca pajioM IIpe MHOTO
TOfIVHA y HAJIOBO/BbHMjeM fiely OaceHa, Tamo
I/Jie Cy YIJbeHU C/I0jeBM BeJMKe JieO/bJHe, Marbe
paciojeHy jaJIOBMHOM ¥ Hajase ce 613y HOBp-
mHe TepeHa. TokoM fieKafa pajia MOBPIIMHCKIX
KOIIOBA, M3UIIIO Ce M3 HAjIIOBO/bHMjUX 30HA, &
TPEHYTHO Ce eKIUIOAaTalyja OfiBMja y pacioje-
HVIM 1 YOOKO 3a/IeXXyhyM Ie/ioBMMa JIeXKMIITA,
ca CBe C/IOKEHUjM YC/IOBMMA 33 IOBPLIMHCKY
excrtoatanyjy. OBakBM OT€XXaHM I€0/IOUIKO-PY-
JApCKV YC/IOBU 3aXTeBajy yOp3aBame U IIOBe-
hame 00OMMa reoyOIIKNX MCTPAKUBAKbA U WC-
INTVBAba, IIPBEHCTBEHO MUCTPAXKHOT Oyllerma 1
ofipehuBara KBajIMTETa YI7Ba, TAKO JA CE Cajia V13-
BOJIe JIO/JaTHA OOMMHA KOMIUIETHA 11 KOMIUIEKC-
Ha reojIolIKa MICTPayK/Bakba.

3AKIbYYAK

Ianac, y npenysehy Pynuuk Yrpa ,,Komy6apa®,
YKynHO pagm oko 50 reomora ca Pymap-
cko-T'eonomkor  ®akynrera  beorpapckor
YHuBep3urera Koju cy pacriopehenn y I'eonom-
KM Ofie/beIbJIMa Ha IOBPIIMHCKIM KOIIOBMMA
(omepatyBHa pymHMYKa Teonormja) u I'eomo-
IIKOM Ofie/berby 3a ImpojeKToBame (IIpojekTHn
6upo ,,Komybapa-ITpojext®). Takobe, y mocnen-
BUX 88 rofyHa MHOTOOPOjHYU TEOTOLIKNM IIpe-
TXomHMIM (M3 camor mpenyseha, kao m ca
I'eonomkor ®axynrera Yumsepsurera y beo-
rpany, TeollHctnTyTa 1 'eo3aBopa, o6a Beo-
Tpaj M [p. ...) YIOXWIN Cy U3y3eTaH HayIHU
U CTPYYHMU HAIoOp fid IPOjeKTyjy, UCTpake U
MOJIeNIpajy OBO OTPOMHO HajIa3MIITe IMTHATA.
Yropepo ca TuM, 06aB/bajy ce M OOVIMHM IOfIAT-
HY TeO/IOUWIKM pajioBM (TeOTeXHMKA, XUJPO-
TeoJIoTHja, Te0eKOIOTHja, ...) KOjI CY Y Be3U ca
€KCI/IoaTalljoM MOBPUIMHCKMX KOIOBA YI/ha.
CBI TeO/IOLIKY MCTPAXHY M eKCIVIOATalYIOHN
pazioBu Cy y ToKy u 6uhe yop3anm.
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the southern part of the Kolubara Coal Basin
is observed, with the deepest subsoil level in
field F“ at -280 m.s.1., i.e. at 400 m from the
surface of the terrain. Surface mines started
working many years ago in the most favorable
part of the area, where the coal layers are very
thick, not layered with tailings and are locat-
ed close to the surface of the terrain. During
the decades of operation of surface mines, the
most favorable zones were left, currently ex-
ploitation takes place in layered and deep-ly-
ing parts of deposits, which complicates and
increases the problems related to surface ex-
ploitation. Such difficult geological-mining
conditions require speeding up and increasing
the scope of geological research/examination,
primarily exploratory drilling and determina-
tion of coal quality, so that additional large-
scale of complete and complex geological re-
search is now being carried out.

CONCLUSIONS

Today, in the company KCM, a total of 50
geologists from the Faculty of Mining and
Geology of the University of Belgrade are
employed, who are assigned to the Geological
Departments at surface mines (operational
mine geology) and the Geological Design
Department (Project Office “Kolubara-
Project”). Also, in the last 88 years, numerous
geological predecessors (from the company
itself, as well as from the Faculty of Geology
of the University of Belgrade, Geolnstitute
and GeoZavod, both Belgrade and others...)
have made an extraordinary scientific and
professional effort to design, explore and
model this huge lignite site. At the same
time, extensive additional geological works
(geotechnics, hydrogeology, geoecology, etc.)
related to the exploitation of surface coal mines
are carried out. All geological exploration and
exploitation works are ongoing and will be
accelerated.
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granica povrsinskog kopa “polje D” - JP RB
“Kolubara’, DP “Kolubara-Projekt”, R] Geo-
losko projektovanje, Lazarevac, 2005.

Kitanovi¢ B., Vuckovi¢ B.: Idejni program sa
studijom opravdanosti otvaranja i izgradnje
povrsinskog kopa “polje E” - PD RB “Kolu-
bara”, DP “Kolubara-Projekt”, R] Geolosko
projektovanje, RJ Rudarsko projektovanje, La-
zarevac, 2007.

Krsti¢ V., Simi¢ Z., Vu¢kovié¢ B., i dr.: Tehni¢-
ki rudarski projekat otkopavanja otkrivke i
uglja u juznoj kosini povrsinskog kopa polje
°D” - PD RB “Kolubara’, Ogranak “Projekt’,
RJ Geolosko projektovanje, R] Rudarsko pro-
jektovanje, Lazarevac, 2015.

Krsti¢ V, Vuckovi¢ B.: Studija izvodljivosti
eksploatacije lezista polje “E” — Ogranak RB
“Kolubara’, Organizaciona celina “Projekt”, R]
Geologko projektovanje, R] Rudarsko projek-
tovanje, 2018.

Kuli¢ Z, Vuckovi¢ B.: Glavni rudarski proje-
kat Povrsinskog kopa polje °E” - Ogranak RB
“Kolubara’, Organizaciona celina “Projekt”, R]
Geolosko projektovanje, R] Rudarsko projek-
tovanje, 2018.

Marinkovi¢ I., Petronijevi¢ Lj., Vuckovi¢ B,, i
dr.: Elaborat o rezervama uglja polja F, stanje
31.12.2002. godine, JP RB Kolubara, Lazarevac
- JP RB “Kolubara”, DP “Kolubara-Povrsinski
kopovi’, Barosevac i DP “Kolubara-Projekt’,
R]J Geolosko projektovanje, Lazarevac, 2004.

Mic¢i¢ P.,, Vuckovi¢ B., i dr.: Elaborat o rezerva-
ma uglja lezista Tamnava-Isto¢no polje, stanje
31.12.2003. godine, JP RB Kolubara, Lazarevac
— JP RB “Kolubara”, DP “Kolubara-Povrsinski
kopovi”, Barosevac i DP “Kolubara-Projekt’,
RJ Geolosko projektovanje, Lazarevac, 2004.

Nesi¢ D., Nesi¢ G., Terzi¢ B. Vuckovi¢ B. i dr.:
Glavni rudarski projekat povrsinskog kopa



88 ioguma leonowkux uctpaiueanja nuinuta y Konybapckom Yimonocnom baceny, Cpouja — logune uctpaxroi 6yuieroa (og 1936 go 2024. iogune) (111-127)
88 Years of Geological Exploration of Lignite in the Kolubara Coal Basin, Serbia - Years of Exploration Drilling (Since 1936. up to 2024. Year) (111-127)
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“Veliki Crljeni” - JP RB “Kolubara”, DP “Ko-
lubara-Projekt”, RJ Geolosko projektovanje,
Lazarevac, 2005.

Nesi¢ D., Spasi¢ A.,Vuckov¢ B.: Idejni proje-
kat sa Studijom opravdanosti eksploatacije
PK “polije C” sa otkopavanjem odlagalista
“Isto¢na Kipa” - PD RB “Kolubara”, “Koluba-
ra-Projekt’, R] Geolosko projektovanje, RGF
Beograd, 2008.

Petronijevi¢ Lj., Marinkovi¢ I, Vuckovi¢ B.,
i dr.: Elaborat o rezervama uglja lezista Veli-
ki Crljeni, JP RB Kolubara, Lazarevac, stanje
31.12.2002. godine - JP RB Kolubara, DP Ko-
lubara-Projekt, R] Geolosko projektovanje,
Lazarevac, 2003.

Radovanovi¢ J., Spasi¢ A., Vuckovi¢ B, i dr.:
Glavni rudarski projekat prosirenja povrsin-
skog kopa “polje C” - JP EPS, PD RB “Kolu-
bara’, Ogranak “Projekt”, R] Geolosko projek-
tovanje, Lazarevac, 2009.

Radovanovi¢ B., Vuckovi¢ B., i dr.: Elaborat
o resursima i rezervama uglja polje “D’, ko-
lubarski ugljonosni basen, stanje 31.12.2014.
godine - PD RB “Kolubara’, Ogranak “Pro-
jekt”, R] Geolosko projektovanje, Lazarevac,
2016.

Radovanovi¢ B., Vuckovi¢ B., i dr.: Projekat
istrazivanja lezista “Zvizdar” izvodenjem pri-
menjenih - stadijum detaljnih geoloskih istra-
Zivanja - JP EPS, Ogranak PD RB “Kolubara’,
Organizaciona celina “Projekt’, R] Geolosko
projektovanje, Lazarevac, 2018.

Sabov D., Vuckovi¢ B., i dr.: Idejni projekat
otvaranja i izgradnje povrsinskog kopa “Polje
G” - PD RB “Kolubara”, Ogranak “Projekt”, R]
Rudarsko i Geolosko projektovanje, RGF Beo-
grad, 2011.

Sabov D., Vu¢kovi¢ B., i dr.: Dopunski rudarski
projekat eksploatacije uglja lezista “Tamna-
va-Zapadno polje”, PD RB Kolubara, Lazare-
vac - PD RB “Kolubara’, Ogranak “Projekt’,
R] Geolosko projektovanje, RJ Rudarsko pro-
jektovanje, Lazarevac, 2013.

Sabov D., Vuckovi¢ B., i dr.: Glavni rudarski
projekat povr$inskog kopa “polje G” - JP EPS,
PD RB “Kolubara”, Ogranak “Projekt”, R] Ge-
olosko projektovanje, Lazarevac, 2014.

Sabov D., Vuckovi¢ B, i dr.: Studija izvod-
ljivosti eksploatacije otkrivke i uglja na po-
vr$inskom kopu polje G - JP EPS, PD RB
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“Kolubara’, Ogranak “Projekt’, R] Geolosko
projektovanje, Lazarevac, 2014.

Simi¢ Z, Vuekovi¢ B., i dr.: Dopunski rudarski
projekat povrsinskog kopa polje °C”, RB Kolu-
bara, Lazarevac — PD RB “Kolubara’, Ogranak
“Projekt”, R] Geolosko projektovanje, R] Ru-
darsko projektovanje, Lazarevac, 2014.

Simi¢ Z, Vu¢kovié B., i dr.: Dopunski rudarski
projekat prosirenja povrsinskog kopa “Veli-
ki Crljeni”, RB Kolubara, Lazarevac - PD RB
“Kolubara’, Ogranak “Projekt”, R] Geolosko
projektovanje, R] Rudarsko projektovanje, La-
zarevac, 2015.

Vuckovi¢ B., Radovanovi¢ B., Bogdanovi¢ V.,
Buha¢ D.: Projekat geoloskih istrazivanja uglja
“polja E” - JP RB “Kolubara”, DP “Koluba-
ra-Projekt’, R] Geolosko projektovanje, Laza-
revac, 2006.

Vuckovi¢ B., Radovanovi¢ B., Bogdanovi¢ V.,
Bukvi¢ B.: Projekat geoloskih istrazivanja uglja
lezista “polje Radljevo” kolubarski ugljonosni
basen - JP EPS, PD RB “Kolubara’, Ogranak
“Projekt”, R] Geolosko projektovanje, Lazare-
vac, 2009.

Vuckovi¢ B., Radovanovi¢ B,: Elaborat o re-
zervama uglja polja “Veliki Crljeni”, stanje
31.12.2008. godine - PD RB “Kolubara”, Ogra-
nak “Projekt’, RJ Geolosko projektovanje, La-
zarevac, 2009.

Vuckovi¢ B., Radovanovi¢ B. i dr.: Elaborat
o resursima i rezervama uglja polje “Veliki
Crljeni”, kolubarski ugljonosni basen, stanje
31.12.2014. godine - PD RB “Kolubara”, Ogra-
nak “Projekt’, R] Geolosko projektovanje, La-
zarevac, 2015.

Vuckovi¢ B.: Projekat primenjenih geoloskih
istrazivanja dela juzne kosine PK "Polje E” za
potrebe projektovanja i izgradnje TC Zeoke
VIII - Ogranak RB “Kolubara’, OC “Projekt’,
R]J Geolosko projektovanje, Lazarevac, 2023.

Vuckovi¢ B.: Projekat primenjenih geoloskih
istrazivanja uglja lezista "Polje E” - Ogranak
RB “Kolubara’, OC “Projekt”’, R] Geolosko
projektovanje, Lazarevac, 2023.

EPS, Kolubara Coal Mines, Technical & Desi-
gning Documents

EPS, Designing Division "Project”, Technical
& Designing Documents

www. EPS.co.rs
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HOKTOPCKE IMCEPTALM]JE / PhD THESIS

Ip Jacmnua Hemxosuh, aumn.mmk.pygapcrsa

XUTIPATALIVJA
HOBOCUHTETM30BAHOT
BEJIMTHOT [IEMEHTA
CA MVHEPAJIHVM JIOIAIIVIMA

Yuusep3auter y Beorpany, Texunuknu daxynrer y
bopy, 29. 02. 2024.

menTopu pod. Ap Munau Tpymmuh,
Yuusepsurer y beorpany,
Texunuku daxynrer y bopy
n npo¢. xp Cuexxana Byuernh,
Yuusepsurer y Hosom Capy,
Texnomomuku dakynrer y Hosom Cany

Caxkerak: EkciepuMeHTamHa NCTpaKMBamba
KOja Cy M3BeJleHa y OKBUPY JOKTOPCKe JuC-
epTaluje uMaa cy 3a /b IpUIIPeMy HOBUX
BPCTa QIUTHMUX UM OEMUTHUX ManTepa Koju
y CBOM CacTaBy cafipke IeIleo M 3Typy Kao
MH/IYCTPUjCKe OTIajHe MMUHepajHe HOfaT-
ke. HakoH BemTauky M3a3BaHUX MyKOTMHA
Ha IbJIMa, CIIPOBeleHa Cy Jledera Ha TpU
HayyHa: 1) NMpOAY>XeHOM XMApaTalujoM Y
ycmoBuMa 4decMeHcke 1 JlyHaBcke Bope 2)
IOTAllakbeM y CYCIeH3Ujy TeKOBUTOT areHca
(10 Mac% cycreH3uje HOBOCUHTETU30BAHOT
6enuTa y mecTMIOBaHOj Boau) 3) 6umo-MH-
AYKOBaHMM 3alle/beheM CIO/bAIlBbOM alTlIu-
Kal[MjoM JIEKOBUTOT areHca (cycreHsuja
6axrepuje Sporosarcina pasteurii DSM 33) y
KOHTPOJIMCAHNM YCTIOBUMA CTEPUIHE IeMMU-
Hepanu3oBaHe u JlyHaBcKe Bofie

Y3umajyhu y 063up cBe nobujene pesynrare
y OKBUPY JOKTOpPCKe gucepranuje Moryhe je
KOHCTAaTOBATY HEKOJIVKO 3HAYajHMX Hayd-

Dr Jasmina Neskovi¢, mining engineer

HYDRATION OF NEWLY
SYNTHESIZED BELITE
CEMENT WITH
MINERAL ADDITIVES

University of Belgrade Technical Faculty in Bor,
29.02.2024

mentors prof. dr Milan Trumic,
University of Belgrade,
Technical Faculty in Bor
and prof. dr Snezana Vuceti¢,
University of Novi Sad,
Faculty of Technology Novi Sad

Abstract: The experimental research carried
out as part of doctoral dissertation aimed to
prepare new types of alite and belite mortars
that contain fly ash and blast furnace slag
as industrial waste mineral additives. After
artificially induced cracks, they were treated
in three ways: 1) prolonged hydration in the
conditions of tap water and Danube water, 2) by
immersion in a suspension of the healing agent
(10 mass% suspension of newly synthesized
belite in distilled water) and 3) bio-induced
healing by application of external healing
agent, a suspension of the bacteria Sporosarcina
pasteurii DSM 33 in controlled conditions of
sterile demineralized and Danube water.

Taking into account all of the obtained results
within the doctoral dissertation, it is possible to
state several significant scientific achievements
in relation to existing publications both at the
national and international level. This novelty
is primarily reflected in the fact that the self-
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Joxinopcke gucepimiayuje / PhD Thesis

HUX focTurayha y ogHocy Ha nocrojehe my-
61mKanuje, KaKo Ha Hal[MOHATHOM TaKO U Ha
mehynapognoM HuBoy. OBe HOBUHE ce Ipe
CBera orjefajy y 4MmbeHUIM Jla je IpoLec
camo3alle/beHa npaheH y npucycTBy 6akre-
pujcKe KyIType Ha CTaHJAPAHUM LIEMEHTH-
HMM MaJITepyMa ca MUHEepalTHUM JofalyMa,
Kao 11 Ha Oe/IMTHUM MajTepuMa KOoju Y CBOM
cacTaBy Takohe Mmajy MuHepanHe fofaTKe.
Taxobe, 3HayajHy HOBWHY IIpefcTaB/ba U
Heroparme MajTepa y CYCIeH3Vj HOBOCHH-
TETU30BAHOT 6EINTa, a HAPOUNTO HETOBAME
MajiTepa TOKOM IIpoljeca OMo-MHIYKOBAHOT
caMosalebema y JlyHaBCKOj BOAM, IUTO je
3HayajaH KOpaK y IpelacKy Hay4YHux pe-
3yaTaTa ca 71ab0paToOpUjCKOT HMBOA Ha pe-
amHe cucreMe. Ha kpajy, pesynratu nmajy
n3pasutn MYITUANCOUIUVIMHAPHM  Kapak-
Tep jep MaKO BeIITayke HEYPOHCKe Mpexe
VIMajy HMMPOKY HPUMEHY y MHOTMM O007a-
CTVIMa JPYHITBEHUX M TEXHNYIKNX HayKa jOIJ.I
yBeK cy y ¢asu pasBoja y o6macTu npumeHe
npahema epuKacHOCTM 610-MHIYKOBAHOT
3ale/berba [eMEeHTHUX MajTepa.

Hp Kemko [Ipamrano, Junr.nHX.pygapcTpa

OJIVUMBAILE Y CIIYHAJY
IVOEPEHTHOCTU ITPOJEKTHUX
PYOIHMYKNMX PEHIEIHA YITOPEIHVM
JEJHO VI BUIIEKPUTEPUJYMCKMM
MOJIEJTOBAIBLEM

Yuusepsurer y beorpany,
Pynapcko reomomku daxynret, 10.07.2024.
MeHTOp Ipod. np Virop Mupanosuh,
Yuusepsurer y beorpany,
Pynapcko reoymommku gakynreT

Caxerak: IIpenMmeT mcTpakupamwa JOKTOP-
CKe JucepTanuje je yrnopejHa IpUMeHa jeJHO
U BUIIEKPUTEPUjYMCKe aHa/IN3e Y pellaBarmby
npo6eMa y pyAapCcTBY, U IUTambe JOHOLICHhA
yIIpaB/badyKMX O/IyKa Kajja Cy pelrema ande-
peHTHa. Y cBpXy ofipehuBama npropureTHIX
cHabfieBavYa KpeUmbayKoM MIHEPaTHOM CUPO-
BMHOM, 2014. ropguue ypabena je ,,Cryanja o
MoryhHOCTM cHabfieBama KpedmaKoM 3a I0-
Tpebe ofcymnopaBama fuMHux racosa (O[T
TE Kocromnan, TE Hukomna Tecima n HOBuUX Tep-
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healing process was monitored in the presence
of bacterial culture on standard cement
mortars with mineral additives as well as on
belite mortars that also have mineral additives
in their composition. Also, a significant novelty
is the curing of mortar in a suspension of newly
synthesized belite, and especially the curing of
mortar during the process of bio-induced self-
healing in Danube water, which is a significant
step in the transfer of scientific results from
the laboratory level to real systems. In the end,
the results have a distinct multidisciplinary
character because although artificial neural
networks are widely used in many areas of
social and technical sciences, they are still in the
development phase in the field of application
of monitoring the effectiveness of bio-induced
healing of cement mortars.

Dr Zeljko Prastalo, mining engineer

DECISION MAKING IN CASE OF
DIFFERENCE OF PROJECT MINING
SOLUTIONS BY COMPARATIVE ONE
AND MULTICRITERIA MODELING

University of Belgrade,

Faculty of Mining and Geology, 10.07.2024
mentor prof. dr Igor Miljanovic,
University of Belgrade,

Faculty of Mining and Geology

Abstract: The subject of research of doctorial
dissertation is parallel use of single and multi-
ple criteria analysis on problem solving in min-
ing industry and a question of decision making
of management decisions when solutions are
different. Purposefully, to decide priority sup-
pliers of limestone as a mineral material, in the
year 2014., the “Study of the possible supply of
limestone for desulfurization of flue gases TE
Kostolac, TE Nikola Tesla and new thermal
capacities” was made, in which multiple crite-
ria analysis was used for individual segments
needed for a decision. It would have been more
desirable that, instead of this “segment” anal-
ysis, the analysis which would include all the
elements needed for quality decision making
in one unified model for decision making.
Aim of research is try to solve this problem in



Joxitiopcke gucepimiayuje / PhD Thesis

MO KalaljreTa“ y Kojoj ce KOPUCTI/IA BUIIIe-
KpPUTEpUjyMCKa aHa/N13a MOjeUHNX CETMEHa-
Ta MOTPeOHNX 3a OfTyunBatbe. [loxebHUje 6u
610 /1a je yMecTo OBe ,CeTMEHTHe" aHa/u3e,
ypabeHna ananusa koja 6u o6jemuHmIa CBe ele-
MeHTe TIOTpebHe 3a KBa/IMTETHO OJTy4MBambe
Y jeHOM jeIMHCTBEHOM MOJIENy 3a OfIy4u-
Bame. [Jokynaj pemraBama oBOT Ipobiema y
jeAMHCTBEHOM METOMO/IOLIKOM IIPUCTYILY, Ca
I/beM MOTYhHOCTM IpOHaIacKa Mofiena Koju
6u o6jenuHMO CBe BaKHe (aKTope KOjyu yTH-
9y Ha u300p HajKBaIMTETHMjET pellerha IIpK
oIy O 1360py HauMHA CHabJeBaba TepMO-
e/lleKTpaHa KPedmbayKyM arperaToM 3a Ipoliec
OfiICyMIIOpaBamba AMMHUX TacoBa. AHammsa
OCeT/BMBOCTY PAHTOBA II0OKA3asIa je 1a MaJie ;o
HIDKE Cpefibe IPOMeHe eHTUTETCKIX Tapame-
Tapa He yTUYy Ha CTAaOMIHOCT pelllersa, IITO
ynyhyje Ha 3akpydak fga 61 BuiearpuOyTHO
KOHCTUTYMCAH IUIaH CHabfeBama 610 Takobe
pemaTuBHO MocTojaH. MebyTuMm, Tectupame
OCeT/BMBOCTY PAaHTOBA Ca PA3IMYUTUM pe-
JIATUBHYUM TeXMHaMa aTpulyTa, IOKasaio je
jaKy IIOBE3aHOCT, IITO YIO30paBa Jia TEXMI-
He MOpajy OUTU IPOMUIUBEHO ¥ 00jeKTUBHO
neduHmcaHe. Pasnmyke MOJENCKUX pesynrara
KOje Cy TOTOBO M3BecHe, Moryhe je mpeMocTy-
T TpedepupameM KpuTepujyma, Hajuemhe
€KOHOMETPMjCKOT, y OBOM C/Ty4ajy KopuiiheHa
je LeHa KpedrbaKa, IOHJEepUcambeM UIN JPy-
TYIM [IPUCTYIIOM.

unique methodological approach and possibil-
ity to find model which would unite all the ma-
jor factors that impact the choice of the most
quality solution when decision making about
the way to supply thermal power plants with
limestone for desulfurization process of flue
gases. Analysis of rank sensitivity showed that
small to small-medium changes of entity pa-
rameters do not impact stability of a solution,
from which can be concluded that multiple cri-
teria made plan of supply plan would be also
relatively stable. However, testing of rank sen-
sitivity with different relative attribute weights
showed strong connection, which indicates
that the weights must be thoughtfully and ob-
jectively defined. Differences between model
results which are almost certain can be resolved
with preferred criteria, most likely economet-
ric. In this case the price of limestone is used by
weighting or other approach.
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SHAYAJHU JOTADHAJU / SIGNIFICANT EVENTS

I MEBYHAPOJJHM CHMMIIO3NJYM PV-
HAPCTBO M TEOJIOTUJA JAHAC, oppsxan
y beorpangy 28-29. HoBemOpa 2024, opranm-
3arop Pymapckm mucTuTYT 1.0.0. Beorpan ys
noApmKy MyHmcTapcTBa HayKe, TEXHOOUIKOT
pasBoja 1 nHoBanuja u Enexrponpuspene Cp-
onje.

Y papy Cumnosujyma ydectBoBaio je 115 ay-
topa u3 Cpbuje, Pymynunje, Xpsarcke, Hemau-
ke, ®uHcke, Ayctpuje, llIBajiapcke, Perry6mu-
ke Cprcke buX, byrapcke, Cnosenuje u CAJIL.

Martepujanny noppumky opranusanuju Cum-
Ho3MjyMa IPY>Xuam ¢y: MMHIUCTapCTBO HaykKe,
TEXHOJIOIIKOT pa3Boja 1 MHoBauuja, Enexrpo-
npuspena Cpbuje, Pymapcku MHCTUTYT A.0.0.
Beorpap, Zijin mining bop, Geobrugg Xpsar-
cKka, Pynuux Pyguuk, WBM beorpan, Pyguuk
Kosun n Balkan Gold Beorpag.

ITpema ouenu ydecHuka, CUMIIO31jyM je Beo-
Ma YCIIeIlIHO opraHusoBaH. [anepuja ¢poTorpa-
¢uja ca Cumnosujyma ce MO>Ke IOI/IEaTy Ha
cajty Pymapckor nucturyTa https://ribeograd.
ac.rs/.

[Tpupennna Jacmuua Hemkosnh

III INTERNATIONAL SYMPOSIUM MIN-
ING AND GEOLOGY TODAY, held in Bel-
grade 28-29. Novembre 2024, organizers
Mining institute Ltd. Belgrade with support
Ministry of Science, Technological Develop-
ment and Innovation and Joint Stock Company
»Elektroprivreda Srbije”

The Symposium was participated by 115 au-
thors from from Serbia, Romania, Croatia, Ger-
many, Finland, Austria, Switzerland, Republika
Srpska BiH, Bulgaria, Slovenia and USA.

Material support for the Symposium organiza-
tion was provided by the Ministry of Science,
Technological Development and Innovation,
Electric Power Industry of Serbia, Mining Insti-
tute Ltd. Belgrade, Zijin mining Bor, Geobrugg
Croatia, Rudnik Rudnik, WBM Belgrade, Rud-
nik Kovin and Balkan Gold Belgrade.

According to the general participant evaluation,
the Symposium was organized very successfully.
The photo gallery from the Symposium can be
viewed on the Mining Institute website https://
ribeograd.ac.rs/.

Edited by: Jasmina Neskovi¢
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KIbUTE / BOOKS

PYIAPCTBO
TEONOTH]A TAHAC

111 Melyynapoptem cummosujym

MINING AND
GEOLOGY TODAY

11 international symposium

Ypemiuun / Editors

M. Radosavljevi¢, S. Polavder, ]. Nedkovié

Beorpap / Belgrade

3bOPHMK PAJJOBA III MEBYHAPOIHOI
CHUMIIO3NJYMA PYOAPCTBO M TEOJIO-
I'MJA TAHAC, CIP 55(082), 622(082), COBISS.
SR-ID 156422665, DOI mnpedukc 10.5937/
RGD24, opranmsarop u nsgasad Pygapcku mn-
CTUTYT [.0.0. beorpan ys nogpiky Munncrap-
CTBa HayKe, TEXHOJIOLIKOT PasBoja 1 MHOBaLMja
u Enexrponpuspene Cpbuje. VsBpumHu opra-
HU3aToOp U usfaBad Pymapcku MHCTUTYT [.0.0.
beorpap, ISBN 978-86-82673-24-8, 423 crpaHe.
[Itammame xmure omoryhwm Pypmapckm mH-
CTUTYT [.0.0. beorpan m MuHMcTapcTBO Hayke,
TEXHOJIOIIKOT pa3Boja M MHOBalLja. YpeTHUI
np Mwmnko Pagocasmesuh, gp Csernana Ilo-
naBpep, ap Jacmuua Henkosnh.

28-29.11.2024.

BOOK OF PROCEEDINGS III INTERNA-
TIONAL SYMPOSIUM MINING AND GE-
OLOGY TODAY, COBISS.SR-ID 156422665,
DOI prefix 10.5937/RGD24, organizers and
publishers Mining institute Ltd, Belgrade with
support Ministry of Science, Technological
Development and Innovation and Joint Stock
Company ,Elektroprivreda Srbije”. Executive
organizers and publisher Mining institute Ltd,
Belgrade, ISBN 978-86-82673-24-8, 423 pag-
es. The printing of the book was enabled by
Mining institute Ltd, Belgrade and Ministry of
Science, Technological Development and In-
novation. Editors dr Milinko Radosavljevi¢, dr
Svetlana Polavder, dr Jasmina Neskovié.
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Krwouie / Books

CumrosujyMm je onprxaH 28-29 HoBeMOpa 2024. y
Beorpapny. Teme cummnosujyma ogHocue Cy ce Ha
eKCIUIOATalNjy MIHEPA/THIX CUPOBYHA (IOA3eM-
Hy, IOBPIIVHCKY, IO/{BOJHY, KOMOVHOBaHY, €KC-
II0aTanyja HadTe 1 raca), IpUIpeMy MIUHEpaI-
HUX CHPOBJHA, JIOTUCTUYKE PYJIHMYKE IIPOLece,
reosoryjy (pyAHMYKa Ireoyoruja, MH>XembepcKa 1
XVUJPOTeOJIorja, Te0TeXHIKA, reopu3NKa 1 fip.),
3AIUTUTY >KUBOTHE VM pajiHe CPeMHE, 3AIUTUTY
PYGHMKA ¥ OfjIarajMIITa Of, BOJQA, PEKYNTUBA-
11jy, peBUTaIM3anyjy u ypebeme ferpaaypanmx
MOBPILIVHA, €KOHOMMKY MMHEPaTHO-CUPOBYH-
CKOT' KOMILIEKCA, CTaHJapfie, 3aKOHCKY M HOp-
MAaTUBHY PEry/lIaTUBY, PUSUKE U YIIPAB/bAIE PU-
3UIMMAa, 00pa3oBambe PyJAPCKUX ¥ TeONTOIIKIX
CTpy4ibaKa, PyJapCcTBO M apXeOoJIoTHjy, BeITad-
KY MHTENUTE€HIIV)Y U FbeHY IIPUMMEHY Y PyLapCTBy
Y1 T€OJIOTUjU, OFP>KUBO PYHApCTBO. Y 360pHUKY
pazioBa Ha 423 cTpaHa IIy6/1MKoBaHoO je 42 paja,
115 ayropa u3 11 semaspa.

[Tpupennna Jacmuua Hemkosnh
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The Symposium was held 28-29. Novembre
2024 in Belgrade. The topics of the Symposi-
um were related to the Exploitation of mineral
resources (underground, surface, underwater,
combined, exploitation of oil and gas), Min-
eral Processing, Logistical mining processes,
Geology (mining geology, engineering and
hydrogeology, geotechnics, geophysics, etc.),
Environmental protection and occupational
safety, Water protection of mines and landfills,
Recultivation, revitalization and restoration of
degraded surfaces, Economics of the mineral
resource complex, Standards, legislative and
normative regulations, Risks and risk man-
agement, Education of mining and geological
experts, Mining and Archeology, Artificial In-
telligence — application in Mining and Geology,
Sustainable Mining. Proceedings of the papers
on the 423 pages published 42 papers, 115 au-
thors from 11 countries.

Edited by: Jasmina Neskovi¢
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HOJIHOI]ICH)C YIaHAKa

CBa KOpeCIOHJIeHIWja, YK/bydyjyhu mopHO-
IIelbe YWIAHAKA M IOCTYIIAK pelieHsnje, 06aB/ba
Ce IIyTeM €-Mall ajpece ITaBHOI' I OATOBOP-
HOT ypeIHMKa.

YnaHoy ce pasBpCTaBajy y KaTeropuje y
cknany ca [IpaBMIHNMKOM O KaTeropusauyju u
paHrupamy HayyHux vacommca (,CryxOeHn
1. PC’, 6p 159/20, Ilpusor 1) u TO Kao:

Hayunu unanyu

OpurnHamad HayYHM paj
IIpernenuu pap,
[IperxoHO caommTeme
Hayyna xputnxa

Ciupyunu unanyu

CrpyuHnu pag
VndpopmaTuBHY IpUIor
IIpukas

Crpy4Ha KpUTHKa

IIpunpema pagoBa

Yacomnuc Pynapcku I/1acHMK HeMa OrpaHiderha
y BY>KMHU 4IaHaKa, /iy UCTY He 61 Tpebano
ma 6yny xpahu on 5 crpanuna. Yranke Tpeba
nycat Ha cpruckoMm (hupunuiom) u eHrre-
CKOM jesuKy, ca cnegehom crpykrypom: Hac-
JIOB, IMEHA U IIpe3uMeHa ayTopa, Ha3UB yCTa-
HOBe ayTopa (apuamjainuje), e-Mamn ayropa
3a kopectoenuujy, ORCID 6poj cBux ayropa
(ykonmko mMx MMajy), caXkeTak, K/by4He pedln,

Submission of articles

All correspondence, including the submission
of articles and the requests for revisions, will
be done through the e-mail address of editor
in chief.

Types of Contribution (,,Sluzbeni gl. RS, br
159/20, Prilog 1):

Scientific articles

Original Scientific Paper
Review

Preliminary Report
Critical Review

Expert articles

Expert Paper
Informative article
Expert Review
Expert Criticism

Preparation of articles

Journal Bulletin of Mines has no restrictions on
the length of the articles, but articles should not
be shorter than 5 pages. Articles should be writ-
ten in Serbian (Cyrillic) and English, with the
following structure: title, authors, affiliations,
e-mail of corresponding author, ORCID num-
ber of all authors (if they have), abstract, key
words, main text, acknowledgements (option),
references. In main text use no numbered head-
ings for the following sections: introduction, ex-
perimental, results, discussion and conclusions.
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TEKCT WIAHKA, 3aXBa/THNLIA (YKOIMKO ITOCTOjN)
U muTeparypa. Y TeKCTy WIaHKa He KOPUCTU-
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JKeTak He 61 Tpebaso ga mpenasu 200 peun. 3a
ONNIC cafipXKaja paja, UCIOJ, CaXeTka, Tpebda
HaBeCTH HajBUIIe IIeT K/bYYHUX PEUM.

Cse Tabene n mrycrpauuje (cnmke) Tpeba na
uMajy ofrosapajyhu HasuB m ma Oymy Hyme-
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O6aBesHO je 03MBambe Ha INTEPATYPY Y TEKCTY
yaHKa. JIuTepaTrype ce He mIpeBOfie Ha je3MK
pagma. Hacnosu umtrpanux gomahmx gacommca
Zajy ce y OpUTVHATHOM, ITYHOM M/ cKpaheHoM,
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JIucry nuteparype Tpeba IPUIIPEMUTH 32 pa3-
Jm4nTe BpcTe pedepeHiy Ha crefgehy HaumH:

[1] Ayrop, A.B., Aytop, B.11, Hacnos una-
HKa, HacimoB vacommca, 48 (1), 2024,
10-20.

[2] Ayrop, I, Hacnos unanka, Ha3us koH-
dbepennyje, [pan, Ipxasa, ISBN 360p-
HUKa, 2024, 21-41.

[3] Ayrop, I, Hacnos kmure, 6p. usname,
Mspasay, Ipag, 2020, cTp., ISBN kmure

[4] Ayrop, E. Hacnos mornasspa, Hacmos
kwure (E. Ypennuk), Msnasau, Ipan,
2022, 17-29, ISBN xmwure
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The articles should be prepared on the stand-
ard A4 format (210x297 mm). All the margins
should be set at 25 mm (top, bottom, left and
right) and even pages with header and footer
size of 12,7 mm.

Text of the article should be written in Times
New Roman, 12 pt, justified, single line spac-
ing. Spacing before and after paragraphs 0 pt.
The Abstract should not exceed 200 words. A
maximum of five key words should be indicat-
ed below the abstract to describe the content of
the article.

All tables and figures should have an appro-
priate title and be numbered in the order of
appearance in the text, with mandatory refer-
ence to them in the text. Table numbers and
titles are always above the tables. The num-
bering and titles of the pictures are always be-
low the pictures. If the figures is not the origi-
nal contribution of the author, it is mandatory
to cite the source (if the figures has already
been published), or the author from whom it
was taken (if the figures has not yet been pub-
lished).

References in the text of the article are man-
datory. References to literature are mandato-
ry in the text of the article. References are not
translated into the language of the paper. Ti-
tles of cited domestic journals are given in the
original, full or abbreviated form, but never in
translated form.

Reference list should be prepared for different
types of references, as follows:

[1] Author, A.B., Author, B.C, Article title,
Journal title, 48 (1), 2024, 10-20.

[2] Author, C, Article title, The name of the
Conference, City, Country, Proceed-
ings ISBN, 2024, 21-41.

[3] Author, D, Book title, No. Edition, Pub-
lisher, City, 2020, pages, ISBN of the
book

(4] Author, E, Chapter title, Book title (E.
Editor), Publisher, City, 2022, 17-29,
ISBN of the book
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[5] Aytop, E. Hacnos mucepranuje, Yan-
Bepsurer, [pap, [Ipxasa 2022, cTp.

[6] Ayrop, ®. Hacnos msBemraja, 2021,
JIMHK Be6 CTpaHMIIa, (FaTyM IPUCTYIIA).

Op ayTopa ce Tpaku /ja HaBefy Jia je JOCTaB/be-
HJ YIaHaK OPUTMHAJIAH Pafl VIV IPOIIpPEHN
KOH(epeHIVjCKY paf.

YKonuko ce pajiv 0 IPOLIMPEHOM pajly ca KOH-
depeniyje, ayTopu Tpeba na ajy pesume Koju
objamnrmapa IpyMembeHa I000bIIaka y Bep3uju
YTaHKa 3a yacomuc. Pay Tpeba mpoumputu 1o
BE/IMYMHE MICTPAKMBAYKOl WIAaHKa Ca HajMarbe
30% HoBoOr cagpkaja. OproBapajyhm papm ca
KoHQepeHIVje Tpeba LUTUPATI U 3a0eIeKNTH
Ha IIPBOj CTpaHM IPOLIMPEHOT YlaHKa. More ce
ayToOpM Jla Y3 IOCTAaB/beHM YIaHaK IPUIOXKE 1
CBOj pe/IeBaHTHY, paHuje 00jaB/beHn paj,.

Oo6aBemreme

Yaconuc Pygapcku ImacHUK U3Tasy jefaHITyT
y TOAMHY faHa Kao ABoOpoj. UYiaHim ce obja-
BJ/bYjy Ha CPIICKOM I €HITIECKOM je3UKYy, a 06ja-
B/bUBambe je 6eCcIaTHO.

IIpucTurie dYmaHKe Npernefiajy peLleH3eHTH
KOjM Cy CTpy4many y fiaroj obmactu. Obasen-
Tee O IPMXBaTakby WIAHKA, ayTOpK f100Mjajy
Ofl CTPaHe ypeJHNUKa.

Ynanak Kxoju je Beh 06jaB/beH y HEKOM 0ff 4aco-
myca He MOXe ce 00jaBuTi y yaconucy Pymap-
CKU IJIACHMK.

[5] Author, E, Dissertation title, University,
City, Country 2022, pages

[6] Author, E Report title, 2021, link of
web pages, (accessed date).

Authors are asked to disclose that the submit-
ted article is original work or extended confer-
ence paper.

If it is extended conference paper, authors
should be provide summary explaining the
improvements made in the journal version.
The article should be expanded to the size
of a research article with at least 30 % of new
data. The conference paper should be cited
and noted on the first page of the submitted
article. Authors are requested to attach to the
submitted articles their relevant, previously
published paper.

Notification

Journal Bulletin of Mines is published as a dou-
ble-issue, once a year. Articles will be published
in Serbian and English, publication is free of

charge.

Submitted articles will be reviewed by reviewers
who are experts in the given area of research.
Authors will be notified of the acceptance of
the article by the editor.

A article that has already been published in one

journal cannot be published in journal Bulletin
of Mines.
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