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Dragoslav Raki¢", Nenad Susi¢™, Milenko Ljubojev”™"

ANALIZA SLEGANJA TEMELJA USLED PROGRESIVNOG
PROVLAZAVANJA PRASINASTIH GLINA™™

Izvod

Nisu retki primeri vidljivih ostecenja (pukotine i prsline po fasadnim zidovima) na starijim
gradevinama Beograda koje su fundirane plitko. Najcesce je to posledica neravnomernih sleganja
koja cesto nastaju usled nepredvidenog proviazavanja tla ispod temelja. Ovo provlazavanje je
uglavnom lokalnog karaktera i u takvim uslovima je neminovna pojava diferencijalnih sleganja. U
ovom radu su izloZeni rezultati istraZivanja koji ukazuju da pored velicine zone uticaja promene
vlaznosti u tlu u horizontalnom pravcu i proracunatih vrednosti sleganja, treba anlizirati i ukupnu
promenu zapremine tla ispod temelja.

Kljucne reci: proviazavanje tla, sleganje, staticka penetracija, promena zapremine.

1. UVOD

Voda predstavlja vitalnu i najaktivniju
komponentu tla jer je stalno u pokretu.
Njeno prisustvo u tlu zavisi od brojnih
faktora, a pre svega od raspolozive koli¢ine
(padavine, kvaSenja, curenja drenaznih
sistema, i sl.), ali i od brzine kojom voda
osvaja tlo (razvijen proces evapo-
transpiracije, prisustvo vegetacije, posto-
janja prirodnih i vestackih drenaznih
sistema 1 sl.). Manje promene vlaznosti

dogadaju se tokom godine kao rezultat
sezonskih promena usled jakih kisa, Ceste
promene temperature i sl. Medutim, veci
uticaj na tlo one imaju za vreme dugotrajnih
padavina odnosno dugackih susnih perioda.
Ovaj efekat klimatskih promena postaje
vazniji ukoliko je prisutna i vegetacija (npr.
neke posebne vrste drveca dnevno mogu da
iscrpe preko stotine litara vode u vrelim
danima) izazivajuéi u odredenoj meri

* Univerzitet u Beogradu, Rudarsko-geoloski fakultet, Beograd

™ Institut za ispitivanje materijala — IMS Beograd
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skupljanje tla, Sto opet moze da izazove
vidljive deformacije na objektu. Suprotno
tome, odsustvo vegetacije vodi ka pove-
¢anju vlaznosti, ne retko i bubrenju gline-
nih tla, koje ponekad moze izazvati izdiza-
nje objekta. Zbog toga se na objektima
mogu javiti razli¢iti vidovi deformacija [1]

diferencijalno

neravnomerno

ravnomernmao

a)

(slika 1). Napominjemo da za vreme duzih
susnih perioda i1 korenje drveéa moze
prouzrokovati uglavnom mehanicke Stete
na podzemnim delovima objekta usled
njihovog rasta u dublje i vlaznije delove
terena.

pukoting izazvane
sleganjem
(progirenja pri vrhu)

pukotine 1zazvane
izdizanjem

b)

SL. 1. a) Opsti tipovi sleganja temelja, b) Pojava dijagonalnih pukotina u zidovima zbog
diferencijalnih sleganja

Samo kretanje vode, bilo da se obavlja
pod uticajem gravitacionih  odnosno
negravitacionih sila (prirodnog ili antropo-
genog porekla), u najteSnjoj je interakciji s
¢vrstom komponentom, menjajuci Cesto
mehanicka svojstva a samim tim i fizicko
stanje, pa 1 ponasanje. U pocetku su
promene lagane, gotovo neprimetne, ali
vremenom mogu biti i nepredvidljivih
razmera dovodeCi Cesto objekat u stanje
koje zahteva hitne intervencije. Zato, ako
se ispolje ove promene (npr. ispod temelja
objekata) stvaraju se i uslovi za pojavu
diferencijalnog sleganja u temeljnoj
konstrukeiji, Sto dalje moze da dovede do
velikih ostecenja objekta [2], [3]. Medutim,
nepoznavanje konkretnih uslova koji
postoje u tlu posle provlazavanja, navodi na
projektovanje 1 izvodenje tehnicki i
ekonomski neadekvatnih sanacionih mera.
U tom slucaju od znacaja je poznavati
veli¢inu zone uticaja promene vlaznosti,
odnosno veli¢inu zone u kojoj dolazi do
promene fizicko-mehanickih svojstava tla.
Veli¢ina ove zone je razliCita za razliCite
vrste tla. Zato ¢e se u ovom radu dati neki

rezultati istrazivanja u odredivanju veli¢ine
zone uticaja promene vlaznosti u praSina-
stim glinama.

2. IZVEDENA ISTRAZIVANJA

Predmet ovog rada je prizemni objeka u
okolini Sur¢ina, koji je u konstruktivnom
smislu izgraden od masivnih zidova. Os-
nova objekta je pravougaona, dimenzija
15,6 x 9,6 m. Zidovi su od opeke u krec-
nom malteru debljine d = 0,55 m. Krovna
konstrukcija je drvena na dve vode sa
krovnim pokrivacem od crepa. Objekat ima
podrum koji je ukopan u zemlju 2,1 m, u
odnosu na nultu kotu terena. Fundiran je na
temeljnim trakama Sirine B = 0,9 m na koti
fundiranja od 2,75 m. Kontaktno napre-
zanje ispod temeljnih traka je reda veliCine
Aq = 130 kN/m” Odvodnjavanje vode sa
krova vrsi se preko olucnih vertikala koje
prikupljenu vodu izvode na povrsinu terena
tako da dalji odvod vode nije regulisan.
Posle duzeg koris¢enja objekta (vise deset-
ina godina), doslo je do ozbiljnih ostecenja
na mestima oluc¢nih vertikala u vidu vrlo
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progresivnih 1 razvijenih pukotina koje
ugrozavaju njegovu dalju eksploataciju [4].

U cilju odredjivanja fizicko-mehanickih
karakteristika kao 1 veli¢ine zone uticaja
promene vlaznosti u tlu, izvrSena su odre-
dena geomehanicka istrazivanja na mestima
olucnih vertikala gde su oStecenja i najveca tj.
na mestima gde je najverovatnije doslo do
provlazavanja tla. Sprovedena geomehanicka

istrazivanja su obuhvatala iskop jedne is-
trazne jame (SJ-1) u zoni najvecih ostecenja
tj. pretpostavljenoj zoni provlazavanja, iz-
vodenja jedne istrazne buSotine (IB-1) van
zone provlazavanja, dve statiCke penetracije
(CPT-1 i CPT-2) i geomehanicka laboratori-
jska ispitivanja. Situacija objekta sa poloza-
jem istraznih radova prikazana je na slici 2.

I

15.6 m
T

A

SJ-1

P
\ rB-IOACPT-I 9.6 m

0.9m 0.9 m

A CPT-2

E

e SJ-1

ci| E
09m

SL. 2. Prikaz nacina fundiranja objekta sa polozajem istraznih radova

Istrazna jama (SJ-1) je ruéno kopana do
dubine od 3,5 m tj. oko 0,7 m ispod kote
fundiranja obuhvataju¢i tako i zonu provla-
zavanja. Nakon iskopa istrazne jame iz-
vriena je provera dimenzija temelja, inzen-
jerskogeolosko kartiranje tla i uzimanje 5
neporemecéenih uzoraka za geomehanicka
laboratorijska ispitivanja. Pored istrazne
jame, uradena je i jedna istrazna buSotina
(IB-1) i dva opita staticke penetracije (CPT-
1 i CPT-2). Dubina sondiranja terena je bila
15 m. Prva staticka penetracija (CPT-1) je
izvedena pored istrazne busotine IB-1 u zoni
koja nije bila zahvacena provlazavanjem.
Druga staticka penetracija (CPT-2) iz

tehnickih razloga nije izvedena u samoj zoni
provlazavanja, tj. na mestu istrazne jame
(SJ-1), ve¢ na oko 2.0 m od objekta. U cilju
utvrdivanja fizickomehanickih svojstava tla
izvrSeni su identifikaciono-klasifikacioni
opiti, opiti direk-tnog smicanja i edometarski
opiti stisljivosti.

3. REZULTATI ISTRAZIVANJA

Rezultati statiCko penetracionog son-
diranja, inZenjerskogeolosko kartiranje
istrazne busotine i istrazne jame, pokazali
su da je teren izgraden od sledecih li-
toloskih ¢lanova (slika 3):
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SL. 3. Geotehnicki presek terena

- Prasinaste gline, prasine i praSinast
pesak (al®™), smede i sive boje, sa
znacajnim udelom organskih primesa i
pojavom tankih proslojaka peska;
srednje stisljive; srednje i slabije vodo-
propusne. U istraznoj jami (SJ-1) od
dubine 2,0 m pa nadalje u zoni fun-
diranja, utvrdena je zona provlaza-
vanja sa izrazito vlaznim, mekanim, i
jace sti§ljivim prasinastim glinama.

Pesak prasinast (al™™), finozr do krup-
nozm sive i smede boje sa neujed-

zbijenosti sa karakteristicnim i ucesta-
lim gradacionim prelazima ka $ljunku.

- Srednjezrn i1 krupnozm pesak, Sljunak i
prasinasta glina (al-i**¢) — re¢no jeze-
rski sedimenti (sa Corbicula flumi-nalis)
medusobno izpreplitani slabo sortirani
sa Cestim lateralnim gradacionim pre-
lazima, a izrazito heterogeni po pa-
rametru otporno-deformabilnih i filtra-
cionih karakteristika.

Kako je terenskim istrazivanjima

pouzdano utvrdeno da je oStecenje objekta
nastalo usled provlazavanja sloja prasi-
nastih glina i praSina, to se u tabeli 1 daju
zbirni rezultati laboratorijskih ispitivanja
samo za ovu sredinu [5].

nacenim udelom sitnozrne frakcije i
karakteristicnom pojavom proslojaka
mulja sa dosta organskog detritusa.
Postoji nanos sa izrazenom finom strati-
fikacijom materijala, srednjeg stepena
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Tabela 1. Rezultati identifikaciono-klasifikacionih i deformabilno-otpornih

karakteristika prasinastih glina

. Prirodna vlaZnost Plasti¢nost i konzistencija (USCS)
Istrazni rad
w (%) wi (%) we (%) L L
SJ-1 27.4-34.6 34.8-40.5 21.8-22.7 13.0-17.8 0.12-0.49
CL, CL/SF
IB-1 22.1-26.8 30.0-38.0 20.0-22.0 13.0-17.8 0.58-0.59

Zapr. teZina

Modul stisljivosti Mv (kN/m?)

Cvrstoéa smicanja

Istrazni rad

Ya (KN/m?) 50-100 100-200 200-400 o) ¢ (kPa)
SJ-1 13.5-14.6 1850-2120 | 2810-3110 | 4150-6020 28 5
IB-1 15.1-16.0 3450-4450 | 4500-6250 | 5500-11000 |  19-22 15-40
Uporedujuci rezultate fizicko- Saglasno tome i vrednosti zapreminske

mehanickih svojstava tla pre i posle prov-
lazavanja (SJ-1 sa IB-1), vidi se da su
vrednosti  svih  fizi€¢ko-mehanickih svo-
jstava tla znatno smanjene. Ovo je pot-
vrdeno i na osnovu rezultata kartiranja is-
trazne jame (SJ-1) jer je pouzdano utvrdeno
da je temeljno podtlo provlazeno. Naime,
prirodna vlaznost (w) i indeks konsistencije
(I.), pokazuju da se sloj provlazenih prasi-
nastih glina (al®™) nalazi u vrlo mekom
konzistentnom stanju:

wy (21.8 - 22.7 %) < w (27.4 - 34.6 %) <
<w; (34.8 - 40.5 %)

0.12<Ic<0.49

30 7 T
e IB-I

25 4—m SI-1 =

= neosetljiva tla
-0}
= 20 ry
E 15 E o ® |-. .__.lll]'ltll."l]ll 1rncl|ji;i| tla
g .
o 10 I
5 osetljiva tla
= 5 | !

0 T T T T

0.4 0.6 0.8 1 1.2 1.4 1.6

tezine u suvom stanju (yq), efektivne
kohezije (¢’) i modula stisljivosti (Mv), su
izrazito niske:

4= 13.50 kN/m’
¢’ = 5.0 kN/m?
Mv = 1850 kN/m?

Pored toga treba napomenuti da dobi-
jene vrednosti granica konzistencije i
odgovarajucih indeksnih pokazatelja, uka-
zuju da se prasinaste gline u provlazenoj
zoni, mogu prema kriterijumu Braya i San-
cia [6], [7], svrstati umereno osetljiva tla u
pogledu opasnosti od pojave likvefakcije
koji se odnosi na sitnozrne sredine.

R ——
—{® [B- | CH
- SI-1 Ol
R . ci
s w e
E] 0 //
.’E |prnmene //
E {u ponasanjuf
210 | o Eﬂ_
2 l L -|- =
g [CLML |
0 | ML, OL
(] 10 20 30 40 50 60

granica tefenja wy (%)

SL. 4. Analiza procene opasnosti od pojave likvefakcije prema kriterijumima
a) Braya i Sancia (2006) i b) Boulangera i Idrissa (2006)
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Dobijeni rezultati posluzili su za for-
miranje geotehnickog modela terena (GMT-
1), koji reprezentuje temeljno podtlo dela
objekta na kome je doslo do oStecenja. I po
rezultatima opita staticke penetracije (CPT-1
i CPT-2), moze se videti da postoje izvesna
odstupanja u pogledu vrednosti g, a s obzi-
rom da se ova istrazivanja izvode direktno
na terenu, moze se reci da ona reprezentuju
prirodne uslove koji vladaju u podteme-
ljnom tlu do dubine od 15 m. Rezultati dobi-
jeni iz CPT-1 opita, iskoris¢eni su za for-
miranje geotehnickog modela terena (GMT-
2) koji reprezentuje zonu objekta u kojoj
nisu vidljiva ostecenja. Merodavne vrednosti

fizicko-mehanickih parametara tla za ana-
lizirane geotehnicke modele terena, prika-
zane su u tabeli 2.

Za ovako usvojene geotehnicke modele
terena izvrSen je proracun dozvoljene
nosivosti tla i sleganja temelja. Proracun
dozvoljene nosivosti tla je izveden na os-
novu “Pravilnika o tehnickim normativima
za temeljnje gradevinskih objekata”, a
prema modelu GMT-1 koji karakterise
provlazenu zonu tla. Rezultat proracuna je
pokazao da je dozvoljena nosivost tla veéa
od stvarnog opterecenja jer iznosi:

Q, = 164 kKN/m* > Aq = 130 kN/m?

Tabela 2. Usvojeni geotehnicki modeli terena GMT-1 i GTM-2

GTM-1
Litoloski h @’ c’ Mv Y
&lan (m) © (kN/m?) (kN/m?) (kN/m?)
al®? 2.75 27 5 2000 19
GTM-2
Litoloski h d qc My Y Y
¢lan (m) (m) (kN/m?) (KN/m?) (kN/m’)
- 2,5 2,5 3000-4000 11000 19
al®
45 2,0 1500-2000 4450 19
alP®r 10,0 55 6000-7000 15500 11
Lipse 12,5 2,5 15000-22000 50000 11
Al
! / / 6000-10000 27000 11

Posto ovaj rezultat nije pokazao da je
doslo do sloma tla, izvrSen je i proracun
sleganja. Proracun sleganja je sproveden za
oba geotehnicka modela tla ukljucujuci
tako i zonu u kojoj je doSlo do prov-
lazavanja. Analiza sleganja je izvrSena za
karakteristicnu tacku temelja, a za geo-
tehnicki model terena GMT-1 tj. za prov-
lazenu zonu i oSte¢eni deo objekta, dobi-
jene su racunske vrednosti sleganja od:

(GTM-1) p,=3,8cm
Za geotehnicki model terena (GMT-2),

tj. za uslove koji vladaju u delu objekta
gde nije doslo do ostecenja, ili bolje reci
za uslove koji su vladali u temeljnom tlu
nakon izgradnje objekta, racunske vred-
nosti sleganja su reda veliCine:

(GTM-2) p,=1,8 cm

Ovi rezultati pokazuju da su sracunate
vrednosti sleganja u dozvoljenim grani-
cama ali da je naknadno sleganje usled
provlazavanja izazvalo i pojavu diferenci-
jalnog sleganja.

Ap=p,-p2=2,0cm
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4. DISKUSIJA

Rezultati veli¢ina otpora konusa statickih
penetracija CPT-1 i CPT-2, ne pokazuju
bitno odstupanje, $to navodi na zakljucak da
je tlo u zoni CPT-2 u sli¢nom stanju kao tlo
u zoni IB-1, tj. da u zoni CPT-2 nije doslo
do provlazavanja tla. Na osnovu ovoga
moze se zakljuciti da veli¢ina zone uticaja
promene vlaznosti u tlu u horizontalnom
pravcu nije velika i da je ona za praSinaste
gline (al®*™) manja od 2,0 m. Takode, i
razlika u racunskim sleganjima temelja se
javila na relativno malom rastojanju do 2,0
m $to moze da bude jedan od bitnih uzroka
pojave diferencijalnog sleganja.

Medutim, pretpostavka je da razlika u
sleganju od 2 cm, nije preterano velika da
bi se sa sigurnos¢u moglo zakljuciti da je to
1 jedini uzrok nastanka pukotina i ostecenja
na objektu usled lokalnog provlazavanja
tla. Zato se mora potraZiti jos neki od even-
tualnih uzroka oStecenja. Ukoliko se anal-

naponi o, o', (kPa)
10 30 50 70 90

0.0 1‘ L 0.0 0.0
05 05 0.3
10 1 10 | @) 1.0
15 4 15 15
20 4 20 20
25 1 25 T 25
30 7 30 TEMEL) 3.0 4
35 1 35 s Cl 3 g
40 1 E 40 40
2 NPV
454 Ea4s+------+ — 45
= al =] | SFML
5.0 50 5.0

10

cLsE 1.0 foeeetes

H H 20ma -
! 1 | proviazavanja [\

iziraju rezultati promene vlaznosti tla sa
dubinom, videlo bi se da je u zoni prov-
lazavanja, vlaznost povecana u proseku za
oko w = 11 %. Ovi rezultati promene vla-
znosti tla sa dubinom, za oba geotehnicka
modela, prikazani su na slici 5 u vidu dija-
grama. lako je istrazna jama (SJ-1) izve-
dena do dubine od 3,5 m, moze se sa dija-
grama zapaziti da se povecanje vlaznosti
javlja i u vertikalnom pravcu za neku odre-
denu dubinu hy U konkretnom slucaju
prose¢na vertikalna dubina promene vla-
znosti iznosi oko hy = 2,3 m (od recimo 1,7
m do 4,0 m). Takode se moze uzeti u obzir
i Cinjenica da je u zoni provlaZavanja tla
stepen zasicenja S, = 100 %. Nedre-nirana
¢vrstoca smicanja odredena je na osnovu
rezultata  opita  statiCke  penetracije,
koris¢enjem teorijske zavisnosti u obliku
qc = Ni sy + o, (za Ny usvojena maksimalna
vrednost od 25).

nedrenirana cvrst. s, (kPa)
0 50 100 150 200 250 300

vlaznost w (%)
30

20

LEGENDA
n— SJ-1
s IB-1

.-
"
[
L

s
smanjenje
nedrenir. Evrstode

SL 5. Primena fizicko-mehanickih karakteristika u funkciji dubini

Posto ukupna zapremina tla (V) zavisi |/ ) /R 1)
i od zapremine Cvrstih Cestica (Vy), Ovo se moZe napisati i kao:
mozemo da definiSemo specificnu
zapreminu v kao odnos V/V, odnosno - . _ Vs +Vp e e ()
VS VS
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Posto se zapremina Cvrstih Cestica ne
menja, to promena ukupne zapremine
(AV) zavisi od promene specifiéne zapre-
mine (Av), pa se moze napisati:

W=tv, = tr=L 3

A
Kako se radi o zasi¢enom tlu sa stepe-
nom zasi¢enja S, = 1, onda je na osnovu

Q):

Iz ovog sledi da promena specifi¢ne
zapremine zavisi od promene vlaznosti tj.:

Zamenom ove vrednosti u jednacini
(3) dobija se promena ukupne zapremine:

AV =V AW - G weereeeemesnenesnennns (7

Veza jednacina (1) i (5) definise
ukupnu zapreminu tj.:

T TRTNC Y W — ®)

Ukoliko sada posmatramo tzv. blok tla
jedini¢ne povrSine ali do dubine hy,
ukupna zapremina je:

V=l-hy=(1+w-G )V, = 9)

ili

Zamenom ove vrednosti u (7) dobija se
promena zapremine jedini¢nog bloka tla o
dubine u kojoj je izraZzena promena vla-
Znosti:

Ovako izraCunata promena zapremine
u vertikalnom praveu u neku ruku

predstavlja vertikalno izdizanje p (za
slu¢aj smanjenja vlaznosti javilo bi se
dopunsko sleganje). Medutim, kada se
radi o glinenom tlu, poznato je da ono
usled povecéanja vlaznosti poveéava i
zapreminu (bubri). Zbog toga na ovako
izraCunatu proseénu promenu zapremine u
vertikalnom pravcu treba uzeti u obzir i
bocno Sirenjene (za slucaj gubljenja vode,
boéno skupljanje) pa je:

AV = p + bocno Sirenje............... (12)

$to navodi na zakljucak da je:
p <AV

Na osnovu empirijskih rezultata, Dris-
coll [8] je predlozio da se za bu-
brenje/sleganje usvoji redukovana vred-
nost promene zapremine od:

AV AV
p< 3 do 2

Primenjujuéi ovo resenje, dobijena je
promena  jedinicne  zapremine  od
AV =35.7 cm, odnosno:

p=89-11.9cm

Kako je zidana konstrukcija od opeke
u kre¢nom malteru i stara viSe desetina
godina, moze se zakljuciti da se konsoli-
daciono sleganje zavrsilo, pa ovako dobi-
jene vrednosti, predstavljaju dopunsko
izdizanje usled intenzivnog provlazavanja.
Ono se desilo na kratkom rastojanju, pa
objekat verovatno nije mogao da prihvati
ovolike deformacije. Na to ukazuju i pu-
kotine ¢ija je Sirina u prizemnom delu
veéa. U svakom slucaju, glavni uzrok
ostecenja objekta je svakako prov-
lazavanje temeljnog tla, i to najvecim
delom usled osteCenja oluénih sistema.
Medutim, kada se radi o prasinastim ma-
terijalima sa provla-zavanjem je vrlo mo-
guce 1 ispiranje finih Cestica, Sto takodje
dovodi do promene zapremine [9]. Ovaj
proces  promene  fizicko-mehanickih
karakteristika tla wusled provlazavanja,
Sematski je ilustrovan na slici 6.
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SL. 6. Smanjenje ¢vrstoce smicanja tla ispod objekta usled proviazavanja

5. ZAKLJUCAK

Na osnovu sprovedenih istraZivanja i
analiza moze se zakljuciti da se ne-
planirano provlazavanje tla deSava u odre-
denoj zoni uticaja promene vlaznosti koja
je recimo u horizontalnom pravcu za slu-
Caj ispitivanih praSinastih glina (al®™)
relativno mala, L < 2.0 m. Kako je prov-
lazavanje tla uglavnom lokalnog karak-
tera, to je i zona naknadnog sleganja lo-
kalnog nivoa. Posledica ovoga je pojava
diferencijalnih sleganja na vrlo kratkom
rastojanju, $to moze da izazove manja ili
veéa oSteCenja na objektu. Da bi se ob-
jekat vratio u eksploataciono stanje pot-
rebno je izvrSiti njegovu sanaciju koja
mora obuhvatiti sanaciju temelja, sanaciju
sistema za kontrolisano  odvodenje
povrsinskih i atmosferskih voda i sanaciju
same konstrukcije. Sve ove mere sanacije
zahtevaju znatno veca finansijska sredstva
od onih koja su bila potrebna za izgradnju

odrzavanje sistema koji treba da spreci
provlazavanje temeljnog tla.
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Abstract

*kkk

Examples of visible damage (cracks on the facade walls) on the shallow founded older buildings
in Belgrade are not rare. Usually, this is a consequence of unequal settlement resulting from the
unexpected moistening of soil under foundation. Moistening usually occurs locally and differential
settlement is inevitable in such conditions. This paper presents the research results, which indicate
that besides the size of impact zone of moisture change in the soil in horizontal direction and calcu-

lated settlement values, total change of soil volume under foundations should be analyzed.
Key words: soil moistening, settlement, static penetration, volume change

1. INTRODUCTION

Water is vital and the most active com-
ponent of the soil because it is constantly in
movement. Its presence in the soil depends
on many factors, primarily on the available
quantity (rainfall, wetting, leaking of
drainage systems, etc.) and the rate of water
penetration into ground (developed process
of evapotranspiration, the presence of vege-
tation, the existence of natural and artificial
drainage systems etc.). Less moisture

changes occur during the year as the result
of seasonal changes due to heavy rains,
frequent temperature changes and similar.
However, it has more influence on the
ground during prolonged rainfall and long
dry periods. The effect of climate changes
becomes more important if the vegetation
is present (eg. a particular tree species can
exhaust per day over hundreds of liters of
water on hot days), causing in a certain
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***% This work is the result of the Projects TR 36014, “Geotechnical aspects of research and
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degree the soil shrinkage, which in turn can
cause visible deformation on a facility.
Contrary to this, the absence of vegetation
leads to the increased humidity, often
swelling of clay soils, which can some-
times cause elevation of the building.
Therefore, different types of deformations

pukotine izazvane
sleganjem

may appear on building [1] (Figure 1).
Please note that during prolonged dry pe-
riods, the tree roots can mainly cause me-
chanical damages of the underground
parts of a facility due to their growth in
deeper and wetter parts of terrain.

=

pukotine 1zazvane
izdizanjem

(prosi

ja pri vrhu)

o neravhomerno  diferencijalno

Fig. 1. a) The general types of soil settlement, b) appearance of diagonal cracks in the
walls due to differential settling

The water movement, whether it is
done under the influence of gravitational
forces or non-gravitational forces (natural
or anthropogenic), is in the closest
interaction with the solid component,
often changing the mechanical properties
and therefore the physical condition, and
behavior. At the beginning, the changes
are light, almost imperceptible, but over
time they can be with unpredictable scales
leading often the facility in a condition
that requires emergency intervention.
Therefore, if these changes are expressed
(e.g. under the foundations of buildings),
the conditions are created for the
occurrence of differential settlement in the
basic structure, which can still cause great
damages to the facility [2], [3]. However,
the lack of specific conditions that exist in
the soil after moistening leads to a design
and implementation of technically and
economically inadequate rehabilitation
measures. In this case, it is important to
know the size of influence zone of
moisture changes, or the zone size in

which there is a change of physical-
mechanical properties of soil. The size of
this zone is different for different types of
soil. Therefore, this paper will present
some research in determining the size of
influence zone of moisture changes in
silty clay.

2. REALIZED INVESTIGATIONS

The subject of this work is a ground-
floor building near Sur¢in, which was
built of massive walls in the constructive
sense. The base of building is rectangular,
size 15.6 x 9.6 m. The walls are of brick in
a lime mortar, thickness d = 0.55 m. The
roof structure is timber on two water with
tile roof. The building has a basement that
was dug into the ground 2.1 m, compared
to zero above ground level. It was founded
on the fundamental bands, width B = 0.9
m at funding height of 2.75 m. Contact
stresses below the fundamental bands is
Aq = 130 kN/m”. Water drainage from the
roof is done through gutters which run out
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the collected water on the surface so that
further water drainage is not regulated.
After long use of building (several dec-
ades), there were serious defects in places
of vertical gutters in the form of progres-
sive and developed cracks that threat its
future exploitation [4].

In order to determine the physical and
mechanical characteristics as well as the
size of influence zone of moisture changes
in the soil, the certain geomechanical test-
ing was carried out in the places of gutter
verticals where the damages are the

greatest, i.e. the places with possible mois-
tening of soil.

Conducted geotechnical investigations
included the excavation of an exploration
pit (NS-1) in the zone of greatest damage,
i.e. assumed moistening zone, carrying out
one exploration hole (IB-1) outside the
zone of moistening, two static penetra-
tions (CPT-1 and CPT-2) and geome-
chanical laboratory testing. The situation
facilities with the exploration works is
shown in Figure 2

156 m

)
—
.

SJ-1

A CPT-2

SJ-1

225m
Sm

0.9m 0.9m

0.9m

Fig. 2. Review of facility founding with a position of exploration works

Exploration (NS-1) was manually ex-
cavated to a depth of 3.5 m, i.e. about 0.7
m below the level of funding including the
zone moistening After excavation the ex-
ploration pit, a check of foundation di-
mensions was carried out, then engineer-
ing mapping of soil and taking 5 undis-
turbed samples for geomechanical labora-
tory testing. In addition to the exploration
pit, one exploration drill hole (IB-1) was
made and two static penetration tests
(CPT-1 and CPT-2).

Sounding depth of a field was 15 m.

The first static penetration (CPT-1) is de-
rived next to the exploration drill hole in
the IB-1 zone, which was not affected by
moistening. The second static penetration
(CPT-2), for technical reasons, was not
performed inside the moistening zone, i.e.
the place of exploration pit (NS-1), but at
about 2.0 m from the facility. In order to
determine the physic-mechanical proper-
ties of soil properties, the identification-
classification experiments were carried
out, the experiments with direct shear and
oedometric compressibility experiments.
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3. INVESTIGATION RESULTS

The results of static penetration sound-  pit have shown that the ground is made of
ing, engineering-geological mapping of the following lithological members (Fig-
exploration drill hole and exploration ure 3):
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9 = 9 <
10 + 0}tz
SW 11 < ——
12 Hed ! _____,.‘:-
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~ = E
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alerr aleer al_jp.s.g
cLsE oL SFIML SW SWICL
o 19 kN/m? 4= 19 kN/m® y=NkNm ¥ =11 kNim® ¥ =11 kN/m*
q, = 3000 - 4000 kN/m* g, = 1500 - 2000 kN/m? q. = 6000 - 7000 kN/m* g, = 15000 - 22000 kN/m?| g, = 6000 - 10000 kN/m’
M, = 11000 kN/m? M, = 4450 kN/m? M, = 15500 kN/m? M, = 50000 kN/m’ M, = 27000 kN/m*

Fig. 3. Geotechnical section of the ground

- Silty clay, dust and dusty sand (al®™),
brown and gray in color, with signifi-
cant organic impurities and occurrence
of thin interlayers of sand; medium
compressible; medium and poor water
permeable. In the exploration pit (NS-
1) from 2.0 m depth and further in the
funding zone, the zone of moistening
was found with distinctly very wet,
soft, and more compressible silty clay.-
Dusty sand (al®™), fine grain to
coarse grain and brown in color with
an uneven share of fine-grained frac-
tion and characteristic appearance of
interlayers of mud with lot of organic
detritus. There is a deposit with the
expressed fine material stratification,

medium degree of compaction with
characteristic and frequent gradual
transitions to gravel.

- Medium grain and coarse grain sand,
gravel and silty clay (al-j>*%) — river-
lake sediments (with Corbicula
fluminalis) interlaced, poorly sorted
with often gradual lateral transitions
and expressly heterogeneous per pa-
rameter of resistant-deformable and
filtration properties.

As the field explorations have reliably
established that the damage of facilities
was caused by moistening the layer of
silty clay and dust, Table 1 gives the
summary results of laboratory tests only
for this environment [5].
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Tablel. Results of identification-classificationand deformation-resistant

properties of silty clay
Natural - .
Exploration moisture Plasticity and consistency s
work W )
w (%) w (%) We (%) Ip le
NS-1 27.4-34.6 34.8-40.5 21.8-22.7 13.0-17.8 0.12-0.49
CL, CL/SF
1B-1 22.1-26.8 30.0-38.0 20.0-22.0 13.0-17.8 0.58-0.59
Volumetric Compressibility module
Exploration weight Mv (KN/m?) Shear strength
work ya (kN/m® | 50-100 100-200 200-400 w'® | ¢ (kPa)
NS-1 13.5-14.6 1850-2120 2810-3110 4150-6020 28 5
IB-1 15.1-16.0 3450-4450 4500-6250 5500-11000 19-22 15-40

Comparing the results of physico-
mechanical properties of the soil before
and after moistening (NS-1 to IB-1), it is
seen that the wvalues of all physico-
mechanical properties of the soil are sig-
nificantly reduced. This was also con-
firmed on the basis of results of mapping
the exploration pit (NS-1) because it is
reliably established that the basic subsoil
is moistened. Namely, the natural mois-
ture (w) and consistency index (I;) show
that the layer of moistened silty clay
(al®™) is in a very soft consistent state:

w, (21.8 -22.7 %) <w (27.4 - 34.6 %) <
<w; (34.8-40.5 %)

0.12<Ic<0.49

an
e [B-1

25 m 8-l neosetljiva tla |
_;. 3
& 20 M
g b
-% 15 4 o e n b |umereno osetljiva llil..
3 o
=) [ | |
=1 ———
= oselljiva tla
=
= 5]

0 T T T

04 0.6 0.8 1 1.2 L4 L6

indeks plastitnosti IJ (%)

According to this, the value of gravity
in a dry state (yq), effective cohesion (c¢”)
and modulus of compressibility (Mv), are
extremely low:

4= 13.50 kN/m’
¢’ =5.0 kN/m’
M, = 1850 kN/m’

In addition, it should be noted that the
obtained values of consistency limits and
corresponding index indicators, suggest
that silty clay in the zone, according to the
criteria of Bray and Sancio[6], [7], can be
classified into moderately sensitive soils, in
terms of danger of liquefaction occurrence,
related the fine-grained environments.

40  ——
— ® [B-1 CH
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s0 | {® cil
oL L~
20 //
promeng //
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10 L vl |ﬁ“
| S -HoiH
TCLE [t
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granica tedenja wy (%)

Fig. 4. Analysis of risk assesment from liquefactionoaccurence according to the criteria
a) Bray and Sancio (2006) and b) Boulanger and Idriss (2006)
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The obtained results were used to form
a geotechnical model of field (GMT-1),
which represents a fundamental subsoil of
a facility part which was damaged. And
the results of static penetration tests (CPT-
1 and CPT-2) can show that there are
some discrepancies regarding the q. value
of qc, and considering that these explora-
tions are carried out directly in the field, it
could be said that they represent the natu-
ral conditions prevailing in the sub-base
soil to a depth of 15 m. The obtained re-
sults from CPT-1 experiment were used
for formation the geotechnical field model
(GMT-2) which represents the zone of
facility in which the damages are not visi-

ble. Relevant values of physic-mechanical
soil parameters for analyzed geotechnical
field models are shown in Table 2.

For such adopted geotechnical field
models, the calculation of allowable bear-
ing capacity of soil and foundation settle-
ment was done. Calculation of allowable
bearing capacity is derived based on the
"Rules of technical standards for construc-
tion facilities with foundation," and ac-
cording to the model GMT-1, which char-
acterizes the moistening zone of soil. The
result of calculation showed that permitted
bearing capacity of soil is greater than the
actual load as follows:

Q, = 164 kKN/m* > Aq = 130 kN/m?

Table 2. The adopted geotechnical field models GMT-1 and GTM-2

GTM-1
Lithological mem- h [0} c Mv O
ber (m) © (KN/m?) (KN/m?) (KN/m®)
al®P" 2.75 27 5 2000 19
GTM-2
Lithological h d e Mv Y
member (m) (m) (KN/m?) (KN/m?) (kN/m?®)
2.5 2.5 3000-4000 11000 19
ale™
45 2.0 1500-2000 4450 19
alPPr 10.0 55 6000-7000 15500 11
} 12.5 2.5 15000-22000 50000 11
al-jpse
/ / 6000-10000 27000 11

Since this result has not shown that
there was a breakdown of the soil, a calcu-
lation of settlement was made. Calculation
of settlement was carried out for both geo-
technical models of soil including the
zone of moistening. Analysis of settlement
was carried out for the specific point of
foundation, and the calculating value of
settlement were obtained for a geotechni-
cal field model GMT-1, i.e. for moistening
zone and damaged part of the facility, as
follows:

(GTM-1) p,=3,8cm

For geotechnical field model (GMT-
2), i.e. prevailing conditions in a part of
the building where no damage has oc-
curred, or rather the conditions that pre-
vailed in the underlying soil after con-
struction of the facility, the calculating
values of settlement are as follows:

(GTM-2) p,=1,8 cm

These results show that the calculated
values of settlement are within allowable
limits, but that subsequent settlement, due
to the moistening, has caused the occur-
rence of differential settlement.

Ap=p,-p2=2,0cm
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4. DISCUSSION

The results of cone resistance values of
static penetrations CPT-1 and CPT-2,
show no significant deviation, which sug-
gests that the soil in zone of CPT-2 is in a
similar state as the soil in zone IB-1, i.e.
there was no moistening of soil in the
CPT-2 zone. Based on this, it can be con-
cluded that the size of the zone of influ-
ence of soil moisture changes in the hori-
zontal direction is not great and that the
influence zone size moisture changes in a
horizontal direction is not large and it is
less than 2.0 m for silty clay (al®*™). Also,
the difference in computational soil set-
tlements has occurred on a relatively small
distance of 2.0 m, what can be one of im-
portant causes for differential settlement
occurrence.

However, it is assumed that the differ-
ence in settlement of 2 cm is not too big to
be concluded with certainty that this is the
only cause of cracks and damages on a
facility due to local soil moistening.

naponi o, ', (kPa)
10 30 50 70 90

Therefore, some other possible causes
of damage have to be found out. If the

results of 50il moisture changes with depth
are analyzed, it will be seen that, in the
moistening zone, the moisture is increased
of about w = 11%. These results of soil
moisture changes with depth, for both geo-
technical models, are presented in Figure 5
in the form of diagrams. Although the ex-
ploration pit (NS-1) was made to a depth of
3.5 m, it can be observed from a diagram
that increased soil moisture also appears in
the vertical direction to the certain depth hy,
In this case, the average vertical depth of
moisture changes is about hy = 2.3 m (from
e.g. 1.7 m to 4.0 m). It can also be taken
into account the fact that the zone of soil
moistening the degree of saturation is S, =
100%. The nondrained shear strength was
determined on the basis of the results of
static penetration tests, using the theoretical
dependence in the form q. = Ny s, + &, (for
Ny the adopted maximum value of 25).

viaznost w (%) nedrenirana évrst. s, (kPa)

20 30
| I .
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Fig.5. The use of physico-mechanical properties in the function of depth

Since total volume of soil (V) depends
on the volume of solids (V;), the specific
volume v can be defined as the ratio V/V,,
that is:

vV

This can be written as
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Since the volume of solid particles
does not change, so the change of total
volume (AV) depends on the specific vol-
ume change (Av), and it can be written

AV =MvV, = Av:?/l ...... 3)

N

Since this is a saturated soil with satu-
ration degree S; = 1, then based on (2)

Sr — W'Gx — W'Gx .................... (4)
e y—1
that is for S, =1
V1 e G eeeereeeemmeeeenseeiennines (5)

From this it follows that the specific
volume change depends on humidity
change, i.e.

Substitution of this value in equation
(3) gives total volume change

AV =V AW - G weeeeeeeeesemnesnennes (7

s 5

The connection of equations (1) and
(5) defines total volume, i.e.

V=(1+W-GS)-VS .................... (®)

If so called block of the unit surface is
observed, but to a depth hy, total volume
IS:

V=l-hy=(1+w-G )V, = 9)

or

Substitution of this value in equation
(7) gives the volume change of unit soil
block to a depth where the change of hu-
midity is expressed:

Thus the calculated volume changes in
the vertical direction in a way represents a
vertical rise p (in the case of moisture
reduction of moisture, the additional
settlement will occure). However, when it
is a clay soil, it is known that, due to the
increased moisture, it also increases the
volume (swelling). Because of this, the
lateral spreading (in the sace of water
loss, lateral shrinkage) should be taken
into account on such calculated average
volume change in the vertical direction, so

AV = p + lateral spreading......... (12)

Suggesting the conclusion that
p <AV

Based on empirical results, Driscoll [8]
suggested that the reduced wvalue of
volume change has to be adopted for
swelling/settlement, as follows

AV AV
<— do —
P 3 4

Applying this solution, the ochange of
unit volune was obtained of AV =35.7
cm, that is

p=89-11.9cm

As the construction was built of a
brick in lime mortar, and it is several dec-
ades old, it can be concluded that the con-
solidated settlement ended, and thus ob-
tained values represent additional uplift
due to intense moistening. It happened in
a short distance, so the facility could not
possibly accept such deformations. The
cracks point out to it with a width in the
ground floor is higher.In any case, the
main cause of damage of the facility is
certainly moistening the foundation soil,
and mostly due to a damage of gutter sys-
tems. However, when it is a fact with
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dusty materials with moistening, the
washing of very fine particles is possible,
which also leads to the volume change [9].
This process of changes the physico-

mechanical characteristics of the soil due
to moistening, is schematically illustrated
in Figure 6.

o 50 250 <
Z [ g
Z 45 . ef. kohez. ¢ —F 225 é
- I I I e ned. &vrst. s, o7
° 40 = Si-1 T 200 7
T ! ® IB-1I g
32 35 175 %
£ 5
30 _ 150 2
X g
25 \ 125 E
20 ol 100 2
N provlazavanja
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-
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[
\-
5 =~ 25
0 0
20 25 30 33 40

vlaznost w (%)

Fig. 6. Reduction of shear strength of soil under facility due to moistening

5. CONCLUSION

Based on the conducted investigations
and analyses, it can be concluded that the
unintended soil moistening occurs in a par-
ticular affected zone by changes in mois-
ture, which is, for example in the horizontal
direction, in the case of the tested silky clay
(al®™) relatively small, L < 2.0 m. As the
soil moistening has mainly the local char-
acter, so the zone of subsequent settlement
has the local level. The consequence of this
is the appearance of differential settlement
in a very short distance, which can cause
minor or major damage on the facility. To
return the facility in exploitation condition,
it is necessary to make its rehabilitation,
which must include the foundation repair,
rehabilitation of system for controlled dis-
charge of surface and storm water and

rehabilitation of the structure. All these
measures of rehabilitation require much
higher financial resources than those
needed to build and maintain a system that
should prevent the moistening of founda-
tion soil.
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BITNO POBOLJSANJE ISKORISCENJA RASPOLOZIVIH
GEOLOSKIH REZERVI LEZISTA JUZNI REVIR MAJDANPEK U
NOVO DEFINISANOJ OPTIMALNOJ KONTURI KOPA
PRIMENOM SOFTVERSKIH PAKETA WHITTLE I GEMCOM™*

Izvod

Znacajan porast cene bakra na svetskoj berzi metala, ¢ija donja granica dugorocno gledano
nece biti ispod 6.000 $ po toni katodnog bakra, kao i smanjenje troskova eksploatacije rude
uvodenjem visokokapacitativne opreme u proces proizvodnje, zahteva novo sagledavanje razvoja
povrsinskog kopa Juzni revir Majdanpek i definisanje nove konacne (optimalne) granice ot-
kopavanja za date tehno ekonomske parametre.

Primenom savremenih softverskog alata za stratesko planiranje i optimizaciju lezista Whittle i
softvera za konstrukciju povrsinskih kopova Gemcom definisana je optimalna kontura kopa po
principu ostvarenja maksimalnog profita. U novodefinisanoj konturi analiziranog kopa zahvacene
su znacajno vece geoloske rezerve leZista u odnosu na dosadasnja sagledavanja i one iznose
172.388.652 t rude sa srednjim sadrzajem bakra u rudi 0,383 %.

Kljucne reci: Whittle, Gemcom, geoloske rezerve, optimizacija, Juzni revir Majdanpek

UVOD

Rudnik bakra Majdanpek u proizvod- revir odvija sa promenljivim kapacitetom
nom, tehnickom i tehnoloskom smislu neprekidno vea vise od 50 godina, od
predstavlja kompleksan rudarski sistem koji i;uzetnog je znacaja za proizvodnju bakra u
ima aktivnosti od geoloskih istrazivanja ~Sistemu RTB-a.
mineralnih resursa, eksploatacije i pripreme Leziste bakra Juzni revir Majdanpek,
rude do niza pratemih aktivnosti kao Nalazi se juzno od grada Majdanpek, u
neophodne podrike osnovnim delatnostima. ~ 1€g0ovoj neposrednoj blizini.

Proizvodnja i prerada rude u RBM, koja se Prema Planu razvoja proizvodnje rude
na dva povrsinska kopa Severni revir i Juzni bakra u RTB-u, koji je usvojen od strane

" Institut za rudarstvo i metalurgiju Bor

“Tehnicki fakultet u Boru

™ Rad je proizasao iz projekta broj 33038 “Usavrsavanje tehnologija eksploatacije i prerade
rude bakr5a sa monitoringom Zivotne i radne sredine u RTB Bor Grupa*, koji je finansiran
sredstvima Ministarstva za prosvetu i nauku Republike Srbije
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menadzmenta kompanije, povrsinski kop
Juzni revir oznacen je kao nosioc proiz-
vodnje rude bakra u RBM, sa godi$njim
kapacitetom na otkopavanju i preradi od
8,5 miliona tona.

Znacajan porast cene bakra na svetskoj
berzi metala, ¢ija donja granica dugorocno
gledano nece biti ispod 6.000 $ po toni kato-
dnog bakra uticala je na povecanje geoloskih
rezervi rude usled sniZenja grani¢nog sadrzaja
bakra sa 0,2% na 0,15%. Sva dosadasnja
pozitivna deSavanja u proizvodnji rude bakra
u svetu ukazuju na potrebu sagledavanja no-
vog koncepta razvoja povrsinskog kopa Juzni
revir i definisanje nove konacne (optimalne)
granice otkopavanja za date tehno - ekonom-
ske parametre.

Na osnovu postojecih uslova eksploa-
tacije definisan je dalji razvoj povrsinskog
kopa, uz ostvarivanje maksimalne dobiti
(profita) pri eksploataciji i maksimalno
iskoriS¢enje geoloskih rezervi.

GEOLOSKE REZERVE U LEZISTU

Geoloske rezerve leziste bakra Juzni
revir Majdanpek sraCunate su metodom

mini blokova, pri ¢emu su dimenzije blo-
kova 15x15x15 m. Osnova za za proracun
geoloskih rezervi jeste digitalni blokmodel
lezista koji je formiran u softveru Gem-
com.

U zavisnosti od promene grani¢nog
sadrzaja bakra u rudi, menjaju se i ko-
licine geoloskih rezervi u lezistu. Gra-
ni¢ni sadrzaj predstavlja promenjiv eko-
nomski pokazatelj, na koga uticu brojni
¢inioci i kao takav podlozan je varijaci-
jama i u pogledu vremena i u pojedinim
delovima rudnog tela. On pre svega zavisi
od cene bakra na svetskom trzistu, trosk-
ova proizvodnje, iskori§¢enja i razblazenja
pri otkopavanju, flotacijskom i1 meta-
lur§kom tretmanu rude, investicija i dr.

Za potrebe izrade Feasibility study
povrsinskog kopa Juzni revir rudnika
bakra Majdanpek 2001. godine proracu-
nate su geoloSke rezerve u konturi granic-
nog sadrzaja bakra 0,2% koji je u datim
uslovima ocenjen kao realan i koji je
obezbedivao pokrivanje troskova dobi-
janja bakra iz rude. U tabeli 1 date su ko-
licine proracunatih geoloskih rezervi.

Tabela 1. Geoloske rezerve u leZistu bakra Juzni revir Majdanpek, u
konturi granicnog sadrzaja 0,20% Cu

K‘r’:l'fl'e“a f:g‘:;‘;; Koli¢ina | Srednji sadr7aj Koli¢ina f;g‘:;‘;; Koli¢ina
© cutve | cue Au g/t Aug) | | AsGe)
420030400 0,335 | 1356670 0,188 76255 1260 | 510883

Promena navedenih faktora koji uti¢u
na vrednost grani¢nog sadrzaja bakra u
rudi, a naroCito znacajan porast cene bakra
na svetskoj berzi metala, pri ¢emu se pro-
cenjuje da ¢e dugoro¢no biti oko 6.000 $
po toni katodnog bakra, uzrokovala je
potrebu da se ponovo odredi vrednost
grani¢nog sadrzaja. Grani¢ni sadrzaj je
odreden tako §to je izvrSena optimizacija
vise varijanti kopova u konturi granicnog

sadrzaja bakra 0,15% i 0,20%. Na osnovu
analize rezultata uradenih varijanti usvo-
jena je vrednost grani¢nog sadrzaja bakra
0,15%.

U tabeli 2 dat je pregled geoloskih rez-
ervi leziSta bakra Juzni revir Majdanpek
sa srednjim sadrzajem i koli¢inama koris-
nih komponenti u konturi grani¢nog sa-
drzaja 0,15% Cu.
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Tabela 2. Geoloske rezerve u leZistu bakra Juzni revir Majdanpek, u
konturi granicnog sadrzaja 0,15% Cu

Koli¢ina f:;‘r‘;‘;; Koli¢ina f:;f;‘alj' Koli¢ina Sr‘iﬁ'gjsa' Koli¢ina Ag
rude (t) Cu (%) Cu (t) Au (g/6) Au (kg) Ag (g/t) (kg)
463.127.844 0,316 | 1.465.556 0,178 82.156 1,365 632274

ISKORISCENJE GEOLOSKIH
REZERVI LEZISTA U

KONTURI KOPA DEFINISANOJ U
FEASIBILITY STUDY IZ 2001. GOD.

Optimalna kontura povrsinskog kopa u
Feasibility study definisana je koris¢enjem
softvera za optimizaciju Whittle 4D i soft-
vera za projektovanje Gemcom.

Ukupne zahvacene koli¢ine rude i ja-
lovine u optimalnoj konturi povrSinskog
kopa Juzni revir Majdanpek, definisanoj u
Feasibility study iznose:

B3

*

ukupna kolicina iskopina, t

338.298.983
¢ koli¢ina jalovine, t

233.891.693
% koli¢ina rude, t 106.407.291

o

-

grani¢ni sadrzaj bakra u rudi, % Cu
0,20

Na osnovu koli¢ina geoloskih rezervi
rude i koli¢ina rude u optimalnoj konturi
kopa definisanoj u Feasibility study (ek-
sploatacione koli¢ine rude) dobija se ste-
pen iskoris¢enja geoloskih rezervi lezista
Juzni revir Majdanpek:

=R,/ Ry 100,% (1)

gde su:
R, — eksploatacione rezerve, (t)
R, — geoloske rezerve, (t).

1=2298%

ISKORISCENJE GEOLOSKIH
REZERVI LEZISTA UNOVO
DEFINISANOJ OPTIMALNOJ
KONTURI KOPA

Nova optimalna kontura kopa dobijena
je optimizacijom leziSta primenom softvera
Whittle 4.1.3. Optimizacija povrSinskog
kopa izvrSena je na osnovu blok modela
lezista i novo definisanih ulaznih tehno-
ekonomskih parametara, koji obuhvataju
cenu proizvodnje (u eksploataciji, flotaciji i
metalurskoj preradi), gubitke, razblazenja i
cene proizvoda i investicije. Ekonomska
vrednost leziSta odredena je na osnovu
vrednosti metala bakra, zlata 1 srebra. Eko-
nomski efekti eksploatacije rude bakra
obraCunati su za grani¢ni sadrzaj metala
bakra u rudi od 0,15 %. Blokovi ¢iji je sa-
drzaj bakra ispod grani¢nog sadrzaja treti-
raju se kao jalovina.

Izbor zavrsne — optimalne konture kopa
izvr$en je za baznu cenu bakra od 6.000 $. U
slucaju poremeéaja na trziStu metala, ek-
sploatacija rude u projektovanoj konturi
kopa bice rentabilna do granicne cene bakra
0d 4.560 $. Veca cena od planirane znaci da
¢e 1 ekonomski efekti poslovanja biti bolji
od planiranih, tj. ostvariCe se veci profit.

Na osnovu grani¢nog sadrzaja metala
bakra u rudi izvrSen je obra¢un osnovnih
pokazatelja optimizacije u dobijenim
granicama kopova, prikazani u tabeli 3. U
ovoj tabeli, pored fizi¢kih pokazatelja,
odnosno ukupnih koli¢ina iskopina (rude i
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jalovine), za pojedine granice kopa prika-
zan je obracunati profit kao sadasnja
vrednosti PV (Present value) za tri vari-
jante analize — ,,best case*, ,,worst case’ i
specified case* koje definiSu nacin pros-

tornog razvoja kopa.

Tabela 3. Osnovni pokazatelji u granicama kopova za GS=0,15 % Cu

Odredeni karakteristicni pokazatelji

tabele 3 prikazani su i graficki na slici 1.
1z ove tabele i sa grafika moze se videti da
je, za usvojene tehnoekonomske parame-
tre kao optimalan izabran kop broj 24.

) . Novéani tok Novéani tok Novéani tok Vek kopa
Kop Iskotpmc Rutda Otkrtlvka (ca;:sltl)ow §;21?§:$ (cashflow worst) (best)
$ disc $ disc $ dise god
1 2302906 1912371 390 535 -9344 431 -9344 431 -9344 431 0.4
2 4039078 3226408 812670 11439520 11439 520 11 439 520 0.7
3 5986 761 4585159 1401 602 30082 524 30082 524 30 082 524 1.0
4 9362613 7038 325 2324288 59367 300 56 263 673 56263 673 2.2
5 13 636219 9602 186 4034033 86 626 318 77093 089 77 093 089 2.7
6 17373 844 12051 904 5321940 108 028 257 96 437 521 96 437 521 3.1
7 23302 946 15563 235 7739711 138 231 813 119 923 506 119 923 506 35
8 34318 646 20 942 520 13376 126 180 890 243 157 900 716 157 900 716 4.1
9 44337317 25772 607 18564 710 214 648 680 185 869 581 185 869 581 4.7
10 62111273 33614979 28 496 294 263 115511 227134 543 227134 543 5.6
1 79 657 237 39 686 567 39970 670 300 499 064 253281 635 253281 635 6.3
12 100 797 909 47 809 283 52988 626 339195291 278518314 278518314 73
13 120 833 343 54219026 66614317 368 525 680 284102 927 284102 927 8.0
14 146 138 243 62 738 800 83399 443 400350 576 287 949 676 287 949 676 9.0
15 191 543 021 76376331 | 115166 690 441 733 965 285322 652 285322 652 11.0
16 248 279 535 91006391 | 157273144 479333416 274 294 504 274 294 504 13.4
17 281550596 | 100902532 | 180648 064 496 489 003 247 567 966 247 567 966 14.5
18 308679865 | 109059200 | 199 620 665 507 683 126 225932314 225932314 15.5
19 335841804 | 117416168 | 218425636 516 493 002 196 741 221 196 741 221 16.5
20 374134429 | 128922471 | 245211958 525769911 160 689 276 160 689 276 17.8
21 408955442 | 138223785 | 270731657 532427 495 122 650 208 122 650 208 18.9
22 436769379 | 145755948 | 291013431 536 724 940 94 002 630 94002 630 19.8
23 468847771 | 155288077 | 313559694 539 873 486 61886 870 61886 870 20.9
24 506593841 | 164394316 | 342199525 543 261 888 22190377 22190377 22.0
25 548155155 | 174956777 | 373198378 545515 648 21290 269 21290 269 23.2
26 572318338 | 181433655 | 390884 683 546314 134 45100916 -45100916 24.0
27 604290073 | 188919620 | 415370453 547 254 409 -80 059 049 - 80 059 049 24.9
28 646217017 | 200173014 | 446 044 003 547130 124 -116 323 284 116 323 284 26.3
29 676711254 | 207429174 | 469282080 547232012 -147 503 717 -147 503 718 27.2
30 709826636 | 214697978 | 495128 658 547238 885 -179 875 881 -179 875 882 28.0
31 747603904 | 223691253 | 523912651 546 449 491 212517671 212517671 293
32 769 660899 | 228645478 | 541015421 545930 783 231 827 198 231827 198 29.9
33 787220506 | 233158133 | 554062373 545355197 245 728 464 245 728 465 30.5
34 818922693 | 240047751 | 578874942 544 433 888 272955 116 272955 115 31.5
35 872999324 | 252772544 | 620226780 542225129 -312 820 138 -312 820 139 335
36 890704707 | 256599153 | 634105554 541745 151 324910 533 324910 532 339
37 902191262 | 259288874 | 642902388 541365 536 332842 423 332842422 342
38 927354940 | 264570021 | 662784919 540 569 702 -350 967 913 350967914 349
39 953246 108 | 270351581 | 682894527 539 640 540 -367 342 943 367 342 944 357
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40 093480437 | 278626271 | 714854 166 538132 118 4392 125 203 2392 125 203 37.0
41 | 1030096885 | 286143260 | 743953 625 536 884 341 413906 011 413 906 012 37.9
42 | 1036767072 | 287555140 | 749211932 536 660 886 417 705 266 417705 267 38.0
43| 1051716364 | 290620171 | 76109 193 536 147 146 426 208 901 426 208 902 384
44| 1097439686 | 299538249 | 797901437 534 599 398 450 851 840 450 851 840 40.0
45 | 1137955282 | 307839747 | 830115535 533219761 469 599 691 469 599 691 417
46 | 1143317571 | 309010357 | 834307214 533 058 950 472 060 337 472060 337 418
47 | 1195003408 | 317865040 | 877138368 531700 333 497948 139 497948 139 4.0
48| 1214482312 | 321334887 | 893 147425 531169422 505 589 534 2505 589 534 4.6
49 | 1234708370 | 325347128 | 909361 242 530 556 565 512 854265 512854265 44.4
50 | 1256707928 | 329292434 | 927415494 520992 878 521562 220 521562 221 449
51 1281534685 | 333367228 | 948 167457 529 456 436 532 520 826 532520 826 45.5
52| 1337761743 | 343849098 | 993912 645 528 139 566 552478 337 552478 337 474
531 1349231937 | 345913302 1003 318 527 866 633 -555 884 858 -555 884 859 476
5 1376148705 | 350336598 Eves 527349 464 -565410919 2565410919 485
55 1 1386791835 | 352114852 rosaere 527129333 -568 818 625 -568 818 626 487
56 | 1417666497 | 357351319 1oso31s 526 479 663 577925 967 577925 966 496
5T 1 1460618004 | 364698 524 1099 525 687921 -590 433709 -590 433 709 50.9
581 484027784 | 368710766 s 525 308 549 -597 436 576 -597 436 576 515
» 1489690950 | 369836 696 s 525 180 827 -598 378 490 ~598 378 490 516
60 | 1502205349 | 371614950 113020 525015 241 602 516770 602 516770 51.8
o1 | 1520729420 | 374242119 116 a8 524740 547 -607 800911 -607 800911 523
02 | 536638785 | 376779929 1198 524 496 434 -611 829200 -611 829200 52.8
83 | 1540638467 | 377432254 1163208 524445224 -612.805 381 -612 805 381 52.9
64 | sgg866712 | 385287797 1203578 523705 632 624139 963 624139 963 54.8
85 | 1611985356 | 388915793 1223069 523401 577 629 409 487 629 409 487 552
66 1626074679 | 390721698 123 523 264 344 -633 579 892 633579 892 55.5
67 | 1644571347 | 393474814 125109 523 066 621 637 371 403 637371 403 56.0
68 | 1651716793 | 394406 008 1257310 522991 613 -638 612 404 -638 612 404 56.2
1750447
69 | 1654246479 | 394799 189 . 522959 453 639111752 639111752 56.3
1284 830
70 | 1683686422 | 398856111 80 522657952 -645 682 469 -645 682 469 57.4
17393 358
71| 1693697901 | 400339479 P 522549 351 -648 031 278 -648 031278 57.5
1294 662
72| 1695189782 | 400527 134 o 522534 103 -648 396 315 -648 396 315 57.6
73 | 1715567408 | 403056 008 B 522327284 -652 628 866 -652 628 866 58.1
1333 548
74 | 1739609022 | 406060 173 - 522132350 -657 525 893 -657 525 893 58.7
75 | 1758604491 | 408689 197 1399 521944218 -660 429 434 -660 429 434 593
1357637
76 | 1767532841 | 409895 550 ol 521853380 -661 829 170 -661 829 170 59.5
1357675
77 | 1767579585 | 409904 486 o 521852913 -661836 216 -661 836 216 59.5
370730
78 | 1782780046 | 412049114 o 521727975 -664 379 228 -664 379 228 59.9
1382989
79 | 1796656020 | 413666 521 o 521612846 -666 964 109 -666 964 109 603
1403 288
80 | 182017155 | 416883464 ous 521416 097 -670 793 096 -670 793 096 61.0
81 | 1824844250 | 417419621 Hao7 521377012 -671 563 421 671 563 421 61.1
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82 1 826 296 604 417 544 724 1408 ;g(l) 521370 895 -671 745 589 -671 745 589 61.2
1414 608

83 1833020 385 418411511 874 521312195 -672 764 711 -672 764 711 61.4
1421585

84 1840792371 419 206 811 560 521252197 -674 167 324 -674 167 324 61.6
1425628

85 1845380 057 419 751 904 153 521216 946 -674 851 913 -674 851 913 61.7

86 1862011201 421 808 016 1440 ?gg 521088 137 -677 639 340 -677 639 340 62.2
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SL. 1. Graficki prikaz podataka za kopove

Nakon detaljne graficke obrade kopa Majdanpek. Ova granica prikazana je na
broj 24 u softveru Gemcom 6.2 dobijena  slici 2 u 3D formatu.
je konacna kontura kopa Juzni revir

SL. 2. Izgled zavrsne konture povrSinskog kopa sa prikazom blok modela leZista
(kop broj 24 detaljno graficki obraden u softveru Gemcom 6.2)
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Ukupne zahvacene koli¢ine rude i jalovine
u novo definisanojoptimalnoj (konacnoj)
konturi povrSinskog kopa Juzni revirMa-
jdanpek (eksploatacione rezerve) iznose:

*,

» ukupna koli¢ina iskopina, t

L X4

549.874.663
¢ koli¢ina jalovine,t 377.858.498
¢ koli¢ina rude, t 172.016.165

o

* granicni sadrzaj bakra u rudi, % Cu
0,150

Na osnovu koli¢ina geoloskih rezervi
rude i rude u novo definisanoj optimalnoj
konturi kopa dobija se stepen iskoriscenja
geoloskih rezervi leziSta Juzni revir Maj-
danpek prema izrazu (1):

[=37,14%

ZAKLJUCAK

Proizvodnja i prerada rude bakra u RBM
odvija se dva povrsinska kopa Severni revir i
Juzni revir i od izuzetnog je znaCaja za
ukupnu proizvodnju u sistemu RTB-a.

Znacajan porast cene bakra na svetskoj
berzi metala, ¢ija donja granica dugoro¢no
gledano nece biti ispod 6.000 $ po toni
katodnog bakra uticala je na povecanje
geoloskih rezervi rude bakra u leziStu
Juzni revir Majdanpek usled snizenja
grani¢nog sadrzaja bakra sa 0,2% na
0,15%. Usled toga nastala je potreba da se
izvr$i novo sagledavanje razvoja povrsin-
skog kopa Juzni revir i definiSe nova ko-
nacna (optimalna) granice otkopavanja za
nove tehno ekonomske parametre.

Za potrebe izrade Feasibility study
povrsinskog kopa Juzni revir rudnika bakra
Majdanpek 2001. godine proracunate su
geoloske rezerve u konturi grani¢nog sa-
drzaja bakra 0,2% koji je u datim uslovima
ocenjen kao realan i koji je obezbedivao
pokrivanje troskova dobijanja bakra iz
rude. Proracunate koli¢ine geoloskih rez-
ervi iznosile su 420.030.400 t.

Promena faktora koji uti¢u na vrednost
grani¢nog sadrzaja bakra u rudi, a narocito
porast cene bakra na svetskoj berzi metala,
pri cemu se procenjuje da ¢e dugorocno biti
iznad 6.000 $ po toni katodnog bakra, za-
tim snizenje troskova proizvodnje, pove-
¢anje iskoriS¢enja i u flotacijskoj i meta-
lurskojpreradi rude i dr. uzrokovala je pot-
rebu da se ponovo odredi vrednost granic-
nog sadrzaja. Grani¢ni sadrzaj je odreden
tako §to je izvrSena optimizacija viSe vari-
janti kopova u konturi grani¢nog sadrzaja
bakra 0,15% 1 0,20%. Na osnovu analize
rezultata uradenih varijanti odluceno je da
se odabere vrednost granicnog sadrzaja
bakra 0,15%. ProraCunate koli¢ine ge-
oloskih rezervi iznose 172.016.165 t.

Na osnovu proracunatih koli¢ina ge-
oloskih rezervi rude i koli¢ina rude u op-
timalnim kontura kopa (eksploatacione
kolicine rude) dobija se stepen
iskori§¢enja geoloskih rezervi lezista Juzni
revir Majdanpek koji iznosi:

—u optimalnoj konturi kopa definisanoj

u Feasibility study 1=22,98 %

—u novo definisanoj optimalnoj kon-

turi kopa I =37,14 %.

Na osnovu sprovede analize moze se
zakljuciti da je iskoris¢enje geoloskih rez-
ervi lezista Juzni revir Majdanpek bitno
poboljsano u novo definisanoj optimalnoj
konturi kopa, u odnosu na iskoris¢enje u
konturi kopa koja je definisana u Feasibil-
ity study iz 2001. godine.
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IMPORTANT IMPROVEMENT OF UTILIZATION THE AVAILABLE
GEOLOGICAL RESERVESOF THE SOUTH MINING DISTRICT
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CONTOUR OF THE OPEN PIT USING THE WHITTLE AND
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Abstract

A significant increase in copper prices on the World Metal Exchange, whose lower limit in the
long term will not be under $ 6,000 per ton of cathode copper, and reduction the operating costs
of ore mining by introduction the high capacity mining equipment in the production process, re-
quires a new consideration of the open pit South Mining District Majdanpek and defining the new
final (optimum) limit of mining for the given techno economic parameters.

Using the modern software tools for strategic planning and optimization of deposit Whittle and
software for design the open pit Gemcom, the optimum contour of open pit was designed on the
principle of maximum profit realization. In the newly-defined contour of analyzed open pit, sig-
nificantly higher geological reserves of deposit are affected in relation to the previous considera-
tions of those amounts to the amount of 172,388,652 t of ore with average copper content in the
ore of 0.383%.

Keywords: Whittle, Gemcom, geological reserves, optimization, South Mining District Majdanpek

INTRODUCTION

The Copper Mine Majdanpek in the Processing to a series of related activities
production, technical and technological ~ as the necessary support of core activities.
terms is a complex mining system that has The ore production and processing process
the activities from geological explorations ~ in RBM, at two open pits - the North and
of mineral resources, mining and mineral ~South Mining District, with variable

: Mining and Metallurgy Institute Bor

** Technical Faculty in Bor

7 This paper is the result of Project No. 33038, “Eksploitation and processing of copper ore technol-
ogy development with monitoring of living and working enviroment in the RTB Bor Group”, funded
by the Ministry of Education and Science of the Republic of Serbia.
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capacity continuously for more than 50
years, is of a great importance for copper
production in the system of RTB.

The South Mining District copper de-
posit in Majdanpek is located in the south
of the town Majdanpek in the immediate
vicinity.

According to the Plan of development
the copper production in RTB, adopted by
the management of company, the open pit
South Mining District is designated as the
holder of copper production in RBM, with
annual capacity of mining and processing
of 8.5 million tons.

A significant increase in copper prices
on the World Metal Exchange, whose lower
limit in the long term will not be under $
6,000 per ton of cathode copper resulted in
increase of geological reserves due to de-
crease of copper content from 0.2% to
0.15%. All previous positive developments
in the production of copper ore in the world
implies to a need for consideration a new
concept of development the open pit South
Mining District and defining a new final
(optimum) limit of mining for the given
techno economic parameters.

Based on the existing mining condi-
tions, further development of the open pit
was defined, with realization of maximum
profit in mining and maximum utilization
of geological reserves.

GEOLOGICAL
DEPOSIT

RESERVES OF

Geological reserves of the copper de-
posit Southern Mining District Majdanpek
were calculated by the method of mini-
blocks, with block sizes 15 x 15 x 15 m.
Base for calculation the geological re-
serves is a digital block model of deposit,
formed in the software Gemcom.

Depending on a change of copper limit
content in the ore, the amounts of geologi-
cal reserves are changed in the deposit.
Limit content is a variable economic indi-
cator, which is affected by many factors
and as such is subject to variations in
terms of time and in some parts of the ore
body. It mainly depends on the copper
price on the world market, production
costs, efficiency and dilution in mining,
flotation and metallurgical treatment of
ore, investments, etc.

For the needs of development the Fea-
sibility Study of the Open Pit South Min-
ing District Majdanpek, the geological
reserves were calculated in 2001 in a con-
tour of the copper limit content of 0.2%,
which is, in the given conditions, rated as
real and provided covering the costs of
copper production from the ore. Table 1
gives the calculated amounts of geological
reserves.

Table 1 Geological reserves in the copper deposit South Mining District Majdanpek, in
a contour of limit Cu content of 0.20% Cu

Oreamount CAver age Cu Average Au amount Average Ag Ag
() u content | amoun | Au content (kg) content (g/t) amount
(%) t(t) (o) (kg)
135667
420030400 0,335 0 0,188 76255 1,260 510883

Changing the factors that affect the
value of limit copper content in the ore,
and in particular a significant increase in
copper prices on the World Metal Ex-
change, where it is estimated to be a long

term about 6,000 $ per ton of cathode
copper, resulted in a need to re-determine
the value of limit content. Limit content is
determined by the optimization of many
variants of the open pits in a contour of
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limit copper content of 0.15% and 0.20%.
Based on the result analysis of performed
variants, the adopted value of limit copper
content is 0.15%.

Table 2 gives a review of geological

reserves of the copper deposit South Min-
ing District Majdanpek with average con-
tent and amounts of useful components in
a contour of limit Cu content of 0.15%.

Table 2. Geological reserves in the copper deposit South Mining District Majdanpek, in
a contour of limit Cu content of 0.15% Cu

Ore Average Cu Cu AverageAu | Auamount | Verage Ag
Agcontent | amount

amount (t) | content (%) amount(t) content (g/t) (kg) @) )
463127844 0,316 1465556 0,178 82156 1,365 632274

UTILIZATION OF GEOLOGICAL
RESERVES OF DEPOSIT IN A
CONTOUR OF THE OPEN PIT,
DEFINED IN THE FEASIBILITY
STUDY FROM 2001

Optimum contour of the open pit in the
Feasibility Study is defined using the
software for optimization Whittle 4D and
software for design Gemcom.

Total volume of ore and waste rock in
an optimum contour of the open pit South
Mining District Majdanpek, defined in the

Feasibility Study are:
total quantity of excavations, t
338.298.983
quantity of waste, t 233.891.693
quantity of ore, t 106.407.291

limit copper content in the ore, % Cu
0.20

Based on the amounts of geological re-
serves of ore and the amount of ore in the
optimum pit contour, defined in the Fea-
sibility Study (mining quantities of ore), a
degree of utilization the geological re-
serves is obntained in the South Mining
District Majdanpek:

=R,/ Ry -100,% (1)
where:

R, — mining reserves, (t)
R, — geological reserves, (t).

1=22,98%

UTILIZATION THE GEOLOGICAL
RESERVES OF DEPOSIT IN A
NEWLY-DEFINED OPTIMUM
CONTOUR OF THE OPEN PIT

The new optimum open pit contour is
obtained by optimization of deposit using
the software Whittle 4.1.3. Open pit opti-
mization was performed on the basis of a
deposit block model and newly-defined
techno-economic parameters, which in-
clude the production costs (in mining,
flotation and metallurgical treatment),
losses, dilution, and product prices and
investments. The economic value of de-
posit was determined on the basis of value
of copper, gold and silver metals. The
economic effects of copper ore mining
were calculated for the limit of copper
metal content in the ore of 0.15%. Blocks
with copper content below the limit con-
tent are treated as waste rock.

Selection of final - optimum pit con-
tour was made for the base copper price of
6,000 $. In the case of disturbances on the
metal market, the ore mining in the pro-
jected contour will be profitable to the
limit copper price of $ 4,560. Higher cop-
per price than the planned one means that
the economic effects of business will be
better than expected, i.e. a higher profit
will be achieved.

Based on the limit content of copper
metal in the ore, the calculation of basic
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optimization indicators was carried out for
the obtained open pit limits, shown in Ta-
ble 3. In this table, in addition to the
physical parameters, i.e. total amount of
excavations (ore and waste rock), the cal-
culated profit is presented for individual
limits of open pits as the present value PV
(Present value) for three variants of analy-

ses — the “best case, “worst case* and
“specified case* that define the way of
spatial mine development.

Some typical indicators are shown in
Table 3 graphically in Figure 1.

This table and graphics present the
open pit no.24 as optimum selected for
adopted techno-economic parameters.

Table 3. Basic indicators within the open pit limits for GS=0.15 % Cu

Lifetime

3 Excavtations Otre Over t;urden Caigtlow C;)ailgg\év Cavigrfétw of gi;:en
$disc $disc $disc (best)
year
1 2302 906 1912371 390 535 -9344 431 -9344 431 -9344 431 0.4
2 4039078 3226408 812 670 11 439 520 11 439 520 11439 520 0.7
3 5986761 4585159 1401 602 30082 524 30082 524 30082 524 1.0
4 9362613 7038 325 2324288 59367 300 56263 673 56263 673 22
5 13636 219 9602 186 4034033 86 626 318 77093 089 77 093 089 2.7
6 17 373 844 12 051 904 5321940 108 028 257 96 437 521 96 437 521 3.1
7 23302 946 15563 235 7739711 138231 813 119 923 506 119 923 506 35
8 34318 646 20942 520 13376 126 180 890 243 157900 716 157900 716 4.1
9 44337317 25772 607 18 564 710 214 648 680 185 869 581 185 869 581 4.7
10 62111273 33614979 28496 294 263 115511 227 134 543 227134 543 5.6
u 79 657 237 39 686 567 39970 670 300 499 064 253281 635 253281 635 6.3
2 100 797 909 47 809 283 52988 626 339195291 278 518 314 278518314 7.3
3 120 833 343 54219 026 66 614317 368 525 680 284102 927 284102 927 8.0
14 146 138 243 62 738 800 83399 443 400 350 576 287949 676 287 949 676 9.0
15 191 543 021 76 376 331 115 166 690 441 733 965 285322 652 285322 652 11.0
16 248 279 535 91 006 391 157 273 144 479 333 416 274294 504 274 294 504 13.4
iy 281 550 596 100 902 532 180 648 064 496 489 003 247 567 966 247 567 966 14.5
18 308 679 865 109 059 200 199 620 665 507 683 126 225932314 225932314 15.5
19 335 841 804 117416 168 218 425 636 516 493 002 196 741 221 196 741 221 16.5
20 374134 429 128 922 471 245211958 525769911 160 689 276 160 689 276 17.8
21 408 955 442 138 223 785 270 731 657 532427 495 122 650 208 122 650 208 18.9
22 436 769 379 145 755 948 291013 431 536 724 940 94 002 630 94 002 630 19.8
23 468 847 771 155288 077 313559 694 539 873 486 61 886 870 61 886 870 209
24 506 593 841 164 394 316 342 199 525 543 261 888 22190377 22190377 220
25 548 155 155 174 956 777 373198 378 545515 648 -21290 269 - 21290269 232
26 572318 338 181433 655 390 884 683 546 314 134 -45100 916 -45100916 24.0
27 604 290 073 188 919 620 415370453 547 254 409 -80 059 049 - 80 059 049 249
28 646 217 017 200173 014 446 044 003 547130 124 -116 323 284 -116 323 284 26.3
29 676 711 254 207 429 174 469 282 080 547232012 -147 503 717 -147 503 718 272
30 709 826 636 214 697978 495 128 658 547 238 885 -179 875 881 -179 875 882 28.0
31 747 603 904 223 691 253 523912 651 546 449 491 -212 517 671 =212 517 671 29.3
32 769 660 899 228 645 478 541015 421 545930 783 -231827 198 -231 827198 29.9
33 787 220 506 233158 133 554 062 373 545355197 -245 728 464 -245 728 465 30.5
34 818 922 693 240 047 751 578 874 942 544 433 888 -272 955116 -272 955115 31.5
35 872999 324 252772 544 620 226 780 542225129 -312820 138 -312 820 139 335
36 890 704 707 256599 153 634105 554 541745 151 -324 910533 -324 910 532 339
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37 902 191 262 259288 874 642902 388 541365 536 -332842423 -332842422 342
38 927 354 940 264 570 021 662 784 919 540 569 702 -350967913 -350 967 914 349
39 953 246 108 270351 581 682 894 527 539 640 540 -367 342 943 -367 342 944 35.7
40 993 480 437 278 626 271 714 854 166 538 132118 -392 125203 -392 125203 37.0
41 1030 096 885 286 143 260 743 953 625 536 884 341 -413 906 011 -413 906 012 379
42 1036 767 072 287 555 140 749 211 932 536 660 886 -417 705 266 -417 705 267 38.0
43 1051716364 290 620 171 761 096 193 536 147 146 -426 208 901 -426 208 902 384
44 1097 439 686 299 538 249 797 901 437 534599 398 -450 851 840 -450 851 840 40.0
45 1137955282 307 839 747 830 115535 533219761 -469 599 691 -469 599 691 41.7
46 1143317571 309010 357 834307214 533 058 950 -472 060 337 -472 060 337 41.8
47 1 195 003 408 317 865 040 877 138 368 531700333 -497 948 139 -497 948 139 43.0
48 1214482312 321334 887 893 147 425 531169 422 -505 589 534 -505 589 534 43.6
49 1234708 370 325347128 909 361 242 530556 565 -512 854 265 -512 854 265 44.4
50 1256 707 928 329292434 927 415 494 529992 878 -521 562 220 -521 562 221 44.9
51 1281 534 685 333367228 948 167 457 529456 436 -532 520 826 -532 520 826 45.5
52 1337761 743 343 849 098 993 912 645 528 139 566 -552 478 337 -552 478 337 47.4
53 1349231937 345913 302 1003 318 635 527 866 633 -555 884 858 -555 884 859 47.6
54 1376 148 705 350336598 1025812 107 527 349 464 -565 410919 -565 410919 48.5
55 1386 791 835 352114 852 1034 676 983 527129 333 -568 818 625 -568 818 626 48.7
56 1417 666 497 357351319 1060315178 526 479 663 -577 925 967 -577 925 966 49.6
57 1460 618 004 364 698 524 1095919 480 525 687 921 -590 433 709 -590 433 709 50.9
58 1484 027 784 368 710 766 1115317018 525308 549 -597 436 576 -597 436 576 51.5
59 1489 690 950 369 836 696 1119 854 254 525180 827 -598 378 490 -598 378 490 51.6
60 1502 205 349 371 614 950 1130 590 399 525015241 -602 516 770 -602 516 770 51.8
61 1520 729 420 374242119 1146 487 301 524 740 547 -607 800 911 -607 800 911 52.3
62 1536 638 785 376 779 929 1159 858 856 524496 434 -611 829 200 -611 829 200 52.8
63 1540 638 467 377432254 1163206213 524445224 -612 805 381 -612 805 381 529
64 1588 866 712 385287797 1203 578 915 523 705 632 -624 139 963 -624 139 963 54.8
65 1611985356 388915793 1223 069 563 523401 577 -629 409 487 -629 409 487 552
66 1626 074 679 390 721 698 1235352981 523264 344 -633 579 892 -633 579 892 55.5
67 1644 571 347 393474 814 1251096 533 523 066 621 -637 371 403 -637 371 403 56.0
68 1651716793 394 406 008 1257310785 522991 613 -638 612 404 -638 612 404 56.2
69 1654 246 479 394799 189 1259 447 290 522959453 -639 111 752 -639 111 752 56.3
70 1 683 686 422 398856 111 1284 830311 522 657 952 -645 682 469 -645 682 469 57.4
71 1693 697 901 400 339 479 1293 358 422 522 549 351 -648 031 278 -648 031 278 57.5
72 1695 189 782 400527 134 1294 662 648 522534103 -648 396 315 -648 396 315 57.6
73 1715 567 408 403 056 008 1312511 400 522327284 -652 628 866 -652 628 866 58.1
74 1739 609 022 406 060 173 1333 548 849 522132350 -657 525 893 -657 525 893 58.7
75 1758 604 491 408 689 197 1349915 294 521944218 -660 429 434 -660 429 434 59.3
76 1767 532 841 409 895 550 1357637 291 521 853 380 -661 829 170 -661 829 170 59.5
v 1767 579 585 409 904 486 1357 675 099 521852913 -661 836 216 -661 836 216 59.5
78 1782 780 046 412049 114 1370730932 521727975 -664 379 228 -664 379 228 59.9
79 1796 656 020 413 666 521 1382 989 499 521 612 846 -666 964 109 -666 964 109 60.3
80 1820171 556 416 883 464 1403 288 092 521416 097 -670 793 096 -670 793 096 61.0
81 1 824 844 259 417 419 621 1407 424 638 521377012 -671 563 421 -671 563 421 61.1
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82 1 826 296 604 417 544 724 1408 751 880 521 370 895 -671 745 589 -671 745 589 61.2
83 1833 020 385 418 411 511 1414 608 874 521312 195 -672 764 711 -672764 711 61.4
84 1840792 371 419206 811 1421 585 560 521252197 -674 167 324 -674 167 324 61.6
85 1845380 057 419 751 904 1425628 153 521216 946 -674 851913 -674 851913 61.7
86 1862011201 421 808 016 1440 203 185 521088 137 -677 639 340 -677 639 340 62.2
s R —
| | BT N ; . | — R
At = i - | o ()
( FainT o | =
—_— i, ‘! : " i s
& 4 e
e * (h 7 [ee—
e =13
§ i
] 5 -
mew\- =
| E— ESliand i —1

Fig. 1. Graphical presentation of data for open pits

After detailed graphical processing the
open pit no.24 in the software Gem-
com0.2, the final contour of the open pit

South Mining District Majdanpek was
obtained. This limit is shown in Figure 2
in 3D.

e -
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Fig. 2. View of the final contours of the open pit showing the deposit block model
(open pit no. 24 with in detail graphics, processed in the software Gemcom 6.2)
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Total included quantities of ore and
waste rock in the newly-defined optimum
(final) contour of the open pit South Min-
ing District Majdanpek (mining reserves)
are:

total quantity of excavations, t

549.874.663
quantity of waste, t 377.858.498
quantity of ore, t 172.016.165

limit copper content in the ore, % Cu
0.150

Based on the amount of geological
reserves of ore and ore in the newly-
defined optimum contour of the open pit,
the efficiency degree of geological re-
serves in the South Mining District Ma-
jdanpek is obtained according to the ex-
pression (1):

1=3714%

CONCLUSION

The ore production and processing in
RBM have been done at two open pits -
the North and South Mining District and
have great importance for copper produc-
tion in the system of RTB.

A significant increase in copper prices
on the World Metal Exchange, whose
lower limit in the long term will not be
under $ 6,000 per ton of cathode copper
resulted in increase of geological reserves
of copper ore in the South Mining District
Majdanpek due to decrease of limit copper
content from 0.2% to 0.15%. All this im-
plies a need for consideration a new con-
cept of development the open pit South
Mining District and defining a new final
(optimum) limit of mining for the mew
techno economic parameters.

For the needs of development the Fea-
sibility Study of the Open Pit South Min-
ing District Majdanpek, the geological

reserves were calculated in 2001 in a con-
tour of the copper limit content of 0.2%,
which is, in the given conditions, rated as
real and provided covering the costs of
copper production from the ore. Calcu-
lated amounts of geological reserves were
420,030,400 t.

Changing the factors that affect the
value of limit copper content in the ore,
and in particular a significant increase in
copper prices on the World Metal Ex-
change, where it is estimated to be a long
term over 6,000 $ per ton of cathode cop-
per, then decrease of production costs,
increase of utilization both in the flotation
and metallurgical treatment, etc., resulted
in a need to re-determine the value of limit
content. Limit content is determined by
the optimization of many variants of the
open pits in a contour of limit copper con-
tent of 0.15% and 0.20%. Based on the
result analysis of performed variants, the
adopted value of limit copper content is
0.15%. Calculated amounts of geological
reserves are 172,016,165 t.

Based on the calculated amount of
geological ore reserves and amounts of
ore in the optimum open pit contours
(mining ore quantities)in optimal amounts
of contour mining (exploitation quantities
of ore), the efficiency degree of geological
reserves in the South Mining District Ma-
jdanpek is obtained, which is:

- in the optimum open pit contour, de-
fined in the Feasibility Study 1=22.98%

- in the newly-defined optimum open
pit contour [ =37.14%.

It could be concluded, based on carried
out analysis that the utilization of the ore
reserves in the deposit of the South Min-
ing District Majdanpek was significantly
improved in the newly-defined open pit
contour regarding to the utilization in the
open pit contour, defined in the Feasibility
study of 2001.
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ODREDIVANJE PARAMETARA SMICANJA STENA
PO POVLASCENIM RAVNIMA"

Izvod

U ovom radu su prikazani rezultati ispitivanja otpornosti na smicanje u elasticnoj, anizotropnoj
sredini u tri uzajamno normalna pravca. Istrazno podrucje je transverzalno izotropan model, koga
karakterisu konstantna fizicko-mehanicka svojstva u razlicitim pravcima u ravni izotropije i
razlicita svojstva u pravcima normalnim na ravan izotropije.

Kljucne reci: smicanje, anizotropna sredina, fizicko-mehanicka svojstva, ravan izotropije.

UvoD

S obzirom na raznolikost grade dela
stenske mase i njenih svojstava na kojoj se
izvode odredeni gradevinski objekti, tesko je
razraditi model koji opisuje svu sloZenost
grade 1 naponsko-deformacijsko stanje. Ta-
kav model mora biti jednostavan, a

dobijeni rezultati prihvatljivi.

Prvi korak istrazivanja u podru¢ju me-
hanike stena je razrada strukturnog modela
koji odrazava sve osobenosti grade dela
stenske mase i njihova fizicko-mehanicka i
deformaciona svojstva, sl. 1.

S 1. Strukturni model

a — neorijentisana izotropna zrnasta struktura
b — slojevita anizotropna struktura
¢ — Skriljava anizotropna struktura

x
Institut za rudarstvo i metalurgiju Bor

. Ovaj rad je proistekao iz Projekta broj 33021 , IstraZivanje i pracenje promena naponsko
deformacionog stanja u stenskom masivu* in-situ“ oko podzemnih prostorija sa izradom modela
sa posebnim osvrtom na tunel Kriveljske reke i Jame Bor“, koga finansira Ministarstvo za

prosvetu i nauku Republike Srbije
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Na osnovu strukturnog stenskog
modela moguce je razraditi takav geome-
hanicki model stenske mase na koji se
mogu primeniti numericke analize metode
konacnih elemenata pri reSavanju praktic-
nih zadataka pri temeljenju odredenih
gradevinskih objekata.

Anizotropni elasticni model stenske
mase razlikuje se od izotropnog elasti¢nog
modela $to uzima u obzir izmenu svojstava
masiva u razli¢itim pravcima. U opStem
slucaju [1] anizotropnu sredinu karakterise
18 nezavisnih konstanti dok, poredenja
radi, izotropnu sredinu karakteriSu samo
dve konstante (modul elasti¢nosti i koefici-
jent Poisson-a).

Najjednostavniji ~ anizotropni  model
stenske mase je transverzalno-izotropni [3]

o, AT

Yy

(u prirodi su joj najblizi tankoslojni Skriljci).
1. SKRILJAVA ANIZOTROPNA

STRUKTURA PREGRADNOG
MESTA H.E. ,,BRODAREVO 2¢

Skriljci lokaliteta pregradnog mesta
H.E. ,Brodarevo 2“ su subvertikalne
tankoslojne uslojenosti, koja se vrlo brzo na
vazduhu razdvaja 1 prelazi u tro$nu sredinu.
Prema strukturnom modelu je Skriljava
anizotropna sredina. Ta sredina se karak-
teriSe  konstantnim  fizi¢ko-mehani¢kim
svojstvima u razli¢itim pravcima u ravni
izotropije poklapajuéi se sa ravni x’y’z’, slL.
2. i razli¢itim svojstvima u pravcu ose X’,
koja predstavlja osu simetrije elasti¢ne
sredine.

SL. 2. Sema napona u transverzalno-izotropnoj sredini

1.1. Priprema uzoraka Skriljca za
odredivanje parametara
otpora smicanju

Za definisanje parametara otpora smi-
canju Skriljca (transverzalno izotropnog
modela) u tri uzajamno okomita pravca neo-
phodno je pripremiti 9 (devet) uzoraka di-
menzija (8 x 8 x 8) [cm], koriste¢i Mor-
Kulon-ov zakon, da rusenje stene nastupa po
ravni najmanjeg otpora smicanju. Defini-
sanje tog zakona je moguce sa minimum tri
tacke:

()

T=c+o,tigp

T - otpor smicanju po unapred
definisanoj ravni
¢ — kohezija
6, - normalni napon
¢ - ugao unutrasnjeg trenja
Pripremljeni uzorci Skriljca se ube-
toniraju u kalupima, sl. 5, i smeste u komoru
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za smicanje, sl. 3. i sl. 4. Betonirani uzorak
Skriljca smesten u komoru za smicanje pod
pritiskom normalnog opterecenja on se
nalazi u troosnom stanju napona. Ravan po
kojoj se izvodi smicanje opterecena je samo
smicu¢im naponom jer je beton po toj ravni
prekinut. Pomeranje pri smicanju se prati

komparaterom tacnosti 10-2 [mm], a nor-
malno opterecenje se drzi konstantnim.

Takode, postoje predlozi za izmenu
pripreme, kao i metode za otkopavanje
preostalih rezervi, imajuéi u vidu specific-
nosti zaleganja rudnog tela Tilva Ro§ u
nizim delovima [4], [5].

SL 5. Pribor za orijentaciju uzorka i betoniranje
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1.2. Rezultati opita otpora smicanju u
transverzalno izotropnoj sredini

Na po tri uzorka Skriljca definisani su  sobno normalna pravca. Dobijeni rezultati
parametri otpora smicanju duZ tri medu- su prikazani dijagramskinasl. 6., 7.1 8.

1

m

anja 1 [kN
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SL. 6. Smicanje duz ravni Skriljavosti t, -
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SL 7. Smicanje u ravni
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aa, normalni napon

. napon
I p = el
j‘ |
25009 lkN"":l “'.:J[r: k') 2 -
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SlL. 8. Smicanje u ravni t,

Nakon ove nesrece, eksploatacija rude  nom proizvodnjom od 10.000 t rude me-
bakra u borskoj Jami ograni¢ena je na  se¢no. Rudno telo Borska reka jos uvek je
rudna tela Brezanik, sa proizvodnjom od u fazi otvaranja.
oko 15.000 t mese¢no i T, sa projektova

SL 9. Odredivanje normalnog o, i smic¢uceg trez. napona

1 - ravan slojevitosti
2 - pravac pada
3 - pravac pruzanja

U slucaju kao sto je prikazano na sl. 9,
osa z’ je normalna na ravan slojevitosti.
Veza sa nepokretnim koordinatnim siste-
mom u prostoru, ugao pruzanja je o i pada
B, sL. 9.

1, = sino; m; = coso.
1, = cosPcosa; m, = -cosPsina; n, = -sinf
1; = -sinfcosa; m; = sinfPsina; n; = -cosf
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U koordinatnom sistemu x’, y’ 1 2’, Ty,
i o, se predstavljaju slede¢im izrazima:

2 2
Trez. =\ Ty'z T2y @)

o, =0 (3)

Smicuéi i normalni naponi se dobiju:
Ty =0y -l+0, -mmy+

+0,ny-n3 +Txy(12 L) +l3 'm2)+ (4)

+7,(my - my +ms - my)+
+7(ny i +n3 1)

Ty :Gx'l3 'll +O'y'I’ﬂ3 -y +
+Txy(l3 R +l3 ~ml)+‘[yz~ml 'l3 + (5)
+T, 13 'll

O"Z =0, -132 +o, m32 +0, n32 +
+27,, - lymy + 27, -m3n3 + (6)
+ 22'yx . n3l3

Pri razmatranju rusenja izazvanog
naponom ots tj. naponom normalnim na
ravan slojevitosti, a saglasno izrazu 3,
primenjuje se slede¢i kriterijum rusenja:

Op =0y ™)

Ovde se mora naglasiti da za primenu
numerickih metoda naponsko-
deformacijske  analize za  odabrani
strukturni model (transverzalno izotropni),
neophodna su jo§ dodatna ispitivanja, koja
bi se obavila na uzorcima reprezentativnog
Skriljca, a to su definisanje pomeranja u tri
uzajamno okomita pravca pri jednoosnom
optere¢enju i definisanje parametara
deformabilnosti u tri uzajamno normalne
ravni.
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Abstract

The shear test results are presented in this work in the elastic, anisotropy environment in three
mutually perpendicular directions. The research area is a transversely isotropic model, which is
characterized with constant physical-mechanical properties in different directions in a isotropy
plane and different properties in the directions perpendicular to the isotropy plane.

Key words: shear test, anisotropy environment, physical-mechanical properties, plane of isotropy

1. INTRODUCTION

Considering the diversity of rock mass The first step of investigation in the
structure and its properties on which the field of rock mechanics is to develop a
certain buildings are constructed, it is diffi- structural model that reflects all character-
cult to develop a model that describes a istics of the rock mass structure and their
complexity of material structure and stress- physicgl—meghanical properties and de-
strain state. Such model has to be simple, formation, Figure 1.
and the obtained results acceptable.

Figure 1. Structural model

a — non-oriented isotropic grain structure
b - layered anisotropic structures
¢ - schistose anisotropic structure

i Mining and Metallurgy Institute Bor

™ This paper is produced from the project no. 33021 “Researching and monitoring changes in
stress-deformation condition of rock massif “in-situ” around undergraund facilities with devel-
opment of model with special emphasis on Krivelj river tunnel and Bor pit”, which is funded by
means of the Ministry of Education and Science of the Republic of Serbia
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Based on the structural rock model, it is
possible to develop such geomechanical
model of the rock mass for applying the
numerical analysis of finite element method
in solving the practical problems in founda-
tion of certain buildings.

Anisotropic elastic model of the rock
mass is different from the isotropic elastic
model which takes into account the proper-
ties of massive change in different direc-
tions. In general, [1] anisotropic environ-
ment is characterized by 18 independent
constants, while, by comparison, an iso-
tropic environment is characterized by only
two constants (elastic modulus and the
Poisson ratio).

The simplest model of an anisotropic
rock mass is a transversely-isotropic [3] (in
nature, the closest sample to this model is

thin-layered shale).

1. THE SCHISTOSE ANISOTROPIC
STRUCTURE FROM A PARTI-
TION PLACE OF THE POWER
PLANT "BRODAREVO 2"

Shales from a partition place of the
Power Plant "Brodarevo 2" are thin-layered
sub-vertical stratifications that are quickly
separated in the air and transforms into a
dilapidated environment. According to the
structural model, it is a schistose anisotropic
environment. This environment is character-
ized by constant physical and mechanical
properties in different directions in the plane
of isotropy coinciding with the plane x'y'z,
Figure 2, and with various properties in the
direction of x' axis, which is the axis of
symmetry of the elastic environment.

Fig. 2. Stresses scheme in a transversely-isotropic environment

1.1. Preparation of Shale Samplesfor
Deter mination the Shear Resistance
Parameters

For defining the parameters of shear re-
sistance of shale (transversely isotropic
model) in three mutually perpendicular di-
rections, it is necessary to prepare 9 (nine)
samples, size (8x8x8) [cm], using the More-
Coulomb law, that the rock destruction hap-
pens in a plane of the lowest resistance to
shear. Definition of the law is possible with
minimum three points:

T=c+0,1gQ (1)
- 1, shear resistance of predefined
plane
- C, cohesion

- 0, normal stress
- ¢, angle of internal friction

The prepared shale samples are put into
a wet concrete and then in molds, Figure 5,

No 1, 2012.
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and placed in a chamber for shear, Figure 3
and 4. Concreted shale sample, placed in a
chamber for pressure of normal shear stress
on, is in the triaxial stress state. The plane,
along which which the shear stress is done,

is loaded only with transverse stresses, as the
concrete is interrupted at that level. Move-
ment in shearing is monitored with compara-
tor, accuracy 10-2 [mm], and the normal
load is kept constant.

Fig. 5. Tool for orientation and concrete of samples

No 1, 2012.
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1.2. Results of Shear Resistance
Experiment in a Transversely
I sotropic Environment

Shearing parameters are defined on Perpendicular directions. The results are
three samples of shale along three mutually ~ Shown by diagrams in Figures 6, 7 and 8.
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Fig. 8. Shearing along 7, plane

General case of determining the appro-  to be adapted to the local coordinate sys-
priate spatial stress state {c}, shown in the tem x ', y' and z' and corresponding struc-
system of coordinates X, y and z, has ture of tested rock, Figure 9.

Fig. 9. Determination of normal o, and shear trez stress

- 1, plane of stratification
- 2, direction of fall
- 3, strike direction.

In the case, as it shown in Figure 9, the

axis z' is perpendicular to the plane of
stratification. Connection with the fixed-
space coordinate system is: the angle of
strike direction o and angle of fall direc-

tion B, Figure 9.

l; = sina; m; = cosa.
1, = cosPcosa; m, = -cosPsina; n, = -sinf
1; = -sinfcosa; m; = sinPsina; n; = -cosfp
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Stresses trez. i on are shown in the co-
ordinate system x’, y’ i z’ by the following
expressions:

2 2
Trez. =\ Ty'z T T2y (2)

1

n=0z 3)

Shearing and normal stresses are ob-
tained by the following equations:

o

Ty =0yl -l+o, -mmy+
+0, 1Ny +Txy(12 L) +l3 'l’l’l2)+ (4)

+7,(my - my +m3 )+
+1(my I3 +n3-1y)

Ty :Gx'l3 'll +O'y'I’ﬂ3 -y +
+Txy(l3 R +l3 ~ml)+‘[yz -y 'l3 + (5)
+TZX'I’Z3 'll

o,=0,-13 +o, mi+o,-nj+
+ ery 'l3l’fl3 + 2Tyz ~mzny + (6)
+ Zryx . n3l3

Considering the destruction caused by
the ots stress, i.e. the stress normal on the
plane of stratification, according to the
expression 3, the following criteria of de-
struction is applied:

o, =—0y ()

It must be emphasized that the addi-
tional tests are necessary for use the nu-
merical methods for stress-strain analysis
of selected structural model (transversely
isotropic), which would be carried out on
representative samples of shale, and those
are defining the movement in three mutu-
ally perpendicular directions under uniax-
ial loading and defining the parameters of
deformation in three mutually normal
planes.
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Izvod

Otkopavanje u rudnom telu Tilva Ros obustavljeno je 2007. godine usled prodora vode i mulja
sa povrsinskog kopa. Preosrale rudne rezerve procenjene su na 2,5 miliona tona rude. U ovom
radu daju se razmatranja mogucnosti otkopavanja ovih rezervi. Rudno telo Tilva Ros je veoma
specificno. Iznad njega je stari povrsinski kop, a ispod njega masivno rudno telo Borska reka, koje
se smatra dugorocnom perspektivom podzemne eksploatacije rude bakra u Boru. U slucaju
nastavka rudarskih radova, potrebno je posvetiti posebnu paznju osiguranju podzemnih prostorija
i izolaciji rudarskih radova od povrsinskih voda i mulja.

Kljucne reci: podzemna eksploatacija, borska Jama, sigurnost, prodor vode.

1. UVOD

Borsko rudno leziste nalazi se u hidro-
termalno izmenjenoj zoni sa pravcem
pruzanja severozapad — jugoistok, za-
padno od Borskog raseda. Eksploatacija
rude bakra pocela je 1903. godine, najpre
podzemnim putem, a od 1924. g. i
povrsinskim putem. Izmedu 1934. i 1940.
godine podzemnim putem otkopavano je
600.000 do 850.000 tona rude. Podzemna
eksploatacija rekordne kapacitete dostize
u drugoj polovini poslednje decenije
proslog veka, kada je godi$nja proizvod-
nja bila blizu 2 miliona tona rude.

* Univerzitet u Beogradu, Tehnicki fakultet u Boru

” Ovaj rad je deo projekta broj TR 33038 koji finansira Ministarstvo za prosvetu i nauku Republike
Srbije, a u okviru projekta ,,Usavrsavanje tehnologija eksploatacije i prerade rude bakra sa
monitoringom Zivotne i radne sredine u RTB Bor Grupa *

Ukupno, do sada je podzemnim putem
otkopano oko 50 miliona tona rude i 1,1
miliona tona bakra. [3]

Geoloske Kkarakteristike, kao S$to su
dubina i zaleganje lezista, rezerve rude i
sadrzaj bakra, bili su odlucujuc¢i faktori u
strategiji eksploatacije. PovrSinski kop i
jama radili su istovremeno nekoliko dece-
nija. Nakon prestanka rada povrsinskog
kopa, preostale rudne rezerve otkopavane
su podzemno, u borskoj Jami. Jama je ot-
vorena izvoznim, servisnim i ventilacionim
oknom, uz dva pomocna ventilaciona okna.
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Borsko leziste ¢ini nekoliko rudnih
tela. U prethodnim godinama podzemna
eksploatacija uglavnom se oslanjala na
rudna tela Tilva Ro$§ i P,A. Rudno telo
Brezanik je takode aktivno, ali se blizi
kraju eksploatacije. Rudno telo T ima
relativno male rezerve rude, ali sa izrazito

visokim sadrzajem bakra, srebra i zlata.
Rudno telo Borska reka je masivno rudno
telo, sa stotinama miliona tona rudnih
rezervi i1 predstavlja buduénost podzemne
eksploatacije na ovim prostorima, ali se
nalazi na velikoj dubini i ima relativno
nizak sadrzaj bakra.

i

SL 1. Raspored rudnih tela u borskom leZistu

Podzemna eksploatacija se obavlja pri-
menom razli¢itth metoda otkopavanja. U
rudnim telima Tilva Ro§ i P,A primenjivana
je Svedska varijanta podetaznog zarusavanja,
u rudnom telu Brezanik komorno — stubno
otkopavanje sa zapunjavanjem otkopa, a u
rudnom telu T primenjuje se NATM (New
Austrian Tunneling Method) metoda. Otko-
pana ruda transportuje se do rudnih okana,
kojima se spusta na nivo XVII horizonta (K-
155 m). Na XVII horizontu, ruda se iz rudnih
okana to¢i u jamske kamione, kojima se

transportuje do postrojenja za primarno drob-
ljenje. Nakon drobljenja, ruda se centralnim
rudnim oknom (CRO) spusta na nivo XIX
horizonta (K-235 m), odakle se dalji transport
vrsi transporterima sa trakom. Na ovaj nacin
ruda se kroz glavni transportni hodnik na
nivou XIX horizontal i glavni transportni
niskop doprema do bunkera izvoznog okna,
na nivou XIII horizonta (K-21 m), odakle se
vrsi izvoz rude skipovima, nakon ¢ega ruda
ide na dalju preradu.
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SL. 2. Sematski prikaz rudnih tela i prostorija u borskoj Jami

2. RUDNO TELO TILVA ROS

Tilva Ro§ je drugo po veli¢ini rudno
telo u borskom lezistu. Duzina mu je 800
m, Sirina 150 — 250 m, a visina 350 m.
Javljaju se dve osnovne vrste mineralizacije
— masivna sulfidna ruda u gornjim
delovima i Stokverkno — impregnaciona u
nizim delovima rudnog tela. Sa porastom
dubine, rudno telo se deli u manje delove,
nalik korenu drveta (slika 2). Delovi rud-
nog tela blizi povrSini terena otkopani su
povrsinskim putem. Glavni rudni minerali
su kovelin i enargit. Sadrzaj bakra u rudi
krecée se od 0,65 do 0,8 %.

Preostale rudne reserve procenjuju se
na oko 2,5 miliona tona. U trenutku
prestanka radova, otkopavanje se odvijalo
na nivou K-31 m, dok je nivo K-46 m bio
u pripremi. Na ova dva nivoa ostalo je oko
1,1 miliona tona neotkopane rude. Za ot-
kopavanje nizih nivoa, K-61 m i K-76 m,
tek je potrebno izraditi odgovarajucu do-
kumentaciju. [3]

U rudnom telu Tilva Ros§ primenjuje se
Svedska metoda podetaznog zaruSavanja,
sa slede¢om geometrijom:

H =30 m - duzina busenja,

h =15 m - visina podetaZze,

S = 14 m - rastojanje izmedu pode-
taznih hodnika, D =4 m- §irina
podetaznog hodnika,

V = 3,5 m - visina podetaznog hodnika,

P = 12,7 m’ - povrsina podetaznog
hodnika,

o = 3 %o - pad podetaznog hodnika,

B =90° - ugao povrsine miniranja.

U svakoj lepezi busi se 6 — 8 minskih
busotina, a razmak izmedu lepeza je 2 m.
Ukupna duzina busotina u jednoj lepezi je
100 — 120 m. Miniranjem svake lepeze
dobija se oko 1200 t rude.

Postavlja se pitanje da li je ova metoda
pogodna za primenu i u nizim delovima
rudnog tela, gde je njegov oblik prilino
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nepravilan. Neki autori smatraju da je ko-
morno — stubno otkopavanje sa zapun-
javanjem otkopa bolje reSenje, obzirom da
je ta metoda fleksibilnija i omogucila bi
bolje prilagodavanje geometriji rudnog tela.

TR
B gi- ila,,‘hg‘ﬁ-Lg_u_.“M

o e 13

Takode, postoje predlozi za izmenu
pripreme, kao i metode za otkopavanje
preostalih rezervi, imajuéi u vidu specific-
nosti zaleganja rudnog tela Tilva Ro§ u
nizim delovima [4], [5].

SL 3. Metoda podetaznog zarusavanja rude i pratecih stena [2]

3. PRODOR VODE I MULJA U
RUDARSKE RADOVE

Teska rudarska nesreca dogodila se
2007. godine, kada je doSlo do masovnog
prodora vode i mulja sa dna povrsinskog
kopa u podzemne rudarske radove, kada je
jedan rudar nastradao, a eksploatacija u
rudnim telima Tilva Ro§ i P,A prekinuta.
Analizom ovog dogadaja utvrdeno je das u
se voda i mulj akumulirali na dnu starog
povrsinskog kopa, koji se nalazi iznad

podzemnih rudarskih radova. Obzirom na
¢injenicu da se u rudnim telima Tilva Ro§ i
P,A primenjivala metoda sa zaruSavanjem
rude i krovinskih stena, proces zarusavanja
uzrokovao oSteCenje  vodonepropusnog
sloja, ¢ime je vodi i mulju omoguceno da
kroz zarusene krovinske stene udu u
podzemne otkope i rudnicke prostorije.
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Sl. 4. Akumulacija vode i mulja iznad rudnog tela Tilva Ros [3]

Nakon ove nesrece, eksploatacija rude
bakra u borskoj Jami ograni¢ena je na
rudna tela Brezanik, sa proizvodnjom od
oko 15.000 t mesecno i T, sa projektova-
nom proizvodnjom od 10.000 t rude me-
se¢no. Rudno telo Borska reka jos uvek je
u fazi otvaranja.

4. MOGUCNOSTI OBNAVLJANJA
EKSPLOATACIJE

Nakon 2007. godine, uradeno je neko-
liko studija vezanih za mogucnosti
nastavka eksploatacije u rudnim telima
Tilva Ros§ i P,A. Zakljuceno je da je za
nastavak radova potrebno ispuniti dva
preduslova: izolacija rudarskih radova

izradom odredenog broja betonskih baraza
i uklanjanje akumulacije vode i mulja sa
dna povrsinskog kopa. Tek nakon ispun-
jenja ta dva zahteva, moguce je dalje
razmatranje nastavka otkopavanja. [3]

Akumulacija vode i mulja na dnu
povrsinskog kopa predstavlja stalnu pretnju
za podzemne rudarske radove, naroCito u
sluaju primene metoda sa zaruSavanjem
rude i krovinskih stena. Zbog toga je neo-
phodno ukloniti akumulaciju, a zatim i pre-
duzeti korake da se spre¢i njen ponovni
nastanak.

Utvrdeno je da je potrebno ugraditi 27
betonskih baraza radi potpune izolacije ru-
darskih radova na razli¢itim nivoima u jami.
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SL. 5. Betonska baraza u jamskoj prostoriji [3]

5. ZAKLJUCAK

Otkopavanje u rudnim telima Tilva
Ros i P,A zaustavljeno je 2007. godine
usled prodora vode i mulja sa dna povrsin-
skog kopa u jamu. Obzirom da su u ovim
rudnim telima ostale znaCajne reserve
rude, razmatraju se mogucnosti za ob-
navljanje proizvodnje. Analizama je ut-
vrdeno da je nastavak otkopavanja moguc
samo u slucaju potpune izolacije podzem-
nih prostorija od priliva vode ugradnjom
veceg broja betonskih baraza i uklanjan-
jem vodene akumulacije na dnu povrsin-
skog kopa koji se nalazi iznad rudnog tela.
Vrednost ovih radova procenjena je na 1,2
miliona USS$. [3]
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Abstract

Mining works in the ore body ,, Tilva Ros“ were suspended in 2007, due to the water and mud
irruption from the old open pit. The remaining ore reserves are estimated to 2.5 Mt. Possibilities
for excavation of these reserves are considered in this paper. The ore body ,,Tilva Ros* is a very
specific. It is situated bellow the old open pit and above massive ore body ,, Borska reka*, which is
considered as a long-term perspective of underground mining in this area. It is necessary to pay a
special attention to safety of underground works and their isolation from the surface water and

mud.

Key words: underground mining, mine safety, irruption of water

1. INTRODUCTION

The Bor copper ore deposit is situated
in the hydrothermally altered zone, with
northwest — southeast strike direction,
west from the Bor fault. Copper ore min-
ing has started in 1903, first by under-
ground mining, and since 1924 by both
surface and underground mining. In a pe-
riod between 1934 and 1940, the under-
ground production reached 600,000 to
850,000 tons of ore. The underground
mining reached its maximum production
in late 90’s, with near 2 Mt of ore per
year. In total, some 50 Mt of ore and 1.1

* University of Belgrade, Technical Faculty in Bor

™ This paper is the result of Project No. 33038, “Eksploitation and processing of copper ore tech-
nology development with monitoring of living and working enviroment in the RTB Bor Group”,
funded by the Ministry of Education and Science of the Republic of Serbia.

Mt of copper have been excavated by un-
derground mining so far. [1]

Geological properties, such as the de-
posit depth and inclination, ore reserves
and grades, were the most important factor
in mine designing. The open pit and under-
ground mine worked simultaneously for
several decades. After termination of sur-
face mining, the remaining ore reserves
were excavated from the underground mine
Jama Bor. This mine was opened by hoist-
ing shaft, service shaft, main ventilation
shaft and two auxiliary ventilation shafts.
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Fig. 1. Horizontal layout of ore bodies in the Bor deposit

There are several ore bodies in the Bor
deposit. Copper ore production in recent
years mainly relied on the ore bodies Tilva
Ros and P,A. The ore body Brezanik is
also active, but close to being mined out.
The ore body T is relatively small, but
very rich ore body with high grades of
copper, gold and silver. The ore body Bor-
ska reka is very massive, with hundreds
million tons of ore reserves and represents
the future of underground copper ore min-
ing in this area, although it is situated at
significant depths and ore grades are rela-
tively low.

Production process includes different
mining methods. Sublevel caving was
used in the Tilva Ros and P,A, cut and fill

in the ore body Brezanik and NATM
(New Austrian Tunneling Method) in the
ore body T. Excavated ore is transported
to the ore passes, where it is drawn to a
transport level at Horizon XVII (K -155
m). At this level, trucks loaded at ore
passes transport the ore to the crusher.
After crushing, ore goes into the central
ore pass (CRO) and, at Horizon XIX (K -
235 m), is loaded on a belt conveyer,
which transports the ore to the bin at Ho-
rizon XIII (K -21 m), near the hoisting
shaft. From the bin, feeders loads the ore
into skips and through hoisting shaft the
ore comes out on the surface and goes to
the mineral processing plant.
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Fig. 2. Scheme of the Jama Bor underground mine

2. THE ORE BODY TILVA ROS

Tilva Ros is the second largest ore
body in the Bor deposit. It is 800 m long,
150-250 m wide and 350 m deep. There
are two major types of mineralization —
massive sulphide type at higher levels, and
stockwork — impregnated type in the
lower sections. As the ore body depth in-
creases, it splits into smaller sections,
similar to a tree root (Figure 2). Parts of
the ore body closer to the ground surface
were mined by surface mining. The main
ore minerals are covelline and enargite.
Ore grades vary from 0.65 to 0.8 % Cu.

The remaining ore reserves are esti-
mated to 2.5 Mt. At the moment of irrup-
tion, the production was at K — 31m level,
with K — 46m level in development. There
are 1.1 Mt of ore left at these two levels. It
is necessary to develop a suitable docu-
mentation for mining the lower levels, K -
61m and K — 76m. [3]

The underground mining of the ore
body Tilva Ros was carried out using the
Swedish variant of sublevel caving. Stope
geometry is the following:

H =30 m - drilling length,

h =15 m - sublevel height,

S = 14 m - spacing between sublevel
drifts,

D = 4 m- sublevel drift width,

V =3,5 m- sublevel drift height,
P=127m? - sublevel drift area,
o = 3 %o - sublevel drift inclination,
B =90° - angle of blasting plane.

There are 6-8 drill holes in a single ring,
and spacing between rings is 2 m. Overall
drill hole length is 100-120 m. Blasting of
each ring provides 1200 t of ore.

There are considerations whether this
mining method is suitable for lower parts
of the ore body, regarding to its irregular
shape in this area. Some authors suggest a
variant of cut and fill mining, which is
more flexible and enables adjustments
required by the ore body geometry.

Also, in some previous papers, [4],
[5], there were several suggestions for
changing the development and excavation
design in lower parts of the ore body Tilva
Ros, due to its specific layout.
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Fig. 3. Principle of sublevel caving [2]

3. IRRUPTION OF
WATER AND MUD

In 2007, a serious accident happened
in the Jama Bor underground mine. Mas-
sive breakthrough of water and mud
flooded some parts of the mine when a
miner died, and, as a consequence, mining
in the ore bodies Tilva Ros and P,A was
suspended. The analyses of this accident
have shown that water and mud were ac-
cumulated on the bottom of the old Bor

Open Pit, which is situated above the un-
derground works. Considering the fact
that sublevel caving is applied in the ore
bodies Tilva Ros and P,A, caving process
caused water-tight layer of rock to disin-
tegrate, thus enabling huge amount of mud
and water to pass through the broken rock
in the roof and enter into stopes and mine
corridors.
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Fig. 4. Water accumulation above the ore body Tilva Ros [3]

After this accident, the copper ore
mining in the Jama Bor was limited to the
ore bodies Brezanik, with production of
15,000 t and T, with 10,000 t of ore
monthly output. The ore body Borska reka
is still in a development stage.

4. RENEWAL OF THE
MINING WORKS

After 2007, there were several studies
which considered the situation in the ore
bodies Tilva Ros and P,A and possibilities
for renewal of mining works. Conclusions
suggested that there are two major prereq-
uisites: the water isolation of mining
works by number of concrete barrages at
several underground levels, and removal
of water accumulation on the bottom of
the old open pit. Only if these two prereq-

uisites are fulfilled, it would be safe to
continue mining works in this area. [3]

Water accumulation on the bottom of the
old open pit is a constant threat for under-
ground works, especially when the caving
mining methods are used. Caving may cause
dislocation of the waterproof seam bellow
the accumulation and cause catastrophic
consequences in the underground mine. That
is why this water accumulation has to be
removed and possibility for its re-forming
have to be prevented.

Analyses have shown that total of 27 wa-
ter barrages should be installed in the under-
ground drifts of the Jama Bor, in order to
prevent irruption of water, mud and other
materials from the ground surface and aban-
doned mining works. Barrages should be
made of reinforced concrete.
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Fig. 5. Concrete barrage [3]

5. CONCLUSION

Mining works in the ore bodies Tilva 2]
Ros and P,A were suspended in 2007, due
to the irruption of water and mud. Since
the significant ore reserves are left in this
area, the possibilities for renewal of min- [3]
ing works were taken into consideration.
Most of the analyses have shown that it is
possible only in a case of complete water
isolation of that underground area by nu-
merous barrages and removal of water
accumulation on the bottom of the old [4]
open pit above the mining works. The
value of these works is estimated to 1.2
million USS. [3]
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RUDARSKOG TEHNOGENOG OTPADA™

Izvod

Rezultati istrazivanja pokazuju, tehnolosku mogucnost i ekonomsku opravdanost zajednicke prerade
dve tehnogene otpadne sirovine koje nastaju u procesima prerade rude bakra. Sljaka plamene peci
Topionice bakra u Boru i flotacijska jalovina Rudnika bakra Bor, Srbija su dve tehnogene otpadne
sirovine skladirane na deponijama i u permanentnom nastajanju. One predstavijaju velike zagadivace
Zivotne sredine, a shodno sadrzaju korisnih komponenti u istim, i potencijalne sirovinske resurse. Zbog
specificnih fizicko-hemijskih i mineraloskih karakteristika pojedinacna prerada ovih otpadnih sirovina
ne garantuje profitabilnu delatnost. Zajednicku preradu topionicke Sljake i stare flotacijske jalovine u
masenom odnosu 90 % Sljake i 10 % flotacijske jalovine, u originalnom tehnoloskom postupku
povecava se iskoris¢enje bakra u procesu flotiranja za oko 15 %, istovremeno povecava efikasnost
procesa mlevenja i klasiranja, time smanjuje potrosnju energije za 10-15 %, cineci da prerada ovih
otpadnih sirovina, pored ekoloskog, ima i pozitivan ekonomski efekat.

Kljucne reci: topionicka sljaka, flotacijska jalovina, tehnogeni otpadi, flotacija, iskoris¢enje bakra

UvOoD

Rudarsko-topioni¢arski basen Bor, u sirovina [1]. Ve¢i broj istih, u gasovitom,
slozenim tehnologijama proizvodnje bakra, tecnom ili ¢vrstom stanju, sadrze znacajne
od eksploatacije do elektrolitickog preci-  koncentracije korisnih komponenata, koje
S¢avanja, produkuje nekolino desetina ra- se, uz primenu savremenih tehnologija
zlicitih, zagadujucih, tehnogenih otpadnih mogu valorizovati. Rezultati istrazivanja

" Univerzitet u Beogradu, Tehnicki fakultet u Boru
Katedra za mineralne i reciklazne tehnologije

™ U ovom radu su prikazani rezultati projekata TR 33038 ,, Usavriavanje tehnologija eksploatacije i
prerade rude bakra sa monitoringom Zivotne i radne sredine u RTB Bor Grupa® i TR 33007
,,Implementacija savremenijih tehnicko-tehnoloskih i ekoloskih resenja u postojec¢im proizvodnim
sistemima Rudnika bakra Bor i Rudnika bakra Majdanpek* finansiranih od strane Ministarstva za
prosvetu i nauku Republike Srbije. Autori se zahvaljuju pomenutom Ministarstvu.
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prerade topionicke $ljake, najzastupljenijeg
tehnogenog otpada u metalurgiji bakra,
upucuju na tehnolosku moguénost prerade
[2,3]. Zbog povecane otpornosti prema
usitnjavanju, povecane gustine i odsustva
aluminata [4-7], pulpa formirana od
topionicke Sljake poseduje smanjenu
viskoznost 1 stabilitet. Ove karakteristike
topionicke $ljake i pulpe formirane od iste,
uslovljavaju brzu sedimentaciju ¢vrste faze,
§to negativno uti¢e na efikasnost
najznacajnijih procesa prerade, mlevenje i
klasiranje, kao i proces flotacijske koncen-
tracije. Povecana potrosnja energije u
procesu mlevenja, odnosno poveéanje
troSkova prerade i smanjeno iskoriSéenje
korisnih komponenti u procesu flotiranja,
dovode u pitanje ekonomicnosti prerade
ovog tehnogenog otpada.

Istrazivanja poboljSanja viskoziteta i
stabilnosti pulpe, dodavanjem flotacijske
jalovine u procesu mlevenja §ljake trebalo
bi da daju pozitivne rezultate. Primena
flotacijske  jalovine, najzastupljenijeg
tehnogenog otpada i najveceg zagadivaca
zivotne sredine u procesima prerade rude
bakra, ¢e poboljsati karakteristike pulpe, a
time 1 efikasnost najznacajnijih faza
procesa. Zahvaljujuéi manjoj gustini
¢vrste faze flotacijske jalovine, kao i
prisustvu finozrnih aluminata i alumo-
silikata, pulpa formirana od definisanog
masenog odnosa navedenih otpadnih
sirovina, ima povecanu viskoznost i
stabilitet $to uslovljava vecéu efikasnost
procesa mlevenja i1 klasiranja, odnosno
manju potroSnju energije u procesu
prerade, kao i povecano iskoriS¢enje
korisnih komponenti u procesu flotiranja.
Povecano iskoriS¢enje bakra iz meSavine
topionicke Sljake i flotacijske jalovine
moglo bi biti rezultat kako veceg
iskoris¢enja bakra iz §ljake zbog boljih
hidrodinamickih uslova flotiranja Cestica
veée krupnoce i gustine, tako i dodatnog
iskori$¢enja bakra sadrzanog u flotacijskoj
jalovini. Veca viskoznost pulpe pozitivno
utic¢e na efikasnost mlevenja u mlinu sa

kuglama, zbog boljeg prijanjanja sirovine
za meljuca tela, a povecana efikasnost
hidrauli¢ne klasifikacije u hidrociklonu,
kao posledica vece stabilnosti pulpe
smanjuje nepotrebno vracanje dovoljno
usitnjenih Cestica za proces flotiranja, kroz
pesak hidrociklona na ponovno mlevenje
u mlinu sa kuglama.

Smanjenje cirkulativne Sarze do opti-
malne granice, odnosno smanjeno ucesce
dovoljno usitnjenim cCesticama u pesku
hidrociklona, ima  viSestruki  tehno-
ekonomski znacaj. Pored povecanja
kapaciteta i smanjenja potrosnje energije u
procesu mlevenja, kao najveceg troska u
procesu prerade, manje preusitnjavanje
Cestica korisnih komponenti uslovljava
vece iskoris¢enje istih u procesu flotiranja.

Pozitivni efekti primene nove tehno-
logije, zajednicke prerade topionicke $ljake i
flotacijske jalovine, izrazeni kroz smanjenje
troskova prerade i povecano iskoris¢enje
korisnih komponenti, omogucéavaju profita-
bilnu delatnost i ekonomsku odrzivost
zastite zivotne sredine.

EKSPERIMENTALNI DEO

Eksperimentalna istrazivanja su sadrzana
u dve faze. U prvoj fazi su vrSena
laboratorijska  ispitivanja  karakteristika
topionicke Sljake i flotacijske jalovine i
pulpe formirane od istih, znacajnih za
predvidene postupke prerade. U drugoj fazi
eksperimenata izvedeni su paralelni opiti
flotacijske koncentracije bakra iz topionicke
Sljake, i meSavine Sljake i flotacijske
jalovine, ¢iji rezultati treba da potvrde
predhodna teoretska razmatranja o tehno-
loskoj opravdanosti zajednicke prerade ovih
tehnogenih otpadnih sirovina.

Sva laboratorijska ispitivanja vrSena su
u akreditovanim i licenciranim labora-
torijama Tehnickog fakulteta u Boru i
Institutu za rudarstvo i metalurgiju Bor.

Mikroskopska i mineraloska ispitiva-
nja vrSena su na mikroskopu tipa Carl
Zeiss-Jena "JENAPOL-U".
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Hemijske analize uzoraka vrSene su
primenom razli¢itith analitickih metoda
(tabela 2).

Karakteristike topionicke sljake

Za odabrani proces koncentracije
bakra iz topionicke S$ljake, flotacijsku
koncentraciju, od posebnog znaaja su
mineraloski i hemijski sastav sirovine. U
tabelama 1. i 2. prikazane su ove ka-
rakteristike Sljake.

Tabela 1. Mineraloski sastav topionicke

Sljake
Minerali Zastupljenost (%)
Fajalit 60,00
Magnetit 30,00
Bornit 6,50
Halkopirit 1,50
Elem.bakar 0,50
Bakrenac 0,30
Hrizokola 0,15
Kovelin 0,05
Pirit 1,00
> 100,00
Tabela 2. Hemijski sastav topionicke
Sljake
. . Analiticka
Elementi Sadrzaj (%) metoda
Feu. 37,05 VT
SiO, 32,77 G
Fe;0, 9,68 A-Fe 304
ALO; 4,86 ICP-AES
Fe u Fe,O3 3,02 R
S 0,81 G
Ca 3,21 AAS
Mg 0,62 AAS
Cuy 0,84 SF
CUglem 0,38 G
Cugy 0,30 R
Cu,, 0,16 PO
Ag 33 g/t FA
Au 0,5 g/t FA

Mineraloski i hemijski sastav topio-
nicke §ljake potvrduju mogucénost primene
flotacijske koncentracije kao metode za
koncentraciju korisnih komponenti. Sa-
drzaj bakra od 0,84 % i plemenitih metala,
zlata od 0,5 g/t i srebra od 3,3 gft,
povrduje konstataciju da ovaj tehnogeni
otpad sadrzi 2-3 puta vecu koncentraciju
navedenih korisnih komponenti od sa-
drzaja istih u primarnim rudama bakra,
oko 0,25 - 0,35 % Cu, koje se sada
eksploatisu. Ova ¢injenica upucuje na
zakljucak da ovaj tehnogeni otpad pred-
stavlja sirovinski resurs i opravdava
istrazivanja mogucnosti prerade istog.

Gustina topionicke S$ljake odredena
staklenim piknometrom iznosi p: ~ 3500
kg/m®. Sama &injenica da je gustina ovog
tehnogenog otpada za oko 500 — 700 kg/m’
veca od gustine rude bakra upucuje na
zakljucak o vecoj brzini sedimentacije Ce-
stica §ljake u pulpi u odnosu na brzinu sedi-
mentacije Cestica rude bakra iste krupnode.

Meljivost, odnosno otpornost prema
usitnjavanju, kinetika mlevenja i garnulo-
metrijski sastav su fizicke karakteristike
sirovine od kojih u najveéoj meri zavise
troskovi prerade iste.

Bond-ov indeks meljivosti u mlinu sa
kuglama za topionic¢ku Sljaku iznosi W=
31 kWh/t, §to je oko 2 puta veca vrednost
od istog za rudu bakra. Ova cCinjenica
upuéuje na ocekivanu veliku potrosnju
energije u procesu usitnjavanja. Na slici 1,
dijagramima su prikazane kinetike
mlevenja topionicke Sljake i rude bakra,
gde se jasno uocdava viSestruko duze
vreme mlevenja topionicke Sljake u
odnosu na rudu bakra za postizanje iste
finoce proizvoda mlevenja.
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SL. 1. Efikasnost mlevenja topionicke sljake i rude bakra

Rezultati istrazivanja nedvosmisleno
ukazuju na veliku otpornost usitnjavanja
ovog tehnogenog otpada, Sto povrduje
predhodnu konstataciju o velikoj potrosnji
energije u procesu usitnjavanja, a time i
povecanim troSkovima prerade.

Karakteristike flotacijske jalovine

Istrazivanja su vrSena na “staroj” flota-
ijskoj jalovini produkovanoj u procesu
flotiranja rude bakra u prvoj polovini
proslog veka. Za ovu tehnogenu otpadnu
sirovinu smo se opredelili s obzirom na
povecani sadrzaj korisnih komponenti u
istoj, 0,15 — 0,4% Cu, uslovljen visokim
sadrzajem bakra u rudi koje je u tom
periodu preradivana oko 2,5-3% Cu, kao i
efikasno$cu tada primenjivane tehnologije
flotacijske koncentracije.

Mineraloski sastavi flotacijske jalovine
odredeni na uzorcima iz razli¢itih dubina

starog flotacijskog jalovista prikazani su u
tabeli 3, a hemijski sastavi jalovine odre-
deni na uzorcima sa razlicitih, za flotaciju
karakteristi¢nih delova deponije, prikazani
su u tabeli 4.

Tabela 3. Mineraloski sastavi uzoraka
stare flotacijske jalovine
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Zastupljenost (%)
Minerali Uzorak 1 Uzorak
(0-16 m) (16-40m)
Halkopirit 0,16 0,12
Kovelin 0,03 0,11
Energit 0,01 0,02
Halkozin 0,01 0,01
Bornit U tragu 0,01
Azurit U tragu 0,03
Kuprit 0,01 0,04
Pirit 14,27 22,20
Minerali 80,63 71,96
jalovine
Ostalo 4,88 5,50
) 100,00 100,00
RUDARSKI RADOVI



Tabela 4. Hemijski sastavi uzoraka stare

Sflotacijske jalovine [3]

Brana Unutrasnjost

Kom- jalovista jalovista Analit.

ponenta Zastupljenos | Zastupljenos metoda
t(%) (g/Y) t(%) (g/t)

Cuy 0,155 0,370
Cuox 0,033 0,120
Cugyy, 0,122 0,250
S 9,870 12,260
Fe 8,860 10,270
Si0, 58,030 59,710
ALOs 12,040 12,630
Au 0,300" 0,600
Ag 2,140 1,300

Rezultati istrazivanja pokazuju da je u
jalovini sadrzana znaCajna koncentracija
korisnih komponenti u mineralosSkom obliku
pogodnom za primenu procesa flotiranja.

Medutim, shodno osnovnom razlogu
koriS¢enja jalovine u procesu prerade topi-
onicke Sljake, a ista je poboljSanje ka-
rakteristika pulpe, odnosno povecéanje
viskoznosti i stabiliteta do optimalnih vre-
dnosti, od veéeg znacaja su fizicke kara-
kteristike ovog tehnogenog otpada.

Gustina flotacijske jalovine odredena je
na veéem broju uzoraka uzorkovanim na
razli¢itim mestima flotacijskog jalovista.
Potreba uzimanja uzoraka sa vise razli¢itih
mesta flotacijskog jalovista, od brane do
plaZe istog, uslovljena je nac¢inom formiranja
flotacijskog jalovista i distribucije peska i
preliva hidrociklona. Vrednosti gustine
pojedinih uzoraka kao i srednja gustina
flotacijske jalovine koja je koriS¢ena u
daljim istrazivanjima date su u tabeli 5.

Tabela 5. Vrednosti gustine uzoraka stare flotacijske jalovine [3]

Flotacijska Uzorak 1 Uzorak 2 Uzorak 3 Kompozitni
jalovina (brana jalovista) | (centralni deo jaloviSta) | (obodni deo jaloviSta) uzorak
p (kg/m®) 2 650 3070 2814 2 844

Znatno manja gustina flotacijske jalovine
od gustine topioni¢ke $ljake uslovljena je
razliCitim  mineraloskim 1  hemijskim
sastavom istth. Dok u topionickoj Sljaci
dominantno ucesée imaju fero-silikati vecih
gustina, cca 3700-3900 kg/m®, dotle u
flotacijskoj jalovini najvece uceS¢e imaju
alumo-silikati znatno manjih gustina, oko
2500-2600 kg/m”.

Otpornost prema usitnjavanju finozrnog
materijala flotacijske jalovine nije moguce
odredivati standardnom Bond-ovom meto-

dom, medutim, ista se moZe poistovetiti sa
otporno$¢u prema usitnjavanja primarne
rude bakra, koja je za preradivanu rudu u
tom periodu iznosila od 10 — 15 kWh/t.

Shodno prakti¢noj primeni rezultata
istrazivanja, a ista je zajedniCka prerada
topionicke Sljake i flotacijske jalovine, koja
zapocinje mlevenjem mesavine, na slici 2,
dijagramima su prikazane uporedne vredno-
sti kinetike mlevenja ova dva tehnogena
otpada sa realnim — industrijskim pocetnim
krupno¢ama materijala.
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SL. 2. Efikasnost mlevenja topionicke Sljake i stare flotacijske jalovine
realnih pocetnih krupnoca

Znatno kraée vreme potrebno za
ostvarivanje odredene finoce proizvoda
mlevenja flotacijske jalovine u odnosu na
vreme potrebno za ostvarivanje iste finoce
mlevenja topionicke S§ljake, upucuju na
logican zaklju¢ak o ocekivanoj boljoj
meljivosti meSavine ova dva tehnogena
otpada u odnosu na meljivost Ciste
topionicke Sljake.

EKSPERIMENTI MLEVENJA
TOPIONICKE SLJAKE I MESAVINE
TOPIONICKE SLJAKE I
FLOTACIJSKE JALOVINE

Istrazivanja meljivosti sirovina izvr-
Sena su postupkom mokrog mlevenja u
mlinu sa kuglama. U prvoj fazi istra-
zivanja izvedene su tri serije laborato-
rijskih opita, na topionic¢koj §ljaci i mesa-
vini topionicke Sljake i stare flotacijske
jalovine u odredenim masenim odnosima,

sa ciljem definisanja efikasnosti procesa
mlevenja pojedinih uzoraka.

Druga faza istrazivanja odnosila se na
ispitivanje uticaja gustine pulpe, odnosno
odnosa C:T, na efikasnost procesa mlevenja
u mlinu sa kuglama. Opiti su izvedeni na
topionickoj Sljaci, kao i na meSavinama
topionicke $ljake i stare flotacijske jalovine
definisanih masenih odnosa.

Oprema KkoriS¢ena u eksperimentima

Opiti su izvodeni u laboratorijskom
mlinu tipa ,Denver”, pri sledeéim
tehnicko-tehnoloskim uslovima:

e karakteristike mlina

- zapremina mlina: 13,8 1

- masa Sarze: 10,5 kg

- broj obrtaja 56 min™

- dimenzije mlina: DxL=370x130 mm

- granulometrijski sastav meljuce
Sarze kugli
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Tabela 6. Granulometrijski sastav sarze

meljucih kugli
151; ‘l‘l"(“n‘:f;‘) Masa (%) D (%)
+50 15,30 100,00
-50+40 43,99 84,70
-40+30 27,64 40,71
-30+0 13,07 13,07
100,00 -

o karakteristike mlina karakteristike
sirovine
- izdrobljena $ljaka do
GGK - 3,327 mm
- flotacijska jalovina
GGK - 0,833mm sa procentualnim
uceScem 5% 1 10%

Tehnolo$ki rezim laboratoriskih opita
mlevenja

Svi eksperimenti su izvodjeni pri pret-
hodno definisanim reZimom opita mleve-
nja koji podrazumevaju:

- masa Cvrstog u opitu mlevenja

m=1,0 kg

- sadrzaj ¢vrstog u pulpi u prvoj fazi

istrazivanja je p=75%

- sadrzaj cvrstog u pulpi u drugoj fazi

istrazivanja je p=70-80%

- koeficijent punjenja mlina SarZom

©o=15%

Rezultati istraZivanja

Efikasnost mlevenja topionicke Sljake i
meSavine topionicke Sljake i stare flota-
cijske jalovine u definisanim masenim
odnosima prikazana je na dijagramima na
slici 3.

G
--. .'f.
=] . "
| 1_.’ ! '.,uf"""
EE N .{’f.ﬂ"'d‘
2 0 /{/
-': “' /
1 J
LI .
=
53 -
4 —n— Topionicka sljaka
=T ‘("r —=— Flataciska jalovina
H: i— Mesavina 95% slaka 5% jakvina
—w— Mesavina 90% slaka 10% jalovina
‘- L] I L] : - ' L] I L] ' - I L} I -
. i =3 H 4 i 2l tu ] 3
T s e

SL. 3. Efikasnost mlevenja sirovine u mlinu sa kuglama
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Na slici 4, dijagramom je prikazana
zavisnost efikasnosti procesa mlevenja u
mlinu sa kuglama od gustine pulpe,

odnosno odnosa C:T, pri mlevenju
topionicke §ljake i meSavine Cljake i stare
flotacijske jalovine u trajanju od 20 minuta.

L]
[ T
<A .
? 5 f- I -""‘—'—‘I;.
1 .
H
k] o
—®—=Topwnicka slaka
» —#— Sinteticki uzorak
Kompozitni uzorak
= w T . w

.

LY
n

“-

S Svrping. 5w

SL 4. Efikasnost mlevenja sirovine u funkciji gustine pulpe

Rezultati istrazivanja efikasnosti mle-
venja topionicke Sljake i meSavine Sljake i
flotacijske jalovine u razli¢itim masenim
odnosima, prikazani dijagramima na slici 3,
pokazuju pretpostavku o pozitivnom uticaju
flotacijske jalovine, odnosno prisustvu alu-
minata na bolju efikasnost mlevenja. Za
ostvarivanje finoce proizvoda mlevenja me-
Savine $ljake i flotacijske jalovine od 60 %
klase - 0,074 mm, potrebno je 7 % krace
vreme mlevenja za meSavinu 95 % Sljake i
5 % jalovine, odnosno 18 % za meSavinu
90 % sljake i 10 % jalovine, u odnosu na isto
vreme potrebno za mlevenje topionicke
Sljake, ¢ime se vrsi adekvatna usteda
energije. RazliCit uticaj sadrzaja Cvrstog u
pulpi, kao i razli¢ite vrednosti istog poka-
zatelja pri kojem se ostvaruju najbolji efekti
mlevenja topionicke $ljake i meSavina iste sa
flotacijskom jalovinom, potvrduju konsta-

taciju o pozitivnom uticaju aluminata na
efikasnost mlevenja.

EKSPERIMENTI ODREDIVANJA
STABILITETA PULPE

Istrazivanja uticaja flotacijske jalovine
na stabilitet pulpe formirane od topionicke
Sljake vrSena su paralelnim opitima
merenja brzine sedimentacije, odnosno
visine istaloZene Cvrste faze u menzuri, u
pulpama formiranim od topionicke $ljake i
mesSavina razli¢itih masenih odnosa sljake
i flotacijske jalovine.

Oprema KkoriS¢ena u eksperimentima

Opiti su izvodeni na indenti¢noj opremi,
§to podrazumeva staklenu menzuru od 1000
ml i mehani¢ku mesalicu tipa TEHNICA
ZELEZNIKI UM 405.
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Tehnoloski rezim izvodenja opita

Eksperimenti su izvodeni na sobnoj
temperaturi od 20° C, na uzorcima iste finoce
proizvoda mlevenja, 60 % ucesc¢a klase —
0,074 mm, kao i istom odnosu Cvrste i tecne
faze 30% C, sa konstantnim brojem obrtaja
mesalice, 1000 o/min i pH vrednosti pulpe 8.

Rezultati istraZivanja

Rezultati istrazivanja brzine taloZenja
¢vrste faze u pulpi formiranoj od topio-
nicke Sljake 1 meSavina §ljake i flotacijske
jalovine u razli€itim masenim odnosima,
prikazani su dijagramima na slici 5.

80
70 4
60
’E\ 50 4
£
T 40 4
©
[=
)
S 30 A
20 | —e— 60%-0.074; 100%Sljaka
60%-0.074; 97%Sljaka-3%Jalovina
10 —e— 60%-0.074; 95%Sljaka-5%Jalovina
—=— 60%-0.074;91%Sljaka-9%Jalovina
0 . —+— 60%-0.074; 85%Sljaka-15%Jalovina
0 1 2 3 4 5
Vreme t(min)

SL. 5. Zavisnost visine formiranog taloga od vremena talozenja topionicke Sljake,
bez i sa dodatkom jalovine

Zbog specificnosti procesa flotiranja
koji zahteva odrzavanje Cvrste faze pulpe
u disperznom stanju, odnosno obezbe-
divanju hidrodinamickih uslova koji one-
mogucuju taloZzenje Cvrste faze, eksperi-
menti  odredivanja  stabiliteta  pulpe
formirane od topionic¢ke §ljake i meSavina
iste sa flotacijskom jalovinom izvodeni su
merenjem visine istalozene ¢vrste faze u
funkciji vremena taloZenja. Rezultati
istrazivanja prikazani dijagramima na slici
5, nedvosmisleno potvrduju teoretsku
pretpostavku da ¢e prisustvo flotacijske
jalovine, odnosno finozrnih aluminata i

alumosilikata u pulpi topionicke Sljake
usloviti povecanu stabilnost iste. Pove-
¢anje duzine vremena potrebnog da se u
statickim uslovima procesa sedimentiranja
istalozi ista visina taloga Cvrste faze u
svim vremenskim intervalima i za sve
visine istalozene Cvrste faze sa sigurnoscéu
potvrduju pozitivan uticaj flotacijske
jalovine na stabilnost pulpe.

Ocekivane posledice ove pojave su pre
svega vece efikasnosti procesa hidrauli¢ne
klasifikacije u hidrociklonu i flotacijske
koncentracije sa svim prethodno obja-
$njenim pozitivnim efektima.
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EKSPERIMENTI FLOTIRANJA

Istrazivanja perocesa flotacijske kon-
centracije bakra iz topionicke Sljake
vr$ena su u pet serija laboratorijskih opita.

Pri istom, prethodno utvrdenom opti-
malnom tehnoloskom rezimu, laboratorijski
opiti flotacijske koncentracije vrSeni su na
uzorku topionicke S$ljake i Cetiri uzorka
mesavine Sljake i stare flotacijske jalovine u
razli¢itim masenim odnosima.

Oprema koriS¢ena u eksperimentima

Eksperimenti flotiranja vrSeni su u
laboratorijskoj flotacionoj masini tipa
»DENVER DR-12 zapremine celije 2,6 1.
Broj obrtaja rotora je 1600 o/min, sa
samousisanom zapreminom vazduha 260
I/min, odnosno 4,33 1/s.

Kontrola pH vrsena je pH metromtipa
MA 5705, Iskra Kranj, sa kombinovanom
elektrodom, tip SENTIX 50.

Tehnolo$ki rezim opita flotiranja

Tehnoloska mogucnost zajednicke
prerade tehnogenih otpada, topionicke
Sljake 1 flotacijske jalovine eksplicitno se
moze povrditi rezultatima koncentracije
korisnih komponenti iz istih, kinetikom
procesa flotiranja i tehnoloskim iskori-
$¢enjem korisnih komponenti.

Efekat uticaja flotacijske jalovine na
tehnoloske pokazatelje procesa flotiranja
topionicke S§ljake bice sagledani upo-
redivanjem rezultata paralelnih labo-
ratorijskih opita flotiranja topionicke
Sljake 1 meSavina $ljake i flotacijske
jalovine, u razli¢itim masenim odnosima,
pri indenti¢noj Semi i rezimu flotiranja.

Sema i rezim laboratorijskih opita
osnovnog flotiranja, prikazani na slici 6,
definisani su na osnovu obimnih istrazivanja
optimizacije parametara procesa.

Uzoraklkg: GGK 4,165mm, [Fip T 37 Eksp. | pH {ia?} pH
Voda 428 ml, C:T=1:0,43 20 1000 50 [ 80z | 20 1154
N 21. | 95:5 |21 | 779 | 35 [1195
22 | 919 | 22 ] 730 | 35 [11,9
[ Eksperiment [ D-250(g/t) [ 5 [5[5] 5 |
1=10min
] | 1 ]
D0 ]—" " | 2 3 A A g |
(% | | l | |
Y YYYY
tw=16,25 min K, K: K; K Ks
0,074 mn=00% —_ l _
K
Eksperiment [ NalPX | D-250 n Pm
(gt) | (g | (min")| (%)
2.0 60 | 15 | 1600 | 3
2.1 60 } 15 | 1600 | 30
2, 60 15 | 1600 | 30
SL. 6. Tehnoloska sema izvodjenja eksperimenata
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Rezultati istraZivanja

Na slici 7, dijagramima su prikazane
kinetike flotacijske koncentracije bakra iz
topionicke Sljake i meSavina Sljake i

100

razliC¢itth masenih
laboratorijski  opit

flotacijske jalovine
odnosa, za svaki
posebno.

Iskoriscenje bakra, (%)
()
1

-

—m— Topionicka sljaka
—®— Mesavina 95:5
Mesavina 90:10

10 12 14 16 18 20

Vreme flotiranja, (min)

SL. 7. Kinetike flotiranja topionicke sljake i meSavina sljake i jalovine u
odnosima 95:51 90:10

Rezultati istazivanja kinetike flotiranja
bakra iz topionicke Sljake i meSavina
Sljake i flotacijske jalovine, prikazani na
slici 7, potvrduju pozitivan uticaj
stabilnosti i viskoziteta pulpe na iskori-
S¢enje bakra. Razlika u iskori§é¢enju osno-
vne korisne komponente, bakra za oko
17%, odnosno 24%, pri opitu flotiranja u
trajanju od 20 minuta su iznad svih

ocekivanja. Neophodno je ista¢i, da su
uzrok povec¢anom iskoris¢enju bakra kako
bolji hidrodinamicki uslovi flotiranja kao
posledica veée stabilnosti i viskoziteta
pulpe, tako i dodatno iskoris¢enje bakra iz
same flotacijske jalovine.

Rezultati laboratorijskih istraZivanja i
zakljucci doneti na osnovu istih, potvrdeni
su snimanjem industrijskog procesa
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prerade topioni¢ke $ljake u RTB-u Bor,
Srbija. Nezadovoljavajuca efikasnost kla-
sifikacije u hidrociklonu definisana preko
iskoriS¢enja obracunske klase krupnoce
— 0,074 mm u prelivu od 60 %, kao i
vrednost cirkulativne Sarze od oko 750—
950 % to najbolje potvrduju. Zbog male
stabilnosti pulpe i neodgovarajuéeg hidro-
dinamizma iste u flotacionim maSinama,
iskoris¢enje bakra u procesu osnovnog
flotiranja je takode nezadovoljavajuca i
iznosi oko 56 %.

Sadrzaj obracCunske klase krupnoée u
pesku hidrociklona 6%.

Rezultati prikazanih i drugih istra-
zivanja [2,8,9] bili su osnova za kreaciju
idejnog reSenja nove tehnologije za
zajednicku preradu topionicke $ljake i
stare flotacijske jalovine. Nova tehno-
logija zajednicke prerade dva tehnogena
otpada, velika zagadivaca zivotne sredine,
prikazana je na slici 8.

Preliv KAX (KAX+Z-96)
| Ca0
i O el
1 " ' # D-250 5 ] 1 D-250
n 6
Topionitka | Pesak T
Sljaka .
|
|
|
KAX (2-96) : '-
T BER e e | oA
Flotacijska : 3
jalovina ) L
KAX
? Ca0
z L & Jalovina
'
LEGENDA:

1. Miin sa Sipkama

2. Miin sa kuglama

3. Hidrociklonska pumpa
4. Hidrociklon

5. Kondicioner

B. Osnovno flotiranje

7. | prediséavanje

8. |l predidéavanje

9. Il predidtavanje

9 f % Koncentrat

SL. 8. Tehnoloska Sema zajednicke prerade topionicke sljake i flotacijske jalovine [2,8,9]
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ZAKLJUCAK

Rezultati eksperimentalnih istrazivanja
pojedinih fenomena i pojava koji uticu na
najznacCajnije faze procesa topionicke
Sljake, potvrduju naSa teoretska raz-
matranja.

Na osnovu ostvarenih rezultata u
laboratorijskim istrazivanjima, a koji su
prezentovani u radu, u industrijskim
uslovima prerade topionicke Sljake, pri-
menom predlozene tehnologije zajednicke
prerade Sljake i stare flotacijske jalovine,
mogu se ocekivati znatno bolji tehno-
ekonomski pokazatelji procesa. Smanjenje
potros$nje energije i Celika u industrijskom
procesu mlevenja, i povecanje kapaciteta
prerade, doprineli bi smanjenju troskova
za oko 10 — 15 %, a povoljniji granu-
lometrijski sastav proizvoda mlevenja i
veca stabilnost pulpe u procesu flotiranja
uslovili bi povecanje iskori§¢enja za oko
15 %. Ostvareni efekti znacajno bi uticali
na poveéanje ekonomicnosti prerade
navedenih tehnogenih otpadnih sirovina, i
ucinili bi je ekonomski odrzivom.
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NEW TECHNOLOGICAL PROCEDURE FOR SUSTAINABLE
PROCESSING OF MINING TECHNOLOGICAL WASTE™

Abstract

The results show technological possibility and economical feasibility for joint processing of two
technological waste materials generated in the process of copper ore treatment. Smelter slag and
flotation tailings from the Mining and Smelting Basin - RTB Bor, Serbia, are two technological
waste materials stored on dumps and emerging permanently. They represent the major polluters of
the environment, but also the potential raw material resources, according to the content of useful
components. Due to the specific physical, chemical and mineralogical characteristics, individual
processing of these waste materials do not guarantee a profitable business. Joint processing of
smelter slag and old flotation tailings, in mass ratio 90% of slag and 10% of flotation tailings, in
the original process technology, increases recovery of copper in the flotation process for approxi-
mately 15%, efficiency of grinding and classification processes are also increasing, thereby power
consumption is reduced 10 -15%, making the processing of these waste materials to have both the
positive economic and ecological effect.

Key words: smelter slag, flotation tailings, technological wastes, flotation, copper recovery

INTRODUCTION

Mining and Smelting Basin RTB Bor, technglogies of copper pro.ductiog, from
produces dozens of different polluting, ~—exploitation to the electrolytic refining [1].
technological waste materials in complex A number of them, in gaseous, liquid or
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solid form, contain significant concentra-
tions of useful components, which could
be valorized using the modern technolo-
gies. The research results of processing
the smelter slag, the most common waste
in copper metallurgy, indicate the possi-
bility of technological processing [2,3].
Due to the increased resistance to com-
minution, increased density and lack of
aluminates [4-7], the formed pulp from
smelter slag has the reduced viscosity and
stability. These characteristics of smelter
slag and pulp, formed from slag condition,
have caused the rapid sedimentation of the
solid, which negatively affects the effi-
ciency of the most important processes,
grinding and classification, as well as the
process of flotation concentration. In-
creased energy consumption in grinding
process, i.e. increased processing costs
and reduced recovery of useful compo-
nents in the flotation process have called a
question to the economy of this techno-
logical waste processing.

Researches to improve viscosity and
stability of the pulp, by adding flotation
tailings in the process of grinding slag
should yield the positive results. The use
of flotation tailings, the most common
technological waste and also the biggest
polluter in the process of copper ore proc-
essing, will improve the pulp characteris-
tics, and thus the efficiency of the most
important phases of the process. Thanks to
lesser density of flotation tailings, and the
presence of fine particles of aluminates
and aluminosilicates, the pulp formed
from 90% of slag and 10% of tailings, has
the increased viscosity and stability which
creates higher efficiency and lower power
consumption in the processes of grinding
and classification, and also increased re-
covery of useful components in the flota-
tion process. Increased recovery of copper
from mixture of smelter slag and flotation
tailings could be the result of higher re-
covery of copper from slag because of

better hydrodynamic conditions of flota-
tion, and also recovery of copper from
flotation tailings. Higher pulp viscosity
has the positive effect on grinding effi-
ciency in the ball mill, due to better adher-
ing of material on grinding balls. In-
creased efficiency of hydraulic classifica-
tion in hydrocyclones, as the result of
higher pulp stability, reduces the unneces-
sary circulation of enough comminuted
particles for the flotation process, through
hydrocyclone underflow to regrinding in
the ball mill.

Reducing the circulative charge to the
optimal limit, i.e. reducing the share of
enough grained particles in the hydrocyc-
lone underflow, has multiple technical and
economic importance. Besides increasing
capacity and reducing energy consump-
tion in the grinding process, less over
grinding of useful components particles
causes their better recovery in the flotation
process.

The positive effects of applying the new
technology for common processing of
smelter slag and flotation tailings, ex-
pressed through reduction of processing
costs and increased recovery of useful
components, allow a profitable activity and
economic sustainability of the environment.

EXPERIMENTAL PART

Experimental studies were carried out
in two phases. The first phase was aimed
to determine the characteristics of smelter
slag and flotation tailings and the pulp
formed from these materials, which are
significant for intended processing proce-
dures. In the second phase, parallel ex-
periments of flotation concentration of
copper from smelter slag, and mixtures of
slag and flotation tailings, were carried
out. The results should be verified by pre-
vious theoretical considerations of techno-
logical feasibility the common processing
of these technological waste materials.
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Smelter Slag Characteristics

For selected process of copper concen-
tration from smelter slag, the flotation
concentration, the mineralogical and
chemical compositions of materials have
particular importance.

Microscopic and mineralogical studies
were carried out on microscope Carl
Zeiss-Jena "JENAPOL-U". The results of
these studies are shown in Table 1.

Chemical analysis of the samples was
carried out using different analytical meth-
ods (Table 2).

Table 1. Mineralogical composition of
smelter slag

Minerals Content (%)
Fayalite 60.00
Magnetite 30.00
Bornite 6.50
Chalcopyrite 1.50
Metallic copper 0.50
Copper matte 0.30
Chrysocolla 0.15
Covellite 0.05
Pyrite 1.00
> 100.00

Table 2. Chemical composition of
smelter slag

Mineralogical and chemical composi-
tions of smelter slag confirm the possibil-
ity of use the flotation concentration as the
method for concentration of useful com-
ponents. The contents of copper 0.84%
and precious metals, gold 0.5 g/t and sil-
ver 3.3 g/t, confirms the statement that this
technological waste contains 2-3 times
higher concentration of these useful com-
ponents comparing to their contents in the
primary copper ores which are now ex-
ploited (0,25 - 0,35% Cu). This fact indi-
cates that this technological waste repre-
sents the raw material resource and justi-
fies the research possibilities for its proc-
essing.

Density of smelter slag is approxi-
mately 3500 kg/m’. The fact that density
of this technological waste is about 500-
700 kg/m® higher than density of copper
ore leads to a conclusion that the sedimen-
tation rate of slag particles in the pulp is
higher compared to the sedimentation rate
of copper ore particles of the same size.

Grindability, i.e. the resistance to
comminution, grinding kinetics and grain
size composition are physical characteris-
tics of the material that largely influence
the processing costs.

Bond’s work index in the ball mill for
smelter slag is Wi = 31 kWh/t, what is
about two times higher comparing to the
copper ore. This fact points out to the ex-
pected high energy consumption in the
grinding process. Diagrams in Figure 1
show the grinding kinetics for smelter slag
and copper ore. It can be seen that much
longer time is needed for grinding the
smelter slag compared to copper ore, in
order to achieve the same fineness of
grinding products.

Element Content Analytical
Compound (%) method
Fey 37.05 VT
Si0O, 32.77 G
Fe;04 9.68 A-Fe 304
Al O, 4.86 ICP-AES
Fe in Fe,04 3.02 R
S 0.81 G
Ca 3.21 AAS
Mg 0.62 AAS
Cuy 0.84 SF
CUgjem 0.38 G
Cugy 0.30 R
Cu,y 0.16 PO
Ag 33 g/t FA
Au 0.5 g/t FA
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Fig. 1. Efficiency of grinding smelter slag and copper ore

The research results clearly indicate
the high resistance to comminution of this
technological waste that confirms the pre-
vious observation of high energy con-
sumption in the process of fragmentation
and, hence, the increased processing costs.

Flotation Tailings Characteristics

Studies were performed on the “old”
flotation tailings produced in the process
of copper ore flotation in the first half of
the last century. This technological waste
material was chosen due to the increased
content of useful components, 0.15 — 0.4%
Cu, caused by high content of copper in
the ore that was processed in that period
(2.5-3% Cu), as well as the efficiency of
flotation concentration technology, ap-
plied at that time.

Mineralogical compositions of samples
from the old flotation tailings from differ-
ent depths of the old flotation tailing dump
are shown in Table 3, and the chemical

composition of samples from different parts
of dump, characteristic for the flotation
process, are shown in Table 4.

Table 3. Mineralogical composition of
samples from the old flotation
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tailings
Content (%)
Minerals | Sample 1 | Sample 2
(0-16 m) | (16-40 m)
Chalcopyrite 0.16 0.12
Covellite 0.03 0.11
Enargite 0.01 0.02
Chalcocite 0.01 0.01
Bornite in traces 0.01
Azurite in traces 0.03
Cuprite 0.01 0.04
Pyrite 14.27 22.20
Tailings 80.63 71.96
minerals
Other min- 4.88 5.50
erals
) 100.00 100.00
MINING ENGINEERING



Table 4. Chemical composition of
samples from the old flotation

tailing [3]
Dam of Inside of
flotation flotation Analytical
]él:::e:_t tailing tailing method
nenpt dump dump
Content* Content,
(%) (g/t) (%) (g/t)
Cug 0.155 0.370 SF
Cuox 0.033 0.120 PO
Cugy 0.122 0.250 R
S 9.870 12.260 G
Fe 8.860 10.270 VT
SiO, 58.030 59.710 G
Al,O4 12.040 12.630 ICP-AES
Au 0.300" 0.600 FA
Ag 2.140° 1.300 FA

The results show that flotation tailings
contain the significant concentrations of
useful components in mineralogical form
suitable for use in the flotation process.

However, according to the basic rea-
son for using the flotation tailings in the
process of smelter slag processing, to im-
prove the characteristics of the pulp, i.e. to
increase the viscosity and stability to the
optimal value, the physical characteristics
of this technological waste have a great
importance.

Density of flotation tailings was de-
termined on a number of samples taken
from different places of the flotation tail-
ing dump. The need of taking samples
from different places of the flotation tail-
ing dump, from dam to its beach, was
caused by the way of formation the flota-
tion tailing dump and distribution of hy-
drocyclone overflow and underflow. Den-
sity value of individual samples as well as
the mean density of flotation tailings, used
in further researches, is given in Table 5.

Table 5. Density values of samples of the old flotation tailings [3]

. Sample 1 Sample 2 Sample 3 .
Flotation (dam of flotation (central part of (peripheral part of Composite
tailings m flotation tailing periphera’ p sample
tailing dump) flotation tailing dump)

dump)
p (kg/m®) 2650 3070 2814 2 844

Much lower density of flotation tail-
ings from the density of smelter slag is
caused by different mineralogical and
chemical composition. While in the
smelter slag, the ferrosilicates with higher
densities (3700-3900 kg/m®) have domi-
nant participation, then aluminum silicates
with significantly lower densities (2500-
2600 kg/m’) have the highest participation
in the flotation tailings.

Resistance to the comminution of fine-
grained flotation tailings material is not pos-
sible to determine by the standard Bond’s
method; however, the same can be identified
with resistance to the commi-nution of the
primary copper ore, that was 10-15 kWh/t
for processed ore in that period.

Diagrams in Figure 2 show the com-
parative value of grinding kinetics of two
types of technological waste.
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Figure 2. Efficiency of grinding smelter slag and old flotation tailings

90

Much shorter time, required to achieve
the certain fineness of flotation tailing
grinding product in relation to the required
time to achieve the same fineness of
grinding smelter slag, points out to a logi-
cal conclusion on expected Dbetter
grindability of these two types of techno-
logical waste mixture in relation to the
grindability of pure smelter slag.

EXPERIMENTS OF GRINDING THE
SMELTER SLAG AND MIXTURE OF
SLAG AND FLOTATION TAILINGS

Grindability study was done by the wet
grinding method in a ball mill. In the first
phase of the study, three series of labora-
tory experiments were carried out: on
smelter slag and mixture of slag and old
flotation tailing in the certain mass ratios,
with the aim of defining the grinding effi-
ciency of individual samples.

The second phase of study was aimed
to investigate the effect of pulp density, or
solid/liquid ratio on the efficiency of
grinding process in the ball mill. Experi-
ments were carried out on smelter slag, as
well as mixtures of slag and old flotation
tailing.

The used equipment in experiments

Experiments were carried out in a
laboratory mill, type “Denver”, with the
following technical and technological
conditions:

o Characteristics of the mill

- Mill capacity: 13.8 1

- Charge mass: 10.5 kg

- Speed: 56 min™

- Mill size: DXL =370x130 mm

- Grain size distribution of grinding
balls charge (Table 6.)
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Table 6. Grain size composition of
charge of grinding balls

C{)’:{lss“(“lflisl)"f Mass (%) | D (%)

+50 15.30 100.00

-50+40 43.99 84.70

-40+30 27.64 40.71

23040 13.07 13.07
100.00 -

o Characteristics of raw materials
- Crushed smelter slag — 3.327 mm
- Flotation tailings — 0.833 mm
with percentage participatio of
5% and 10%

100

Technological regime of laboratory
grinding experiments

All experiments were carried out at
predefined regime of grinding:

- Mass of solid, m = 1.0 kg

- Solid content in the pulp in the first
phase of the study, p = 75%

- Solid content in the pulp in the second
phase of the study, p =70-80%

- Coefficient of mill charging with ball
charge, ¢ = 15%

Research results

The efficiency of grinding smelter slag
and mixture of slag and old flotation tail-
ings in defined mass ratio is shown in the
diagrams in Figure 3.

90 _—
80 4 PY

704 @

_ P
_ i

I/
/

s . v
~ 504 /
g . [
T 404
[a) | V/
30 /- —m— Smelter slag
: /;/ —0— Flptation tailing -
20+ /:/ Mixture 95% slag 5% tailing
10_' e —w— Mixture 90% slag 10% tailing
0 — T T T 1 — T T 1T T T
0 5 10 15 20 25 30 35 40

Grinding time, t (%)

Figure 3. Efficiency of grinding raw materials in ball mill
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Diagram in Figure 4 shows the de-
pendence of grinding efficiency in the ball
mill on pulp density, or solid/liquid ratio

in grinding the smelter slag and mixture of
slag and old flotation tailings for 20 min-
utes.

70
65 /. \
1 N [
s )
L 6o ><. A.
5‘ - /
- —m— Smelter slag
55 — / —@— Sintetical sample
- Composite sample
50 T T T

70 72 74

76 78 80

Content of solid, p (%)

Figure 4. Efficiency of grinding the raw materials in the function of pulp density

Study results on the efficiency of
grinding smelter slag and mixture of slag
and flotation tailings in different mass
ratios, Figure 3, show the positive impact
of flotation tailings, or presence of alumi-
nates, on better grinding efficiency. In
order to achieve 60% of grain size fraction
— 0.074 mm in the grinding product of
slag and flotation tailing mixture, 7% less
grinding time is needed for mixture 95%
of slag and 5% of tailings, and 18% for
mixture 90% of slag and 10% of tailings,
compared to the required time for only
smelter slag grinding, which made the
adequate energy savings. Different impact
of solid content in the pulp, as well as
various values of the same indicator at

which the best effects of grinding smelter
slag and mixture of slag and flotation tail-
ings are achieved, confirm the conclusion
on the positive impact of aluminates on
grinding efficiency.

EXPERIMENTS OF DETERMINING
THE PULP STABILITY

Investigations the impact of flotation
tailings on stability of formed pulp from
smelter slag were carried out by parallel
measurements of deposition rate, i.e. the
height of deposited solid phase, in the
formed pulp from smelter slag and mix-
tures of slag and flotation tailings in dif-
ferent mass ratios.
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The used equipment in experiments

Experiments were carried out on iden-
tical equipment, including a glass measur-
ing cylinder of 1000 ml and a mechanical
stirrer, type TECHNIQUE ZELEZNIKI
UM 405.

Technological regime of experiments

Experiments were carried out at room
temperature of 20°C, on samples with
same grinding product fineness, 60% of
grain size fraction — 0.074 mm, and with

30% of solid phase in the pulp, with a
constant rate of stirrer, 1000 rpm, and pH
value of the pulp of 8.

Experimental results

Experimental results of deposition rate
of solid phase in the formed pulp from
smelter slag and mixture of slag and flota-
tion tailings in different mass ratios are
shown on diagrams in Figure 5.

80
70
60 —- 53
= 50 4
£
E 7
x 40
£ —+— 100% Slag
T 30 —&— 97% Slag 3% Tailing
—8— 95% Slag 5% Tailing
20 1 —®—91% Slag 9% Tailing
—&i— 85% Slag 15% Tailing
10
0

Time t (min)

Figure 5. Dependence of the height of formed deposit on deposition time in the formed pulp from
smelter slag, with and without addition of flotation tailings
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Due to a specificity of flotation proc-
ess that requires a solid phase in the pulp
in dispersed state, i.e. to provide hydrody-
namic conditions that disable the sedimen-
tation of solid phase, the experiments of
determining the stability of formed pulp
from smelter slag and mixture of slag flo-
tation tailings were carried out measuring
the amount of deposited solid phase in the
function of deposition time. Research re-
sults, shown on diagrams in Figure 5, un-
ambiguously confirm the theoretical as-
sumption that the presence of flotation
tailings, or fine-ground aluminates and
aluminosilicates in the formed pulp from
smelter slag will increase its stability. In-
creasing the time required to settle down
the same amount of solid phase in all in-
tervals and all deposited amounts of solid
phase in the static conditions of
sedimentation process, with certainty con-
firm the positive impact of flotation tail-
ings on the pulp stability.

Expected consequences of this phe-
nomenon are primarily higher efficiency in
the process of hydraulic classification in
hydrocyclones and flotation concentration
with all positive effects, described above.

FLOTATION EXPERIMENTS

Research of flotation concentration of
copper from smelter slag was carried out
in five series of laboratory experiments.

Laboratory flotation concentration ex-
periments were carried on a smelter slag
sample and four samples of mixture of
slag and old flotation tailings in different

mass relations, with the same, previously
determined optimal technological regime.

The used equipment in experiments

Flotation experiments were conducted
in laboratory flotation machine, type
DENVER DR-12, with 2.6 1 volume of a
cell. Impeller rate of the rotor was 1600
rpm, and the volume of added air 260
1/min or 4.33 /s.

Control of pH was performed by pH
meter, type MA 5705, Iskra Kranj, with a
combined electrode, type SENTIX 50.

Technological regime of
flotation experiments

Technological capabilities for mutual
processing of technological wastes,
smelter slag and flotation tailings, can be
confirmed by the results of concentration
of useful components from them, kinetics
of flotation process and technological re-
covery of useful components.

The effect of flotation tailings impact
on indicators of technological process of
smelter slag flotation will be viewed by
comparison the results of parallel labora-
tory experiments of flotation smelter slag
and mixture of slag and flotation tailings,
in different mass ratios, with identical
flow sheet and regime of flotation.

The flow sheet and regime of labora-
tory experiments of basic flotation, shown
in Figure 6, were defined based on exten-
sive research of optimization the process
parameters.
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Samplelkg: - 4,165mm, pH CaO pH
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Figure 6. Flow sheet of flotation experiments

Research results

Diagrams in Figure 7 show the kinetics tion tailings in different mass ratios for
of copper flotation concentration from each laboratory experiment separately.
smelter slag and mixture of slag and flota-
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Figure 7. Flotation kinetics of smelter slag and mixture of slag and flotation tailings

Testing results of copper flotation ki-
netics from smelter slag of and mixture of
slag and flotation tailing, shown in Figure
7, confirm the positive impact of stability
and viscosity of pulp on copper recovery.
The difference in copper recovery for ap-
proximately 17%, i.e. 24%, for the flota-
tion experiment lasting 20 minutes, were
beyond expectations. It is necessary to
point out that the cause of increased cop-
per recovery are better hydrodynamic flo-
tation conditions as the result of higher
pulp viscosity and stability, as well as
additional copper recovery from flotation
tailings.

The results of laboratory testing and
conclusions, based on them, were con-
firmed observing the industrial process of
smelter slag processing in RTB Bor, Ser-
bia. Unsatisfactory, the efficiency of cla-

ssification in hydrocyclones, defined by
recovery of grain size fraction — 0.074 mm
in hydrocyclone overflow of 60% and the
value of circulative charge of approxi-
mately 750-950%, confirm this. Due to
poor pulp stability and its inadequate hy-
drodinamics in the flotation machines,
copper recovery in the basic flotation
process was also unsatisfactory, approxi-
mately 56%.

Content of grain size fraction — 0.074
mm in hydrocyclone underflow was 6%.

Present results and other studies [2, &,
9] were basis for development the concep-
tual design for the new technology for
mutual processing of smelter slag and old
flotation tailings. The new technology for
mutual processing two types of techno-
logical waste, large polluters, is shown in
Figure 8.

No 1,2012.

86

MINING ENGINEERING



Ovarflow PAX [PAX+7-06)
Cal
T 1 T
1 D-250 g D-250
CaD * = - T
N €
Smelter slag Y Underfiow P
PAX (Z-08)
Cal
Flotation e fod
PAX e
Cal
1 Tailing
LEGEND ?/
1. Fod mill
2. Ball min
. Hyanaytions pumg 8
4. Hydrocyclons
5. Condltionsar
. Raw fodaion g Concentrate
7. | ciaaner fiolation

& Il cleaner fiotation
. Il cleaner flotation

Figure 8. Technological flow sheet for mutual processing of smelter slag and old
flotation tailings [2,8,9]

CONCLUSION

Results of experimental studies of spe-
cific phenomena, that affect the most im-
portant stages in the process of smelter
slag flotation, confirm our theoretical con-
siderations.

Based on the results of laboratory test-
ing, presented in this paper, in the indus-
trial conditions of smelter slag processing,
much better techno-economic indicators
of the process can be expected applying
the proposed technology for mutual
processing of slag and old flotation
tailings. Reducing energy and steel

consumption in the industrial grinding
process, and increasing the processing
capacity, can contribute to the reduced
costs by 10 - 15%, and more appropriate
grain size fraction of grinding product,
and increased stability of pulp in the flota-
tion process could cause the increased
recovery by 15%. The achieved effects
would significantly affect decrease in
costs of processing these technological
waste materials and would do it economi-
cally viable.
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FAZNO OTVARANJE RUDNOG TELA “BORSKA REKA”"

Izvod

U radu se govori o osnovnim paramerima otvaranja i razrade rudog tela , Borska reka".
Rudno telo je otvoreno do kote K -235 m, a konture rudnog tela sa granicnim sadrzajem od 0,3 %
idu i do kote K — 995 m [1]. Otvaranje dubljih delova moze se vrsiti etazno za visinu jednog hori-
zonta ili fazno kada se vise horizonata mogu objediniti u jedan koncentracioni ili sabirni horizont.
Primenom matematicko-analiticke metode u radu se odredjuje optimalna visina izmedju kon-
centacionih horizanata odnosno odredjuju se faze otvaranja dubljih delova Borskog lezista.

Kljucne reci: otvaranje leZista, koncentracioni horizonti, troskovi, optimizacija

UvoOD

Podru¢je rudnog tela "Borska reka"
predstavlja nastavak borske hidrotermalno
izmenjene zone u pravcu severozapada na
duzini oko 1520 m i po padu oko 800 m.
Zaleze prema zapadu pod uglom priblizno
45-55°.  Ovo zaleganje je saglasno
zaleganju borskih pescara i konglomerata
koje od borske hidrotermalno izmenjene
zone odvaja borski rased [2].

Rudno telo se nalazi vrlo duboko ispod
povrsine terena. Dubina mu se povecava
prema zapadu i severozapadu. Generalno
gledano, dubina rudnog tela u konturi 0,3
% Cu kreée se izmedju 600 i 850 m, s tim
Sto je srednja mocnost preko 300 m.
Najpli¢a mineralizacija rudnog tela je u
busotini B - 38,398 m, a najdublja na

* Univerzitet u Beogradu, Tehnicki fakultet u Boru

” Ovaj rad je deo projekta broj TR 33038 koji finansira Ministarstvo za prosvetu i nauku Republike
Srbije, a u okviru projekta ,,Usavrsavanje tehnologija eksploatacije i prerade rude bakra sa
monitoringom Zivotne i radne sredine u RTB Bor Grupa **

1402 m u busotini B -33 [3].

Dosadasnjim istrazivanjem je
konstantovano da rudno telo “Borska
reka” pripada grupi vrlo velikih lezista.
Duzina po pruzanju iznosi oko 1520 m,
§irina i do 635 m, proseéna mocnost
prelazi 300 m, a maksimalna povrSina na
K - 560 m u konturi 0,3 % iznosi preko
500.000 m” [3].

Rezerve rude u rudnom telu “Borska
reka”  proraCunate su po metodi
horizontalnih profila. PovrS§ine u rudnom
telu obracunate su na nivoima, koji
predstavljaju nivoe buducih horizonata, ¢ija
visinska razlika iznosi 80 m. U konturi
lezista sa 0,3 % Cu, ukupna koli¢ina rezervi
rude iznosi 623.637.494 t, sa srednjim

Broj 1,2012.

89

RUDARSKI RADOVI



sadrzajem bakra u rudi 0,608 % Cu, a
ukupna koli¢ina bakra je 3. 799. 447 t [4].

OTVARANJE RUDNOG TELA BOR-
SKA REKA DO K-235M

Rudno telo “Borska reka” se nalazi
ispod sadasnjeg nivoa eksploatacije rude u
jami Bor i dostize dubinu od oko 1200 m.
Rudno telo je delimi¢no otvoreno do nivoa
XIX horizonta odnosno do K — 235 m.

Sa XIII horizonta iz novog izvoznog
okna na K-21 m izraden je glavni izvo-zni
niskop GIN do K-235 m pod nagi-bom od
16,5°, duzine 750 m. Na nivou K-235 m
izraden je Glavni transportni hodnik (GTH-
235 m) do Centralnog rudnog okna u duzini
od 780 m[1].

POVRSINGK] OTHOP BOR

Veza rudnog tela sa servisnim oknom
ostvarena je izradom je istraznog niskopa pod
uglom od oko 8° do K -155 m u duzini od 560
m. Iz istraznog ni-skopa uradeni su istrazni
hodnici na nivou K -155 m kroz rudno telo do
izlaska iz konture orudnjenja [1].

Na nivou XVII horizonta, K -155 m,
uraden je Glavni transportni hodnik u celoj
duzini rudnog tela. Sluzi za transport
iskopina pri izradi objekata otvaranja i
razrade. U fazi eksploa-tacije sluzice za
potrebe servisiranja XVII horizonta.

Veza izmedju XIX i XVII horizonta
ostvarena je izradom prolazno-ventilaciog
okna (PVO) i centralnog-rudnog okna
(CRO), slika br.1.

SL. 1. Sema objekata otvaranja leista Borska reka do K-235 m

Na osnovu detaljnog sagledavanja i
analize faktora koji utiCu na otvaranje
rudnog tela “Borska reka” doslo se do
zakljucka da otvaranje rudnog tela “Borska
reka” treba reSavati u sklopu postojecih
objekata, radi manjih investicionih ula-
ganja, a da je potrebno jo§ uraditi:

- Glavni servisni niskop (GSN-75/-
235) sa K-75 iz zaobilaznog hodnika
navoziSta XV horizonta pod nagibom
od 11,3° u duzini od 816 m.

- Glavni transportni hodnik (GTH-
235a) duzine 756 m (ovim hodnikom
otvara se XIX horizont). Izraduje se
na K-235m, kao nastavak GTH-235
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pored rudnog tela Borska reka do
SH-235. i kojim se povezuje sa
GSN-75/-235.

Glavno ventilaciono okno od K-155
do K-235 (GVO-155/-235). Za
potrebe ventilacije treba da se izradi
Glavno ventilaciono okno (GVO) od
K+110 (na IX horizontu) do
povrsine, koje bi zamenilo VO, koje
je ugrozeno u kosini napustenog
povrsinskog kopa Bor. Za potrebe
otkopavanja rudnog tela ‘“Borska
reka” GVO bi se nastavilo sa K+110
do K-155 gde bi se ventilacionim
hodnikom spojilo sa hodnikom u
blizini rudnog tela, jer se VO, od XV
do XIII horizonta zarusava zato §to
se nalazi u zoni zaruSavanja.

Navedeni objekti otvaranja i razrade
poduhvataju rudno telo do kote —235. Nizi
deo rudnog tela “Borska reka” ispod kote

—235, otvarate se u narednoj fazi
eksploatacije.
OTVARANJE RUDNOG TELA

BORSKA REKA ISPOD K-235 M

Za odredjivanje visine narednog koraka
otvaranja, odnosno visine koncentracionog
horizonta primeni¢e se matematicko -
analiticka metoda. SuStina metode svodi se
na to da se za dati nacin otvaranja leziSta
postavljaju, u opStem matematickom obli-
ku, izrazi za troskove radova po jedinici
proizvodnje, ali samo za radove koji zavise
od nacina otvaranja lezista. Ti troskovi se
predstavljaju funkcijom T = f (n,H). Ova
funkcija predstavlja zbir tri vrste troskova, i
ima¢e minimum koji odredjuje optimalnu
visinu koncentracionih horizonata,
H k=n- H

Pri reSavanju postavljenog zadatka
poslo se od neophodne predpostavke koja
podrazumeva uspostavljanje funkcio-
nalnih zavisnosti. Neophodno je sve
vertikalne rudarske objekte definisati
kroz poznati parametar, visinu horizonta

H, koja u matemati¢kom smislu predstavlja
korak iteracije [5].

Dubina vertikalnih rudarskih objekata
(H) izmedju dva susedna sabirna
horizonta  (koncentraciona horizonta)
projektovana za visinu horizonta (H),
moze se aritmeticki definisati relacijama:

Za 1 horizont: Hy, =H
Za 2 horizonta: Hy, =2-H
Za 3 horizonta: Hy, =3-H

Za (n— 1) horizonta:
Hk(n-l) =(n-1)-H

Zan horizonta: Hy =n-H

Poslednji izraz pokazuje da je dubina
objekata otvaranja izrazena kao proizvod
visine horizonta (H) i broja horizonata
objedinjenih na jednom koncentracionom
(sabirnom) horizontu, pa se optimizacija
svodi na definisanje "n" [5].

U osnovi odredjivanja optimalne visine
koncentracionih horizonata polazi se od
predpostavke da se sva investiciona
ulaganja kao i ostali tehnoloski troSkovi
daju u vidu specifi¢nih troskova ulaganja,
odnosno kao troskovi po jedinici proizvoda
(po toni dobijene rudne mase).

Specifi¢ni troskovi ulaganja se dobijaju
iz odnosa ukupne sume investicionih
ulaganja i zahvacenih rudnih rezervi. Ove
rezerve bice izrazene preko poznatih para-
metara jednog horizonta, koji predstavlja
korak iteracije u matematickom modelu.

Eksploatacione rezerve rude na jednom
horizontu iznose [6]:

Qg : K[r
Q == Q . K 5 t ........ (1)
e 1 _ Kor g rm
gde su:
Q, — geoloske rezerve na jednom
horizontu, t

K;;— koeficijent iskori$¢enja rude,
K.— koeficijent osiromasenja rude,
K. koeficijent rudne mase.
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Geoloske rezerve na jednom horizontu
iznose:

Oa=P, - Hy. K, py,t.oo..... )
gde su:

Py — srednja povrSina izmedju dva

horizonta, m?

H — visina horizonta, m

¥: — zapreminska masa rude, t/m’

Rezerve u jednoj fazi eksploatacije
definiSu se kao proizvod broja horizonta
(n), objedinjenih koncentracionim ili
sabirnim horizontom i rezervi rude na
jednom horizontu (Q.;). Odnosno:

Qe=n-Qe=n-Fy-H-y, K ,t...3)
Analiticki izraz za specifi¢ne troskove
ulaganja (jedini¢ne troskove) iznosi:

T, = i, USS$it...oooienis 4)
Qe
gde su:

T, — specifiéni troskovi ulaganja, US $/t

T;— ukupna suma investicionih

ulaganja, US $
Q.— eksploatacione rezerve
koncentracionog horizonta, t

ODREDJIVANJE TROSKOVA
OTVARANJA U JEDNOJ FAZI

TroSkovi izrade prostorija drobilicnog
postrojenja

Kompleks drobili¢nog postrojenja sa
prate¢im objektim odlikuje se odredjenom
slozeno$¢u objekata, koji sinhronizuju deo
tehnoloskog procesa drobljenja i izvoza
rude.

Troskovi izrade prostorija u okviru
drobilicnog kompleksa predstavljaju zbir
troskova izbijanja i troskova podgradjivanja.

Imajuci u vidu da se drobljenje rude vrsi
na svakom Kkoncentracionom horizontu,
onda se analiti¢ki izraz za jedini¢ne troskove
ulaganja u drobili¢ni kompleks formira iz
odnosa ukupnih troskova i zahvacenih rud-
nih rezervi koncentracionog horizonta [5]:

' Tisk +T, pod

T = ,US S/t ......(5)
n-Py-H-y, Ky

gde su:
T, —jedini¢ni tro§kovi izrade, US $/t
Tiq — troskovi iskopa, US $
Tpoa — troskovi podgradjivanja, US $

Troskovi izrade rudnih okana

Rudna okna se rade sa nivoa nizih
horizonata prema viSim pri Cemu se
obezbedjuje veza sa OH na svakom
horizontu. Troskovi izrade rudnih okana
su u direktnoj zavisnosti od karakteristika
stena u kojoj je okno locirano, koeficijenta
¢vrtoce, hidrogeoloskih prilika, popre¢nog
preseka okna, brzine izrade i visine okna.
Neosporno je da u tehnici izrade objekata
odozdo navise, vazan faktor, od koga
zavise troSkovi izrade, je visina, odnosno
u konkretnom slucaju rastojanje izmedju
koncentracionih horizonata.

Uzimajuéi u obzir i koeficijent
sukcesivnog povecanja troskova (q) sa
visinom okna, aritmeticki izraz ukupnih
troskova se formira kao suma parcijalnih
troskova po horizontima:

Za I horizont:

tH=H-N, ky,US$

Za Il horizont:
ty=q-H-N, ky,US $
Za III horizont:

ty=q> H-N, k,,US$
Za n-ti horizont:
ty=q"'"“H-N, ky,US$

Ukupni  troskovi predstavljeni su
sumom parcijanih troskova:
n 1 — q”
h=Xt= “H-N, -k, USS$....(6)
-1 1-gq
gde su:

q - koeficijent sukcesivnog povecanja
troSkova sa povecanjem dubine
horizonta H ,

N, — broj potrebnih rudnih okana

k, - jedini¢na cena izrade rudnih okana,
US $/m’
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Ukupni troskovi izrade rudnih okana
predstavljeni su kao zbir clanova
geometrijske progresije.

Sredjivavanjem predhodnog izraza
dobija se aritmetic¢ki izraz za specifine
troskove ulaganja:

. (0,925+0,075-n)-k, - N,

T ,US S/t ..(7)
sr Y ’Krm

Troskovi izrade glavnog izvoznog
niskopa (GIN), spiralnog niskopa (SN) i
kosog ventilacionog okna (KVO)

Primenom postupka koji je analogan
predhodnom dobijaju se izrazi za:

1. Troskove izrade glavnog izvoznog
niskopa (GIN)

e (0,925+0,075-7)'k3 ,US S/t ...
PS" .}/r ‘Krm -Sino

®)

2. Troskove izrade spiralnog niskopa(SN)

7 (0925+0075n)

P Heyr Km g g )

( il kg +Lgy 'klt)
SIno

3. Troskove izrade kosog ventilacionog
okna (KVO)

7o (092540,075-n)

Bor 70 Kom s g (10)

H '
( . ‘k5+LPVH‘k5j
sin y

gde su:
a, B, y — uglovi nagiba kosih prostorija,®
ks, ku, kq, ks, ks — jedini¢ne cene izrade
kosih prostorija (GIN, SN,
KVO), US $/m’
Lsu, Lpyy — prosecna duzina smernih i
precnih ventilacionih hodnika, m

TroSkovi izrade prostorija odvodnjavanja

Jedini¢ni troskovi izrade prostorija u
okviru pumpne stanice odnose se na 1 t
dobijene  rudne mase sa jednog

koncentracionog (sabirnog ) horizonta i
mogu se iskazati izrazom:

1= 2k Cig ¥U-L-d-Cp yggy (11)
n'er 'H'}/r 'Krm
gde su:
Visk, Cisk — Zapremina, m’ i cena
iskopa, US $/m’
U, L — obim i duzina prostorije, m
d — debljina ugradjenog betona, m
C, — cena armiranog betona, US $/m’

Odredjivanje tro§kova odriavanja
prostorija

Troskovi odrzavanja rudarskih
prostorija u zavisnosti od jedini¢ne cene
odzavanja 1m prostorije u jedinici
vremena mogu biti veoma uticajni kod
odredjivanja koraka faznog otvaranja.
Zavisnost troskova odrzavanja moze se
iskazati opStim izrazom [5]:

Togrs = flr.L.t.F.K K 4. K ), US S .(12)

gde su:
r — jedini¢na cena odrzavanja po 1m’ u
jedinici vremena, US $/m’god
L — duzina prostorija, m
t — vreme odrzavanja, god
F — koristan presek prostorije, m
K, — koeficijent uticaja blizine
otkopavanja,
K4 — koeficijent uticaja dubine objekata,
K¢ — koeficijent uticaja ¢vrstoce bo¢nih

stena.
Troskovi odrzavanja mogu  biti
predstavljeni kao troSkovi ponovnog
podgradjivanja 1 troskovi konstantnog

odrzavanja. Prikazuju se kroz jedini¢nu
cenu odrzavanja u jedinici vremena.

TroSkovi drobljenja rude

Pri faznom otvaranju rudnih leziSta
kada se izvoz rude vr$i transpoterima sa
trakama i skipovima primarno drobljenje
rude obavlja se u samoj jami na nivou
koncentracionog horizonta.
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Troskovi  drobljenja za  jedan
koncentracioni svedeni na tonu dobijene
rudne mase iznose [7]:

P-nj-ny-n-t-Cy

,US $/t...(13)
O

Tarop =

gde su:

P — maksimalna snaga drobilice, kW,

n; - broj radnih ¢asova u toku 24 h,

n, - broj radnih dana u godini,

n - broj objedinjenih horizonata

t — vreme otkopavanja jednog
horizonta, god.

C. - cena elektricne energije,
US $/kWh

Imajuéi u vidu da je vreme ek-
sploatacije jednog horizonta:

t:Psr'H'yr'Krm

ngd g0
i da su eksploatacione rezerve na jednom
sabirnom horizontu:
Qe=n-Fy-H-y. K, t
Jedin¢ni troskovi drobljenja iznose:

, Pow-no-t-

Ty = L2 0 Cel g g (14
ngd

Zadnji izraz pokazuje da troSkovi

drobljenja nemaju uticaja na visinu

koncentracionog horizonta.
Troskovi izvoza rude

Izvoz rude iz rudnog tela ,Borska
reka“ vrSice se transporterom sa gumenom
trakom. Troskovi izvoza predstavljaju zbir
tro§kova energije sredstava i rada i mogu
biti fiksni i promenljivi.

Jedinicni troskovi izvoza predstavljaju
odnos ukupnih troSkova izvoza prema
rezervama  jednog  koncentracionog
horizonta [8]. Odnosno:
Ty, =ty +(te +1, +to)':-_H

,US $/t.(15)
mao

gde su:
ty— fiksni trodkovi izvoza, US $/t

te, ta, t, — promenljivi troskovi
(troskovi energije, amortizacije i
odrzavanja), US $/tm

Zadnji izraz pokazuje da fiksni
troskovi ne uticu na visinu
koncentracionog horizonta i oni ¢e u
odredjivanju  optimalne  visine  biti
konstantne veli¢ine. Znajuéi to njihovi
vrednosni pokazatelji neée biti tretirani u
istrazivanju konkretnog problema.

TrosSkovi provetravanja

Pri faznom otvaranju i razradi leziSta
mineralnih sirovina kod analize troskova
provetravanja  najvee  uceSCe  ima
elektroenergija koja se utrosi za kretanje
vazduha po rudarskim prostorijama.

S obzirom da ¢ée se provetravati samo
horizont koji je u eksploataciji, o¢igledno
je da troskovi provetravanja, svedeni na
tonu dobijene rudne mase (jediniCni)

troSkovi  neée uticati na  visinu
koncentracionog horizonta. Medjutim,
provetravanje nivoa koncentracionog

horizonta (hale za drobljenje i ostalih
objekata) imace uticaja na visinu
koncentracionog horizonta.

Jedini¢ni troskovi provetravanja iznose:

. -0 [n-(L +Ly)+L,] ,US $/t (16)

prov. —

ngd
gde su:
p — koeficijent koji u sebi sadrzi cenu
elektricne energije, koeficijent

aerodinamickog otpora prostorija,
oblik 1 veli¢inu poprec¢nog preseka
prostorija 1 ukupni koeficijent
korisnog dejstva ventilatora,
Q - koli¢ina vazduha potrebna za
provetravanje, m’/s

H
sina
vara visini jednog horizonta, m

L= - duZina GIN koja odgo-
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L, = - duzina KVO koja

sin ¥
odgovara visini jednog
horizonta, m.
L, - ukupna duZina prostorija na
koncentracionom horizontu koje
treba provetravati, m

TroSkovi odvodnjavanja

Pri projektovanju rudnika, ovodnjenost
rudnih leziSta izrazava se prognoznim
koeficijentom  ovodnjenosti.  Ovakva
ocena je prilicno uslovna, ali opSte usvo-
jena kod projektovanja jama.

Eksploataciona cena odvodnjavanja je
skoro isklju¢ivo predstavljena cenom
energije, jer amortizacija i li¢ni dohodci za
opsluzivanje odvodnjavanja obi¢no pred-
stavljaju neznatne veliCine. Zbog toga se
uzima u obzir samo energija za odvodnja-
vanje kao stavka troSkova koja zavisi od
dubine radova, pa je prema tome vezana s
visinom koncentracionih horizonata.

Po usvojenoj metodologiji jedini¢ni
troskovi odvodnjavanja mogu se sracunati
iz izraza:

Todv. = Tédv :n'H'Kov -K,US $/t (17)

e
gde su:

K,y - koeficijent ovodnjenosti, m’/t

K — pokazatelj, koji u sebi sadrzi
parametre na osnovu kojih se
odredjuje cena energije za
odvodnjavanje, svedena na 1m’
ispumpane vode na Im’ visine.

ANALIZA DOBIJENIH REZULTATA

Ukupni troskovi, koji su parcijalno
razmatrani u predhodnim poglavljima,
mogu se izraziti opStom-matematickom
zavisnoScu:

Tn
T.=T/(n,H)+ + Ty, US $/t
uk = T7(n, H) (n, H) i
Obzirom da se u konkretnom slucaju

polazi od usvojene visine H, odredjivanje

visine koncentracionog horizonta svodi se
na definisanje zavisnosti T = f(n,H) za
Hy =n-H. Odnosno:

f(n)ZTuk =T1'n+T[1 'l+T1[[,US $/t
n

Prvu grupu troskova (Ty) ¢ine tehnoloski
troskovi 1 njihove dobijene vrednosti su
rezultat projektovanih tehnickih reSenja.
KarakteriSu se proporcionalnim porastom
sa povecanjem visine koncentracionog
horizonta. Ovde se posebno istic¢u troskovi
izvoza rude sa nivoa koncentracionog
horizonta, zatim troSkovi odvodnjavanja,
dok je uticaj ostalih troSkova manje izrazen.

Drugu grupu troskova (Ty) predstavljaju
neophodna investiciona ulaganja za
projektovana reSenja otvaranja i razrade
lezista. Njihova opsta karakteristika je da se
sa povecanjem visine koncentracionog hori-
zonta smanjuju. Dominantni uticaj imaju

troskovi izrade objekata  drobilicnog
postrojenja i troskovi izrade objekata
odvodnjavanja.

Troskovi Ty nemaju uticaja na visinu
koncentracionog  horizonta i  njihova
vrednost je predstavljena konstantnom
veli¢inom.

Suma ukupnih tro$kova predstavljena
je funkcijom paraboliénog oblika, a
jednaka je zbiru funkcija linearnog i
hiperboli¢nog oblika.

Za uslove otvaranja dubljih delova
rudnog tela ”Borska Reka”, zamenom
vrednosti u izvedenim formulama, dobi-
jena je matematicka zavisnost [5]:
F(n)=T, =0,049-n+

+0,072-l+0,076 ,USSit....... 19)
n

Funkcija je neprekidna i ima prvi

izvod:

sw= 2 g, Ty

Drugi izvod funkcije je:

=210
n
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Znak drugog izvoda pokazuje da
funkcija ima minimum za sledecu
vrednost (n):

7, _T_Izlzo;: ny = | ~1212 ...(20)
n T;

Optimalna visina koncentracionog
horizonta, odnosno korak nove faze
otvaranja dubljih delova rudnog tela
”Borska reka” iznosi:

Hy =n,-H=1212-80=9696m

Odnosno, za otvaranje dubljih delova
rudnog tela ,,Borska reka®, svaki horizont
moze biti koncentracioni ili sabirni
horizont, ali sa uveéanom visinom od
96,96 m.

ZAKLJUCAK

U radu je primenom matematicko —
analiticke metode razmatrana mogucnost
faznog otvaranja dubljih delova rudnog tela
”Borska reka“. Izbor najpovoljnijeg resenja
je trazen na bazi optimizacije svih znacajnih
troskova, a pre svega troskova izrade jams-
kih prostorija, njihovog odrzavanja, a potom
i troskova izvoza, provetravanja, odvodnja-
vanja i dr. Neki od ovih troskova su
proporcionalni, a neki obrnuto proporci-
onalni visini koncentracionog horizonta $to
stvara mogucnost njihove optimizacije.

Dobijeni matematicki izrazi, koji
predstavljaju  funkcionalne  zavisnosti
najznacajnih parametara i ukupnih tro-
Skova, koji su uzeti kao relevatni, imaju
dovoljno uopsten oblik da se mogu lako
primeniti i u drugim prilikama razli¢itim
od uslova u rudnom telu ”Borska reka“.

Za konkretne uslove u rudnom telu
”Borska reka“ dobijena je optimalna
visina koncentracionog horizonta od 1,212
H, odnosno 97 m. Ocigledno je da se ne
moze usvojiti visina koncentracionog
horizonta jednaka dvostrukoj visini
horizonta, ali bi korisno bilo da se poveca

visina horizonta, ukoliko bi to odgovaralo
tehnologiji eksploatacije.

LITERATURA

[1] Grupa autora. ,Dopunski rudarski
projekat trajne obustave radova u
rudnim telima ,,Tilva Ros$“ i ,,P2A%,
Institut za rudarstvo 1 metalurgiju. Bor,
2010. godine.

[2] V. Mili¢. Istrazivanje osnovnih para-
metara novih metoda poluetaznog pri-
nudnog =zarusavanja za otkopavanje
dubokih delova borskog lezizta. Dok-
torska disertacija. Bor, 1996. godine.

[3] R.  Kojdi¢. Prilog odredjivanju
najpovoljnijih parametara otkopne me-
tode, sa tehno-ekonomskog aspekta, u
uslovima eksploatacije bakarnog lezista
Bor na velikim dubinama. Doktorska
disertacija. Bor, 1996. godine.

[4] Grupa autora, Studija: “Istrazivanje i
ravoj novih tenologija eksploatacije
rudnih lezista obojenih metala Srbije u
ciju revitalizacije 1 unapredjenja
eksploatacije, sigurnosti rada i zamene
iskoriS¢enih lezista. Bor, 1991-92.

[5] V. Mili¢, Odredjivanje optimalne visine
koncentracionih horizonata pri
otvaranju  rudnog tela ”Borska reka®.
Magistarski rad. Bor, 1993. godine.

[6] V.Mili¢, Z. Mili¢evi¢. Osnovi eksploa-
tacije leziSta mineralnih sirovina.
Osnovni univerzitetski udzbenik

[7] V.Mili¢, Z. Miliéevi¢, Uticaj drobljenja
i izvoza rude na parametre razrade
lezista. IV Internacionalni simpozijum o
transportu i izvozu. Zbornik radova str.
61-65. Beograd, 1999. godine.

[8] V. Mili¢, Z. Miliéevi¢, Promena
troskova izvoza rude sa dubinom
eksploatacije pri resavanju problema
otvaranja leziSta. XXV oktobarsko
savetovanje rudara i metalurga. Bor,
1993., Zbornik saopstenja. str. 157.

Broj 1,2012.

RUDARSKI RADOVI



MINING AND METALLURGY INSTITUTE BOR

COMMITTEE OF UNDERGROUND EXPLOITATION OF THE MINERAL DEPOSITS

YU ISSN: 1451-0162
UDK: 622

UDK: 622.272:338.12(045)=20

Vitomir Mili¢", Igor Svrkota”, Dejan Petrovié”

PHASE DEVELOPMENT OF THE BORSKA REKA ORE BODY

Abstract

This paper gives the main parameters of opening and development of the “Borska reka” ore
body. It has been developed to K-235 m level, while its bottom contour, within 0.3 % Cu limit
grad, reaches K-995 m level [1]. Development of lower parts of the ore body could be performed
in levels, block by block, or in phases, with several blocks joined into a single main level. Using
the mathematical-analytical method, the optimum level height is determined for phase develop-

ment of lower part of the Bor deposit.

Key words: development, main levels, costs, optimization

INTRODUCTION

The area of the “Borska reka” ore
body is a continuation of the Bor hydro-
thermally altered zone of Bor in the
northwest direction. This 1,500 m long
and 800 m deep area is inclined towards
west at 45° to 55° dip angle. This inclina-
tion matches the inclination of sandstones
and conglomerates in this zone, separated
from hydrothermally altered zone by the
Bor Fault [2].

The “Borska reka” ore body lies very
deep below the terrain surface. Its depth
increases towards west and northwest. In
general, the ore body depth in 0.3 % Cu
contour varies between 600 and 850 m,
with average thickness of 300 m. Accord-
ing to the exploration drilling data, the

* University of Belgrade, Technical Faculty in Bor

™ This paper is the result of Project No. 33038, “Eksploitation and processing of copper ore tech-
nology development with monitoring of living and working enviroment in the RTB Bor Group”,
funded by the Ministry of Education and Science of the Republic of Serbia.

closest mineralization to the surface was
at 398 m depth, in a drillhole B-38, while
the deepest one was at 1,402 m, in a drill-
hole B-33 [3].

Previous exploration works have
shown that the Borska reka ore body be-
longs to a group of massive ore bodies. It
is 1,520 m long, 635 m wide with average
thickness of 300 m. Maximum area, at
level K-560 m in a contour 0.3% Cu
reaches over 500,000 m?. [3]

The ore reserves were calculated using
the horizontal profile method. The areas
were calculated by 80 m high levels which
matched the supposed excavating levels.
In 0.3 % Cu contour, total ore reserves are
623,637,494 t, with average grade of
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0.608 % Cu, while total copper reserves
are 3,799,447 t. [4]

DEVELOPMENT OF THE ORE
BODY BORSKA REKA TO K-235 M
LEVEL

The ore body “Borska reka” is situated
bellow current mining works in the under-
ground mine “Jama” Bor and reaches the
depth of 1,200 m. It is partially developed
in the Main Level XIX, at K-235 m level.

From the XIII level of the new hoist-
ing shaft at K-21 m level, 750 m long
hoisting slope (GIN) was driven down to
K-235 m level, with 16.5° inclination. At
K-235 m level, the slope is connected to
the main haulage drift (GTH-235m). This

aaaaa

-----

POVRSINSKI OTHOP BOR

drift is 780 m long and represents a con-
nection to the central orepass (CRO) [1].

The ore body is connected with service
shaft by 560 m long exploration slope.
From the slope, the exploration drifts were
driven towards the ore body contours at
K-155 mlevel [1].

At Level XVII (K-155 m), the main
transport drift is driven all along the ore
body. It is used for transport of excava-
tions from opening and development drift-
ing. In the latter phase of mining, this drift
will be used as a service drift for Level
XVIL

Levels XVII and XIX are connected
by ventilation shaft (PVO) and central
orepass (CRO) (Figure 1).

xxxxx

ssssss

ssssssss

sssssss

A REKA
o225

Fig. 1. Scheme of development the ore body “Borska reka” to K-235 m level

The basic idea in opening and devel-
opment design is to use the existing drifts
as much as possible, in order to reduce the
investments. However, there are some
new drifts that have to be driven, such as:

- Main service slope (GSN-75/-235),

from the service shaft discharge
point at K-75 m level, 816 m long
with 11.3° inclination;

- Main haulage drift (GTH-235a), 756
m long. This drift will be used for
development theLevel XIX, and it
will be driven at K-235 m level, as a
continuation of GTH-235 drift, de-
signed to pass near the ore body and
connect to GSN-75/-235 slope;

- Main ventilation shaft (GVO-155/-
235). Ventilation of the ore body in-
cludes the new main ventilation shaft
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from K+110 level at Level IX to the
ground surface. This shaft should re-
place the existing VO, shaft, which
is situated in the slope of the old
open pit and endangered by the
ground movement process. After
that, the new shaft would be deep-
ened from K+110 m to K-155 m and
connected to drifts driven from the
ore body at that level. Between Lev-
els XV and XIII, VO4 would be in
the influence zone of mining works
in the “Borska reka” and endangered
by caving.

These facilities include the opening and
development of the ore body up to the level
-235. Lower part of the ore body “Borska
reka”, below the level -235, will be opened
in the next phase of exploitation

DEVELOPMENT OF THE ORE
BODY BORSKA REKA BELLOW K-
235M LEVEL

In order to determine the height of
next development stage, e.g. block height,
the mathematical-analytical method will
be used. The principle of this method is to
establish the equations for calculation the
costs of mining works per ton of ore, but
only the mining works which are depend-
able on development design. These costs
are represented by function T = f (n, H).
This function represents the sum of three
types of costs, and its off — peak will de-
termine the optimum block height,
Hy=nH, m.

Solving of this problem has started
from the necessary assumption related to
the establishment of functional relations.
It is necessary to define each vertical min-
ing facilities (shaft) through the known
parameter, Level height H, which is, in a
mathematical sense, a step of iteration [5].

Depth of vertical mining facilities (Hy)
between two adjacent levels, for designed
level height (H), could be defined by the
following relations:

- Forsingle level, Hy, = H

- For two levels, Hy, =2-H
- For three levels, Hy, =3-H
- For (n-1) levels, Hiyy = (n-1)-H

-Fornlevels, H, =n-H

The last relation shows that a depth of
vertical facilities is defined as the
product of Level height (H) and number
of Levels included in the Main Level,
which means that optimization is focused
to determination of number “n” [5].

In determination of optimum height
of the Main Level, the investments and
other costs are given as specific
investment costs, per production unit
(e.g. per ton of ore).

Specific investment costs are calculated
as a relation between sum of investments
and developed ore reserves. The ore
reserves will be defined by parameters of
Level, and they present a step of iteration in
mathematical model. Exploitable reserves
of a single Level are [6]:

Q _ Qg : Kir
¢ 1-K,,
where:
Q. — geological ore reserves of Level, t,
K — ore recovery ratio,
K, — ore dilution ratio,
K., — ore mass ratio.

Geological reserves of Level are:

Oa=P, Hy, Ky oteeeeinon. 2)
where:
Py — average area between two Levels,
2
m,

H — Level height, m,

¥; — ore density, t/m’.

The ore reserves in a specific phase of ex-
traction are defined as a product of number of

Levels (n) included in the Main Level and ore
reserves in a single Level (Qy):

Qe=n-Qp=n-Fy -H-y.-K,, ,t..(3)
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Specific investments costs, or costs per
unit, are:
T
T, =— ,US$/ “)
0

1
e

where:
T’; — specific investment costs, US $/t,
T; — sum of investments, US §,

Q. — mining reserves of the Main
Level, t.

COSTSOF A SINGLE
DEVELOPMENT PHASE

Crusher room costs

The rusher room is a specific facility, de-
signed to match demands of ore crushing and
hoisting. Crusher room costs are a sum of
excavation costs and supporting costs.

Since the ore crushing takes place in each
Main Level, the investment costs per unit are
defined as a relation between sum of costs and
ore reserves in the Main Level [5]:

T = Tk *Tpod s, (5)
n'Psr 'H'7r 'Krm
where:
T;> — crusher room costs per unit, US
$i,

T — excavation costs, US $/t,
Tpod — support costs, US $/t.

Orepass driving costs

The ore passes are driven from lower lev-
els towards upper, thus providing connection
with operational drifts at each Level. Costs of
orepass driving are directly dependable on
rock properties of a location, hydrogeology,
orepass diameter, driving speed and orepass
height.

Since the most important factor is the ore-
pass height, calculation of costs takes the coef-
ficient of successive cost increase with height
into account. Total costs are the sum of costs
by Levels:

For Level 1

n=H-N, ky ,US $/,

For Level 11

ty=q-H-N, ky ,US$/,
For Level 111

ty=q> H-N, ky, US $/,
For Level n

t,=q"V-H-N, k, ,US $/t.

Total costs are the sum of partial costs:

n

= %ti _1g
-1 l-gq
where:
q — coefficient of successive cost in-
crease with increase of Level
height (H),

No — number of ore passes,

k, - unit price of orepass driving per

meter, US $/m’.

Total costs of orepass driving are pre-
sented as a sum of relations of geometric
progression.

The arithmetic expression of the spe-
cific investment costs per unit is derived
after development the previous expres-
sion:

o (092540075 -n)-k, - N,
? Psr Ve K rm

‘H-N,-ky, US $/...(6)

,US/..(7)

Driving costs for the main hoisting
dope (GIN), ramp (SN) and inclined
ventilation shaft (KVO)

With the similar procedure as previ-
ous, the following expressions are de-
rived:

1. Driving costs for the main haulage
dope (GIN)

7 (0.925+0.075-n)-ky
} By -7y Ky -sina

,US $/t...(8)

2. Driving costs for the ramp (SN)
+ (0.925+0.075-n)
Ty = .

Py -H-y, Ky

( d kg +Lsy .k‘.‘)
siIno

, US $/t...(9)
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3. Driving costs for the inclined
ventilation shaft (KVO)
7= (O.925+0.075'n).
P, -Hy. -K
s Pt Rrm , US $#t.... (10)

H \
( : 'k5+LPVH'k5]
siny

where:
a, B, v — inclination angles of drifts, °,
ks, ky, ky’, ks, ks’ — driving costs per
meter, US $/m’,
Lsy, Lpyy — average length of ventila-
tion drifts, m.

Driving costs for dewatering drifts

Costs per unit for driving of drift
within the pump station are related to 1 t
of the obtained ore mass from Main the
Level and they can be calculated using the
expression:

1, =2k G U Ld:Cp gy (1)
n-Po -H-y. Ky

where:

V. — volume of excavation, m>,

Ciq — costs of excavation, US $/m°,

U, L — circumference and length of a
working, m,

d — thickness of built concrete, m,

C, — price of reinforced concrete,
US $/m’.

Maintenance costs

Maintenance costs for mining drifts
depend on the unit costs per meter in a
specific time. These costs might have a
significant influence to total costs and,
furthermore, to development design. De-
termination of maintenance costs can be
expressed by the following expression [5]:

TdI‘ZV. :f(r’L’tstngKd,Kf), US $ (12)

O

where:
r — maintenance costs per meter in a
specific time period, US $/m’ year,

L — drift length, m,

T — maintenance time, year,

F — area of drift cross — section, m?,

K, — coefficient of influence of nearby

excavations,

K4 — coefficient of influence of drift
depth,

K¢ — coefficient of influence of side
rock.

Maintenance costs could be presented
as the costs of re-supporting and costs of
constant maintenance.

Ore crushing costs

In a case of phase development, when
the ore hoisting is performed by conveyor
belts and skips, the primary crushing is
carried out underground, on the bottom of
the Main Level.

The ore crushing costs for the Main
Level per ton of ore are [7]:

P-ni-ny-n-t-Cy

,US 8/t .....(13)
O,

Tirob =
where:
P — maximum crusher power, kW,
n, — working hours per day,
n; — working hours per year,
n — number of Levels included in the
Main Level,
t — excavation time of a single Level,
years,
C, — electric energy costs, US $/kWh.
Extraction time of a single Level is:

t= Py -H-y, Ky
ngd
Mining ore reserves of the Main Level
are:
Qe=n-Fy-H-y,-K
Considering the previous relations, the
ore crushing costs are:
P-n-ny-t-Cy

ngd

, years

t

rm >

Throb. = ,US $/t .....(14)
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This means that the ore crushing costs
have no influence on determination the
Main Level height.

Ore hoigting costs

Ore hoisting from the ore body “Bor-
ska reka” will be carried out by belt con-
veyors. Hoisting costs are the sum of en-
ergy, material and labor costs and they can
be fixed or variable.

Hoisting costs per unit present a rela-
tion of total hoisting costs and ore reserves
of the Main Level [8]:

'

T ,US $/t .(15)

izv.

:tf+(te+ta+t0)-n

Simo

where:
t — fixed hoisting costs, US $/t,
te, tu, t, — variable costs (energy, depre-
ciation and maintenance), US $/t

b}

m-.

The last expression shows that the
fixed costs have no influence on determi-
nation the Main Level height, as they re-
main constant. Knowing that, these costs
will be excluded from the optimization.

Ventilation costs

In cost analysis of phase mine devel-
opment, one of the most important pa-
rameters is consumption of electric en-
ergy, used for underground air flow proc-
ess.

Since only the active Level will be
ventilated, it is obvious that ventilation
costs per ton of ore wouldn’t influence the
Level height determination. On the other
hand, ventilation of crusher room and
other objects at Main Level has to be
taken in consideration.

Ventilation costs per unit are:

r P @) L] g (16)
prov ngd

where:

p — coefficient related to the energy
costs, drift aerodynamic resistance,
shape and area of drift cross —
section and overall coefficient of
fan efficiency,

Q — necessary fresh air volume for
ventilation, m%/s,

L =— - length of the main
sina
hoisting slope in a Level, m,
H o
Ly =— - length of inclined
siny
ventilation shaft in a Level, m,
L, - sum of drift lengths in the Main

Level, m.
Dewatering costs

In the mine designing, volume of un-
derground water in deposit is expressed
through evaluated coefficient of under-
ground water. Such evaluation is pretty
conditional, but it is generally accepted in
the mine designing.

In the structure of dewatering costs,
the electric energy costs are dominant.
Depreciation and labor costs usually have
much less influence to overall costs.
Therefore, only the energy costs are taken
into consideration.

According to the adopted methodol-
ogy, the unit costs of dewatering can be
calculated by the following expression:

' T
Toav. = odv — n-H-K,, -K,US$t (17)
O,
where:
Ko — coefficient of underground wa-

ter, m'/t,
K — parameter used to determine the
energy costs per unit, e.g. the en-
ergy costs needed for pumping 1
m’ of water to 1 m height.
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ANALYSISOF THE OBTAINED
RESULTS

Total costs, partially analyzed in the
previous chapters, can be expressed by the
general mathematical dependence:

2I[
T,=T, I’l,H + +T, N UsS $/t
uk I( ) ( H) i

Since the height of a single Level H is
fixed, definition of the Main Level height
can be expressed through relation T = f(n,
H), for H, =n-H.

That is,

F) =Ty =T; -n+Tyy 24Ty, US St ...(18)
n

The first group of costs, Ty, is techno-
logical costs, related to designed technical
solutions. Their increase is proportional to
increase of the Main Level height. This
group of costs includes the hoisting costs,
dewatering costs and some other costs
with lesser influence.

The second group of costs, Ty, is the
necessary investments for designed solu-
tions of opening and development of the
deposit. Their general characteristic is to
be reduced with the increase of Level
height. Costs of crusher room and pump
station drifting are dominant in this group.

The third group of costs, Ty, has no
influence on a Level height and their value
is present by the constant.

Total sum of costs can be presented as
a parabolic function, and it is similar to a
sum of linear and hyperbolic functions.

For parameters of the ore body “Bor-
ska reka”, mathematical function of costs
is [5]:

=T, =00491+00722 1007¢ USSHx....(19)
n

This function is a continous and its
first derivative is:

' df (n) Ty
n)jy=——= T —_——
f ( ) dn I n2
The second derivative of this function:
f(n) _ 2.]3"11
n

This means that the function has
minimum for the following value (n):

I,
=n, = |-L =1212...20)
T

Optimal height of the Main Level, re-
spectively a step of development phase of
the ore body is:

Hy=n, -H=1212-80=96.96m

This means that in development of the
ore body “Borska reka”, each Level could
be the Main Level, but with the increased
height from 80 m to 96.96 m.

CONCLUSION

This paper gives the mathematical-
analytical method for optimum develop-
ment design in the ore body “Borska
reka”. All relevant costs were analyzed
and optimized. The most important are the
costs of drifting, maintenance, hoisting,
ventilation and dewatering. Some of these
costs are directly proportional to the Level
height, while some of them are inversely
proportional, what makes the possibility
for their optimization.

The final relations are the functional
dependences of the most important pa-
rameters and overall costs, and they can
be generalized and applied to the other
mines, with different properties from this
case.

For parameters of the ore body “Bor-
ska reka”, according to this methodology,
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the optimum Main Level height is
1.212-H, or 97 m. Since it is impossible to
involve two 80 m Levels into one Main
Level, it would be useful to increase the
Level height from 80 m to 97 m, if it is
suitable to the mining technology.
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OTKOPAVANJE SIGURNOSNIH PLOCA U
RUDNIKU ”TREPCA” — STARI TRG

Izvod

U podzemnoj eksploataciji problem sekundarne ekspolatacije, tj. otkopavanje sigurnosnih
ploca narocito je izrazen kod onih leZista gde se primarna eksploatacija vrsi metodama krovnog
otkopavanja sa zasipavanjem otkopnih prostora, kao Sto je slucaj u rudniku Trepca’’ — Stari
Trg. U primarnoj fazi eksploatacije ostaviljane su sigurnosne ploce mocénosti 6 — 8 metara. U se-
kundarnoj fazi eksploatacije planirano je otkopavanje sigurnosnih ploca cije se povrsine krecu u
granicama od 100 — 4.000 m’, i one sada predstavijaju najproduktiviju zonu trepcéanskog leZista,

kako po sadrzaju metala tako i po koli¢ini rudne mase.

U ovom radu prikazan je modifikovani nacin eksploatacije sigurnosnih ploca, uz primenu sis-
tematskog podgradivanja unakrsnim drvenim slogovima.

Kljucne reci: podzemna eksploatacija, sigurnosne ploce, podgradivanje.

UvoD

Za otkopavanje lezista >>Trepca’” — Stari
Trg, u primarnoj fazi eksploatacije primen-
juje se ’TrepCanska metoda’ tj. metoda
krovnog otkopavanja u horizontalnim eta-
zama sa zasipavanjem otkopnog prostora.
Ovom metodom se otkopavaju sva rudna
tela od nivoa horizonta sa kojeg pocinje
otkopavanje do na 6 - 8 metara ispod nivoa
viseg horizonta, odnosno do granice sigur-
nosne ploce.

U pocetnoj fazi eksploatacije za ot-
kopavanje sigurnosnih ploca primenjivala
se metoda kvadratnih slogova u horizon-

talnim etazama. Intenzitet otkopavanja kod
ove metode je izrazito nizak, tako da je s
vremenom stvaran sve veci raskorak kod
otkopavanja u primarnoj i sekundarnoj fazi
eksploatacije.

Leziste Trepca, sastoji se od niza ceva-
stih rudnih tela nepravilnog oblika (SI. 1).
Najveci broj rudnih tela izgraduju sulfidni
minerali, a manji deo leziSta Cine tzv. oligo-
nitna rudna tela, izgradena od gvozdevito —
magmatskih karbonata sa ve¢im ili manjim
sadrzajem olovo — cinkanih sulfida.

* Prof. dr Ljubinko Savic, redovni profesor, FTN Kosovska Mitrovica, ljsavic@open.telekom.rs
mr Radisa Jankovié, dipl. inz. rud., JPPK *’Kosovo’’ Obili¢, jradisa@gmail.com
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SL. 1. Blok prikaz Trepcanskog leZista

Laboratorijskim ispitivanjem uzoraka, karakteristike rude i pratecih stena, koje su
uzorkovanih u jami >’Trepca’” — Stari Trg,  prikazane u tabeli br. 1.
utvrdene su sledece fizicko — mehanicke

Tabela 1. Fizicko — mehanicke karakteristike rude i pratec¢ih stena

RUDA /
STENA

Sulfidi

Oligoniti
Kre¢njak
Skriljac
Breca

OTKOPAVANJE LEZISTA

Metoda krovnog otkopavanja u hori-
zontalnim etazama sa zasipavanjem se pri-
menjuje od samog pocetka eksploatacije

lezista. Njome su se otkopavala sva rudna
tela u primarnoj fazi eksploatacije (sl. 2).
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SL. 2. Trepcanska metoda otkopavanja

Pripremni radovi tj. glavni izvozni hod-
nik se izraduje u podinskom boku, a rudno
telo se preseca pre¢nim hodnicima ¢iji broj
zavisi od veli¢ine otkopa. Pre¢nim hod-
nicima rudno telo se preseca do krovinskog
kontakta, a zatim se iz njih vrsi ot-
kopavanje rudnog tela po ¢itavoj povrsini.

Sa nivoa horizonta poc¢inje otkopavanje
prve etaze Cija visina iznosi 5,5 m.
Busenje kratkih minskih buSotina se vrsi
busac¢im ¢ekicem RK — 28. Utovar rude se
vrsi direktno u vagonete sa CAVO ut-
ovarnom lopatom. Kada se otkopa ruda po
celoj povrsini, delovi pre¢nog hodnika
koji su bili u rudi izraduju se u betonskoj
oblozi, a ujedno se rade i rudne i rudno —
prolazne sipke. Radi zasipavanja otkopa,
izraduju se u rudi zasipni uskopi do viseg
horizonta. Sa nivoa viSeg horizonta do-
prema se zasip koji se razastire po otkopu.
Pod krovom otkopa ostavlja se otvorena
visina od 2 m radi ventilacije i komu-
niciranja u otkopu. Otkopavanje sledece
etaze pocinje od sipke prema krovinskom
delu otkopa.

Visinska razlika izmedu horizonata
iznosi 60 m. Za rudna tela u rudniku
Trepca, velikih povrsina i ¢iji je raspon od
podinskog do krovinskog dela veliki, kao
privremeno sredstvo osiguranja otkopa u

primarnoj fazi eksploatacije, ostavjaju se
sigurnosni stubovi rasporedeni u Sa-
hovskom poretku, dimenzija 10 x 10 m.
Rastojanje izmedu redova krece se od 12 -
16 m, a rastojanje izmedu stubova u redu
16 - 20 m. Visina sigurnosnih stubova
kreée se od 10 - 70 m, u zavisnosti od
moc¢nosti rudnog tela.

OTKOPAVANJE SIGURNOSNIH
PLOCA

Dugi niz godina sigurnosne ploce su se
otkopavale metodom kvadratnih slogova ko-
ja ima veoma nizak intenzitet otkopavanja i
dovodi do sve veceg zaostajanja sekunda-
rme u odnosu na primarnu fazu otkopavanja.

Metoda je Sematski prikazana na (sl. 3),
a princip rada se sastoji u tome $to se u
otkope ugraduje specijalno pripremljena
kvadratna podloga i to neposredno posle
otkopavanja jednog manjeg prostora.

Prvi red kvadratne podgrade se postavlja
na temeljace, a svaki naredni se nadovezuje
na prethodni. Podgrada treba da se slaze i
vezuje pravilno, stubovi moraju biti posta-
vljeni vertikalno, a stropnice i preCage mo-
raju nalegati na stubove. Zatezanje pod-
grade o strop i bokove otkopa vrsi se samo
na sastavima.
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SL 3. Metoda kvadratnih slogova

Sve ostale radne operacije su iste kao
kod metode krovnog otkopavanja sa zasi-
pavanjem samo sa smanjenim obimom
radova i u€incima. Metodu karakterisu ve-
oma niski uéinci u svim fazama procesa
rada, a samim tim se postize nizak inten-
zitet otkopavanja.

Sa napredovanjem rudarske tehnike i
uvodenjem savremene mehanizacije, zadnjih
godina se pokusalo sa otkopavanjem sigur-
nosnih ploca primenom metode unakrsnih
drvenih slogova. To je u stvari modifikacija
horizontalnog krovnog otkopavanja uz pri-
menu sistematskog podgradivanja una-
krsnim drvenim slogovima. Metoda se po-
kazala znatno efikasnija u poredenju sa me-
todom kvadratnih slogova, a takode i dovol-
jno sigurna.

Uzimajuci u obzir dosadasnje iskustvo pri
otkopavanju sigurnosnih plo¢a, moze se kon-
statovati da je ova metoda vrlo efikasna i
sigurna, a po intenzitetu ne zaostaje mnogo za
’trepcanskom metodom’’, posto je moguce
mehanizovati radove kako na otkopavanju
tako 1 na zasipavanju otkopa $to nije bio
slusaj sa metodom kvadratnih slogova.

U konkretnom sluc