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Cdc nghién ctru phdt trién mé hinh todn trong vdn dé téi wu ké hoach khai
thdc dai han cho cdc mé dd voi xi mdng chwa dwoc phd bién trong cong
nghiép khai thdc mé ¢ Viét Nam. Trong bai bdo nay, tdc gid trinh bay mot
mo hinh todn hoc dwa trén Idp trinh tuyén tinh s6 nguyén hon hop ciing véi
phwong phdp gidi hiéu qud dé gidi quyét van dé ldp ké hoach khai thdc dai
han cho cdc mé da véi xi mdng. Cdc ky thudt nhém cdc vi khéi thanh cdc
khodnh khai thdc, ky thudt khir bién quyét dinh da dwoc st dung gitip lam
gidm kich thwdc ctia bai todn, cho phép tao ra cdc gidi phdp téi wu trong
thoi gian hop ly va tao ra ké hoach khai thdc cho cdc khodnh, phtt hop voi
thwec té khai thdc. M6 hinh todn va thudt gidi la cong cu hiru hiéu dé lgp ké
hoach khai thdc dai han cho cdc mé dd véi xi mdng, ddm bdo cung trng du
vé sé lwong va chdt lwong nguyén liéu ddu vao cho nha mdy. Mé hinh
nghién ctru dd dwoc chitng minh va ddnh gid thwc té'khi dp dung va so sdnh
v&i mét trong nhirng phan mém thwong mai phd bién trong khai thdc mé
- GEOVIA Minesched tai mé dd véi Ta Thiét - Binh Phwdrc.

© 2020 Trwong Pai hoc M6 - bia chat. T4t ca cic quyén dwoc bao dam.

1. M¢ dau

vOi thdéa méan vé chit lwong va s6 lwong cac oxit
nhw Cao, SiO>, Al;03, Fe203. Thong thwong, da voi

D€ san xuit xi mang, diéu quan trong la tao ra
hén hop nguyén liéu thd cé cac thanh phan hoéa
hoc ndm trong gi¢i han x4c dinh theo cong nghé
san xudt xi mang. Pa voi 1a nguyén liéu chinh dé
san xuat xi mang vi thanh phin khoang héa cua da

*Tdc gid lién hé
E - mail: trandinhbao@humg.edu.vn
DOI: 10.46326/JMES.KTLT2020.05

sau khi dwoc khai thac tir mé sé dwoc tron véi
nhau hodc tron véi cac chat phu gia (tro bay,
quing sit,...). Mot du 4n khai thac mé da voi xi
mang (mo da véi cung cap nguyén liéu thd cho cac
nha may xi mang) dwoc cho la thanh cong khi ma
dam béo cung cip day dui hon hop nguyén liéu tho
cho nha may san xuit xi mang mot cach lién tuc va
t6i wu vé thanh phian héa. Van dé nay doi hdi mot
cai nhin téng quat trong ké hoach khai thac dai
han ctia mé da voi xi mang. Hién nay, & Viét Nam



60 Trdn Pinh Béo va nnk./Tap chi Khoa hoc Ky thudt M6 - Dia chdt 61 (5), 58 - 70

van dé 1ap ké hoach khai thac mé dai han dwoc
thuc hién mot cach thd céng thong qua binh do va
cAc mit cat ciia mo va st dung cac chwong trinh
d6 hoa dworc cai trén may tinh dién tr. Bén canh
d6, hau hét cAc mo chi quan tAm téi ké hoach khai
thac ngan han, k& hoach khai thac dai han chuwa
dwoc chuy.

DAu vao tiéu chuin trong van dé 1ap ké hoach
khai thac mo la mé hinh khoi, mé hinh bao gom
cac vi khdi bao phti toan bo than khoang sang. Mai
mot vi khoi chira dwng ddy du nhirng thong tin cu
thé phuc vu cho cong tac 1ap ké hoach khai thac
nhu: toa d6 clia cac vi khoi, thong tin vé thanh
phan hoéa hoc, cic dic trung vé chat lwgng, ham
lwong cac chat,.... Nhitng dic trung nay dworc st
dung dé wéc lwong gia tri kinh t& cho mdi vi khdi.
Gia tri ham lwong bién dwoc str dung dé€ phan biét
quang va dat da thai dwa trén gia ban kim loai. Tuy
nhién, viéc 14p ké hoach khai thac cho cdc mo da
voi xi mang khong thé dya trén gia tri kinh té ctia
cacvi khdi vi viéc str dung gia ban cta xi mang trén
tri treomg dé gan gia tri kinh t€ cho cac vi khoi 1a
rat phirc tap, cling nhw d€ phan loai quang va dat
da thai (M.W.A. Asad, 2011). Cac giai phap nhédn
dwoc tir cAc phdn mém thwong mai, st dung gia
tri kinh té ctia cac vi khdi 1a dau vao cia phin mém
dé giai quyét van dé 1ap ké hoach khai thac dai han
cho cac mé da voi xi ming 1a khong thuc té
(MW.A. Asad, 2011).

Lap ké hoach khai thac mé la cac cong viéc
phén cip, bao gobm ba giai doan: dai han, trung han
va ngan han. Lap ké hoach khai thac mé 1a di tra
1o hai ciu héi 16m: nhitng vi khéi nao dwoc khai
thac va khi nao vi khéi d6 dwoc khai thac trén co
s& t8i wu hoa loi nhuan cho mé ma van dam bao
cung cap du nguyén liéu tho cho nha may xi mang
vé khdi lwong va chat lwong. Van dé téi wu héa lap
ké hoach khai thac dai han cho pham vi toan mo la
mot van dé phirc tap va khéng hé don gian baoi quy
mo cuia vin dé 1a16m, bat chip nhirng tién bd trong
céng nhé mdy tinh va cdc phdn mém trong suot
nhiéu thap ky qua, mdt s6 mo hinh to4n t&i wu van
chwa c6 101 gidi boi d6 16n ctia nd. Cach tiép cin
phd bién nhat hién nay cho van dé 1ap ké hoach
khai thac dai han 1a phan chia né thanh 3 giai doan
bao gom: t6i wu hoa bién gi¢i mo 16 thién, thiét ké
cac giai doan khai thac va 14p lich ké hoach san
xudt cho cac giai doan khai thac (K. Dagdelen ,
2001; J. Whittle, 1998). Viéc xac dinh bién gidi két
thdc cia mo 19 thién c6 thé duoc giai quyét bang

cach str dung cac thuat toan quy hoach dwa trén
kinh nghiém (heuristic) nhw hinh nén déng (M.
Pana va T. Carlson, 1966), thuat toan dua trén ly
thuyét do thi (Lerchs H. va Grossman F., 1965; Y.
Zhao, 1992)), hoac thuat toan Pseudoflow (D.S.
Hochbaum va A. Chen, 2000; D.S. Hochbaum,
2008) ) v6i ham muc tiéu 1a t6i da hoa tong lgi
nhudn. Trong khi d6, cac thudt toan Heusistic
dwgc thao ludn trong (M. Gershon, 1987; M.
Lemieux, 1979) thuong dwoc str dung dé thiét ké
cac giai doan khai thac. Cudi cuing, van dé lap lich
ké hoach san xuit dai han c6 thé dworc giai quyét
bdi bén mo6 hinh toan hoc dién hinh: 14p trinh
tuyén tinh (LP) (T.B. Johnson, 1968), lip trinh s6
nguyén (IP) (R. Chicoisne et al, 1992) , 13p trinh
hén hop sé nguyén (MIP) ( H. Askari - Nasab etal.,
2011; M. Tabesh va H. Askari - Nasab, 2011) valap
trinh s6 nguyén ngiu nhién (SIP) (S. Ramazan,
2007). Bé giai quyét cac mé hinh toan nay, nhiéu
thuat gidi da dwoc phat trién dé giai quyét va khic
phuc kich thuéc 16n ctia mé hinh toan t6i wu nhuw:
ki thuat phan nhanh - gi¢i han (L. Caccetta va S.P.
Hill, 2003), cac phwong phap Heuristics va Meta -
Heuristic (M. Gershon, 1987; M. Godoy va R.
Dimitrakopoulos, 2004; R. Chicoisne et al., 2012;
R. Goodfellow, 2014), cic phwong phap gop va
nhom dir liéu (M. Tabesh va H. Askari - Nasab,
2011; S. Ramazan, 2007) ). Hién nay, cac ki thuat
t6i wu hoa trong van dé 14p ké hoach khai thac dai
han vain chwa dwgc st dung rong rai trén cac mo
khai thac da voi xi mang. Viéc khong thé thiét 1ap
mo hinh khéi kinh té dwa trén gia ban ctia xi mang
trén thi treong dan dén giai phap cho van dé lap
ké hoach khai thac ctia cac mé da voi xi mang khac
vGi cac van dé ctia cic mo khai thac quang 16 thién
(K. Dagdelen va M.W. Asad, 2002; S. Srinivasan va
D. Whittle, 1996). Hau hét cac giai phap dwoc dé
xudt cho van dé lap ké hoach khai thac dai han cho
cac mo da voi xi mang la phwong phap Heuristic,
va cac giadi phap nay déu chwa dat dwoc két qua
mong mudn. Thuat toan sap sép (M.W.A. Asad,
2011) duwoc str dung dé giai quyét van deé 1ap ké
hoach khai thac dai han cho cac mo khai thac da
vOi xi madng. Tuy nhién, vin dé t6i wu ca thuit giai
c6 thé kho dat duwoc va md hinh mat di tinh linh
hoat. M4 hinh to4n tuyén tinh s6 nguyén hén hop
dwoc dé xuit dé giai quyét van dé 1ap ké hoach
khai thac ngan han cho cac mé khai thac da voi xi
mang da dwoc trinh bay trong nghién ctru (S.U.
Rehman va M\W.A. Asad, 2010) . M6 hinh 14p ké
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hoach khai thac dai han da dwoc phat trién (D.
Joshi, S. Chatterjee va S.M. Equeenuddin, 2015) dé
cung cip khoi lwong va chat lwgng da voi phu hop
cho nha may xi mang. D& giam kich thwéc cta bai
toan, ho da 4p dung phwong phap gép dé nhom
cac vi khéi c6 cung vi tri va cung hé s6 bao hoa da
vOi (LSF) dé tao thanh mot tAp hop cac vi khdi va
sau do chia nho van dé lén thanh cac vin dé nho.
Tuy nhién, chit lwgng cha giai phap nay cling
khoéng rd rang.

Muc dich ctia nghién ctvu nay la phat trién mot
md hinh toan t&i wu tuyén tinh s6 nguyén hon hop
méi dé gidi quyét van dé lich ké hoach khai thac
dai han cho cac mo da voi xi mang. Muc tiéu cta
md hinh 13 chi phi dé tao ra hon hop nguyén liéu
tho dé san xuit xi mang la toi thi€u, ddng thoi mo
hinh xem xét tong hop cic vin dé nhu: cic hoat
déng ctia mo, cac yéu ciu vé phoi trén, khoi lwgng
phu gia mua ngoai thi trweong. Dé dat dwoc muc
tiéu nghién ctru, mot phwong phap bao gobm nhiéu
budc dwoc phat trién giup gidi quyét van dé 1ap ké
hoach khai thac dai han cho mé d4 vo6i xi mang.

2. Phwong phap nghién ciru

Diu tién, cac vi khoéi dwoec nhém thanh cac
don vi khai thac bang cach st dung cac thuat toan
nhom, diéu nay gitup gidm quy mé cua van dé va
pht hop véi thue té san xuit. Thit hai, viéc 1ap ké
hoach khai thac dai han cho toan mé da voi xi
mang dugc phin chia thanh cic van dé nhé hon,
mdi van dé lién quan dén mot khoang thoi gian t
(t=1, .., T) tirc 1a chia thanh tirng nam khai thac va
gidi quyét ching mot cach tuin tw. Gidi phap tim
dwoc cia thuit toan cung cip cho mo6 dwdi dang
cac 1o giai c6 nghiém ban dau dé giai quyét vin dé
14p ké hoach toan mo.

2.1. Ky thudt nhém cdc vi khdi

Trong nghién ctru nay, cac vi khdi trong cling
mot ting khai thac dwoc nhom lai tao thanh cac
khoanh khai thac chon loc dwa trén cac thudc tinh:
vi tri, loai dit d4 va phan phéi ham lwgng cia cac
vi khoi. Nhitng khoanh khai thac nay sau d6 dwoc
dwa vao md hinh 14p ké hoach khai thac. Do do,
thay vi giai quyét van dé lap ké hoach khai thac &
cip do vi khéi, ching tdi da thyc hién & cip do
khoanh khai thac chon lgc. K§ thudt nay gitp lam
giam kich thwéc ciia bai toan, cho phép tao ra cac
giai phap tdi wu trong thoi gian hop Iy va tao raké

hoach khai thac cho cac khoanh, pht hop véi thuc
té khai thac. Tuy nhién, khi ting kich thwérc cla cac
khodnh khai thac dwa vao 1ap lich sé lam gidm chit
lwong cda két qua va lam giam gia tri NPV hodc
lam tang chi phi so véi 1ap lich khai thac trén cac
vi khoi.

Cdc bworc tién hanh ky thudt nhém:

(i) Buwdc 1: Xem xét moi mot vi khéi 1a mot
khoanh khai thac chon loc va tinh toan mirc do
twong dong gitra cac vi khoi trén cung mot ting
khai thac dwa vao vi tri, loai dit da va sw phan bd
ham lwgng thanh phan héa;

(ii) Budc 2: Lién két cac vi khéi véi nhau
thanh mo khoanh khai thac méi;

(iii) Budre 3: Tinh todn sy twong dong gitra cac
khoanh Kkhai thdc méi dwoc thiét 1ap véi cac
khoanh khai thac khac con lai;

(iv) Bwdrc 4: Lap lai bwdc ii va iii, tt ca cac vi
khoi dwoc nhém lai tao thanh nhitng khoanh khai
thac.

Ngoai ra, dé dwoc chon 1a mot khodnh khai
thac cho dau vao cia mo hinh 1ap ké hoach khai
thac dai han, nhitng don vi nay phai c6 hinh dang
va kich thwéc phu hop véi thuce té khai thac cia
mé (M. Tabesh va H. Askari - Nasab, 2011) . Nhém
tac gia da 1ap trinh thudt toan trén moéi truong
Matlab (MATLAB Software) dé nhém cac vi khoi
thanh cac khoanh khai thac chon loc cling nhw tinh
chinh hinh dang va kich thwéc ctia ching.

2.2. M6 hinh tuyén tinh sé nguyén hén hop
trong céng tdc ldp ké hoach khai thdc dai han
cho cdc mé da voéi xi mdng
2.2.1 Nhirng yéu cdu vé phéi tron trong cong nghiép
xi mdng

Chia khoa thanh c6ng cho van dé lap ké hoach
khai thac dai han cho mé da voi xi mang la dam
bao cung cip day dd hdn hop nguyén liéu thd cho
nha may xi mang vé khéi lwong va chit lwong. Do
do, viéc trung hoa da voi trong qua trinh khai thac
doéng mot vai tro quan trong trong viéc dinh
hwéng ké hoach khai thac dai han cia mo. ba voi
dwoc khai thac phai ddm bao cac yéu vé ty 1é phan
tram thanh phan héa cua cac oxit nhw canxi oxit
(Ca0), silic oxit (Si02), nhdm oxit (Al,03), oxit sat
(Fe203), magie oxit (Mg0), kali oxit (K20), ... trong
pham vi chip nhan dwoc theo cong nghé san xuit
xi mang ctia nha may.
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Trong s&n xuit xi mang, viéc phat trién hon
hop nguyén liéu tho phai ddm bao cin bang clia
cac oxit ké trén thong qua cac chi s6 sau silica (SR),
hé s6 bao hoa voi (LSF) va ty 1é alumina (AM) va
khodng clinker bao gom alit (3Ca0.Si02) dai dién
1a “C3S”, belit (2Ca0.Si02) dai dién la “C.S”, khoang
canxi aluminat (3Ca0.Al;03) dai dién la “C3A”, va
khoang Canxi alumo ferit (4Ca0.Al203.Fe;03) dai
dién la “C4AF”. Cac phwong trinh tir (1) dén (7)
(Rehman va nnk, 2018) biéu dién c4c chi s6 nay:

SR= 510, n
B A[203+F6’203 ( )
LSF = ta0 2
 2.85i0,+1.1841,05+0.65Fe,05 (2)
ALO;
AM = 3
F6'203 ( )
(385 =4.071xCa0 - 7.60x5i0; - 6.78x @
Al203 - 1.43xFez0;3
C>S =-3.071xCa0 + 8.6x5i0; + 5.068 )
XA1203 -1 079XF6’203
C3A = 2.65xA1:03 - 1.692xFe203 (6)
C/AF = 3.043xFez03 (7)

Trong nghién cru nay, sy phéi tron nguyén
liéu thé tai kho chira la sw két hgp cia da voi dwoc
khai thac tir mo va cac chat phu gia mua & ngoai
mo. Hon hop nay phai phit hop véi yéu cau thuc té
trong san xuit xi mang va dwoc str dung dé minh
hoa cach thirc lam viéc cia mo6 hinh tuyén tinh s6
nguyén hon hop.

2.2.2. M6 hinh tuyén tinh s6 nguyén hén hop

Trong mo hinh tuyén tinh s6 nguyén hon hop,
mdi mot tAp cac vi khéi sau khi nhém dwoc goi la
mot khoanh khai thac. Gia tri ham lwgng cua
khodanh khai thac dwgrc tinh bang gia tri trung binh
ham lwgng cta cac vi khéi tao thanh. Chi phi khai
thac va khoi lwgng cia khoanh khai thac nay la
tong chi phi va khéi lwong cta cac vi khdi thudc
khoanh khai thac nay. D€ gidi quyét mo hinh,
nhém nghién ctru dwa ra cac gia dinh sau cia mé
hinh:

(i) Cackhoanh khai thac phai dwgc khai thac
toan bd khi chiing dwoc 1én ké hoach trong mét

khoang thoi gian;

(ii) TAt ca cac dirliéu tir mé hinh khoi dia chit,
tlr cAc ngudn phu gia mua bén ngoai bao gdbm: ham
lwong cac thanh phan hoa, chi phi khai thac, chi
phi mua cac chit phu gia la cac gia tri xac dinh va
khong doi.

Cong thirc toan hoc cia m6 hinh dwoc trinh
bay nhw sau:

Cdc chi s6 ctia mé hinh:

iel: Don vi khai thac tht i; je Nic 1 - Pon vi
khai thac thi j tién nhiém ma can phai khai thac
trwdre vi khéi i; ¢, t'e T - Cac giai doan 14p ké hoach;
a e A - Cac chit phu gia mua bén ngoai mo (a= 1:
sét,a =2 cat,a = 3: davoi,a =4 quangsat,..); ke K
- Tap cac chisé héahoc K (k=1:Ca0, k=2: SiO,
k=3: A1203, k=3: A1203, k=4: Fe203, k=5: MgO,
k=6:SR k=7:LSF, k=8:AM,k=9:CsS,...).
Cdc théng sé ctia mé hinh:

B. - Khdi lwong nguyén liéu cta vi khéi thit e;
Ci : Chi phi khai thac cia khoanh khai thac thit i
trong giai t; Co - Chi phi mua chat phu gia a trong
giai doan t; minMC,, maxMC, - Khéi lwong nguyén
liéu tho tdi thiéu va tdi da dwoc khai thac tai mo
trong giai doan t; minA,, maxA,; - Khoi lwgng
chit phu gia k t6i thiéu va t6i da dwgc mua tir
ngoai mo trong giai doan t; g, - Gia tri ham lwgng
trung binh ctia thanh phan héa k trong don vi khai
thaci; g, , - Gia tri ham lugng trung binh ctia thanh
phan hoa k trong chit phu gia a; minG,, maxGy, -
Thanh phén hoéa k t6i thiéu va t6i da cho phép
trong hon hop nguyén liéu tho.
Cdc bién quyét dinh

X = 1 néu khoanh khai thac i dwoc 1én lich
khai théic trong giai doan t, va bang 0 trong treong
hop khac; Yu la khéi lwong clia phu gia a mua
ngoai thi truong.

Ham muc tiéu

Minimize ) () Gt ) Cu¥) (g
tel el acA
Rang budc veé trinh tw khai thac cac khoadnh:

NiXie - Zverdjen X <0, Vie l, vte T (9)

minMCtsz Xy B;smaxMC,, Vte T (10)
i€l

Rang budc vé khoi lwong chit phu gia thém vao:
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minA sAg<smaxA,., Vte T, Vke K (11)
Rang budc vé trir lwong:
Dier X <1, vteT (12)

Ham muc tiéu (8) tim cach giam chi phi khai
thac dén mic t6i thiu dé phat trién hén hop
nguyén liéu tho cho nha may xi mang. Rang budc
(9) dam bao rang khoanh khai thac thi i s&é khong
dwoc khai thac trong khoang thoi gian t triv khi tat
ca cac khoanh khai thac j da dwoc khai thac hét
trong khodng thoi gian t. M6i quan hé vé trinh tw

khai thac gitra cac khoanh khai thac dwoc xac dinh
theo mdi quan hé wu tién gitra cac vi khoi: khodnh
khai thac thit j cin dwoc khai thac trwdc khodnh
khai thac thir i khi va chi khi don vi khai thac thirj
chtra dung mét vi khoi phai khai thac trwdc khi
khai thac mét vi khéi nao dé trong don vi khai thac
thit i. Cac rang budc (10) va (11) dam bao san
lwong t6i thiéu va tdi da cua da voi dwoc khai thac
tir mo va phu gia dwoc mua tir cdc ngudn bén
ngoai, trong rng.

Cac rang budc chit lwgng phdi tron nguyén
liéu tho nhw Bang 1 sau:

Bdng 1. Cdc cbng thirc rang budc chdt lwong phéi trén nguyén liéu thé.

[Z i€l /Yit'g ki B] + Z aeA Yat' 8 ka]

minG,<

[XierXie Bit Yaca Yad

<maxGy, Vte T, Vke K (13)

|2 ierXiv& caoy- Bit X aca Yar & cav)a)

minG,<

2.8 ic1Xir8 sio i Bit Laca Yor &rsiv)a] +
1.18|Y jer Xiv8 (a1,05)i- Bit Xaea Yar 8ar,00)4] +
0.65 Y ic1 Xit& re,05)i- Bit Taca Yar- 8 re,05)a)

<maxGy, VteT
(14)

|2 ier X8 sio)i Bit Taca Yar 8(sio,)a)

minGp<

X ier Xie&ar,09)1 Bt aea Yar- Ear,09)a] + (15)
[ZI'EI/Yf['g(F8203)1" B1'+ ZaEA Y(;t' g(Fe;O;;)a]

<maxGy, Vte T

(X ier Xie&ar,00)i Bit Y aea Yar- Ear,04)a)

minG,<

[2 e Xiv8 (re,04)i- Bit Zaca Yar & #e,05)a)

<maxG, Vte T (16)

4.071% je1 Xir& (caoyi- Bit X aea Yar- 8(ca0)a)

- 7.6\ Y ier Xi8 si0,) Bit Xaca Yar & (sio)a]

- 6.718 % ier Xiv& (a1,05)i- Bit Laea Yar & a1,05)a) (17)
- 1.430|X je1 Xiv& (re,05)i- Bit X aca Yar & (re,05)a]

minGp<

(X ierXie- Bit Yaea Yol

<maxGy, Vte T

2-550[Zi51)(fr-g(/11203)/-5i+2aeA yat-g(AIZO_g)a]
| - 1-692[2/5//\’/r-g(pe203)f-5’i+2asA yat-g(F5'203)a]_ (18)

minG.<

[XierXie-Bit+ Yaea Yad

<maxG, Vte T

- 3.071% jer Xir& (ca0)i- Bit B aca Yar&caopa) |
+8.6[ierXir8(sio )i-Bit Xaea Yar& sio 2)3]
+5. 068[21’61){1'1"67(,4/20 19i-Bit L aca Yar 850 3)a] (19)
| -1.07 9[21’61){1'1"5’(176203)1"51"/'2aEA Xat-g(pezog)a],

minG, <

[XierXie-Bit+Xaea Yad

<maxG, Vte T
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3.043)3 ie1 Xiv8 (e 10-)i- Bit 3 264 Yar& (Fer0)a
minG,< [E €1 Xit8 (Fe702)i-Bit Laca Yar 8 (Fe503) ] <maxG,, Vte T (20)
[XierXie Bi+Yaea Yad
Cac rang budc dinh nghia bién quyét dinh:
XX E0.1); V>0, Ve T, Vie [ Vae A e

Rang budc (12) ddm bao rang mot khoanh
khai thac chi dwoc khai thac trong mét lan duy
nhit. Cac rang budc (13) - (21) 1a cac rang budc vé
yéu cau phoi trén ciia nguyén liéu tho. Cac rang
budc (13) yéu ciu gia tri ham lwong trung binh
cua cac oxit Ca0, SiOz, Al,03, Fe;03, and Mgo, ...
phai & gitta mitc t6i thifu va t6i da trong moi
khoang thoi gian 14p ké hoach. D& duy tri cAn bang
clia cac oxit trong hdi hop nguyén liéu tho, cac
rang budc (14) - (19) duy tri cac chis6 LSF, SR, AM,
CsS, C3A, va C4AF trong gi¢i han mong muon. Cudi
cung, cac rang budc (21) ddm bao cac bién quyét
dinh la nguyén va khong am.

2.3. Phwong phdp giadi

Trong céch giai quyét mo hinh tuyén tinh so
nguyén hon hop dwoc dé suit trong phan trudéec,
san lwong moé dwoc xac dinh theo rang budc (10),
thé hién nhirng thudc tinh chung ctia bai toan xép
balo (bai toan Knapsack). bay la moét bai toan NP -
hard (la mot tAp hop cac bai toan trong ly thuyét
d6 phirc tap tinh toan), diéu dé c6 nghia giai phap
t6i wu cda van dé 1ap ké hoach khai thac dai han
cho cidc mé da véi xi mang khoéng thé c6 dwoc
trong thi gian tinh todn thwe. Do d6, dé giai quyét
van dé nay nhom nghién ciu da ap dung cac
phuwong phap khitr bién va phwong phap
Heuristics nham giam thoi gian giadi quyét va thu
dwoc cac giadi phap cn téi wu cho van deé 1ap ké
hoach khai thac dai han cho cac mé da vo6i xi mang.
2.3.1 Phwrong phdp khtr bién quyét dinh

b€ giam kich thudc cia bai toan, tac gia ap
dung c4c khai niém vé thoi thoi gian bat dau sém
nhat va mudn nhat cho mdi mot khoanh khai thac
dé khir cac bién nhi phin quyét dinh trong mé
hinh (I. Uublicatim Dciooer,2003; M.P. Gaupp,
2008; N. Boland, C. Fricke va G. Froyland, 2007).
Thoi gian bat dau sém nhit tirc 1a mAit bao nhiéu
thoi gian dé bat dau khai thac khoanh khai thac
th i dwa trén thir tw khai thac va san lwong 16m
nhAt ctia mé. Cac khoadnh khai thac wu tién dwoc
xac dinh 1a mot hinh nén nam phia trén khoanh

khai thac thir i, hinh n6n nay can phai dwoc khai
thac hét trudc khi khai thac khoanh khai thac thi
i. Khoi lwong cta hinh nén va téng san lwong khai
thac mé 1én nhét tir giai doan dau tién dén giai
doan t dwoc tinh todn va so sanh véi nhau. Néu
tong khoi lwgng cia hinh nén vwot 16n hon san
lwong khai thac 16n nhat ciia mo, thi thoi gian bat
dau sém cho don vi khai thac i 1a giai doan t. Tat
ca cac bién quyét dinh twong Gng khi thu héi don
vi khai thac thir i trong cac khoang thoi gian truée
khoang thoi gian ¢ phai bang 0 trong giai phap toi
wu va do dé ching ta c6 thé khir cac bién nay khoi
bai toan.

Trong khi d6, thoi gian bit ddu mudn nhat dé
thu hoi khoanh khai thac thi i phan anh thoi gian
1au nhit dé c6 thé khai thac khodnh khai thac nay
dwa trén thir tw khai thac va san lwgng mo toi
thiéu. Trong trwedng hop nay, khoanh khai thac wu
tién 1a hinh nén ké tiép bén dwéi khoanh khai thac
thi¥ i, hinh nén nay chi c6 thé dwoc khai thac sau
khi khoanh khai thac thir i dwoc khai thac hoan
toan. Khéi lwong ctia hinh nén dwoc st dung dé
tinh toan khoi lwong ctia cac khoanh khai thac con
lai trong md, diy la khéi lwong khai thac 16n nhat
dé thu dwoc khoanh khai thac thi i. Téng san
lwong khai thac t6i thi€u cong don tir giai doan ¢
dén khi két thuc khai thac dwoc tinh toan va so
sanh v&i khoi lwong cua cac khoanh khai thac con
lai. Néu khéi lwgng clia cac khoanh khai thac con
lai thap hon téng san lwong tich liy toi thiéu, thoi
gian bat ddu mudn nhat cho don vi khai thac thir i
la giai doan t+1. T4t ca cac bién quyét dinh twong
g v&i viéc thu hoi khoanh khai thac thiri tai thoi
diém nay hodc sau thoi gian bat ddu mudn nhat
dwoc dat gia tri 1 trong gidi phap t6i wu cia thut
toan. Cac hinh nén trwdc hodc hinh nén tiép theo
cta don vi khai thac thr i dwoc thé hién trong
Hinh 1.

2.3.2. Loi gidi c6 nghiém ban ddu

Mot phuwong phap khiac dé giam thoi gian giai
quyét mo hinh tuyén tinh s6 nguyén hon hop la
cung cip 1o gidi c6 nghiém ban dau. Mot giai phap
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Hinh 1. Hinh nén trwéc (mdu sdng) va hinh nén
tiép theo (mdu toi) ctia don vi khai thdc thiv i.

nhu vy c6 thé ngan viéc wéc lwong cac giai phap
chiém wu thé va cho phép st dung céng cu tim
kiém t6i wu cuc bo Heuristic (IBM, 2009). M6t s6
phuwong phap Heuritis dwgc sit dung dé nhin
dang loi gidi c6 nghiém ban dau nhw thuét toan
“greedy heuristic” (R. Chicoisne, 2012) hay thuat
toan Sliding Window Heuristic (C. Cullenbine, R.K.
Wood va A. Newman, 2011) . Trong nghién cttu
nay, ching t6i xac dinh 101 gidi c6 nghiém ban dau
bang cach chia vin dé van dé 1ap ké hoach khai
thac dai han cho cac mé da voi xi mang thanh cac
van dé phu nho hon theo khoang thoi gian t (t€T)
va giai quyét ching tuan tw theo thit tw tang din
cuat. Cac khoanh khai thac dwoc chi dinh cho tirng
van dé phu dwogc loai bo khoi mo hinh khéi sau khi
giai va nhitng don vi khai thac con lai dwgc gan
cho giai doan tiép theo. Kich thuéc clia mdi van dé
phu nhé hon dang ké so v&i vin dé 1ap ké hoach
khai thac dai han cho toan mé va do dé, mot
phwong phap chinh xac c6 thé dwoc sir dung dé
gidi quyét cac van dé phu. Cudi cung, cac phan loi
gidi c6 nghiém cua cic vin dé phu dwoc lién két
v&i nhau dé tao ra loi gidi c6 nghiém ban dau. Néu
gia tri ctia 1o giai c6 nghiém ban dau gan véi gidi
han trén (<a - mdt gid tri GAP dwoc xac dinh
trwdc) xuat phap tir sy néi long tuyén tinh trong
viéc giai quyét van dé lap ké hoach dai han cho cac
mo da voi xi mang, lod giai sé tra vé loi gidi co
nghiém ban dau. Mat khac, cong cu giai tiép tuc cai
thién chat lwong cua cac 1oi gidi c6 nghiém ban
dau.

3. Két qua nghién ciru va thao luin

M5 hinh tuyén tinh s6 nguyén hon hop dwoc
trién khai ap dung tai tai mo da voi xi mang Ta
Thiét - Binh Phwéc cung cip nguyén liéu thé cho

nha may xi mang Binh Phuéc. Khu viyre nghién ctru
c6 dac diém c6 do déc nhe tir Ty sang Déng. Cac
thanh tao da chinh gap phai trong khu vuwc bao
gom da macno c6 ham lwong thap, da voi c6 ham
lwong can ham lwong bién va da voi c6 ham lwgng
cao. P4 macno c6 ham lwgng Cao thap (CaO
<36%) va da voi c6 ham lwgng cdn ham lwong
bién (36%<Ca0<40%) khong thé dwoc st dung
dé san xuat xi ming va dwoc d6 vao bai thai, dan
dén tang chi phi khai thac va ton thit tai nguyén.
Hién tai, cong ty dang str dung phan mém Surpac
dé xay dung mo hinh khéi véi 22216 vi khéi voi
kich thwéc mbi vi khéi 1a 25x25x10 m. Bang 2
trinh bay nhirng dac trung thdng ké trong mo hinh
khoi ctia than khoang sang, ham lwgng CaO phéan
b6 tai tAng +145 m dwgc thé hién trong Hinh 2(a).
DE san xuit xi mang, nha may xi mang Binh Phwéc
str dung dat sét, cat, da voi chit lwong cao va
quing sit duwoc mua tir cac nha cung cdp khac
nhau lam phu gia dé pha trén véi cac nguyén liéu
tho tir mé da nham dat dwoc cac yéu cau vé chat
lwong va s6 lwong can thiét theo cong nghé san
xudt xi mang,

Dbé giam so lwong cac bién quyét dinh trong
md hinh tuyén tinh s6 nguyén hdon hop, tac gia da
str dung thuét toan gop dé nhém cac vi khéi thanh
cac khoanh khai thac dwa trén vi tri va sy phan b6
ham lwong. Thuat toan gép dwgc ma hda va phat
trién trén moi treong Matlab str dung cac tily chon
kich thwéc cum trung binh khac nhau: 10, 20, 30,
40, 50 va 100 vi khéi cho mot nhém. Hinh 2(b)
minh hoa két qua ctia viéc nhom tai ting +145m
v&i kich thwéc trung binh ciia nhém 1a 30 vi khoi.
Nhitng don vi khai thac dwgc tao ra phai tuan tha
3 rang budc chinh: tinh d6ng nhat vé ham luwgng
va loai dat d4, hinh dang c6 thé khai thac dwoc va
kich thwéc hop ky dé co6 thé 1én lich ké hoach khai
thac thwc t€ cho mo. Ban d4u, m6 hinh mé hinh
tuyén tinh s6 nguyén hon hop cin 444320 bién
nhi phan la s6 vi khéi trong mé hinh than khoang
sang, v4i s6 lwong bién 1ém nhw vy viéc toi wu hda
1a khong thé tai thoi diém hién tai. Vi viée ap
dung thuit toan nhém, s6 lwgng bién ctia mé hinh
giam dang ké nhw dwoc dwa ra tai Bang 4 cho phép
md hinh mé hinh tuyén tinh s6 nguyén hén hop c6
thé dé dang xir ly.

Phin mém Matlab ciing dwoc st dung dé
chuén bi cdc ma tran rang budc, cic bién va ham
muc tiéu. Matlab ciing dwoc st dung dé goi bd giai
dé chay ma va gidi m6 hinh mé hinh tuyén tinh s6
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Bdng 2. Nhitng théng ké co bdn ctia phdn phdi ham lwong trong mé hinh khéi ctia mé.
Gia tri Ca0 Si0z Al>03 Fe;03 LOI MgO Na20 K20
Trung binh 46,01 5,25 1,30 0,44 39,49 1,67 0,08 0,21
Trung vi 49,26 5,67 1,42 0,45 40,53 1,68 0,07 0,18
Phuong sai 65,40 4,45 0,28 0,02 44,27 0,19 0,01 0,01
@ |[ v )
1.564
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I _ow grade BMarginal grade BB High grade 1562k ; :V:""i"'?;imsmT
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Hinh 2. Binh dd mé tqi tdng +145m.

(a) Phdn b6 ham lwong CaO; (b) Két qud nhém 30 vi khéi thanh cdc khodnh khai thdc trung binh; (c) Lich ké
hoach khai thdc khi str dung mé hinh tuyén tinh s6 nguyén hén hop véi kich thwéc trung binh ctia cdc
khodnh khai thdc la 30 vi khéi; (d) Lich ké hoach khai thdc khi str dung phdn mém GEOVIA Minesched.

nguyén hdn hop. B gidi bit dau véi viéc gidi mot
mo hinh tuyén tinh néi 16ng, trong d6 cac bién sd
nguyén dugc néi long thanh cac bién so thuc. Sau
do, bo gidi da st dung thuat toan phan nhanh va
gi¢i han dé tim kiém giai phap kha thi s6 nguyén.
Phan code cta thuit toan dwoc chay trén may tinh
Dell Precision M4800 16i t& kép téc do 2,70 GHz
vGi 32 GB RAM. Cac yéu cau rang budc doi véi van
dé 1ap ké hoach khai thac dai han mé da véi xi
mang dwoc tom tit trong Bang 3.

Phuong phap gidi cia nghién ctru ndy yéu cau
hai buéc:

Budc 1: tao raloi gidi c6 nghiém ban dau bang
cach st dung thuat toan Heuristic dwgc mo ta &
phén 4.2;

Buwdc 2: gidi quyét mo hinh mé hinh tuyén
tinh s8 nguyén hon hop bang 101 giai ¢6 nghiém
ban dau.

Bdng 3. Cdc rang budc déi vdi vin dé ldp ké hoach
khai thdc dai han mé dd voi xi mdng.

Han mikc T6i thiu | T6i da
Céng suit mé (triéu tin) 3,3 4
Khéi lwgng phu gia (triéu tin) 0 1
Ca0 (%) 62 69
Si02 (%) 17 26
ALO3 (%) 4 10
Fe;0 (%) 0,1 5
MgO, Naz0, K20 (%) 0 5
SR 2 2.6
LSF 0,9 1
AM 1 3
CsS (%) 40 60
CsA (%) 5 15
C4AF (%) 10 18
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Mat mot vai phut dé c6 dwoc 10i giai co
nghiém ban dau bang cach str dung phwong phap
giai chinh xac. Bang 4 biéu dién tém tit mo hinh
tuyén tinh s6 nguyén hon hop chay trén cac kich
thwéc nhom khac nhau véi viéc st dung va
khongstr dung 10 gidi c6 nghiém ban dau. Bo giai
sé dirng néu mé hinh ¢4 GAP nho hon 1% hoac
thoi gian giai dat téi 12 h. T4t ¢ cac kinh ban ban
dau st dung ky thuét loai bo bién quyét dinh. Theo
Bang 4, nhin thdy mo hinh khong st dung 1o giai
c6 nghiém ban dau viéc giai quyét mo hinh theo
cac kich ban thwong & trweong hop thoi gian téi
han. Trong khi d6 mo hinh toan véi loi gidi ¢
nghiém ban ddu mé hinh da dworc giadi quyét thanh
cong trong tat ca cac kich ban trong khoang GAP
1%, diéu dé cho thiy phwong phap Heuristic tao
ra mot gidi phap tot véi thoi gian gidi quyét mé
hinh dai nhat chi khoang 1 h. Mt khac, qua nhiéu
lan chay véi cac kich thwée cia khoanh khai thac
khac nhau da chirng minh kha nang ciia mo hinh
tuyén tinh s6 nguyén hén hop trong viéc kiém soat
sO lwgng don vi khai thac dworc tao ra va thoi gian
dé c6 dwoc cac giai phap.

67

Lich ké hoach khai thic dworc tao ra bdi mo
hinh tuyén tinh s6 nguyén hén hop dwoc so sanh
v6i lich ké hoach khai thac do phdn mém GEOVIA
Minesched tao ra, day la phan mém lap ké hoach
san xuit duoc sir dung rong rai trong khai thac mé
da voi xi mang. Tat ca cac lich ké hoach san xuit
dwoc phat trién bdi mé hinh tuyén tinh s6 nguyén
hén hop va GEOVIA Minesched da dwoc thuc hién
theo cling dau vao va cuing mot chién lwoc khai
thac véi muc tiéu gidm thiéu chi phi dé phat trién
hén hop thd trong sdn xuit xi mang trong 20 nam.
Lich ké hoach dwgc tao ra bdi mo hinh tac gia phat
trién st dung kich thwéc trung binh ctia nhom la
30 vi khéi va cia GEOVIA Minesched tai ting
+145m dwgc thé hién tai Hinh 2 (c, d), twong tng.
Hinh 3(a,b) minh hoa cidc mit cit nam - bic
156142,5 m cua lich ké hoach khai thac, cho thiy
st khac biét trong trinh tw khai thac gitta ching.

Lich k& hoach khai thac do mé hinh tuyén tinh
s6 nguyén hdn hop mang lai c6 mitc chi phi tao ra
hén hop thé nhé hon 3,17+3,96% so véi lich ké
hoach khai thac dwgc xay dwng béi phan mém

Bdng 4. Két qud chay mé hinh tuyén tinh s6 nguyén hén hop védi cdc truomg hop kich thudc ctia cdc khodnh
khai thdc khi st dung 101 gidi c6 nghiém ban ddu va khéng st dung 101 gidi c6 nghiém ban dau.

Kich thutrc| S8 rong | .. Mo hm},l kh}(z-rKg sg durdlg 1o giai Méb hlnhhs_LAr dli)ng lg} gidi co
Trudmg| trung binh | cac So lu'(_rr,lg ¢ nghiém ban dau nghiém ban dau

, ) , cacbién | Gia tri cida |Gid tri GAP| Thoi | Gidtricta |Giatri GAP| Thoi

hop |cliakhodnh| khodnh C A R AT N B A

Khai thic | khai théc nhi phan| ham muc | cliamo gian giai hammuc | ciamd |gian giai

tiéu ($) | hinh (%) |quyét(s)| tiéu($) | hinh (%) |quyét(s)
| 10 2446 | 48920 N/A N/A N/A [190053700| 0.05 3133
1l 20 1276 | 25520 N/A N/A N/A [190120000] 0.09 777
111 30 960 19200 N/A N/A N/A [190149000| 0.07 418
IV 40 648 12960 N/A N/A N/A [190250000| 0.14 167
\% 50 526 10520 N/A N/A N/A [190330000] 0.17 119
VI 100 268 5360 N/A N/A N/A [191610000| 0.84 103
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Hinh 3. Mdt cat huéng bdc - nam 156142,5 m
(a) Lich ké hoach khai thdc khi stz dung mé hinh tuyén tinh s6 nguyén hén hop véi kich thwéc trung binh ctia cdc
khodnh khai thdc la 30 vi khéi; (b) Lich k€ hoach khai thdc khi str dung phdn mém GEOVIA Minesched.
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GEOVIA Minesched trong tat ca cac trwong hop,
twong dwong tiét kiém khodang 6,2+7,8 triéu USD,
day la s6 tién dang ké véi mot mo da nho.

Chi phi can thiét dé tao ra mot tAn nguyén liéu
tho trong lich ké hoach khai thiac cia m6 hinh
tuyén tinh sé nguyén hén hop nhé hon so véi ké
hoach khai thac ciia GEOVIA, ngoai trir trong
trwong hop V. Hinh 4 (a), (b) cho thiy san lwong
khai thac hang nam va lwong phu gia dwoc mua
trong 20 nam trong lich k& hoach khai thac cia mo
hinh tac gia phat trién va phan mém GEOVIA. San
lwgng mé va lwong phu gia dwgc trinh bay trong
Bang 3 thoa mén trong ca hai lich ké hoach khai
thac tao dwoc. Diéu dic biét dang chu y la GEOVIA
Minesched yéu cidu mua tit ca cac loai phu gia
trong 20 nam trong khi d6 mé hinh dworc trinh bay
trong bai b4o chi can dat sét va quing sat trong
cung mot Khoang thoi gian twong tw. Sw so sanh
vé chat lwong hon hop tho gitta lich ké hoach san
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xuit dwoc tao ra tir moé hinh nghién ctru véi cac
tuy chon vé kich thwérc trung binh ctia cac khodnh
khai thac va lich san xuit cia GEOVIA dwgc dwara
trong Hinh 5. Qua d6 ta thay mo6 hinh nghién ctiru
c6 kha nang lam théa man dwoc tat ca cic yéu cau
chat lwgng hén hop thd véi kich thuéc trung binh
cda cac khoanh khai thac khac nhau. Trong khi do,
phwong phap GEOVIA Minesched cho thay sy vi
pham cac rang budc chit lwgng hau hét cac truong
hop, ngoai trir cic rang budc vé ham lwong MgO.

4. Két luan

K§ thudt t6i wu hoa lich ké hoach khai thac da
khong dwoc ap dung rong rai trong khai thac mo
da voi xi mang. Viéc thue xy dung lich ké hoach
khai thac dai han cho cic mé da vdi xi mang bang
cach str dung cac gia tri thwong mai cta vi khoi la
khong dang tin ciy va khong thuc té.

Triéu tén
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Hinh 4. So sdnh ké hoach sdn lwgng va lwong chdt phu gia cdn mua hang ndm. (a) St dung thudt todn dé
xudt; (b) Str dung phdn mém GEOVIA Minesched.

Hinh 5. So sdnh chdt lwong hén hop nguyén liéu thé gitra thudt todn dé xudt va phdn mém GEOVIA Minesched.
(a) Ham lwgng Cao; (b) Ham lwgng SiOz; (c) Ham lwgng Al:O3; (d) Ham lwgng Fez03; (e) Ham lwgng MgO.
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Mo hinh tuyén tinh s6 nguyén hon hop da
dwoc strdung hiéu qua dé gidi quyét cac vian dé lap
ké hoach khai thac mo. Tuy nhién, quy mé ctia vin
deé 1ap ké hoach khai thac mé trong thuc t& van la
mot thach thirc 1au dai. Nghién ctru nay phat trién
mdt md hinh tuyén tinh s6 nguyén hén hop méi
tich hop t6i wu hda ké hoach khai thac dai han cho
cac mé da voi xi mang dé cung cap nguyén liéu thd
bén vitng cho san xuit xi mang véi chi phi toi
thi€u. D€ giam kich thwéc bai toan, tac gia da st
dung thut todn gop dé nhém cac vi khoi thanh cac
khoanh khai thac. Cac khodnh khai thac dworc coi
12 dau vao cho md hinh tuyén tinh s6 nguyén hon
hop. Viéc gidi quyét mé hinh dworc thwe hién trong
hai bwéc chinh: tao 161 gidi c6 nghiém ban dau
bing phwong phap Heuristic va cung cip cho
thuat giai cho 1o gidi c6 nghiém ban dau.

Két qua ap dung thuc t€ mé hinh tai mo khai
thac d4 voi xi ming Ta Thiét cho thiy rang viéc st
dung thuit todn nhém céc vi khéi véi nhau khong
chilam giam dang ké s6 lwong bién nhi phan trong
md hinh tuyén tinh s6 nguyén hon hgp ma con tao
ra cac lich ké hoach khai thac thwc té hon dwa trén
Khoanh khai thac chon loc. Phwrong phap Heuristic
dwa trén ky thuat phan tdch da nhanh chéng xac
dinh 101 gidi c6 nghiém ban dau. Theo két qua ap
dung tai mé, viéc giai quyét md hinh bang cac loi
gidi c6 nghiém ban d4u c6 thé dam bao tao ra cac
giai phap tot hon.

Trong trwong hop gidi quyét mo hinh tuyén
tinh s6 nguyén hon hop str dung 1o gidi c6 nghiém
ban dau thi cac van dé khong thé khic phuc duoc
cia mé hinh dwogc giai quyét mot cach don gian
hon va nhanh hon so véi khi khong ap dung.
Nhitng két qua nay chimg minh rang phwong
phap gidi dwoc dé xuat trong bai viét nay c6 thé
vuot qua thach thirc vé quy mo van dé cia mo
hinh tuyén tinh s6 nguyén hon hop trong viéc giai
quyét van deé 1ap ké hoach khai thac dai han cho
cac mo da voi xi mang,

Mo hinh tac gia phat trién da dwoc chirng
minh va danh gia thuc té khi ap dung va so sanh
v&i mot trong nhitng phan mém thwong mai pho
bién trong khai thiac mé - GEOVIA Minesched.
Phan tich cho thdy rang viéc 4p dung mé hinh méi
nay giup tiét kiém chi phi dang ké so véi GEOVIA
Minesched. Bén canh kha ning t6i wu héa muc
tiéu, mé hinh cling xem xét dong thoi cac rang
budc pha trén nguyén liéu tho, trong khi GEOVIA
Minesched nham dap &ng cac muc tiéu san lwong

nhung da vi pham cac muc tiéu chit lwong trong
hau hét cac treong hop. Piéu nay nhdn manh tim
quan trong cua viéc ap dung cac ky thuit tdi wu
héa trong viéc giai quyét van dé 14p ké hoach khai
thac dai han cho cac mo da voi xi mang.
Poéng gop cua cac tac gia

Tac gia Tran Pinh Bdo hinh thanh y twdng,
trién khai cac ndi dung va hoan thién ban thao cudi
cuia bai bao; tac gia Vi Binh Trong cung trién khai
cacndi dung va doc ban thao; cac tac gia Pham Van
Viét, Nguyén Anh Tu4n, Nguyén Dinh An thu thap
s0 liéu, x ly s6 liéu va trién khai thir nghiém mé
hinh; tac gia Lé Thi Hwong Giang nghién ctru xay
dung thuit gidi moé hinh toan toi wu.

Tai liéu tham khao

C. Cullenbine, R. K. Wood va A. Newman, (2011). A
sliding time window heuristic for open pit
mine block sequencing, Optimization letters, 5,
tr. 365 - 377.

D. Joshi, S. Chatterjee va S. M. Equeenuddin,
(2015). Limestone quarry production
planning for consistent supply of raw
materials to cement plant: A case study from
Indian cement industry with a captive quarry,
Journal of Mining Science, 51, tr. 980 - 992.

D. S. Hochbaum va A. Chen, (2000). Performance
analysis and best implementations of old and
new algorithms for the open - pit mining
problem, Operations Research, 48, tr. 894 - 914.

D. S. Hochbaum, (2008). The pseudoflow
algorithm: A new algorithm for the maximum -
flow problem, Operations research, 56, 992 -
1009.

H. Askari - Nasab, Y. Pourrahimian, E. Ben - Awuah
va S. Kalantari, (2011). Mixed integer linear
programming formulations for open pit
production scheduling, journal of Mining
Science, 47, 338 trang.

Lerchs, H. va Grossman, F., (1965). Optimum
design of open-pit mines, Transactions of CIM,
LXVIL

IBM, ILOG CPLEX. 2009, Incline Village, NV.

[.  Uublicatim Dciooer, (2003). Production
scheduling at LKAB s Kiruna Mine using mixed



70 Trdn Pinh Béo va nnk./Tap chi Khoa hoc Ky thudt M6 - Dia chdt 61 (5), 58 - 70

- integer programming, Mining engineering, 35.

J. Whittle, (1988). Beyond optimization in open pit
design, Canadian Conference on Computer
Applications in the Mineral Industries, tr. 331 -
337.

K. Dagdelen va M. W. Asad, (2002). Optimum
cement quarry scheduling algorithm, APCOM
2002, 30* International Symposium on the
Application of Computers and Operations
Research in the Mineral Industry, tr. 697 - 709.

K. Dagdelen, (2001). Open pit optimization -
strategies for improving economics of mining
projects through mine planning, 17%
International Mining Congress and Exhibition of
Turkey, tr. 117 - 121.

L. Caccetta va S. P. Hill, (2003). An application of
branch and cut to open pit mine scheduling,
Journal of global optimization, 27, tr. 349 - 365.

MATLAB Software. MathWorks Inc. 9.3 (R2017b).

M. Gershon, (1987). Heuristic approaches for
mine planning and production scheduling,
International Journal of Mining and Geological
Engineering, 5,tr. 1-13.

M. Godoy va R. Dimitrakopoulos, (2004)
Managing risk and waste mining in long - term
production scheduling of open - pit mines, SME
transactions, 316 trang.

M. Pana va T. Carlson, (1966). Description of a
computer technique used in mine planning of
the Utah Mine of Kennnecott Copper Corp, 6th
APCOM.

M.P. Gaupp, (2008). Methods for improving the
tractability of the block sequencing problem
for open pit mining, Colorado school of mines
golden.

M. Tabesh va H. Askari - Nasab, (2011). Two -
stage clustering algorithm for block
aggregation in open pit mines, Mining
Technology, 120, tr. 158 - 169.

M.W. A. Asad, (2011). Aheuristicapproach to long
- range production planning of cement quarry
operations, Production Planning & Control, 22,
tr. 353 - 364.

N. Boland, C. Fricke va G. Froyland, (2007). A
strengthened formulation for the open pit

mine production scheduling problem,
Available at Optimization Online.

R. Chicoisne, D. Espinoza, M. Goycoolea, E. Moreno
va E. Rubio, (2012). A new algorithm for the
open - pit mine production scheduling
problem, Operations Research, 60,tr.517 - 528.

Rehman, S, MWA Asad va I Khattak, (2008). A
Managerial Solution to Operational Control of
the Raw Material Blending Problem in Cement
Manufacturing Operations, Proceedings of the
COMSATS International  Conference on
Management for Humanity and Prosperity,
Lahore, Pakistan.

R. Goodfellow, (2014). Unifed Modelling and
Simultaneous Optimization of Open Pit Mining
Complexes with Supply Uncertainty. McGill
University Libraries.

S. C. Johnson, (1967). Hierarchical clustering
schemes, Psychometrika, 32, tr. 241 - 254.

S. Ramazan va K. Dagdelen, (1998). A new push
back design algorithm in open pit mining,
Proceedings of 17 MPES conference, Calgary,
Canada, tr. 119 - 124.

S. Ramazan va R. Dimitrakopoulos, (2004).
Traditional and new MIP models for
production scheduling with in - situ grade
variability, International Journal of Surface
Mining, 18, tr. 85 - 98.

S. Ramazan, (2007). The new fundamental tree
algorithm for production scheduling of open
pit mines, European Journal of Operational
Research, 177, tr. 1153 - 1166.

S. Srinivasan va D. Whittle (1996). Combined pit
and blend optimization, Preprints - society of
mining engineers of AIME.

S. U. Rehman va M. W. A. Asad, (2010). A mixed -
integer linear programming (MILP) model for
short - range production scheduling of cement
quarry operations, Asia - Pacific Journal of
Operational Research, 27,315 - 333.

T. B. Johnson, (1968). Optimum open pit mine
production scheduling, California university
berkeley operations research center.

Y. Zhao, (1992). A new optimal pit limit design
algorithm, Proc. of the 23rd APCOM, 423 - 434.



