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| 'OPTIMUM SELECTION AND MINING SEQUENCE OF
= CEMENT RAW MATERIALS USING . . .
'LINEAR ECONOMIC ANALYSIS

by
| Edwin A. Kehr

ABSTRACT

A method is developed for the determmatlon of the opt1mum '
‘f selectlon and mmmg sequence of cemen’t ra,w materla.ls The method
v‘l,enta,ﬂs constructlon of a mathematmal model of the proposed operatlon :
:from the chemlcal requlr ements of the cement and the hmlta,tlons of |

" the mlmng method. . |

The ‘matheﬁ.)‘;éi::ica;lz model is ,constru.cted fOr' sOlutioh by 1ioear' :
. -brogrammmg, an. operatlons research technlque The’vmeeheanics of

problem solutlon by 11nea.r programmmg is dlscussed for both hand

- | ,‘_and,..,dlglml computer -a.pphca‘;tlonse .
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- 'INTR-onncTroN o

Sustamed growth and prosperlty of the Unlted States haVe cre— R

o -'.?ﬂa,ted mcreased demanol for ,Portla,nd cement Improv.ed remfor'c:ed con-

crete technology coupled Wlth economles effected in the manufacture of

Ee cement have helped concrete dlsplace other constructlon ma;terla,ls

Cement raw matema,ls must meet. exactmg chemlcal spec1f1ca—:
' ,'tlons but yet be mexpenSWe enough for a producer to meet competltlon |
1@nemlcal spemﬁcatrons of Portland cement necessx.tates blend:ng sev- -
: eral raw 'ma,terlasls Therefores the source of raw materlals must be
Iocated economically Wlth respect to tra.nsporta.twn, fuel and market
"‘;Eac111ties- | S .
| | A new Portla,nd‘ cement plant, 1s loca,ted in an area havmg the
”’vf_best bala.nce of economlc factors Exploration drﬂhng_;ls_conduct:ed
Wthh loca‘tes@ seV‘eral-d.-epOSlts,of hrn;_e;stone‘, ,ehe1e3 and l.clia;y", the prin- 3
: :.':Clpal raw ma.terlals in. the ma,nufa,cture of Portland cement The- evalu-
- 'atlon of exploratmn o‘ia.ta, IS necessary to determme Wthh deposrts, or

pOrtlons ther-eof - will promde sufflclent r‘eserves for' th'e life of the plant

» "Which W111 provrde the correct chemlcal blend and at minimum overall
. cost rela,tlve to the cement pla,nt locaztlon

The purpose. of thls academlc mvestrgatlon is to study the



feconomlcs of such an evaluatlon of ra,w ma,terlal reserves for a. Portland - .
.cement plant A method is developed Wher eby the one drstrlbutmn of
: reserves Wthh WilI meet at minimum cost both the chemical requ1re—
.'vments of the cement and the restrlctlons 1mposed on the Sequence of
‘removal of materlal from the reserves by apr edetermlned mining plsrr :
fcan be determmed by a rigorous ma.thematlcal analys1s
‘The: methed. entalls constructlon of a mathematical model which
' reeresents the proposed operatlon The model will slmulate mathemst— |
1ca11y the mmmg process as governed by the chemlcal requ1rements2 |
- mining restrlctlons, and raw materla,l costs
Dlstrlbutlon of the cement produced at several plants to ware-
‘houses i the market area is then studled A mathematlcal model is
constructed of the transportatmn net a,nd a method illustrated: Whereby
“the optlmum alloca,tlon of productmn can. be. determined.
Both of the a,bOVe mathema,tical models are developed for
solutlon by Iinear programming, a mathematlcal discipline. Inasmuch‘

‘as lmear programmmg ig comparatlvely new, the technique is explained

‘;mao’ietaﬂj_pmor to use. - . "



- DEVELOPMENT AND TECHNOLOGY OF PORTLAND CEMENT

i ;"His'itorica;l} Skleftoh» o

Credrt for the dlscovery of Portland cement is glven Joseph

e V-_Aspdin Who in 1824 Wa,s granted a,n Engllsh pal:ent for Portland ¢ement. S

| .',‘,"}ltAecordmg to Bogue (1955: p M) ASpdm named lns cement for. the lsle S

-;of Portland Wlnch lles off the Brrtlsh coas‘t because the cemen‘t re-

_ }:,sembled in color the etone quarrieol there Aepdln pro‘bably dld not

- : have in rmnol the use of Portland cemen‘t for monollthlc constructlon

! 4."but ra;ther for use. as a, stucco to be applled over. brick or stone
The flrs‘t Portland oement plant that operated on a commercml

Scale Was bmlt by Aspnhn at Wakeflelol England In Succeedmg yea,rs —

. l‘ ,;the Por‘tla,nd cement 1no‘lustry gr ew not only in. Engla.nol but also in l' e

L -.Belgmm and Germany Portland cement was first sh1pped to the United

o ["’}:Sta:tes in 1868 by tramp stea,mers usmg the European cement for ballast. ’

ln ,Splte o:f the 1noreaseol manufacture of Portland cement m
‘.Europe olurmg the lgth century, _na:tural cements rather than. Portland

: ",.,cements Were used m the Unlted Sta:tes untll 1871, In that year Damd

| . _:@ Saylor started prodnctlon of Portland cement at Copla.y, Pennsyl— R

vania..



In I.1880 about 42 000 barrels of‘Port'Iand cremen‘t were pro'-[

P duced Ten years later the produ:c‘tlon of Portland cemen‘t was. 335, OGO

N L ‘barrels a:nd has mcreased to a. 1960 productwn of a,bout 300 mllhon bar-_

- reels;o_, o
: .The distribution of ‘Porﬂand cement plan’fcs 'in the United States -
s determmed la.rgely by the economlc avallablllty of raw matemals, o

' : .mamly hmestone a.nd shale Eleven states do not have cement plants

" Composition of Portland.Cement

The cssentml chemlcal components of Portland cement are _

o : L‘the ox1des cf calcmm (Ca@), slhcen (81@2)), alummum (A1203), iron -

_ -(FezOs); and a small percenta.ge of sulphur trioxide (803), Wh1ch is

added after calcmahon Other constltuents found in small amounts are |

_'~-A'Z_,..',‘;‘~¢Mgc NazO, K2© Tl@g, s, P205, a,nd Mn03 of these minor constlt— o

g uents only M‘g@ and the. "alkahes" NagO a,nd KZO are of concern.

Chemlcal analyses of the five types of Portland cement in use o
L :to&ayv‘a;re s,hcwn :,m_Tg,bI-e, 1. Ana,lyses of raw ma.temals which produce

. these ‘Jc-ement:, chemical ana,lys:es ;_a;r'e;,shown, in Table 2.



TABLE 1 C HEMICAL ANALYSES OF PORTLAND CEMENTI

s Compound Sta,nda,rd

. Type H
Modera,te

Hea;t

TypeIII
~ High
Early

Type IV Type 7
~Sulphate
- Resistant.

- Low
_Heat

' Range

A‘(_" ] ﬁwge T

Range

Av‘e"rage e

o 'iéi@'z G | 19 23

N i § k3@9771*“41:62f66 '7’
S ,’v._AlizFez‘3 2 4

L '"':,:Alkahes 0. 75 1 5

2@ 24
"“?::62 65
3_,6

07515

| ': e
" 63-67 |
:{0&@~@f13;3¢
el
94

0.75-1.5

-22 26

26

0751‘15

64

2.5
2.5
1.5
M

 Reposueed rom Bl nd Koo, 9%, 028,



TA.BL’"E 9 - ANALYSES OF RAW MATERIALS

F@R THE FIVE TYPES @F CEMENT

- Compowd gIRC.

"'Type 1.

:-";Type i
Range '

Type TiT
Range

Type IV

Range

Typeﬂ _V "
Aver age

80y

_liwdﬁgSn'7ﬁ
 Fe0y

B ,:Alkalies L

| 125’15:“:‘.
73-77
5;5.5  .
REEEH S
0. 5;‘.1'4,7» |

- '13-15.5
73-76
"' 5;5¥7{8ﬂ

0.5-1

jﬂ, 5-14

- 74-78

155
Cl3edis
L35
0Bl

14-17

~ 68-76
 3-5.5 .

: 2~4 .

0.5-1-

o 12.4

76

: _'_,3,.,__'.‘;5 .




' Sources 0f Portland Cement Raw. Materials

‘ In general any ra:w materlal tha,t will grve the proper chem1ca1 . |
; -composmon When ca,lcmed may 'be used 1n manufacturlng Portland ce--

: ments Econommally, however; occurrence of. such raw materlals is

o | llml‘ted Typlcal analyses of some raw matema.ls of Port];a.nd cement

are shown in Table 3 (Mccregor, 1958, P 34)

McGregor (1958 p 32) states there is a current mlsconceptlon '

S "‘that the closer a. raw maierlal approa,ches 100% purity the be‘t‘ter the

W ‘::._;vma,ter]_al 13 for Porﬂand cemen‘t manufacture Actua,lly, the further a

raw ma;tema.l departs from the proper composmon the more. expenswe

‘ ‘-the manufa,cturlng process becomes beca:use more mixing and fmer S

o _grmding ma.y be requlred to glve a umform klln feed ngh purity raw .

‘ma,termls a.re hkely 1to cost more than 1ow-pur1ty raw materials. Thus, o

a pure llmestone is less deslra.ble than an. arglllaceous 11mestone pro—

S Vlded the 1mpur1tles are not of a type or in. an. amount that ig prohlbltlve '_ ,v

g When & manufacturerofcement has a-chmce-of raw materlals SRR

- *--':;,;,che declslon a,s to which: source ico use IS dependent upon We1gh1ng all of

the cos‘t of chemlcal and physmal propertles as they affec‘t the manu- v

" 'fa,cturlng process a.gamst the cost of mmlng, transporta,tmn, and fuel

b A method of solvmg the problem of. whlch source of raw materla,ls to

i use 1s developed in ﬂns paper

The calca;reous conshtuents a,re derlved from hmestone, as -



TABLE 3 TYPICAL ANALYSES (IN PERCENT) OF P@RTLAND
i CEMENT RAW MATERIALS ‘

810
Materlal :Sl' 2

3 C‘aCQSf

MgC@:% 2@3 -*"F'GZQS‘ | Alkalies

. iIAnaestanev 2.53

.C em ent

‘ Rock "';M,; ]10
o “V'M-ar'l-_ 7.70
. e o 'iCaQ- B
Shale  64.0
CClay 2.0 .

CBlast
- Furnace -
Slag  ~ .35.3

. 8d.0

0.38

0.25.

'1‘.,3’7"; .0.74  0.56

19.30 .99 0.92°
3.60°  2.90  1.80

MgO -
247 1710 597 . 3.70
0.5 2140  5.12°  3.07

800 12.00  0.20

| 2-'Rejbroduced..from’_:MC_fGriégOr,'

1958, p. 34.
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Call Iirh,e-stonel 'cohtains V'ca,lcium carbonate | TThe hardness. and fr-iability

~of a llmestone govern the energy requlred for mechamcal reductlon to

a desired size leferenoes in hardness of 1mpur1t1es in a llmestone

‘o ~increase grlndmg,costs a,n:ol eontrlbute- ;to the lack of homogemety in the

_flmshed product Chert and silica sa,hd are.common abraswe 1mpur1t1es
N Which 1ncrease production costs throughout the manufacturmg process

The arglllaceous constltu.ents supply slhca 1ron oxide, and

, ',_a;mnﬁns; fo .r:eact w1th hme%to-form.ceme_ntltious compound;s. Ea,rth ma-

\ 5'ter1a1s that prov1de arglllaceous constituents used in makmg cement in- |
'clude resrdual clays, alluvzal clays, marme clsysg shales, and schlsts
'Of these the lea,st des1rab1e are the schlsts Whlch a,re costly to crush

B and grmd Commmutlon costs tend to increase ohrectly Wlth greater

*degree of metat,morphlsm

When two »mmer'a,l raw materials do not produce a suitable
- ‘chemlca,l mlx, other materla.ls must be added. Silica is the most com~
»'mon aoldltlve S1hca—to- alumma ra,tlo is- often low in argﬂlaceous ma-

vterla,ls and s1hca often is present only in small quantltles in calcareous

R ma,terlals such as hmestone Slhca 1s added as sa,nd or in other form,

1 but it 1s deswa,ble to have a mater1a,1 that can be easily ground

V Commonly an iron oxide (Fe203) is added. Pure form of
iron omde is des1ra,ble because s:.hca, combmed Wlth iron mmerals is
‘ d1fflcu1t to grmd (McGregorg 1958, p. 36). Of thfe»three" oxrdes, mag-

‘ netrte, hematlte, snd limomte? hematlte is the most des1rab1e
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. Manufacture ,of.Por‘tle;hd;ﬂCement

Portland cement is. made by burnmg to 1nc1p1ent fusmn a. ground
mlxture of argllla,ceous and. ca,lcareous materlals ‘When cool, the o
‘ B ,clmker 1s mlxed Wlth a specn"led a,mount of gypsum, and the mlxture | | i
| ,ground to a fme powder . | | |

The. process of muﬂng the raw ma,terlals in the correct pro-

- ,]portlons to get the desnced kﬂn feed is ca,lled blendmg The mechamcs

o of blendmg are mmple but Va,r:e.ed Two methods are employed in the E

;:dry process for proportlonmg cement raw materlals, contmuous pro-
) rbportlonmg and the two stage blendmg operatlon (Da,hl 1947, p. 92) In
: ‘,the contmuOUS proportlonmg operatlon, the crushed raW materials move
in. separate lines toward a common Junctlon to form one. contmuous flow.
"Thls matterlal When reduced to proper sme constltutes the klln feed
f ‘The ra,w ma,terlal also can be conveyed to sﬂos, Whlch are fllled con— .
’ Secutwely and emptled s1mu1taneously In the two- stage blendlng opera— |
,.tlon the ﬂow of | raw ma,tema,]is ig. the sa.me except that the SllOS are o
| 'ta,pped selectlvely on the ba.51s of chemlca,l composmon The resultmg
mlxture 1s conveyed to other prOportionmg silos where further blendmg
| ,1s accomphshed A more recent method of blendmg is tha,t of usmg
bedded (depomted in- la.yers) stockplles in con;gunctmn Wlth rotary re- 3

' vc:la.lm-.er'sa ,



' LINEAR fECONOMiC,ANALYSJ;s .

' Game Theory

An economy ha;s Wlthln it at. amy tlme glven qua,ntmes of var- -

; 1ous f&ctors of productlon and a number of tasks to Whlch those factors B

lv.;ea,n be devoted These fa,ctors of productlon can genera.lly be alloca:ted
- ) 'Vto the d:lfferent tasks in a. large number of. Ways, and the results will

| vary. De‘termmmg ‘the bes’t aﬂoca‘tlon 1S a frequent problem in econom-/ .
. :1c a,nalysm (Dorfman, 1958 p 10) | |

The theory of proo‘luctlon embocbes pr‘oblems in lmear econom~

e 25,"' 1cs, the restrlc‘tlons in ‘é:b.e problems a,re of the first order mathema:tlca.l- |

: ly The most ObVIO‘U_S restmchons sta,te that the total amount of a;ny
o ,fa,ctor devoted to all ta,sks must not exceed the total a.mount a,vallabie

The flrst method of analys1s used m linear: economlcs was’ ga,:me

iy .."j‘ar,ﬂ__'/.theory,» the centra,l theme of whlch was. a,nnounced by John von N'eumann
g in 1928 The theory of games useés the close analogy betWeen pa,rlor k
o i*games of sklll a,no’l conﬂlct 31tuat10ns m economm, poh‘tlcal and m111—> “ .
L "'-,.t_l'i""\ta,ry Ilfe In any of these sx.tuatlons there area number of partlclpants

K : ,-'Wl‘th mcompatlble ob]ectlyes and the extent to whlch each part1c1pan‘t

. - a;tta,ins hls ob]echve depends upon What all the parhclpants do. The

11
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N ; problem fa.ced by each part1c1pant is to lay hlS plans S0 as to take ac-
count of ‘the actl.on of hlS opponents ;

Von Neuma.nn a,nd Morgensterng authors of the book ‘Theory of

o Games and Economlc Behavmr (von Neumann and Morgenstern, 1947),

demonstrated thaj: somethmg deﬂmte can be sald a,bout such a network |
" _of cross purposeS When each partlclpa.nt acts SO as to secure hlS

' m1n1mum. guaranteed return, then he pr eVentS hlS opponents from at-

: ta.mmg any more tha,n thelr mlmmum guara.nteed ga.ms Thus mmlmum. Sl

gams become the actua,l gains, a,nd the actions and re‘turns of all ; par—

«tlglpa,ntsfax-‘e.\:_determlnate; _“. 3

Linear Programming

The second method of a,nalys;ts used m lmear economlcs 15 I
" : 'Almea,r programmmg, deVeloped by George B. Dantmg in 1947 as a |

- techmque for pla,nnmg the d1Ver51f1ed. actlvltles of the Umted Sta‘tes Air

T Force (Dantzlg, 1951 fo 339’347> m a,ny operatwnal p erlod the Alr

' Force has certam goals to a,chleve, and: 1‘ts varmus actlvltles of pro-

. curement recrultment mam‘tenance, and tralmng are m‘tended ‘to _

.‘serve as. these goals Lmear programmmg ana.lyms is used for the

_ k'solution of a,ctwr’cy problems ha.vmg ‘the ‘thr ee quanhta,twe components

i : of an objectlve, alterna.te methods for a,ttammg the obJectlve, and re-

_ ,str-:rctlons The ob;gectrves such as proﬂts, costs quantlt:ﬂ.es produced,

o - jjgr other measures of effectlveness are to be obtamed in the best
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 possible, or optimal, fashion subject to certain restraining conditions.

’ 'l’he.-ma;n‘:hemaﬁca;lAstructdr-esﬂi)f linear prfogrammingand lvéame,theoryf‘ r
' ', are pra,ctwa,lly 1dent1cal | o
| The Solu‘hon of the lmear programmmg problem. for the Air
Foroe S.timulaied, two lines of developmentz ‘the apphcatmntofthe jtevch,-r
,ni,ciue to maﬁaigerial planniﬁg’:andf the .di.evelopment of a ﬁew approach to .

economic theory in general.

Linear: Programming Applied to the Minerals. Industry

Some of the earliest a,pphcahons of lmear programmmg took
pla,ce 1n petroleum reﬁnemes The mam‘.mputvto a refmery is different |

t‘yp’_es of crude o:.ls, the'-se bemg pr‘o?cessed into a muli:itude of produ"ctsf- o

o _;(S‘tr'»eams‘) Some of these streams a_re mlxeol in certa,m proportlons to

jmake new products Gasoline 1s an example of such a mlxture Gaso—- 2

line isa blend of many d1f:ferent streams ‘tha‘t are manufactur ed ina

,refmery, a,nd the proportlons of - 'the blenol are achusted to grve the gaSo__ =

‘ lme certam desmed pr0pert1es leen the ‘volumes‘9 propertles, and -
‘rela,twe cost of the streams commg out of the refmery} the problem '
conmsts of determmmg how these streams are to be mlxed S0 as to ‘} ‘ E

-make the specztﬁed grades m an. Optlmum manner | |

Garvm (1960 p 62) sta,tes the reﬁnery blendmg problem 1s N

| v,_only one part of a larger problem A thorough llnear economlc analysls” .

:of an 1ntegra.ted o11 company Would be ca,rrled beyonol the refmery to the 8
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o ..011 flelds Where the crude oﬂs are: produced and tra.nsported to the re-— |
fmery The problem can be- extended to mclude dlstrlbutlon of the:

.fmlshed products to the customers

erght (1961, pp 4 22)) d.escrlbes an a,cademlc approach to the-‘ _‘ .

" use of 11nea,r programmmg in the coa,l mdustry Productlon of a coa,l

P prepa.ratlon pla.nt 1s gOVerned by many reetrlctlons Such as tonnage of

rdlfferen‘t products and blends that can be sold Wlthm a grven pGI‘lOd

- capacitles arid: outpu‘t proportlons of the clea.nmg and Slzmg umtss |

L ‘blendmg proportlons, qua.hty specrﬁcatlons, a:nd costs and prices. for

. .'j:,"the va.rlous products The de‘termmatlon of the tonnage of each product |

PR " and blend that should be made for mammum pro:t‘rt :s.s made usmg 11nea.r

o “- pr ogrammmg

In a paper by the Natlonal Coa,l Board in Engla.nd W1111ams

o ‘_ and Halley (1959 P 1007) descrlbe hovv llnear programmmg is used -

'to mlmmlze the cost of sendmg 37 grades of coa,l from 28 mines. to R

,yseven central Wa,shmg plants Whlch produce coal for. furnace coke and

',fomidry coke The va,r:ﬁ.ous coals have dlfferen‘t percenta,ges of volatile

: ma,tter, rnom‘i;ure;2 sulphur, a,sh a,nd phosphorous, so ‘there isga cho1ce '

'f,m how they can be blended{ to meet the specﬁlcatlon of the two products
The stee'l 1ndu-stry is usmg lmea.r p-rogra,mmmg for ‘the deter-

mmatlon of optlmum b}.as‘c furnace burden Ca,rrymg the burden problem

kS ;ia etep further, vamous combmanons of raw matermls as well as hot— ol

- .' rollmg, cold—rolhng, annealmg and sht‘tmg operatlons are mcluded
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(Chur'(;hmah, Ackoff,, a,nd Arnoff, 1:95'7, p 279).
o Nalle and Weeks (1960, p. 7) hév’e_indica:ted linear programming
ig being used to minimize the cost of blended raw maierial;s to make
) Pprﬂaﬂd’c"emem, Their prob’lgem is to _obta,in:a,t minimum ‘cos‘t a mix
Wi.th,lcez;‘éta;in spécif_icaﬁbns ‘fro’m a number of pOSSible raw materials

which have various costs and chemical analyses.

Mechanics of Linear Programming

Digl‘tal compulters are 1o‘1eaﬂy suited to the iterative type solu-
tion used in lmear programmmg Several computer routines are avail-
able, each haying its peculiar limitations.

_Lineémr' progra,mming,calculations can.of course be ma,de by
':hando: Hand solution éf a problem ‘in&olving many iterations is never
: vdone becaﬁ‘Se itis a tedioﬁlé éndverrlor frcnugﬁt process. Hand solution
of small problems is necessary, howfeirer, to understand the technique.
Such an under standiné is egsential in setting up the mathematical model
of a system to be _svolv,edg; by linear programmingo
| To ,i].lu.straftte;the‘technique, suppose théf. maxi.mum value of the

following functional is’desiréd subject to the restrictions shown.

Functionals f= ¥ + 2% |
'R‘es,'itr_ictions:‘ 4 -Xy o+ BXZ £ 10 o . Eq. (1)
e | X+ X9 <6 | . Eq. (2)

X - xp< 2 Eq. (3)
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o Graphlca,l Interpretatlon o
)(ZA'- o

" The restraining conditions are eéxpressed as either equalities

S or ‘in'equagliﬁes ’E»‘A less-’ichan type of inequality is made a.n 'equality by |

) .1nsert10n of a posrtive slack varla.ble, such as Xq (g in Eq (1) below .

A"Greater—than type sta:tes the left smle of the equatlon is larger tha,n the“”‘ |

o _.‘,‘.,rlght thus the mequatmn 1s made a,n eqﬁatmn by subtractmg 2 slack

"”"»-vama.ble, as jgﬁ in Eq ( ). Slack vama,bles are pseudovamables that

xn&y assume Valu.es durmg the: solvmg process but are not am essentla.lr
- part :Qf the optimum solution.
_X1+ 3“'323}.‘4’-'.X3 = 10 'gb-es.tql 0 =X1- 3%y - X5 + 10 Eq. (1)

6 goesto 0 --%; ,"' Xy {3{4, + 6 Eq. (2)

.Xi - XZ + X5

X1+ _'3}%"_‘- X6 ~'6"go'es»'to'o = Xy 4 3% - Xg - 6 Eq (4)

The equa:tlons are listed one below another in tableau form

: '- *_ ﬁ'f‘nly 'i:he caefflclents (blanks m the tablea,u are consldlered zero) are

- listed ,_for: convemence.‘a.nd:thiey Wlll-be;referrgd ,{co as 'a' coefﬁcmnts,:

”‘.The' siadkyafia,bles aré‘ma;o‘ie negative in this example by changing the

_:"2 ‘goesto 0 =-X; + 3%y - Xp + 2 Eq. (3)
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apply only to a maximizing problem. A maximizing problem is one in
which the combination of resources is found which gives the maximum
output, such as profit, production, or yield, within the imposed frame-
work of the constraints. In contrast, a minimizing problem is one in
which the optimum combination of factors is desired that will yield the
minimum input, such as costs or time. Because of the dual nature of
the concept of maximum and minimum, a minimizing problem may be
converted to a maximizing problem by multiplying both sides of the
functional by (-1) and can then be solved with the maximizing rules
stated below.

The maximizing rules are divided into two cases as follows:
Case I - Tableau has all positive or mixed signs in the c-row and all

positive b-column.
bch

ai]-

Rule 1. Find the maximum using only positive c's.

This locates the column in which to work.

Rule 2. In this column star the smallest in absolute value of
negative (b/a)'s. Priority is given to unsolved
columns and rows in both rules 1 and 2.

Rule 3. Optimum solution is signified by an all negative or
zero c-row and the b-column all positive.

A Case I tableau appears below.
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: .,»all!negat,tive; tor 'Zer’!o' and the'»b'-'colnmni.i's 'arllpositirve;,ori. Zer-o; : v'l‘h-e objectk
ig to make the c I’OW < 0 and the lo—'column >3 | O Only two cases can -
' _prevaﬂ Case l Where the c-~ row has. all pos1t1ve or mlxed slgns and |
~the b- column has. the des1red p051t1Ve s1gns> Case II where both the c—‘

N _row anol b column have the Wrong or m1xed s1gns Case ll 1s performed

‘m two successnre phases Phase Iis. concerned with gettmg the des1r ed

negatwe c- row, lettlng the b column assume either posrtlve or nega;tlve

L '7s1gns When the C~TOW is negative Phase II can be. enterecl Whlch W111

: get the des1reol pos1t1ve b- column while. holdmg the negative c-row. It
‘shoulol be noted the a.nswer w111 mcrease durmg Phase I and exceed the

"v‘vtvoptimum if’ Phase ll 1s requlred Phase I will decrease the answer to

the opt1mum ‘ | | |

o Applylng these rnles to the exa.mple, 1t is noted the problem

starts as a Case I, Phase l problemo Followz.ng rule l ~the largest

' pposmve c 1s 2. Rule 2 reqnlres go1ng up. 1n th1s column to the smallest
,‘ in a‘bsolute value of nega,tlve (c/a)'s Whlch necess1ta;tes comparmg (2/ 1)

anol (2/—3), with the la.tter belng chosen Compa,re thls negatlve c/ a

" Wlth posrtlve (c/a) s founcl in’ row 1, or in other Words determme the

| smallest in absolute Value of (Z/ 3) and’ l /1. The former i smaller, |

' " .thus the am» = —-3 is. starred (ca.lleol plvot) |

C lnasmuch as 11nea.r progra.mmmg 1s an. 1tera.t1Ve process, one

’Vsrlable at a tlme 1s brought into the solutlon Now that X9 has. entered ‘

| the solutmn the entlre tableau must be revalued Revalnatlon 1s done m



( +(
+ % ? / ! ( ) ++ l
d ( U )i ) ( : : U |
* 4 $ (. )1 J ( . ( +
T$ MQ My -L TP B& )/ 7
I\ $:3 $ $:J $1:J - U
- dQUu
- dJu
- dLU
6 0
+ Q 2 * * + ( * !
)1 ! / / | ** ) + [ *
/ ( ( )1 + / / (
«( 1) I (v 7 /. / *
Q ( d $:JU \ d$:JU5 J * + ds$: J
* + dJ: JU \ $5 / * + dQ: JU \ Q
+ ( + / 1 ++ 1
+ ] / / / ) )
d Q/ * $U ) I % ) )
+ / * + + / / /

/ : ( (""" ( d$:JU dsU \ $:J



QJ
I, )y . ' I d$:JU i d $U 2 dL

) + L (C . ( |/ - <

*

M R< \J TL TP T& )/

$:L IV (H $ $:J ('H - d$u
l AB Il $:J $ (:( - dQuU
i CQIR <H I :J $ $&:J - dJu
J:Q 1\ < I $ $ L - dLU
P:L , \)H I Q:J \' Ql1:J /
;6 0
[ *+ ( ++ )
00 g $:3JU & dUsSU \ | QJ\ d $:J8Udil $:J
oL d $:JU & $U $ jg2 d :JU dsuU $ 2 Q
jo d$:JU dS8 R ~ T d$:JuUu d $U i I 2
jp (d%:JU dius i$ Lg T dSU dB8 T Q
Lg {dsu d a6 J | d$u d9o U i 8l
Td$u diu $ R $ yo 2 d $:JU SIs&UI S I
y3 (ds8:3u dB1IQ 2 $&:J 4y \ d$U d$IU\ &
g (dQ:JU dsUs 2 P:J jQ ' dQ:JU dJU i Q \
( \ dQ:JU ds$IU i | \ QlI:J
( [ *+ / ( +



e
..found to be C a,se I masmuch as the c- roﬁv has mlﬁed mgﬁs and the b—
- jcolumn is. aﬂ posmve The deslred result 1s of course an all negatwe
or Zero c-row a,nd an all posmve O Zero b éolurmn. -:' T |
| Applymg Case I rule 1 to Tableau H the maximum lbc/al
o | usmg only posmve <. coefflments is found to be (5/3) (10/3))/(1/3) ThlS | |
. ‘comparison mvolves ‘khe followmg a,bsolute va,lues (5/3) (4) / ), (5/3)} |
- (16/3) / (- 2/3)3 (5/3) (8/3) / ( 4/3)5, and (5/3) (10/3) / (1/3). Problems
-i?.'_‘.'-may ha,ve many p@smve C-rows. :for ‘Whlch thls compamson :must e made e
in choosmg the largest absolute va,lue In ,Tableg,u I_I the a-coefficient
" aM -1/3 glves thls maximum Ibc/ a‘/_ ”Casel . rulei 2 requires
sta,rrmg the smallest in. abselute Value of negatlve b/a, and a. cempamson

; 'Aof (8/3) / ( 4/3) and (116/3) / (- 2/3) shows the former to be of smallest

o a;bso-lute value The plvot (sta.rred coefflclent) has been located for the

v‘secand i’ﬁeratmn a.nd brings XJL m‘to the solutlon The. entlre Tableau I
mu‘st be revalued in Ta,bl-eau ;HL The;:r'»eva,lue method is identical to

| that of 'the flrst 1tera,t10n | | |
| Step 1. DlVlde aﬂ the cﬁefficnents and b appeafmg in the prOt
row (sta.rr ed) of Tablea.u II by the absolute value. of the p1vot coefficient.

| Row 2 is dlvlded by 4/3 and entered in Ta,blea.u I,
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by (3/2» O3 + 4= 8 e s /8 CHa) 6/9)

(5/4> © + 0= o C3 e 1/3) Gy - s
ey = (5/4) (1) + 0 = -5/4 e T .

B . .Answer (5/4)) (8/3)) + (20/3) - 10

| The seeonol 1teratlon is complete Tableau I is exammed anol

" ‘found‘to be. ‘the optnnum solutmn 1nasmuch as the ¢~ row is all negatlve
L or zero and the b~ column is all posmve or. Zero. T.he answer is com-~
'pr-lsed .of onlyv '-Va,mablesthat appear m-the solved commn-s - Solved

' ,[columns are those in whlch a p1V0t (starred coefflc:lent)) has appeared‘
.Vama.bl-es notv solved for ‘equal» ZEro. I.n Ta,bleau I, Eq (l) states

‘ 0 —,-Xz + 4 or XZ 4 and Eq (‘2) ’states 0 = -%; + 2 or Xy= 2. A eheok .

" on the functlona,l and restrlctlons is made by b&ck- subsi:ltutlon |

i X1 + 2%y =2+ 8z 10 |

"A'Xl +. 3X2 <‘ 10 goes to -2 + 12

I

10

X1 - _Xz < 2 g'Oes.’to“‘»Z: - 4K 2

X1 +"3X2 } 6 goesto 2+ 12 > 6

The ma,mmum value of the functlonal as sub]ect to. the constralnts -

;1s 10 The problem 1s Solved in two 1‘terations however, problems in
S _.genera,l tend to a:verage about 2 l/;?; 1tera;t10ns per basxc va,rlable There

: are two baslc vamables 1n thls problem, so in most cages flve 1tera,t10ns .

ey Would be requlred for 1‘0':S solutlon The foregomg glves an mdlca.tlon of

'the many snnple calcula‘tmns tha,t a.re mvolved in the solu‘tlon of lmear
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e ') ?p‘r‘bgrmmiﬂg pfobl.-e"ms;; .‘,‘.Th;e digital computer is’,id?:,é_.a,ﬂy suited for

' 'these ma.ny simpl,é. .ca;l;cﬁlaiidn's.



 DISCUSSION

 Problem Setting -

‘The: sca;demic" probl:em to be. iﬁvestigated ‘concerns a JPcrtla{nd

:ciemerit prcdhcer with existing plants‘ mSt Louis, MiSsou’ri, | ahd :
"ti”lifewark Ohio Market research conducted by the company mdmates ‘

| Vthe des1rab111ty of expansmn of thelr capa,crty by 2 m11110n barrels per
- _-year Further:7 it was dec1ded central Indlana, possesses the best bal-
N ance of fa,ctors to be. cons1dered, namely, source of raw material, |

i [tra,nsportatmn, fuel supplies} and. market area, |
| | | About 653 pounds of raw materlals are used in makmg ‘one
barrel of, Portla,nd cement Which Welghs 3‘?6 peunds (McGregor, 1958
P 59) A plant w1th an. a;nnual productmn of 2 million ba,rrels requires

- about 853 000 tons of raw materlal per year.. About T 5% of. thls, say

L 490 000 tcns$ ‘is ass1gned to hmestone a.nd the remamder to s111ceous

and a,rgﬂlaceous mater:n.al l\fana,gement des1res a.50 year reserve. of
raW ma:terla;l Wh1ch w1th the plant at rated. capa,crty sets the reserve

: reqmrement a,t 33 m11110n tons

An ez«cplcra,tmn program was. m1t1ated to block out a,nd option
~_-.a.bcut 70 m11110n tons of poss1b1e cement raw matemal in central Indlana

','The geologm 1nvest1gat1on located dep031ts northeast of Bloomington,
' , 28
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" lndmna@ as shown on. Flgure I.

Ea,ch deposit wa,s 1nspected 1n the fleld by a team of geologlsts, o

engmeers, a,nd key operatmg personnel The de(:lswn was made te
conelder only depos:i.ts thatt Weuld lend themselves to surface mmmg
.(quarrymg) method,s Then two judgements Were made for each de-

N posrt l) a physlcal startmg pomt for each potentlal quarry selected on. ..' : .

| f;the basls of development cost a,ccess, stmppmg, and dlp of the deposz.t o

and 2) an es‘tlme‘te of development mmmg, transporta,tlon, and crushmg

o fand grmdmg costs

g 'D\epeeit.Deecfiﬁtions

A general descrlptmn follOWS for each deposft compmsmg the
: ,.v'roughly 70 m1lllon tons of potentlal cement raw ma,terla,ls from Whlch
.33 mﬂllOl’l tons of reserves W111 be selected rl‘he geology of the area is.

‘ taken from a ma.p publlshed by the lndla,na Depa,rtment ef Conservatlon E

'L(Murra.y, l%ﬁy pla‘te 2)

S Deposrt P

Locatlon , ’Wa,shmgton Countys Indiana. . '
| . BE-1/4,NE-1/4. andsw-t/e NE- 1/4 sec. 30,
0 TUIONY, R BW '
,See Flgure 2
Geology | LeVias member =~of:.the‘=*8te'r~‘ . ‘Genevieve limestor_ie‘f

»~forma,t10n3 Meramec serles, MlSSlSSlpplan

L syetem ’l‘he deposrt has a umform tluckness



FIGURE 1

INDEX MAP OF EAST CENTRAL INDIANA
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Deposrt P-—-Contmued

osr

‘ of 25 feet and dlps Westward at about 25 feet per

mlle A Slgmflcant trend (gradua.l change in

| ] Jchemlcal composrtlon) exhlbltmg a decrease i

‘ ,,:'.-.-.ca.lcmm carbona:te from ea.st to west ig no‘ted ‘

B _from vexplora-tlon»drﬂ]—mgw 'Thedepos‘lt is

- ;dlvlded mto u.ve zZones. denoted Pa through Pe -

o Wlth ea.ch havmg an assomated average chemlcal

- -z:m.na‘;lysis° These.z()n‘es_mll be r'efer'r‘ed to as

*.’,b],ocks IR R ,

| Mming":' -

o Mmmg shall sta,rt at the north end of Pa. a.nd

,jprogr'es's in.a s‘outh or we‘st dlrectlon  Faces

;-tg the west of Pa Shall not be a,dva.nced farther

south than the block adjacent to 1t on the east,

i e } . the face of Pa 1s the southern limit of the

| fa;ce-.of P‘b- La_n'd.so on. Tms prov:.smn keeps the

: ‘jfa,ces advancmg in.a. stralght 11ne (east—west) or

. concave to the north Mmmg hmite are alwaye -

held ba.ck 50 feet from property llnes .

Tonnage:

The hmes‘tone in 51tu Welghs 163 p c f., gleg' »

: '.a, spe01f1c Volume of 12 27 c.f. per: 2000 pound

| ._.ton., Deposit P c-onta;n.s 6.12 ‘m11110n .tons.a‘_nd :

o :isi'.reompr'i,s.eid ‘of five' b’-lo-_eks, the:tonnages a,n.;d.



" Depogit P--Continued

Deposlt Q

Loca.t:i.ono

. Geology:

_chemistry f\for"nwhi;_ch are shown on 'Fi'guir‘elfz.,

. :'Washmgton County, Indlana, | '
. NW-1/4,NW-1/4, sec. 10, T. 10N R 3W.

and port1on of NW-1/4 SW—1/4 sec. 10 T.
10N., R. 3W. . |

- Bee- Flgure 3

' ‘_‘Sa,lem hmestone formatlony Mera,mec serles, e

. Mlss:.smpplan system The ﬂa,t tabula,r depos:.t '

is 20 feet thlck Wrth ea,st to West trend in chem— | o o

o 'v.blcal composrtmn necesmtatmg d1v1smn mto flve__-f'j: A

 Minings

' i‘or concave to the- s‘outh a conohtmn Whlch 1m— En -

. blocks2 Qa. through Qe
| jl Excellent access. to block Qc from the south
'tmakes 1t a. good startmg pomt for m1n1ng The : "' 2

'fa,ces shall be kept stra,lght a.cross (east West) ‘

| poses the restrlctmn that faces Qb and Qe Sha11’-~'_

| fnot be allowed to pass Qc, nor. sha,u Qa and Qe
| be a,llowed to pass Qb and Qd respectWely

| D-epo.,slth. ‘c,ontams..l?» mlfllllon,,vton‘s and an,51§t$ : e

of five blocks with tonnages and chemistry as -

_ shown on Figure 3.
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“Deposrt Re.
Loca;hon%; o Owen Coun‘ty, ‘Idiana.
- " NW-1/4, sec. 30, T. IIN., R. 2 W°
.See Flgure 4: e
‘ 'E':'-Geeoloéyﬁ-s:’* ’..S‘t Louls llmestone forma;h.on, Méramec serlés,
| T : Mlssmsm.pplan system The tabular deposli: is
3 fﬁzo feet thick and dips northwest at 50 feet per
: mile. sTr'end in. chemma,l COIIIpOSl‘i:lOH-lS inan
'.i'east west: dlrectlon, necessltatmg lelSlon of
. ‘the deposrt mto three ZOones. Rc ‘and Rf, Rb and
" ',T?::»Re, and. Ra and Rd
- Mmmg . : :’.’The._ OVerburden.incrjveéses.from north to south -
| | .‘é,‘ndlwoﬁldl va;ppeaf eX(i:éS'Sive at the southern
'.Sbounda.ry Mmmg shall start Wlth Rb and
S " advance Wlth the fa,ces stra,lght across (east— »
. "West) or: concave to the north The trend zones
| B g,r:e ;subd_lvlded ,north 4dnd south owing toa sig-
" hifif(‘:an’t_ihfcr'ease in .QVerbﬁfdéri' as reflected in
| mmmg cost. |
‘ TOnnag'e'z Deposrt R contams 8 16 mllllon tons anol is ﬁ
R jc.ompr:}sed,of ‘SlX blocks wrth ,tonnage‘andzchem— |

istry as showi on Figure 4. |

. ‘14\ -
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Loc atlom «

Geology:

. Mining:

. Tonnage:
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Monroe Cou.n‘ty;1 Indiana.
SE-1/4, sec. 16, T. 10 N., R. 2W

| See Flgure %5} |
| Bedded depo'sit, conSisting' of 18 feet of Up‘per'
- Harrodsburg hmestone overla,m successwely
j :'by 15 feet of. Salem llmestone and 12 feet of St -
: Louls_.llmes_tone, all of the ‘Mer,ia,mec series,
‘ | Missi‘ssipeiaﬁ system, Feur -tr:end zones are
noted one homzontally and three ver‘tlcal].y
. The horizonta,l trend. establishes blocks Sa
‘through 8¢, and the Vertlcal trend subd1v1des
L these blocks 1nto ZOnes €;. f and g
‘Slgmflcant difference in chemlstry between the“
,thr'e,e»,beds may warrant be_nchmg‘ 'thls» deposl,t.
" . Block Sb is chosen as a starting point with the
: restr'iCtien that .faees Sa an'd Sc sha;llnot p&és
.,Sb Should it prove necessa.ry to quarry the
q;.'beds separately, the only addltlonal restmctmns
_‘Would be that stone must be uncovered and
. . a,ccessnble prlor to mlmng | .
' Deposﬂ; S contains 21.16 mllhon tons and 1s

" divided into 127'..b10cks~wm.th‘tgnn.a;g-ege and
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‘Deposit §--Continued -

Deposit T |

- Location:

. Geology:

: chemiétry as shown on Figure 5.

‘ Monroe County, Indiana.

NE-1/4, NE-1/4, sec. 20, T. wN . R. 2'W.
See F1gure6

| 'Fla’t,: byedd’ed’ deposit consisting of 15 feet of -

' Salem limestone oVerlain by 15 feet of St.. Louis

limestone, both of the Meramec series, Mis-

‘.:Si.ssippia;n.system., 'The. chemistry of the bédé'. '

- Mining:

. is-quite similar.

~ The two be,ds will be quarried as a:30 foot bench

s’ta’rting 'at the north end of the eastern boundary.

K --The fa,ces shall be- kept stralght (ea,st West) or

o concave to 'i:he north

‘Tonnage:

Deposlt T contains 8. 74 m11110n tons and con-

sm.sts of four blocks W1th tonna,ges and chemlstry' |

: Deposit U

' Loca:tlon

Cas shown on Fz,gure,ﬁ.

' "Owen County Indiana. :
'NW-ILM & NE- 1/4 SW- 1/4 sec 30, T. 11N,

“R: 2W.

- ',See Flgure T

v ,Edwardsvﬂle shale formatlon, Osage serles, e

- [ﬁ MlSSISslpplan system The depoSrt dlps
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. Minings - -

36

westward at about 20 feet per mile from the

" ‘,e-a;st,érn boundar'y“of the deposit Whichiis‘, 25 feet

~ thick. "Trzend in.chemical compositiongdiﬁded

:?th'é dépo'sit into- three zones east to west.

Mining Shall start a.t the south boundary of Uag

B ﬁprogressmg ina north and/or west direction.

Tonnage:

The faces shall be kept stra,lght across (east-

West) or concave to the south.

"Shalef’in‘..situ Wéi'g,hs 150 p.c.f., gi\.ring'a;.specif‘- -

ic volume of 13. 35 c.f. per 2000 pou‘n-d,toh,_ De-

B posit U'contains. 6. 66 million tons and is com-

o priged of three blocks, the tonnages and chem-

Deposit V:.

- "Location: -

istry for which is shown on Figure 7.

. 'Washington County, . Indiana.
- SE-1/4,8W-1/4, sec. 1, T. 10 N., R. 3 W.

 See Flgure8

o Ge‘ologw

Mining: -

- Tonnage:

Alluvial deposit of uniform chemical composi~

~ tion.
- Stripping and mining shall be done by dragline.

, Depdsit V contains 5.00 million tons in one

block, the tonnage and chemistry for which is

“shown on Figure 8.
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~ Production Scheduling

The objective is to provide the proposed Portland cement plant

o with 33 million tons of ,cement,ra.w materials from the described de-

| Lpos}i‘}tso . The reserVkeS’; mwet' meet the:stated A.chemicalﬁ sp-ecifi.cati@ﬁs{ o |
‘which require blending ‘v‘several of ,the'ra,w‘ materials. - The necessity-
] -‘for bl-en.diﬁg cre’aieS ’the problem of pIannJi‘ng the sequence of mining.
Planmng the sequence of mining. for the 50 year life of the
| : property is mdeed a knotty problem When one considers there are
"thousands of chfferent sequences of mmmg these deposits contalmng 70
| m111.10n.}it,ons. that will give 33 mllhonions of the desired blend from a.

. : Chiemis'txfji ‘standp?oi‘n'it,‘_: the :magniitu:det of fithe.problem beC'omze;s _-.apparentp‘
- . Each of ‘i’::he‘,se,e.mahy" sequehces; of mihing has a differ ent a.s_sociafed cost.
v,,’aqnd_:g:rOuping'of‘, aep.esite‘ ;’that cOmprfiS’ethe I"ESGI‘V’@SA. | Ther‘efbriea the

| pfbblein is :fi:o' \dietei;m'ine'» ."Ehe‘ bﬁ.e}distribﬁtion of reserves and mining ‘
| pla,n that g1ves the des1red blend at mininmum cost. The portions of the'.
deposits tha.t give the optlmum blend of 33 m11110n tons can then be

= ‘1~ea‘,sed or’ 'bought

The cement plant Ioca‘ﬁ:lon affects the selectlon of the deposuts

. -that enter into the Optlmum solutlon The haulage costs of the raw ma- '

| terials to the cement plant must be conmdered The deposits. comprls- o

| -~ ing. the reserves of the: cement plant if located at Stmesmlle:E see. Flgure

N wou'ld be.quitedi‘f;fer-ent ‘than those r-esul’i:ing from locating the plant
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' ‘- a{ GOSip:o;rt or. 'Sﬁjéﬁcer. |
4. " The problem as described has to the writer’ s knowledge never . |
been solveol by a mgorous mathema,tlcal method The ‘methods in use

. are largely trial and.,error ab-_et‘led by intuition and experience. The

e :'}px;oba;blliit_l’i of r'e:a%.;ching‘ fhe_;‘-optimum, -dle’cisi;oh by trial and error ls in-

- _ deed Small

Lmear programmlng 1s apphed 1o the problem as the problem

3 ‘.conta,ms the requls1tes of such an a:ttamck The requisites are 1) an

4‘;: i .ob]ectlve, 2) altemate methods for attalmng the- ob]ectwe, and 3) re-

- Stmctlons The objective in thls case is supplymg 33 million tons of
" blended raw ma:terlals to a cemenl plam at mmimum cost in dollars.

The alternate methods for a,ttammg the obj; ectlve are the many sequences
,_of mining Vamous a,mounts from cl1ﬂerent deposrts Restrlctlons are

_the. chemloal reqmrements and the productlon 11m1tat1ons

~‘Mathematical Model

. 'The productlon restrlctlons a,re deVeloped for -each deposrt
“lnasmuch as thls 15 an aca.olemlc 1nvest1gatlon, seven variations in
. ,‘types of deposlt a,re consldered to 1llustrate the degree of ﬂembllrty in
~ the method The pr'ooluctlon; r'estr'lctlons,state ma,thema;tlcallyv the limita~

,_’t1ons encountered When actua,lly mmmg the deposrt ’To the production - '

o restrlc‘tlons are addeol the chemlstry restrichons, the cost functional

cOmpl-etes.the~.modeL The influence of the cement plant location on; the



o ophmumcost of rawma.terlalsca,n jb_é:— effected by merely '"ifa;i"ying'.'-the: -
. oos‘tj'?er ‘ton due to tr a;n_:spor'tag,tion in the cost. functional. o
- Production Restrictions
| ~-'-Ea,ch. minmg*méthd& has-certain rveqﬁisites :and limitations.
' — :The most genera,l llmita,tlon 1mposed on quarry operatlons 1s that of

;. 'mmmg only uncover ed stone Stmppmg of the oVerburden 1s not in~

o ;:cluded; _as_a produotlon r,es:trllchon ;bu:t- is ‘mﬂam_fest .;n ‘the mining 'COSt

o per ton

Bedded Depoelt S Wthh ha,e hlgh-calcmm hmestone overle,m

Successwely by sﬂlceous hmestone and sha,le 111ustrates the necessrty : e

-}.;for restrictlons prombltmg the mmmg of covered s‘tone Inasmuch as SEEPLE

: "_jf the shale 1s consuiered too thlck to strlp, the sﬂlceous and hlgh-calcmm f

"llmestone below can. be quarrled only 1f the shale ca.n be used for cement

| ‘f -~raw materlal . The restmcuons sta,te the surface area, of the shale tha,t

1s used for cement raw materla]. must be equal to or greater than the

e -surfa,ce area, of the sﬂiceoue hmestone that 1s consmered cemen‘t raw .

f ‘materlal A. smnlar relahonshlp ex:.sts between the sﬂlceous a,nd high-
calcmm hmestone surfa,ce areas.
Orlen‘ta,tlon of the fa.ces of the blocks is effected by productlon

: .restrlctlons A plan for. adVa.ncement of the faces of a deposlt 1s choSen

: ‘The pla,n for Deposrt S sta.tee that. for ea,ch of the three beds the ad]acent

- faoes shall not pass Sb The faoe of the development block Sb is kept
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‘ ’even Wlth or ahea.d of a;djacent blocks Sa a,nd sc’ by not exceedmg spec1f1ed

L productlon tonnage ra:tios between blocks Surface area and tonna.ge
| '. v,ratms are of course the same Wlllh umform thlckness Provat&mn :for
v:any mmlmum des1red berm 1S made by mampula.tlon of the tonna.ge or .
: surf.aoe area r«atlos | “ .
| @f 1mportance is the 1terat1ve process mvolved in 11near proe
' 'gra.mmmg for solutmn of the problem Malntalnmg a feaslble solutlon
throughout the ma.ny 1tera.tlons needed to solve the problem means tha,t
the requlred chemistry of the le and quarrymg restr1ct1ons are under
: | : constant- surveillance. Thequantljty of a pa.rtlcul_ar 'd,epos1t ;that :entervs,‘ :
into the problem “'s‘olution' is cbanged ‘Wll:h Aea;ch’_.it‘era;tion and tested for
e ‘oompa‘tibility With ‘lhef res“?trictions"- Thus, in l)‘epOsil S -th'e :silic.eous'-
- _hmestone could not enter the sub optlmum solutions’ prlor to the shale
‘The 1tera.tive process thereby insures. tha,t the stone can be mmed m
‘the deslred sequence ‘and with the: correct chemmal composrtlon
| Productmn restrmtlons for each deposrt and for the reserves L
. a,re‘-.wrrtten below. . |

Deposrt P Productlon Restrlctlons

lneq (l) - ', s :Pa < 1. 74 X 106 (Note Upper bound on Pa,))
(2) Pa. - 74/0 32>rbf >0 (Upper botnd ‘or Pb)'
(3) Pb (0 82/1 O5)Pc_'>( 0 | (Upper bound on Pc)
- (4) | P_c_- (1 05/1,41).]901 '_V,>a 0 (Upper bound on Pd))
-. 'y(Bl Pd —(141/1]1_0))Pe> 0 }

| ,(Upper bound on Pe)



Ineq | (10)

 (24) Re-Rd

' (25) Re ~Rf

) Deposrt Q. Productlon Restrlctmns

7(-12) Qc - (z 89/2'- 20)@01 |
5(13) Qb - (2 75/3 36)Qa P

S ‘
'(M) Qc - 2. 89/2 75)Qb g

< 32 89XI06

\v ‘ R
o

.V
e

l(M) Qd- (2. 20/1 80)@@ > o B

Dep031t R Productmn Restmctmnsa

‘,,(2@) Rb< 1 36xm

(21) Rb Ra >0

- (23) Rb - Re > 0

v,

. v

- (22) Rb- Rc“>.o‘

0
0

]Deposit S Productmn Restmctmns

(31‘) Sbe - (12/15)Sbf

(33)" Sbe - Sae > 0

“ (34) Sae “ (12//15)Saf

_('.':‘35) Sa,f (15/18)Sag |

. (30) S Sbe» < 88 X 10

/0

. | <32> Sbf _ (15/18)Sbg > 0

o o

S (38) Sbe - Sce ;*/I_‘o; R

(3-7) SCe - (12/15)Scf

o- o

>@-



| " ,‘ Depos1t T Productlon Restrrctlons ..
- Ineq (50) Td < L. 10x106
| (51) Td - (1.10/1. 13)rc >0 |
(52)) Tc - (r 13/2.50)Th >0
(53) Tb (2 50/2 Ol)Ta > 0

Deposri: U Productlon Restrlctlons
. Ineq (80) 0 wm< 57x106
(1) Ua—(]. 57/‘2 12)Ub >0 -
(62) Ub (2 12/2 97))Uc >o
| Deposrt V Productlon Restrlctlons :
o ][ueq () v < 5. ooxro6
" Compounds Purchased From Vendors Ca@ 8102, Mg@
A1203, a,nd Fe203 can be purchased in unhmlted quan‘tltles - The pure
compounds are- mc].uded 1n the mathematlcal model to msure a feaslble |
'solutlon Shortage of one of the compounds in the raw materlals is in- .- :

'chcated by ‘tha‘t pure compound entermg the solutlon ‘to the problem

Although Ca0 and Mgo Would certamly not be purchased they are in-

eluded as. purchased sompounds a,nd entered a,t very hlgh cost in’ the

o Ama,thema,tloa,l model to mohca,te deflclenmes should ‘they exist. None of

"‘these compounds ha,ve productron restrlchons but W111 appear m the

' L'-chemlstry restmctlons a.nd the cost funchonal

@uantl‘ty of Raw Ma,terlal Reserves rI‘he productlon restmct].on -
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Whlch sets the reserves reqmrement Would appear

(80) Pa + Pb +. Pc + Pd + Pe + Qa + Qb A Qc © Qd . Qe +Ra. . Rb

' + Rc +Rd +Re + Rf + Sa,e + Sbe: + Sce +- Saf + S‘bf +: Scf +. Sag
,'f':':‘.[. Sbg+ch+ Ta+Tb+Tc +Td+Ua+Ub+Uc+V+81@2
- + Ca@ + Mg. + A12®3 +- Fez@3 33 x 106 tons -

e

;'Ch-emistr’yf ‘R‘ée:?sstrei'ctions AR

The stomhmmetry of the calcmmg opera:tmn mus‘t be conmdered

i :,,before ertmg the chemlstry restmcnons Ta.ble 1 s‘&:a,tes the desz.red :

. v:‘f‘ff chemlcal a,na,lyms of. the cement and Table 2 Sta.tes the same desn:ed

- lchemlca,l ana.lysm in terms of the raw ma,terlals The ca,lcmmg opera-v -

,tlon deres off the COZ from the carbonates Ca,COg and MgCOS21 leavmg :
":::the omdes Ca,O a.nd MgO | S R v .
' Ina.smuch as 1t 1S deslra.ble to \%fork m terms ofv calémed ma- |

temals (omdes)} the raw materla,ls are shown Wlth calcmed chemical

‘-ana,lyses The stom.chmme‘try mvolved m cha,ngmg from the Omde to the; y
 ¢ carbona;te (raw to calcmed) analysm follows R | |

CaCOg 8102 . A1203 ‘Fe203 MgCOB Alkaflihest ,:Misc;' :

. Raw R I R

__Materml | 74 5% 14 @% 4 2% 1 9%;; : _3-05% . 0.75% 1.15%
_»_-»Molecula,r S T « o o

| Weight = 100. 09 L e - 7iB433 . - -



s ;

FC’%O%, 810, ALyO, Fé_gQg_ MgO ~*  Alkalies Misc.
—Calcmed S SR S ‘ -
Material - 63.9% 21.3% 6.4% 2.9% 2.6%  1.15% 1.75%

" 'Molecula.r

o 'EJWelght 56 08 ,,d»..: o _ ERS 4032 L -

s :,';‘:Q.Fieéqo?é L

63.9%
6%
=213
6,49

. 9%

.15%
5%

€20 = 4. 5(56. 08/100 09) L 41.8% - 41.8/65.5

1
[\

'_f;_ngo 3 5(40 32/84 33) = L% ';‘107'/6.5.5' -

te0% 1dofess

‘"
- ’.Il

1
m{‘

i!

4 2%’, 4 2/65 5

H

‘I
G

Lo% 1.9/65.5 -

1
=

Y‘Alkahes ’ 0.75% 0.75/65.5. =

B ) ¢

]
=

'..“»':.Miecella,neous @dees = 115% . ,.‘ "1;15/6;5.._,5 _

65.5%

' TOTAL
: The ;ﬁ'éiW. mzém_‘%tér'ial'_éhemi"cal aha,lyses;.are}chang'ed to calcined .

E ,ma'ter'ia;l analees prior to ‘us-e-'ih‘r‘éstriietive equ‘é;‘itions of .‘t'he'» mathe-

o : ma;tlca,l model Thus, the. 0X1de analyms shown for each deposri: is the

- ;resultmg analysls were the materlal ca,lcmed Reserves requlred are -

a 33 mllllon to:ne of ra‘w materlal the loss in Welght due to calcmlng is .

R recogmzed by prov1d1ng 653 pounds of raw materlal for each 376 pounds
bf cement -

Most of the Portlend cement to. be produced at this pla,nt W111

o be Type I Standard Wlth chemlca,l ana,lysrls as shown in Table 1 The

, ',other types vary shghﬂy 1n chemlcal ana,lysls Typ:e; I restrictions



5%
2 < 23.06 - 5.0% < ALy 8.0%

a0 < 66.0% 2 9% < { Fey0y < 4.0%
< 1.5%

‘0%\;Mgo < 4.0% :0 75% < Alk |
@ne reétrlctlve equa.tlon is fequlred for the upper bound and
- v,another restrlctlve equa;tlon for the lower bound on each compound m‘

‘"-"’.the mix; The chemlstry restrlctlons enter the mathema‘hcal model : as
:,'f‘follows;, ,v o | , | ; | .
e ]Ineq (90) '(‘%Si@ggg):lpa'% (%sibé)'Pb«; o 100% .Sio2 19 0(33 x:ILOG))""

. (91) ’«(%SlOg)Pa + (BSiO9)Pb +  .... 100% SiOg 23. 0(33X10 )

QY- - DN

P
<
| (92)) (%Ca@)Pa + (%Ca@))Pb O . 100% Ca0 >62. 0(33x10 )f |
(@3) - (%CaO))Pa + (%CaO)Pb .o 100%,»Ca0< 66. 0(33x106)*
(64 (MgO)Pa + (BMEO)PD+ ... 100% MO >1.0(33x10%)
(95) (%Mg@)Pa, + (%MgO)Pb e 100% Mgo < 4,0(33 % 10. );
‘_'-(9;6;) : (%Alz'awa*(%ﬁdg@g)% +,=ae{ 100% AJ.Z@3 > 5. 0(333;106)' .' |
(97) v (%M2®3)Pa'+'(%A12-03)Pb\+._ cees 100% A12®3\ 8. 0(33X]_() ) -
"_'(98:))‘ (%Fe203)Pa.+(%Fe203>Pb o 100% »F-eZO 2‘,0(331{106)).
E :(’92{9)’ (%FeZOg))Pa+(%Fe203)Pb+ ... 100% FegOg< 4.0(33 %10 ) |
3 (100) ,(%Allg)Pa + -(%.Alk)Pb LR . GoALK) V. / 0. 75(33xi0 )

A_ﬁ(x,'o‘mf (% Alk)p’a;.k(%Am)Pb + " S (%Alk))v < 1. 5(33X106)
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" Cost Fﬁnetioﬁél' |

Developmen‘t of the cost functlona.l ‘Wll]. complete the mathe- |
"‘-'matlcal model To ‘thls pomt the- development of the. model ha,s been a .
| ".matter of sta;tmg fa,ets in equatlon or 1nequa‘t10n form. The cost func-

" '-'tronal glves the dlrect cost per “ton for each ma,terra.l compmsmg the

| 33 mllhon ‘tons of reserves The equatron Would appear in the form°

< (/TIPa + (/TIBD + §/TIPe + ... §/TIFe,05

: The va,rrables that enter the solutmn ha,ve f1n1'i:e tonnages ass1gned to

o J’_l:hem, Whereas those Which do not enter the selutmn are cens1dered

_‘ -"-zer-o Thus, evaluatlon of the functlonal Wlth the opt1mum tonnages
‘ :,grves the mlmmum cost for the reserves

ln ca.lculatmg the cost per ton for mmmg each block of a de-

St ‘,“f_'posfc certam facts must be real1zed All costs must be lmeary whrch |

L :‘u-means 1f 1t costs $l to m1ne one. ton of block Pa. it must cost $2 to mine

“";:.':'two tons of block Pa. Thusy only direct COStS can be mcluded ln-

dlrect anol flxed cos‘ts such as amorhza.tlon, general superv1s1on, and ,

a SO forth go on regardless of Whether a mrlllon ‘tons of deposrt P or a

| m11110n tons of deposrt Q a.re mmed (nght l%l, p. ll) Indlr.ect

: :‘;;f amd ;flxed cests eventua.lly have to be a.dded to the cost Of the raw ma- o

v’_terlal but should not be dlstrlbuted to the md1v1dua.l deposrts in the

- vlmear programmmg problem lndlrect and flxed cos‘ts Wﬂl increase

| _'the cost of the reserves ‘tha,t 1s calculated by solvmg the lmear
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i ,proérammmg equa,tlons, bﬁt W111 not eha,nge the amoumﬁs of the specm.c
- deposrts that must be mmed to obtam the mlmmum cost

A o‘ilscussmn of ‘the ma,]or dlrect flxed and mdlrect costS
.fogllow's: S S

: EXploration:

The cost 1ncurr ed m determmmg Whether the mlnera,hzed

,_areas have commerma.l poss1b111t1es 1s a flxed cost.. Upon comple‘i::lon

_ ':,of exploraﬁon, '&:he tota,l exploratlon cost 1s dlstrlbuted umformly to the g

entire 33 mllllon tons of reserves.
' Development: "

The cha,nges associated Wlth prepamng veaeh deposrt for pro- |
" duction are dlrect costs Development Work mcludes 1tems such as »'
1 . "a,ccess roa.ds, raﬂroad mdmgs, s:.te prepa;ratlon, electrlc power dls-‘
Qltrlbuhon a.nd other serv1ces, ‘and openmg ‘the deposm.t for commex;ca.a,l
L proo'iuctlon (Parks, 1957, p.. 121) .
Development costs present a. dlfflcult s1tuat10p in 11ﬁear- )
_keconomic a.na,lysls The cost per ton for developmen't Work assocmted
“»‘?-Wlth each deposft is 11near however, the tonna,ges sought are the varl--

.f‘ables How does one a.sslgn a development cost per ton to a deposrt

.»;-,pr‘lor to demdmg'howﬁma.ny tons should be mmed from the depos:.t?

\_-Y.ert? .,_;the..,'.o‘ievel_opm_;ent\cos;t:;;per ton w111 affect the number of tons 'that
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L f‘ishou’iid be mined ,fr?'om the:ldepfo;sit N
- A cutuand-try procedure 15 used to arrlve a,t the develc:pment B

.' cos‘t Gper- ton aselgned to each depos:.t The mltlal try Wﬂl use the de— o

| .velopment cost per ton for each deposrt resultlng from leldmg the de-

L pos'lt'development cost by '.the'- d'ep‘osﬂ-tonnage Th‘e' hn*ear -program ig

- run usmg these mltlal development costs as part of the total cost per
N | ton 1n the cost fu:nctlona,l A rewsed deveIOpment cost a,lloca.tlon is

- f/made by d1v1d1ng the deposﬂ: deVelopment cost by the. deposrt tonnage '
“:f.sqelk-ected;as Teserves by;the hnear;program solutmn,_,‘ Should .the,.entlr-e-

~ -depogit enter the regerves there will be no révision necessary to the

R ';initia.lko{}evelopmﬁent »c:o's;t""Wher'eas ~on'e'--he,1f Of the deplo_Sitj“entering the

‘ .reserves Would double the developmemt cost per ton. 'The' vlinear' pr’o—

o ;f-;,:»;gra;m is then re- run Wlth these rewsed d.evelopment costs in. the cost .

l l,functlonal Convergence is: quite ra,pld inasmuch as the development
cost per ton 1s smaﬂ relatWe to the total cost per ton.,

The cost of stmpping, dmllmg, blastlng, loa.dmg, haulage o

; RS Wlthm the quarry? and servlces 1s a dlrect cost. Each block W1th1n a

o ‘?’.deposn w111 haVe assocm’ted Wrth 1t a mmmg cost per ton dependent '

: upon the crltema. heted
"Tra;‘nspor;[ta;ﬁonz - ‘ )

. Haulage cost of the stone Outsidei'_of‘.ihe»-quarr'y is a direct cost.

- .',Thexha,ulag‘:e;-cos.t per ton ligted will be the ‘cheaper' of fnil of._truckand '
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'Wﬂl -vary With 'the- lengt’h of hé.u'l Raﬂ haulage is assumed in thls prob-

' lem owlng to the prox1m1ty of the deposfcs to emstmg rallroads

e : Crus_hing and 'G%rmdingé?:

The. gr’eat;er .aibraSiVehess, of silizé‘eOus materials iﬁcré&&es.the
.cost. of pr-bcésSmg' thrqugﬁou@ ’bu"i‘::.}»is‘/‘;espe'(ﬂ:'iai,lly noticeable in the cost

) .olf‘. crushing and igrindihg; Friability ,and grain size also are stone

“ cha.mc"teri’s;tiésf théﬁc aif‘éé*k thﬁe.v(:ost of crushing and griﬁding There--

foreg ‘the cos‘t of crushmg and grmdmg is a direct cost determmed by

e | -physlcal propertles o:f the ma:temal

‘Reserves:

Thé’-‘ cosf 'as's‘dcia‘te'd with buying or leasing the— deposits is a

i dlr ect cost A cost per ton W111 be a,smgned for each deposrt compms—_

- mg the 70 m11110n tons of potentlal reserves

 Miscellaneous:

Many fiXe’d and. indire’;ct costs eXiSt- th;ei more prominent of

- ‘,‘Whlch are mar.temals ha,ndlmg at the plant,’ samplmg, stockpﬂmg, re-.

. cla,lmmg, lolend].ngy engmeermg, general supervision, .taxes, and so
. om. ltnasmuch a.s reserves share fixed and. 1nd1rect costs equally, none

- should be mcluded in the hnear program as prevmusly expla,med
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. Summary of Direct Costs:

'The five sources of direct costs to be considered in d’etei'mining

. .vthe cost per ton of stone from each block .of each deposit are the develop-

- men‘&; mmmg, transporta.hon, crushmg and grmdmg} and. cost of the .

, ston.e, : Ta,blev 4 ‘hs.ts_,the» a;ssum‘ed .costs for each. of these direct costs
o tha,t'ai,i?evr ﬁsed .in'.;,th_e -cdst f.un'ct'iona.‘[”of. the linear _pr‘ogr'am., The trans-
: ‘_portation..cbst. depends on ;‘the_cvemen‘t‘ blg.ﬁt location. T.he: transporta-
tiﬁﬁ chaf;giae ‘inclqdedlin»TabLe. 4 ig that for Plant Site A (S-ee_»‘ Figure 1).
| . Tﬁ‘eadir‘e;it éﬁsts a,s;socia;ted,wift}ﬁ féa.?cvh block . of eaéhda;gosit |
 are a;ssigned;by‘_an evaluation of the ;cbnibbnent direct c’dsté.. The
.-dir'iaetc‘itr_ costs, a,_Ssocia;ted .WithDéposﬁit P Will be used as én,illustxationo |
o Deposit P deveﬁlopmént‘ coété‘z -

) 4000 fee‘t - railroad s1d1ng @
$25. OO/foot S 100 000

;]'Access roads’ s S 3@ 000

 Services . .. .. 40,000

| gite preparation . - .- . 30,000
 Total $200, 000

. 50 'y.ea;r' diminishing annuity (Parks, 1957; p. i81) -

(200 000) (1 06)) -_;(,--0.6)’4- |
(1.06)°0 - 1




TABLE 4 - DIRECT RAW MATERIAL COSTS PER TON
AT PLANT SITE A
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Development Mining ‘Transport Crushing Cost of

Total

[y

~ Block ‘Cost Cost = Cost and Reserves Cost
a Grinding
Cost i
Pa 0.29 1.30 0.85 0.7 . 0.10 3.24
Pb 0.29 1.40 0.85 0. 70 0.10 - 3.34
Pc 0.29 1.30 0. 85 0.70 0.10 3.24
Pa 0.29 1.24 - 0.85 0.70 0. 10 3.18
Pe 0.29 1.24 0. 85 0.70 0.10 3.18
Qa 0.20 1.10 0 0. 60 0.15 2.05
Qb 0. 20 i.13. . 0 0. 60 0.15 -2.08
- Q¢ 0.20 1.15 0 0. 60 0.15 2.10 -
Qd 0.20 1.20 0 0. 60 0.15 2.15
Qe 0.20 1.25 0 0. 60 -0.15 2.20
Ra 0.25 1.12 1.36 0. 60 0.20 3.53
Rb 0.25 1.10 1.-36 0. 60 ‘0. 20 3.51
Rec 0.25 1.05 1.36 0. 60 0. 20 3.46
Rd 0.25 1,350 . 1.36 0. 60 0.20 3.76
Re 0.25 1.38 1.36 0. 60 0. 20 3.79
RE 0.25 1.41 1.36 0. 60 0. 20 3. 82
Sae 0,18 1.50 2. 20 0. 90 0.10 4. 88
Sbe 0.18 1.52 2.20 0.90 0.10 4. 90
Sce 0.18 1.56 2.20 0.90 0,10 4.94
Saf 0.18 .1.40 2.20 0,90 0.10 4.78
Sbf 0.18 1.38 2.20 0. 80 0.10 4. 66
Sct 0.18 1.38 2.20 0.80 0.10 4. 66
Sag 0.18 1.10 2.20 0. 60 0.10 4.18
Sbg . 0.18 1.10 2.20 0. 60 0.10 4,18
Scg - 0.18 1.10 2.20 0. 60 0.10 4.18
Ta 0.32 1.70 2. 20 1.00 0.05 5.27
Tb 0.32 1. 68 2. 20 0.90 0.05 5.15
Te -0.32 1.65 2.20 0.90 0..05 5.12
Td 0.32 1.95 2.20 0.90 0.05 5. 42
- Ua 0.10 - 2.00 1.00 - 1.10 0.07 4.27
- Ub 0.10 1.0  1.00 1.00 0.07 4,17
Uc 0.10 1.95 .00 1.10 0.07 4.12
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TABLE 4 - CONTINUED

Development Mining T‘I"a.nsport' Crushing Cost of  Total

. Block Cost Cost Cost and Reserves Cost
Grinding
Cost
\’% 0.38 0. 90 1.35 1.10 0.03  3.76
SiO2 | : 3.90
A1203 25.85

 FeyOg | . 15.85




60

B
BT .

= $35, 500 per year

‘Where -

annua,l pa,yment

$2oo ooo

=
I i

TR

‘= .06 interest rate

- L+ r’-'::’_ 106

.il

. 50 y:e,a,:r s

50 (35, 500)

6,120,000 . ~ $0°291

‘ Dévelopmﬂn‘_t ‘ cos.'t/ t;on 4

L Deposn P mmlﬁg costs The- cos‘ts are averages 6ver a 50
'y‘g;:a?,r‘_‘pla;nt life. o o
R . " Pa Pb ‘Pc Pd Pe
" Cleartng . .08 .10 .07 .05 .05
W "':S'trippi_ﬁg ‘ .29 ;3’5 .27 22 .20

“fIMiLﬁng_;x i:_ _1{14f~,1¢ ;.14:_fi4,_.15n
'IBlasﬁné'*' "l”".1i"}11 -.;i1 A1 ar
" Loading e 40 40 ':4:@,. .40 .40

Haulage .
. (within quarry)

)

.28 .30 .31 .32 .33

-Mmmg-cost/fon‘ $1.30 1.40 1.30 1.24 1.24
7_yDep051‘t P transportauon costs The cost of haulmg by com-

mermal ca,rrler W111 be assumed to be $0. ILO/‘ton mile for 1961 with the



-cost doublmg each:20 years 1o a. maximum. cost of $0 25/t0n mlle Thez'

- :a,vera.ge haula,ge cost for a smgle ca,rrler 1s $0 17/ton mﬂe Over the L

| »11fe-of the. deposrt An addltlonal cha,rge of $O OS/ton mile is a.dded
'when two commerc1al ca.rrlers are requlred between the qua.rry and
the .cement pla,ni; |
Deposlt P crushmg and grmdmg cos'ts Combmed crushlng .

a.nd grmdmg costs are a.veraged ov’er the 50 year plant hfe The cost

. »1s assumed at $0 60/ton for a sihca content of less than 20%, with the o

/ ,‘cost mcreasmg $O lﬂ/ton/ I@% addmonal s111ca, content Sandstone‘ o
, Would have a crushlng and grmdmg cost of $1. 40/ton by this schedule
- v_The mﬂuence of frlabillty and gram sme on costs cou].d be ;mcluded

.,_masmuch as they are determmate

23% Silica

,‘;$0 90/ton 5

L fBloel;‘Pa.- | |
'4 Blocka & I 2_6%-8}11(:& $0. 90/ton; =
- Block Pec. | 26% S’ilice S $0. 90-/ton‘
" Block Pd 1 28% Silica 50, 90/t0n¢ -
‘BIOCK’;PIG -29% S’il,ica:; $0 90/ton

Dﬁ:epesit P ,r:e-serVes:vces‘t'z A,leaS‘e_agr:eementl_s assumed -
. whereby the swne is paid ,ferf at a pr edeterminedf price which remains
constant durmg the life of the plant. Péym-ents are ma,de. as the stone -

s, mmed Deposlt P can be leased at $0 IO/ton mmed
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- | Matrix for Raw ’Mater'ia‘;l-selection and Mining Sequence

A txlatrlx is a rectangula.r array of terms called elements .
,”.."The elements are. the coeff1c1ents of the equatlon varla,bles

o The left ha,nd smle of each of the equatlons contamed in the

,‘ l‘;mathematlca,l model are entered in the ma,tmx Table 5 in. the map
pocket shows the completed matmx Wlth the coeff1c1ents llsted in

‘ ..columns below each varlable 'l‘he rows are the equatlons as’ developed '

= 'm the= mathematlcal model The constant for each equa,tmn is llsted in

- "the h—-column at the rlght of the matrlx The consta.nts haVe negatlve

- '.31gns due to placement of the equals sign. a;t the left of the equatlon

o Th:e «cost func*tlonal- a;ppears at' the bottom of‘th.e matrm Wlth the nega-

) tlve Slgns to a.olapt the m1n1m1z1ng problem to a mammlzmg l1near pro- |
‘ _gra,mmmg techmque
. | Mmor va,r1at1ons in the pla,cement of coeff1c1ents in the matrlx
| | ,'ahe‘made When usmg other lmear programmmg techmques | The 2 |
| ,Slmplex Method (Dant21g, 1951 pp 339 347), for exa,mple, places the ’,
slack Vamaﬁbles to the left of the baSIC vama;bles in the matrlx However,
the matrlx a,s shown would be qulte compr ehensible to anyone fa.mlhar
:w1th lmear programmmg |
The coeff1c1ents are 1dent1f1ed hy some means, the most com-~

“'i:'mon of 'whlch is use of the symbol all as explamed prevz.ously :he ,

‘ quanhty censtants take on- ’b1 a.nd the cost coeff1c1ents ¢4 1dent1flcat10n



Ra;w I\/la,terla,l Selectlon and Mmmg Sequence
Problem Solutron '

'l‘he use of a. drgrtul compul:er is. essentla,l for solutlon of a
" tproblem of this. size. - Three thmgs aré necessary l) a mm1m1zmg
‘lmeur progrummmg routme of aolequate s;rze for the problem, 2}) a.com~ :
o puter Wlth adequa‘te memory capac1ty for the number of matrlx elements

” and ,the :r:outtmez,, and: 3) ,,the maftr-rx da:ta, p_.unched in IBM ce;rds or p;a,per
Cwpe |
o "lv'"‘llﬁoluzestiona,bly{his ‘pr'ob'le.m Wlth a,v.é"ﬁ % 83 ‘ma;l:rix is a. la;rge ‘

- Imea,r programmmg problem The computer avullable to the erter 1s .
:an lBM 650 a:t the Numerlcal Analysrs Laboratory, Umvermty of Arlzona,
' ‘The IBlVl 650 ha,s a 2000 Word memory anol is far too- small to solve this

: problem by presently used lmear programmmg techmq_ues Computers :
with a.olequste memory capacity ior solutron of this problem are ava.ll— '
ab'le«however "l‘he problem da,ta are prepared in a. form compatlble

: Wrth the lmear programmmg routme and. computer to be used
- Ezperimental R-.eSultS

= The problem of optlmum selectlon a.nd mmmg sequence is re-
-»duced to a s1Ze that can be solvecl *wrth an lBM—650 computer usmg the -

’ f avallable 11nea,r progra,m computer routme Raw ma,terlals tha.t com-

" f_fpr'lse the reserves anol ‘i:herr cost are del:ermmed for the proposed

Pla,n‘t Srtex-A. (seeﬁgure- 3) 'to prove the,a,pproa,ch. is corr-.ect.-



64

ﬁDetermma,tloh of the raw ma,terla.ls and thelr cost for any desmed pla,nt; R

: srte 1S merely a repetltlon of the ca,lcula,tlons in thls example <

A mm1mlzmg lmear program routme (To‘bey, 19603 Dp. 1 4)

is used Whmh 11m1ts non—zero elements to < 599 olurmg calculatlons S

and requlres posltlve slack Va,rla,bles and cost row coetflc:tents Ta,ble |

6 shovvs the 18 x 31 ma:trlx of the scaled down problem a,dapted to thls

o routme Cha.nges made to reduce the problem size: are. oteta,lled beIOW

’ Deposits P, Q, R T a,nd U are consz.dered homogeneous Wlth -
| »the chemietry and costs as shown for: Blocks Pau,z Qc, Ra, Ta, and Ua
,respectlvely Deposrt R tonna,ge 1s reduced to 6 80 mﬂhon due to ex-~
| }cesSwe overburden in’ some areas and the development cost ig a.ssumedv. - |
5 to remam $O 25/ton Productmn restmctlons are thereby mmphﬁed t0° :
Ineq. (M)_ Deposnt P < 6 12 million _tone o
';;(12)-'Dep'osit-oﬁ < 13 00 '}nihion_ tong .
(1[3) Deposrt R K 6. 80 .miilion toh,e
| ,  (17) Deposlt T-’ < 6.74 xhiﬁicm'tons :
E ',Deposrts U a,nd V are a.ssumed avallable 1n any: qua,ntlty Whlch .
| : -ehmma,tee the Deposlt U a.nd Depos1t V productlon restrictions. The :
chemlstry restrlctlon on. alkahes is ehmmated |
b Deposﬂ: S 1s assumed to ha,ve three homogeneous beds. Saﬂz Sb,
end Sc W1th chemlcal ahalyses and costs as shown for Blocks Sa.e9 Saf

and Sag respectlvely The productlon ‘restrlctions resultmg ares
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Ineq (14 . sa. < 5. 64'_’milllontone
o (15) SOOSb - §a < <0
e 833 Sc - B < 0
The l1nea,r progra,m is. run usmg the initial development costs.

. The output hstlng (answer S) appears as Table 7 and shows that 18 itera-

N ‘tlons were made to arrwe at an mltlal optimurm Solutlon  The initial

: results are shown in Ta.ble 9.
The flrs‘t rev151on to the developmen‘t costs is made as follows:

- Rev1sed Development Cos:t (RDC)

o _Total deposit tonnage -
.7 Tons selected from the depoelt (Inltla’l Dev COSt)

. Deposit? ~ RDC (6.12/6.12) (0.29) = $0.29

il

. Deposit@ RDC = ~,<_ﬂ13.;00/13?,90» (0.20) = $0.20

| ‘Deposit R RDC = (6. ‘30/2 24) (0.25) = $0.76

tDepos'i.l‘.. S;a.\ RDC = (5 64/2 08) (0.18) = $049

o Dtépci;'s;it Sb RDC : (7 05/2 61) (0. 18» - $0.49
’f*i.naepOSit Sc' RDC : (8.47/2.61) (0.18) - $0.49

"Deposrt Vv RDC - . 00/3. 82) (0-38) = $0.50

The revlsed development costs are used in the coet functlonal

: l and the lmear program run a svecond tlme The output l1st1ng (answers) -
b appears in. Ta‘ble 8 a.nd Showe that 19 1terat10ns were made to arrWe at

‘ 'va rewsed development cost optlmum solutlon »The rev1sed development
cost solution 1s shown 1n Table lO The max:lmum d1fference in tonnage .

selected from each. deposrt between the initial deVelopment cost solution
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TABLE 9 - SOLUTION USING ESTIMATED COST
 PER TON FOR DEVELOPMENT

Deposit . Total Tonﬁagé . '-':Sélec‘ted; TOnnage ‘,Cost/T'o’n’ ‘Total Cost

P 6,120,000 6,120,000 $3.24 § 19,828,800
Q@ 113,000,000 - 13,000,000 - 2.10 27, 300, 000
R 6,800,000 2,239,005 .53 7,903,647
Sa 5,640,000 ° 2,085,285  ~ 4.88 10, 176, 240
-f;‘szb ‘750503»5‘0,@0“ 2,606,602 . . 4.78 12,459,558
szcj." 8,:470,0'00" g1, 7 48 13, 079, 960
V. AuyAmomt 3,819,919 . 3.76 14,363,895

 Totals . 83,999,899 105,111,110
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~ TABLE 10 - SOLUTION USING COST PER TON
... CALCULATED FROM INITIAL SOLUTION

S _“Dépsd‘js'it . To‘ta,l T’ana:g;e_-‘.>.-Se1ected,Tonnage‘ Cost/ Ton - Total Cost S

P r_@i;;z;ogqo,of 6,120, o(‘)}a . $3.24 $ 10,828,800
Q13 000,000 - - 13,000, 000 2.10 27,300,000
B . 6,800,000 - 2,238,998 - = 4.04 9,045,202

Sa 5,640,000 2,085,285 5.19 10,823, 629

s 7,080,000 - 2,606,608 . 5.00 13,267,635

Sc . 8,470,000 3,120,183 . 4.49 14,050,032

'V Any Amount - . 3,819,992 3.8 14, 821, 569

 Totals 32,999,996 - $109,135,960

















































