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SYNOPSIS 

The model described is a design and economic planning tool for analyzing surface mineral deposHs. Mineralization, 
topography, costs and significant goologic feature.'! are input to the model. The results are: 

(i) final pit limits yielding the maximum 10la1 profil, 
(ii) ann\lal cut-off gl'ades and plan t siring yie lding the maximum present value, and 

(ill) annual maps of the pit and annual production statistics for the mine, concentrator and smelter. 

Additionally. summaries are printed of the block mining sequence and cash flow. A special feature is an option 
to include dump-leaching operations. Stockpiling of material can also be simulated by the model. The model is 
boilt around theories of dynamic cul-off grades and a pit design algt)rithm. The dyrnunic cut-oJT grades maximize 
prtseDI value byexaroinatiOD orall economic and physical coDslmims ror the optimum combination. The pil desi~ 
aiaoritl\m ~ a set of rules formulated to find the maximum value from a 5pecia1srilph. The gJ'8.ph is differenl from 
arRphs of analr.tical geometry, being made up of points and arrows connecting some of the points. These graph 
elements deSCribe the relations)]ip between any point in the deposil and the material which must be mined to set 
31 that point. The model \\-"RB designed to bring together the interdependent theoriGII of economics, pit design and 
production scheduling. 

INTROD UCTION 

The GROPE model is a design a nd economic pllllllliog tool 
for analyzing surface mineral deposits. GROPE is an acronym 
representing the functions of the model which are: 
Grade and reserve estimation, Revenue a nd eost computations, 
Open pit design, Production scheduling and plant sizing and 
Evaluation. 

The problem is to find the solution for explOiting the 
deposit which will maximize present value. Before formulating 
the solution, the first job is to define the deposit. This 
definition is done through tbe familiar block cooccpt. 

DESCRIPTION OF THE MODEL 

The block concept 

Tho_ deposit is _divide.d jnto bloc.Ks by COllstruclins a three
dimensional grid. A block representation of a surface deposit 
is illustrated in Fig. 1. Only the grid lines that outline the 
surface and boundaries of the deposit are shown. 

0- DATUM lEVEL 

EAST BLOCK COORDtNATES 

Fig. 1. Grid-block representation of a surface depusit. 

The block dimensions are specified to conform with mining 
equipment and deposil size, and to IIpproximate topographic 
relief and irregularity of the shape of the orebody. The 
coordinates are stated as the number of blocks from an origin 
to a particular block in each of three directions. 

The blocks form units for evaluation. The material of each 
block is considered to act at the geometric ccnter of the block. 
The mineral ilistribution, topography, important geological 
features a nd other spatial characteristics of the deposit are 
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described through the blocks. The distribution of mineral
ization is defined by estimating the grade of, nnd tonnage in, 
each bloek. The GROPE model acts lIpon the blocks as a 
data set, thus it i~ sensitive to spatial changes which no 
averaging techniques can duplicate. 

The blocks are also usod to describe geological or physical 
features with no mass and only presence. The topography. 
a fault or a property boundary are examples of features that 
are simulated by GROPE. Pointers a re given to blocks to 
indicate the presence of various features. For eJ(ample, in the 
case of topography, a zero pointer is given to the blocks 
represeot;og air space betweeo the surface of the deposit and 
the datum level of the grid. A pointer value from 0.01 10 t OO 
is assigned. to the subsurface blocks. A pointer value of 
1.00 is given to blocks not intercepted by the surface. Pointer 
values of less than unity are given in proportion to the rock
filled volume of blocks that are intercepted by the surface. 

The pointers and mineralization data are easily stored in a 
computer and are instantly accessible. GROPE is provided 
with the capability to branch to computations appropriate 
to different physical conditions with those spatial data sots. 

Maximum presenl Wllue concept 

The objective is to find the cut-ofJ grades, plant capacities. 
production schedule. and the pit volume that will maximize 
the present value of the mine. The present value of the mine, 
PV. is the sum of the oct value, Cr, h of the blocks mined, 
discounted. for the year they are mined. 

PV ... :s L Cr,1 
R T (1 + d) t ' 

where R is the closed three-dimensional regio n encompassing 
the deposit, Tis the life of the mine, Cr,t is the oet value of 
block r, mined in year f, and d is the interest rate. 

The net value of each block, Cr,t, is a function of various 
panl.lneters, that is, 

C,,/ - f (location, grade, costs, prices, plant capacities). 
The domain of the function Cr. t is restricted to the family 

of pit smfac~ whose walls are flatter than the safe wall angles 
at any point and to the excavation sequence limited by the 
mining equipment. Purther re~trictiolls aI-e imposed by 
geological and legal boundaries and by processing constraints. 
Unfortunately, no simple relationship exists for the function, 
since there are too many unknowns. The given data and some 
of Ihe information desired arc: 
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Given 
Mineralization 
Costs 
Prices 
Plant capacities (if assumed) 

Unknown 
Cut-off grades 
Mining sequence 
Pit volume and shape 
Mine life 
Plant capacities (if not 

assumed) 

The ullknowns cannot be defined entirely in terms of the 
given data. The cut-off grades are not known and are 
influenced by the mining sequence. The mining sequence is not 
known and is influenced by all the other unknowns. Similarly, 
pit volume and shape, mine life and plant capacities are 
interdependent with each other, the other unknowns and the 
given data. 

Traditional pit design 

In the traditional approach to pit planning (Soderberg, et ai, 
1968), two broad assumptions are made to overcome the 
problem of too many unknowns. Firstly, the cut-off grades are 
set at the break-even point between profit and loss. This is a 
static cut-off grade in that the grade changes with time, and the 
capacities of the processing units and other constraints are 
ignored. The dynamic cut-off grades used in GROPE will be 
discussed later. 

The second simplifying assumption in traditional pit plan
ning is in the design of pit limits. The deposit is divided into 
large vertical sections as in the example shown in Fig. 2. 
There are usually 10 to 20 sections per deposit as compared 
with 10 000 to 20000 blocks in the grid concept. The sections 
are assumed to be two-dimensional and the fact that no real 
increment of removaJ has vertical sides is ignored. An economic 
limit is found independently for each section by moving its 
end boundaries to the break-even point between profit and 
loss. Adjacent sections are then smoothed so that the safe waJl 
angle is not exceeded. 

""~ 
\: _J . .< 

\ / 

f~OD UT LINE 
EPOSIT 

P'S;rOPOF P'"' VERTICAL SE 
A 

CTION 

PLAN VIEW 

THREE DIMENSIONAL VIEW OF 
A TYPICAL VERTICAL SECTION 

Fig. 2. Evaluation sections for traditional pit design. 

The traditional pit design method does not use a total 
system approach. The vertical sections, or, in fact, sections of 
any shape, which first of all do not simulate the shape of the 
pit, are evaluated independently and the results then modified 
to smooth the surface. Also, these sections are bulky and do 
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not reflect changes in the mineral distribution, topography 
and other physical features. In addition, the break-even 
criterion for setting pit limits is not the ideal objective, which is 
to achieve maximum present value. 

A new pit design algorithm 

The key to ovcrcoming the difficulties of traditional pit 
design is an algorithm that was evolved from the work done 
by Lerchs, et al (1965). For pit design, the grid system 
described earlier becomes a graph (Fig. 3). Each block is a 
vertex in the graph, and each vertex has a value. The 
value equals the revenue of the block minus thc operating, 
capital and fixed costs. Vertices in the graph with a positive 
value are ore blocks and negative vertices are waste. Thus, the 
graph is four-dimensional. Each vertex, or block, has three 
dimensions for its location and a fourth dimension for its 
value. 

The vertices are connected by arrows. The arrows are 
drawn from a specific vertex to all adjacent vertices if the 
mining of the specific vertex is dependent on the removal of 
the adjacent vertex or vertices. The arrows describe paths to 
the surface of the deposit, when they are connected from a 
terminal vertex of one arrow to the initial vertex of a 
succeeding arrow. The arrows are flexible and can be drawn 
from a vertex to any adjacent vertex to describe variable pit 
slope angles. The graph in Fig. 3 shows only two vertical 
sections, perpendicular to each other, since a three-dimen
sional view would be masked by a profusoin of arrows. 

The material that must be mined to expose any specific 
vertex is found by following all paths leading away from that 
vertex. A closure is the vertices and paths so described. A more 
rigorous definition of a closure is any set of vertices such 
that, if a vertex belongs to the closure and an arrow exists 
from the vertex to an adjacent vertex, the adjacent vertex 
must also belong to the closure. Thus, a closure is any surface 
satisfying the constrairtts art the safe wall angle of the pit. 

The arrows are depicted quite easily; programming them, 
however, presents a difficulty. It has been suggested (Hartman, 
et aI, 1966, Johnson, et aI, 1971, Lerchs, et al, 1965) that the 
arrows be defined through the construction of the grid system, 
and then stepping up and out one block at a time to form 
the slope. Theoretically, a grid construction could be found 
to furnish any desired slope angle. Unfortunately, the grid 
blocks may not correspond to a convenient size in terms of 
bench dimensions or equipment limitations. Additionally, 
the slope angles would be fixed and incapable of being varied 
through the pit. This difficulty is overcome by simulating the 
arrows using analytical geometry to describe the set of vertices 
satisfying all the paths to the surface from a specific vertex. 

To elaborate, the dependence of one block (vertex) on 
another for removal is defined by the arrows. This 
dependence is described by geometrical shapes made up of 
planes and the upper portions of circular or elliptical cones or 
hyperboloids of one sheet. These surfaces define the boundary 
bctween those blocks which must be removed and those 
which may remain to expose a specific block. Three.. 
dimensional data sets keep track of thc blocks within the 
closures defined by the geometrical shapes. 

The closures are programmed by deriving FORTRAN 
expressions from the equations for the geometrical shapes, 
the coordinates of the grid system and the maximum safe 
slope angles. The safe slope angle can be varied as often as 
required by the stability conditions of the particular deposit. 
This is done by modifying the constants in the FORTRAN 
expressions for various parts of the pit. Additionally, elliptical 
expressions are formulated for directionally-dependent 
stability conditions. For example, pit slopes can be simulated 
which must vary according to their orientation with respect to 
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the weak strength direction of a bedding plane. The 
geometrical fonnulation of closures is actually more Ilexible 
than the arrows since the arrows are confined to a vertex-to
vertex relationship. The arrows are limited somewhat by the 
block dimcosions. However, the geometrical formulation can 
cut through blocks, if required, by the maximum safe slope 
angle. 

The objective is to find the maximum closure, in other words, 
the set of \lcrtices or blocks yielding the maximum total value 
of the deposit. The maximum closure for a deposit is found 
by operating on the graph with a set of rules. The rules are 
shown in the network diagram, Fig. 4. TIle blocks represent 
computations and arrows indicate the computational sequence. 
The procedure starts by setting the block locator, r, equal to 
zero. A block locator references the value, Cr. of a block 
with its location in the deposit. The deposit R is searched for 
the positive or ore \lalue blocks by incrementing the localor, 
r = r + I. If the block r is waste. then Cr < 0, and thQ 
procedure leads to the next block. When a block is found with 
ore value, then Cr > O. This block is checked first for having 
been included in the maximum closure in an earlier cycle of 
the procedure. The procedure leads back to the locator 
incrementing step if the block er is already in the maximum 
closure. Otherwise. the procedure branches into a routine 
for identifying tbe blocks tbat must be mined to expose the 
o re block. Cr. 

Another block locator is initialized, q - O. A second search 
of the deposit is then made for blocks in the path from er to 
the surface. When a block Cq is fOlmd to be in the path, 
or removal closure, for Cr. it is first checked foc having been 

included in the maximum closure in an earUer cycle. If so, 
tbe routine returns to thelocator incrementing step,q = q + 1. 
However, should Ca be in the removal closure, its \lalue is 
added to the accumulated value S of the other blocks in the 
removel closure. The seacchfor blocks exposing C r ends when 
aU blocks in its removal closure have been identified. The 
value Cr and its removal closure are part of the maximum 
closure if its total value is positive, S > O. 

The routine then branches back for the next unexposed 
ore block. The search of the unexposed ore blocks is repeated 
until there are no more positive removal closures added 10 
the pit. The set of positive removal closures, so identified, 
will be a maximum closure. 

A simple illustration of the pit design algorithm is given in 
Fig. 5. The graph represents a vertical section through a 
surface deposit. The vertices represent blocks I through 13 and 
the value C of each block. The arrows identify which blocks 
must be removed to expose a lower block. The example is 
two-dimensional, but this is merely a convenience for 
simplifying the illustration. The number of dimensions is 
immaterial to the algorithm. 

The procedure begins with block Cl' This block is waste 
since its value is negative. The rules of the algorithm then lead 
to the next block Cl' and it is also waste. The routine 
continues to loop through the incrementing step, r = r + I, 
until an ore blod: is fOWld. The first ore block is C. - +2. 
The next step is to identify the removal closure for C ,. In this 
case, the removal closure is C 6 by itself since it is on the 
surface. Obviously, Cs must be part of the maximum closure 
and so it is included in the pit. 

~EAST 
U1.y.- ~ 

SO DEPTH VERTEX 

MAXIMUM 21° SLOPE IN 
EAST-WEST DIRECTION 

Fig. ]. Longitudinal and trans~rse secJions of tl direcud graph. 
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- BLOCK LOCATOR, ORE 
q _ BLOCK LOCATOR, OVERBURDEN 
R - LAST BLOCK IN DEPOSIT 
C -NETVALUEOFBLOCKqORr 
S -TOTAl.. VALUE OF REMOVAL CI..OSURE 

IS. "R? 
NO 

NO 

' " 0 11+--------S - Cr 

eN D 

NO 

NO 
IS Cq 

ALREADY IN 
PIT? 

YES ISCq IN ) •• ,NO,,-< >-0-'-"'< REMOVAL CLOSURE IS S " O? 
FOR Cr? 

Fig. 4. Pit design algorithm. 

, 

LEGEND 
MAXIMUM CLOSURE, VALUE = +5. 
REMOVAL CLOSURES, I TO m 
BLOCK VALUE, BLOCKS 1 TO 13 

Fig. 5. An example pit design problem. 

The search of the graph for ore blocks continues and the 
next one is C 8' The routinc then branches into the steps for 
identifying the removal closure of Cs. Tins closure includes 
blocks Cl' C2• Cs, and. of course, Cg, and its total value is 
S = -2. The Cg removal closure is not part of the maximum 
closure since it has a negative value. Block ClO is the next to 
be tested for a positive removal closure. The closure is blocks 
Cs, C4 , Cs and ClO and has a total positive value of S = +2. 
Therefore. this removal closure becomes the second to be 
included in the pit. 

The next ore block is Cll. Its removal closure has blocks 
Ch C2• C1• CB' Cg and Cn' The removal closure does not 
include blocks Ca and C. because they are already part of the 
pit, The value of the removal closure is negative, S - -4, 
and so is not in the maximum closure. 
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The removal closure for C12 is positive and is included in 
the pit. The closure has blocks C1• Cs, Cs, Cg and C12. 
The blocks that are not in the removal closure but are on the 
paths from Ca to the surface are already in the pit. Note how 
the algorithm handles the mutual support of ore blocks with 
common overburden. Block C 8 could not outweigh the 
overburden in its own closure. However, it is eventually 
included in the pit with support from Ca and C12. 

The search is repeated and there are no more positive 
removal closures; therefore, the routine ends. The resulting 
closure is the maximum for the graph. It has the highest value 
possible from the blocks as constrained by the arrows. The 
exclusion of any subclosure from the maximum closure will 
subtract from the value of the maximum closure. 

Dynamic cut-oJ! grades 

The value of each block must beknown in order to construct 
the pit design graph. Consequently, block values are computed 
beforehand, as if they were all mined. This computation 
requires a decision on cut-off grades to distinguish ore from 
waste. Frequently, the decision is more complex if some 
material must be classified further for a leaching treatment 
or temporarily stockpiled. 

Traditionally, the cut-off grade is set where revenue from 
the ore, less its processing and overburden sU'ipping costs, 
is equal to zero. This break-even cut-off grade is static. It is 
determined independently of the mineral distribution, mining 
sequence, capital charges and processing capacities. For a 
particular break-even cut-off grade the processing plants may 
be starved or glutted as mining moves between lean and 
rich ore. Serious bottlenecks crop up during rich years. 
In lean years, the plants operate below capacity. Actually, 
operators do adjust their cut-off grades. In general, in rich 
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years, cut-off grades are adjusted upwards to avoid bottlenecks 
and to maximize profits. Also, in lean years, cut-off grades 
are adjusted downwards if the marginal cost is more than 
o ffsel by additional revenue. 

'The dynamic cut-off grades calculated by GROPE are an 
attempt to incorporate actual practice into pit planning. 
The formulation of these cut-off grades was taken from the 
work of Lane (1964) who explained how to calcuJate cut-off 
grades that will maximize the present value of the mine. 
This is done by expressing the present value, V, resulting from 
processing a unit of material, in terms of cut-off grade. 
COO. The present value may be expressed as 

V - f (cut-off grades, processing costs, scUing prices, 
plant capacities, overhead costs, mineral distribution, 
and time). 

For example, the curve shown in Fig. 6a is a Iypical 
relationship between the present value and cut-off grade. 
At low cut-off grades, V increases as more material that 
cannot support its processing costs is discarded. The curve 
reaches a maximum that is limiled by production capacity, 
and the size and richness of lOO deposit . The curve then falls 
off as decreasing quantities of product become less able to 
support the lnvC!ltment costs on capital equipment. 

FIG. 68 

FIG. Bb 

FIG. 6c 

FIG.6d 

CUT-OFF GRADE 

v 

- CONCENTRATOR 

~ vl~-71-_ 
~ Gm 

--..t.. 

v 

(OPTIMUM) 
~=c~~~~~-----3~. 
CUT-OFF GRADE 

MINE 
___ ~O~ENTRATOR 

,::. ......... :- - _ .. R,.:zINERY 

-7 Gmr 
OPTIMUM) 

CUT·OFF GRADE 

Fig. 6. Clwnr~ in present ralue 'IS, Cllt-ojJ grade, 

The optimum cut-off grade is obvious for the example curve. 
However, all mines have at least two, and sometimes three, 
sub-syslems, such as mine, concentrator and refinery, each of 
which has limited production capacity. These capacities 
seldom match perfectly due to the changes in grade with time. 
As a result, the V curves diffcr for each sub-system. For 
example, assume that the curvc marked 'mine' represents lhe 
present value-cut-otf grade relationship when limited by the 
production capacify of the mine, Fig. 6b. Then superimpose 
a second curve, marked 'concentrator'. for the same reIation
ship but based on the production capacity of the concentrator. 

159 

The actual present value, which can be realized by linking 
the two sub-systems, is always shown by the lower of the 
two curves. This is marked heavily in the diagram. The 
maximum V OCCW'8 at the intersection of the curves. This 
cul-orr grade, Gmt. balaoces Ihe production of tbe mine and 
the concentrator at their maximum capacities. The cut-off 
grade is such that the mined material-to-ore ratio is the same 
as the ratio of mine-to-a>ncentrator capacities. At the 
balallCing cut-off srade, there wiU be no accumulalions or 
interruptions in material Bow. 

The system should not operate at either of the optimal 
cut-off grades. Gm or Ge• for the sub-systems. This would 
unbalance production so seriously that the V realized would 
be very low. 

There are times when present value is not maximized by 
balancing plant productioD. For example. Fig. 6c shows a 
situation where the mine is a bottleneck. In this case, the 
optimum cut-off grade is Gm at the peak of the curve marked 
'mine'. 

The examples in Figs. 6b and 6c illustrate mines wilh ooly 
two sub-systems. However, the analysis is similar for three 
sub·systems. For example, the curves shown in Fig. 6d include 
one illttrked 'refinc!)". The optimum cut-off grade is at the 
peak of the curved polygon formed by the lowest parts of tbe 
curves. In this case, the optimum is the cut-off grade, GmT, 
that balances mine and refinery production. 

The V·COG curves represent one point in time since the 
relationship clulnges wilh Ule spalial dispersion of miueraIs. 
Therefore, the cut-off grades must be re-evaluatcd periodically 
to maximize present value. The GROPE model calculates 
cut-off grades aDnually using the concepts given above. 

Annual prodllction schedulinc 

The time dimension is important to pit planning. To 
calculate the annual cut-off gradei, it is necessary to know 
what material is exposed for miuing al any specific lime. 
The time dimension is determined by the sequence in wltich 
the deposit is mined and the production rate, Scheduling the 
annual production is done by simulating the excavation 
sequence wilh a computer. The excavation sequence is 
proarammed into GROPE from the set of rules that define 
the SCheduling peculiar to the various mining methods. 

The scheduling routine is programmed for yearly cycles, 
Fig. 7. Eacb cycle is in two parts. Tbe first part schedules the 
ore that must be mined to meet concentrator feed requirements 
of grade and quantity. The second part identifl.es the over
burden that must be mined to expose the ore. At the option 
of Ihe user, GROPE will divert some of this overburden to 
leach dumps or stockpiles if it has marginal value, The 
stockpiled material is picked up later if the cut-off grades 
drop down low enough to make tbe material ore. Stockpiled 
material is processed at the eud of the life of tbe mine. if any 
remains. The network diagram in Fig. 7 summarizes the 
scheduling routine. 

The routine directs the computer to scan the deposit for the 
next ore block to be mioed in a particular year. When the ore 
block has been found, it is tagged with its production year. 
Then, the tonnage in the ore block is swnmed with the other 
ore mined in the same year. The cumulative ore production 
is compared with the target. The ore scheduled for mining in 
a specific year is completed when the cumulative tonnage 
equals the target. The yearly cycle is finished by scheduliug 
the overburden required to expose tbe ore. The yearly cycle 
continues until all material within the optimum pit has been 
scheduled for mining. 

The scheduling rules noted in the fourth step of the diagram 
are tailored for each application of the program. The rules 
are quite simple. They merely require defining ; 
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(i) the number of exposed ore benches, 
(ii) the number and capacity of ore production faces, 

(Hi) the direction of advance for each face, 
(iv) the working area limits of each face, if any, and 
Cv) whether any portion of the deposit is to be hi-graded. 

This definition of the excavation sequence provides GROPE 
with a flexibility to adapt to different mining methods. The 
flexibility is important to the computation of cut-off grades. 
In this way, the cut-off grades are made sensitive to spatial 
changes in the mineral distribution. If the scheduling routine 
were replaced by broad time assumptions, it would not be 
possible to maximize the present value of the deposit. Further, 
alternative scheduling rules can be substituted to study their 
effect on the deposit. In addition, the scheduling rules can 
be programmed to reflect the eITect of physical features on 
production. For example, a large fault displacement could 
force kinks in the ore benches, or the pit walls could require 
variable slope angles, and so on. 

Interdependent variables 

GROPE executes a converging iterative procedure towards 
a final solution. The iterative procedure is necessary since all 
the variables are interdependent. Recall that the pit design 
algorithm must be preceded by the cut-off grade computations. 
However, the cut-off grade computations depend on knowing 
when each Wlit of material is mined, and so production 
scheduling must come first. Unfortunately. it is impossible to 
schedule any production unless the pit limits and cut-off grades 
are known beforehand. The whole process can be conceived 
as a closed loop in which all computations depend upon each 
other. Obviously, it is necessary to break into this loop to 
initiate the solution. The closed loop is opened with the 
assumption that the entire deposit is mined in the first year. 
Gradually, the assumption is replaced as the solution con-

YEAR " VEAR + 1 INCREMENT, ACCORDING 
TO SCHEDULING RULES 

IS, >R IS,lNTHEPIT? 

verges. In the end, the iteration converges on the final pit 
surface, cut-off grades and annual production that will 
maximize present value. Convergence usually occurs in four 
iterations, the last iteration producing results exactly like those 
of the preceding iteration. 

Advantages over earlier pit deSign models 

The GROPE model introduces a number of new develop
ments into pit planning. These will be discussed in some 
detail. 

PIT DESIGN 

The pit design algorithm produces the unique optimum 
solution for the final pit limits. The solution is the pit yielding 
maximum total value. This is a significant improvement over 
the trial and error pit design techniques. There is no need to 
select a plan from a number of trial plans. Consequently, the 
element of doubt has been removed from whether the trial 
plan is the best possible solution. 

The pit design algorithm is also three-dimensional. Thus, 
it is not necessary to pre-select a pit bottom as in some two
dimensional algorithms (Johnson, et aI, 1971). These 
two-dimensional algorithms are 'forced' into three dimensions 
by pro-selecting the pit bottom. Further, the pit does not have 
to be simulated by complex geometric volumes as in other 
algorithms (Plewman, 1970). The complex volumes are 
adaptations of wedges, cylinders, cones and prismoids. They 
never quite approach the real pit shape, and they are not 
sensitive to spatial changes in grade, topography, safe wall 
angles, and so on. 

The grid blocks are not evaluated on an individual basis. 
Any potentially mineable block is evaluated for inclusion in 
the pit as a part of all the other blocks on which it depends for 
removal. 

'" 

_ ORe BLOCK LOCATEA 
R - LAST BLOCK IN DEPOSIT 

ISrORH >~"" .. < TAG r AS BEING 
MINED IN VEAR 

ACCUMULATE 
ORE PRODUCTION 

IN YEAR 

" 
~ 

ACCUMULATED 

L __________ _ -( IDENTlFV OVERBURDEN THAT c .... _________ J'""'.<~ ORE PRODUCTION 
MUSTBEMINEDTOEXPOSE ,.... EQUAL TO TARGET 

ORE MINED IN YEAR FOR VEAR? '-----_. 

Fig. 7. General flow diagram 0/ production scheduling. 
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TOTAL SYSTEMS PLANNlNQ 

GROPE is a 'total systems' model for planning and 
evaluating open pit ventures. The model iucorporates grade 
estimation, costing, pit design, cut-off grades, production 
scheduling, plant sizing and financial evaluation into one 
model. The synthesis of all these planning elements into a 
single model resul ts in a plan that maximizes present value. 
This maximizatioll is accomplished by introducing the time 
dimension. Another significant aspect of thG total systems 
planning is that there is no pre-dctermination of the distinction 
between ore and waste. 

VARIABLE PIT SLOP!! ANGLES 

The GROPE model is not limited to particular angles for 
the pit walls (Hartman, el 01, 1966; Jo hnson, el 01, 1971; 
Lerchs, et 01, 1965; Plewman, 1970; Soderberg, et ai, 1968). 
Any n~mbcr of safe wall angles may be specified for changing 
slope stability conditions through the deposit. J:n addition, 
there is the option to specify working wall angles. These 
working angles define flatter intermediate sJopes. The flatter 
slopes arc maintail)ed in the pit bottom until they intersect 
with the final pit limits. From the intenlccliOll, the slope turns 
upward 10 the m:txinaum safe angle. The intermediale working 
slopes eDSuro sufficient operating space for mining equipment 
in pits with steep sides. 

SPATIAL SIMULATION 

Physical features and legal boundaries are simulated in 
GROPE by rccording their presence in special three
dimensional data sets. TIle model consults these data sets to 
branch the routines 10 computations appropriate to the 
changing environment. Some examples of spatial dala sets are: 
mineralization, topography, property lines, metallurgical 
peoall.ies and costs that arc a fUJlCtion of location. In this 
way, G ROPE is made sensitive to spatial changes and the 
dangers of generalizing the att ributes of a deposit by averaging 
are minimized. 

GROPE therefore brings together a number of new pit 
planning ideas with some earlier contributions 10 the field 
a nd some innovations in the use of computers. 

OPERATIONAL FEATURES 

The remainder of this paper is devoted to the operational 
features of the model programs. The major portion of the 
programs was developed originally by Robinson, 1969. 
The wrilers have made many major changes since early 
1970 to reduce running time and to add leach and stockpile 
options to the programs. The model has been operational 
since late 1970. 

Grade prediction program 

PROGRAM FUNC110NS 

The functions of this program are to 
(i) calculate grid level assays, 

(u) calculate grid block. grades based 00 drill hole assays 
weighted by lhe invt'r!C distance raised to a powt:r 
method, 

(iii) calculate total deposit ore reserves based on input cut-off 
grades, 

(iv) produce files storing grid block grade data and grid block 
topography, and to 

(v) produce scale plan and cross-sedion maps showing grid 
block value. 

Program accuracy 

The ehoice of the weighting parameters is very important 
to the accuracy of the results. The size of the grid blocks and 
ma)[imllm hole influence are usually chosen to ensure that 
grid blocks will be influenced by four to eight holes. 
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Computer-calculated grid block grades have agreed with 
production records when the number of holes influencing the 
block is in the four to eight range, and when limiting para
meters placed on fringe blocks are based On a minimum 
distance from drill hole and a minimum number of holes 
inHuencing the grid block. The power to which the inverse 
distance is raised is low for homogeneous-type deposits (that 
is, about 1.5 for typical large porphyry copper deposits) and 
is increased as homogeneity decreases. Grid blocks can be 
tipped for dipping deposits. Ore reserve totals tend to be 
sJightly low in grade Ilnd slightly high in tonnage when 
compared with mine records. 

Costs and runnilllJ lime 

Tbegrade prediction program is usually run in a time-sharing 
environment OD a BUIToughs 5500 computer. The running 
time of the program varies with the number of drill holes and 
grid blocks of the deposit. The number of cut-off grades, 
dilTerent metals and geological parameters generally have only 
a slight effect on running time. 

Running times have been in tbe range of a few minutes up 
to an hour of central processor lime. 

A typical orebody, say. 2 000 ft x 4000 ft x 800 ft deplh. 
with 100 to 200 drill holes, takes between 20 and 40 minutes 
ofccntral processor time and costs in the range of S200 to $400 
per run. Keypunching and error checking of input data 
generally has a similar cost. A deposit of similar size was 
caJculatoo several years ago by Cyprus Mines staff, using tbe 
inverse distance raised to a power method and a mechanical 
calculator. The hand calculations took about 10 man·months 
to complete. 

Grope programs 

f'ROORAM FUNCTIONS 

The functions of these programs are to : 

0) d"ign 'he fioal pit ,",ra", 'h" wm m.,imi", P' ''''O' 
value, 

(ii) produce a mioc schedule-that wilJ.maximize·present value, 

(ill) choose plant capacity yielding the greatest present value 
from input of a variety of plant sizes, 

(iv) choose yearly cut-ofl' grades to maximize one of three 
economic parameters, which are: 
(a) total profit, 
(b) present value, 
(c) immediate profit, and to 

(v) calculate value or cost of each ~id block. 

The model works in an iterative process as shown by the 
flow chart in Table r. Examples of tbe results of the 
caJcuiations are given in Figs. 8 and 9. 

Costs ami running lime 

The model programs are generally run in a remote batch 
mode on a Burroughs 5500 computer. The running time 
depends on the number of blocks. Approximately 80 to 90 
per cent of the central processor time is spent equally divided 
between the loops to optimize pit design and the loops to 
obtain thestripping required for the ore scheduled to bcmined. 
With the aid of a mathematician with programming knowledge 
Ihe efficiency of the program can probably be greally 
increased. The ruooing times o r the programs are now in the 
mnge of 1 to 1 . .:5 hours per iteratiou for a medium-size 
orebody. Usually. three iterations are required for the program 
to converge. The cost for a medium-size orebody, that is, 
2.:5 000 000 tons, contaiJ1ing 32000 grid blocks was in the 
range of $500 per iteration and about $1 .:500 in total. 
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Fig. 8 (a) Yearly processing summary. (b) Yearly product summary. (c) Yearly op4ratfng cast summary. (d) Cash flow summary. 
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Fig. 9. Oplimumpit map. 

Progrom accuracy 

The accuracy o f the GROPE programs has not been tested 
completely. The pit design po.rtioa of the program will design 
an optimum pil if drill hole assays, estimated operating costs 
and meta] recoveries are reasonably accurate. The computer
designed pits have arrived at a more economic pit design than 
trial-and-error hRad-designed pits on the several propertie!l 
that have been tes ted to d ate. 
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