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Simulation of exploitation alternatives in marble quarries based upon a
recovery index

J.Ribeiro & H.G.Pereira
CVRM/IST, Mining Department, Lisbon, Portugal

: To perform the exploitation planning in marble quarries in the context of modern information
technologies, it is needed to forecast the value of the blocks before extraction. To cope with this problem, a
methodology, based on observable attributes in the working faces of the quarry and on expert information,
was developed to obtain an index that summarises the expected local recovery. Once obtained this index by
Correspondence Analysis, its estimation in unknown blocks by Kriging allows to produce an economic model
of the quarry, based on which the exploitation planning may proceed. The simulation, by a Monte Carlo based
technique, of the quarry development provides sequences of extraction for each exploitation alternative,
compared on the grounds of the Discounted Cash Flow (DCF) statistical distribution. The application of this
methodology, adjusted to specific economical/environmental conditions, entails obviously an improvement on
productivity, reducing to a minimum the non-economical waste blocks that damage the environment. A case
study regarding a Portuguese marble quarry is presented, for the purpose of illustrating the proposed

methodology.

1. INTRODUCTION

The economic viability of ornamental rocks
exploitation depends strongly upon the minimum
dimensions of “Good” blocks that it is possible to be
extract, taking into account the downstream
transformation  processes and the intrinsic
commercial value of the stone. The reduction of
waste blocks is another requirement (intimately
related with the minimisation of production costs
and environmental damage), which also contributes
to the rational exploitation of the deposit. The
success of the venture depends strongly upon the
procedure by which the exploitation plan is
performed. The basic problem of that procedure is
the difficulty to know the expected in sifu material
value, prior to its exploitation.

Indeed, as opposed to the other mineral resources,
whose value is straightforward to define by the ore
quotation and concentration (expressed by only one
number - ore grade), in the case of ornamental rocks
the management must establish, somehow
subjectively, the value of each unit submitted to
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exploitation planning. This value is based upon a set
of intrinsic and extrinsic factors.

Given the impossibility of controlling clearly the
extrinsic factors that give rise to an extremely
volatile market, the research effort reported in this
paper focus on the intrinsic factors. In this respect,
the formulation of mathematical models, which
combine descriptive geological methodologies and
analytical methods, constitutes a sound basis for the
mathematical characterisation of rock deposits, since
they permit an objective analysis of discontinuities’
properties and the integration of subjective
information, through appropriate codification.

In the case of ornamental rocks, the quality of the
material is not expressed by only one number, but
depends upon a set of attributes of different types -
Boolean variables, as presence/absence of veinlets;
nominal variables, as colour and texture; ordinal
variables, as granulometry; real variables, as density
of fractures.

Thus, the intrinsic characteristics must be
synthesised in a single quantitative parameter, which
constitutes the basis for exploitation planning and



economic evaluation. The definition of this
parameter, denoted quality index of the ornamental
rocks (or recovery index, in a particular formulation,
depending only upon fracture attributes, cf.
Albuquerque (1993) and Ribeiro (1994)), is based
upon an innovative methodology supported by an
algorithm of Correspondence Analysis (CA), applied
as a discriminant procedure (Benzécri (1980),
Pereira (1988)) and modified to fit the specific
features of that problem (Pereira ef al. (1993)).

That methodology consists essentially of combining
the measured and observable attributes in the
working faces of the quarry, and projecting them in a
scale fixed by two poles or archetypes, which
materialise the extremes (“Good” and “Bad”) of the
classes in which the attributes are categorised. The
application of that methodology (described in
Pereira ef al.(1993)) to fracture attributes - length,
curvature, number of intersections, presence of
veinlets, dip and fracture density - measured in the
marble quarry of Rosal - located in south-east
Portugal - allows to obtain a regionalized variable
(RV), denoted recovery index, which gives the
ranking order of each experimental “support” (non-
overlapping window that sweeps the working faces
of the quarry) where the attributes are observed and
digitised.

This index combines in a single measure the
geological features that govern economical recovery,
and can be used as the basis for value assignment to
blocks, prior to their extraction, being therefore part
of the objective function that allows the comparison
of alternative design solutions for exploitation
planning.

Obviously, the index, once estimated by kriging in
a grid of unknown blocks of the quarry, gives only
an arrangement of the blocks in an arbitrary quality
value scale. Hence, an economic function,
transforming the index values into Portuguese
currency (PTE'), should be adjusted on the basis of
past experience, in order to proceed the economical
analysis of exploitation alternatives.

2. ESTIMATION OF THE RECOVERY INDEX

The experimental values of the index, viewed as a
RV, are used in a geostatistical study that gives the
estimated values in unknown blocks. Through the
variogram function, it is possible to evaluate the
spatial continuity of that RV in each level of the

quarry.
'1$US = 175 PTE
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Fig. 1 - Variogram of the index (level 1)
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Fig. 2 - Variogram of the index (level 2)

Figures 1 e 2 show, for each level of the quarry,

the omni-directional variograms of experimental
supports and the fitted theoretical models. Both
variograms exhibit basically the same structure,
being modelled by spherical schemes of 12 and 8 m
ranges, respectively.
Since the index is calculated by an iterative process,
its value depends upon some controlling parameters
(weight of each attribute, dimension of the sampling
window and classes of attributes), which can be
modified during the algorithm.

Indeed, the presented variograms (obtained after a
set of trials conducted after modification of the
above mentioned parameters) show a good structural
representativeness of the index. The variographic
study gives rise to a structural validation, which
complements the expert validation performed further
with the results of the estimation.

Figures 3 and 4 show the maps of each level where
the index was estimated by krigingina 1.5 x 1.5 m
grid. The zone where the index is predicted is
bounded by the variogram range, ensuring
extrapolation.

An overall analysis of the maps of figures 3 and 4
permits to validate the model in global terms, since
the higher expected recovery of level 2 (50 % of



ROSAL QUARRY - Level 1
100 : : s0.0

E][-E 00: 070[

il ( 0.70, 3.00(

o
n[arm, 6 00(

200
soo

SR

[o]]

|

Fig. 3 - Map of kriged blocks (level 1)
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Fig. 4 - Map of kriged blocks (level 2)

good blocks, approximately) matches the historic
information provided by the enterprise management,
as opposed to a lower recovery predicted and
observed in level 1 (20 % of good blocks,
approximately).

3. ECONOMIC EVALUATION

3.1 Basic hypotheses, definition of exploitation
alternatives and cash flow calculation

In order to perform the economic evaluation by
calculating an objective function based on the
Discounted Cash Flow (DCF), a set of hypotheses,
given below, must be established :

e absence of investment, because the two levels
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are currently in exploration, and additional
workings and/or acquisition of equipment are
not required;

e sale price time invariant, depending only on
the category of the material and on the index,

as follows :
- Index - 1.5
- high valued blocks = 80 000 PTE/m” x V x —‘3——
: Index + 0.45
- intermediate blocks = 50 000 PTE/m” x V x -_:2—3_‘

- low valued material = 0 x V x Index

e extraction costs time invariant, depending only
on the distance between the location of each
block and the charging point of the derrick;

e input penalties to each kind of blocks, in order
to account for environment damage, as
follows:

- high valued blocks =0 x V x Index
Index - 4.15

2.3
—Index + 4.05

6.7

- intermediate blocks = 7 500 PTE/m’ x V x

- low valued material = 15 000 PTE/m® x V x

average production rate of 50 blocks/month;
capital opportunity cost time invariant equal at
12%/year;

e time of stock different to each kind of blocks,
as follows :

- high valued blocks = 15 days
- intermediate blocks = 30 days
- low valued material put in the waste disposal area

e absence of depreciation.

The technique of Discounted Cash Flow (DCF) was
used as a quantitative support to permit the selection
between three alternatives of exploration (A, B, C),
and to define the best exploration sequence in each
of them.

The different alternatives were based on a division
of each level in four equal areas (1 to 4), and are
described below :

e Alternative A - Step 1 : exploration of blocks
from level 2, without overlying blocks (level
2’); Step 2 : exploration by areas (first the
blocks of level 1 and after the blocks from
level 2);

e Alternative B - extraction by areas (first the
blocks from level 2°, then the blocks from
level 1 and then the last blocks from level 2);

e Alternative C : Step 1 : extraction of blocks
from level 1; Step 2 : extraction of blocks from
level 2.



