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Abstract: Production planning defines the drawpoint extraction percentage in order to a deterministic
destination (processing factory) according to scheduling objectives. One of the main problems in such
planning is related to the lack of integration designing factors. So, there is a need to develop a model for
mine scheduling using all factors influencing the strategic plan. In the current study, the Mixed Integer
Linear Programming (MILP) has been developed according to metallurgical constraints. The maximum
and minimum cut of grade as well as relative grade constraints are used to produce a real production from
drawpoints according to the dilution control. The CPLEX software is used as a MILP solving framework,
and also MATLAB to develop mathematical models. The application of the models based on metallurgical
constraints was validated using 85 drawpoints over 12 periods. The results showed that in usual condition,
the reduction of NPV was only 9% with the proportional non-distribution of average grade 24% of the
maximum grade in the drawpoints, while by applying the metallurgical constraint this was reduced to
4%. Finally applying the metallurgical constraints with other operational constraints presented the real
production planning.

Keywords: Maximum and minimum grade constraint, Relative grade constraint, Production planning,
MILP.

INTRODUCTION

Mine planning consists of defining the source, destination and extraction time of ore and waste during
the mine-life. Production scheduling of any mining system has an enormous effect on the operation’s
economics. Nowadays, production scheduling is one of the key components in determining mine viability,
because the mining industry faces lower grade and marginal reserves. Improvements in computing power
and scheduling algorithms over the past years have allowed planning engineers to develop models to
schedule even more complex mining systems [1].
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A production scheduling methodology that is based on a limited number of influential parameters will
lead to optimistic production schedules. In addition, the metallurgical requirements of processing factory
must be considered for production scheduling.

Chanda [2] used MIP combining simulation to schedule drawpoint production in a block-caving
operation. Rubio [3] noted that Chanda has not recognized the fact that the set of constraints is a function
of the planning horizon under study. Guest et al. [4] assumed that by following a set of surfaces that
conceptually define a draw control strategy, dilution can be minimized and therefore the net present
value (NPV) can be maximized. Smith and Rahal [5] reviewed the state-of-the-art in production schedule
optimization and compared the complications related to caving. Rahal et al. [6] described mixed-integer
linear goal programming (MILGP) models. The models had the dual objectives of minimizing the sum of the
production and external sources depletion. This algorithm assumes that the optimal draw strategy is known.
Diering [7] presented a non-linear programming optimization method to maximize NPV and minimize
the deviation between a current draw profile and the target defined by the mine planner. Smoljanovic et
al. [8] presented an MILP model to optimize the NPV value in a panel cave mine to study the drawpoints’
opening sequence. The emphasis is in the precedence, geometrical, and production constraints. Epstein
et al. [9] presented and solved a MIP model with an objective function of maximizing the NPV that was
successfully used in Chilean copper mines by Codelco for both underground and open-pit extraction. Their
model uses the drawpoint as the exploitation unit for underground. As in Parkinson, the extraction rate of
the Epstein method had a constant value in the mine life. Alonso-Ayuso et al. [10] considered a planning
MIP medium range problem for the El Teniente mine in Chile to maximize NPV by introducing explicitly
the issue of uncertainty. Nezhadshahmohammad et al. [11, 12] presented a comprehensive MILP model
in block caving. All above research summarized several authors’ attempts to use different methods to
develop methodologies for optimizing production scheduling in block-caving operations. But in all of them
have not applied the metallurgical constraints. So, there is a need to present a model with responding the
processing parameters. In the current paper the propose model by Nezhadshahmohammad et al. [11,12] are
modified and added the maximum and minimum acceptable grade of processing factory and relate grade as
a metallurgical constraints.

MODEL FORMULATION

The presented MILP model is developed in MATLAB and solved in the IBM ILOG CPLEX environment.
CPLEX uses a branch-and-bound algorithm to solve the MILP model, assuring an optimal solution if the
algorithm is run to completion. The gap tolerance (EPGAP) of 1% is used as an optimization termination
criterion.

Metallurgical constraint forces the mining system to achieve the desired grade. It ensures that the average
grade of production is within the desired range in each period. The maximum and minimum acceptable
grade for processing factory calculated by Equation 1. The relative grade according to processing parameters
achieve from Equation 2.

P P P
ZTonpr,WxU <ZTonprm’p’,><U <ZTonp><Guﬁpﬁ,><U (D
p=l p=1

Pt bt pit
p=1

T T

[ Ton, ~Ton, +Ton,(1-Z,)) |xG,,, <> (DR, xG,,, )~ 2 (DR, xG,,, ) < o
t=1 t=1

[Tonp —Ton, +Ton (1 —Zq’t)J xG,

IMPLEMENTATION OF MODEL

The performance of the proposed MILP models was analyzed based on maximizing the NPV at a
discount rate of 12% as a function objective and all operational, geological and geotechnical constraints
while assuring that all constraints were satisfied during the mine-life.

The database consists 85 drawpoints must be modeled in 10 periods. Figure 1 illustrates the average
grade of production in two states (with metallurgical constraint and without it).
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Indices
peil,...,P} | Index for drawpoints.
tefl,..., T} Index for scheduling periods.
U Continuous decision variable, representing the portion of draw column p to be extracted in
€ [0,1] .
P period ¢.
Z elon Binary decision variable controlling the precedence of extraction of drawpoints. It is equal to 1 if
P ’ extraction from drawpoint p is started in period ¢; otherwise it is 0.
P Maximum number of drawpoints in the model.
DR, Pt Minimum possible draw rate of drawpoint p in period ¢.
DR, ,, Maximum possible draw rate of drawpoint p in period 1.
Ton, Total tonnage of material within the draw column associated with drawpoint p.
wopit Upper limit of the acceptable average head grade of drawpoint p in period 7.
G,, ot Lower limit of the acceptable average head grade of drawpoint p in period ¢.
ave,p,t Average grade of drawpoint p.

|
|
\
\
[
\
|
With metallurgical }

cons. 4
v

0.44 -
0.42 -

Without
metallurgical cons. /

Grade(%)

0.38 / J
0363 /
0344/ /

Period
Figure 1. Production grade with MILP model

Table 1 show the results of MILP model with consideration the metallurgical constraints and without
mentioned constraints.

Table 1. MILP model results

NPV Produced Grade Tonnage | Ectraxt
Model CPU
(M$) MIN. MAX AVE. (M) (%)
With Néeta““rg‘cal 00:01:45 | 1257 0.34 0.46 0.4 10.09 80
ons.
Without
Metallurgionl Cons, | 00:49:42 | 1143 0.42 0.44 0.43 8.04 63

The average grade calculation from MILP model in 10 period has been showed in Figure 1.

With presence of metallurgical constraints, during the mine life the average grade of the production was
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in a smooth manner and the maximum, minimum and average grade was in a same level. In the second
model without the metallurgical constraints, during the mine life the average grade of the production was
higher than 24 % of maximum grade of drawpoints. So, the second model cannot control the dilution.

CONCLUSIONS

This paper presented a practical application of metallurgical constraints in mathematical production
scheduling optimization. MILP formulation for block-cave production schedule was developed, implemented,
and tested in the CPLEX/IBM environment. The formulation maximizes the NPV subject to defined operational
constraints. To manage drawpoint grade production, the two shape of processing constraints which limits
production based on the amount of material that has been drawn according to factory acceptable grade was
established. This means that production depends on the cumulative grade mined from a drawpoint. The results
show that by applying the metallurgical constraints as compared to those not, only by 9% reduction in NPV
the proportional non-distribution of average grade without metallurgical constraints is 24% of the maximum
grade in the drawpoints and by responding to the metallurgical constraint decrease to 4%. Consequently,
drawing pattern and dilution are controlled by using introduced mathematical model.
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