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ABSTRACT. Different processes in open-pit mining can be optimised by applying various mathematical models. Due to the large number of elements determining an
open pit, and the complexities of the possible unknown links between these elements, it is difficult to estimate the dependency of the parameters in many processes.
Such estimation analysis can be very useful in understanding the operational mechanisms of the major and minor factors to a given process, as well as to serve as a

basis for optimisation.

This paper suggests a systematic analysis for determining the dependency of the parameters among some of the mathematical models most frequently used in open-

pit mining
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AHAINN3 HA 3ABUCUMOCTTA HA NMAPAMETPUTE NMPU MATEMATUYECKO MOAENUPAHE B OTKPUTO PA3PABOTBAHE

CumeoH AceHoecku, JaHuen eopaues

Munro-zeonoxku yHusepcumem ,Ca. UsaH Puncku®, 1700 Cocbusi (asenovski@gmail.com)

PE3IOME. Pasnuynute npouecu B OTKpUTUs o6uB MoraT aa 6baaT onTUMU3MpaHm Ypes npunaraHe Ha pasnuyHu N0 TOYHOCT U CMIOKHOCT MaTeMaTYeckv MOAEIH.
[Mopagu ronemust 6poit Ha eNEMEHTUTE, KOUTO Ca YacT OT CUCTEMA OTKPUT PYAHWK, U CIOXKHOCTTA Ha Bb3MOXHUTE HEM3BECTHM BPb3KM MEXLY TE3U eNEMEHTU, € TPYAHO
[a ce OLEHW 3aBUCUMOCTTA Ha NapameTpuTe B MHOTO npouecy. Takuea aHanuau 3a oueHka MoraT Aa 6baaT MHOTO MonesHu 3a pasbupaHe Ha MexaHu3MuTe Ha
[eliCTBIE Ha OCHOBHWUTE U BTOPOCTENEHHM (DakTopu 3a AafeH NpoLec 1 Aa nogobpsT Bb3MOXKHOCTUTE 3a ONTUMU3ALMNS.

Tasu cTaTus npegnara CMCTEMaTUYEH aHanu3 3a OnpefensHe Ha 3aBUCUMOCTTA HA MapamMeTPUTE Cpep HAKOM OT Haii-M3non3BaHUTe MaTeMaTUYecku MOLENM npu

OTKpUT JOBMB.

Kniouosu AYMU. MaTemMaTn4ecko MoaenupaHe, OTKpUTo paapa60TBaHe

Introduction

The variety of problems referring to the open-pit mining
determines a complex set of solutions, including those which are
related to the mathematical optimisation methods. Bench height,
pit slopes, boundaries of the different areas, processing
sequence, truck scheduling problem, etc. are some of the main
factors subject to different kinds of optimisation. On the other
hand, each of the listed factors (F) depends on various numbers
of parameters (f;,) which are elements of the open mine system.

F=F(f,f..f) (1)

where:
in Fi,,i=1, 2...,n are the numbers of the different factors
and in f, j = 1,2...,m are the numbers of the parameters.

For example, optimum bench height can be constructed if
the maximum cutting height and the capacity of the loading
machines, the capacity of the drilling machines, rock properties,
geological characteristics, etc. are considered. In their work,
Soltanmohammadi et al. (2010) have analysed bench height
optimisation criteria divided in terms of two main aspects:
economical (production scheduling, dilution, operating and

capital costs) and technical (practicability, safety, and
equipment).

It is known that the design of the pit slopes (slope angle)
strongly depends on the factor of safety and the probability of
failure. The economic impacts of potential slope failures have
been suggested by Contreras (2015) as yet another factor that
can be implemented to design pit slopes.

Many researchers have been focused to determine the
optimum boundaries of the different areas in an open pit: from
the graph theory proposed by Lerchs and Grossmann (1965),
through the floating cone algorithm based on the heuristic theory
(Berlanga et al., 1989), to the uncertainty representation method
suggest by Beak et al. (2016) using the variation in mineral
prices. All these different approaches show the parameters
diversity in the open-pit mining.

The operational planning and the processing sequence
mostly depend on the economic parameters; and the known
optimisation methods for extraction sequence consider this fact.
Indeed, one of the most used factors here is the Net Present
Value (NPV) analysis, which is related to the estimation of cash
inflows and outflows over the life of a project (Elevli, 1995).
Using the dynamic cut-off grade implemented in binary integer
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programming, Moosavia and Gholamnejad (2016) show that
NVP can be dynamically optimised during different stages of
mining.

Controversially, the truck scheduling problem mostly
involves the technical capacity of an open pit. This includes the
number of available truck, loading and unloading capability, and
dump selection. A common approach in optimising this problem
is a mixed integer programming model considering transport
revenue varied with different loading points (Chang et al., 2015).

Having summarised these problems and their possible
solutions, we can determine the dependency of the different
parameters to the unified open pit system.

Determination of the parameters

An open pit is a complex system with an enormous amount
of elements and relationships among them, which can be
considered as parameters for different processes. The
description of all parameters is impossible, but determining
those which are essential in the modelling of mining and
processing sites is a necessity.

Different weight dependencies can be identified and
quantified through the statistical analysis and the correlation
among parameters and the measured results and specification.

The parameter dependency changes (PDC) often occur
during development processes, especially due to unpredictable
reasons, such as economic changes, customer requirements,
weather changes, or other nonlinear factors. In this sense,
parameter determination is somehow crucial for the
implementation of the model optimisation. Nevertheless, most of
the existing methods are not applicable when PDC are
significant. The schematic view of decision making and models
optimisation is shown in Figure 1.
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Fig. 1. Flow chart of the decision making and models
optimisation

Here, the parameter dependency is summarised and how
models can be optimised taking into account different case
studies. The term “General problem” refers to all possible
optimising problems in an open pit, such as pit design
optimisation, open pit scheduling problem, uncertainty, risk, etc.
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Identifying the most important parameters and factors that affect
every aspect concerning open-pit mining is a decision making
process. Taking into account accuracy, flexibility, and
applicability of the solution methods (for example a
mathematical model), the numbers of the parameters and
factors can vary significantly. Subsequently, another process
decision could be taken, based on the model results. This is an
example of how the reverse flow from a non-real object, such as
a mathematical object (model or methods), can affect the
ongoing process. In other words, solution methods by
themselves can be considered as factors determining the
general problem. With the development of the computer
methods and software products (Mariko et al., 2018; Rimele et
al., 2020; Rakhmangulov et al., 2021), the weight of the solution
method as a factor in open-pit mining has become more
significant. In this sense, equation (1) can be rewritten as
follows:

I:i = I:i(fl1 T fm—n’ qm—n+l1"'!qm—1’s)’ (2)
where fi, f2.., fmn are the parameters that characterise the
system of the open pit, such as geophysical, geological, and
technical. The parameters qm-n+1, qm-n+2, ..., qm-1 refer to economic
factors, customer requirements, weather changes, human
factors, etc. The parameter s is related to the solution method.
The total number of the parameters describing any given
problem or situation is m.

Having the explicit type of a model that solves a given
general problem in open-pit mining, it can be used to some
extent in a specific situation, or the so called case studies. Every
single case study is characterised by additional parameters
different from those determining other cases. Actually, we can
consider different case studies in terms of PDC. In this sense,
equation (2) transforms into:

Fo=AF(f, . 0 OynereesOn1rS)s (3)

where A is a weight matrix.
In general, this matrix is in the form:

a; A A,
A= a21 a22 a‘2n ( 4)
aml am2 a‘mn

Determining the coefficients depends on every single case
study, and if the problem is similar to the general description,
then A is close to the unit matrix.

The difference between the parameters used to describe the
general problem and those which characterise a specific
situation and unique approach is embedded in the weight matrix
A. Thus, the modified models or optimisation methods with
comparison to the “basic models” (the models that describe the
general problem) use not different parameters but different
weight coefficients. Moreover, in many cases the modified
models improve the initial models.
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Table 1. Models used and parameters involved for different
problems in open-pit mining

Problem Model Parameters
. Numerical indicators —
Open-Pit Meagher number of ore and waste
Design etal., blocks:
Problem 2014 '
Economic value of blocks;
; Probability of slope failure;
Pit slopes
(skl)pe apngle Contreras, | Volume of excavated mass;
optimisation) 2015 Eaﬁrr]g.mic impact of slope
Numerical indicators —
Beak number of ore and waste
Optimum ctal blocks;
boundaries 2016 | Mass of ore block (tonne),
the grade and recovery of
ore;
- Numerical indicators —
p?apnenriar\]téogsg Mousavi | number of blocks;
the processing etal, Technical parameters -
sequence 2016 extraction capacity,
effectiveness;
Numerical indicators —
loading and dumping
Truck Chang | points, number of trucks;
scheduling etal, Time variable - loading and
problem 2015 | unloading times per truck,
moving times for an empty
and full-loaded trucks;

In Table 1, some examples of the models used in solving the
general problems in open-pit mining are shown, and in the third
column, the most important parameters are listed.

Method

From a statistical perspective, correlations among
measured quantities of the problem including final results, such
as productivity, cost price, duration of the process, etc., and
different parameters including optimisation models used can be
analysed to estimate the degree of influence.

One possible method in determining the correlation between
measured quantities and different parameters is the calculation
of the Spearman rank correlation coefficient (p) (Myers et al.,
2006; Zhang et al., 2020). This coefficient can be determined by
the following equation:

o
i=1

= 1 —_——,
P n(n®-1)
where:
diis the difference between every two pairs;
n is the number of observations.

Solving equation (5) for the existing pairs of the measured

quantities and parameters will give the heating correlation matrix
(Fig. 2):
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Fig. 2. Heating correlation matrix (Zhang et al., 2020)

In the heating matrix, x; (i=1,...,n) and y; (=1,...,m) are
respectively the measured quantities of the problem (results)
and parameters involved in the process. The method allows for
possible dependency between different parameters to be
presented.

Discussion and results

In this work, one of the possible methods for determining the
relationships between parameters and different processes in
open-pit mining is presented. Having the heating correlation
matrix, different analysis and conclusions about the possible
solution can be made. These include even the used
mathematical optimisation methods, as a component of the
parameters variety set. Such kind of analysis can be very useful
in long term scheduling problems.
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