OPEN PIT MINE SCHEDULING BASED ON FUNDAMENTAL TREE ALGORITHM

BY

SALIH RAMAZAN



A thesis submitted to the Faculty and Board of Trustees of the Colorado School of
Mines in partial fulfillment of the requirements for the degree of Doctor of Philosophy
(Mining and Earth System Engineering).

Golden, Colorado

Date: f—;é /5S PenS
Signed%

Salih Ramazan

Approved: /A/é J/vé&

Dr. Kadri Dagdelen
Thesis Advisor

Golden, Colorado -
Date: l!L‘S!?_oc:'\ \_N\
W ! Dr. Tibor G. Rozgonyi
Professor and Head,

Department of
Mining Engineering

i



ABSTRACT

Long-term production scheduling design is a very important part of mining because it
determines the economic outcome of a project. It is a very complex and difficult problem
basically due to its large scale. Much effort has been devoted to solving the optimum pit
scheduling problem, but there has been no success in developing a scheduling method to
give optimum results in maximizing net present value of a mining project.

It is already known that the optimum result for the scheduling problem can be obtained
using a mathematical programming method such as Mixed Integer Programming. How-
ever, it is not possible to formulate the scheduling problem as a mathematical program-
ming model since the number of variables required for the mathematical model is too
great to be solved by today’s available computer technology. Therefore, a methodology is
required to combine, or aggregate, the mining blocks and to decrease the number of vari-
ables in scheduling without losing the optimality. Therefore, fundamental tree concept is
introduced in this thesis research to combine the blocks.

A fundamental tree is defined as any combination of blocks such that:

1. the blocks can be profitably mined,
2. the blocks obey the slope constraints and,
3. there is no proper subset of the chosen blocks that meets 1 and 2.
Linear Programming (LP) formulation is developed as a mathematical model to find
a set of fundamental trees that exist for a deposit. Since the blocks are combined to form
the fundamental trees, the number of variables required for the scheduling model 1s de-
creased significantly. This decrease in the number of variables makes it possible to

mathematically formulate the scheduling problem.
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Mixed Integer Programming (MIP) formulation is further developed to determine the
yearly mine schedule from the fundamental trees. The material scheduled for each year is
constrained to have the attributes of a real mine operation such as mine production capac-
ity, processing mill capacity, grade of ore, etc.

The fundamental tree mathematical programming model is applied to a multi-mineral
copper deposit in Peru, South America. The mine is scheduled to meet yearly production
requirements using fundamental trees such that net present values (NPV) of the cash
flows are maximized.

NPVs of annual after-tax cash flows are generated based on the schedule provided by
the “Fundamental Tree Algorithm” developed in this research.

The deposit is also scheduled using three of the computer packages available to the
mining industry. These are Mintec’s M821V, Earthwork’s NPV Scheduler, and Whittle’s
Milava open pit mine schedulers.

The results obtained in this study indicate that CSM-LP Scheduler gives the highest

NPV among alternatives.
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CHAPTER 1

INTRODUCTION TO MINE PLANNING

1.1 INTRODUCTION

Mining can be defined as an excavation in the earth made for the purpose of removal
and sale of an economically valuable mineral or material. In a mining project, the first
step is the exploration by which the orebody is located and outlined, and its tonnage and
grade determined by a sampling process (such as drilling).

After determining an outline of a massive deposit, a block model is developed to rep-
resent the deposit (see Figure 1.1). The size of a block for a typical open pit mine can be
50’x50°x20’ depending on geology and mining method. The size of the blocks is gener-
ally considerably smaller than the drill hole spacing. The grade of each block in the
model is.estimated using one of the estimation techniques such as distance weighting or
Geostatistics. The block model concept is discussed in more detail in section 1.3.

An open pit mine can be designed using circular analysis as shown in Figure 1.2. The
mineable reserves can be determined by assuming physical capacities (ore and waste pro-
duction capacity, milling and refinery capacity) and production costs (mining and proc-
essing cost). The mineable reserves are determined by defining final pit limits. This is
normally done by using the moving cone method, or the Lerchs and Grossmann’s
method. The whole deposit is divided into two subgroups by final pit limits as shown in a
2D example in Figure 1.3. Only the material inside the final pit limit can be mined eco-

nomically under the current economical conditions.
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Figure 1.1. A 3D block model representing ore deposit.
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Figure 1.2. Steps of traditional planning by Circular Analysis (Dagdelen, 1985)
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Figure 1.3. The final pit limit is shown in a 2D cross-sectional block model example. It
may take 20 or 30 years to mine a mineral deposit up to the final pit limits.




The next step is to divide the whole portion of material within the ultimate pit limits
into smaller volumes to be used in scheduling the mine as shown in Figure 1.4. These
smaller nested pits are called “pushbacks,” or “incremental cuts,” or “phases.” Each in-
crement can be formed by generating the optimum pit limits for different market condi-
tions such as price of the product, or stripping cost, or processing cost. These phases can
be obtained using any of the traditional pushback design algorithms such as Whittle’s
method (maximizes undiscounted dollar value of each phase), Seymour’s method (maxi-
mizes dollar per ton value of each phase), Dagdelen and Bongarcon’s double parameteri-
zation method (maximizes amount of metal contained within each phase), etc. Each
pushback configuration generates different cash flows resulting in different Net Present
Value (NPV). Two different possible configurations of phases are illustrated in Figure
1.

After designing pushbacks, the next step in mine planning is to determine a sequence
of extraction for each year for the period of mine life. The scheduling is done applying
some constraints such as maximum ore production capacity, maximum waste stripping
capacity, minimum ore production requirement, minimum and maximum grade of the ore

that can be processed at the mill, etc.

1.2 PIT SLOPE CONSTRAINTS IN MINING

The pushbacks that are designed during mine planning must obey the maximum allow-
able pit slope constraint. In order to achieve this, a 3D - cone model is used. The angles
of a cone and horizontal and vertical planes are shown in Figure 1.6. Mining slope angle
is generally defined from the azimuth angle, which is the angle measured from North in

the
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Figure 1.4. An example pushback configuration that can be obtained using one of the tra-
ditional pushback design algorithms on a 2D cross-sectional block model example.
One phase can take up to 10 years to mine it.
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Figure 1.5. Two possible configurations of incremental pits (pushbacks) in cross-
sectional 2D examples resulting different Net Present Values (NPVs). Pushback
number (order of extraction) is written inside circle.
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Figure 1.6. Angles, the horizontal and vertical planes are illustrated.

&~

Center Line

North - South direction

East - West direction

East — West direction

Apex

Figure 1.7. An example 3D cone figure used in designing pushbacks. R, is the radius of
the top of the cone, R, is the radius of the bottom of the cone.



clockwise direction. A sample slope angle representation is shown on a cone in Figure
1.7. Aty - degree of azimuth angle in the figure, the slope angle is 90-6 degree. The angle
between the sides of the cone and the horizontal plane is the same as the pit’s maximum
allowable slope angle. The slope angle may be different at different directions of azimuth
as shown in the figure.

For example, in the given figure « is the slope angle along East — West direction, and

B is that along North — South direction, and o may not be equal to . The sides of the
cone at different azimuth directions are set at the same slope as the slope angle of an ac-
tual pit. The bottom of the cone is called “apex.” The apex of the cone is set on a block
(or node) in the block model, and all the blocks within the cone are identified as the over-
lying blocks. That means all the blocks within the cone must be mined before the block
sitting at the apex of the cone can be mined out. Since the cone has the same slope in all
directions as the actual pit, mining the blocks using this cone ensures the slope constraint
for the open pit mining operations.

In order to divide the mineral deposit into smaller volumes, the apex of the cone is
set over a positive node. The location of the positive node chosen depends on the
pushback design method, but mostly it is started from the positive node on the most upper
level of the deposit. All the nodes inside the cone set over the positive nodes must be re-
moved from the deposit to be able to remove (or mine) the positive node. By following
certain rules (the rules are different for different methods), these nodes are connected to
each other by arcs. The set of connected nodes are considered, or planned to be mined all

together starting from the most top level nodes and proceeding downward.



1.3 BASIC DECISION PROBLEM IN MINE PLANNING

Sometimes when the apex of the cone is set over an ore block (positive node), some
or many of the overlying nodes inside the cone will also fall inside another cone whose
apex is set over a different ore block. An example for this situation is illustrated in Figure
1.8. As shown in this figure, node C falls inside both of the two cones whose apex are set
over two different nodes, node A and node B. There are generally many blocks within the
area overlapped by more than one cone. The problem is deciding which block should be
mined together, or choosing the right connections between nodes to achieve an objective
such as maximization of NPV, or maximization of metal content, or minimization of
stripping ratio. For example, in the figure, should node C be connected with node A or
node B?

In the given example in Figure 1.8. assume that node B has higher dollar value than
node A. If an algorithm aims to maximize the undiscounted value of a project, it will
choose to connect node C with node B. This connection will allow node B to be mined
before node A. This means that all the nodes within the cone whose apex is set over node
B have to be scheduled in an earlier period than block A and all the blocks that fall in the
cone of block A.

Figure 1.8. Node C is inside both of the two cones whose apex are set over two different
nodes, A and B.



