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Cette recherche est principalement axée sur la planification de la production a tres court terme et
GH OYDIIHF ahiowsauR eell€s idanhskine mine a ciel ouvert. Les principales lacunes des
modéles existants dans la littérature sont: a) la non considération du temps d'attente et de la file
d'attenteaux serveurs (pelles €oncassurs), b) la simplification des modeles et la cdésmtion

d'une quantité limitée de détails dans les modéles, c) la négligence de la nature stochastique du
systtmeGIDIIHFWDWLRQ GHYV, & RIERIQPperDeXt ds&HARIES/est basé sur
I'nypothése d'une flotte identique (camions et pelles).

Les objectifs de cette recherche sont le développement et I'utilisation d'un modele de simulation
de basepour valider la solution du modétee programmation linéairé’) et le développement

d'un second modéle de simulation qui représente le systemetd@een temps réel. L'objectif

du second modeéle de simulation est la maximisation de la production de minerai tout en prenant
en compte les contraintes du mod@PL. Les deux modeles de simulation sont considérés dans
les situations déterministes ebabastiques.

Les modéles proposés sont appliqués dans une mine de charbodsulias obtenws a partir de
OTH[HPSO D Loddribn@ed qielle/ddncasseur est le goulot d'étranglement de l'installation.
Afin de valider et vérifier les modeles propgs&fH[HPSODLUH GH EDVHe#HVW PRC
camions et les pellesleviennent a tour de réle legoulots d'étranglement du systéme
d'exploitation.

/IRUVTXY R QleGarRbred® Eamionsour que ceuxi deviennent legoulot d'étranglement,

le résultat dumodéle PL est trés optimiste et differe de la realité. Le mateR ne considere

pas le temps d'attengaix serveurs, mais le modéle de simulation de base tient compte de la file
d'attente aux concasseurs et aux pelles. En conséquence, dés qu'empsud‘dttente dans le
modéle de simulationl y a perte de temps ce qguiduit la production de minerai. Le modéle de
simulation en temps réel obtient un meilleur résultat que le modele de simulation de base. La
raison de cette difféerence est due au tpie dans le deuxieme modele de simulation, la
destinationpour laquelle on estimgu il y aura un temps d'attente aux pelles sera pénalisée. La
quantité de minergiroduiteest donc plus grande que dans le modele de simulation de base.

Quand le temps dehargement de la pelle est considéré comme un goulot d'étranglement, le

résultat du second modéle de simulation produit plust@#e que la solution donodelede PL.
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Etant donné que dans le moddePL, I'objectif est de maximisda production de minei, il
existe plusieurs solutionsde méme valeur (i.e. méme quantité de minerai) mais dont la

production de stérile peut fortement varier.
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This researcllealswith very short tam production plan and trueshovel hauling system in open

pit mines. The main shortcomings of the existing models reviewed in the literature amet a)
consideringthe waiting timeand queueat servers (shovels and crushgets) smplifying the

models and considering a limited amount of details in the modglgyroring the stochastic

nature of the truck and shovel haulisgstem, d) developing model based on an homogeneous
fleet (trucks and shovels).

The objectives of this research ateto develop and apply a basic simulation model considering

the queue and wanig time of trucks at shovels and crushers in both deterministic and stochastic
situations based on thieear programmingL(P) model result. This model validates the result of

the LP model and provides the detailed and applicable dispatching plan fperapio mine 2-

To developapply and verify the second simulation model which is the real time control system.
This simulation model maximizes the ore productishile taking into accounthe LP
constraints.This model imitates the truck shovel haulagystem in both deterministic and
stochastic situations.

The proposed models are applied in a coal open pit mine. The obtained results from the LP and
simulation models in our case study demonstrate the fact that the crusher is the bottleneck of the
system.Then,in order to validate and verify the proposed models, we created two other scenarios
ZKHUH WKH IOHHW RI WUXFNV DQG WKH VKRYHOYfV VHUYLFH
of the operational system.

When the fleet of trucks is the botteak, the result of the LP model is too optimistic and differs
from the reality. The LP model does not consider the waiting time at servers while the basic
simulation model takes into account the queue at crushers and shovels. As a result, as soon as the
waiting time occurs in the simulation model, system is losing time thus the production of ore is
lower than the expected. The real time simulation model has better results than the basic
simulation model. The reason is that in the second simulation moeel;aiting time at shovels

will be penalized therefore; this model has a better production level than the basic simulation
model.

When the shovel loading time is considered as the bottleneck of the system, the result of the

second simulation model produce®mre waste in comparison with LP model solution. Since in
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the LP model, the objective is to maximize the ore production only, there are an infinite number
of solutions which have the same level of ore production but different amounts of extracted

waste.
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CHAPTER 1: INTRODUCTION

1.1 Problem definition

Open pit mining is aurfacemining method ofexcavatingrock or mineralsfrom the ground by
removing them from an opgmt. This method is used when deposits of valuatileeralsor rock

are found near the surface. This valuable mineral is called ore which is a natural combination
one or more solid minerals that can be mined, processed and sold at a profit. Also,-the non
valuable material is called wastghich removing of themn order to reach the ora an open pit

mine is inevitable.

The ore body is excavated from the upper down in sequences of horizontal layers of identical
thickness called benches. Mining starts with the highest bench and after an appflgonatrea

has been exposgenhining of the next layer beginThe process carries on until the bottom bench
height is reached and the final pit out liseachieved. In order to access the different benahes
road or ramp must be prepargtustrulid andKuchta, 1995).

There isa set of operations which will repefdr extracting ore and waste during the life of the
mine (LOM). These activitiesnclude drilling, blasting, loading and hauling the extracted
material tothe specificdestination. The widthral steepness of themps and benches the

mine depends upon these operatiegsipmeni{Hustrulid and Kuchta, 1995)


http://en.wikipedia.org/wiki/Surface_mining
http://en.wikipedia.org/wiki/Rock_%28geology%29
http://en.wikipedia.org/wiki/Minerals
http://en.wiktionary.org/wiki/pit
http://en.wikipedia.org/wiki/Mineral
http://en.wikipedia.org/wiki/Rock_%28geology%29
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Most of the recent open pit desgjomegin through a geologic block model achieved by dividing
the deposit into a three dimensional grid of fixed size blocks, as shown in figu®sanloo et
al., 2008).

X

Figure t 1: Isometric view of a block mod@&h open pit mine

The grade and various chemical and mechanical propertibe blocks, and also an estimation
of their economic value are possible by sampling and the use of geostatistical approaches
(Gamache=t al., 2009)

The production planning spiées thesequencef mining of these blocks over a definite period
of time denotedthe scheduling horizon. The production scheduighgsually divided intcdfour

levels: longterm, mediurderm,shorttermand very shorterm

In longterm planning, which is associatedvith the outlines of the mine thairovides the
maximumbenefit,the goal is to identifyvhich blocks are removed amchich onewill remain in

place The longterm periodis the range othe mine life and depends greatly thesize of the
deposit The mediuraerm scheduling problem deals with planning horibetween 1o 5 years.
Based on the more detailed information of the mediemm schedules a more precise design of
ore extraction from a special area of the mine can be achieved. Also, this information would
allow the replacemenbf necessary equipment or the procueamof required equipment and
machinery. The mediuwterm period also is broken down inte6lmonth periods for even more
detailed scheduling.

Furthermore, this period is divided into a shift or one day to a week pdoodshort term

planning.Realtime dspatchingsystemis called very shotterm planning The very shortterm
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production planning is a two phasgystem that consists irpresening a production plan for a
very shoriterm period that permits better design of the operations amgide line br

dispatching trucks to shovels locatedhie mining areas.

This thesiswill focus onthe Very Short-Term ProductionPlanning (VSTPP) in open pit mines.
VSTPPdetermines the number of each type of trucks traveling between each pair of shovel and
crusher(or waste dumpfor one shift The model that we will use tke linear programming (LP)
model proposedby Gamache et al. (2009This modelprovides a production plan fa work

shift indicaing the number of trucks tbe allocateal to the different mining areas and the amount

of oreandwasteextracedby shove$ and transpoddto the crusher or to eagtastedump

The LP model optimizes the ore productmonsideringseveralconstraintsit doesnot take into
account the waiting time and queues at sersect ashovels and crusheralso, the LP model

does not present the operational dispatching plan for trucks in the mine. It only presents the
number of truck that has to be sent send tceaiBp area not the time or their typ&dditionally,

thisis a deterministic modedince it considersonstant service tinsat shovels and crusheasd

constant velocity of the trucks thatfect thetruckstraveling time.

The first purpose of this researchasapplyadiscrete event simulatiamodel toopen pit minen
order to validate the optimal result of the LP modkl. this simulation model, the optimal
solution of the LP model is used as a target for the simulatend the right number of trucks to
the mining area whilst providing the operational dispatching plan of trucks in mine. This

operational plan presents which truck and when has to be allocated to shovel.

The second purpose of this research igxtaminethe possibility of developing a simulation
model to maximize ore production and determine the numbeipsfbetween mining areas and
dumping sites that can hesed instead ahe LP model for a very shetgérm planningperiodin

an open pit mine.
In the next section the objectives of this researchbeppresentd in more details

1.2 Research objectives

The performance of the truck and shovel haulage sybtmnbeerstudied in the literature in

regard to optimize the objective function through lineargpaomming, simulation models and
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combination of these methodm these researchdas has beentried to maximize material

production or minimize the number of trucks for a specific production plan for a short term.

In this study, a discrete event simulation modedeveloped to validate the LP model by
considering the queue arige waiting time at servers which are ignored by the LP model. The
basic simulation model deals with the result of the LP model as a predefarget for
dispatching the number of trucks to the shovels and dumping sites. Moreover, another simulation
model| that we call a real time simulation mogdisldeveloped in order to find production plan

for an open pit mine by considering the LP modenstraints through simulation software. So,

the general objectives of this reseaah, to validatehe result of the LP model by developing

the simulation model, to provide an operational dispatching plan, and tarftider way to do

the veryshortterm production planning in open pit mines.

Since the main problem of VSTPP is the uncertainty related to the operations of trucks and
shovelsin open pit mins, the suggested simulation models deal with the uncertainties ¢ogsist

of truck velociy, loadingtime at shovels, unloading time in either crushers or waste dumps.

We can summarize the objectives of this work as:

x To develop an@pplya basic simulation model consideg the queue and waiting time of
trucks at shovels and crushers in bogtedministic and stochastic situations based on the
LP model result. This model validates the result of the LP naukprovides the detailed
and applicable dispatching plan for an open pit mine

x To developapply and verify the second simulation modeligthis the real time control
system. This simulation model maximizes the ore produdtibite taking into account
the LP constraintsThis model imitates the truck shovel haulage system in both
deterministic and stochastic situations.

x To compare the rekuof the LP model and simulation models by considering different
scenarios where the main operational components will be in turn the bottleneck of the

system.

The next section presents the overall view of this thesis based.



1.3 Thesis structure

In this chater, an overview of the problem in hand and the research objectiegsresentedn

chapter 2, the literature review provides an overview of common methodologies and approaches
used in studying truck and shovel systems including linear programminglasonuy and
combination of these methods. Chapter 3 includes the theoretical framework for the linear
programming formulation to optimize the allocation of trucks and shagelsell addescriling

the simulation models. Chapter 4 is dedicated to the pe#sen and a discussion of
computational results achieved. In chapter 5, some conclusions are drawn and directions for

future work are proposed.



CHAPTER 2: LITERATURE REVIEW

This chapter presents the review of studies about the production planning and truck and shovel
hauling systemDifferent approachesave studiedthis kind of problemsin literature. The

following classifications are discussed in this chapter.

1. Linearprogramming
2. Simulation

3. Combination ofinearprogramming and simulation

The planning issues in mining can be represented by mathematical models for distribution of the
IORZ RI PDWHULDO RQ WKH PLQHYV WUDQVSRUWDWeEARQ QHW
into two classes: linear and nonlinear programmi@gumis et al. (1986) obtaineskcellent

results using a nonlinear programming. Since this research applies the linear programming so, in
this thesis only the literature related to the linear @ogning is presented.

Also, over the lastrecentdecades, simulatiohasbeen oneof the most respectedperational

researches tool'he reason for the popularity of the simulation models can be seen in ability and
flexibility of this type of method in handling the complex problems. Moreover, simulation

models are powerful and also ceffective(Kelton et al., 2007).

This chapter consts ofthe following sections. In section 2.linear programming models used
for optimizing the different objectiven haulage systerfor a shortterm and very shoiterm
periodin anopen pit mine are discuss. Section 2.2 focuses on simulation modé&sction 2.3
describeghe models that combinknear programming and simulaticior short term production
schedulingin an open pit mine Section 2.4 presents the methodology of this resemrdhthe
final section is alloc&d to the summary of this chapt



2.1 Linear programming

The first application othe linear programmingn truck- shovel hauling system in an open pit
minereturns to 19706Torkamani and AskatiNasab, (2012)

Wilke and Reiner (197 7&tudied theproduction planningn anopen pit mie. They usd alinear
programwhose objective functionwas b maximize the productivity ofthe shovel For each
shovel,the authors addealweightin the objective functiomlescribingthe priority of theshovel.
The set of constraintgicludesblendingconstraints capacityconstraintof thesources andinks

Theadvantages of usirgscheme adirbitraryprioritiesin the objectiveunction maket possible
for the objective functioto be divided intadifferenttechnical goalsandit is possible to top and
take into account the majodeviations from thelongterm production plan The main
disadvantage othis method lies irthe fact thatit is essential to adjusthe weights inthe
objectiveblindly to respect the production plan.

Zhang et al(1990 discusedthe optimal allocatiomf the flow oftrucksin an open pitTo make

the distribution otrucksto the shovelsthe authors usa linear programThe objective function

IS to minimizethe number of trucksequired to meemine productionn a short-term horizon
Although the set of constraintss broad and includethe flow conservationshovelscapacity a
minimum level ofproduction,blending constraintgre and wasteatio, minimumand maximum
capacityof the dumping sites, the model ignomber constraints such as those on the capacity

of the fleet of trucks.

Gershonet al. (1993)were interested particularlyn the problemof finding the appropriate
blending ofore in a coal mine.To solve this problemthe authors used linear programThe
objective functionof the problem isto minimize the operation costs. In addition to blending
constraints, the model makes sure that a minimum level of ore production is achieved. The final
mixture of ore must not contairmore than a certaimaximum arnount of sulfur andimpurities,

and a minimum level of BTU. This kind of problemse#silysolvable withthe simplex method.

The proposed formulation provides an optimal solution to the established scheduling of small and

medium complexity problem.

Temeng(1997) proposedo makethe production planningisinga linear program imnopen pit
mine by the optimal allocatiomf the trucks tdhe shovels.The author usednobjective function

that hastwo levels whichsimultaneouslymaximizeore production othe shovelsand maintain



8

the quality of theore mixturewithin acceptabléimits defined bythe mine.ln addition the author
consideredseveralgroups of constraint® arrive at anore realistidevel of production such as
capacity of the shovels, crushes and waste dumps flow conservation constrainblending
constraint,strippingratio, andthe number of trucks. However, this model does not consider the

truck cycle time in the mine.

Temeng et al. (1997ombinal goal programming modetith the transportation algorithm as a

real time dispatcher in order to maximize production and minimize the total waiting time of
shovels and trucks. The objective function of the goal programming model includes production

rate and ore grade, fwesentthe importDQFH RI ERWK SURGXFWLRQ DQG RUH
goals. This model optimizes the total production by consideringsdugtween miningreasand

their destinationsln order to optimize the productiproutes having theshortest cycle time are

selected Then, according to the transportation models the trucks are allocated to the shovels
which minimize the cumulative deviations of the optimal production target. The transportation
model attempts to minimize total waiting time of shovels and trucks. Mergthe effect of the

shovels and trucks breakdowns on quality of dispatching netedted in this paper

The work ofBurt et al.(2005 focused orthe optimal allocatiomf trucksto the shovels.To do

this allocation, they use a linear programg model where th@bjective function is to minimize

the cost of operation of the trucks and shovels fleet. The set of constraints of the model includes
the productivityof trucks and shovelsnd theminimum productionThe major difference of this

article isthe desire of the authors to obtain a production plan reflecting high producfittg
equipment.In this regard they usea match factorthatis a measure of the productivity of the

fleet. The match factor is the ratio of the productivity of the truaksl shovels for a
homogeneous fleet of truck¥he article does not consider the waiting timstaivels butthey
proposea method for modeling the waiting time which would depend on the inter arrival time of
the trucks at shovels.Unfortunately, this model uses average cost of equipment that is not

realistic and does not consider the global optimization for mine.

Thepaper byRubito (2007)concenratedon the optimal allocation afucksto the crushersn the
mine. The author uss alinear programwherethe objective functions to maximize profitsof
sendingthe trucks to the variouscrushers.The only constraintef this modelinclude capacity
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constraintsof shovels which make the proposed model as a simple model that carurssfile

for the more complex problems.

Ercelebi and Bascetin (2008)udied a truck and shovel systemaatoal mine in Turkey. This

work has two stagedn the first stagethe optimal numbers of trucks are determined by the
closed queuing network model. In the second staBemodel aids how to dispatch the trucks to
shovels.The LP model minimizes the number of trucks on the road, number of trucks at shovels
and number otrucks at dump site which assumes no truck queuing under ideal conditions
Although this model guaraees maximum shovel utilization, it cannbé functional in the

complex models with other desirable constraints.

Gamache et al. (20p@leveloped a generic linear programming model to optimize an open pit
mine production plan. The proposed model presents a production plan for a work shift
considering several constraints such as blending constraint, capaetyuipment, stripping

ratio, the amount of available material infront of each shovel, etc. After developing the basic
model, authors tried to lineraize a set of constraints that calculates the waiting time of trucks at
shovels and crushers. For thigsis the basic model does not consider the waiting time at sevice
points. The experiments and the results of this paper present a more realistic production plan for a
working shift. It is worth mentioning that the basic model of the above paper will beiuse

order toaccomplishthe reaserch.

Topal and Ramazan (2016jinimized the truck maintenance costs developmiylixed Integer
ProgrammingMIP) model for alarge scale gold mine in Western Australide MIP modelin

order to createan optimal truckschedule uses th®tal hours oftruck usage(truck age,
maintenance cost and essential operationatshélthough the presented MIP model optimizes
the utilization of truck over the life of mine, this model is developed for a long time period and

has tobe simplified to be applicable for a shtetm and very shotterm period.

Anothermulti stage approaches for hauling system in mvas madeby Gurgur et al. (2011).
They usé LP model to optimize allocation of trucks using interactively and simultaheai

MIP model for shorterm and longterm mineproductionplanning. The MIP model maximizes

the NPV by optimizing the material movement with respect to the ore quality and also
precedence constraints. LP model minimizes the deviation of actual moveinmeaterial from

the predefined target. Availability of fleet includitige number and size of thirucks and road
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profile are the LP model constraintBhe proposed LP model can be efficient only using the

developed MIP model.

Considering the revieweddrature there are several ways modela production plarin a mine
by a linearprogram.The choice ofobjective functionis extensive andan greatly influencéhe
behavior of the modelSeveral techniquesxist to incorporategroups of constrainten the
mathematicalprogram which depend orthe problem.Although linear programming methods
have applied in the literature since 197@s truck shovel dispatchingthey have some

limitations. The mossignificant shortcomings of thesgodels are:

1- Simplifying the models and considering a limited amount of details in the model. For
example, considering the limited constraints and providing the simple model which does
not include the whole aspects of the haulage system. Also, using the identical equipment
in terms of the capacity and speed of trucks and shovels.

2- Not considering the waiting time at servers (shovels and crushers)

3- Not taking into account the stochastic nature of the hauling systems é&ndaghovel
transporting system) which are thecertainties of the loading, unloading, traveling times
and ore grade&urgur, Dagdelen, & Artittong, 2011)

Also, most of the researches have been studied thetéomgperiod which emphasizes the

necessity of more studies for the skherm and verysort-term period.
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2.2 Simulation

Simulation has been used in both op&rand underground minés materialhandlingandtruck
and shovel haulingystems, mining operations, production scheduingmine planning'Yuriy
& Vayenas, 2008)

Castillo andCochran (1987¥tudieda truck dispatching system in a copper minetheir study,

the fleet size isknown and the fixed dispatch strategy is usedllmcatetrucks to shovelsThis

means that trucks must travel between the same destinations durirngftth& microcomputer
simulation model is developed using SLAM b compare the suggested dispatching procedure

to the currenbne. Thisalgorithm gives the priority tthe shovelsin ore areaso maximize ore
productionand maximizes utilizationf the truck. The presented simulation model follows the

fixed assignment strategy which is the main disadvantage of the system because, this strategy

reduces the efficiency of the truck and shovel capacity in the mine.

Sturgul and Eharrison (198&mulated three different dispatching systems of three open pit
mines in AustraliaThe first dispatching system is applied in a coal mine. This sysien®ase

the productionhowever it causean extra costin the second examplée accurate number of
trucksis estimatedo optimize the production of uranium mine. In tbése studyeach truck is
allocated to a specific shovdr the shift The third case study is agdma coal mineusinga
truck and shovel haulingystem Simulation modetries toestimatethe correct number of trucks.

A haulingsystem usingonveyor belis also considereds an alternativa his work also follows

the fixed dispatch and assignment strategy.

Bonates and Lizotte (1988)evelogda computer simulation model for apen pit mine based

on FORTRAN programming languag&hey propose different dispatching strategies such as
maximizing trucks and shoveldilization andfixed dispatch. This simulation model attempts to
respectthe long term production objectives. Each loéde policies has its owadvantages and
disadvantagedMaximizing truck utilization causes higher production but it is not always the best
policy all the time. For exampleyhen the difference between traveling timietruck among
shovelsis significant o system has to also consider the grade quafityre. Since, the objective

IS to maximize truck utilization so trucks will be allocated to the nearest shovels and then the
further shovel will be idle for longer time that causes the unbalances in teens@st the other

hand maximizing shovel utilization results on the same operating rate &ditladl shovelshat is
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more desirableThe efficiency of these policies depends on the available number oif.tru

Moreover, the developed simulation model falfothe fixed dispatch strategy.

Peng et al. (1988)roposé a simulation model for an iron mine in northeast China. This semi
continwous open pit mine haa discontinuousruck andshovel hauling system aracontinuous

belt elevator systeniThe proposedimulation model used to define the optimal number and the
size of the shovels to work with crushers, the number of trucks, the size of the crusher and the
size of the storage for a specific crusher and conveyor system. In summary they try to study the
effect of the various type of the equipment on the production rate. This model does not consider
the uncertainties of the operational system in the proposed simulation model.

Forsman et al. (1993pplied a simulation model intan open pitcopper mine in ndhern
Sweden. This model is similar tlme proposed iBonates and Lizotte (1988)ork, but in this

model a graphical animation is also presented. By maximizing the shovel utiljzhgototal
tonnage of production will decreaddaximizing the truck utization results inthe same total
tonnagesas fixed dispatching moddbut the tonnage of ore is lowérhe developednodel also

makes decisions about ey up a crushemn the pit, purchasing new trucks, and planning a route

for effective material caying.

Karami et al. (1996¥levelopeda simulation model to study truendshovel hauhg systems in

an opempit mine using SLAM Il. They consider thix assignment ofrucks to the shovels in the
transportation systen’he modelis appliedto understand the behavior of thauling system

under different configuratiorand toevaluate the operatingerformance

Ataeepour and Baafi (1998judiedthe impact of dispatching rule on system productivity using

the simulation modellhey considerethe dispatching and nesispatching mode in the research.

In a nondispatching mode, each truck keeps its shovel allocation, for example a mine with five
shovels is similar to five mines with one shovel each except that there is a shared dumpsite.
Theseprocedures attempts to maximize using of shovels or trucks in the system that actually
minimize the waiting time of trucks at shovels. In this regard, the arrival time of a truck at each
shovel and the time the shovel starts loading the truck have bemnatad. Therefore, the
dispatcher sends a truck to a shovel, which results in the least delay time for the truck. Their
model assumes that all trucks in the mine are the same in terms of capacity; enginspeerder,

etc.
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Awuah-Offei et al. (2003usal simulation to predict the truck and shovel requirements of a gold
mine for a four yea period which was important for the mining contractor to know the
equipment needs in advandaucks are considered as entities and processes include the arrival
of enities, loading, and movement of entities, unloading and queuing. The historical data for
loading and unloading time, traveling time and failure of the shovels are collected and the
appropriate functions are fitted. Average queue length of trucks at thelshwerage shovel
utilization per shift and number of trucks loaded per shift is the specific results of this program

but, this model was developed for a long term period.

Yuriy and Vayenas (2008gare an instance of the researchers who combine the mettbal
programming model with a simulation model. They use a genetic algorithm to develop a reliable
model for providing the times between failurerder to combine it by arena simulation model

for maintenance analysis of mining equipment. They estinta time between failures for each
fleet as input for the arena simulation model. The simulation model imitates the operations in the
mine to evaluate the effect of failures on production rate, and to estimate fleet availability and
utilization. This sinnlation models does not take into account the failure of the equipment. They

also do not consider which equipment has the critical role on production quantity.

Comparisos between the application of simulation models and other operation resesttobds

are also stated in the literature. For exam@banda and Gardiner (201Q)se computer
simulation, neural networks (NNs) and multiple regressions (MRs) to estimate the truck cycle
time in a large gold mine in Western Australia. They only stuéyttavel time of empty and
loaded truck as a cycle time. The deviations from the actual cycle time of tremttso compare

the above method#uthors show that although the simulation is the most common method in
this field but it usually overrassor miscalculats the cycle time. Alsothe developed model for
forecasting theycle timeapplies toa specific mine site anid cannotbe directly apply to other

operations.
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2.3 Combination of linear programming and simulation models

Combination of thdinearprogramming model andsamulationmodelalso exist in the literature.
In these problems, mathematical models are used for solving the allocation problem and
simulationfor the real time dispatching problem

Fioroni et al. (2008usal an optimization moel and a simulation model to generate stemnn
planning plans. They create monthly schedule of an open pit osimg Arena simulation
software and Lingo optimization softwaféhe objective of th&P model using Lingo software is

to find the initial albcation of the loader and transportation equipment. The objective of the
simulation model using Arena is to identify the number of trips of trucks in each area respecting
the grade of ore during the simulation periadfirst, the initial number of truckand shovels are
calculated using the optimization model. Then, using the result of the optirsizeration
modelwill run until a failure occurs in the system therefore, the optimizer will calculate the new
plan and this procedure will continue for theriod of one month. They use simulation model to
allow the feasibility of the mining plan proposed by optimizer,gjuitilization and production.

This work is based on the optimizer model and relies on the result of that.

Torkamani and AskaiiNasab (P12) develogd and implemergd a simulation model to analyze
the truck and shovel haulage systemaircoppermine. The developed approach assuhe
optimum Net Present Value (NPV) in lortgrm scheduling and shedrm scheduling periods
objectives. The developed model considers the optimal-gront schedule in simulation model
while consideringhe uncertainties related with the manoeuvre of trucks ancehdoading and
dumping time.In the proposedanodelan entity is a miningut portion removed at each period
and sent to a certain destination. Trucks, shovels, and loaders are regouhsesimulation
model This approacthas two stagewhich shortterm scheduling plans are the basis for building
the model These two stages aas follows.

In the first stagausing the MIP model, several scenarios are created with a different number of
trucks and shovels and they are examined to define the essamiiaér of each resource. In the
second stage, using the result of the first stage, the system is simulated inaAdeiae
developed model is evaluate®ne of the main advantages of this modeinigoundng the

required number of trucks and shovels blase the shofterm mine plan not only based on the
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VKRYHOTTV U BUXHe pridgdse svidlation model assumes that all trucks and all shovels

are identical.

2.4 Methodology

As it can be seen form the literature, the proposed models in the literatgdirhitations and

shortcomings to solve the production planning in an open pit mine which are:

1
2
3
4

Ignoring the waiting time at servers (shovels and crushers)

Simplifying the models and consideriadimited amount of details in the mosdel

Ignoring he stehastic nature of the tru@ndshovelhaulingsystem

Developing model based on the identical fleet (trucks and shovels)

Discrete event simulation model will be applied in this thesis to overcome the presented
limitations and shortcomingsThe current researclwill overcome these limitationdy
considering the LP model proposed GBamacheet al. (2009)for a very shorterm production

plan. Their model is a complete linear programming that is used to maximize the ore production
respecting seeral constraints. This model approximate waiting time at service points in an open
pit mine but, we use the basic linear model of their model which does not consider the waiting
time at servers. The basic simulation model will apply to validate the mefsthie LP model
considering the waiting time and queue of trucks at servers during the time period. Besides, in
order to find a new way of very shdagrm production planning the second simulation model
which is the real time control system developede Téal time simulation model presents the
truck and shovel hauling system with more details in order to provide a new model with enough

details to overcome the shortcomings of the literature.

In order to consider the uncertainties of taling systemsrandomness variables are added to

the deterministic simulation models. These models take into account the uncertdiltssting

time, unloadingtime andtraveling times One of the main contributions of this work is that the
proposed simulation model cavork when a heterogeneous fleet of trucks and shovels is used,
ZKLFK LV VRPHWKLQJ WKDW ZH KDYHQMTW VHHQ LQ WKH OLWH
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Based on these observations, we propose the following procedure for the development of a new

dispatching system in an open pit mine:

x Develop and solve a linear programming model to allocate trucks to the shovels. The
optimal solution of this model will indicate the amount of ore and waste to be transported
during the shift between shovels and crushers or waste dumps. The objec#vmodel
is to maximize the ore production with respect to the blending constraints, strip ratio, flow
conservations constraints, mining capacity, cycle time constraints, etc.

X Implement two different simulation models (a basimulation model and a reaime
simulation model) that will use different types of trucks as entities and the shovels as
resource of the simulation.

x Usethebasicsimulationmodelto testthe accuracy of the LP modeT.o achieve that the
simulation model will use the optimal solutiaf the LP model(more preciselythe
number oftrips of thedifferent typeof trucks at each shoveds input.

X Use the real timesimulation modelto imitate the real system considering the
constraints.This model is developed in order to find the new way of very dbaort
production planning.

x Create different bottleneck situations of the shovel truck haulage system in order to

evaluate different configurations to better evaluate tinedigpatching system.
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2.5 Summary and Remarks

In this chapter the related literature of two different approaches in regard to ienpthatruck

and shovel systemsere presented. Obviously, the ability of accurately assessing a transporting
performanceof system is vital for mining companies. Any improvement in the performahce
system would save a considerable quantity of money. Because of the complexity of the hauling
system in mingthis assessment is not an easy task. This complexity is comingstommastic
features of the systenm the next chapter the theoretical models which are developed in this

thesis will be presented.
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CHAPTER 3: THEORITICAL MODELS

The objective of this chapter is to present the theoretical models whideatoped in order to

reach the objective of this thesksrst in this chapter the LP model that maximizes the total ore
production during the shift will be presented. The result of the LP model is a venteshort
production plan which is used as a guide line for the dispatching system. The LP model does not
take into account the waiting time at servers and does not present the operational dispatching
plan. To validate the result of the LP model we will develop a simulation model named the basic
simulation model. The basic simulation model takes into accbeniaiting time at servers and
provides the operational dispatching plan for an open pit mine considering the optimal solution of
LP model as target for allocating the trucks to the shovels in mining areas.

The secondimulationmodel isareal time simuldaon model, which imitates the real problem to
determine the required number of trucks to allocate to shoMeis modekakes into account the
FKDUDFWHULVWLFV RI WKH PLQHYY PDWHULDO FRQWHQW LQ
sterile materiand the production of total material. With this model, the possibility of presenting

a new wayof VSTPP will be tested.

Furthermore, since LP model and also simulation models are based on the deterministic input
data, so; at the end of this chapter, bsimulation models are considerad the stochastic
situations. The stochastic simulation modelgolve uncertainties associated with the trucks,

shovels and crusher operation® the model

Details of each proposed model are ekmd in the followingsections.Section 3.1 introduces

the LP model formulatiofor VSTPPgenerated by Gamacle¢ al.(2009). Section 3.2 describes

the simulation models (the basic and real time simulation models) as deterministic models and
stochastic modelsFinally Section 33 presents the summary and remarks. The next section
introduces the linear programming model for very shenmn production planning (VSTPP) in an

open pit mine.
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3.1Linear Programing (LP) model

We first present a linear programming (LP) model which crea@@sR SH Q S Lpvuduetio H TV
plan for a shift. This model, based on Gamaethal. (2009) maximizes ore production during
the shift by considering the blending constraints, stripping ratio, flow conservation constraints,

mining capacity constraints, etc

3.1.1 Notations
The following notations aresed in the proposedodel.
Mining areas (ore and waste)
L &, Sets of crusher (subscripts ¢) and waste (subscripts w)

Setof trucks

Indices

<D Index for mining areas

a Index for crushers and waste dumps
D Index for types of trucks

Parameter

i Capacity of a truck of type (in tons)

The main variables of the LP model are:

ghi Number of types trucks carrying material from shovetio destination(e

(crusher or wste dumps) per shift. (Full trucks)

hgi Number of trucks of type traveling empty from destinatio@® the

mining areacper shift. (Empty trucks)
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3.1.2 Objective function

The objective is tanaximize the total ore productian the minefor a shift. In this regardijt

would be sufficient tanaximizethe number of tripbetween ore areasdcrusher As the truck
fleetis heterogeneoughe total production of orassociated with the number wévek between
the mining areas (sourcahd dumping siteésink) depends on the typa& trucksthat has been
used For this reasonwe mustmultiply the capacity of each type of trudk ;) by the total

number of trips between mining areas and crushers.

The objective functioof the LP modeis:

f§<'<0€ﬂti i i i ghi U,
EMIBN i PO

3.1.3 Constraints
Flow conservation

These constraintare used to balancéhe flow for eachtype of trucksat each service points
(shovels, crushers, and waste dunmipghe mine.Theyareused toensure thatfor each source,

the number of incomingmpty truckss equal to th@umber of outgoindpaded trucks

In the case othe dumping siteghe number ofoaded trucksrriving at eaclunloading site must
beequal to the numbef emptytrucksleaving that site

i ghiFi hgiLr ECE) é’é’D Tud;
BM BM

I gnF 1 gl E<D & b TUdl;
DN BN
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Capacity constraints at crusher and waste dumps

This set of constraintensures thahe capacityof crusher and wastdumpsis respectedBefore
explaining theseonstraintswe mustdefine parameterghat are used ithese constraintsThe

value of thesparameterslepends on type of the equipment

><

fé(o_guf’f._‘_A(_f)__']'go_(of@_‘_o”_.‘giwfo:‘:"'?o’;o(o_‘oo’:t"og(’\_
(o(o_o___f’f__‘_A(_f)_.Tgo_(of@:_o"_.‘gf\ﬂ’fo_'F_l_Lo’;o(o_‘oo’:I:”oé(A_

Commonly we can assumbat the maximum capacigt waste dumps igery large In this case,
there is no need to consider this constraint. However, faroges of consistency of notation, we
considerit as follows Moreover, the minimum capacity should be seen as a minimum

requirement of material at these destinations.

Capacity constraints of shovels in mining areas

This set of constraintpresentapacityof each shovein mining areasTo do this, weneed to

definesomeparameters first

%EJ+ fSco—a‘oofUebf—t"«pZ oL ff oS " KkMSc...S—Z+5-"f...—F1

%éi- <o<o—-—‘oof%oAif—i”«f’Z""—Aif..'.g‘?'I-ZTMS<...S—,,Z¢§—”f---—iT
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The maximum tonnage of material in front of each showehich could be extractedepends on
two parametersg(tonnage of material available at shoyeind U(capacity of shovekin tons

per shift). In fact%E,+is the minimum ofé and U,
JL°<°<ééU= E<D UK

Thus, the capacity constraints at each shovel in mining areas are:

i id gniQ Uy,

>
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Blending constraints

Blending constraintsare added into the model to guarantee the piad#e quantity of each
characteristic of ore that enters the crushers. We need lower and upper limits of different
characteristics of ore to obtain a mixture in valid intervals. The following paranaséstsfined

according to the desired type of mixe.

All the characteristics of ore
The typical characteristic value gfat each shovetper ton

Pofet (- The lower and upper values of each characterjgpier ton to obtain the

desirable mixture at crusher per shift.

These parameters should be adjusted to reflect the content of the ore characteristics at the

beginning of eah shift.

For each crushethere are twaets ofblendingconstraints:
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[ T kgF F.oa jagnRr EM® L&, b U ;
PMi BO
I 1 KkF gE f.0a jagnRr EM® , &, b udr;

PMi PO

Theseconstraints caalsobe globalfor all crushersin this caseéhe constraintsan be written as

I T 1 kgF §Loa jagnRr E, B U S
BN PMi PO

I 1 I kF gE [.04 ;agnRr E, B Tud t;
BN PMi PO

Stripping ratio

This constraintmust be added tensure asufficient production ofwaste in order tofacilitate

accesdo the mineralized and valuable zones in the future

45y & is theminimum ratio ofthe production osterilein comparison to the totaroductionof

material.

I 0T 1 %gagyEF40d | 1 %gagypRY ud U
UPA YBA, bBA UPA YDA bDA
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Minimum ore production
This global constraint requirea minimumamount ofore production duringhe shift.

& Coco— 't ot 2" SdS et

i T I %gaygvpR& U v,
(PA YDA PPA
Truck capacity (cycle time)

The capacity of théruck is defined athe totalavailabletime of all trucksduringthe duration of
the shift. This capacitymust notbe exceededy the time of useof truckswhich includegravel
time andservice timg(loading or unloading Although Gamache et al. (200@pproximated the
waiting time atshovels and crushens their papembut, we usahe basianodelwhich does not
consider thevaiting times.

First we need to define new parameters:
65v p Travel time of a full truck of type between the mining areand crusher or

waste dumpsE

a(é, Unloading time of truck type at crusher or waste dumpgk

674 p Travel time of an empty truck typebetween crusher or waste dumigsd the

mining area <

Loading time of truck type at shovel«

T o

65\

For a truckof type G utilization time from sourcdfo sink Fcan be writteras follows
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i J Y ok
Yrgjgx_agmil ghiE ni ud W

And for the return payutilization time from sinkRo source ks as follows

\Ifrgjgx_énrgll- LIIJhiE gPim Tud X
SviBld, 67 and §)fare the constant numbers which can freperly estimatedby the

mine planners

Therefore, truck cycle time capacity is as follows:

i i ké]hiE thIOé.ghiEkrl]giE ;i”béhgiQ G@UUG EG‘D' :Uay,

PM BN
And, 628U the total available time in the shift

Capacity of service time at shovels, crusher and waste dumps

These constraints present the capacity of shovels at each mining area, crusher and waste dumps in
terms of the loading and unloading time which cannot exceed the total available time during the
shift.

[ 6ffa,,QexVUe EED+ UB Z
bA

I 62a,,Qe6®V¢  EFD, [us {;
PDA
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Integer and non-negativity constraints

These constraints guarantee the intidggrand nonnegativity ofvariables in the model.

ghD 3 fet gnRT E<b &W® & b Tudr;

hgiP 3 fet ngiRT E<b &M® &+ b ‘Uds:

Complete model

Now we can write the complete model which includes flow conservation, capacity constraints at
crusher and waste dumps, capacity constrainsh@tels in mining areas, blending constraints,
strip ratio, minimum ore production, truck capacity (cycle time), capacity of service time at
shovels, crusher and waste dumps and integer anrdegative variables.

f§<°<0ﬂd‘=i i i i ghi rudt ;
BMIBN | O
Subject to:
I ghF T hglr EM® &- b ‘ud u;
A PA
I ghF 1 hglr E<b &+ Db udv;
N BN
I I |a ghiQ h ECE) udw,
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i & gniR F EM® Sud X;
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This section presented the linear programming model for a VSTPP in an open pit mine, which
maximizes ore production during a shiéiccordingto the required constraints. The LP model
GRHVQYW WDNH LQWR DFFRXQW WKH ZDLWLQJ WLPBRteDW VKR
simulation modelsare presenteth order to validate the optimal result of the LP model &nd

find a new way for \6TPP.

3.2 General concepts and definition ofisnulation models

In this thesiswe present two simulation models. Tiirst model, callebasic simulation model
considers the queue and waiting times at shovels in mining areas and crushers in dumping sites.
This simulation modeis used tovalidate the optimal result of the LP model which is related to
truck and shovel hauling system. The ¢dtution indicateshe number of trips between sources

and sinks in terms of the number of empty and full trucks thatildhbe traveling between
dumping sites and mining aredhe basicsimulation modelsesthe optimal result of the LP

model as a target for allaiag trucks to the mining areas.

To assess the possibility of finding and proposing a new way for prodysttioning for a very
shortterm period a second simulation model, calléde real time simulation modeis
developed. This simulation model imitates the real hauling syefetine mineand takes into

accountall constrains of the VSTPRs objective isd maximizeore production

The suggested simulation models are developed in Arena (Rockwell Automation, 2012)
simulation software. Arena is one of the common simulation modeling, foetause it has a

powerful and operational user base (Rossetti, 2009).

In the next section the general assumptions of simulation models are presented.
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3.2.1 Assumptions

To develop simulation modelsome basic assumptiondich are considered in this wodteas

follows:

x All shovels and crushers can serve only one trucktah@ and trucks might be in the
gueue at mining areas or in the crusher to be served

X The crusher is considered as the parking lot at the beginning and at the end of the shift

x During the running of the simulation models, the truck and shovels systemeaadirap

without following anyschedule.

The necessary definitions applied in simulation models are introduced in the following section.

3.2.2 Definitions

In this thesisthe Entities of the simulation models are the trucks; for example if we have two
types of trucks, we will have two different entities.

In these simulation models, loading and unloading the trucks are considd?escassandthe
essentiaResourcedor these process are shovels in mining areasusherandwaste dumpsn
dumping sites.

Eachmining areasstarts withStation modulewhich denotes thentrance of thenining areas
This mining area includethe Processmodule that has aResourcein order to carry outhe
process of loading an empty truck. elkxit point of themining area willbe completel by a
Route module which sends the loaded truck to the specific destination. If the loaded truck
carrying the material includes the valuable contains, it will gerithe crushers and in case of
containing the sterile materjahe destiation would be the waste dumpsgiie 3-1 shows the

schematic picture of the mining area in the simulation node

Process of Routetpthe
Mining area =/l loading the specific
material destination

U

Figure 3 1. Schematic picture of #tnmining arean simulation models



30

Eachunloading area such asusher or waste dumpsarts withStation module This unloading
areaincludesthe Processmodulethatmust utilizea Resourcen order to complete the process of
unloading a full truckThere are different kinds of logic f&®esourcesn the Processat dumping
sites. In crusher arga crusheis added as &esourcewhich is based oseiz, delay and release
logic. In the waste dumpshe logic is onlydelaythe Resourcewhich is equal tahe unloading
time of each truck at these dumping sites. For examplgis researchtwo trucks can unload in
parallel in this area but crusher can only unload one truck at a TimeProcessmodule will
connect to th®ecidemodule to choose the mimg areavherethe empty truckvill be sentbased

on the decision criterion which wilbe explaired in the basic simulation model section. An
Assignmoduleis added after the decision part to allocate the desirable variables in this segment
such as a countdo keep track of the number of sending trucks to the mining arbasexit
point of this area willbe completel by a Routewhich sends the unloaded truck to the decided
destination.

In this sectionthe general definition which we used in the simolatmodelswas presented.

Section 3.2.®resentsiotations thaareapplied in simulation models.

3.2.3 Notations

Theessential notations in the simulation modeispresented.
Let first denote

J Number of mining areas

I Number of dumping sites

There are two different kinds of notations in this section suciassble dataand Attribute
notations. Most of these notations are created in Waeable data module which is
SPHDVXUHRHODWL@RIQ™ DQG VXEMHFW WtRbRKda@WhichB3iQreés RWKHU

entities informatior(Kelton et al., 200}
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Variable data

Theseparametersre mostly the input data which are constantdefthed at the beginning of the
simulation thatvould be presented in this section. Tdymamicvariables are shown in bold and

italic forms and their value change during the simulation
Constant variable

01, Number of available trucks for each type

8=NE=>HAJAK&H Number of trucks which has to be sent to the mining areas based on
the optimal solution of the LP modelrows represents the mining
areas and columnspresents the dumping sites a@resents the

type oftruck

&EOP=JRAA EI ; Distances between mining areas and dumping sitésh is the

symmetric matrix by E | rows andJ E | columns

(68 The velocity of a full truck of type

'68 The velocity of an empty truck of type

5DK R AHHK=@:EBJC Prgd lading time of trucks by shovels in mining areas

7JHK=@ E J:GP E | A The unloading time of trucks at dumping sites

Dynamic variables
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A counter Variable to count the number of truekshe beginning

of the shift

mx~<€4d &, The number ofrucks which are already sent from dumpsiigs to

the mining areas during the simulati@counter Variable)

Attribute data

The following attributes are added to model in order to store the enmtibesation.

6ULAKBG6NQ?G The type of truck
0QI>ANKBG6NQ ?G A number assigned for each truck

All of the below expression will change and get new values during the simulation in order to
complete the dispatching of trucks. As it was presented befosethe number of mining areas,
| is the number of dumping sites aidk the type of trucks.

#.45'06J4 & A matrix with " J' rows and "I H G' columns whichpresents

o, E PV Wgk C .
«@EL ————— which is the comparison
¢ Z_po_jcKom ) P

between the curremumber of already sent and the target

(LP optimal solution)

#.456'81d & A matrix with " J' rows and "I H G' columns whiclpresents

. &EL 5>E P V Wgk

—————— which is comparison between
Z_pg_"jcKgu_] P

the already sent and the target if we send an empty truck
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/IEJEIQI8=HG@®A The minimum value of each column of thle 4 5 6;vJd &G matrix

581 &G The mining area which hastheEJE 1 Q 18 = H G@&

&KIJAA &G A matrix with " J'rows and "I H G' columns which presents
#.456vEF L s

(EJI &G Sum of the& K JAld H G for each mining area faxample for

mining area #1 is as follow:

&KIJsé, E&KISE, ERE&KIMSEA HG

In this section, the main notations whielereapplied in the simulation modelerepresented.n

the above parameters and variables the necessary input data and calculation in order to simulate
the haulage system behavior will be executed during the simulation. As it mentioned before the
dynamic variables and all of expression notatiam$ change and get new values during the

simulation.The required input data are presented in Section 3.2.4.
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3.2.4 Input data

The following informations the essential dathat must be provideds inpus to run theLP and
simulation models. These input daiee the real data of an open pit mine wheciter to models

by theparametersvhich wereexplained in the previous sectsn

X Tonnage of available material in front of each shovel
x Ore chaacteristics at each mining are

x Upper and lower bound of ore characteristics, needed for mixture of material in the

crushers
x Loadingtime of shovels
x Unloading time at crushers and waste dumps
x Capacity and number of each type of truck
x Distances between mining areas and dumping sites
x Thevelocity of the full and empty for each type of truck

X Stripping ratio for waste removal in comparison to the total extracted material

3.3 Deterministic simulation models

This section presents two simulation models based on the deterministic input da&.nbxt
subsection we present thdirst model, called thebasic simulation modglwhich is usedo

validate the result of the LP model

3.3.1 Deterministic Basic simulation (DBS) model

The DBS models developed to validate the optimal result of therh®del. In this regard, we
developed the DBS model in Arena which takes into account the queue and waiting time at
shovels and crushers and tries to send the similar number of trucks to different destiastoh

on the LP model result. The optinsdlution of the LP models considered as the target of this
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simulation model and defined at the beginning of the shift in the DBS nmindbe DBS mode)]
every time that an empty truck becomes available at dumping aitesdulechecks the number

of already ent of trucks (based on their type). The already sent number of trucks that is 2D
variable will be compared with the target valliee mining area which has the minimuatio of
comparison is the area that we need to sha@mpty truck This process wiltontinue during

the simulationin order to send as much asimber ofpossible trucks to each mining area

according to the predefined target.

This model has four maigsections: Creation of entities, Crushers as parking lot and dumping
sites, Mining areasofe and waste), and Waste dumps as other options of dumping sites. These

four parts are described below.

Creation of entities (initialization of model)

The creation of entities is done during steps 1abtBe model at the beginning of the shift.

Step 1 Create dferent types of truck$ F R Q V WiBIn@ WeQeatemodule.

Step 2 Connectthe Createmodule to theAssign module.Add an attribute for6 ULAKBGNQ? G
Truck A and Truck B. Assign variablelg and increase this variable by one uflihis counter

variable willbeincreasd until it reactesthe number of available truck® (1) for each type-.

Step 3 The Route module sends all trucks to the crusiation This step means that all the
trucks are in the crushat the beginning of the shifigure 3-1 shows the schematic picture of

theentities creatiomn the simulation mode

Assign entity R o Route

,v attributes

Create entities

Figure 3 2: Schematic picture of thentities creation in simulation models
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Crushers as parking lot and dumping sites

This sectiondescribes Step 4 to 6 of the modeéjure 3-3 shows the schematic picture of the

crusherarea in the simulation modde

pssignl  fp—ou— 1| Reutel

Aszzign THZ
Route 2
Assign TS22
Route 3

g ———

Record 1
Dispose 1
| — 1

Record 2

Process &
=| Crusher Area —I_.

Figure 3 3: Schematic picture of therusher area simulation models

At the beginning of the shift all of the trucks are emgotgl located at the crusher. Theyl be
sentto the mining areas based on the decision measure thabevédkplaired in Step 4
Otherwise, the full truck that comes to theusher will stay in the queue until the crusher

becomes free and available.

Step 4 ChooseWKH WUXFN TV GBEUSIOhiQddue LR Be b&inMngtdf the shift and
GXULQJ WKH VKLIW DIWHU XQORDGLQJ WKH dedoe/td WhidhO LQ W

area we should send the empty truck. This decision is based on the following formula:

(EJI HG OPJ Tudu {;

If the above expressing is true then the empty truckbsilsentto the mining area which has
the / EJEIQI8=H® AH G, and if not the empty trucks wible dispose of the simulation

system.

Step 5 Increasehe # . 4 5 66F by one unit as follows:
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#.456EF L #.4568EF Es U T

Step 6 Sendback the empty truck to the selected mining area. The required time is equal to the

following formula:

GEOP=)2A—bHZ T .o k¥ %" T

Mining areas (ore and waste)

This sectiondescribesthe mining areas in an open pit mine where shoaeddistributed to
extract the material and load the empty trucks. This section st&tispa? and terminates aef
8. Anempty truck wats in the mining areantil to be served by shovel. The required time to load

an empty truck is equal to theadingtime at each shovel
Step7: If the truck is full of oresend itto the crusherotherwise send tb the waste dumps

Step 8: Calculate thetime takenfor a full truck to reach the dumping destinatiosing the

following formula

PPN v~ EEOP=g&AY ”:t' — o' (0% :r_o
et 22— (62:? il il
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Figure 3-4 shows the schematic picture of tinning area in the simulation mode

Foouse Troem WA
KAINTINKg Srss Shousl #1 I o Conusher

FIDLRE oM WAAET
Miningaresez |———— 00| T | o Cnusher
|
1
.—|— SnouEl F3 |
Foowte from AAES
Wiking aresxs %o Crusher
|
1
Showel #4
L ! Foowte from hAAEd
LR %o Corusner

AL
Sl — WD

WWaste anea Enouel 5

Figure 3 4: Schematic picture of thmining areas in simulation models

Waste dumps as other options of dumping sige

The same procedure for choosing the preferable mining aredevdppliedfor a full truck in

waste dumping in order to send back the empty truck to the mining areas. The only difference
betweenthis dumping siteand crushers is thain this researchthere is an opportunity for full
trucks to be unloaded in parallel in theses The required time for unloading is equal to the
unloading time at waste dumps based on the type of trkadsre 3-5 shows the schematic

picture of thedumping sitan the simulation mode
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Assign1  fp— | Routel

Assign TS2
Route 2
Assign TEZ
Route 3

Record 1
Disposze 1
j S— —) |

Record 2

] n
Process &
ul  Waste Area u_l_.

Figure 3 5: Schematic picture of theumping site in simulation models

In the next section, the possibility of finding a new waf production planning for an open pit

mine for a very short term period would be tested by developing the real time simulation model.

3.3.2 Deterministic Real Time simulation (DRTS)model

The DRTS model maximizes ore production by considering the LP model constraints such as
blendingand stripping ratioThis model maximizethe ore productionwhich is given bythe
number of trips between the mining area and crushéide considering the constrainis this

model| all of the requiremestin terms of the blending constraints, the ore characteristics at each
mining area,the stripping ratio, the total availablmaterial in front of each shovegtc, are
entered ito the model Every time that an empty truck becomes availalblee simulator
calculates the decision measure that considersoigraintof theLP model The simulatotries

to send the truck to ¢hmining area which has the minimum catastrophe and respects the
constrains. There @e coefficients to penalize thdrection whichis not respectinghe essential
requirementsAt the end of the simulatigmll the constraints are respected

Theoutputpresentsl- the total tonnage of ore and wasethe number of truckthat wheresent

to the mining areas from each of the dumping sites (crushers or waste dumps).
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In order to develophe DRTS modelwe requirenew definitions in dumping sites and also new
notations In this modelwe have the similar definitions for creationkritities and mining areas

but there isa different definition for dumping sites after tReocesamodule.

The Processmodule will connet to theAssignmoduleat each dumping site to allocate different
variables whichare defined belowAll decisiors to select to which mining area veee sendng
the empty truclkare takerby the Expressionmodule inAdvanced Procespanel.After decision

is takena Routemodulesends the unloaded truck to the decided destination.

Let define:
H Number of ore characteristic
L Number of constraints

Theseparametersra also the input data which are constant and defined at the beginning of the
simulation. There are dynamicvariables whichare assigned in thé\ssign module during the
simulation runThese variables are shown in bold and italic farim thefollowing part The rest

of the notations are the parameter which remains constant during the simulation

Constant parameters

"i Qie; The ore characteristics in mining areas

o2 T et dePho— <" F < e— The minimum omaximum required quantity of the ore
characteristics in ore at the end of the shift in crusher

6 KJJ=®A =P AN EJ+= H'he total material which is available in front of each shovel

0 EJ; This parameter presents the number of truck waiting at shovel

and traveling to shovel multiply by loading time at shovel has
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Dynamic variables

€}y S

mx ~ €},
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to be less than route time from dumping site to shovel and if not

it will be waiting timeat shovels.

This parameteis equal tos F 4 4

The total quantity of ore and waste extracted teasported

by trucks to their destinations

The quantity of material already extracted by shovels in

mining areasluring the simulation

The cumulative variable that shows the amount okstected

during the simulation

The amount of the” ¥ $Sinthe ‘—fZ "t
The penalty for not respecting the constraints at the maneg

The number ofrucks sent to the mining areas from crushers

or waste dumps (a 2D counter Variable)

{Te<Secr>" %S¢ & ; Amatrix with" J'rows and "I H G' columnsthatpresents

thedecision measurthat is presented in (3.41)

ye e s % t81™E e _7 ¢ The minimumvalue ofl >FAPERA (QI& BE K J
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<" <%oSee” The mining area that hasthiee JEIQI?=P=0Ff NK L

The DRTS simulation has the following differences in selecting criterion. As we discussed
previously,a different criterion will allow the simulator teelect the empty truck destinations.
This decision is based on the blendownstraint the available quantity of material in fromtf

each shovel in mining areas. Taldowable number afrucks whichtransferringto shovelandthe
numberof trucksin quete ateachshovel that has to be less than time route (from dumping site to
mining area) divided by shovel loading time. The final constraint istiiging ratio constraint
that presents the amount of the extracted waste out of the total extracteclnciateng the
simulation.

For each of these constraingspenaltyis considered in order to penalitee new destination that

is not respecting the required constraintbe following formula isto evaluate the level of
violation of each constrair order to select the destination for an empty truck. It is necessary to

mention that the following formula evaluated for eachnining area.

co c
i858 rg,Ztet e Pho— < g

0
“:'I'l)
: Th
T

k "% Ss=E ;a"t Sssés;g( -
. FEE

T

EE E (AN

EF

C Ce » &t A » & . E . -
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In this formula the first part is related to the blending constraints that we wamwve at least

that specific amount of blending requirement. Also,dbeond part is when we wanthave at

most that amount dhe blending requirementhe third parts related to considering the traffic

in simulation model by using the output of the simulation such as number of transferring truck to
the specific mining area and the number in queue at shovel in this mining area. The forth part
considers the quantityf anaterial which is available at each mining area during the shift. And

finally the last part presents the stripping ratio in an opemipié.

After the Processmodule the process goes througin Assign module which will add the

following variables:

1. ™S oSSt —E—f" . offi—F"<f'Zf+1™ f e~ahd increase it by capacity

of the truck by considering the type of truck as following calculation
63/:PRL63/:BE%# TUdt;

2. #.4 71 S Pwhich is the amount of the ore characteristic in the totahnteincrease it
by capacity of the truck multiply by the amount of theét &:séEof the material at

mining area as follows:
#.47ft QPL#.47f QP E%#al1NAWSE Ud U

3. :Ethat is the already extracted material by shovel at mining areh#crease

by the capacity of the truck when an empty trisckentto the new mining area

¢ L ‘EE%# L. TAVA
4. ‘—fZ that presents the amount of ore @the result of the following formula
‘—fZ "L = F < Tud W

5. Increase the variable :+& & ;by one unitThis variable is counter to keep track of

the already sent of trucks typefrom each dumping site to each mining area
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HAEL &FEE s U X

The next section presents the essential modification in both simulation models in order to develop
the stochastic model which is more accurate and reflects the reality of the problem in an open pit

mine.

3.3.3 Stochastic models

Since deterministic models do thoonsider the uncertainties in the simulation mqd#isy
cannot be the beshoice to validate and analy#tee result, in this subsection, simulation models

are improvedy accumulating the uncertainties to the simulation models.

These uncertainties arelated to the following areas:

a. Loadingtime by shovels at each mining are€khis loadingtime is the required time to

load the truck by shovels which are located in the mining areas.

b. Velocity of the full and empty trucks during transporting materi@n mining areas to

the destinations and returning from the unloading areas to the mining areas.

c. Unloading time at crushers and waste dumps. This time is the required time to unload the

truck in the crushers or waste dumps.

3.4 summary

In this chapter w have describetthe LP and simulation models, and then in the next chapter we

will test these models in order to evaluate their strength and weakrasspen pit mine
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CHAPTER 4: TESTS, RESULTS AND ANALYSIS

The LP model and the simulation modtiat have beedeveloped in Chapter 3 are applied on a
real mine usindg=xcel Solver (Microsoft office, 2010)and Arena simulation software (Rockwell
Automation, 2012Jespectively

The LP model that is to maximize the total ore production during the shift uses Solver to find the
number of trips between mining areas and waste dumps. Then, the final result of the LP model is
considered as the target of tB8S model while consideringhé waiting times at servers. The
objective of this model as explained in the previous chapters is to validate the result of the LP
model and to provide an operational dispatching plan for the open pit imitigs regard, the

result of the DBS model wilbe compared to the result of the LP mot&dreover, a new method

of VSTPP is developed in chapter 3 which is called DRTS model and employs Arena simulator.
In addition, the solution of this model will be compared to the solution of the LP model with the
purpose of verifying the developed simulation model and validating the LP model. At the end of
this chapter, the performance of the LP model and simulation models considering the different
states as the bottleneck of operational system will be discussed.

The next section presents all of the required input data of the mine studied in this work.

4.1 Instances

The open pit mine under studg a coal minewith five mining areas where shovels are
distributed in these areaSour of these mining areaare located irthe valuable mineralore)
area(shovel #1 to shovel#4 are distributed in these amad)he other one is in theastearea
(shovel #5) There are two types of trugkvith different capacities and velocitieoaded trucks

will be traveledto transfer he extracted materiab the destinationscluding onecrusher and

two waste dumpsThe following sections, presents the essential input data which are constant at

the beginning and during the simulation:

x

Tonnage of available material in front of eattovel
x Ore characteristics in mining areas

X The essential upper and lower bosnélore characteristics in crusher

x

Loading and unloading time of trucks
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x Number and capacity of trucks

x Distance between mining areas and dumping sites
X The velocity of full and ety trucks

X Stripping ratio

4.1.1 Tonnage of available material in front of each shovel

There are limited amount of material in front of each shovel in these five mining adréaes
beginning of the shiftThe maximum amount of material in front of each shavehining areas

is shownin thefollowing table. However, there is no restriction for capacity of crusher and waste
dumps in this case.

Table 4.1 shows the quantity of available material in front of each shovel in the mining areas.

Table 41: Available material in front of each shoviel mining areas
Mining areas Shovel #1 Shovel #2 Shovel #3 Shovel #4 Shovel #5

Available material in front of
each shovel (ton) 111000 130000 90,000 45,000 120,000

4.1.2 Ore characteristics in mining areas

In this case, there are three main ore specifications which have to be considered as blending
constraints in combination of the total ore in the crusher. The mixture of these specifications is
required for sending the outpof the crusher to the processing plant in the mine. The ore
characteristicen each miningarea which include BTU, sulfur and asla@sshownin table4.2

Table 42: Ore characteristics each miningarea

Ore characteristic: Shovel #1 Shovel #2 Shovel #3 Shovel #4 Shovel #5

BTU (kbtu/ton) 12 13 17.7 12.9 -
Sulfur (%) 1.2 2.5 2.5 2.4 -
Ashes(%) 21 11 19 12 -

As it can be seen from the tableete are npredefinedspecifications fothe material infront of

the shovel#5 since the loaded truck in this area will transfer the material to a waste dump.
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4.1.3 Upper and lower bounds of orecharacteristicsat the crusher

In this section, the desired upper and lower boundbefrecharacteristicat thecrusher are
presented. As shown in Table 4.3, the amount of ore sent to the crusher must content at least
12.7% of kBTU.The impurities sulfur andash levelswhich have to be controlleat maximum

2.2 % and 14% percent, respectively. Table 4.3 preseatgpper and lower bounds on the ore

characteristics.

Table 43: Upper and lower bounds @omeore characteristics

Ore grades lower bounds Upper bounds
BTU (kbtu/ton) - 12.7
Sulfur (%) 2.2 -
Ash (%) 14 -

4.1.4 Loading and unloading time of trucks

This section presentfi@ shovelloadingtime to loadan emptytruck in mining areaand the
unloading timeof full truck in the dumping sites (crusher and waste dumfs$je table 4.4
indicates the shovel loading time in mining areas for two types of truck. According to this table
there is different loading time for two types of trucks but it is similar for each type of truck in

different shovels.

Table 44: Shovel loading time in mining areas

Shovelloadingtime (seconds)
Type of the truck Shovel #1 Shovel #2 Shovel #3 Shovel #4 Shovel #5
Truck typeA 250 250 250 250 250
Truck typeB 300 300 300 300 300

Table 4.5 presents the unloading time of the full trucks for two types of truck in dumping sites

(crusher and waste dumps).

Table 45: Unloading time in dumping sites

Unloading time (seconds)
Type of the truck Crusher Wastedump #1 Waste dump #:-
Truck typeA 120 105 90
Truck typeB 145 125 110
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4.1.5 Number and capacity of trucks
Table4.6 displaysthe available number of trucks in the mine and also thacitgpof each type

of truck

Table 46: Number and capacity of each type of truck

Type of the truck Number of each trucl Capacity of each truck (tor
Truck typeA 8 200
Truck typeB 16 250

4.1.6 Distance between mining areas and dumping sites

As there ardive mining areas and three unloadiaggas, it is required to determine the distance
between all of these areas. Table 4.7 presents the related distance between loading and unloading
areas. As it can be seen from the table, there is no possibility of mobility between two unloading
areas or tw loading areas. Alsdrucks from the four mining areaghich are located in the ore
areaare onlyallowed to travel to the crusher atigk loaded truck from the waste area tranel

either to thewaste dump #1 or waste dump #2.

Table 47: Distance between mining areas and dumping sites

Distance (meter)

© marﬁt; \C’,\Larf]f Crusher Shovel Shovel Shovel Shovel Shovel
Fro #1 #2 #3 #4 #5
#1 #2
Waste
0 - - 10275 8905 6850 6850 8879
dump#1
Waste dump
4 - 0 - 10960 11782 5480 8220 6181
Crusher - - 0 9216 11239 6181 6519 8220
Shovel #1 - - 8200 0 - - - -
Shovel #2 - - 10000 - 0 - ; )
Shovel #3 - - 5500 - - 0 - -
Shovel #4 - - 5800 - - - 0 i
Shovel #5 | 10823 7535 - - - - - 0
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4.1.7 The velocity of full and empty trucks

Table 4.8 specifies the velocity of full trucks and empty trucks for each type of truck.

Table 48: Velocity of each type of truck

Type of the truck full truck(m/s) Empty truck(m/s)
Truck typeA 13.7 16.7
Truck typeB 15 18

4.1.8 Stripping ratio
The final input data in this part is the stripping ratibeTvolume of the extracteslasteto the
total extracted material during the ghghould be at least 20 percent as it is shown in the

following formula:

6KPARP=NBRO@ FDAAJ ®@BDAMEBP ra
6KPAH1P=N’P#HD/@\IEEFHAAJ@B:DACIEBB

In the next section, first of all the result of the LP model and afterward the comparison of the
DBS and DTRS models with LP model will be discussed.

4.2 Comparing the deterministic model result for DBS and DRTSwith LP model

A detailed description of the LP modelsults, the supporting data and an analysis of how the

model behaves along with the comparison with other models are given below.

4.2.1 The optimal solution of the LP model

The optimalsolution of the LP model using Solver for a shift of 12 hoiggpresentedni the
following tables Thetonnage of extracted ore andsteis presentedn Table4.9. According to

this table, the tonnage of the ore extracted and transported to the crusher is 74,400 tons per shift
using the 8 trucks typ& and 16 trucks typ8 during the 12 hours shift. Also, the tonnage of the

waste is 34,400 ton per shift which is about 32 percent of the total extracted material.
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Table 49: Tonnage of extracted ore and waste per shift

Amount of extracted material (tpn LP Optimal result
Ore 74,400
Waste 34,400

The LP model also determines the number of trips between mining areas and dumping sites. In
the following tables, first, the numbers of empty trucks that have been sent from the unloading
areas to the miningreas and then, the number of full trucks from mining areas to the dumping
sites will be presented.able4.10showsthe number oeémptytrucks form each of thenloading

areado the miningareador typeA trucks.

Table 410: Number ofemptytruckstype A +in the LP solution
Truck typeA-Empty

Total number

From to| Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel #5
Waste dump#1] 0 0 12 0 160 172
Waste dump #: 0 0 0 0 0
Crusher 0 0 0 12 12
Total number 0 0 12 0 172 184

As it can be seen in this table, the total number of trips of truck Aye 184 in one shift.
According to this table no empty truck has been sent to shovels 1, 2 and 4 and no full truck of

type A has been sent to the waste dump #2.

Table4.11presentsimilar information fortype B trucks.

Table 411: Number ofemptytrucksof typeB zin the LP solution
Truck typeB-Empty

Total number

From t¢ Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel#5
Waste dump#1 0 0 0 0 0 0
Waste dump #2 0 0 0 0 0

0
Crusher 58 77 11 142 0 288
Total number 58 77 11 142 0 288
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According to the above table, the total number of trips for truck Byjse288 in one shift.

Table 4.12 indicatesthe number ofull trucks form each of the miningreas to the unloading

areador typeA trucks.

Table 412: Number offull trucksof typeA +in the LP solution

Truck typeA-full
From tg Waste dump #1 Waste dump #: Crusher Total number
Shovel #2 0 0 0 0
Shovel #4 0 0 0 0
Total number 172 0 12 184

Table4.13presentshe number ofull trucks form each of the minirgyea to the unloading areas

for typeB trucks
Table 413: Number offull truckstypeB *in the LP solution
Truck typeB-full
From td Waste dump #1 Waste dump #z Crusher Total number
Shovel #1 0 0 58 58
Shovel #2 0 0 77 77
Shovel #3 0 0 11 11
Shovel #4 0 0 142 142
Shovel #5 0 0 0 0
Total number 0 0 288 288

According to the solution of the LP model, all of the typaucks have been sent to the mining

areas and no truck tyfg®has been sent to the waste area. The LP solver uses trucks Bf type

which has a bigger capacity than trugkin the mining areas that include ore material. The

reason is to maximize the number of trucks which have been sent to the ore areas while

considering the blending constraints.

As it can be seen from the above &)lthe optimal solution of LP model has often extreme

solution. For instance, only trucks typeare sento the waste areas and trucks tyoare sent to
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the mining areas which include ore materidioreover, the quantity of waste that has been
removed $ 32% instead of 20% (of the total extracted material) indicating the difficulties to
extract more ore because of the blending constraint to satisfy. As mentioned before, the next
section presents the result of the DBS model using the Arena softwaresint@bmpare with

the result of the LP model.

4.2.2 Comparing the results of the LP modelvith DBS model

The LP model presented in the previous section is not influenced by the waiting time at shovels
and server in the mine. Also, This LP model does not present how to dispatch trucks to shovels in

mines.

Using the DBS model, we want to know if ignoring thaitmg time at servers has an impact on
the real productivity of the mine. The results of the LP model which was shown in Tables 4.10
and 4.11 have been entered into tlee=N E =>H AJAK&Hmatrix. Table 4.14 shows

the 8 = N E = > HHAJAK&S matrix. The first column in this matrix is related to the number of
empty trucks which have been sent from the waste dump #1 to the mining areas foatygpe
column two is the number of empty trucks for type The third and fourth columreze related

to the waste dump #2 for trucks of tyfeandB, respectively. Finally, the last two columns are

related to the number of empty trucks from the crusher to the mining areas.

Table 414: 8 =N E = > H AJgK &H

to Waste dump #1| Waste dump 2 Crusher
Fro Type A | Type B| Type A| Type B | Type A| Type B
Shovel #1 X X X X X X
Shovel #2 X X X X X X
Shovel #3 X X X X X X
Shovel #4 X X X X X X
Shovel #5 X X X X X X

The essential inputs habeen entered into the DBS model and this model has been run using the
Arena software. During the simulation, every timbenan empty truck reaches to the decision

part in this model, the number of sent trucks from each unloading areas is compared by the
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related target in the f”<f,Zt :*fZé&; matrix. The destination being the latest on its
production target is selectedhis process will be continued until the end of the simulation or

whenthe entire target is achieved.

Table 4.5 presents the resultf the LP model along with the DBS model for 12 hours shift for

this instance.

Table 415: Results of the LP and DBS models

Quantity of extracted material (tpn LP modelresult DBS model
Ore 74,400 72,900
Waste 34,400 34,400

In our test it was impossible to reattie same production level as the one obtained by LP model.
As it is mentioned in Chapter 3, the crusher is considerédegsarking lot at the beginning of

the shift. This means that at the beginning of the sddifgf the trucks are empty and will be sent

to the different destinationsh& simulation model losesome time that ithe sum of the service

time at crusher and traveling time from the crusher to the mining areas trth#setrucks.

This will affectthe final result of the DBS model which is smaller than LP optimal solution. For
example, on the one hand, the average traveling time and service time at crusherBdrugke

is 659 seconds that is 0.02 percent of the 12 hours shift. On the otlerthandifference
between ore production of these models is 0.02. Consequently, the DBS model outcomes

validate the results of the LP model.

Tables 4.16 and 4.17 display the results of the DBS model as the total number of empty trucks

sent from the unloang areas to the mining areas.

Table 416. Number ofemptytruckstype A- in the DBS model solution
Truck typeA-Empty

Total number

From td Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel #5
Waste dump#1 0 0 12 0 160 172
Waste dump #2 0 0 0 0 0 0

Crusher 0 0 0 0 12 12




54

Truck typeA-Empty
From td Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel #5

Total number 0 0 12 0 172 184
Table4.17presentghe total number of trucks trip the DBS modelor trucks typeB.

Total number

Table 417: Number ofemptytruckstype B- in the DBS model solution
Truck typeB-Empty

From tq Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel #5 Total number
Waste dump#1] 0 0
Waste dump #z 0 0
Crusher 57 75 10 140 0 282
Total number 57 75 10 140 0 282

As it can be seen from the above tables and also the amount of extracted wastes, the DBS model
has been able to send all empty trucks from the unloading areas to the mining areas which were
determined by the LP model. However, for trucks tfpé¢hat has ben transferring between
crusher and mining areas, all desired targets have not been achieved. Not achieving the targets for
typeB results in the smaller amount of the ore in comparison with the LP model result.

Although the proposed simulation model (DBS)capable of replicating the LP model but it is

not a good representation of the reality. Therefore, in the next section we will use another
simulation model which will simulate haulage system in the open pit mine considering all of the
required constrats. Also, the result of this model (DRTS) will be compared with LP optimal

solution.
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4.2.3 Comparing the results of the LP modelvith DRTS model

The objective of the DRTS model, which has been described in Chapter 3, is to find a new
method for real time idpatching system in an open pit mine for a very stesrh period. The

DRTS model has been run for the 12 hours shift using the same inputs for the LP and DBS
models.

Table 4.18 indicates the LP and DRTS results in terms of the ore and waste production.
According to this table, tonnage of the ore is 72,500 ton per shift and the waste is 18,750 ton per
shift. Therefore, the tonnage of the extracted waste in comparison with the LP model is decreased
to 21%. This model reduces the production of waste fortatipercent in comparison with the

LP model whilst considering the stripping ratio in the mine which will significantly reduce the
transportation cost in the mine. This simulation model overcomes the extreme result of the LP

model and presents a smootkmditching plan for haulage system.

Table 418; Results of the LP and DRTS models

Quantity of extracted material (tpn LP modelresult DRTSmodel
Ore 74,400 72,500
Waste 34,400 18,750

Table 4.19 and 4.20 show the resultdhed DRTS model for the final number of empty trucks

which have been sent from the unloading areas to the mining areas.

Table 419: Number ofemptytruckstype A- in the DRTS model solution

Truck typeA-Empty
From to | Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel #5 Total number
Waste dump#1 1 2 1 4 9 17
Waste dump #2 0 6 0 12
Crusher 23 19 5 42 17 106
Total number 24 27 6 48 30 135
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The total number of truckips of the DRTS moddbr typeB trucksis shown in table 4.20

Table 420: Number ofemptytruckstype B- in the DRTS model solution

Truck typeB-Empty
From tq Shovel #1 Shovel #2 Shovel #3 Shovel #4| Shovel #5 Total number
Waste dump#1 2 2 2 6 8 20
Waste dump #2 3 10 1 9 4 27
Crusher 32 40 13 86 39 210
Total number 37 52 16 101 51 257

According to the above tables, the DRTS model presesitsooth dispatching plan for truck and
shovel hauling system in the open pit mifiéie reason is the set of constraints which were
defined in this model and the objective of the DRTS model in order to provide a new way of
VSTPP for the open pit mine.

Results of the LP model and two other discussed simulation models have been prasiamded i
section. In the next section, two other models called Stochastic Basic Simulation (SBS) and

Stochastic Real Time Simulation (SRTS) will be discussed and then compared to the LP model.

4.3 Comparing the results of Stochastic Basic Simulation (SBS) and ®chastic
Real Time Simulation (SRTS) model with LP model

Although, the simulation models have been used to resemble an actual situation in an open pit
mine, considering the probabilities and uncertainties dictated by the reality is still required to
improve the simulation models and subsequently achieve better result for the VSTPP. To modify
the deterministic simulation model to a stochastic simulation model it is required to use the
randomness input data in simulation moddlke stochastic simulation meld consider the
uncertainties of the problem related to the trucks and shovels operation sgsitdmas the

loading and unloading time for trucks and the velocity of the full and empty trucks.

In order to change the deterministic variables to the stbcheariables, a triangular density
function is used. This function is the one normally used in the literature. Three coefficients are

considered. These coefficients will be multiplied by the deterministic value of the loading and
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unloading time and the iaxity of trucks. In order to have the same mean for the triangular
distribution by the deterministic value, the sum of these coefficients must be equal to 3. The

reason is that in the triangular distribution, mean is equal to the following formula:

UWH=EUH=EU H=
u

= The deterministic value
Table 4.21 shows the value of these coefficients.

Table 421: Coefficientsfor triangular distribution
Coefficients| U, U U,

Value 0.2 08 2

Table4.22presentshe random variables and their probability density functfonshe stochastic
simulation models

Table 422: Random variables artbeir probability density functions

Random Variable Probability Density Function
Loading Timeat each shovel (secondEype A Triangular 60, 200 500
Loading Time at each shovel (secondgpeB Triangular 60, 240, 600
Full Truck Velocity during the ShiTypeA Triangular .74, 10.96 27.4)
Full Truck Velocity during the ShiTypeB Triangular B, 12, 30)
Empty Truck Velocity during the Shiftype A Triangular 8.34, 13.36 33.4)
Empty Truck Velocity during the ShiftypeA Triangular 8.6, 14.4 36)
Unloading Time atrusher(seconds)TypeA Triangular 24, 96, 240)
Unloading Time atrusher(seconds)TypeB Triangular 29, 116 290
Unloading Time atvaste dump#{seconds)lypeA Triangular 21, 84, 210)
Unloading Time atvaste dump#{seconds)lypeB Triangular 25, 100, 250
Unloading Time atvaste dump#2seconds)TypeA Triangular (8, 72, 180)

Unloading Time atvaste dump#2seconds)lypeB Triangular @2, 88, 220)
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In the next sectignthe resuls obtained bythe LP, the DBSand the SBSmodek will be

compared.

4.3.1 Comparing the results of the LR DBSand SBSmodels

In this section, the SBS model results will be compared with the results of the DBS and LP
models.The SBS model haseenrun in the Arena for 100 replications and 12 hour sHifis
worth mentioning hie following results are the average of the tonnage of ore and waste for these

100 replications.

Table 4.23 presents the quantity of extracted material of the LP, DBS and SBS models. As it can
be seen from the table, the average tonnage of the ore ablgirtke SBS model is less than the

one obtained by both the DBS and the LP models. Since the SBS model considered the
uncertainties in loading and unloading time and the velocity of trucks so it is more close to the

real situation in the mine.

Table 423; Result of the LP, DBS and SBS models

Quantity of extracted material (tbn LP modelresult DBS model SBSmodet
Ore 74,400 72,900 71,625.5
Waste 34,400 34,400 33,812

* Average amount of 100 replications

Table 4.24 presents the waiting time at crusher and shovels in SBS model for 100 replications in
Arena simulation software. In the next table and the following tables of this chapter the average
column indicates the average value of each result over pliatoons. Half widthreturns the

95% confidence intervadround the mean value efich result. The third and fourth column
return theminimumand maximum valueecordedf each resulacross all replications run so far.

The last column specifies the maxim value of each result during 100 replicatioksl{on et

al., 2007%.

According to this table, the average waiting times for 100 replications at crusher, shovel #4 and
shovel #5 are between 7 to 10 minutes. According to the optimal result of the LR these

shovels are located in the mining areas with the highest number of trips during the shift. Since,
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the SBS model is based on the optimal solution of the LP model and follows it as a target, the

result of the following tables show the longest wajtiimes at these shovels and crusher.

Table 424: Waiting time at servers in the SBS model

Waiting time (seconds)
Description average Half width Minimum average Maximum average Maximum value

Crusher 598 16.38 411 780.3 3832
Shovel #1  13.5 1.39 0.6 37 484.2
Shovel #2  47.8 2.56 19.3 81 742
Shovel #3 15 2.28 0 56 493
Shovel #4 517 34.31 210 1071 2425
Shovel #5 458 9.85 347 574.6 1743

Table 4.25 shows the shovels and crusher utilization for 100 replications in girenlkation
software. Since the average waiting times at crusher, shovel #4 and shovel #5 is the longest
waiting times among the other servers, the utilization of these servers have also been the
maximum utilization during the shift. In average, the crusVes working for about 99 percent of

the time and this number for shovel #5 and shovel #4 is 96 and 92 percent respectively.

Table 425: Utilization of servers in the SBS model

Utilization of servers (percent)
Description average Minimum average Maximum average

Crusher 0.99 0.94 1
Shovel #1  0.38 0.32 0.43
Shovel #2  0.51 0.46 0.57
Shovel #3  0.13 0.1 0.17
Shovel #4  0.92 0.86 0.96
Shovel #5 0.96 0.92 0.98

In the previous section, the uncertainties are added into the basic simulation Imdidelnext
section the result of the LP moddDRTSandSRTSmodel will be compared

4.3.2 Comparing the results of the LP the DRTSand the SRTS models

The RTS model habeenrun in the Arena for 100 replications and 12 lsmhift. Table 4.26
shows results of the LP, DRTS and SRTS models.
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Table 426: Results of the LP, the DRTS and the SRTS models
Quantity of extracted material (tpbn LP modelresult DRTS model SRTSmodef
Ore 74,400 72,500 73,015.5
Waste 34,400 18,750 18,639.5
* Average amount of 100 replications

According to this table, the average amount of the production of ore is 73,015.5 tons per shift
which is lesghan theamount of tons obtained from thé optimal solution. As it explained in

DRTS modelovercomes the extreme result of the LP model and presents a smooth dispatching
plan for haulage system.

Table 4.27 exhibits the waiting time at shovels and crusher @gbertven using the SRTS model

for 100 replications in Arena simulation software. According to the table the average waiting
time for 100 replications at crusher is 21 minutes and for shovel #4 is 6 minutes. Because of the
blending requirement in the LP maddabout 50 percent of the final number of trips for truck type

B is related to the number of trucks which has been sent to the mining area #4. This issue also
can be seen in the simulation models.

Table 427 Waiting time at severs in the SRTS model

Waiting time (seconds)
Description average Half width Minimum average Maximum average Maximum value

Crusher 1303 17.5 1081 1535 3809
Shovel #1  25.7 2 6.2 56.2 610
Shovel #2 119 6 53.5 252.7 1366.8
Shovel #3 0.8 0.4 0 10.8 237.9
Shovel #4  313.7 5.4 243.4 375 1150.9
Shovel #5 141.5 5.5 81.6 225.7 1111

Table 4.28 shows the shovels and crusher utilization for 100 replications in Arena simulation
software. According to the utilization of servers in SRTS model, crusher is usqubd@ht of

the time and shovel #4 is used for about 90 percent of the time during the shift.
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Table 428: Utilization of servers in SRTS model

Utilization of servers (percent)
Description average Minimum average Maximumaverage

Crusher 1 1 1
Shovel #1  0.39 0.3 0.4
Shovel #2 0.5 0.4 0.6
Shovel #3 0.1 0.1 0.2
Shovel #4 0.9 0.88 0.97
Shovel #5 0.5 0.4 0.6

In previous section results of the stochastic simulation models was compared with results of the

deterministic simulation models and LP model.

In Section 4.3, crusher was the bottleneck which was working dfifupercent during the
simulationruns. In tle next section, other states that can be reflected as bottlenecks in the
operational system will be tested in order to verify the proposed simulation model and validate

the LP solution.
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4.4 Different scenarios

In order to evaluate the new dispatchisgstem the main operational componerdach as
number of trucks and shovel loading time will be considered as bottleneck of the haulage system.
The reason can be seen in importance of new model behavior in different situations in
comparison by the LP molde

In the next section the number of trucks is considered as bottleneck of the operational system.

4.4.1 Trucksas a bottleneck

In this section, we first present the results of the LP model considering the number of trucks as
variable in the model in order tyeate a scenario where truck capacity will be the bottleneck of
the system. The objective of this part is to determine the situation of our case study in terms of
the number of trucks to see if the system is under truck (there is not enough trucles) tonak

(there are additional trucks in the mine). We must change the LP model in order to determine the
minimum number of required trucks for each type. This new model considers the number of
trucks of each type as an integer variable. Moreover, we @ustraints in order to produce the
same amount of the ore production during the shift as the one obtained from the previous LP
model. The new objective function consists in minimizing the number of tAI&® used. The

following changes have been implemed in LP model.

X Consider the number of truék& B as variables in the model

06 # Number of truck#

06% Number of truck$

x Change the objective function for:

JEJEIEVIAI | O06#E06% VE;
(PA YDA
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x Add the following constraints to the LP model

P i ghiRyusrr v
PMDN | PO
B3 feof Rr AVZ: TR
D3 fef Rr V&,

Constraints 4.presentghe minimum amount of there production according to the result of the
SRTS model because, resuitsm the SRTS model are more reliable and accu@deastraints

(4.3) and (4.4yuarantee the integrality and noagativity of the number of trucls the model.

According to the above changes the following result presents the tonnage of the extracted
material and also the optimal number of essential trucks in order to transport the mentioned

extracted material. Table 4.29 shows the result of the modified LP model.

Table 429: Tonnage of extracted ore and waste in modified LP model

Amount of extracted material (tpn LP Optimal result
Ore 73250
Waste 18350

The number of tons of ore remains the same, but the number of tons of waste is reduced to 18350

tons which corresponds to the minimal amount of waste necessary to respect the stripping ratio.
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Table 4.30 shows the minimum number of required trucks snctise study.

Table 430: Number of required trucks

Type of the truck Number of each trucl
Truck typeA 1
Truck typeB 13

Comparing the results of the LP model and SBS modettruck as a bottleneck

In this section the SBS model has run using the 1 truckAyged 13 trucks typ8. Table 4.31

presents the result of the SBS model and LP model solution. This table emphasizes the fact that
the LP model is too optimistic and produces large amount ofnocemparison with the SBS

model using the same number of trucks during the simulation. The reason is that the LP model
does not consider waiting time at service points such as shovels and crusher and assumes trucks
are working continuously during the ghi¥Vvhile SBS model takes into account the waiting time

at service points. In this model, when a truck waits to be served by crusher or shovel during the
simulation, system losses time and then produces small amount of ore in comparison with the LP

solution

Table 431: Result of the LP and SBS modéiack as a bottleneck

Quantity of extracted material (tpn ~ LP modelresult SBSmodet
Ore 73250 64227.5
Waste 18350 16355.5

* Average amount of 100 replications

Table 4.32 shows the waiting time at shovels and crusher in SBS-tmaded as bottleneck for

100 replications in Arena simulation software. According to the table, the average waiting time
for 100 replications at crusher and shovel #4 is about 4 mindtesrding to the LP optimal
solution, the maximum numbers of trucks are sent to shovel #4 during the shift. Since, the SBS
model is based on the result of the LP model and follows it as a target, then the result of the
following tables show the longest ittag times in this shovel. In the LP model about 49 percent

of the final number of trips for truck tyfdis related to the number of truck which has sent to the

mining area #4. This issue also can be seen in the SBS model.
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Table 432 Waiting time at servers in SBS modalck as a bottleneck

Waiting time (seconds)
Description average Half width Minimum average Maximum average Maximum value

Crusher  217.7 4.3 172.5 281 2534
Shovel #1 11.1 1.26 0.37 33.5 569.3
Shovel #2  53.2 3 27.2 93.5 864.6
Shovel #3 0 0 0 0 0
Shovel #4 207.8 7.6 125.5 313.9 1212
Shovel #5  37.7 1.9 19.7 63.7 628

Table 4.33 indicates the utilization of the servers in SBS model when truck is considered as
bottleneck. As it can be seen from the followiagle the utilization of crusher is reduced from
99 percent to 87 percent during the shift. The reason is reduction in the number of trucks in the

system which will decrease the number of trips between crusher and mining areas.

Table 433: Utilization of the servers in SBS modelick as bottleneck

Utilization of servers (percent)
Description average Minimum average Maximum average

Crusher 0.87 0.83 0.92
Shovel #1  0.34 0.3 0.38
Shovel #2 0.4 0.38 0.49
Shovel #3  0.12 0.09 0.14
Shovel #4 0.86 0.81 0.91
Shovel #5 0.5 0.4 0.5

In the next section, the result of the SRTS model while considering trucks as bottleneck of

system will be presented.
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Comparing the results of the LP model and SRTS modettruck as a bottleneck

Table 4.34 shows the result of the SRTS model when the truck is considered as bottleneck. Also,
this result is compared with the result from the LP model. This table emphasizes the fact that the
LP model is too optimistic. This model has a better rekalh the SBS model. The reason is
considering the constraint in this model which penalize the direction that will have waiting time

at shovel.

Table 434: Result of the LP and SRTS mod#isck as a bottleneck
Quantity of extrated material (ton LP modelresult SRTSmodet

Ore 73250 66833.5

Waste 18350 17087.5

* Average amount of 100 replications

Table 4.35 contains the data for the waiting time at shovels and crusher in SRTS model when
trucks are considered as bottleneck for 100 replications in Arena simulation software. According
to the table, the average waiting time for 100 replications aherus 4.6 minutes and for shovel

#4 is about 5.3 minutes. In this table, the average waiting time by less number of trucks is
decreased by 79 percent in comparison with the result of the SRTS model with 8 trucks type
and 16 trucks typ8.

Table 435: Waiting time at servers in SRTS modeick as a bottleneck

Waiting time (seconds)
Description average Half width Minimum average Maximum average Maximum value

Crusher 2745 5.7 201.2 335.3 2264.8
Shovel #1  19.4 2 1.6 44.5 565.6
Shovel #2  69.9 4.4 21.6 141.4 967.4
Shovel #3  0.87 0.6 0 20 380.7
Shovel #4 320 5.5 252.7 389.4 1249.3
Shovel #5 141.3 5.3 92 207.4 1125.4

In the SRTS model, according to the following table, utilization of the crusher is about 91 percent
of the time and also this percentage for shovel #4 is equal to 93 percent during the shift. Table
4.36 presents the utilization of servers in SRTS model when truck is considered as bottleneck of

the operational system.
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Table 436; Utilization of servers in SRTS modglck as bottleneck

Utilization of servers (percent)

Description average Minimum average Maximum average

Crusher
Shovel #1
Shovel #2
Shovel #3
Shovel #4
Shovel #5

0.91
0.35
0.42
0.13
0.93
0.47

0.87
0.3
0.33
0.09
0.85
0.41

0.94
0.4
0.5
0.2

0.98

0.53

Considering the number of trucks as bottleneck indicates the LP optimal solution is too

optimistic. All the result shows using the optimal number of trucks in the mine will result in less

production in SBS an@RTS models. In the next section the result of the LP model, SBS and

SRTS model will be presented when the shovels are the bottleneck of the operational system.

4.4.2 Shovels as a bottleneck

,Q WKLV VHFWLRQ ZH ZLOO FKDQJH VKRYHOVY ORDGLQJ WLP
where the server in mining area will be considered as the bottleneck. Table 4.37 shows the result

of the LP model when the shovel loading time is increasau 250 to 540 seconds for truck

type A and from 300 to 600 seconds for truck typeduring the shift. However these shovel

loading times are unrealistic but, it was the easiest way to create a system where servers are the

bottleneck. As it can be seentritdhe table, the amount of the ore production reduced for about

35 percent and about 60 percent for waste production.

Table 437: Tonnage of extracted ore and waste in LP matelel as a bottleneck

Amount of extracted matit (ton)

LP Optimal result

Ore
Waste

49750
12600

Thefollowing section presents the result of the LP model and SBS model when the loading time

at shovels is considered as the bottleneck of the system.
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Comparing the results of the LP model and SB#&odel +shovel as a bottleneck

In this section, the SBS model has been run using the increased loading time at shovels. Table
4.38 shows results for the SBS model and compares these results with those obtained by LP
model when the shovel is considered a#tlbneck of the operational system. As it can be seen
from the table, the result of the SBS model is less than the LP model but the difference is too

small and is negligible.

Table 438: the result of the LP and SBS modalbovel as a bottleneck

Quantity of extracted material (tpn ~ LP modelresult SBSmodet
Ore 49750 49567.5
Waste 12600 12600

* Average amount of 100 replications

Table 4.39 shows the waiting time at shovels and crusher in SBS model when loading time at
shovels are considered as bottleneck for 100 replications in Arena simulation software.
According to the table, the longest average waiting time for 100 replicasi@tshovel #2 and

after that at shovel #4 and shovel #5 which is between 28 to 34 minutes. In the result of the LP

model, the number of trips for these three areas is the maximum trips of the truck during the shift.

Table 439: the waiting time at servers in SBS modhabvel as a bottleneck

Waiting time (seconds)
Description average Half width Minimum average Maximum average Maximum value

Crusher  273.3 6.9 204.1 374.2 3851
Shovel #1  94.9 8.5 28.5 220.2 1435
Shovel #2 2040.4 142 577 3784.5 5843
Shovel #3 5.6 2 0 49.4 685
Shovel #4 1893 145.9 504.7 3680.6 5791
Shovel #5 1663 38.4 1190.4 2187.5 3992.8

The table 4.40 presents the utilization of the servers in SBS model when shovel is considered as
bottleneck. As it can be seen in the following table the utilization of shovel #2 and shovel #4 is
equal and is 95 percent and this value for shovel #5 isef@pt during the shift. When the

crusher was the bottleneck, the utilization of shovel #2 and shovel #4 was 51% and 92%



69

respectively. The shovel #5 utilization was 96%. In case of having trucks as bottleneck, the
utilization of shovel#2 and shovel #4 wag% and 0.86% respectively. The utilization of shovel

#5 was 0.5%. Increasing the shovel loading time makes more shovel utilization in comparison
with the other scenarios when crusher and trucks were the bottleneck. But as production of waste
is reducedhe utilization of shovel#5 is decreased from 96% in case of crusher as bottleneck to

79% in the latest case.

Table 440: the utilization of servers in SBS modsHovel as bottleneck

Utilization of servers (percent)
Description average Minimum average Maximum average

Crusher 0.71 0.63 0.78
Shovel #1  0.56 0.46 0.63
Shovel #2 0.95 0.92 0.97
Shovel #3  0.23 0.17 0.29
Shovel #4  0.95 0.81 0.97
Shovel #5 0.79 0.66 0.89

The next section presents the result of the SRTS model tieeioading time at shovels is

considered as bottleneck.

Comparing the results of the LP model and SRTS modetshovel as a bottleneck

The result of the SRTS model is shown in Table 4.41. This table compares this result with the LP
model when the shovéd considered as bottleneck of the operational system. As it can be seen in
the table, the result of the SRTS model is less than the LP model. According to the Table 4.40
the quantity of waste in SRTS model is more than LP model but the total extracerchina

SRTS model is less than the LP model. In this scenario, the LP model tries to maximize the
amount of ore during the shift. So, we can have infinite number of solutions which have the
equivalent objective function in terms of amount of ore buhwlifferent distribution of trucks.

Also, the amount of waste production in this case would be changed from one solution to another

one.

Table 441: Result of the LP and SRTS mode&bovel as a bottleneck
Quantity of extractedhaterial (ton LP modelresult SRTSmodef
Ore 49750 42816.5
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Quantity of extractedhaterial (ton LP modelresult SRTSmodetf
Waste 12600 18434.5
Total 62350 61251

* Average amount of 100 replications

Table 4.42 presents the waiting time at shovels and crusher in SRTS model when loading time at
shovels isconsidered as bottleneck for 100 replications in Arena simulation software. According
to the table the average waiting time for 100 replications at shovel #5 is about 68 minutes which
is the longest waiting time among other shovels. Afterwards, thengdithe at shovel #2 and
shovel #4 are the longest waiting time during the shift. Since the loading time at shovels is
increased then the waiting time at shovels will be increased that has shown in the output of the

simulation model.

Table 442: Waiting time at servers in SRTS modlovel as a bottleneck

Waiting time (seconds)
Description average Half width Minimum average Maximum average Maximum value

Crusher  257.4 4.3 190.5 349.4 3645.1
Shovel #1  84.7 6.7 20.6 212 1459.9
Shovel #2 2272.2 37.8 1717 2752.8 5257.6
Shovel #3 8.4 3.1 0 83.8 777.8
Shovel #4 1516.8 22.7 1277.1 1867.1 3517
Shovel #5 4095.9 87.2 3203.5 5363.3 14804

Table 4.43 displays the utilization of the servers in SRTS model when shovel is considered as
bottleneck. As it can be seen in the following table the utilization of shovel #5 is 99 percent and

shovel #4 is 93% and this value for shovel #2 is 76% duriagsltift. According to Table 4.28

when the crusher was the bottleneck, shovel #5 utilization was 50%. Utilization of shovel #4 and
shovel #2 were 90% and 50% respectively. When the truck was the bottleneck utilization of

shovel #5 was 47%. Utilization of ael #4 and shovel #2 were 93% and 42% respectively.

These results verifies the effect of the increased shovel loading time in the utilization of the

shovels which is increased as following tables especially for the shovels which have sent more

trucks duing the shift .
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Table 443: Utilization of servers in SRTS modshovel as bottleneck

Utilization of servers (percent)
Description average Minimum average Maximum average

Crusher 0.61 0.51 0.67
Shovel #1  0.49 0.38 0.57
Shovel #2  0.76 0.6 0.85
Shovel #3 0.2 0.15 0.26
Shovel #4  0.93 0.72 0.94
Shovel #5 0.99 0.98 0.99

In the next section the summary and remarks of this chapter will be presented.

4.5 Summary and remarks

The LP model and the simulation models tlvate developed in Chdpr 3 are applied on a real

mine in this chapter. The DBS model result presents the operational dispatching plan for truck
and shovel system in the mine.

According to the output of the simulation models, crusher was the bottleneck simthliation

models. So, at the end of this chapter the possibility of having the bottleneck in other parts of the
operational system was tested. The result of the simulation models when trucks are considered as
bottleneck indicates that the result of LPdabis too optimistic.

In the next chapteahe summary and condion of thethesiswill be presented.
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CHAPTER 5: CONCLUSION AND
RECOMMENDATIONS

This chapter contains conelon of thethesis as well as recommendations foture work in
studying tru& andshovelhaulingsystemsn an open pit mine for a very shderm-term period.

5.1 Conclusions

The LP model was developed by Gamaehel. (2009) with the suitable level of detail, and
many different aspects of truck and shovel operations has run using Solver. This model does not
take into account the waitirtgne at servers.

After running the basic simulation model which considdrs waiting time atshovels and
crusher and also the real time simulation model crusher discovered as a bottleneck of the
operatiomal system.

Considering truck as a bottleneck of the system presents that the LP model is too optimistic and
not taking intoaccount the waiting time will cause reduction in the ore production in the SBS
model. The result of the SRTS model confirms the above fact and also produces more ore in
comparison with the SBS model. The reason is using the congtratinis simulation mdel

which penalizes the direction that will have thaiting time.

The shovel loading time is the other bottleneck of the system. Isithétionalso the LP model

and simulation models have run for 12 hours shifthis scenario, the SBS model has the same
amount of waste production as LP model but less ore production that is negligible. In the SRTS
model we have much less ore production but the more amount of waste production. The reason
can be seen in the fattat the LP model tries to maximize the ore production. The LP model has
different solutions with the same amount of ore but different solutions in terms of trucks
distribution and waste production.

In the next section recommendation for future redewaitt be presented.
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5.2 Recommendations for @iture research
The following recommendations could improtke truck and shovel hauling system and

researches in this area.

x Apply Opt Questool in Arena in order to maximize ore production according td_the

model constraints

X Scheduled and unexpected failures of trucks, shovels, and crushers and repairing

processes could be added to the model to create a more precise valuation of the system.
x A time study with probability analysis to determine the cycle timoee accurately.

X A sensitivity study of input parameter to understand how the system reacts to the different

scenarios.
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