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ABSTRACT 

 

 

The loading cycle in an Open Pit mine is a critical stage in the production process 

that needs to be controlled in detail for performance optimization. A comprehensive Alert 

System designed to notify supervisors of cycle times that are below the required 

performance standards is proposed. The system gives an alert message when one or 

several trucks are idle or the time of completing production tasks are over a predefined 

value. This alert is identified by the system and compared with pre-established Key 

Performance Indicators (KPIs) in order to determine corrective actions. The goal is to 

determine the strategies that help the production supervisor to optimize the haulage cycle 

model. A discrete-event simulator has been built in order to analyze different scenarios 

for route design and queue analysis. A methodology that utilizes different algorithms has 

been developed in order to identify the least productive times of the fleet. These results 

are displayed every time the simulation has finished. 

This research focuses on the optimization of haulage. However, the system is 

intended for implementation in subsequent stages of the production process, and the 

resulting improvement could impact mine planning and management as well. 

Topographic and drilling exploration data from a mine located hypothetically in the state 

of Arizona, were used to build a block model and to design an open pit; an Arena-based 

simulation was used to generate operating cycles that represent actual operations (As-Is 

model). Once the Alert System is implemented, adjustments were applied, and a new 

simulation was performed taking into consideration these adjustments (To-Be model), 

including comparative analysis and statistical results. 

 

Key words: Haulage, KPI, Optimization, Productivity, Simulation  
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1.  INTRODUCTION  

 

 “The only real way to find areas to improve is to look at what you’re already doing” 

Larry Widdifield (Caterpillar, 2010).  

 

The profitability of a mine today is dependent on the careful management of operations. 

Although currently a number of techniques have solved important problems, there are 

still several opportunities for continuous improvement of processes. Transportation of 

material is one of the most expensive stages of the mining cycle, being on average 60% 

of the total mining cost. However, the everyday work makes some elementary aspects go 

unnoticed. The mining industry, like other industries, is always looking for new 

challenges in improving its processes in order to have a sustainable operation with care 

for the environment, improve worker safety and productivity of their equipment, facing 

the fluctuation of costs and changes of commodity prices in the market. For these 

requirements, the latest developments in information technology have been introduced in 

the field of mining in order to centralize, integrate, and analyze data. As a consequence, 

the industry has generated multiple tools to increase productivity with monitoring 

equipment, avoiding delay times during the production process. 

 

One of the first tasks assigned to junior engineers when starting their work is to control 

the cycle time of equipment during production. A substantial amount of data is collected, 

analyzed, and converted into information that brings up the knowledge required by 

management for making decisions based on a comparison between actual performance 

and ideal operating conditions which are represented by Key Performance Indicators 

(KPIs). Current operation tasks leave almost no time to verify the quality or precision of 

the data collected. Added to this, the risk of exposing inexperienced personnel to work 

near major equipment is high. With the latest developments in technology, there are 

devices that continuously monitor the various activities of the equipment, recording all 

the vital signs and storing them in a database. The status of equipment performance can 
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be displayed either in real time or at the end of the shift. In any case, the mine planning 

can be tracked and the management of the operation can be improved. 

 

1.1 Research Objective 

 

The research objective is to demonstrate the validity of a methodology designed to 

optimize the haulage cycle by focusing on the identification and control of the factors that 

affect the cycle time performance. This is achieved by the following steps: 

 

 Demonstrate the benefits of time analysis and how this affects the 

productivity outcomes in the mining process; 

 

 Demonstrate the utility of KPIs in the extraction of ore and waste, and 

how they help to identify equipment performance; 

 

 Develop software interfaces to visualize the Alert System in order to 

increase awareness in the operations supervisor; and 

 

 Make recommendations for future applications that can help improve the 

productive process of an open pit mine. 

 

1.2 Problem Statement 

 

The transport of material is one of the most important aspects of the operations carried 

out in open pit mines. This activity requires large equipment whose cost per hour is high; 

therefore, high productivity is required with the correct allocation of trucks and shovels. 

Given the importance of the subject, the development of elaborated decision support 

systems contributed to increase productivity, thus reducing operating costs. However, 



16 

 

 

there is an issue with certain dead times such as queue trucks for loading; trucks waiting 

to be loaded and other delays. This creates an inefficient fuel consumption, and energy 

and carbon emissions footprint. 

 

According to the literature reviewed, there are several research initiatives for improving 

the cycle times in mining operations. However, there is almost no information about alert 

systems in the different sub-activities of the haulage process in which delays were 

identified. The research work describes the development and testing of a context-based 

system with the objective of providing more information for optimizing the haulage cycle 

time based on the control of delays. After applying this methodology, efforts were 

focused in correcting performance values of the production program that are out of 

standards. 

 

1.3 Proposed Solution 

 

The research for the present thesis has been conducted in the Department of Mining and 

Geological Engineering, University of Arizona, under the supervision of Dr. Victor 

Tenorio. An approach that helps controlling the cycle time using an Alert System that 

detects performances outside of standards is proposed.  

 

For this research, the work flow of the methodology is explained in Figure 1.1. An open 

pit mine was made by a drill-hole database, block model, and designed in MineSight®. In 

order to produce data that constitutes the source database, a primordial model of an open 

pit mine was produced using Arena®, generating a population of cycle times for up to 

100 replications of a full working day (two shifts). This set of simulations and results 

produced the As-Is model. An Alert System was developed by the application of 

monitoring algorithms for detecting out of standard performances in the As-Is database. 

The factors that impacted negatively in the performance were detected after a detail post 

operation analysis. The To-Be model was generated with the optimization of haulage 
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cycle times and the results are shown in a dashboard. The goal is to demonstrate that the 

production of an open pit mine can be increased with better control of time in the 

performance of haulage trucks. 

 

 

Figure 1.1. Alert system process workflow. 

 

1.4 Structure of the Thesis 

 

The thesis contents are distributed into seven chapters: 

 

Chapter 01 presents a brief description of the research, objectives, problem statement, 

and proposed solution; 

 

Chapter 02 reviews the literature associated with Haulage Optimization Methods, 

Truck Cycle Times Prediction models, As-Is model, To-Be model, and Simulations; 

 

Chapter 03 presents the development of the Comprehensive Alert System; 

 

Chapter 04 describes case studies which are generated utilizing a discrete-event 

simulator; 
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Chapter 05 shows the modeling of the mine layout of this research; 

 

Chapter 06 covers the analysis and evaluation of the methodology applied in the 

selected case studies; and 

 

Chapter 07 presents the main conclusions, recommendations and suggested future 

work. 
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2. LITERATURE REVIEW 

  

Various papers about techniques for increasing productivity in open pits were reviewed. 

This literature  cover the concepts regarding Fleet Management Systems (FMS) and to 

understand the existing theoretical methods and approaches for the identification of 

problems in haulage optimization, providing highlights on how to define the KPIs 

required for the analysis. 

 

2.1 Fleet Management Systems 

 

Fleet management is a technique for transport optimization that is used in the 

management of mining vehicles for hauling. FMS are applications that help to automate 

the management of trucks and shovels, allowing production supervisors to increase the 

productivity of the haulage process by maximizing the utilization of the equipment, thus 

lowering operation costs. A computer in every vehicle is the provider of mobile data to 

the FMS. 

  

All FMS are based on tracking the position and status of vehicles. This system is usually 

based on the Global Positioning System (GPS), although in some circumstances it can 

work over a General Packet Radio Service (GPRS) platform. The process is shown in 

Figure 2.1. When the system determines the location, speed and course of the vehicle, 

this information is transmitted to a software application. Data transmission can be made 

using a combination of satellite signals and terrestrial re-transmitters (Gu et al., 2008).  
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Figure 2.1. Operational fleet monitoring and management. 

 

2.1.1 Categories of FMS 

 

Lizzote and Bonates (1987) provide a description of the different FMS categories: 

 

i. Manual FMS 

This method assigns trucks to shovels for every shift based on production 

requirements, fleet availability, shovel location, and ore blending goals. 

Typically the assignment is fixed (locked); this means that a truck is assigned 

to a shovel or dump destination during the whole shift, unless a modification 

in the production plan requires changing this setting. The FMS supervisor can 

visually follow the truck position observing a real time display and can 

reassign destinations after each travel if needed.  
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ii. Semi-automated FMS  

Preprogrammed optimization algorithms help the FMS supervisor to 

recommend the most adequate truck allocation to meet production goals. 

Some authors affirm this semi-automated FMS is a passive system because it 

only records information and recommends an optimal system (Swain et al., as 

in Lizzote & Bonates, 1987). Byles (1984) recommends changing this system 

to fully automatic because it doesn’t work efficiently in real time with a fleet 

of 9 shovels and 44 trucks as it occurs in Bougainville Copper, Ltd. 

 

iii. Fully automated dispatching FMS 

This kind of system sends and receives information from drivers using display 

panels, trucks, or located tactical points in the operation. Fully automated 

dispatching is able to record the performance and management of truck routes 

for a smooth shift change. It reduces expenses and improves user experience 

because automatically accepts customer requests via telephone and the Web, 

without operator action. However, a fully automated system requires a high 

capital expenditure, ranging from $0.5 M to $3.6 M (Lizzote & Bonates, 

1987). 

 

2.1.2 Examples of FMS 

 

i. JigSaw360™  

This is a fleet management and production optimization system which 

minimizes dead times, maximizes performances and provides production data 

and real time positing based on GPS technology and a combination of 

movable and fixed stations that offer a network of high precision positioning 

of mine equipment. 
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ii. Dispatch® 

This system is a fleet management solution developed by Modular Mining 

Systems, Inc. for underground and surface mines. It manages a diversity of 

mine processes in the operation which are: haul truck dispatching, crew 

rotation, and optimizing the designation of equipment in real time. The system 

uses accumulated data to anticipate and suggest actions to optimize 

productivity (Keating, 2008). 

 

iii. Pitram® 

Is a software tool developed by Micromine which is based on recording real 

time events, utilizing the collected data for providing a mapped representation 

of people and equipment in the mine operation, displaying the location and 

status in specially designed Fleet Management screens. This information 

permits supervisors to reallocate resources and make production adjustments 

in order to accomplish production goals. 

 

2.2 Haulage Optimization Methods 

 

Different theoretical methods were found in the literature for the increase of productivity 

in open pits. Haulage problems were classified according to different operational 

contexts. In addition, improvement of productivity was presented using a case study. 

 

A method for controlling haulage optimization in large open pit mines (Li, 1990) focuses 

on the following issues: a) how much ore or waste is required to be transported along a 

path in the network of haul roads in order to minimize the transportation work, b) how 

operational trucks have to be assigned to shovels for the system to be efficient, and c) 

how many trucks need to be used for achieving the production objectives. The method 

helps supervisors to understand the main problems the transport and hauling activities 
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have to deal with, with its respective solutions, which serves as a baseline for finding the 

source of such problems. 

 

An FMS can be utilized in the optimization of truck and shovel fleet distributions in 

haulage and transportation of ore and waste in open pit mines as well as underground 

mines. Munirathinam and Yingling (1994) gives an overview of the different strategies 

used by one of these systems during the production process in a mining operation, based 

on different theories presented on the date of publication. There is no doubt that an FMS 

is useful for improving the operations of the mine, as is shown in the referred article with 

practical examples where the system has been successfully implemented. Theories are 

classified in three groups: a system that employs heuristic rules, a system that assigns 

constraints to the vehicle distribution plan, and a dispatching system. As mentioned 

above, the relevant analysis of this work is the presentation of the advantages and 

disadvantages of the FMS. There are algorithms that are discussed, which are applied in 

the system in an easy way; however, sometimes the automatic decisions go against 

management objectives. Finally, each of these theories is useful to determine the best 

option for each mine, because each one has its own characteristics that make it unique. 

All of them represent approximate solutions to the complexity of the decision process in 

the preparation of the comparisons between the various competing approaches. 

 

Optimizing the necessary number of trucks per shovel in transportation and hauling of 

material in open pit mines is an issue to be resolved. Ercelebi and Bascetin (2009) present 

two methods to find the proper number of trucks per shovel in an open pit mine: 

―Optimum number of truck assignments to shovels (by employing closed queuing 

network theory)‖ and ―dispatching of trucks to shovels (by linear programming)‖. It is 

known that how long does it takes for a truck going to the loading point cannot be 

predicted, nor can how much time the shovel utilizes to load the truck; however, it is 

possible to find a trend. The applications of these principles are shown in a case study in 

Orhaneli; it is an open coal mine in Turkey. All possible routes of trucks for assignments 
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were analyzed, determining the optimum number of truck assignments to a shovel and an 

adequate dispatching of trucks to shovels. The result after optimization of Orhaneli open 

pit mine was 10.1 million m
3
 overburden removal in a year with 18 trucks (77-ton) and 4 

shovels over the required minimum of 9 million m
3
 overburden removal per year and the 

cost of hauling is 19.07 ¢/m
3
. 

 

Some automated systems are used to control and dispatch trucks. One of them is called 

TRASY (Sgurev et al., 1989). The fundamentals of the system are based on controlling, 

monitoring, and reporting the truck fleet. Like other systems oriented to optimization 

haulage, it tries to solve the issue where "a large number of trucks cause queues, and a 

small number of them causes downtime of the shovels". TRASY collects data from 

different monitoring points and processes it through different modules in real time. The 

system is designed for reading data from a standard FMS. There is a module that works 

as an interface layer to convert the collected data of TRASY requirements. The system 

has been implemented in two open pit mines in Bulgaria achieving an increment between 

6-8%. As described above, all the systems used to monitor and manage fleet optimization 

increased production, identifying haulage improvement opportunities. 

 

2.3 Truck Cycle Time Prediction Models 

 

Nowadays, there are several methods that predict truck cycle times, which are accepted 

by current mining (Doig & Mehmet, 2013). These methods are: Computer Simulation, 

Multiple Regressions, and Artificial Neural Networks. 

 

2.3.1 Computer Simulation  

 

i. Talpac© (Runge Software) 

Talpac® is a simulation and evaluation software of mining equipment in 

haulage based in a Monte Carlo-type simulation that determines the truck-
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loader productivities on bank cubic meters (BCM) per hour. The initial 

parameters to start the haulage simulation are the bucket capacity of the 

shovel, and both load and haul units, the power ratings, and capital and 

operating costs.  

 

The road parameters (length, slope, rolling resistance) also have to be defined 

(Chanda & Gardiner, 2010). With these parameters the simulation is executed. 

Results of productivity in the same period of time can be compared, along 

with travel time, loading and waiting times, fuel use, wear, average operating 

costs and other costs to explore different network scenarios, make changes in 

ramp levels, road surfaces and other features (Finning, Ltd., 2014). 

 

To generate a simulated haulage system; Talpac® uses scholastic variables 

that describe the haulage environments, which are the following: 

 

 Truck Travel Time, 

 Truck Dumping Time, 

 Truck Availability, 

 Loader Cycle Time, and 

 Loader Bucket Load. 

 

ii. Caterpillar FPC 

Fleet Production and Cost Analysis (FPC) is a computer tool developed by 

Caterpillar to estimate cost, productivity, time required for a variety of earth 

moving or other material handling fleet, to move and transport ore/waste from 

one place to another through one or more ways. FPC is widely used as a 

method for establishing the requirements of the fleet of a customer. FPC is 

used as an input to Equipment Investment Analysis (EIA), (Krause, 2006).  
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The tool predicts long-term productivity; time needed to remove the material, 

the amount of equipment to complete the job and costs associated. This tool 

can compare different fleets, estimate production, and generate an operating 

budget. In this instance, FPC can be applied to improve truck-loader matching 

(Gove & Morgan, 1994).  

 

The following factors are considered input for FPC (Finning, Ltd., 2014); 

 

 Site speed limits, 

 Haul road condition - Gradients/Rolling resistance/distances, 

 Waiting times, 

 Machine - Availability/Bucket Fill Factor/Cycle times, 

 Site – Material Density, 

 Required Volumes, and 

 Operator Efficiency. 

 

Krause (2006) explains the FPC process as shown in Figure 2.2. The 

simulation begins by selecting the machine characteristics from Caterpillar 

equipment (database seller), and other input specifications from 

manufacturer's handbooks, or assumed equipment features. The system 

requires further haul road characteristics, materials specifications, production 

hour distributions and costing components. Maintenance and repair cost 

values can be entered in the tools as well. The objective is to calculate the 

cash flow based on the best selection of equipment. Input values for FPC are 

programmed inside the EIA and consider discount rates, insurance rates, and 

other financial parameters.  
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Figure 2.2. FPC and EIA simulation process (Krause, 2006). 

 

Fleet matching involves the proportion between trucks and shovels based on 

the cycle times (Gove & Morgan, 1994). Equation 1 shows the Fleet Match 

calculation. 

 

            
                                    

                
 

 

 

FPC gives the relation between cost and production to managers and simulates 

choices about truck-loader matching to maintain adequate levels of production 

and cost in the mining operations. 

 

iii. Arena® (Rockwell Software)  

Arena® is a simulation software that helps measuring, predicting and testing 

whether a schema or the layout/equipment configuration is proficient, 

(1) 
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functional, and optimum with the application of a Monte Carlo-type 

simulation procedure. This tool is utilized to simulate mining activities such as 

the mine haulage system that reflects how the equipment works in an open pit 

operation. 

 

Arena® uses visual representations of trucks and loaders as entities while a 

simulation process is running. This allows the visualization of the simulation 

process that can be used in scenario analysis in comparison with other 

scenarios. It works with different types of building blocks that may represent 

trucks, shovels, crushers, waste dump location, and dynamic processes such as 

loading, traveling and dumping. Highly accurate results are obtained with 

graphical representations to support project goals. In addition, the 

functionality of the software allows analyzing cycle times because the 

probability distribution based on field data is shaped to scholastic variables. 

Arena® is able to record and track every activity of cycle times per truck 

during the simulation to study the impact of this cycle in production and 

performance (Krause, 2006).  

 

2.3.2 Multiple Regressions  

 

Multiple Regressions is a statistical method for finding the values of a dependent 

variable by its relation to a set of independent variables. The independent variables 

comprise a factor that symbolizes the impact of the dependent variable. This factor is 

called the coefficient of variation, creating a formula based on the data where the 

values of the variables are known (Chanda & Gardiner, 2010). 
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2.3.3 Artificial Neural Networks 

 

The principle of neural networks are based on the human brain in which hundreds of 

millions of neurons interact putting their contributions (weights) to get the best and 

fastest way of results. This concept is used to predict the transport cycle time from the 

combination of input variables (Chanda & Gardiner, 2010). 

 

2.4 Modeling Using Simulation Techniques  

 

Mining operations are studied by experimentation. Simulations are used to represent real 

life operations in a model. This enables to test different scenarios and their results can be 

analyzed for decision making. Kelton et al. (2007) define that ―Simulation refers to a 

broad collection of methods and applications to mimic the behavior of real systems, 

usually on a computer with appropriate software.…‖ 

 

With the enhanced calculation capacity of digital computers, it is possible to simulate 

complex operations in open pit mines. This has great potential for allowing research, 

analysis and comparison of extraction systems in an accurate way, quickly and at low 

cost (Touwen & Joughin, 1972). This research work is used to generate data for a copper 

open pit mine. 

 

Ataeepour and Baafi (1999) propose to optimize the production process, taking for the 

first time the decreasing wait time of trucks to be loaded for an available shovel. This 

resulted in improved production and equipment utilization. The algorithm calculates the 

time it takes for trucks from the moment they are loaded to return for a new load, the free 

time that shovels have while waiting for a truck and the waiting time of a truck to be 

loaded. After running the algorithm, it was observed that as the number of trucks 

increased, also did the productivity of shovels, but consequently the waiting time of 

trucks became greater. In order to obtain equilibrium between the numbers of units and 
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the productivity expected, operators and managers can analyze alternatives produced by 

the simulator. This helps dispatchers send the trucks to shovels that have the shortest 

waiting time. A practical assumption is considering all equipment units are equal, i.e. 

same model, capacity, utilization, etc. 

 

For testing the efficiency of haulage and transportation processes, it is possible to use 

simulation software to recreate different configurations and scenarios, identifying 

variables that need to be adjusted. In doing this simulation, different algorithms are used; 

Yifei (2012) presents an algorithm to determine the best allocation of trucks to meet a 

particular grade with a stable production. 

 

i. As-Is Model 

Models are important to estimate how the behavior of operations in open pit 

mining will be, understanding the operation, identifying problems and looking 

for the solutions. For Business Process Improvement (BPI), an As-Is model is 

a prerequisite to understand how processes are executed in the current system. 

Unlike most object oriented design models, where for development, several 

technical aspects are considered, an As-Is model helps analysts as an 

significant model for understanding and for the improvement of business 

processes (Lodhi et al., 2010). The As-Is model is relevant to the present 

research because allows to understand how the open pit works, representing in 

a simplified way the operation of the mine, analyzing the results and 

identifying the potential bottlenecks (Tan et al., 2012). 

 

ii. To-Be Model 

The To-Be model is the result after incorporating the improvements found on 

the As-Is model. The To-Be model has the same structure of an As-Is model, 

therefore any adjustment can be applied directly without any modification in 

the original configuration (Tan et al., 2012). 
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The application of the As-Is and To-Be modeling is currently part of the 

simulation of operations in open pit mining. Tan et al. (2012) used the As-Is 

and To-Be models in simulations for operations management support in an 

open pit in Mongolia. They used real GPS tracking data from the mine and 

presented three models for production optimization. First, they created the As-

Is model to evaluate the current state of operations. Then, the To-Be model 

was built in order to propose an improvement based on the results and 

evaluation of the As-Is model. Finally, the maximum rate of extraction of the 

mine is calculated. In this case, the percentage of utilization of the shovel 

increased, whereas truck utilization was decreased. Any improvement is based 

on the previous evaluation; if there is no good basis, the process optimization 

will not be conclusive. The optimal number of trucks required to maintain the 

optimal production levels is identified, thus adjusting the To-Be model with 

the applied changes.  

 

2.5 Queue Theory 

 

May (2012) apply queuing theory to explain an open pit operation. The functionality of 

this theory reflects how haulage works in an open pit operation. This theory is to develop 

a model where customers arrive to a server in order to be served, if not treated 

immediately, they go to another server to receive the attention or leave the system. 

Applying to the case of mining, trucks are the customers and shovels are the servers. 

Empty trucks arrive to the loading area expecting to be served with ore or waste. If they 

are not loaded, they will go to the following shovel that can load them. Otherwise, they 

will be referred to another place. To maintain order until the arrival of the trucks, the 

following terms are defined: 
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 FCFS: First come, first served; 

 FIFO: First in, first out; 

 LCFS: Last come, first served; 

 RSS: Random selection of service; 

 PR: Priority; and 

 SIRO: Service in random order. 

 

In mining, four routes are defined, whose basic components are: loading, loaded travel 

time, dumping of materials, and unloaded travel time that is repeated every shift. A 

typical queuing system with a load and haul operation is shown in Figure 2.3, where 

trucks are coming to an available shovel to be loaded into FIFO mode. When the truck is 

loaded, it goes to the crusher and the cycle repeats again. 

 

 

Figure 2.3. Cyclic queuing system with parallel loaders (May, 2012). 
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2.6 Cycle Time 

 

This is defined as the time spent by any equipment to complete one cycle of operation. 

For a truck, cycle time includes the time to spot and load, travel to the dump site; 

maneuver, spotting, and dump and drive back to the loading point, also predictable 

delays, unpredictable and wait times are included in the cycle (Lineberry, 1985). 

 

Storage of loading times, travel time, queues and unloading times in a database are 

required in order to define the sequence of operation with the theories presented. Ercelebi 

and Bascetin (2009) based the theories on the proper calculation of trucks per shovel with 

the aim of decreasing the cost of material movement. Finally, different equations are 

presented whose parameters should be extracted from a database. Equation 2 shows the 

components of a typical cycle time in an open pit mine. 

 

 

 

 

 

 

Nel et al. (2011) presented a structure of a time model where the different time 

components relate among themselves. Figure 2.4 helps to better understand how this time 

structure is compounded.  

 

 

cycle time = load time + dump time + queuing time at the shovel 

 + queuing time at the dump + loaded haul time + empty haul time. 

(2) 
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Figure 2.4. Typical time usage model (Nel et al., 2011). 

 

Standard time definitions of this model are the following: 

 

CT: Total available time; 

ST:  Time during which an item is scheduled to perform its required production function; 

UT: Time during which an item is not scheduled to perform its required production 

function; 

WT: Scheduled timeless idle time; 

IT: Time during which equipment is available but not utilized due to internal and 

external factors; 

AT: Working timeless maintenance time; 

MT: Time allocated for equipment maintenance; 

OT:  Time during which an item is performing its required production function; 

OD: Time when equipment is operating but not in a productive mode; 

PM: Scheduled component of maintenance time; and 

BM: Unscheduled component of maintenance time. 
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2.7 Key Performance Indicators 

 

Key Performance Indicators (KPIs) are collections of measured data that are used for 

evaluating the performance of an operation. They are the tools utilized by management to 

evaluate the performance of a particular activity. These assessments usually compare the 

actual and estimated performance in terms of efficiency, efficacy, and quality (Cox et al., 

2003). 

 

Five relevant KPIs for the evaluation and identification of opportunities are defined, 

which are: vehicle fill, empty running, time utilization, deviations from the schedule, and 

fuel consumption. For example, in the results shown it can be found at what point of time 

the equipment has no allocation assigned, maintenance status, cargo waiting, etc. and 

with the visualization of a simple graph, a number of opportunities for continuous 

improvement are identified. The results show various areas to investigate in depth, while 

the operators understand how to improve their equipment use, and encourage them to 

improve their techniques of operation. Finally, the desired result when using the KPI is 

presented there are identified strengths, weaknesses, opportunities for improvement and 

that this holds (Great Britain, 2007). 

 

2.8 Goodness-of-Fit Tests for Distributions 

 

Altiok and Melamed (2007) expressed that there are hypothesis tests used to verify 

whether a generated distribution can be approximated to a given theoretical distribution. 

In the construction of the simulation model is important to decide whether a dataset is 

appropriately adjusted to a specific probability distribution. When testing the goodness-

of-fit of a data set, the observed frequencies are compared versus expected frequencies 

theoretically. Hypothesis tests that were used in this thesis are explained below. 
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i. Chi-Square Test 

This test was used to check that there was no difference between the 

frequency distribution of the sample and the theoretical distribution. This test 

allows determining whether the observed frequencies are sufficiently close to 

those expected according to our null hypothesis. This test is valid for large 

sample sizes, for discrete or continuous distributions. 



ii. Kolmogorov-Smirnov (K-S) Test  

This test is applicable only to continuous random variables, because it is an 

assumption of the test. K-S not dependent on a specific distribution and is not 

known a priori distribution from which the data are taken while Chi-Square 

required large amounts of data. It calculates the differences (in absolute value) 

between the accumulated theoretical and observed frequencies in each class; it 

means that seeking the biggest difference and compared with the critical value 

of K-S table. 
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3. DEVELOPMENT OF THE COMPREHENSIVE ALERT SYSTEM  

 

The concepts mentioned in previous chapters were used to develop an ad hoc 

methodology that integrates FMS procedures, cycle time definitions, productivity 

optimization calculations, and simulation approaches for scenario analysis. The proposed 

system is intended to assist in the control of the variability of performance standards 

found in the first phase of the production model (As-Is model), using the results of the 

model performance to compare them with predefined KPIs in order to generate 

adjustments that optimize the functionality of the final model (To-Be model). 

 

3.1 Purpose and Motivation 

 

It occurs very often that those departments that are involved in mine production have to 

accomplish their goals, maximizing all their resources of equipment and personnel 

without compromising safety. As a consequence, the factors that impact the productivity 

are overlooked, and generate inefficiency in the production process. Sub-standard 

conditions could be concealed in the process. The main objective for the operations 

supervisor is to improve (reduce) the cycle time of the equipment working at the mine, 

thus avoiding unnecessary delays. Mine production is directly related to the cycle time. 

However, delays go unnoticed during routine work. As a consequence, there is no 

accuracy in the mine plans and this could impact in the production goals. Mine operations 

can obtain positive multiplying effects with the reduction of cycle times: 

 

 Improving communications in the operations; 

 Optimize the chain management in the transport of material; 

 Increase productivity; 

 Enhancement of management; and 

 Increased effectiveness of equipment. 
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An Alert System introduced in the critical control points of the production process could 

help to determine which adjustments are required to achieve the desired outcomes. As a 

result of this reasoning, the following research question can be made: 

 

Is it possible to control the cycle time and therefore increase production using a 

warning system in an open pit mine? 

 

With this research question and the concepts obtained, an opportunity to develop a 

methodology is opened. This allows proving the effectiveness of the impact of 

controlling the cycle time to increase the production. 

 

3.2 Research Hypothesis 

 

The improvement of the cycle time of haulage equipment may be incremented with the 

utilization and analysis of the data time in the haulage sub-activities. This leads to the 

issuing of the following research hypothesis: 

 

A methodology can be designed to optimize the haulage cycle by focusing on the 

identification and control of the factors that affect the cycle time performance. 

 

The hypothesis can be tested by measuring the results after running the methodology in a 

case study mine. 

 

3.3 System Definition 

 

After the hypothesis has been identified with the concepts learned, the factors affecting 

the operation of a mine are as follows: 
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 Queue, 

 Number of trucks, 

 Breakdowns, 

 Shutdown, and 

 Slow/high speed. 

 

These factors are used to identify the variables that require to be controlled with a 

Comprehensive Alert System (CAS) which is part of a proposed methodology to identify 

whether the idle time of shovels and trucks during haulage or the time of completing 

production tasks are above or below a predefined value. 

 

CAS alerts the operation supervisor about any sub-activities of the cycle time that are out 

of the required performance standards. The system shows a warning message when the 

task time of one of several trucks or shovels is out of the limits of a preset value. This 

warning alert is identified by the system and compared with pre-established KPIs with 

the purpose of determining corrective actions, thus guaranteeing meeting production 

targets, and safety. In addition, some daily tedious operations are automated, such as 

controlling the times with a constant supervision during the shift. The results are 

registered in a database. 

 

CAS generates a time analysis table and includes a dashboard that displays the status of 

individual trucks or the whole fleet in easy to read sheets and graphs for a quick 

recognition of any delay during haulage. 

 

3.4 Stakeholders 

 

The stakeholders in this research are the following: 

 

 Production Supervisor – Requires controlling the cycle time and 

operations finding out what happened and take action immediately. 
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 Production Management – Requires knowing whether production goals 

are completed. 

 Safety Management – Requires controlling whether there cycle time is 

performed according to standards of measure and control production 

pressures. 

 Workers – They have control over their working hours and cycle times. 

 

3.5 General Overview of the System 

 

The system overview presents the sequence of steps to be taken for the detection of 

substandard haulage cycle. Figure 3.1 shows the layout of the system which depicts the 

following activities: 

  

 Generate a cycle time database of Arena® software. 

 Perform a measurement of the current situation of haulage with the As-Is 

model. 

 Proceed with measuring the current situation. 

 Through analysis of processes, the desired situation with the application of 

the To-Be model will be achieved. 

 Generate a cycle time database with the correction. 

 Evaluate and finally control to confirm haulage reduction of cycle time, 

increase of production, and measurement of productivity.  
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Figure 3.1. CAS overview. 

 

3.6 System Requirements 

 

Obtaining the system requirements involves collecting, analyzing, and verifying the 

customer's needs for a system. The requirement identifies the function or magnitude that 

is required by a system to satisfy the customer demands. 

 

3.6.1 High Level 

 

The following list describes the general requirements of the system, and the goals that 

this methodology must achieve: 

 

- CAS shall operate all time. 

- CAS shall identify times out of standards. 

- CAS shall report the daily recording of time or when is required. 

- CAS shall work in a user-friendly way. 

- CAS shall show the alert in a spreadsheet dashboard. 
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3.6.2 Medium Level 

 

There are lower level requirements which describe rudimentary functions with 

individual components within the system and how they operate. 

 

 The event shall be time stamped (date and time recorded) and it shall be 

used by the Management Company. 

 CAS shall be connected with Arena® database. 

 CAS shall be accessible for managers, and supervisors. 

 

3.7 Life Cycle of the System 

 

The life cycle of a system is the framework including the processes, activities, and tasks 

implicated in the development, operation and maintenance of a software product, 

including the life of the system from defining requirements to completion of use. This 

includes the main phases of the program (such as the phase of conceptual design, 

preliminary design, detail design and development, production and implementation, using 

and testing) along with major milestones applicable to the procurement of new systems 

such as the functional configuration and the configuration assigned (Blanchard & 

Fabrycky, 2010). 

 

3.7.1 Conceptual Design 

 

An open pit mine is a dynamic operation that changes continuously during its life. 

Managing simultaneously the supervision of shovels, an individual truck, or the 

whole fleet, and auxiliary equipment is required in order to control the productivity 

while keeping safety standards, thus achieving the goal production.  
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Supervisors have multiple responsibilities and they need to have everything under 

control. For example, if some truck driver does not show up for any reason or a 

shovel fails and it requires an unscheduled repair, the cycle time conditions of the 

mine will change and the supervisor will try to balance other operational factors to 

preserve the goal production. Unwanted changes may occur in the mine and to 

overpass them, it is necessary to review the cycle time of equipment. 

 

CAS has to compel all supervisors and managers to identify delays in an open it 

operation for haulage activities. This information is useful for improving the cycle 

times to meet goal production. A secondary objective is assisting mine safety by 

controlling truck speed to avoid accidents due to the pressure to achieve the 

production goals. 

 

The methodology provides a combination of algorithms to identify idle times that are 

over standard during the haulage activities; also, KPIs are created to compare the 

results obtained. 

 

The system needs to satisfy the High Level Requirements: 

 

i. CAS shall operate all time. 

CAS shall operate 24/7 evaluating the cycle time activities in the mining 

operation. For achieving this, CAS features a connection with the time 

database any time that is required for the stakeholders. 

 

ii. CAS shall identify times out of standards. 

The system shall be able to identify time out of standards in different shifts, 

days, and hours. In order to accomplish this, the Arena® software simulation 

includes an option to select the time lapse. 

 

 

http://apst.stsci.edu/apt/documents/documentation/user-req-doc-july-2000/node3.html
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iii. CAS shall report the daily recording of time or when required. 

CAS shall generate a report on-demand with the number of trucks and shovels 

utilized per shift, including code, number of trips, and cycle time. 

 

iv. CAS shall work in a user-friendly way. 

The system shall have an easy to use interface.  

 

v. CAS shall show the alert in a spreadsheet dashboard. 

The Alert System shall display the anomalies in Microsoft Excel 2010 

spreadsheet in a dashboard for individual trucks and fleet in the different sub-

activities of the haulage. 

 

3.7.2 Preliminary Design 

 

Open pit mine operations generally have a number of trucks at work, assigned to 

different activities. An FMS is used for optimizing the utilization of trucks and 

shovels. A methodology that keeps track of the cycle time provides the information 

source for optimizing the utilization of equipment. The cycle time is analyzed for 

individual units, as well as the entire fleet.  

 

The methodology, called CAS is a combination of a system and procedures that 

analyze the truck-and-shovel cycle times from a virtual open pit mine for the purpose 

of identify opportunities to improve the haulage activity in the operation. 

 

CAS will meet the following use cases: 
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i. Case 01: Select individual truck. 

A truck is working in a shift with an ID; this ID is automatically stored in the 

database with the corresponding timestamp. CAS is capable to select a 

specific truck ID and display the time of the associated sub-activities. 

 

ii. Case 02: Compare individual truck vs. fleet of trucks. 

CAS must compare the cycle times of the fleet vs. a truck. This comparison is 

made between the different sub-activities of the cycle time. 

 

iii. Case 03: Select different road. 

The cycle time has a direct relationship between roads; if the road is long, the 

cycle time is more than in a short road. CAS must be capable of selecting 

roads, according to the mine production layout. When the mine enters a new 

phase of production, the pit is deepened and the length of the route increases. 

 

3.7.3 Detail Design and Development 

 

A simulator is utilized to produce a model of the haulage process, which includes the 

transportation of material from the mine faces to different destinations (ore and 

waste) and is prepared to adapt to varying mine layouts. The model is an abstraction 

of a real open pit mine which is represented as logic blocks by the software, as shown 

in Figure 3.2. For research purposes, recording time starts when the truck is sent to 

the loading zone. If the shovel is attending another truck, the truck waits to be 

attended by the shovel that has fewer trucks in its queue. Once the shovel is released, 

the truck maneuvers to get in position to receive the load. After the truck is loaded, it 

goes to the ore/waste area to leave the material. When the truck arrives in that area, it 

maneuvers into a specific position to dump the material. Finally, the truck returns to 

the loading zone to start a new cycle.  
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Figure 3.2. Truck-Shovel system modeling concept (Ataeepour et al., 1999). 

 

3.8 Definition of the Research Phases 

 

This research has three principal phases: 

 

i. As-Is Model 

With the purpose of having a comprehensive overview of how the production 

goals are achieved in a mine, one approach that provides a structured layout of 

the production process is called process mapping (Tenorio, 2012). The 

different elements that participate in the process and the connections establish 

between them are included in the process map (Rojas & Dessureault, 2013). 

 

The As-Is model contains the key elements identified in the process map as 

critical components related to the production/transportation outcomes. The 

data produced by these components during the production cycle are collected 

and used for defining the performance indicators that help to understand how 

the components interact and which of them are adjustable. The information 

collected in this analysis was the starting point of recognizing opportunities 

and identifying weaknesses for improvement (Schwegmann & Laske, 2003).  

 

A virtual layout, consisting on a simplified representation of the mine, was 

designed using MineSight® based on data extracted from real exploration 

projects. Once the layout was completed, the mining process was simulated in 

Arena® to get cycle times that were stored in a database along with the 
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different sub-activities of haulage. This database was utilized for the 

evaluation of the CAS including the sub-activities times that could be out of 

the expected standards.  

 

ii. Settings 

Haulage is an activity which is sensitive to the variation of certain parameters. 

There are several controllable and uncontrollable conditions that can alter the 

cycle time. Outcomes from the As-Is model, once analyzed, helped to identify 

the potential problems that may have arisen during the load-haul-dump 

process. The sub-activities that showed values out of the expected standards 

were considered a problem. Those times that were related to predefined 

situations and generated an anomaly in the sub-activity were detected by CAS. 

The most relevant parameters selected for the analysis were: 

 

 Low/High Truck Speed, 

 Low Performance Operator/driver, 

 Haulage equipment selection, 

 Haul road condition, and 

 Rolling Resistance. 

 

Some of the factors in the optimization of the cycle time cannot be controlled. 

These may potentially affect the productivity of haulage in the mine. The 

variables can be minimized with an adequate planning and decision making in 

order to maximize productivity. The uncontrollable factors found are the 

following:  

 

 Weather, 

 Visibility during night shift, 

 Power loss per altitude above sea level and temperature, and 
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 Labor strikes. 

 

iii. To-Be Model 

The generation of a To-Be model helped to establish a performance indicator 

that provided the effective alignment of processes with production goals 

(Schwegmann & & Laske, 2003). This model was created using the results of 

the As-Is model. 

 

The mining process was run again in Arena® with the new parameters which 

were corrected in the previous analysis. New cycle times were stored in 

another database along with the simulated haulage cycle. The Alert System 

used this database to evaluate the sub-activities’ times; thus generating new 

KPIs which were compared with the previous model indicators to ensure 

process improvement. 
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4. CASE STUDY OVERVIEW 

 

With the purpose of applying the methodology described in the previous chapter, a 

real open pit mine in operation has been selected as a model to create a virtual mine 

(The ―Shelby‖ mine) that contains the most important element which are used in the 

production process. The simplified version contains a number of truck, different 

cycle distances, and truck loading cycle times. Drill hole data from the mine has 

been used to build a block model, and a layout design. The haulage cycle is 

simulated using Arena® software to create a time database, defining the performance 

standards of the designated equipment. The mine extracts copper bearing ore from an 

ore body. 

 

4.1  Background 

 

Shelby mine is a property of the Arizona Copper Company, which is porphyry copper 

deposit located on the north to the Globe-Miami district of Arizona. A large 

consulting company conducted 138 vertical diamond drill holes was interpolated by 

MineSight® programming to identify the geotechnical and geophysical parameters of 

the porphyry copper deposit. The real location within the project is not significant. 

The names of the structural elements have been preserved; however, the provided 

geological maps have been rotated from their original locations to fit given 

topography. 

 

Since 1900, the Globe-Miami district has been explored; the first attempt to explore 

the property was in 1920. A shaft was made where diamond drill holes were drilled. 

A porphyry copper deposit was located, but the grade law was too low to be 

considered ore. In 1930, various exploration works were carried out and the price of 

copper increased to $ 2.5/lb. In consequence, the prospectus has turned interesting. 
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4.2 Description of the Shelby Mine 

 

4.2.1 Location 

 

Arizona Mining, Inc. operates one open pit mine, located 20 km east of Shelby City, 

from where the mine takes its name. The location of Shelby Mine is shown in Figure 

4.1. Operations at the site are focused in mining the molybdenum and copper deposit 

in order to produce concentrates that were further processed in other refineries.  

 

 

Figure 4.1. Location of the Shelby mine (Google Maps). 

 

4.2.2 Infrastructure 

 

All facilities are at the mine site to support the ore mining and extraction activities; 

mining and ore processing are done with mill-concentrator facilities located on site. 
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Additionally, administration, production, maintenance, and support facilities are in 

the site. The crusher is located southeast of the pit and there is a conveyor to the mill 

from crusher location. There are roads that were connecting mill, crusher and the 

dump site. A distribution of the site layout is shown in Figure 4.2. 

 

 

Figure 4.2. Mine layout with infrastructure distribution (Google Maps). 

 

4.3 Geology Description 

 

The deposit is a typical porphyry copper deposit. Copper minerals along with many other 

minerals are generally evenly distributed throughout a fractured body of rock and are 

contained in host veins and breccia formed by the intrusion of magma and hydrothermal 
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solutions. The porphyry zones are generally circular in shape and contain four specific 

zones along with a quartz and feldspar rich core; Propylitic, Argillic, Phyllic, and 

Potassic zones (MNE 536, 2012). 

 

These alteration zones stemmed from a porphyry copper-ion sulfide and molybdenum 

mineralized core. The deposit is heavily weathered exposing these copper bearing 

minerals near the site surface. The copper minerals are primary sulfide minerals that 

consist of chalcopyrite and trace amounts of bornite. The molybdenum minerals that are 

associated with these sulfides consist of molybdenite.  

 

Most of these copper bearing deposits are found along the western edge where 

subduction zones lie beneath the continental plates. Porphyry deposits are generally very 

large in size and contain copper grades ranging from 0.3 to 2% copper grade. These 

deposits are the world’s largest source of copper accounting for roughly 60% of annual 

copper production and also contain other trace metals such as molybdenum, gold and 

silver. As far as mining goes these porphyry deposits are large tonnage and low grade 

copper deposits with significant mine lives and are generally mined using a large open pit 

method. All information above was identified with 138 vertical diamond drill holes 

which are shown in Figure 4.3. 
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Figure 4.3. Exploration drill holes. 

 

4.4 Resource Inventory and Production Summary 

 

The case study is a large pit with a unique pit-exit point. The dimensions are 1,700 m 

wide, 2,100 m long, and a depth of 750 m. The bench is 10 m with an inclination of 45°. 

The life of mine is 26 years and the total tonnages mined in those years included ore, and 

waste was 1,482 million tonnes at a rate of 156 ktpd. The mine reserves are 766.4 million 

tons of copper-molybdenum and 80.75 ktpd were mined and processed, at an average 

copper grade of 0.581% and average molybdenum grade of 0.065%. The mine was 

producing 8,668.8 million lbs of copper and 910.6 million lbs of molybdenum at a 0.93 

strip ratio (MNE 536, 2012). 

 

Shelby mine operates in two shifts (8 h) per day, and seven days a week. The working 

year has 360 days, and the scheduled operating time is 5,760 h/year.  
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4.4.1 Mine Equipment 

 

i. Shovel and Truck 

The mine operates using a truck and shovel combination. The calculation of 

the number of trucks and shovels required was made using Fleet Production 

and Cost Analysis (FPC). The goal is to determine the operating and capital 

cost for each pair in order to determinate the optimal economic option for the 

mine. The production profiles for the base case were input in the software to 

analyze the optimal combination. The mine used CAT 785C mining trucks 

and P&H 4100C electric rope shovel. The truck’s target payload is 180+ m 

tons and the shovel nominal dipper capacity is about 45cu.m. Figure 4.4 

presents the example parameters at the startup of the mine which included in 

the haulage profiles such as distance, length by segment, rolling resistance 

percentage, grade, an KPH limit were provided in PFC to determinate 

theoretical cycle time to the crusher and overburden stockpile zone. 

 

 

Figure 4.4. Haulage profiles at the startup of the mine. 

 

The shovel was selected from a caterpillar database based on dipper capacity, 

loading time and required load. For these calculations, a specific gravity of 

2,230 kilos per BCM and 30 % swell factor were assumed.  
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ii. Drills 

The selection of blast-hole drills were extrapolated from the production 

schedule. Three blast-hole drills were required for this mine. They were 

DM50 Rotary blast hole drill rig with 9‖ diameter. This unit lasts more than 

the life of the mine and according to standard parameters is necessary one drill 

per shovel.  

 

iii. Other equipment 

Every open pit mine requires auxiliary equipment along the life of the mine to 

support their heavy-duty equipment without delays. The fleet requirement of 

heavy-duty support equipment is dependent of the total shovel fleet, total 

truck fleet, crushers, pits, and the extraction process. The following equipment 

is necessary to support the operation: 

.  

 Track dozer per pit and dump are necessary to clean the toe of shovel, 

build up the dump level and other activities.  

 A rubber tire dozer is required at every shovel and dump. 

 One road grader is needed for every 10 trucks. This support equipment 

fleet number was varying as the truck fleet fluctuates. 

 Loaders are needed at each crusher and each pit. 

 A loader is needed for the entire mine. 

 Two water trucks for dust control cost per pit are required and one of 

the mine. 

 Light vehicles. 
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Table 4.1 describes the equipment requirements for the mine in the 

different phases.  

 

Table 4.1 

Mine Equipment Requirements 

 
 

4.5 Haulage 

4.5.1  Haul Road Design 

 

The haul road design was completed by using truck specifications. The width of the 

road is 3.5 times the width (8 m) of the truck, and the berm is 0.6 m, approximately 

half the truck tire height of 35° to ensure the safety of all trucks and other vehicle 

drivers. Weather data shows standard rainfall; therefore the ditch is limited to a width 

of 1.4 m. The scheme of the haul road is shown in Figure 4.5. 

 

 

Figure 4.5. Haul road width cross-section. 

 

Equipment Start up Average Peak

Shovels 3 4 5

Haul Trucks 15 24 31

Blasthole Drill 3 4 5

Rubber Tire Dozer 4 5 6

Grader 2 3 3

Water Truck 3 3 3

Support Loader 2 2 2

Light Vehicles 3 4 5

0.6

4.0 8 4.0 8.0 4.0 1.6

1.4

0.7
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The host rock in Shelby mine is categorized as hard rock. The underlying solid rock 

makes for a very good base layer. This solid rock is overlaid with 10 inches of blasted 

rock. These 10 inches are overlaid with 2 inches of fines and crushed rock. The 

compaction of these two layers was achieved from the traffic of the haul trucks. 

 

4.5.2 Mine Haulage Profiles and Cycles  

 

Haulage profiles were designed for in-pit and ex-pit locations. They contain 

horizontal, lift and drop segments. Level, uphill & downhill ramp distances were 

calculated using MineSight®. The parameters were input in FPC in order to 

determine the potential cycle time by road. The software combined distances with 

rimpull and retarder time to calculate the truck travel time, then the information is 

combined with the total loading time to compute the total cycle time. The total cycle 

time were varying due to the development of the pits during mining. Table 4.2 shows 

an average cycle time in minutes during the first year of production to As-Is model. 

 

Table 4.2 

Average Haulage Cycle Time (min) 

 

 

 

 

Activity To Crusher To Dump

Spot time Load 1.92 2.0

Load Time 2.23 2.3

Full_Haul 8.04 7.9

Spot time Dump 0.81 0.9

Dump Time 1.97 2.0

Empty Haul 3.82 5.5

Cycle Time 18.79 20.5
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4.6 Production Schedule 

4.6.1 Mine Development Schedule 

 

The construction of the mine, including infrastructure and processing facilities 

commenced in 2010 and has a lead time of two years. The mine started production 

and processing in 2012 and expects a mine life of 26 years. The production schedule 

is shown in Figure 4.6. The first year of production shows 37.1 million tonnes, and 

production ramps up to 58.4 million in production year 9. The peaks of production 

fall in 2031 at 77 million tonnes and maintains for a few years before tapering off. As 

for processing, mill feed remains steady around 30 million and peaks in production 

year 17 at 31.2 million tonnes. 

 

 

Figure 4.6. Production schedule. 
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4.6.2 Mine Production 

 

The mine production scheduling was an important aspect of the study and determined 

the success of a long life of mine. The schedule was determined by 6 pushbacks in 

Figure 4.7 over the course of the 26 year mine life which is shown in Figure 4.8. The 

objective of the scheduling was to expose enough ore at all times in order to keep a 

constant mill feed, and to maintain a low stripping ratio throughout the mine life to 

ensure a maximum net present value for the project. 

 

 

Figure 4.7. Pushbacks designed for the mine plan. 
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Figure 4.8. Ore tonnage by pushback. 

 

4.6.3 Processing 

 

The capacity of the crusher is 6,000 tpd, but it can be increased/reduced according to 

production requirements. Concentrate production for the project was dependent on 

the mill recovery values of 91% for copper and 84% of molybdenum. The concentrate 

grades were given as 30% for copper and 60% for molybdenum. 

 

4.7 Mine Life Cycle 

 

The mining activities such as any other process required a life cycle to obtain a product. 

The process followed by the identification of material to product delivery is presented in 

Figure 4.9. This life cycle represents all sub-activities and necessary equipment to 

develop the extraction of material. The first step to extract the mineral is when diamond 

drilling begins with track dill and/or rotary drill. The detritus collected is sent to 
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laboratories for analysis by geologists in order to identify the highest concentration of 

minerals in the mineralization. The planning department develops the drilling grid based 

on information from the Department of Geology. The bench to be blasted is drilled by a 

drilling machine according to the production plan. 

 

The bench that has been drilled is loaded with explosives (ANFO or emulsion) and 

detonators. The blasting is done using a remote trigger system. Before and during 

blasting, no staff should be present throughout the area. The dispatcher assigns trucks 

required according to the amount of material to be removed. The ore is loaded into 183-

ton trucks by 45 cu. m shovels to the crusher located at the south of the pit. The crushed 

ore is transported and discharged by the conveyors in the plant facility having a capacity 

of 80,000 tons. This process is fully automated. Waste is carried to the dump located at 

the north of the pit.  

 

 

Figure 4.9. Mine life cycle modeling (after Durucan et al., 2006). 

  

Activities 
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5. MODELING THE MINE LAYOUT 

 

In order to apply the optimization procedure using a simulator, it is necessary to simplify 

the layout of the actual mine and select the most relevant elements that contribute to the 

optimization. Due to limitations of the simulation software in the number of variables, 

process, and entities, the stages of the production cycles have been resorted to divide the 

model into individual components that can be studied as one. This chapter shows the 

development of the As-Is model, and the To-be model, including the assumptions and 

simplifications imposed to limitations of the software and performance results on two 

different scenarios, one at the start of operations, and another at the peak of production. 

 

5.1 Elements for Model Design 

 

Arena® uses blocks that represent a process to simulate any system to improve and 

optimize its performance. For the present research, the different sub-activities of the mine 

haulage process were represented by blocks. These blocks were built based on the logic 

of the real model. Before the model is built, it is necessary to identify the following 

elements: 

 

5.1.1 Entities 

 

These are dynamic objects which move around the simulation with its own attributes. 

The status of attributes can be changed, impacting its functionality and subsequently, 

the state of the system. Entities are the representation of real things in the simulation 

such as people, vehicles, parts (Kelton et al., 2007). For this research, the entities are 

mining trucks that transport material (ore/waste) from the loading zone to the 

crusher/waste zone. 
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5.1.2 Resources 

 

It represents stationary elements in the simulation that can be assigned to entities. 

Resources can stand for people, equipment, and space storage with a specific capacity 

and a set of states that service the entities (Kelton et al., 2007). Shovels are resources 

(or servers) that provide service to mining trucks (entities). The amount of required 

resources varies as a function of the progress in the development of the mine. Table 

5.1 shows the detail of resources required for the two mining cases. 

 

Table 5.1 

Equipment Resources by Case 

 

 

5.1.3 Attributes 

 

Attributes are particular characteristics that help to differentiate entities (trucks) in the 

simulation assigning specific values to each entity. The advantage of an attribute is 

that it can generate different values for several entities and help to track them 

independently (Kelton et al., 2007). The attributes for a truck are shown in Table 5.2. 

Startup Peak

Shovel 1 Ore Shovel 1 Ore

Shovel 2 Ore Shovel 2 Ore

Shovel 1 Waste Shovel 3 Waste

Shovel 4 Waste

Shovel 5 Waste
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Table 5.2 

Attributes of a Truck 

 

 

5.1.4 Variables 

 

Variables are unique elements that store data throughout the system. It represents 

something that happens in the simulation; for example, how many entities are running 

in the system, transfer time, number of busy servers, and so on (Kelton et al., 2007). 

The variable ―trip number‖ shows the number of trips that complete a cycle in the 

simulation. 

 

 

Attributte Description

Truckid Truck Identification

Type Type of material (ore/waste)

Trip Trip number by truck

Wait at Load Waste* Time spent by truck at the Shovel queue

Spot Time waste* Time spent when truck is parking to be loaded

Load Time Waste* Loading time (shovel to truck)

Full Haul Waste Total time used by truck for hauling (running full)

Wait Dump Time Waste Time spent by truck at the Dump queue

Spot Dump Time Waste Time spent when truck take position to dump zone

Dump Time Waste Time spent by truck at the Dump queue

Empty Haul Waste Time the truck is running empty

Wait at Load Ore* Time spent by truck at the Shovel queue

Spot Time Ore* Time spent when truck is parking to be loaded

Load Time Ore* Loading time (shovel to truck)

Full Haul Ore Total time used by truck for hauling (running full)

Wait Dump Time Ore Time spent by truck at the Dump queue

Spot Dump Time Ore Time spent when truck takes position to dump zone

Dump Time Ore Time spent by truck at the Dump queue

Empty Haul Ore Time the truck is running empty

Shovelore Identify truck material ore

Shovelwaste Identify truck material waste

* Every shovel has its own attribute
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5.1.5 Activities 

 

The simulation has several sub-activities to identify how much time every truck 

spends in each sub-activity during haulage. In general, these sub-activities are the 

same for ore/waste; however, they are associated to different attributes in order to 

know the cycle times by shovel. These times are as follows: 



 Loading, 

 Dumping, 

 Spotting, 

 Loaded hauling, and 

 Empty hauling. 

 

5.2 Selection of Operating Scenarios 

 

With the purpose of demonstrating the variations of the behavior of the model in diverse 

operation conditions; two scenarios have been defined. The first, which is set at the 

beginning of the life of the mine, establishes the starting point to define the conditions of 

performance; the second scenario is set during the peak phase of the mine life where the 

pit has been deepened and the road distance has been extended, adding complexity to the 

layout.  

 

Scenario No.1 is used for outlining the basis of the production phase, with the cycle time 

defined by assigning the shovels and trucks to estimate the typical production rates and 

performance capabilities by component. 

 

In scenario No.2, the numbers of units change according to the requirement of new 

distances for transportation routes of ore and waste. Machines have more breakdowns, 

spending more time in maintenance, adding complexity to the system with the decrease 
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of performance due to incremental time in spotting, loading, dumping, and transporting. 

This increase has been represented as 10% over delays. 

 

5.3 Assumptions 

 

The following assumptions were taken into account before running the simulation. It is 

assumed that the model was created under ideal conditions. They are the following: 

 

 Standby was not considered. 

 Truck and shovels had the same characteristics (model, payload, speed, 

capacity, energy consumption). 

 There is only one road to transport ore and another for waste. 

 Stripping ratio remains constants along a single year, nevertheless it may 

change from year to year. 

 The road distance varies according to the developer and the depth of the 

open pit. 

 No passing of the trucks was allowed. 

 The First In, First Out (FIFO) approach was applied. 

 The number of trucks and shovels were generated according to production 

requirements. 

 Times included possible delay by traffic. 

 All roads were maintained in good conditions. 

 Trucks and shovels were always available and didn’t have stops by failure 

or damage. 

 The simulation was performed for a period of 16 hours representing two 

shifts per day. 
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5.4 Building the Model 

 

The objective of the model building phase is to define the basic characteristics of the 

processes that were being developed in the mine, and the basic measures (parameters) to 

help us manage them properly. This provided an overview of the current state of mine 

processes (As-Is) mine and its future state (To-Be). In this stage, the constructed model is 

explained. The As-Is model is utilized for diagnose the initial operating conditions. Once 

opportunities for improvement are identified, adjustments could be made. The To-Be 

model permitted to adjust parameters that improve the cycle time and production goals. 

These models must have a common base to allow comparison. 

 

5.4.1 Process Mapping 

 

The first step in integrating processing starts with understanding a system (Tenorio, 

2012). The process map is a graphic representation of the flow of documentation 

required for every activity of the production cycle. The purpose of this is to identify 

the best opportunities for performance improvement and optimization of the activities 

of a system. 

 

Figure 5.1 represents a simple process map of an open pit mine that captures the 

sequential activities in the operation. Drilling is based on the short term and the long 

term mining plan. Blasting is linked to the mine requirements. Shovels load the 

blasted material to the trucks. Haulage is performed by the trucks in coordination with 

the FMS supervisor. If the material is ore, it is transported to the crusher to be 

processed, otherwise is transported to the waste zone to be dumped.  
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Figure 5.1. Process map of an open pit mine. 

 

5.4.2 Description of the Cycle 

 

The recording time begins when the truck arrives to the loading zone. If the shovel is 

busy attending another truck, the truck goes to another available shovel. If all shovels 

are busy, the truck waits a time to be attended by the shovel in the line which has 

fewer queues. When the shovel is ready to load, the truck begins to maneuver in the 

loading zone and stops. Once positioned, the truck waits until the shovel dumps the 

material on the truck bed. After the shovel finishes loading the truck, it leaves the 

load zone and goes to the dump zone. In the dump zone, trucks are driven to take a 

position in the zone to discharge the material. Then the truck starts unloading the 
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material either into the Run-of-Mine (ROM) bin, which later feeds into the crusher, or 

to the waste dump area. When the process is done, the truck returns to the loading 

zone to start the cycle again. 

 

5.4.3 As-Is Model 

 

The As-Is model reproduces the sequence of activities that carry out the haulage 

processes. As a first step, all parts that participate in the production activity are 

identified and go into the system. This was possible using a comprehensive process 

map from where it was found that the critical activity was haulage because it 

represents more than 50% of the total direct operating cost (Lizotte & Bonates, 1987). 

In order to design the model, Arena® 14 (Student version), Microsoft Access 2010, 

and Microsoft Excel 2010 were used. The following description represents the Startup 

Operations. For Peak Operations, detailed specifications are shown in Appendix A. 

 

i. Data collection 

Collecting data is a fundamental phase during the development of a simulation 

model. It is possible to get current operational data, historical data, time 

studies, or machine downtime. It is valid to use expert opinion for obtaining 

further data, or it can be inferred from similar systems. 

 

During the data collection, an important aspect to consider is the 

determination of the minimum sample size which assures a certain level of 

reliability and accuracy.  

 

For the determination of the sample size "n", it is necessary to estimate a 

predetermined maximum permissible error (E) and the standard deviation (σ). 

Error! Reference source not found.Equation 3 can be used. 
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Where: 

n: sample size 

Z: confidence level 

Zα/2: value corresponding to the Gaussian distribution 

 : standard deviation 

E: maximum permissible error (precision) 

 

The practical experience of observing the haulage cycle process in the mine 

operation provides solid knowledge for defining a reasonable standard 

deviation. It is also from this knowledge that an acceptable error value could 

be defined. Even though the arrival of trucks to the loading site can be treated 

as a normal distribution, other actions within the cycle could behave following 

alternative distributions (e.g. Beta). However, if the critical number of 

samples exceeds 30, this will comply with the minimum number of samples 

required for a normal distribution (Darling, 2011). 

 

Based on this premise, a population size of 100 for sub-activities is by far 

more than sufficient for the experiment. Considering a confidence level of 

95% with a precision of 5%, Table 5.3 expresses the calculation of sample 

size for arrival times generated in a random way. 

 

(3) 
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Table 5.3 

Sample Size Definition 

 

 

ii. Data Analysis  

In order to get the probability distribution, it was necessary to build the 

frequency distribution or histogram, based on the data generated. The 

probability distribution was validated with Chi-Square and Kolmogorov-

Smirnov using Input Analyzer from Arena®. These tests show how close is 

the empirical distribution to fit the distribution determined by the data (Kelton 

et al., 2007). 

 

In order to adjust the data to a specific distribution, the p-value test can help to 

verify the validity of the hypothesis. If p-value is less than or equal to the 

confidence level (0.05) the null hypothesis of the test is rejected, otherwise it 

can be accepted. 

 

The base information such as load time, spot time, dump time, and travel time 

were inferred from the cycle results of the FPC. This data became the input 

for running the simulations of the As-Is and To-Be models in the case studies 

of the Shelby open pit mine.  

 

The procedure to analyze arrival times of the truck is described in detail for 

the Startup Operations. A summary of time analyses for the rest of case 

studies are found in Appendix A. 

Size Population (N) 100

Standard Deviation ( ) 0.54

Permissible Error (E ) 0.25

Confidence Level 0.95

α 0.05

Zα/2 1.96

Sample Size (n) 18
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Analysis of Arrival Times 

Arrival time is the frequency with which a truck enters into the loading zone. 

Input Analyzer generates a histogram that recommends the best probabilistic 

distribution. Figure 5.2 shows the histogram of arrival times by a truck when 

the operation starts.  

 

 

Figure 5.2. Arrival times of trucks during startup operations. 

 

The result was analyzed to test the goodness-of-fit to guarantee that it is the 

best fit. The analysis was reviewed with Chi-Square and K-S test. For this, it 

must be certain that the values of the p-value are greater than 0.05. Table 5.4 

shows that p-value was more than 0.05, ensuring the validity of the adjustment 

to the Normal distribution. 

Best Distribution 
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The analysis should confirm that the suggested distribution had the lowest 

squared error. Table 5.5 shows that the Normal distribution had the lowest 

squared error. In consequence, the data fits within the Normal distribution. 

 

Table 5.5  

Square Error Analysis Startup Operations 

 

  

Table 5.4 

Goodness-of-Fit Analysis Report Startup 

Operations 
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iii. Design and Development of the Model 

With the purpose of representing the haulage of an open pit operation in the 

Shelby mine, a simplified logic sub-model sequence for Startup Operations 

was designed to represent the mine sub-activities. Peak Operations was built 

considering small differences such as increasing the number of trucks and 

shovels, and changing the times sub-activities; however, due to the limitations 

of the software license available, some blocks were grouped to simplify the 

model and being able to get a simulation. Details of the logic sub-model 

sequence for Peak Operations are shown in Appendix B. The sub-activities for 

the Startup Operations are the following: 

 

a. Arrival of Trucks 

In order to simulate the arrival of trucks at the loading zone; Create Block 

(Arrivals) defines the arrival rate and maximum truck numbers. In addition, 

Assign Block (Truck ID) can be utilized to assign an ID to every truck that 

has arrived into the system. This allows tracking every identified truck in the 

simulation during each sub-activity. Assign Block (Material) defines which 

truck goes to ore and which goes to waste according to the stripping ratio. 

Moreover, Decide Block (Ore_Waste) addresses trucks that go to either ore or 

waste processes. Decide Blocks (Distribution 01-06) is employed to establish 

a decision rule. Trucks are assigned to a shovel based on how many were in 

the queue; it means that they go to the shovel (resource) that is available either 

in ore or in waste.  

 

Ore Decision Logic 

If a truck is sent to be loaded with ore, it goes directly to the next available 

shovel. If a shovel is busy, then it goes to another shovel. If both are busy, the 

truck goes to the shovel that has fewer queues. Finally if both have several 
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trucks in queue, the truck contacts the FMS supervisor to receive a new 

assignment. 

 

Waste Decision Logic 

If a truck is sent to be loaded with waste, it goes to the shovel. If several 

trucks are waiting to be loaded, then it returns to receive a new assignment. 

When the number of shovels increases, the procedure is similar to the ore 

decision logic. 

 

The sequence of arriving trucks is represented in Figure 5.3. This sequence 

simulates an FMS supervisor that assigns allocations according to production 

requirements. 

 

 

Figure 5.3. Sub-model sequence for simulating arrival of trucks. 

 

b. Load Cycle in Loading Zones 

In order to simulate each loading zone, Assign Block (Assign Shovel 

Ore/Waste) stores the attribute ―Wait at Load‖ to determine the exact moment 
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when the queue time starts and a truck is allocated to a shovel. Seize Block 

(Seize Shovel Ore/Waste) allows assigning the shovel (resource) that 

performs the loading of the truck (entity). Assign Block (Assign Spot Shovel 

Ore/Waste) records the queue time by truck defined in ―Wait at Load‖ and 

defines the beginning of the attribute ―Spot Time‖ to determine the maneuver 

time (Spot time). Delay Block (Spot Time Ore/Waste) delays the truck during 

a specific time; this block simulates the parking point time of trucks. Assign 

Block (Assign Load Shovel Ore/Waste) captures the ―Spot Time‖ that shows 

maneuver time of each entity and assigns the attribute ―Load Time‖ to 

establish the moment when loading begins. Delay Block (Load shovel 

Ore/Waste) simulates the loading time to the truck. Release Block (Release 

Shovel Ore/Waste) releases the shovel (resource) to give way to a waiting 

truck (entity). Assign Block (End Load Shovel Ore/Waste) stores the 

completion of loading time. Figure 5.4 shows the logic sub-model sequence 

for two (02) shovels to ore and one (01) shovel to waste. 

 

 

Figure 5.4. Sub-model for simulating loading zones. 
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c. Haulage of Material to Dumping Zone 

After a truck leaves the loading zone, it goes either to the ore crusher or waste 

zone to dump the material. Assign Block (Assign Route) stores the attribute 

―Full Haul‖ to establish the starting point in time when the truck goes to the 

dumping zone. Route Block (Route Load) allows simulating the transfer of an 

entity from one station to another. Station Block (Ore/Waste Zone) connects 

the Route block. The two previous blocks simulate the time spent by the truck 

to go either to the crusher or to the waste zone. Assign Block (End Route 

Ore/Waste) completes the travel time. Figure 5.5 presents the haulage 

simulation logic. 

 

 

Figure 5.5. Sub-model sequence for simulating haulage of material. 

 

d. Discharge of Material 

After transporting the material, truck is ready to perform the discharge 

operation. Assign Block (Assign Dump Ore/Waste) stores the attribute ―Wait 

Dump Time‖ to establish the starting point at the time when the queue time 

starts. Seize Block (Seize Dump) assigns the ROM bin (resource) that receive 

the discharge from the truck (entity) if it is available, otherwise the truck waits 

in the queue until ROM bin is available. Assign Block (Spot Truck 

Ore/Waste) is utilized to finish the attribute ―Wait Dump Time‖ that shows 

Waste Zone
Waste

Assign Route
Waste

Route Load
End Route Waste

WASTE

Ore ZoneAssign Route Ore Route Load Ore End Route Ore

ORE



78 

 

 

queue time of each truck (entity) spent until the resource is available and the 

attribute ―Spot Dump Time‖ determines when the maneuver time begin. 

Delay Block (Spot Time) delays the truck during a specific time; this block 

simulates the parking point time of trucks. Assign Block (Dump Truck 

Ore/Waste) is used to complete the attribute ―Spot Time‖ that shows the 

maneuver time of each entity and assigns the attribute ―Dump Time‖ to 

establish the moment when unloading begins. Delay Block (Dump Time 

Ore/Waste) simulates the unloading time from the truck. Release Block 

(Release Dump Ore/Waste) releases the resource to give way to another entity 

that is waiting. Assign Block (End Dump Ore/Waste) is used to complete 

loading time. The process is shown in Figure 5.6. 

 

 

Figure 5.6. Sub-model sequence for simulating material discharge. 

 

e. Return to Load Zone 

After the trucks leave the dumping zone, they are routed to the loading zone. 

Assign Block (Assign Empty Haul Ore/Waste) stores the attribute ―Empty 

Haul‖ to establish the starting point in time when the truck goes to the loading 

zone. Route Block (Route Empty Ore/Waste) allows simulating the transfer 

of an entity from one station to another. Station Block (Load Zone 

Ore/Waste) connects the route block. Assign Block (Empty Haul Truck 

Ore/Waste) completes the travel time. Figure 5.7 explains the simulation 

travel to the loading zone. 
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Figure 5.7. Sub-model sequence for returning to load zone. 

 

f. Delays 

Any process in real life has small delays for a number of reasons. This sub-

model sequence logic is used to give more variability in the simulation. 

Assign Block (Delay Ore/Waste Begin) stores the attribute ―Delay Truck‖ to 

establish when the delay time starts. Delay Block (Delay Truck Ore/Waste) 

simulates the delay of the truck during the simulation. Assign Block (Delay 

Ore/Waste End) is used to complete the delay time. Figure 5.8 shows the 

delay simulation.  
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Figure 5.8. Sub-model sequence for delays. 

 

g. Storage Data 

In this stage, cycle times and KPIs data is stored in an access database. Decide 

Block (Select DB) selects trucks by shovel with the attribute 

ShovelOre/Shovel Waste. If a truck comes from shovel 1, the information is 

either recorded in database to shovel1, or in another database. ReadWrite 

Block (Write result ore 1/2) reads the data time from the simulation and saves 

it in the files cycle01o.accdb, cycle02o.accdb. Assign Block 

(Total_Travel_Ore) assigns the variable ―Tore‖ to count the number of travels 

in ore. Decide block for waste is not necessary because only one shovel is 

utilized. ReadWrite block (Write result waste 1) reads the cycle times from 

waste process and records it in the file cycle01w.accdb. Assign Block 

(Total_Travel_Waste) designs the variable ―Twaste‖ to count the number of 

travels in waste. Assign Block (Number Trip) counts the number of trips per 

truck. ReadWrite Block (Write result KPI) reads the shovel, dump 

utilization, and number of queues for shovel and dumps by trip. This data is 

recorded in BD_kpi.accdb and then the truck goes to the loading zone. The 

block logic sequence is shown in Figure 5.9. 

 

Delay_Ore_EndDelay Truck_Ore

Truck_Waste

Delay

Delay_Ore_Begin

Delay_Waste_Begin Delay_Waste_End

WASTE

ORE
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Figure 5.9. Sub-model sequence for data storage. 

 

Bd_cycle01o.accdb, Bd_cycle02o.accdb, and Bd_cycle02o.accdb databases are 

integrated in BDTotal.accdb to have a complete cycle time of the haulage process 

with queries and macros. Figure 5.10 shows the macro used in Startup Operations. 

Appendix C shows queries, and macro used in Peak Operations. Figure 5.11 shows 

the haulage cycle time database which is the feed input for the CAS. 
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Figure 5.10. Macro used in startup operations. 

 

 

Figure 5.11. Total cycle time database. 

 

BD_Utilization. accdb stores the shovel utilization, number of queues, and number of 

trucks which dumped material in the crusher and waste area. This database gets this data 

from the database generated by the Arena® model through SQL macros and queries. 

Figure 5.12 shows the macro that was applied to export data from Arena® database. The 

data obtained by queries (dump ore, dump waste, NQueue, Shovels) are the feed input for 

the CAS. 
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Figure 5.12. Utilization database. 

 

The previous model generates a cycle time haulage database. With this data it was 

possible to estimate the respective cycle by equipment and KPIs. All equipment units 

have a productive and unproductive time during their operating cycle. Time is 

considered ―productive‖ when a truck is in full operation and ―unproductive‖ when 

the equipment has been stalled for several reasons. 

 

For determining the total cycle for truck transportation, equations 4, 5, and 6 were 

used: 

 

 

 

 

 

 

 

 

𝐂𝐲𝐜𝐥𝐞 𝐓𝐢𝐦𝐞   P       v       +  Unp       v       

𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒗𝒆 𝑻𝒊𝒎𝒆
 𝑊𝑎𝑖𝑡 𝑎𝑡 𝐿𝑜𝑎𝑑 +  𝑆𝑝𝑜𝑡 𝑡𝑖𝑚𝑒 +  𝐿𝑜𝑎𝑑 𝑡𝑖𝑚𝑒 +  𝐹𝑢𝑙𝑙 ℎ𝑎𝑢𝑙
+  𝑊𝑎𝑖𝑡 𝑎𝑡 𝑑𝑢𝑚𝑝 + 𝐷𝑢𝑚𝑝 𝑡𝑖𝑚𝑒 +  𝐸𝑚𝑝𝑡𝑦 ℎ𝑎𝑢𝑙 

 

 

 

 

𝑼𝒏𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒗𝒆 𝑻𝒊𝒎𝒆   𝑄𝑢𝑒𝑢𝑒 𝑡𝑖𝑚𝑒 𝑆ℎ𝑜𝑣𝑒𝑙 + 𝑄𝑢𝑒𝑢𝑒 𝑡𝑖𝑚𝑒 𝐷𝑢𝑚𝑝 + Delays 

 

(4) 

(5) 

(6) 
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5.4.4 Adjustment of Settings 

 

With the previous configurations made to build the As-Is model using Arena®, a 

database was generated after the simulation was executed. This database was 

analyzed using a Microsoft Excel 2010 pivot table in order to detect the anomalies of 

the cycle time. 

 

The database contains the fields that are relevant to the haulage process. Calculated 

fields derived from the source data are average times of sub-activities such as 

productive time, unproductive time, and total cycle time. Additionally, KPIs are 

generated for individual and fleet performances. The outcome of this analysis 

becomes the information that builds the knowledge which is utilized to take 

corrective actions (Knowledge Management).  

 

The analysis described above provides an overview of the current situation of haulage 

in the As-Is model. At this stage, opportunities for the application of knowledge are 

identified, based on previous experiences and the development of the appropriate 

criterion. The results were displayed in a dynamic graphic to give an overview of the 

cycle time. Figure 5.13 shows the total cycle time by truck for the As-Is model. 
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Figure 5.13. Overview of cycle times for trucks. 

 

Table 5.6 shows the parameters according to the mine plan requirements. These data 

were the base for the Alert System, which detects the values that were out of the 

predefined standards. 

Table 5.6 

Mine Plan Inputs 

 

 

Number of Trucks 15

Number of Shovels 3

Distance Road Ore (km) 2.13

Distance Road Waste (km) 3.49

Stripping Ratio 2:1

Mining Plan Ore (tmpd) 70,809

Mining Plan Waste (tmpd) 30,941

Maximun Queues 3
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In Table 5.7, the algorithms proposed to analyze the situation of the mine, even 

enhancing the points can be improved and thereby reduce downtime. The comparison 

between individual trucks and the entire fleet was performed. Then, the percentage of 

each activity was calculated and compared against the total transport cycle. The 

percentage of unproductive time that was equal or below 8% of cycle time was 

marked in green and above 8% was marked in red. The time variation of a specific 

truck versus the average time in a fleet truck was calculated. The variations that were 

outside the range -10% to 10% are marked as  and those that were inside as . 

 

Table 5.7 

Individual and Total Cycle Times and Alerts for the As-Is Model 

 

 

After identifying the percentage of each sub-activity, an algorithm for searching the 

times that exceed the limits was applied in the source database. The comparative 

variation of an individual truck versus the fleet was also identified. The total sum of 

spot, load, and dump times represent the Fixed Time. This value is based on local 

experience (Caterpillar Tractor Company, 2006). For this experiment, the Fixed Time 

was 5 min in average. 

 

Table 5.8 and Table 5.9 present the KPIs, showing fleet performance and analysis in 

particular, which are: 

 

 Speed Full Haul (KPH) : Speed of the load truck, 
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 Speed Empty (KPH): Speed of the empty truck, 

 Production/Truck (MTPH): Truck production by hour, 

 Fixed Time: Sum of load, dump and spot time, 

 Production (MTPH): Production of material per hour, 

 Ore (MTPD): Amount of ore transported,  

 Crusher (MTPD): Amount of waste transported, 

 Utilization: Proportion of working time for equipment, and 

 Queues: Number of trucks is queuing in a shovel or a discharge point. 

 

Table 5.8 

Key Performance Indicators – Fleet vs Truck 

 

 

Table 5.9 

Key Performance Indicators – Fleet 

 

 

KPI Speed Full Haul (KPTH)

Speed Empty  (KPH)

Production/Truck  (MTPH)

Fixed Time

KPI Production (MTPH)

Ore (MTPD)

Waste (MTPD)

Crusher (MTPH)

Util Truck

Util Shovel 1 Ore

Util Shovel 2 Ore

Util Shovel 1 Waste

Queue Shovel 1 Ore

Queue Shovel 2 Ore

Queue Shovel 3 Waste

Queue Crusher

Queue Waste
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In addition, Figure 5.14 shows a summary dashboard of the performance of the fleet 

in comparison with an individual truck. Productive and Unproductive times of the 

fleet are presented for a particular case, showing in detail each of the sub-activities. 

 

 

Figure 5.14. Dashboard system for the As-Is model. 

 

Analysis of Cycle Segments 

 

Through analysis of processes, adjustments can be made to the model in order to 

achieve the desired goals. Figure 5.15 presents the workflow diagram that contains 

process elements. This workflow is divided into segments which have elements with 

a setting that can be adjusted according to the mine plan. 
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Figure 5.15. Simplified view of the production workflow (after Tenorio, 2012). 

 

For each segment, individual variables were defined: 

 

i. Pit Shovel 

In this segment, load rate is the main variable, affected directly by the shovel 

performance. Operating conditions were identified during the shovel operation 

based on the KPIs information. Possible occurring conditions are listed in 

Figure 5.16. 

 

 

Figure 5.16. Pit-Shovel scenario (after Tenorio, 2012). 

 

ii. Shovel-Truck 

The relationship shovel-truck is crucial in an open pit mining operation. In 

order to get a productivity indicator, the match factor was considered at this 

stage. The idea was that the match factor should be 1, which means that the 

optimal condition is when the truck arrives to the loader at the same Time that 
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requires to be served (Burt & Caccetta, 2007). Spot time is another parameter 

that needs to be measured, the operator maneuvers the truck to the adequate 

position for receiving the load, in case that the position is wrong, more time 

for parking is required. Queue times occur in front of loading and dumping 

zones and are part of the cycle time; however, they need to be controlled and 

minimized to avoid unproductive times. Figure 5.17 shows the shovel-truck 

scenario. 

 

 

Figure 5.17. Shovel-Truck scenario (after Tenorio, 2012). 

 

iii. Truck-Crusher/Dump 

The efficiency of the trucks on the road is another controllable variable. It is 

measured according to the travel time from load zone to crusher/dump zone, 

and speed controls the production and safety regulations. Another variable is 

the queue in front of the crusher. It is important to dissolve the queue because 

it tends to become a bottleneck in the operation. Finally, the utilization of the 

crusher needs to be efficient to avoid unnecessary energy consumption. These 

conditions were identified and the suggested corrections are presented in 

Figure 5.18 
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Figure 5.18. Truck-Crusher/Dump zone scenario (after Tenorio, 2012) 

 

5.4.5 To-Be Model 

 

Process simulation is appropriate to show the sequence stages and the partial values 

during the process. For this purpose, the behavior of the As-Is model for a haulage 

process was simulated. The information collected was used to create the parameters 

used for analysis. Based on the analysis, process structures were modified, and its 

effects were in the execution of the To-Be model. For the validation, the results were 

compared with the previous model; however, the results of a simulation must be 

critically considered as the validation depends on the experience that customers have 

to observe the results (Schwegmann & Laske, 2003). 

 

Figure 5.19 shows a diagram that presents improvements implemented to al As-Is 

model, obtaining an improved model that will become the To-Be model. It shows the 

KPIs that were analyzed and settings to be applied in the original model. The 

adjustments made to the KPIs have been repeated in some cases, it is for this reason 

that they have been grouped together, so when combined they show an improvement 

in the expected results. 
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Figure 5.19. Expected improvements in the To-Be model. 

 

In order to define To-Be model, it was necessary to know the mine plan goals. The 

procedure for building the To-Be model was similar to the As-Is model. The essential 

difference is that the adjustments found with the Alert System were applied in the 

model, and the results could be measured and compared. By utilizing a simulator that 

reproduces all the sequence of stages that comprise the haulage process, it was 

possible to obtain in the As-Is model the partial values of the measurable parameters, 

i.e. production, cycle time, equipment utilization, queues. An analysis of these values 

provided the opportunities to improve the general performance of the model.  

 

The Table 5.10 and Figure 5.20 show the results of running the To-Be model after 

applying the settings recommended by the Alert System. It was noted that the 

observed times are in green color reflecting an improvement after the implementation 

of the system. 
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Table 5.10 

Individual and Total Cycle Times and Alerts for the To-Be Model 

 

 

 

Figure 5.20. Dashboard system for the To-Be model. 
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6. DATA ANALYSIS AND RESULTS 

 

In this chapter, analysis and results generated by the CAS solution are presented. In order 

to achieve the initial objectives set prior to the development of the methodology, the 

experimental database generated with the Arena® simulation was the input for the Alert 

System. Graphs and tables were produced for better understanding and interpretation. 

 

The results follow the same sequence in which the case studies were introduced. They 

correspond to the startup and peak operations of the mine. In order to compare results, 

every case contains two models: As-Is and To-Be. They represent the mine in the existing 

(current) status, and the optimized (future) status respectively, this is after the 

improvements and validations were made effective. 

 

Arena® has an indicator that measures the reliability of the model. It is called ―Half 

Width.‖ It shows the range in which the probability of the certainty of the results reaches 

a value of 95%. Conversely, it can be seen as a measurement of the error in where the 

simulation incurred. For this experiment, both models were processed using 100 

replications to obtain a margin of error below 5%. 

 

6.1 Startup Operations 

 

In this scenario, the evaluation was made at the startup of the mine operations where 

according to the mine plan, 70,809 tpd of ore were required, along with 30,941 tpd of 

waste. The total number of CAT 785C trucks in this phase was 15 and the mine 

purchased three P&H 4100C electric rope shovels. There were two routes (crusher and 

waste zone); all these parameters are shown in Table 6.1  
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Table 6.1 

Input Parameters for the As-Is Model 

 

 

Table 6.2 shows the different scenarios generated by the As-Is model. The results 

obtained were cycle times in minutes. Each cycle activity was categorized in productive 

time, unproductive time, and total time, with their corresponding sub-activities. The sub-

activity that had the most time for ore in comparison with the total cycle was ―Wait to 

Dump‖, and for waste was ―Wait at Load.‖  

 

Table 6.2 

Cycle Times Generated by the As-Is Model 

 

 

Number of Trucks 15

Number of Shovels 3

Distance Road Ore (KM) 2.13

Distance Road Waste (KM) 3.49

Stripping Ratio 2:1

Mining Plan Ore (TMPD) 70,809

Mining Plan Waste (TMPD) 30,941

Maximun Queues 3

Activity Sub Activity
Truck Fleet 

Ore Shovel 1

Truck Fleet 

Ore Shovel 2

Truck Fleet 

Waste Shovel 1

Productive Time Spot Time Load 1.92 1.51 1.95

Load Time 2.23 2.13 2.35

Full_Haul 8.04 7.89 7.87

Spot Time Dump 0.81 0.81 0.87

Dump Time 1.97 1.97 1.97

Empty Haul 3.82 3.82 5.52

Unproductive Time Wait at Load 1.29 1.00 3.73

Wait to Dump 7.71 7.76 0.05

Delays 1.74 1.74 1.50

Total Productive Time 18.79 18.12 20.53

Unproductive Time 10.73 10.51 5.28

Cycle Time 29.52 28.63 25.81
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The goal is to monitor the behavior of the cycle time during the mining operation. The 

following charts show the different sub-activities of the total cycle per truck by shovel 

and the type of material (ore/waste). The difference between each sub-activity is 

displayed, which allows comparing the performance of each truck during the cycle time. 

And optimization opportunity identified in both Figure 6.1 and Figure 6.2 is the sub-

activity ―Wait to Dump.‖ It means that every truck spends several minutes before 

dumping the material in the crusher. It can be seen that the time spent in this sub-activity 

compared to ―Full Haul‖ was virtually the same, which in an actual operation is not 

acceptable. 

 

 

Figure 6.1. Total cycle times per truck in ore – Startup operations – Shovel 01. 
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Figure 6.2. Total cycle times per truck in ore – Startup operations – Shovel 02. 

 

For the third shovel (assigned to waste), a quick look to Figure 6.3 shows that there is no 

apparent sub-activity being performed out of expected standards; however, after a more 

detailed analysis it was found that the ―Wait at Load‖ time spent was longer than the time 

spent by trucks in ore shovels.  

 

 

Figure 6.3. Total cycle times per truck to waste – Startup operations – Shovel 01. 
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The CAS methodology was applied when trucks were hauling ore from Ore Shovel 1 to 

the crusher, from Ore Shovel 2 to the crusher, and when hauling waste from Waste 

Shovel 1 to the waste zone. The ―Wait to Dump‖ time for the fleet in ore was more than 

26% of the total time. With this value it was confirmed that trucks wait too long before 

discharging ore to the crusher. The next alert was detected in ―Wait at Load‖ with 14% 

over the total cycle time in Waste Shovel 1. Regarding the variation of time from 

individual trucks versus the truck fleet was not much difference, matching the fleet 

average. Details of this analysis are found in Appendix D. 

 

Figure 6.4 shows the comparison of the different times for all sub-activities, and the total 

of productive and unproductive times. The As-Is model identified that the unproductive 

time represents 36.3% for Ore Shovel 1, 36.7% for Ore Shovel 2, and 20% for Waste 

Shovel 1 of the total cycle time, allowing identifying potential opportunities for 

improving the haulage. 
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Figure 6.4. Cycle times per shovel – Startup operations – As-Is model. 

 

The utilization of KPIs provides a better perspective of the operating status of the mine. 

Table 6.3 presents the KPIs by type of shovel. In all cases, the Fixed Time was over the 

standard (4.8-5.2 min.) 

 

Table 6.3 

KPIs by Fleet – Startup Operations 

 

Ore Shovel 1 Ore Shovel 2 Waste Shovel 1

KPI Speed Full Haul (KPTH) 15.9 16.2 26.6

Speed Empty  (KPH) 33.5 33.5 37.9

Production/Truck  (MTPH) 366                      377                      418                            

Fixed Time 6.93 6.41 7.14

FLEET TRUCK
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The actual production is less that the mine plan, more than 3 trucks were waiting to be 

loaded per Waste Shovel 1 and queues are generated in the crusher when discharging the 

material. These results are shown in Table 6.4 

 

Table 6.4 

KPIs for the Fleet Generated by the Alert System – Startup Operations 

 

 

As described above, the As-Is model and the applied settings contributed to define the 

path for identifying the different problems and weaknesses that the cycle time presents at 

the startup of mine operations. The next step was finding the solutions based on the 

experience and predefined situations. An analysis of the different weaknesses was made 

to find the root cause, and the solutions found were adapted to the reality of the 

operations. The actions taken for remediation of these weaknesses are presented in detail: 

 

i. Improvement of the Loading Spot Time  

Trucks have to park properly in order to be loaded by shovels. The time to 

perform this maneuver depends on the dexterity of the truck drivers. The 

―Spot Time Load‖ sub-activity improved from 1.95 min to 0.94 min.  

FLEET

KPI Production (MTPH) 5,545

Ore (MTPD) 59,369

Waste (MTPD) 29,349

Crusher (MTPH) 3,711

Util Truck 68.4%

Util Shovel 1 Ore 70.0%

Util Shovel 2 Ore 66.0%

Util Shovel 1 Waste 73.8%

Queue Shovel 1 Ore 2

Queue Shovel 2 Ore 2

Queue Shovel 3 Waste 4

Queue Crusher 9

Queue Waste 1
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Table 6.5 presents the sequence from condition to action and the suggested 

correction. 

 

Table 6.5 

Condition, Action, and Correction for “Spot Time Load” for Truck-Shovel 

Condition Action Correction 

High Fixed Time. Display cycle times to 

operators. 

Retrain Truck drivers. 

  

ii. Improvement for Waiting Dump Time 

An important factor in the mining operation is the crusher which reduces the 

material particles to a suitable size before being taken to the next stage. The 

crusher  needs to be constantly fed by the trucks to avoid stops that are too 

expensive. In order for the crusher to work in optimum conditions, it is 

necessary to consider an adequate number of feeders in the design. At this 

stage, an excessive time was consumed while trucks waited to unload ore in 

the crusher, more than 7.71-7.76 minutes per truck. After an evaluation of the 

problem, it was decided to build a second feeder to the crusher, with this 

modification, the ―Wait at Dump‖ times decreased to 0.01-0.06 min. Table 6.6 

shows the sequence from condition to action and the suggested correction for 

shovels. 

 

Table 6.6 

Condition, Action, and Correction for “Wait to Dump” for Truck-Shovel 

Condition Action Correction 

High Waiting Dump Time. Display cycle times to 

managers. 

Build a second feeder. 
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iii. Defining Maximum Number of Queues 

The queues represent the numbers of trucks that are waiting to be served by 

shovels. When shovel is busy, trucks wait to shovel are free. In other mining 

operations, queues are a problem because the equipment wait to be load. In 

this situation is better to define the number of trucks in a queue. If the queues 

are on the limits, the truck is sent to another shovel. In the As-Is model the 

minimun number of trucks in queue is not specified; however, in the To-Be 

model the number of queues are defined according to the experience. In this 

case were 03 trucks. Table 6.7 shows sequence from condition to action and 

the suggested correction for queues. 

 

Table 6.7 

Condition, Action, and Correction for Queues 

Condition Action Correction 

Queues in Shovels. Define maximum numbers 

of truck per shovels. 

Reduction queues. 

 

It was not enough to find solutions to the problems found (As-Is model). It was neccesary 

to prove the improvement with comparison of results. Thus after correcctions were made, 

the simulation was run again (To-Be model) to analyze the outcomes and comparing with 

the benefit that would generate, ensuring that suggestions generated an optimized cycle 

time in the haulage process. Appendix D shows the results for the To-Be model. 

 

Figure 6.5, Figure 6.6, and Figure 6.7 show comparisons of the different cycle times 

between As-Is and To-Be models where there is an improvement in reducing 

Unproductive Time, Productive Time, and Total Cycle Time. 
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Figure 6.5. Cycle times in ore Shovel 1 – Startup operations – As-Is vs. To-Be. 

 

 

Figure 6.6. Cycle times in ore Shovel 2 – Startup operations – As-Is vs. To-Be. 
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Figure 6.7. Cycle times in waste Shovel 1 – Startup operations – As-Is vs. To-Be. 

 

After completing the above corrections, several alternative scenarios are proposed in 

order to see the behavior of production, utilization, and queues varying the number of 

trucks from 12 to 20 and 02 ROM bins (feeders). In addition, the relationship of material 

mined with truck utilization and material mined with number of queues at crusher was 

examined in a sensitivity analysis. A summary of the proposed scenarios are shown in 

Figure 6.8, Figure 6.9, Figure 6.10, and Figure 6.11. 

 

While the number of trucks was increased, production plan target is not reached, 

decreasing the truck utilization and increasing use of shovels, which is observed in Figure 

6.8. 
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Figure 6.8. Sensitivity analysis of Tonnes vs. Utilization – Startup operations – As-Is 

model. 

 

Figure 6.9 shows that the number of trucks was increased, thus increasing queues at the 

crusher, and the number of trucks which were waiting to receive material of the shovel. 

12 13 14 15 16 17 18 19 20

Waste (mtpd) 27,344 28,345 28,872 29,349 29,601 29,689 29,612 29,641 29,815

Ore (mtpd) 54,959 57,029 58,540 59,369 59,906 60,107 60,089 60,097 60,113

Util Truck 78.5% 75.4% 71.9% 68.4% 64.8% 61.5% 58.3% 55.4% 53.0%

Util Shovel 1 Ore 65.2% 67.5% 69.1% 70.0% 71.1% 71.0% 71.9% 72.0% 72.2%
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Figure 6.9. Sensitivity analysis of Tonnes vs. Queue – Startup operations – As-Is model. 
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Figure 6.10. Sensitivity analysis of Tonnes vs. Utilization – Startup operations – To-Be 

model. 

 

 

Figure 6.11. Sensitivity analysis of Tonnes vs. Queue – Startup operations – To-Be 

model. 
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With the previous sensitivity analyses, the best scenario is to build a second ROM bin 

with 14 trucks to meet the production goals with better equipment utilization. 

 

6.2 Peak Operations 

 

The peak of the mine operation is defined in period 22. During this time, the mine was 

211,351 tpd of material distributed in 84,865 tpd of ore and 126,364 tpd. The number of 

trucks required at this stage was 31 and the mine needed 5 P&H 4100C electric rope 

shovels. The routes for the crusher and waste zone were maintained, increasing its 

distance only by the deepening of the mine. The input parameters for the case under study 

are shown in Table 6.8. 

 

Table 6.8 

Input Parameters for the As-Is Model at Peak Operations 

 

 

The different As-Is model scenarios are shown in Table 6.9 where trucks are waiting long 

time to be served by a shovel except in shovel 4. It is necessary to specify that the 

Arena® license utilized is a student version, and some attributes and blocks were joined 

to avoid exceeding the software limits. With this clarification, sub-activity ―Spot Dump 

Time‖ contains the ―Spot Time Dump‖ and ―Dump Time‖ sub-activities. The detail for 

this analysis is shown in Appendix E. 

Number Trucks 31

Number Shovels 5

Distance Road Ore (KM) 2.344

Distance Road Waste (KM) 3.699

Stripping ratio 1.49:

Mining Plan Ore (TMPD) 84,665

Mining Plan Ore (TMPD) 126,365

Maximun Queue 3
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Table 6.9 

Cycle Times Generated by the As-Is Model – Peak Operations 

 

 

As shown in Startup Operations, the different sub-activities of the total cycle per truck by 

shovel and type of material (ore/waste) are displayed in Figure 6.12, Figure 6.13, Figure 

6.14, Figure 6.15, and Figure 6.16 for Peak Operations. These figures confirm that trucks 

were waiting more time to be loaded. 

 

 

Figure 6.12. Total cycle times per truck to ore – Peak operations – Shovel 1. 

 

Activity Sub Activity
Truck Fleet Ore 

Shovel 1

Truck Fleet 

Ore Shovel 2

Truck Fleet 

Waste Shovel 3

Truck Fleet 

Waste Shovel 4

Truck Fleet 

Waste Shovel 5

Productive Time Spot Time Load 2.11 1.65 2.14 1.03 0.99

Load Time 2.44 2.36 2.59 2.28 2.31

Full_Haul 7.94 8.10 9.27 9.38 9.35

Spot Dump Time 1.94 1.94 2.13 2.13 2.13

Empty Haul 4.16 4.16 5.94 5.93 5.93

Unproductive Time Wait at Load 7.73 6.73 3.79 1.90 2.67

Wait to Dump 0.00 0.00 0.01 0.01 0.01

Delays 1.94 1.95 1.65 1.65 1.65

Total Productive Time 18.58 18.20 22.06 20.75 20.72

Unproductive Time 9.67 8.67 5.46 3.57 4.34

Cycle Time 28.25 26.87 27.52 24.32 25.05
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Figure 6.13. Total cycle times per truck to ore – Peak operations – Shovel 2. 

 

 

Figure 6.14. Total cycle times per truck to waste – Peak operations – Shovel 3. 
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Figure 6.15. Total cycle times per truck to waste – Peak operations – Shovel 4. 

 

 

Figure 6.16. Total cycle times per truck to waste – Peak operations – Shovel 5. 

 

When trucks were hauling Ore from Ore Shovel 1, from Ore Shovel 2 to the crusher, and 

Waste from Waste Shovel 3, from Waste Shovel 4, from Waste Shovel 5 to the waste 

zone, CAS methodology was applied. The times of all sub-activities at Peak Operations 

are shown in Figure 6.17. This is useful to compare the cycle times per shovel in the As-
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Is model, and the total of Productive and Unproductive times. The Unproductive time 

identified in the As-Is model represents 36.3% for Ore Shovel 1, 36.7% for Ore Shovel 2, 

and 20% for Waste Shovel 1 of the total cycle time, allowing the identification of 

potential opportunities for improving the haulage. 

 

 

Figure 6.17. Cycle times per shovel – Peak operations – As-Is model. 

 

Fixed Time, which represents the sum of ―Spot Time Load‖, ―Load Time‖, and ―Spot 

Dump Time‖, was found out of standard (expected to be 4.9-5.2 min) as shown in Table 

6.10. 
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Table 6.10 

KPIs by Fleet – Peak Operations 

 

 

The 31 trucks originally scheduled for the mining plan do not satisfy the production goals 

according to the results shown in Table 6.11. Also, queues serving a shovel were more 

than 4 trucks long, which according to empirical knowledge should be equal or less than 

3 trucks. Alerts are highlighted in red. 

 

Table 6.11 

KPIs for the Fleet Generated by the Alert System – Peak Operations 

 

 

Ore Shovel 1 Ore Shovel 2 Waste Shovel 3 Waste Shovel 4 Waste Shovel 5

KPI Speed Full Haul (KPTH) 17.7 17.4 24.1 23.7 23.9

Speed Empty  (KPH) 33.8 33.8 37.4 37.4 37.4

Production/Truck  (MTPH) 359                         379                  369                     426                      418                      

Fixed Time 6.49 5.95 6.86 5.44 5.43

FLEET TRUCK

FLEET

KPI Production (MTPH) 12,247

Ore (MTPD) 73,849

Waste (MTPD) 122,108

Crusher (MTPH) 4,616

Util Truck 72.6%

Util Shovel 1 Ore 92.4%

Util Shovel 2 Ore 91.8%

Util Shovel 1 Waste 92.5%

Util Shovel 2 Waste 83.3%

Util Shovel 3 Waste 88.8%

Queue Shovel 1 Ore 4

Queue Shovel 2 Ore 4

Queue Shovel 1 Waste 4

Queue Shovel 2 Waste 4

Queue Shovel 3 Waste 4

Queue Crusher 0

Queue Waste 3



114 

 

 

In a similar way than Startup Operations, running the As-Is model in Peak Operations 

allowed to identify opportunities for improvements in order to meet the production goals 

and looking for the solution based on experience and predefined situations. The solution 

was detected using a variation of root cause analysis, in where the actions taken for 

remediation of these weaknesses are presented as follows: 

 

i. Improvement of the Fixed Time  

As it was described above, the Fixed Time is higher than the standard time 

established. In-depth analysis shows that parking, dump time of trucks, 

loading time of shovel are low. In order to improve the subactivities time, the 

Spot Time diminished from 1.97 to 0.91 min, Dump Time diminished from 

1.07 to 0.98 0.97 min, and Load Time diminished from 2.46 to 2.23 min. 

Table 6.12 presents the sequence from condition to action and the suggested 

correction for truck-shovel. 

 

Table 6.12 

Condition, Action, and Correction of Fixed Time for Truck-Shovel 

Condition Action Correction 

High Fixed Time. Display cycle times to 

operator. 

Retrain truck drivers and 

shovel operators. 

 

ii. Improvement of Wait at Load  

Increased waiting time for trucks to be served by a shovel may be due to poor 

distribution of equipment, slow shovel, or truck maneuvering. As a result, 

Wait at Load is more than 4 min in some cases to be served by shovel. The 

As-Is model helps to identify what was necessary to reduce the sub-activities 

mentioned above to improve the ―Wait at Load‖ for a truck. Table 6.13 shows 

the sequence from condition to action and the suggested correction for ―Wait 

at Load.‖ 

 



115 

 

 

 

 

Table 6.13 

Condition, Action, and Correction of “Wait at Load” for Truck-Shovel 

Condition  Action  Correction 

High Waiting Load Time. Display cycle times to 

managers. 

Retrain truck drivers and 

shovel operators. 

 

iii. Defining Maximum Number of Queues 

Shovels act as servers that load trucks which are at the same time in queue 

waiting to be loaded with materials (ore or waste) and the idea is to keep the 

flow, minimizing the waiting time and increasing mining cycle speed. 

Congestion of trucks waiting to be served by a shovel affects productivity, 

utilization, and fuel consumption. The objective is to minimize time lost on 

the system in queues. Table 6.14 shows sequence from condition to action and 

the suggested correction for queues. 

 

Table 6.14 

Condition, Action, and Correction for Queues 

Condition Action Correction 

Queues in Shovels. Define maximum number 

of trucks per shovel. 

Reduction of queues. 

 

In order to run the To-Be model, it was necessary to include the suggested correction 

mentioned above. With the comparison of the results, it was possible to show the 

benefits generated that ensured optimization haulage processes, thus facilitating the 

increasing productivity of the fleet through management and the minimizing of 

downtime. 
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After running the To-Be model, an improvement was obtained in unproductive time as 

shown in Figure 6.18, Figure 6.19, Figure 6.20, Figure 6.21, and Figure 6.22 which 

present a comparison by shovels between As-Is model vs. To-Be model. These values 

show that according to the simulation performed, the haul cycle was reduced. 

 

 

Figure 6.18. Cycle times in ore Shovel 1 – Peak operations – As-Is vs. To-Be. 
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Figure 6.19. Cycle times in ore Shovel 2 – Peak operations – As-Is vs. To-Be. 

 

 

Figure 6.20. Cycle times in waste Shovel 3 – Peak operations – As-Is vs. To-Be. 
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Figure 6.21. Cycle times in waste Shovel 4 – Peak operations – As-Is vs. To-Be. 

 

 

Figure 6.22. Cycle times in waste Shovel 5 – Peak operations – As-Is vs. To-Be. 
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In order to make  a relationship between the variables involved in the model, additional 

simulations were made varying the number of trucks from 27 to 35. An inverse 

relationship between truck utilization and the tonnage of material moved was found. 

While increasing the number of trucks, truck utilization decreases; however, a direct 

relationship was found between the number of trucks, shovel utilization, and tonnage of 

material moved, as shown in Figure 6.23 

 

 

Figure 6.23. Sensitivity analysis of Tonnes vs. Utilization – Peak operations – As-Is 

model. 

 

Figure 6.24 shows that the number of trucks waiting in the different shovels is constant, 

whereas the number of trucks in queue is the same despite the variation of the number of 

trucks and tonnage produced.  
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Figure 6.24. Sensitivity analysis of Tonnes vs. Queues – Peak operations – As-Is model. 

 

After running the To-Be model, the inverse relationship between the number of trucks 

and their utilization is preserved; however, this utilization increases in all scenarios, 

which indicates a better use of vehicles for transporting material, as shown in Figure 

6.25. 
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Figure 6.25. Sensitivity analysis of Tonnes vs. Utilization – Peak operations – To-Be 

model. 

 

Figure 6.26 shows that after setting the queues to 3 trucks per shovel, the queues are 

constant although the number of trucks is changing.  
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Figure 6.26. Sensitivity analysis of Tonnes vs. Queue – Peak operations – To-Be model. 

 

The execution of the To-Be model with the variation of the number of trucks showed that 

with 31 trucks and over is sufficient for meeting the production goals; however, in order 

to make a correct choice, the utilization of trucks and shovels must be considered. After 

reviewing the above factors and subsequently executing the recommended corrections, it 

can be found that the Peak Operations case can work optimally with 31 trucks. 
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7. CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK 

 

After having performed a simulated haulage cycle in the experimental Shelby mine for 

the As-Is model and the To-Be model in two cases (Startup and Peak Operations), 

performance problems were identified and analyzed, leaving ground for a general 

diagnosis approach, resulting in a research hypothesis, and the validation of a proposed 

solution. It was possible to develop a series of conclusions, and provide recommendations 

for the best development of a mine haulage system. 

 

The main objective of this research is to improve the productivity, reduction of 

unproductive time and increase the equipment utilization with the application of As-Is 

model and To-Be model with the use of discrete-event simulation method and the 

implementation of a context-based Alert System. 

 

7.1 Conclusions 

 

The conclusions reached in the development of the study are as follows: 

 

 The selected software simulation tools allowed representing actual systems in 

process, which were reflected in the simulation. Parameters of the simulation 

could be modified many times and it is not necessary to make changes until fitting 

the ultimate optimization. In this way it is possible to save costs, resources, and 

time. 

 

 For this research, an As-Is and a To-Be model were developed for representing 

the haulage of an open pit mining operation in order to optimize their cycle time. 

Values generated with the As-Is model and subsequently adjustment in the To-Be 
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model can be utilized as benchmarked to be applied in other mines with their own 

individual differences such as: production, geology, and haulage equipment. 

 

 One of the main goals in this study is to contribute with the development of a 

methodology to improve productivity, reduce unproductive time, increase truck 

and shovel utilization, reduction of queues in shovels and crusher by applying 

simulation techniques, without the need of incurring in any additional investment. 

The CAS methodology was developed to find out whether it is feasible to take 

advantage of the simulation tools, thus optimizing the production process. 

 

 The As-Is model allowed the representation of a mine operating at a particular 

time, and the To-Be model showed how would the operations look after certain 

adjustments. For the two case studies chosen (Startup and Peak Operations), it 

was observed that in Startup Operations after the simulation and analysis, the 

production increased in 20,129 TMPD for Ore and 9,589 TMPD for Waste with 

14 trucks and two feeders for the crusher. This represented no additional cost 

because the As-Is model already had one additional truck than it was required. For 

Peak Operations, the number of trucks was the same, but the goal productions in 

ore and waste were met. 

 

 The simulation of the mine in operation was based on Arena®, taking as a 

reference the performance of cycle times obtained from Caterpillar’s FPC. After 

the construction of the model, a database similar to those obtained by the FMS 

was generated, and the data produced was analyzed with the proposed 

methodology for the optimization of the haulage cycle. The integration of 

different software components helped to provide the result. 
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7.2 Recommendations 

 

The recommendations arising from the development of this methodology are the 

following: 

 

 The collection of data is the most essential part in the representation of a model; 

this collection must be performed in an accurate approach so that the model is 

quite similar to the real system. Additionally, it is recommended to gather as 

much data as possible for increasing reliable data. 

 

 The CAS experimental model data were generated from an As-Is model and 

adjusted when the To-Be model was created. Tests were performed only during 

an operating day of the mine (two shifts). However, it is recommended to set the 

simulation performance for longer periods such as a week or a month, as the 

variations of conditions may occur with more frequency. 

 

 Real time testing should be considered for a more thorough observation behavior 

of the system and retrieve the feedback from users. FMS data could require some 

preliminary characterization that can make the data easier to be read by the CAS 

utilizing data mining techniques.  

 

 The current methodology only considers the haulage cycle times. Fuel 

consumption and operating cost could be included to observe their behavior in the 

simulation and its effect on the sensibility analysis. 

 

7.3 Future Work 

 

The future work proposed for further development and improvement of the methodology 

is as follows: 
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 The methodology was developed as a sequence of logic sub-models utilizing 

Arena®. For an enhanced visualization, the Arena® model should be 

superimposed over an open pit layout. Realistic graphics and an added perspective 

would be a powerful aid to help people to visualize and understand the mining 

process. 

 

 With the introduction of random functions into the simulation model, it would be 

possible to represent more realistic scenarios and strengthen the CAS 

methodology by defining actions to resolve unexpected outcomes..  

 

 The CAS methodology was developed for copper open pit mining; however, the 

principles can be used in any other type of mining operations which have an FMS 

system and an Enterprise Resource Planning (ERP) taking into consideration the 

specific operating variables of each system.  

 

 The CAS methodology can be used as a tool of long term planning for actual 

mines in order to improve the annual budget, because it permits to simulate 

different scenarios and the results could have impact in the cost and calculation of 

reserves. 

 

 There is an add-on tool for Arena® called OptQuest (meta-heuristic simulation-

based optimization technique) that can be utilized for optimizing the simulation 

results aiming to the maximization of the equipment capacity. 
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 Probability Distributions APPENDIX A.

 

 

 

Figure A.1. Arrival times of trucks – Peak operations. 

 

 Table 7.1 

 Goodness-of-Fit analysis report – Peak operations 

 

 

Best Distribution 
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Table 7.2 

Square error analysis – Peak operations 

 

 

 

Table 7.3 

Probability Distribution for As-Is Model – Startup Operations 

 
 

 

 

Equipment Attribute Time Type Distribution Expresion

Truck Arrival Arrival Normal NORM(4.97, 0.541)

Truck Spot Time 1 Ore Spot Beta 1.7 + 0.47 * BETA(1.59, 1.78)

Truck Spot Time 2 Ore Spot Beta 1.26 + 0.48 * BETA(1.92, 1.8)

Truck Spot Time 1 Waste Spot Beta 1.77 + 0.36 * BETA(1.65, 1.61)

Shovel Load Shovel 1 Ore Load Beta 2 + 0.501 * BETA(0.967, 1.14)

Shovel Load Shovel 2 Ore Load Beta 1.9 + 0.47 * BETA(1.63, 1.72)

Shovel Load Shovel 1 Waste Load Gamma 2.18 + GAMM(0.057, 2.87)

Truck Travel 1 Ore Travel Beta 6.05 + 3.73 * BETA(1.51, 1.36)

Truck Travel 2 Ore Travel Beta 7 + 1.86 * BETA(1.63, 1.8)

Truck Travel 1 Waste Travel Beta 6.05 + 3.76 * BETA(1.72, 1.85)

Truck Spot Ore Dump Load Beta 0.57 + 0.431 * BETA(1.27, 1.03)

Truck Spot Ore Waste Load Beta 0.65 + 0.5 * BETA(1.34, 1.64)

Truck Dump Time Ore Dump Beta 1.73 + 0.46 * BETA(1.95, 1.75)

Truck Dump Time Waste Dump Beta 1.68 + 0.59 * BETA(1.77, 1.85)

Truck Return Ore Travel Beta 3 + 1.76 * BETA(1.39, 1.57)

Truck Return Waste Travel Beta 4.18 + 2.62 * BETA(1.22, 1.17)

Truck Delays Ore Delay Beta 1.46 + 0.541 * BETA(1.19, 1.12)

Truck Delays Waste Delay Beta 1.38 + 0.24 * BETA(1.62, 1.63)
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Table 7.4 

Probability Distribution for To-Be Model – Startup Operations 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equipment Attribute Time Type Distribution Expresion

Truck Arrival Arrival Normal NORM(4.97, 0.541)

Truck Spot Time 1 Ore Spot Beta 0.69 + 0.42 * BETA(1.44, 1.52)

Truck Spot Time 2 Ore Spot Beta 0.79 + 0.21 * BETA(1.71, 1.46)

Truck Spot Time 1 Waste Spot Beta 0.73 + 0.44 * BETA(1.61, 1.73)

Shovel Load Shovel 1 Ore Load Beta 2 + 0.501 * BETA(0.967, 1.14)

Shovel Load Shovel 2 Ore Load Beta 1.9 + 0.47 * BETA(1.63, 1.72)

Shovel Load Shovel 1 Waste Load Gamma 2.18 + GAMM(0.057, 2.87)

Truck Travel 1 Ore Travel Beta 6.05 + 3.73 * BETA(1.51, 1.36)

Truck Travel 2 Ore Travel Beta 7 + 1.86 * BETA(1.63, 1.8)

Truck Travel 1 Waste Travel Beta 6.05 + 3.76 * BETA(1.72, 1.85)

Truck Spot Ore Dump Load Beta 0.57 + 0.431 * BETA(1.27, 1.03)

Truck Spot Ore Waste Load Beta 0.65 + 0.5 * BETA(1.34, 1.64)

Truck Dump Time Ore Dump Beta 0.84 + 0.23 * BETA(1.62, 1.49)

Truck Dump Time Waste Dump Beta 0.83 + 0.35 * BETA(1.63, 1.56)

Truck Return Ore Travel Beta 3 + 1.76 * BETA(1.39, 1.57)

Truck Return Waste Travel Beta 4.18 + 2.62 * BETA(1.22, 1.17)

Truck Delays Ore Delay Beta 0.7 + 0.3 * BETA(1.47, 1.24)

Truck Delays Waste Delay Beta 0.75 + 0.21 * BETA(1.48, 1.48)
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Table 7.5 

Probability Distribution for As-Is Model – Peak Operations 

 

 

 

 

 

 

 

Equipment Attribute Time Type Distribution Expresion

Truck Arrival Arrival Beta 4.2 + 2.62 * BETA(1.64, 1.42)

Truck Spot Time 1 Ore Spot Beta 1.87 + 0.52 * BETA(1.65, 2.01)

Truck Spot Time 2 Ore Spot Beta 1.38 + 0.54 * BETA(1.72, 1.71)

Truck Spot Time 1 Waste Spot Beta 1.94 + 0.41 * BETA(1.8, 1.93)

Truck Spot Time 2 Waste Spot Beta 0.8 + 0.47 * BETA(1.59, 1.67)

Truck Spot Time 3 Waste Spot Beta 0.87 + 0.25 * BETA(1.53, 1.72)

Shovel Load Shovel 1 Ore Load Beta 2.15 + 0.6 * BETA(1.62, 1.73)

Shovel Load Shovel 2 Ore Load Beta 2.08 + 0.53 * BETA(1.93, 1.78)

Shovel Load Shovel 1 Waste Load Beta 2.39 + 0.4 * BETA(1.74, 1.72)

Shovel Load Shovel 2 Waste Load Beta 2.08 + 0.4 * BETA(2.06, 1.97)

Shovel Load Shovel 3 Waste Load Beta 2.07 + 0.52 * BETA(1.69, 1.93)

Truck Travel 1 Ore Travel Beta 7.47 + 0.96 * BETA(1.5, 1.56)

Truck Travel 2 Ore Travel Beta 7.64 + 0.92 * BETA(1.49, 1.5)

Truck Travel 1 Waste Travel Beta 9.58 + 0.94 * BETA(1.91, 1.69)

Truck Travel 2 Waste Travel Beta 9.57 + 1.18 * BETA(1.54, 1.77)

Truck Travel 3 Waste Travel Beta 9.16 + 1.2 * BETA(1.24, 1.44)

Truck Spot Ore Dump Spot Beta 0.62 + 0.52 * BETA(1.8, 1.74)

Truck Spot Ore Waste Spot Beta 0.72 + 0.54 * BETA(2.44, 2.05)

Truck Dump Time Ore Dump Beta 0.92 + 0.27 * BETA(1.88, 1.9)

Truck Dump Time Waste Dump Beta 0.91 + 0.39 * BETA(2.33, 2.11)

Truck Return Ore Travel Beta 3.9 + 0.51 * BETA(1.55, 1.52)

Truck Return Waste Travel Beta 5.57 + 0.69 * BETA(1.92, 1.72)

Truck Delays Ore Delay Beta 1.61 + 0.65 * BETA(1.79, 1.69)

Truck Delays Waste Delay Beta 1.52 + 0.27 * BETA(1.95, 1.98)
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Table 7.6 

Probability Distribution for To-Be Model – Peak Operations 

 

  

Equipment Attribute Time Type Distribution Expresion

Truck Arrival Arrival Beta 4.2 + 2.62 * BETA(1.64, 1.42)

Truck Spot Time 1 Ore Spot Beta 0.92 + 0.28 * BETA(1.94, 1.86)

Truck Spot Time 2 Ore Spot Beta 0.69 + 0.28 * BETA(1.91, 1.93)

Truck Spot Time 1 Waste Spot Beta 0.999 + 0.181 * BETA(1.11, 1.37)

Truck Spot Time 2 Waste Spot Beta 0.8 + 0.47 * BETA(1.59, 1.67)

Truck Spot Time 3 Waste Spot Beta 0.87 + 0.25 * BETA(1.53, 1.72)

Shovel Load Shovel 1 Ore Load Beta 2 + 0.501 * BETA(0.967, 1.14)

Shovel Load Shovel 2 Ore Load Beta 1.9 + 0.47 * BETA(1.63, 1.72)

Shovel Load Shovel 1 Waste Load Beta 2.15 + 0.35 * BETA(1.64, 1.8)

Shovel Load Shovel 2 Waste Load Beta 2.08 + 0.4 * BETA(2.06, 1.97)

Shovel Load Shovel 3 Waste Load Beta 2.07 + 0.52 * BETA(1.69, 1.93)

Truck Travel 1 Ore Travel Beta 7.47 + 0.96 * BETA(1.5, 1.56)

Truck Travel 2 Ore Travel Beta 7.64 + 0.92 * BETA(1.49, 1.5)

Truck Travel 1 Waste Travel Beta 9.58 + 0.94 * BETA(1.91, 1.69)

Truck Travel 2 Waste Travel Beta 9.57 + 1.18 * BETA(1.54, 1.77)

Truck Travel 3 Waste Travel Beta 9.16 + 1.2 * BETA(1.24, 1.44)

Truck Spot Ore Dump Spot Beta 0.62 + 0.52 * BETA(1.8, 1.74)

Truck Spot Ore Waste Spot Beta 0.72 + 0.54 * BETA(2.44, 2.05)

Truck Dump Time Ore Dump Beta 0.84 + 0.23 * BETA(1.62, 1.49)

Truck Dump Time Waste Dump Beta 0.83 + 0.35 * BETA(1.63, 1.56)

Truck Return Ore Travel Beta 3.9 + 0.51 * BETA(1.55, 1.52)

Truck Return Waste Travel Beta 5.57 + 0.69 * BETA(1.92, 1.72)

Truck Delays Ore Delay Beta 0.999 + 0.361 * BETA(0.835, 1.32)

Truck Delays Waste Delay Beta 0.91 + 0.17 * BETA(1.42, 1.56)
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 Submodel Sequence Peak Operations APPENDIX B.

 

 

Figure B.1. Sub-model sequence for simulating arrival of trucks. 
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Figure B.2. Sub-model sequence for simulating loading zones. 
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Figure B.3. Joined attributes between load cycle and routes. 

 

 

Figure B.4. Sub-model sequence for simulating haulage of material. 
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Figure B.5. Joined attributes between haulage of materials and material discharge. 

 

 

 

 

Figure B.6. Sub-model sequence for simulating material discharge. 
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Figure B.7. Joined attributes between material discharges returning to load zone. 

 

 

Figure B.8. Sub-model sequence for returning to load zone. 
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Figure B.9. Joined attributes between returning to load zone and delays. 

 

 

Figure B.10. Sub-model sequence for delays. 
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Figure B.11. Sub-model sequence for data storage. 
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 Queries and Macro Peak Operations APPENDIX C.

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3. Macro to create cycle time database. 

  

INSERT INTO Total ( id, type, shovel, ntrip, waitatload, spottm, loadtm, fullhaul, waitdumptm, spotdumptm, emptyhaul, delays, 

tcycle ) 

SELECT Results1o.id, Results1o.type, Results1o.shovel, Results1o.ntrip, Results1o.waitatload, Results1o.spottm, 

Results1o.loadtm, Results1o.fullhaul, Results1o.waitdumptm, Results1o.spotdumptm, Results1o.emptyhaul, Results1o.delays, 

Results1o.tcycle 

FROM Results1o; 

Figure C.1. Query to insert tables from Shovel 1 Ore to Total table.  

INSERT INTO Total ( id, type, shovel, ntrip, waitatload, spottm, loadtm, fullhaul, waitdumptm, spotdumptm, emptyhaul, delays, 

tcycle ) 

SELECT Results1w.id, Results1w.type, Results1w.shovel, Results1w.ntrip, Results1w.waitatload, Results1w.spottm, 

Results1w.loadtm, Results1w.fullhaul, Results1w.waitdumptm, Results1w.spotdumptm, Results1w.emptyhaul, Results1w.delays, 

Results1w.tcycle 

FROM Results1w; 

Figure C.2. Query to insert tables from Shovel 1 Waste to Total table. 
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 CAS Results for Startup Operations APPENDIX D.

 

Table D.1 

As-Is Model Truck Fleet Ore Shovel 1 – Truck 15 Ore Shovel 1 

 

 

 

Figure D.1. As-Is model truck fleet ore Shovel 1 – Truck 15 ore Shovel 1. 

 

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 1
Percentage

Truck 15 Ore 

Shovel 1
Percentage Variation

Productive Time Spot Time Load 1.92 6.50% 1.92 6.51% 1%

Load Time 2.23 7.56% 2.23 7.55% 0%

Full_Haul 8.04 27.24% 8.04 27.22% 0%

Spot Time Dump 0.81 2.73% 0.81 2.74% 0%

Dump Time 1.97 6.68% 1.96 6.65% -1%

Empty Haul 3.82 12.93% 3.84 12.99% 1%

Unproductive Time Wait at Load 1.29 4.35% 1.35 4.59% 5%

Wait to Dump 7.71 26.11% 8.46 28.65% 9%

Delays 1.74 5.88% 1.74 5.89% 0%

Total Productive Time 18.79 63.65% 18.80 63.66% 0%

Unproductive Time 10.73 36.35% 11.55 39.12% 7%

Cycle Time 29.52 30.35 3%
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Table D.2 

As-Is model truck fleet ore Shovel 2 – Truck 15 ore Shovel 2 

 

 

 

Figure D.2. As-Is model truck fleet ore Shovel 2 – Truck 15 ore Shovel 2. 

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 2
Percentage

Truck 15 Ore 

Shovel 2
Percentage Variation

Productive Time Spot Time Load 1.51 5.26% 1.51 5.26% 0%

Load Time 2.13 7.44% 2.13 7.44% 0%

Full_Haul 7.89 27.56% 7.88 27.54% 0%

Spot Time Dump 0.81 2.82% 0.80 2.81% 0%

Dump Time 1.97 6.89% 1.98 6.90% 0%

Empty Haul 3.82 13.34% 3.84 13.41% 1%

Unproductive Time Wait at Load 1.00 3.50% 1.06 3.71% 6%

Wait to Dump 7.76 27.12% 8.01 27.99% 3%

Delays 1.74 6.07% 1.74 6.07% 0%

Total Productive Time 18.12 63.31% 18.14 63.36% 0%

Unproductive Time 10.51 36.69% 10.81 37.77% 3%

Cycle Time 28.63 28.95 1%
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Table D.3 

As-Is Model Truck Fleet Waste Shovel 1 – Truck 15 Waste Shovel 1 

 

 

 

Figure D.3. As-Is model truck fleet waste Shovel 1 – Truck 15 waste Shovel 1. 

  

Activity Sub Activity
Truck Fleet Waste 

Shovel 1
Percentage

Truck 15 Waste 

Shovel 1
Percentage Variation

Productive Time Spot Time Load 1.95 7.56% 1.95 7.57% 0%

Load Time 2.35 9.09% 2.35 9.10% 0%

Full_Haul 7.87 30.47% 7.86 30.44% 0%

Spot Time Dump 0.87 3.39% 0.87 3.38% 0%

Dump Time 1.97 7.62% 1.97 7.62% 0%

Empty Haul 5.52 21.39% 5.53 21.43% 0%

Unproductive Time Wait at Load 3.73 14.47% 3.95 15.31% 6%

Wait to Dump 0.05 0.19% 0.06 0.23% 20%

Delays 1.50 5.81% 1.50 5.81% 0%

Total Productive Time 20.53 79.53% 20.53 79.55% 0%

Unproductive Time 5.28 20.47% 5.51 21.35% 4%

Cycle Time 25.81 26.04 1%
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Table D.4 

To-Be Model Truck Fleet Ore Shovel 1 – Truck 15 Ore Shovel 1 (02 ROM bins) 

 

 

 

Figure D.4. To-Be model truck fleet ore Shovel 1 – Truck 15 ore Shovel 1 (02 ROM 

bins). 

 

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 1
Percentage

Truck 15 Ore 

Shovel 1
Percentage Variation

Productive Time Spot time Load 0.89 4.71% 0.89 4.71% 0%

Load Time 2.23 11.80% 2.23 11.79% 0%

Full_Haul 8.04 42.50% 8.04 42.52% 0%

Spot time Dump 0.81 4.26% 0.81 4.27% 0%

Dump Time 0.96 5.08% 0.96 5.07% -1%

Empty Haul 3.81 20.17% 3.81 20.17% 0%

Unproductive Time Wait at load 1.28 6.78% 1.42 7.52% 10%

Wait to dump 0.03 0.14% 0.02 0.13% 0%

delays 0.86 4.56% 0.86 4.56% 0%

Total Productive Time 16.74 88.52% 16.74 88.53% 0%

Unproductive Time 2.17 11.48% 2.31 12.22% 6%

Cycle Time 18.91 19.05 1%

Fleet Truck 15 Variation
KPI Speed Full Haul (MPH) 15.9 15.9 0%

Speed Empty  (KPH) 33.6 33.6 0%

Production/Truck (MTPH) 571                                   567                      -1%

Fixed Time 4.89 4.89 0%

Production (MTPH) 7,814

Ore (MTPD) 84,445

Waste (MTPD) 40,579

Crusher (MTPH) 5,278

Util Truck 88.5%

Util Shovel 1 Ore 76.6%

Util Shovel 2 Ore 75.3%

Util Shovel 1 Waste 77.9%

Queue Shovel 1 Ore 3

Queue Shovel 2 Ore 3

Queue Shovel 3 Waste 3

Queue Chusher 2

Queue Waste 1
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Table D.5 

To-Be Model Truck Fleet Ore Shovel 2 – Truck 15 Ore Shovel 2 (02 ROM bins) 

 
 

 

Figure D.5. To-Be model truck fleet ore Shovel 2 – Truck 15 ore Shovel 2 (02 ROM 

bins). 

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 2
Percentage

Truck 15 Ore 

Shovel 2
Percentage Variation

Productive Time Spot time Load 0.90 4.86% 0.90 4.87% 0%

Load Time 2.13 11.45% 2.13 11.45% 0%

Full_Haul 7.89 42.44% 7.91 42.55% 0%

Spot Time Dump 0.81 4.34% 0.81 4.35% 0%

Dump Time 0.96 5.17% 0.96 5.16% 0%

Empty Haul 3.82 20.53% 3.82 20.52% 0%

Unproductive Time Wait at Load 1.21 6.50% 1.20 6.44% -1%

Wait to Dump 0.01 0.06% 0.01 0.05% 0%

Delays 0.86 4.64% 0.86 4.65% 0%

Total Productive Time 16.51 88.79% 16.53 88.90% 0%

Unproductive Time 2.08 11.21% 2.07 11.14% 0%

Cycle Time 18.59 18.60 0%
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Table D.6 

To-Be Model Truck Fleet Waste Shovel 1 – Truck 15 Waste Shovel 2 (02 ROM bins) 

 

 

 

Figure D.6. To-Be model truck fleet waste Shovel 1 – Truck 15 waste Shovel 2 (02 ROM 

bins). 

 

  

Activity Sub Activity
Truck Fleet Waste 

Shovel 1
Percentage

Truck 15 Waste 

Shovel 1
Percentage Variation

Productive Time Spot time Load 0.94 4.22% 0.95 4.24% 0%

Load Time 2.34 10.50% 2.34 10.47% 0%

Full_Haul 7.86 35.18% 7.84 35.11% 0%

Spot Time Dump 0.87 3.91% 0.87 3.90% 0%

Dump Time 1.01 4.52% 1.01 4.52% 1%

Empty Haul 5.52 24.73% 5.55 24.84% 0%

Unproductive Time Wait at Load 2.87 12.86% 2.94 13.17% 2%

Wait to Dump 0.06 0.27% 0.07 0.30% 0%

Delays 0.85 3.83% 0.86 3.84% 0%

Total Productive Time 18.54 83.04% 18.55 83.09% 0%

Unproductive Time 3.79 16.96% 3.87 17.31% 2%

Cycle Time 22.33 22.42 0%



146 

 

 

 CAS Results for Peak Operations APPENDIX E.

 

Table E.1 

As-Is Model Truck Fleet Ore Shovel 1 – Truck 21 Ore Shovel 1  

 

 

Figure E.1. As-Is model truck fleet ore Shovel 1 – Truck 21 ore Shovel 1. 

  

Activity Sub Activity
Truck Fleet 

Ore Shovel 1
Percentage

Truck 21 Ore 

Shovel 1
Percentage Variation

Productive Time Spot Time Load 2.11 7.45% 2.11 7.48% 0%

Load Time 2.44 8.64% 2.45 8.66% 0%

Full_Haul 7.94 28.11% 7.95 28.12% 0%

Spot Dump Time 1.94 6.86% 1.94 6.87% 1%

Empty Haul 4.16 14.72% 4.17 14.75% 0%

Unproductive Time Wait at Load 7.73 27.34% 8.03 28.43% 4%

Wait to Dump 0.00 0.00% 0.00 0.00% 0%

Delays 1.94 6.88% 1.95 6.88% 0%

Total Productive Time 18.58 65.78% 18.61 65.88% 0%

Unproductive Time 9.67 34.22% 9.98 35.31% 3%

Cycle Time 28.25 28.59 1%
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Table E.2 

As-Is Model Truck Fleet Ore Shovel 2 – Truck 21 Ore Shovel 2  

 

 

 

Figure E.2. As-Is model truck fleet ore Shovel 2 – Truck 21 ore Shovel 2. 

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 2
Percentage

Truck 21 Ore 

Shovel 2
Percentage Variation

Productive Time Spot Time Load 1.65 6.15% 1.65 6.15% 0%

Load Time 2.36 8.77% 2.35 8.76% 0%

Full_Haul 8.10 30.13% 8.12 30.21% 0%

Spot Dump Time 1.94 7.21% 1.94 7.21% 0%

Empty Haul 4.16 15.47% 4.15 15.45% 0%

Unproductive Time Wait at Load 6.73 25.03% 6.77 25.20% 1%

Wait to Dump 0.00 0.00% 0.00 0.00% 0%

Delays 1.95 7.24% 1.94 7.21% -1%

Total Productive Time 18.20 67.73% 18.21 67.78% 0%

Unproductive Time 8.67 32.27% 8.71 32.41% 0%

Cycle Time 26.87 26.92 0%
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Table E.3 

As-Is Model Truck Fleet Waste Shovel 3 – Truck 21 Waste Shovel 3  

 

 

 

Figure E.3. As-Is model truck fleet waste Shovel 3 – Truck 21 waste Shovel 3. 

  

Activity Sub Activity
Truck Fleet Waste 

Shovel 3
Percentage

Truck 21 Waste 

Shovel 3
Percentage Variation

Productive Time Spot Time Load 2.14 7.77% 2.14 7.77% 0%

Load Time 2.59 9.42% 2.59 9.39% 0%

Full_Haul 9.27 33.68% 9.04 32.83% -3%

Spot Dump Time 2.13 7.74% 2.13 7.74% 0%

Empty Haul 5.94 21.57% 5.92 21.53% 0%

Unproductive Time Wait at Load 3.79 13.79% 3.85 14.00% 2%

Wait to Dump 0.01 0.03% 0.01 0.02% 0%

Delays 1.65 6.01% 1.66 6.01% 0%

Total Productive Time 22.06 80.17% 21.81 79.26% -1%

Unproductive Time 5.46 19.83% 5.51 20.03% 1%

Cycle Time 27.52 27.33 -1%
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Table E.4 

To-Be Model Truck Fleet Ore Shovel 1 – Truck 21 Ore Shovel 1  

 

 

 

Figure E.4. To-Be model truck fleet ore Shovel 1 – Truck 21 ore Shovel 1. 

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 1
Percentage

Truck 21 Ore 

Shovel 1
Percentage Variation

Productive Time Spot Time Load 0.89 4.38% 0.90 4.40% 0%

Load Time 2.23 10.96% 2.24 10.98% 0%

Full_Haul 7.94 38.96% 7.93 38.91% 0%

Spot Dump Time 1.85 9.06% 1.84 9.04% 0%

Empty Haul 4.16 20.41% 4.16 20.39% 0%

Unproductive Time Wait at Load 2.17 10.64% 2.16 10.62% 0%

Wait to Dump 0.00 0.00% 0.00 0.00% 0%

Delays 1.14 5.60% 1.14 5.59% -1%

Total Productive Time 17.07 83.76% 17.06 83.72% 0%

Unproductive Time 3.31 16.24% 3.30 16.21% 0%

Cycle Time 20.38 20.37 0%
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Table E.5 

To-Be Model Truck Fleet Ore Shovel 2 – Truck 21 Ore Shovel 2  

 

 

 

Figure E.5. To-Be model truck fleet ore Shovel 2 – Truck 21 ore Shovel 2.  

  

Activity Sub Activity
Truck Fleet Ore 

Shovel 2
Percentage

Truck 21 Ore 

Shovel 2
Percentage Variation

Productive Time Spot Time Load 0.90 4.43% 0.91 4.44% 0%

Load Time 2.13 10.44% 2.12 10.42% 0%

Full_Haul 8.10 39.70% 8.10 39.73% 0%

Spot Dump Time 1.85 9.05% 1.85 9.05% 0%

Empty Haul 4.16 20.39% 4.15 20.37% 0%

Unproductive Time Wait at Load 2.12 10.40% 2.21 10.82% 4%

Wait to Dump 0.00 0.00% 0.00 0.00% 0%

Delays 1.14 5.60% 1.14 5.59% 0%

Total Productive Time 17.13 84.01% 17.13 84.01% 0%

Unproductive Time 3.26 15.99% 3.35 16.41% 2%

Cycle Time 20.39 20.48 0%
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Table E.6 

To-Be Model Truck Fleet Waste Shovel 3 – Truck 21 Waste Shovel 3  

 

 

 

Figure E.6 To-Be model truck fleet waste Shovel 3 – Truck 21 waste Shovel 3. 

  

Activity Sub Activity
Truck Fleet Waste 

Shovel 3
Percentage

Truck 21 Waste 

Shovel 3
Percentage Variation

Productive Time Spot Time Load 0.94 3.89% 0.94 3.90% 0%

Load Time 2.34 9.67% 2.34 9.67% 0%

Full_Haul 9.45 38.96% 9.29 38.31% -2%

Spot Dump Time 2.02 8.34% 2.02 8.34% 0%

Empty Haul 5.93 24.47% 5.93 24.48% 0%

Unproductive Time Wait at Load 2.56 10.58% 2.54 10.47% -1%

Wait to Dump 0.00 0.00% 0.00 0.00% 0%

Delays 0.99 4.08% 0.99 4.09% 1%

Total Productive Time 20.69 85.34% 20.53 84.69% -1%

Unproductive Time 3.55 14.66% 3.53 14.56% -1%

Cycle Time 24.24 24.06 -1%
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